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The number of documented viruses that infect fungi has increased during the
past few decades. Mycoviruses that infect plant pathogenic fungi are the main
focus of mycoviral research since some of them have the capacity to cause
hypovirulence to their host and hence function as potential biocontrol agents.
This article provides a comprehensive overview of mycoviruses infecting plant
pathogenic fungus Rosellinia necatrix causing white root rot, including the
prevalence of their occurrence, their taxonomic classification, their genomic
organization and structure, impacts on their fungal host in terms of phenotype in
general and virulence in particular, and their ecological interactions including
transmission. The white root rot fungus is found to harbor diverse mycoviruses
with double-stranded and positive-sense single-stranded RNA genomes from
different families, including Spinareoviridae, Megabirnaviridae, Partitiviridae,
Quadriviridae, Pseudototiviridae, Endornaviridae, Fusariviridae, Yadokariviridae,
Hypoviridae, Fusagraviridae and Megatotiviridae. Some of these mycoviruses
studied in R. necatrix or a heterologous host Cryphonectria parasitica revealed
interesting virus-host interplays and appear to be promising agents for biological
control applications against white root rot.
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1 Introduction

Fungal viruses or mycoviruses are found in all major groups of fungi. Plant pathogenic
fungi provide platforms for identifying such mycoviruses (1-4) and it is evident that
mycovirus diversity is much greater than previously thought (5-9). Most mycoviruses lack
an extracellular phase in their replication cycle and have exclusively intercellular routes of
transmission, such as hyphal anastomosis or sexual and asexual sporulation (10-12).
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Some mycoviruses are cryptic, i.e., have no obvious effects on their
host, while others are associated with hypovirulence or hypervirulence.
Hypovirulence, or debilitated fungal virulence, due to mycovirus
infections has been reported for several phytopathogenic fungi
including chestnut blight fungus Cryphonectria parasitica (13) and
white root rot fungus Rosellinia necatrix (6). This phenomenon has
attracted consideration due to the potential of hypovirulent strains of
phytopathogenic fungi and their associated mycoviruses in biological
control of fungal diseases in agriculture and forestry. Moreover,
understanding the molecular mechanisms underpinning the effect of
mycovirus infection is useful in developing effective control methods
for fungal diseases (2). Hypovirus infection in C. parasitica serves as a
model for studying virus/host and virus/virus interactions, and virus-
infected R. necatrix also presents a tractable system. Several techniques
have been recently developed that facilitate the investigation of virus
evolution, replication, transmission and symptomatology in the
mycovirus/R. necatrix system (6). In particular, the phenomenon of
RNA silencing, which is a fundamental antiviral response in eukaryotic
organisms including fungi, has been well studied in R. necatrix. The
viral dsRNA is detected and processed by Dicer, an enzyme with
endoribonuclease activity, producing fragments 19-22 nt in length and
known as viral small (vs) RNAs. The vsRNAs associate with argonaute
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proteins, activate the RNA-induced silencing complex (RISC) and
guide it towards the sequence-specific degradation of target RNA.
Encapsidated dsRNA mycoviruses are thought to replicate within their
particles, raising the question of whether they are triggers and targets of
RNA silencing (14).

R. necatrix is a phytopathogenic soil-inhabiting ascomycete that
belongs to class Sordariomycetes; order Xylariales and family
Xylariaceae. It is common in temperate, subtropical, and tropical
regions of all five continents, and has a worldwide distribution (15).
The main ecological factor required by all Rosellinia spp. to flourish
is moisture (16), while soil rich in organic matter and acidity
contributes towards growth (17, 18). R. necatrix is the causative
agent of white root rot disease in a wide range of plant species,
including ornamental plants and fruits (19, 20). Infected plants
normally show two types of symptoms, on the root system below
ground and on the aerial part due to damaged roots (21).

This review focuses on the mycoviruses of R. necatrix, including
the prevalence of their occurrence, their taxonomic classification, their
genomic organization and structure, impacts on their fungal host in
terms of phenotype in general and virulence in particular, and their
ecological interactions including transmission. Table 1 summarizes
information on known mycoviruses infecting R. necatrix isolates.

TABLE 1 Mycoviruses infecting Rosellinia necatrix isolates, their taxonomy, genome type and size, and effects on host.

R. necatrix Mycovirus Genome Genome
isolate type size
W370 MyRV3 Spinareoviridae dsRNA 12 segments morphology (30, 64)
Mpycoreovirus 943-4143 bp | growth
| virulence
W779 RnMBV1 Megabirnaviridae dsRNA 2 segments morphology (37)
Megabirnavirus 7180-8931 bp | growth
| virulence
w37 RnMBV2 Megabirnaviridae dsRNA 2 segments morphology (67)
Megabirnavirus 7959-8916 bp | growth
| virulence
(with RnPV1)
Rn454 RnMBV3 Megabirnaviridae dsRNA 2 segments unknown (22)
Megabirnavirus 8967 bp
(partial)
Ws8 RnPV1 Partitiviridae dsRNA 2 segments | growth (23, 43, 68)
Betapartitivirus 2263-2374 bp
W57 RnPV2 Partitiviridae dsRNA 3 segments pigmentation (69)
Betapartitivirus 1800-2000 bp | growth
DI RNA
1700 bp
W118 RnPV3 Partitiviridae dsRNA 2 segments cryptic (23, 70)
Betapartitivirus 2065-2246 bp
W1031 RnPV3 Partitiviridae dsRNA 2 segments cryptic (48)
Betapartitivirus 2065-2246 bp
W1029 RnPV3 Partitiviridae dsRNA 2 segments cryptic (48, 49)
Betapartitivirus 2065-2246 bp
(Continued)
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R. necatrix Mycovirus Genome Genome

isolate type size

W1030 RnPV4 Partitiviridae dsRNA 2 segments unknown (48)

W1031 Alphapartitivirus 2295-2342 bp

W1040 RnPV5 Partitiviridae dsRNA 2 segments unknown (48)

W1041 Alphapartitivirus 1906-2046 bp

W558 RnPV6 Partitiviridae dsRNA 2 segments unknown (23)
Betapartitivirus 2462-2499 bp

W1142 RnPV7 Partitiviridae dsRNA 2 segments cryptic (51)
Alphapartitivirus 1896-1977 bp

Rn459 RnPV10 Partitiviridae dsRNA 2 segments | growth (60)
Alphapartitivirus 1844-1864 bp | virulence

W98 RnPV11 Partitiviridae dsRNA 2 segments morphology (23)
Betapartitivirus 2326-2445 bp | growth

WI118 RnPV12 Partitiviridae dsRNA 2 segments unknown (23)
Alphapartitivirus 1845-1925 bp

W118 RnPV13 Partitiviridae dsRNA 2 segments unknown (23)
Alphapartitivirus 1822-1965 bp

W744 RnPV14 Partitiviridae dsRNA 2 segments | growth (23)
Betapartitivirus 2412-2427 bp

W744 RnPV15 Partitiviridae dsRNA 2 segments | growth (23)
Betapartitivirus 2358-2517 bp

W744 RnPV16 Partitiviridae dsRNA 2 segments | growth (23)
Betapartitivirus 2344-2372 bp

W744 RnPV17 Partitiviridae dsRNA 2 segments | growth (23)
Betapartitivirus 2235-2292 bp

W442 RnPV18 Partitiviridae dsRNA 2 segments cryptic (25)
Betapartitivirus 2337-2410 bp

w442 RnPV19 Partitiviridae dsRNA 2 segments cryptic (25)
Betapartitivirus 1842-2013 bp

W1135 RnPV20 Partitiviridae dsRNA 2 segments | virulence (25)
Betapartitivirus 2318-2417 bp

W1134 RnPV21 Partitiviridae dsRNA 2 segments unknown (25)
Betapartitivirus 2352-2361 bp

W1050 RnPV22 Partitiviridae dsRNA 2 segments unknown (48)

W1126 Alphapartitivirus 2012-2036 bp

W662 RnPV23 Partitiviridae dsRNA 2 segments unknown (23)
Alphapartitivirus 1791-1831 bp

We662 RnPV24 Partitiviridae dsRNA 2 segments unknown (23)
Alphapartitivirus 1771-1946 bp

W129 RnPV25 Partitiviridae dsRNA 2 segments unknown (23)

W1040 Betapartitivirus 2049-2374 bp

W1041

KACC40168 RnPV26 Partitiviridae dsRNA 2 segments unknown (44)
Alphapartitivirus 1907-1918 bp

W1075 RnQV1 Quadriviridae dsRNA 4 segments cryptic (45)
Quadrivirus 3686-4942 bp

W1118 RnQV1 Quadriviridae dsRNA 4 segments cryptic (47)
Quadrivirus 3468-4971 bp

W1029 RnVV1 Pseudototiviridae dsRNA 1 segment cryptic (49)
Victorivirus 5329 bp
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R. necatrix Mycovirus Genome Genome
isolate type size
Rn459 RnFGV1 Fusagraviridae dsRNA 1 segment unknown (22)
9368 bp
Rn95-16 RnFGV2 Fusagraviridae dsRNA 1 segment unknown (22)
8088 bp
Rn430 RnFGV3 Fusagraviridae dsRNA 1 segment unknown (22)
9142 bp
KACC40168 RnFGV4 Fusagraviridae dsRNA 1 segment unknown (44)
8868 bp
Rn-C RnHV1 Hypoviridae +ssRNA 1 segment unknown (60)
Alphahypovirus 13000 nt
Rn430 RnHV2 Hypoviridae +ssRNA 1 segment | growth (60)
Rn459 Alphahypovirus 14918 nt | virulence
Rn118-8
Rn480
Rn459 RnVLV Virgaviridae ssRNA 2 segments | growth (22, 60)
877 nt | virulence
(partial)
Rn430 RnMTV1 Megatotiviradae dsRNA 1 segment unknown (22)
12430 bp
Rn430 RnMTV2 Megatotiviradae dsRNA 1 segment unknown (22)
10769 bp
Rn6-31 RnEV1 Endornaviridae +ssRNA 1 segment cryptic (50, 51)
Rn6-33 Betaendornavirus 9639 nt
Rn6-35
NwW10 RnFV1 Fusariviridae +ssRNA 1 segment cryptic (54)
6286 nt
Rn-1032 YkV1 Yadokariviridae +ssRNA Non-segmented | growth (56)
Alphayadokarivirus 6310 bp
Rn454 (Spanish) YkV2 Yadokariviridae +ssRNA Non-segmented unknown (57)
Betayadokarivirus 5900 bp
Rn454 (Spanish) YkV3 Yadokariviridae +ssRNA Non-segmented cryptic (57)
Betayadokarivirus 5700 bp
Rn454 (Spanish) YkV4a Yadokariviridae +ssRNA Non-segmented 1 growth (57)
Betayadokarivirus 5300 bp
Rn95-16 YkV4b Yadokariviridae +ssRNA Non-segmented 1 growth (57)
Betayadokarivirus 5300 bp

1.1 Prevalence of mycoviruses in
R. necatrix

Several mycoviruses have been reported and characterized in R.
necatrix since 2004, through detection of double-stranded (ds) RNA
that may be the genome of dsRNA viruses or a replicative form of
single-stranded (ss) RNA viruses. The overall incidence of mycoviruses
in R. necatrix was determined in a study performed in 2015. A large-
scale screening of over 1000 Japanese isolates revealed an overall
dsRNA incidence of approximately 20% (3). However, the incidence
of dsRNA in R. necatrix was found to be only 14% in a 2018 study,
where out of 79 Mediterranean isolates (62 from Spain, 16 from Israel,
and 1 from Italy), 11 tested positive for dsRNA (22). Therefore,
mycovirus prevalence in R. necatrix differs depending on the

Frontiers in Virology

sampling location, being approximately 20% in Japan and
approximately 14% in the Mediterranean region. Nevertheless, it
should be noted that these infection rates are based on investigating
potentially the same or duplicate isolates. In an older 2004 study (23),
R. necatrix isolates were assigned into mycelial compatibility groups
(MCGs) and the detection frequency of dsRNA in each group was
determined to prevent duplication. Out of the total of 186 MCGs
investigated, 45 were tested positive for dsRNA illustrating a 24.2%
infection rate. The frequencies of dsSRNA prevalence in MCGs from
cultivated and uncultivated lands were significantly different,
respectively 24.2% and 11.8%. Other similar studies reported an
incidence of mycoviruses in R. necatrix between 14 to 21% (23-25).
Most of these viruses are latent but some cause visible
phenotypic alterations.
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1.2 Spinareoviridae in R. necatrix

Viruses from the family Spinareoviridae are not only found in
fungi but are reported to infect mammals, birds, reptiles, fish,
arthropods including crustaceans, molluscs and plants.
Spinareoviruses form non-enveloped icosahedral particles 60-85
nm in diameter, composed of 1-3 concentric protein layers. Their
segmented linear dsSRNA genome is between 23 and 29 kbp in size,
with each of their 9-12 segments ranging from 0.5 to 4.8 kbp in
length (26, 27). The presence of reoviruses in a fungal host, namely
C. parasitica, was reported for the first time in 1994 (28). The
reoviruses were named mycoreovirus 1 (MyRV1) and 2 (MyRV2),
but their genome sequences were not fully determined until 2004
(29). Later, another reovirus designated as Rosellinia necatrix
mycoreovirus 3 (RnMRV3) was detected in the R. necatrix
hypovirulent strain W370, obtained from a root of Japanese pear
in Yamato, Hiroshima, and placed in the genus Mycoreovirus in the
family Spinareoviridae (24). The 12 genomic dsRNA segments (S1-
S12) of RAMYRV3 range from 943 bp to 4,143 bp in length and
have a 3-3-6 electrophoretic profile on 5% (*/,) polyacrylamide gel
electrophoresis (PAGE). Figure 1A shows the genome organization
of RnMyRV3. All RnMyRV3 segments were genetically unique,
each having one long open reading frame (ORF), flanked by 5’ and
3’ untranslated regions (UTRs). The largest segment encodes an
RNA-dependent RNA polymerase (RARP) and the second largest a
putative capsid protein (CP). Two more segments encode a guanylyl
transferase and an NTP-binding protein, while the rest encode
proteins of unknown function. Interestingly, one of the RnMyRV3
segments, namely segment 8 that is absent in C. parasitica MyRV1,
was occasionally lost during subculturing of infected fungal strains
(30). Segment-specific panhandle structures were found in all
segments, which may act as a guiding site for the RdARP.
RnMyRV3 particles are 80 nm in diameter, non-enveloped and
double-layered, with an inner and an outer capsid layer (31-33).
The internal capsid of RnMyRV3 is 50 nm in diameter and has
surface projections (turrets or spikes).

The virus-infected R. necatrix hypovirulent strain W370 was
cured by hyphal tipping and the resulting virus-free strain recovered
its virulence, suggesting that RnMyRV3 attenuates fungal virulence
and may be used to control white root rot (30). In another study,
RnMyRV3 was also found to reduce mycelial growth rate and
induce hypovirulence to the host fungus. When transmitted to R.
necatrix strain RT37-1, RnMyRV3 infection resulted in
hypovirulence on apple seedlings, with mortality ranging between
0 to 17% for seedlings inoculated with virus-infected strains and 50
to 100% for seedlings inoculated with virus-free strains.

RnMyRV3 led to upregulation of RNA silencing related genes
and the abundance of vsRNAs derived from RnMyRV3 was found
to be 13.0% (14). The counter-defense strategy of RnMyRV3 against
RNA silencing was also investigated in a different study. As
indicated by the RnMyRV3 suppressed RNA silencing of green
fluorescent protein (GFP), reduced accumulation of GFP-small (s)
RNAs and increased accumulation of GFP-dsRNA, observations
suggesting that it interferes with dsRNA fragmentation and has
RNA silencing suppressor activity (34).
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1.3 Megabirnaviridae in R. necatrix

In 2004, a bisegmented dsRNA mycovirus was isolated from R.
necatrix strain W779, originally collected from a bait twig buried in
a Japanese pear orchard in Ibaraki prefecture (23). The mycovirus
was designated as Rosellinia necatrix megabirnavirus 1 (RnMBV1)
and a distinct virus family, Megabirnaviridae, was proposed for to
accommodate it based on its biological and molecular attributes.
Megabirnaviruses form non-enveloped, icosahedral particles, 50-55
nm in diameter. Their bisegmented linear dsRNA genome is
approximately 16.1 kbp in size, with two segments ranging from
7.2 to 8.9 kbp in length (35). The word ‘mega’ (‘large’ in Greek,
megas) indicates the relative large genome size, while the word ‘b1’
(‘two’ in Latin) refers to bisegmented nature of the genome, similar
to the families Birnaviridae and Picobirnaviridae (6). However, it is
noteworthy that these three families, Megabirnaviridae,
Birnaviridae and Picobirnaviridae, show different genomic
organization with no considerable sequence similarity (6, 36).
RnMBV1 has two genomic dsRNA segments 8,931 bp and 7,180
bp in length, as shown in Figure 1B. Both segments are bicistronic,
possessing two ORFs each. ORF1 and ORF2 of the largest segment
encode for CP and RdRP, respectively. Both segments exhibit
substantial levels of sequence similarity in the lengthy 5’
untranslated region of roughly 1.6 kbp, aside from the rigorously
conserved 5" (24 nt) and 3’ (8 nt) terminal sequences. RnMBV1
particles are rigid, spherical and approximately 50 nm in
diameter (37).

RnMBV1 is transmitted horizontally via hyphal anastomosis
and is homogenously distributed within R. necatrix colonies.
RnMBV1 infection results in severe reduction of both R. necatrix
growth and virulence against plant hosts, and therefore has strong
potential as a biocontrol agent of white root rot (37, 38). The factor
(s) responsible for R. necatrix attenuation are unknown but
RnMBV1 mutants lacking dsRNA2 result in milder impact on
growth and virulence demonstrating the important role of RNA2.
An RnMBV1 strain with genome rearrangement was isolated and
named RnMBV1-RS1. In addition to dsRNA1 with two open
reading frames (ORFs) encoding the CP and the RdRP,
RnMBV1-RS1 had a new segment dsRNAS1, which emerged as a
result of an ORF1 deletion and an ORF2 partial tandem duplication,
retaining a much shorter 5" untranslated region (UTR). R. necatrix
transfected with RnMBV-RS1 virions maintained its virulence on
host plants, in contrast to RnMBVl1-infected R. necatrix. This
suggests that dsRNASI is transcribed and packaged, and that
dsRNA2, while dispensable for virus replication, is required for
virulence reduction in R. necatrix (39).

Transcriptome profiling was performed to investigate gene
expression alterations in the Japanese R. necatrix strain W97,
which exhibited hypovirulence following transfection with
RnMBV1 from strain W779 (37). In total, 545 and 615 genes
were found to be up- and down-regulated, respectively, in virus-
infected as compared to virus-free R. necatrix. Differential gene
expression analysis suggested that primary and secondary
metabolism is deregulated in virus-infected R. necatrix. Genes
encoding transcriptional regulators, plant cell wall-degrading
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FIGURE 1

Mycoviruses with dsRNA genomes infecting R. necatrix. Genome organization of (A) dodecasegmented Rosellinia necatrix mycoreovirus 3 (RNMRV3);
(B) bisegmented Rosellinia necatrix megabirnavirus 1 (RNMBV1); (C) bisegmented Rosellinia necatrix partitivirus 1 (RnPV1); (D) tetrasegmented
Rosellinia necatrix quadrivirus 1 (RNQV1); and (E) monosegmented Rosellinia necatrix victorivirus 1 (RnVV1) W1029. Black double lines represent
dsRNAs and coloured boxes represent ORFs. Sequences facilitating ribosomal frameshift in RnMBV1 and RnVV1 are indicated by arrows. RARP, RNA-

dependent RNA polymerase, CP, capsid protein.

enzymes, and factors involved in toxin production, such as
cytochalasin E, were also differentially expressed (40).

Similar to RnMyRV1, RnMBV1 infection led to upregulation of
RNA silencing genes. The abundance of vsRNAs derived from
RnMBV1 was found to be 24.9%, higher as compared to RnMyRV 1
(section 1.2) and other mycoviruses infecting R. necatrix, including
a partitivirus (section 1.4), a quadrivirus (section 1.5), and a
victorivirus (section 1.6). Notably, RnMBV1 and RnMyRV1 were
the only two mycoviruses examined that upregulated RNA silencing
genes in R. necatrix, leading to vsRNA abundance over 10% (14).
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1.4 Partitiviridae in R. necatrix

Members of the family Partitiviridae infect fungi and plants.
Partitiviruses form non-enveloped, icosahedral particles, 25-43 nm in
diameter. Their bisegmented, linear dsSRNA genome with two segments
ranging from 3.0 to 4.8 kb in length (41, 42). In addition to the families
Megabirnaviridae and Reoviridae, members of the family Partitiviridae
are also widespread in R. necatrix (6, 25, 43). Many R. necatrix strains
tested were co-infected by multiple partitiviruses, but only a few of
them have been molecularly and biologically characterized so far.
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Rosellinia necatrix partitivirus 1 (RnPV1) was discovered
infecting isolate W38, collected from grapevine in Okayama, Japan.
Genome organization of RnPV1 is shown in Figure 1C, with the
largest segment encoding RARP and the smallest encoding CP. The
UTRs of the two segments were similar with approximately 70% nt
identity at the 5 termini, but different at the 3’ termini, which
contained adenosine-uracil rich elements (AREs) (44). Electron
microscopy of purified RnPV1 particles indicated that they were
approximately 25 nm in diameter. RnPV1 infection did not lead to
upregulation of RNA silencing genes and the abundance of vsRNAs
derived from RnPV1 was found to be 6.8% (41).

In a separate study, RnPV7 was discovered infecting isolate 7-
11/W1142 following a controlled environment experiment (section
1.7) and was assigned to genus Alphapartitivirus. RanPV7 infection
had no effect on host growth or virulence.

According to one report (25), a total of 20 partitiviruses from 16
R. necatrix strains, belonging to 5 previously reported species and
15 new species, for which the names Rosellinia necatrix partitivirus
11 to 25 were proposed and which were assigned to genera
Alphapartitivirus and Betapartitivirus. For 13 of these novel
partitiviruses, transfection experiments were performed to
introduce purified virions into reference strains of the natural
host R. necatrix and a heterologous host C. parasitica. The effects
of partitivirus infection were assessed in R. necatrix W97, together
with C. parasitica wild-type EP155 and its Adcl2 KO mutant, an
RNA silencing deficient strain. Initially, the quintuply infected
(RnPV1, RnPV14-RnPV17) W97 transfectant displayed
considerably reduced growth; its mycelium was fluffty and white
in color, while the mycelium of the virus-free strain was off-white
and more mat-like in appearance. Subsequent hyphal fusion with
virus-free W97 led to the manifestation of a milder growth defect.
Even after repeated coculturing, EP155 stably maintained single
infection with RnPV11 from W98 or RnPV20 from W1134, and
double infection with RnPV14 and RnPV16 from W744. All
infected EP155 strains showed reduction pigmentation, growth
rate, and aerial hyphae. Adcl2, when singly infected by RnPV11
or RnPV20 and doubly infected by RnPV14 and RnPV16, also
exhibited reduced growth with irregular margins. Conversely,
EP155 infected by RnPV18 and RnPV19 was either asymptomatic
or showed mild reduction in growth rate (25).

In a recent study of isolates from South Korea, R. necatrix
KACC 40168 was reported to be infected with two viruses, one of
which was a new member of the genus Alphapartitivirus in the
family Partitiviridae and hereafter designated as RnPV26 (44).

1.5 Quadriviridae in R. necatrix

A tetrasegmented dsRNA virus was reported in R. necatrix
strain W1075 from a Japanese pear orchard in the Saga prefecture in
2012 (45). Similar to RaMBV1, a new family Quadriviridae was
established to accommodate Rosellinia necatrix quadrivirus 1
(RnQV1). Quadriviruses form non-enveloped, icosahedral
particles, 45 nm in diameter. Their tetrasegmented linear dsRNA
genome is between 16.8 and 17.1kbp in size, with four segments
ranging from 3.5 to 5.0kbp in length (46). An agarose gel
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electrophoretic profile of the four genomic dsRNAs of RnQV1 is
very much similar to that of a member of the family Chrysoviridae,
Helminthosporium victoriae virus 145S (HvV145S), although their
size ranges are different: 3.9-4.9 kbp for RnQV1 and 2.8-3.6 kbp for
HvV145S (6). All 4 dsRNA segments, i.e., dSRNAs 1 to 4, possess a
single large ORF flanked by 5" and 3> UTRs. RnQV1 dsRNAs 2 and
4 encode for CPs while dsSRNA3 encodes for RARP as shown in
Figure 1D. The infected mycelia were found to contain rigid
spherical particles, approximately 45 nm in diameter (45).
RnQV1 infection did not lead to upregulation of RNA silencing
genes and the abundance of vsRNAs derived from RnQV1 was
found to be 1.2% (41).

Later in the same year, the biological and molecular
characterization of a second quadrivirus strain termed Rosellinia
necatrix quadrivirus 1 strain W1118 (RnQV1-W1118) was reported.
Commonalities with the first quadrivirus (RnQV1-W1075) included
its spherical particle morphology, quadripartite genome structure,
72-82% sequence similarity between homologous proteins, terminal
sequence heterogeneity, and ability to cause a latent infection.
Conversely, distinguishing features included different conserved
terminal sequences and the degree of susceptibility to proteolytic
degradation of the two major capsid proteins, which is thought to
occur during virion purification. In particular, the numbers of the
strictly conserved sequences are different between the two viruses: 9
vs 7 nt and 12 vs 14 nt for the 5- and 3’-terminal sequences of
RnQV1-W1118 and RnQV1-W1075, respectively. In RnQV1-
W1118, the 5’-terminal sequences are more conserved than the 3’-
terminal sequences, while the opposite is observed for Rn W1075.
Several highly conserved sequence stretches are detected at both ends
in addition to the strictly shared sequences (47).

1.6 Pseudototiviridae in R. necatrix

Members of the family Pseudototiviridae infect fungi and
protozoa. Pseudototiviruses form non-enveloped, icosahedral
particles, 40 nm in diameter, and have monosegmented, linear
dsRNA genomes, ranging from 4.6 to 7.0 kbp in length (2023
Release, MSL #39). R. necatrix strains W1028 to W1030 from the
experimental orchard of apple trees (Nagano Fruit Tree Experiment
Station) at Suzaka, Nagano prefecture, Japan, were confirmed to be
coinfected by members of the genus Victorivirus, family
Pseudototiviridae, together with partitiviruses (48, 49). Figure 1E
shows the genome organization of the monosegmented Rosellinia
necatrix victorivirus 1 (RnVV1) with two large overlapping ORFs,
encoding CP and RdRP. Similarities and differences to other
reported victoriviruses include respectively the presence of a
UAAUG pentamer sequence element, facilitating translation
termination/reinitiation at the junction between two ORFs and
sequence divergence with 41% RARP amino acid sequence identity
to its closest relative, Botryotinia fuckeliana totivirus 1. The RnVV1
particles were spherical, approximately 40 nm in diameter.

Molecular and biological characterization of RnVV1-W1029
has been reported (49). The effects of RnVV1 on the phenotype of
the natural host R. necatrix were negligible. The colony morphology
of four strains with the same host background was compared: R.
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necatrix W563 (virus-free field isolate believed to be isogenic to
W1029), W1029 (virus-infected), W1029-T20 and W1029-T31
(partially cured via hyphal tipping; RnPV3-free). No effects on
appearance or growth rate were observed regardless of whether the
host fungus was uninfected (in case of W563) or infected with
RnVV1 alone (T20 and T31) or in combination with RnPV3
(W1029). In another experiment, RnVV1 particles were purified
from W1029 and used to transfect strain W97, which belongs to a
different vegetative compatibility group. Three transfectants (Tfl,
Tf2 and Tf3) were compared to parental virus-free W97 strain,
concluding that RnVV1 infected R. necatrix asymptomatically
under lab conditions.

Further experiments were performed to expand the RnVV1
(and RnPV3) host range and study its phenotype in C. parasitica.
Viruses purified from W1029 were used to transfect C. parasitica
Adcl-2 mutant. Three types of transfectants were obtained: A26
doubly infected with RnVV1 and RnPV3; A12, singly infected with
RnVV1; and A6, singly infected with RnPV3. In C. parasitica,
phenotypic changes were observed in the Adcl-2 strain singly
infected with RnVV1 which showed altered phenotype and
reduced growth. Interestingly, comparison of the RNA silencing-
competent (wild-type EP155) and -defective (Adcl-2) strains of C.
parasitica infected with RnVV1 showed that RNA silencing acted
against the virus to repress its replication, which was restored by
coinfection with Cryphonectria parasitica hypovirus 1 (CHV1) or
transgenic expression of an RNA silencing suppressor, CHV1 p29.
This was the first study reporting host range expansion and RNA
silencing of a member of the family Pseudototiviridae (49).
Interestingly, RnVV1 infection did not lead to upregulation of
RNA silencing genes and the abundance of vsRNAs derived from
RnQV1 was found to be 0.3% in R. necatrix (41).

1.7 Endornaviridae in R. necatrix

Members of the family Endornaviridae infect plants, fungi and
oomycetes. Endornaviruses are capsidless and have monosegmented,
linear, positive-sense (+) ssSRNA genomes, ranging from 9.7 to17.6 kb
in length. This family has two genera, Alphaendornavirus and
Betaendornavirus, which accommodate viruses on the basis of

(A)
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genome size, respectively greater than 11.9 kb and less than 10.7
kb, and fungal host (50). Three R. necatrix isolates, designated as 6-
31, 6-33 and 6-35, were reported to be infected with an endornavirus
for the first time. Rosellinia necatrix endornavirus 1 (RnEV1) was
placed in genus Betaendornavirus because of its relatively short
genome of 9,369 nt. A large ORF encoded a protein with a
methyltransferase domain, a cysteine rich region, an RNA helicase
domain and an RARP domain, as shown in Figure 2A. RnEV1
infection had no effect on host growth or virulence (50, 51).
Interestingly, natural RnEV1 infection occurred when the virus-
free R. necatrix strain W97 was incubated in a soil sample from an
apple tree in Suzaka under glasshouse conditions, giving rise isolates 6-
31, 6-33 and 6-35. A similar phenomenon was observed with the virus-
free R. necatrix strain W370T1, which was found to be infected with
RnPV7 (section 1.4) and gave rise to isolate 7-11/W1142, following
incubation in a soil sample from a forest in Morioka under glasshouse
conditions. This observation raises an important question: how did
these mycoviruses get transmitted to R. necatrix? No R. necatrix
genetically different from the original strains W97 and W370T1 were
isolated from soil after incubation, suggesting that these mycoviruses
could not have been transmitted from infected R. necatrix already
present in the soil samples. Therefore, it was hypothesized that the
spread of these mycoviruses may have been facilitated by another
fungus or through interactions with soil organisms such as nematodes
or micro-arthropods. No horizontal transmission of RnEV1 and
RnPV7 between incompatible R. necatrix strains was observed on
agar plates during in vitro experiments (50, 51). However, the
experiment was performed in soil samples that may have contained
plant exudates such as proline. Proline was recently shown to weaken
incompatibility between fungi and improve mycovirus transmission
(52). This may also help explain mycovirus infection of R. necatrix,
potentially through cross-species transmission of mycoviruses.

1.8 Fusariviridae in R. necatrix

Members of the family Fusariviridae infect fungi and
oomycetes. Fusariviruses are capsidless and have monosegmented,
linear +ssRNA genomes, which range from 5.9 to 10.7 kb in length
and may be monocistronic, bicistronic, tricistronic or
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FIGURE 2

Mycoviruses with +ssRNA genomes infecting R. necatrix. Genome organization of (A) monosegmented Rosellinia necatrix endornavirus 1 (RnEV1); (B)
monosegmented Rosellinia necatrix fusarivirus 1 (RnFV1), excluding its poly(A) tail; (C) monosegmented Yado-kari virus 1 (YkV1). Black single lines
represent ssRNAs and coloured boxes represent ORFs. MET, methyltransferase, CR, cysteine rich region, HEL, RNA helicase, and RdRP, RNA-

dependent RNA polymerase.
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quadricistronic (53). R. necatrix strain NW10 from an apple tree in
Nagano, Japan, was found to be infected Rosellinia necatrix
fusarivirus 1 (RnFV1), related to Fusarium graminearum virus 1
(FgV1) and hence placed in the newly established family
Fusariviridae. The 6,286 nt genome of RnFV1 has two ORFs, as
shown in Figure 2B. The largest encoding a protein with the RARP
and RNA helicase domains typical of fusariviruses. Both of these
domains showed moderate level of sequence identity to each other.
The smallest ORF encoded a conserved protein with unknown
function, which contained a motif from a structural maintenance of
chromosomes (SMC) protein. RnFV1 was successfully transferred
between incompatible fungal strains using a zinc ion-based
technique. RnFV1 caused a latent infection, and therefore has no
potential to be used as a biocontrol agent (54).

1.9 Yadokariviridae in R. necatrix

The family Yadokariviridae, which includes the genera
Alphayadokarivirus and Betayadokarivirus, accommodates
capsidless, non-segmented, linear +ssRNA viruses, 3.3 to 6.3 kb in
length that hijack capsids from phylogenetically distant dsRNA
viruses, resulting in spherical and non-enveloped particles 33-50
nm in diameter. Yadokariviruses likely replicate within the hijacked
heterocapsids using their own RdRP, imitating the replication
process of dsRNA viruses. Through their interaction with the
capsid-donating dsRNA viruses, yadokariviruses can influence
their fungal hosts in both positive and negative ways (55).

Co-infection with the 6.3 kb long alphayadokarivirus Yado-kari
virus 1 shown in Figure 2C and its unclassified capsid donor, Yado-
nushi virus 1, led to a growth defect in strain Rn-1032 from Japan
but also promoted the accumulation of the donor virus (48, 56).
Conversely, the betayadokarivirus Yado-kari virus 4a from strain
Rn-454, reduced the levels of its capsid donor dsRNA virus and
alleviated the growth defect caused by the associated dsRNA virus.
Another betayadokarivirus, Yado-kari virus 3 from strain Rn-454,
has no impact on either its capsid donor or the host fungus (57).

These findings contribute to our understanding of viral ecology
and virus-host interactions in fungal systems. The effects shown by
yadokariviruses on their capsid donors and host fungi illustrate how
mycoviruses can exhibit a wide range of behaviors, from promoting
viral replication to mitigating harmful effects on the host fungus.
This variability could be driven by genetic differences between
viruses, their ability to take over the host machinery, or the
ecological context in which the viruses exist. Furthermore, these
results raise interesting questions about the potential for viral
interactions to influence fungal disease dynamics, especially in
phytopathogenic fungi like R. necatrix.

1.10 Unclassified viruses and
mixed infections

A study was performed to screen R. necatrix strains for viral

infections and it was reported that different strains of R. necatrix
were infected with at least six different viral families. The viral
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sequences represent families such as Megabirna-, Partiti-, Fusari-,
Yado-kariviridae, described in previous sections, but also Hypo-,
Fusagra-, and Megatotiviridae. Hypoviruses are capsidless viruses
with monosegmented, linear, +ssRNA genomes ranging from 7.3 to
18.3 kb in length and may be monocistronic or bicistronic (58).
Conversely, fusagraviruses form non-enveloped, icosahedral
capsids approximately 30 nm in diameter, have monosegmented,
linear, dsRNA genomes ranging from 8 to 11 kb in length and are
bicistronic (59). Finally, megatotiviruses form non-enveloped,
spherical particles 40-50 nm in diameter and have
monosegmented, linear, dsSRNA genomes ranging from 10-12.5
kb in length (Taxon Details | ICTV) (22). The hypovirulent effect
of mycovirus infection in the Mediterranean R. necatrix strain
Rn459, causing root rot in avocado, was reported (22, 60). Rn459
was found to be infected with RnPV10 (section 1.4) and at least
three other viruses: Rosellinia necatrix hypovirus 2 (RnHV2),
Rosellinia necatrix fusagravirus 1 (RnFGV1), and Rosellinia
necatrix virga-like virus (RnVLV). The latter resembles members
of the family Virgaviridae, plant viruses with non-enveloped rod-
shaped capsids 17-24 nm in diameter and up to 300 nm in length,
and monosegmented, linear, +ssRNA genomes ranging from 6.3 to
13.0 kb in length (61).

Following spontaneous loss of RnFGV1 from the original strain,
hyphal tipping was used to cure the cultures of virus infection in
order to examine the effects on growth in vitro and virulence on
avocado plants. The fungal strain obtained, Rn459_PV10F/VLVF,
was confirmed to be cured of RnPV10 and RnVLYV infection but still
retained RnHV2. Rn459_PV10F/VLVF manifested a phenotype
different from the original Rn459 strain, growing faster in vitro
and being more virulent on avocado plants. These collective results
suggest that RnPV10 and RnVLYV, alone or in combination,
contribute to confer hypovirulence to R. necatrix.

A mixed dsRNA mycovirus infection in a Korean R. necatrix
isolate, including a fusagravirus and a partitivirus was reported (44).
The two mycoviruses were detected by next-generation sequencing
analysis of purified dsRNAs samples. The first dSRNA virus had a
complete genome sequence of 8,868 bp in size and contained two
large ORFs 1 and 2, overlapped by 22 bp containing a canonical
(1) slippery heptanucelotide sequence of UUUAAAC.
Phylogenetic analysis showed that it clustered with RnFGV3 and
other fusagraviruses and showed similarity with the RnFGV3
hypothetical protein and RdRP. The virus was named Rosellinia
necatrix fusagravirus 4 due to its genomic organization, sequence
similarity, and phylogenetic analysis, which indicate that it belongs
to a novel species of the family Fusagraviridae.

2 Conclusion

This review provides a comprehensive summary of viruses
infecting different R. necatrix strains. The investigation of
mycoviruses that infect Rosellinia necatrix provides important
information about the intricate relationships between fungal
diseases and related viruses. Mycoviruses have demonstrated the
ability to decrease virulence of R. necatrix, opening up new avenues
for biocontrol methods to control this harmful plant pathogen.
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Understanding the molecular mechanics of viral infection and the
possibility of horizontal transmission has advanced significantly,
but there are still a number of unanswered concerns. Further
research is needed to explore the diversity of mycoviruses in
natural populations, their precise modes of action, and how they
can be effectively used in agricultural settings. Given the increasing
challenges posed by R. necatrix in various crops, understanding the
role of mycoviruses in modulating fungal virulence and their
potential for integrated pest management could pave the way for
sustainable and environmentally friendly disease control methods.

Different studies indicate that RnMyRV3 and RnMBV lare two
mycoviruses in R. necatrix with biocontrol potential. RnMyRV?3 is
less stable and unevenly distributed, but causes hypovirulence.
Conversely, RnMBV1 is a better biocontrol candidate since it is
more stable and efficiently spreads throughout MCGs, therefore it is
a better candidate for biocontrol applications (62). RnMBV1 may
be used as a specialized biocontrol agent against particular fungal
strains in various MCGs, as evidenced by trials employing
RnMBV1-infected hypovirulent strains that demonstrated
decreased growth in apple roots (37, 63). Unexpected behaviors
were also noted by various field researches: following R. necatrix
inoculation of apple orchards, the fungi reisolated after two to three
years were genetically identical, but they harbored five new viruses
that were not present originally, indicating the possibility of
spontaneous viral infections (48). Subsequent tests on R. necatrix
cultivated in soil verified comparable spontaneous infections by
new viruses (51). These findings suggest that mycoviruses may have
the ability to naturally infect fungi, potentially across various species
in soil ecosystem. Supporting this notion, experiments using
protoplasts showed that RnPV1 and RnMyRV3 could infect and
replicate in different types of fungi, including C. parasitica and
Diaporthe species. These findings suggest that the host range of
mycoviruses could be broader, and they may have the potential to
infect different fungi in nature (62, 64).

Evidence for horizontal virus transmission within and between
fungal species of the family Xylariaceae from avocado was observed
(65). Despite vegetative incompatibility among Entoleuca isolates
and different MCGs in R. necatrix, both fungal species shared the
same set of mycoviruses, suggesting potential horizontal
transmission. This is further supported by polymorphisms
observed in Entoleuca hypovirus 1 (EnHV1), which was not
linked to host origin. Previous research has demonstrated both
natural and artificial mycovirus transfection between fungal species,
and experimental transmission of a virus between R. necatrix
isolates was achieved using zinc ions (64, 66). Interestingly,
Entoleuca partitivirus (EnPV) 1 and 2 were detected in a
Fusarium sp. isolate from the same avocado orchards, indicating
the possible involvement of mycophagous species or other vectors
in the transmission of mycoviruses. These findings suggests that
virocontrol of R. necatrix in avocado could be a practical approach
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if a virus capable of inducing hypovirulence is identified.
Additionally, the use of high-throughput sequencing technologies
will be crucial in determining the complete viral infection status in
fungal hosts and exploring virocontrol strategies for fungal diseases,
while advancing our understanding of virus evolution and their
interactions with fungal and plant hosts. More field research is
required to look for factors influencing mycovirus transmission and
virulence (65).
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