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Abstract

Colletotrichum is one of the most economically important fungal genera, which affects a wide range of hosts,
specifically tropical and subtropical crops. Thus far, there have been several records of mycovirus infection in
Colletotrichum spp., primarily by viruses of the Partitiviridae family. There have also been records of infections
by mycoviruses of the Chrysoviridae family. Mycoviruses are (+)ssRNA and dsRNA genome viruses, which may
or may not be enveloped. To date, no mycovirus with a DNA genome has been isolated from Colletotrichum spp.
Typically, mycoviruses cause latent infections, although hypo- and hypervirulence have also been reported in
Colletotrichum spp. In addition to its effects on pathogenic behavior, mycovirus infection can lead to important
physiological changes, such as altered morphological characteristics, reduced vegetative growth, and suppressed
conidia production. Therefore, research on mycoviruses infecting phytopathogenic fungi can help develop alternative
methods to chemical control, which can cause irreversible damage to humans and the environment. From an
agricultural perspective, mycoviruses can contribute to sustainable agriculture as biological control agents via
changes in fungal physiology, ultimately resulting in the total loss of or reduction in the virulence of these pathogens.
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Resumo

Colletotrichum é um dos géneros flingicos mais importantes economicamente, afetando uma ampla gama de
hospedeiros, especialmente em cultivos tropicais e subtropicais. Atualmente ja existem diversos registros de infec¢do
por micovirus em Colletotrichum spp., sendo a maioria dos ja identificados classificados na familia Partitiviridae.
Ocorrem registros também de micovirus pertencentes a familia Chrysoviridae. Compreendem virus de genoma de
(+)ssRNA e dsRNA que podem ser ou ndo envelopados. Ainda ndo foram identificados micovirus com genoma de
DNA isolados de Colletotrichum. A infec¢do por micovirus pode ocorrer de forma latente, mas ja foi observado em
Colletotrichum spp. o fenémeno de hipo e hiperviruléncia. Além de influenciar no comportamento patogénico, a
infeccdo pode causar mudangas fisiol6gicas importantes como alteragdes das caracteristicas morfoldgicas, redugao
do crescimento vegetativo e reducdo na producao de conidios. O estudo com micovirus em fungos fitopatogénicos
traz uma alternativa ao controle quimico que é um método capaz de causar danos irreversiveis ao homem e o meio
ambiente. Sob a perspectiva agricola, os micovirus podem contribuir para agricultura sustentavel como agentes
de controle biolégico. Isso porque obsevam-se mudangas importantes na fisiologia flingica resultando na perda
total ou reducdo da viruléncia desses patégenos.

Palavras-chave: agricultura, controle biolégico, hipoviruléncia, fitopatologia.

1. Introduction

Mycoviruses are viruses that infect a wide array of
fungal species. In 1962, while studying a disease in the
edible mushroom Agaricus bisporus, Hollings reported the
presence of viral particles within the fungus for the first
time (Hollings, 1962). Subsequently, Banks et al. (1968)
found that viral double-stranded RNA (dsRNA) particles
present in Penicillium stoloniferum extracts induced the

synthesis of interferon, an antiviral protein produced by
animals, which triggered interest in these microorganisms
(Buck, 1988; Picarelli et al., 2017).

Studies on mycovirus infection of the filamentous
fungus Cryphonectria parasitica laid the foundation for
future research into fungal hypovirulence or debilitation
in other species (Ghabrial and Suzuki, 2009; Wu et al.,
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2010; Eusebio-Cope et al., 2015; Kotta-Loizou and Coutts,
2017). The presence of virus in the host fungus can induce
several physiological changes; for instance, the virus can
reduce the virulence of its phytopathogenic fungal host,
leading to hypovirulence. Hypovirulence induced by
mycoviruses in plant pathogenic fungi can be transmitted
within species through hypha between the compatible
strains (Anagnostakis and Day, 1979).

Colletotrichum spp. are pathogenic fungi of great
importance in the context of phytopathology, as they
cause anthracnose in several plant species. They can infect
awide range of hosts, specifically tropical and subtropical
crops as well as fruit trees (Sutton, 1992; Hyde et al.,
2009). The disease can harm any part of the plant above
the ground, such as stems, leaves, flowers, and fruits.
Bailey and Jeger (1992) reported that Colletotrichum spp.
could cause anthracnose in legumes; vegetables; and
fructiferous species, such as mango, avocado, and papaya,
from seedlings to adult trees.

Although several control measures against
phytopathogens have already been tested, chemical control
remains the gold standard (Dowling et al., 2020). Fungicide
spraying, in addition to being expensive, is hazardous to
the environment and humans. In this light, the use of
mycoviruses as an alternative to control phytopathogenic
fungi has attracted much attention. To this end, this article
presents an overview of studies on mycoviruses infecting
Colletotrichum spp., describing the occurrence of the
major mycovirus families in the fungi of this genus and
the effects of viruses on host physiology. In addition, we
discuss mycoviruses in terms of their classification and
transmission as well as virus-fungus interactions.

Mycoviruses

Mycoviruses often cause latent infections in their
hosts. Moreover, they have no natural vectors (e.g.,
arthropods or annelids) and are typically transmitted
horizontally via intracellular means (hyphal anastomosis)
or vertically via spore spread (mitotic and sometimes
meiotic spores). Thus, despite the lack of an extracellular
phase in their life cycle, these viruses employ efficient
and evidently successful means of horizontal and vertical
transmission, being prevalent in all major groups of
fungi such as Chytridiomycota, Zigomycota, Ascomycota,
and Basidiomycota. The mycovirus incidence has been
estimated to be 30-80% in their fungal hosts (Ghabrial and
Suzuki, 2009; Pearson et al., 2009; Ghabrial et al., 2015).
In some cases, mycoviruses can even insert themselves
into the mitochondria during the latent infection phase
(Pearson et al., 2009), producing adverse effects such as
hypo- or hypervirulence (Vainio et al., 2018), or mutualistic
effects (Marquez et al., 2007).

Viral taxonomy considers the following criteria for
identification: molecular genome composition, capsid
structure, envelope structure (when present), particle size
and morphology, host range, pathogenicity, and percentage
of similarity between genomic sequences (Picarelli et al.,
2017; Lefkowitz et al., 2018). According to the International
Committee on Taxonomy of Viruses (ICTV), mycoviruses are
classified into 52 genera distributed in 16 families (Table 1).
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Mycoviruses harbor different types of genomes, such as
double-stranded RNA (dsRNA), single-stranded positive
RNA [(+)ssRNA], single-stranded negative [(-)sSRNA],
and single-stranded DNA (ssDNA) (Ghabrial et al., 2015).

Mycovirus transmission

Mycoviruses can be transmitted vertically or
horizontally among fungi (Wang et al., 2016). Vertical
transmission (from the stem to sexual or asexual spores)
is the most common form of mycovirus spread. The virus
transmission rate of 100% via asexual spore production
has been reported, which hinders the isolation of isogenic
strains without mycoviruses (“cure”) (Leqoc Lecoq et al.,
1979; Picarelli et al., 2017). Transmission via sexual spores
is relatively rare (Pearson et al., 2009). The process of
cure has already been observed in Trichoderma (Liu et al.,
2019), Ceratobasidium (Cao et al., 2019), and Aspergillus
(Ozkan and Coutts, 2015) subjected to treatments with
different chemical substances supplemented into the
culture medium. Horizontal transmission through hyphal
anastomosis occurs among vegetatively compatible fungal
individuals. The process of cytoplasmic exchange transfers
mycoviruses to uninfected hyphal cells (Wang et al., 2017).

Vegetative incompatibility (lack of cell recognition
necessary for anastomosis) results in compartmentalization
and subsequent lysis of the involved cells, similar to the
hypersensitivity reaction in plants (Paoletti and Saupe,
2009). Therefore, vegetative incompatibility represents a
major barrier to the horizontal transmission of mycoviruses.
In brief, when the hyphae of two incompatible fungal
strains fuse, recognition between cells does not occur.
Subsequently, programmed cell death is initiated and
cytoplasmic exchange fails, preventing the horizontal
transmission of mycoviruses (Wang et al., 2017).

Although mycoviruses share some characteristics
with animal and plant viruses, they show some distinct
characteristics, as follows: (1) they do not have an
extracellular route of infection; (2) they are transmitted
between cells only through cell division, sporulation, and
cytosolic fusion; and (3) they are apparently devoid of
movement protein, which is essential for the life cycle of
animal and plant viruses (Son et al., 2015).

Mycovirus-host interaction

Initially, the mycoviruses produce no signs. Therefore,
they are considered the most latent viruses (Pearson et al.,
2009). Nonetheless, mycovirus infection can alter the
mycelial growth rate, in addition to other changes.
van Diepeningen et al. (2006) reported marked differences
in growth, spore production, and competitive ability
between isogenic infected and uninfected Aspergillus strains.

According to Milgroom and Hillman (2011), vegetative
incompatibility serves as a barrier to horizontal
transmission; therefore, the dependence on vertical
transmission has likely driven the evolution of mycovirus
strains that do not induce positive or negative changes
in the host. However, they observed that mycoviruses
are in fact harmful based on the alterations that, albeit
mildly, can interfere with the relationships between the
virus and fungus as well as affect the growth, sporulation,
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Mycoviruses associated with Colletotrichum species

Table 1. Current classification of mycoviruses.

Nucleic acid Genome organization Family Genera Species
dsRNA Isometric virions 40 nm 1 Totiviridae Giardivirus, Leishmaniavirus, 28
segment 4-6.7 kbp Totivirus, Trichomonasvirus,

Victorivirus
Isometric virions 40 nm 2 Partitiviridae Alphapartitivirus, Betapartitivirus, 60
segments 1.4-2.4 kbp Cryspovirus, Deltapartitivirus,
Gammapartitivirus
Isometric virions 60-80 nm Reoviridae Subfamily: Sedoreovirinae: 97
10-12 segments 0.7-5 kbp Cardoreovirus, Mimoreovirus,
Orbivirus, Phytoreovirus, Rotavirus,
Seadornavirus
Subfamily: Spinareovirinae:
Aquareovirus, Coltivirus, Cypovirus,
Dinovernavirus, Fijivirus,
Idnoreovirus, Mycoreovirus,
Orthoreovirus, Oryzavirus
Isometric virions 40 nm 2 Crysoviridae Alphachrysovirus, Betachrysovirus 25
segments 2.4-3.6 kbp
Lipids vesicles 1 segment Endornaviridae Alphaendornavirus, Betaendornavirus 31
14-17.6 kbp
Isometric virions 48 nm 4 Quadriviridae Quadrivirus 1
segments 3.7-4.9 kbp
Isometric virions 50 nm 2 Megabirnaviridae Megabirnavirus 1
segments 7-9 kbp
Isometric virions 35 nm 2 - Botybirnarvirus 1
segments 5.9-6.2 kbp
(+) ssRNA Filamentous virions 470- Alphaflexiviridae Allexivirus, Botrexvirus, Lolavirus, 56
800 x 12-13 nm 1 segment Mandarivirus, Platypuvirus,
5.9-9 kp Potexvirus, Sclerodarnavirus
Lipids vesicles 80 x 50 nm 1 Hypoviridae Hypovirus 4
segment 9-13 kb
Unencapsidated 1 segment Narnaviridae Narnavirus, Mitovirus 2
1.7-2.9 kb
Bacilliform virions 50 x 20 Barnaviridae Barnavirus 1
nm 1 segment 4 kb
Filamentous virions 720 x Gammaflexiviridae Mycoflexivirus 1
12-13 nm 1 segment 6.8 kb
Reverse- Round/ovoid virions 1 Metaviridae Errantivirus, Metavirus 31
transcribing segment 4-10 kb
RNA viruses Round/ovoid virions 1 Pseudoviridae Hemivirus, Pseudovirus, Sirevirus 34
segment 5-9 kb
(-)ssRNA Filamentous virions 300- Mymonaviridae Hubramonavirus, Sclerotimonavirus 9
400 x 20 nm 1 segment
10 kb
(-)ssDNA Isometric virions 20-22 nm Genomoviridae Gemycircularvirus 1

1 circular molecule 2.2 kb

This information has been derived from Virus Taxonomy: The Classification and Nomenclature of Viruses - The Online (10th) Report of the ICTV (2020).

and virulence of the fungus, in addition to reducing its
abundance. In addition, environmental changes, fungal
physiology, and concomitant infections may interfere with
mycovirus virulence and transmissibility (Pearson et al.,
2009; Picarelli et al., 2017).

The presence of mycoviruses in endophytic fungi
is associated with the adaptation of plants to extreme
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conditions. Heat tolerance of Dichanthelium lanuginosum,
which grows in geothermal soil, is induced by the presence
of the mycovirus Curvularia sp. (Marquez et al., 2007).
Mycovirus infection can allow the host to infect other
plant species. Entomopathogenic fungi, whose life cycle
includes an endophytic phase on the wild grasses Festuca
rubra and Holcus lanatus, acquired the ability to colonize
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other plants after being infected with mycoviruses (Herrero
Asensio et al., 2013).

Mycovirus interactions that induce hypovirulence, such
that between Hypovirus, an effective alternative biocontrol
agent to conventional measures, with phytopathogenic
fungi (Milgroom and Hillman, 2011), are among the most
studied ones. As a result of viral infection, the virulence of
the host phytopathogenic fungus is reduced or completely
lost (Yu et al., 2010; Picarelli et al., 2017).

Extensive research on mycovirus infection in the
filamentous fungus Cryphonectria parasitica laid the
foundation for future studies on fungal hypovirulence
or debilitation in other species (Ghabrial and Suzuki,
2009; Eusebio-Cope et al., 2015). The interactions of the
mycovirus Cryphonectria hypovirus 1 (CHV1) with its fungal
host Cryphonectria parasitica have been well studied and
used as a reference in several studies on other pathogenic
fungi, such as Fusarium graminearum (Chu et al., 2002),
Sclerotinia homoeocarpa (Zhou and Boland, 1997), Botrytis
cinerea (Wu et al., 2010), and Aspergillus spp. (Kotta-Loizou
and Coutts, 2017).

Cryphonectria parasitica causes chestnut blight. This
ascomycete infects the bark and cambium of chestnut
trees through wounds and induces tumors on the bark,
leading to the death of the distal parts by hardening the
branches or trunk of the entire tree (Heiniger and Rigling,
1994). Two decades after the first record of the disease,
it was observed that some infected trees began to heal,
as indicated by the occurrence of non-lethal superficial
tumors on the bark surface. This spontaneous recovery
was a result of a mycovirus that infected Cryphonectria
parasitica (Choi and Nuss, 1992; Robin and Heiniger, 2001).

CHV1 causes the hypovirulence of its fungal host.
Its infection also inhibits the sexual reproduction of the
fungus and reduces its pigmentation and sporulation,
conferring a typical white appearance in vitro. The discovery
of the transmissibility of hypovirulence provided the basis
for chestnut blight biocontrol (Chen and Nuss, 1999; Nuss,
2005). In Europe, CHV1 strains are commercially available
and have been proven successful in controlling chestnut
blight (Nuss, 2005).

Interest in mycoviruses has increased in recent decades,
and there has been a rapid progress in their study. First,
this is associated with the fact that many mycoviruses
lead to phenotypic changes in their host fungi, which
is valuable for fundamental research and practical use.
Next, the interest in these pathogens is also stimulated
by technical advances in the field of mycovirus molecular
biology. Finally, mycoviruses have been successfully used
as tools to study host interactions and control mechanisms
(Kyrychenko et al., 2018).

From an agricultural perspective, mycoviruses can
contribute to sustainable agriculture as biological control
agents. Currently, the control of phytopathogenic fungi
is difficult because of the lack of adequate disease
control strategies. In addition to their human health
and environmental hazards, fungicides have other
disadvantages. Therefore, there is an urgent need to develop
innovative biocontrol measures to combat fungal diseases.
In this context, the study of virus-host interactions is an
important area of modern virology, in which mycoviruses
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can be used to explore the physiology of their fungal hosts
(Ghabrial and Suzuki, 2009).

Incidence of mycoviruses in Colletotrichum spp.

Table 2 presents reports of mycovirus isolation from
Colletotrichum spp. Studies in which the mycoviruses were
not definitively classified into any currently known family
are also included.

Rawlinson et al. (1975) recorded the presence of
mycoviruses in 35 strains of Colletotrichum lindemuthianum
isolated from beans and analyzed variations in their
virulence. Characteristics such as morphology, growth
rate, production and viability of conidia, and pathogenicity
between the infected and uninfected fungi were examined.
Only five fungi carried the virus, and none showed changes
in the characteristics mentioned above (Tables 3 and 4).

The presence of mycoviruses has also been considered
a criterion for comparing the races of the same pathogenic
complex. Dale et al. (1988) confirmed that two groups,
namely Type A and Type B, belonging to the Colletotrichum
gloeosporioides complex caused anthracnose in Stylosanthes
guyanensis. The presence of dsRNA virus particles was
confirmed following the treatment of samples with DNase
and S1 nuclease. Type A isolates presented two gel bands
with different molecular weights, while Type B presented
a greater variation in the number of bands and all were
absent in Type A isolates (Table 5). However, the authors
could not determine whether the presence of these
particles affected fungal virulence, as evidenced in the
case of CHV1 in Cryphonectria parasitica. Moreover, these
two types may not be genetically compatible. Of note,
however, vegetative incompatibility limits the transfer of
viral particles, as non-recognition triggers programmed
cell death (Wang et al., 2017).

There is not enough information to help completely
elucidate the effects of viral infection on fungal physiology.
It is difficult to obtain a virus-free isogenic strain for
comparative studies between infected and non-infected
isolates. Various methodologies have been used to obtain
pure virus-free cultures, such as the supplementation of
the culture medium with specific substances, such as
cycloheximide (Campo et al., 2016) or ribavirin (Liu et al.,
2019), which prevent viral replication. However, the
appropriate dose of these substances must be determined
such that they do not interfere with fungal metabolism
(Lawana et al., 2014). Another method is successive
samplings or the use of fungal conidia or spores that do
not promote the vertical transmission of viral particles.

Jia et al. (2017) were the first to report a filamentous
mycoviral particle in Colletotrichum camelliae. This
fungus caused anthracnose in Camellia sinensis in
China. Unfortunately, the virus could not be definitively
classified into a specific family. Nonetheless, the name
Colletotrichum camelliae filamentous virus 1 (CcFV-1)
was assigned. To obtain virus-free isogenic strains, the
fungus was grown on potato dextrose agar (PDA) at 25°C
under a 24-hour photoperiod for 1 month. The mycelium,
growth rate, morphology, and ability to cause leaf
damage of the obtained strains were observed. Colonies
of the mycovirus-free pathogens exhibited hyphal rings,
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Table 2. Mycoviruses infecting Colletotrichum spp.

Mycoviruses associated with Colletotrichum species

Host Mycovirus Nucleic acid Family Genome size Reference
C. lindemuthianum - dsRNA - - Rawlinson et al.
(1975)
C. gloeosporioides - dsRNA - - Dale et al. (1988)
C. acutatum Coll-365 - dsRNA - RNA1 - 1.3 kb Liao et al. (2012)
RNA2 - 2.5 kb
C. acutatum Coll-524 - dsRNA - RNA1 - 1.4 kb Liao et al. (2012)
RNA2 - 1.7 kb
C. gloeosporioides - dsRNA - - Figueirédo et al.
(2012)
C. gloeosporioides - dsRNA - 3 kb Lima et al. (2012)
C. acutatum Colletotrichum dsRNA Partitiviridae - Zhong et al. (2014)
acutatum partitivirus
1(CaPV1)
Colletotrichum sp. - dsRNA - - Bezerra (2015)
C. truncatum Colletotrichum dsRNA Partitiviridae RNAT - 1.8 kb Marzano et al.
truncatum RNA2-15kb  (2016)
partitivirus 1 RNA1
(CtParV1)
Colletotrichum sp. - dsRNA Partitiviridae RNA1 - 1.5 kb Rosseto et al.
CNPUV 378 RNA2 - 2.5 kb (2016)
C. gloeosporioides Colletotrichum dsRNA Chrysoviridae RNAT - 3.3 kb Zhong et al. (2016)
gloeosprioides RNAZ - 2.8 kb
chrysovirus 1 (CgCV1) ’
RNA3 - 2.6 kb
C. higginsianum Colletotrichum dsRNA Partitiviridae - Campo et al.
higginsianum non- (2016), Olivé &
segmented dsRNA Campo (2021)
virus 1 (ChNRV1)
C. camelliae Colletotrichum dsRNA - RNA1 - 2.4 kb Jiaetal. (2017)
c‘::lmelllae filamentous RNA2 - 2.2 kb
virus 1 (CcFV-1)
RNA3 - 2.0 kb
RNA4 - 1.2 kb
RNAS5 - 1.1 kb
RNAG6 - 1.0 kb
RNA7 - 1,0 kb
RNA8 - 0.9 kb
C. fructicola Colletotrichum dsRNA Chrysoviridae RNA1 - 3.6 kb Zhai et al. (2018)
fructicola chrysovirus RNA2 - 2.8 kb
1(Cfcv1)
RNA3 - 2.6 kb
RNA4 - 2.4 kb
RNAS5 - 1.7 kb
RNAG6 - 1.5 kb
RNA7 - 1.2 kb
C. gloeosporioides Colletotrichum dsRNA Partitiviridae 2.9 kb Wang et al. (2019)
gloeosporioides RNA
virus 1 (CgRV1)
C. gloeosporioides Colletotrichum (+)ssRNA - 2.51 kb Guo et al. (2019)

gloeosporioides
ourmia-like virus 1
(CgOLV1)
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Table 3. Colony characteristics of o isolates with and without virus on Mathur’s medium.

Isolate (source)* Color Aerial mycelium Spores Growth rate (mm-day')
With virus
« 10 (B) Hyaline pink - +++ 4.5+0.2
229 (W) Pale buff - ++t+ 4110.2
a4 (H) Dark buff ++ ++ 5.4+0.04
a5 (W) Dark buff - + 5.2+0.4
Without virus
a9 (H) Dark brown ++ +++ 4.2+0.1
al(H) Dark brown + ++ 4.7+0.09
a1(B) Hyaline pink - ++ 3.840.06
a2 (H) Gray buff ++ + 3.9+0.08

*B=Bannerot, INRA, Versailles; W = Wharton, Unilever Research Laboratory, Bedford; H = Hubbeling, IPO, Wageningen. Adapted from Rawlinson et al.

(1975).

Table 4. Pathogenicity of isolates with and without virus against susceptible hosts.

With virus Without virus Control
a 10 (B) 229 (W) a4 (H) a5 (W) a9 (H) al(H) al(B) a2 (H)
0.83 0.32 0.66 0.78 0.96 0.29 0.30 114 5.0

Mean scores for 360 ‘Processor’ and ‘Michelite’ seedlings were rated on a scale of 0 (immunity) to 5 (general infection; dead plants) S.E.D. = 0.277.

Adapted from Rawlinson et al. (1975).

Table 5. Presence of major dsRNA bands in isolates of Colletotrichum gloeosporioides from Stylosanthes.

Band M, (x Type B isolates .Type A
10°) B1 B2 B3 B4 B5 B6 B7 isolates
a 2.0 - - ot - - - + -
b 1.8 - - - - - - - +
c 1.6 - - - - - - - ++
d 1.5 ++ + - + + ++ + -
e 14 ++ + - + ++ ++ + -
f 1.1 +++ ++ + ++ ++ ++ ++ -
g 0.8 +++ +++ + ++ ++ +++ ++ -
h 0.5 +++ ++ + ++ ++ + ++ -
i 0.3 + - - - - + - -
j 0.2 + - - - - - - -

All Type Aisolates showed identical dsRNA patterns. (+) indicates relative dsRNA band intensities in each sample. Adapted from Dale et al. (1988).

reduced black colony pigmentation, and increased
mycelial growth rate. However, contrary to most reports,
CcFV-1 did not cause hypovirulence. Even when the fungus
was cured, it presented with the characteristic disease
symptoms. In addition to interfering with mycelial growth,
abnormalities in cell content were also found, such as the
presence of viral vesicles and a reduction in the number
of vacuoles and Woronin bodies. Some hypotheses can be
made to explain how mycoviruses interfere with fungal
metabolism and cause changes in the host phenotype.
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The first hypothesis is that the virus interferes with the
expression of genes involved in cell proliferation. Applen
Clancey et al. (2020) reported that mycovirus infection
in Malassezia sympodialis resulted in reduced expression
of genes related to metabolic processes, such as reduced
oxidation, transmembrane transport, cell cycle, and cell
division. Another hypothesis is that the influence on the
growth and reproduction of the fungus is directly linked
to the number of viral particles. Okada et al. (2018) studied
the consequences of infection by Alternaria alternata
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chrysovirus 1 in A. alternata-associated cellular damage
to the high titers of these viral particles. The isolates that
exhibited impaired mycelial growth and unregulated
pigmentation contained higher amounts of particles. They
originally postulated that isolates with a normal phenotype
were free of virus. However, subsequent screening via RT-
PCR demonstrated the continuous presence of a dsRNA
molecule, indicating that these isolates were infected but
corresponded to strains with low viral titers.

Upon infection by two different viruses, Colletotrichum
acutatum showed increased activity of laccase (Liao et al.,
2012), an important enzyme for colonization. However, a
high rate of fungal colonization is reportedly associated
with the genotype of the host plant.

In a study of the morphological identification of 39 fungi
classified as Colletotrichum, Lima et al. (2012) verified the
presence of dsRNA in three isolates. This was the first
record of mycoviruses in C. gloeosporioides. Simultaneously,
Figueirédo et al. (2012) found that C. gloeosporioides caused
anthracnose in cashew trees and identified characteristic
dsRNA bands. Transmission electron microscopy revealed
trace amounts of isometric particles characteristic to
viruses belonging to the Chrysoviridae, Partitiviridae, and
Totiviridae families.

Guo et al. (2019) isolated a novel mycovirus from C.
gloeosporioides, a cotton pathogen in China. This virus with
a2,516-nucleotide genome was named C. gloeosporioides
ourmia-like virus 1 (CgOLV1). Based on phylogenetic
analysis, this virus was placed in the mycovirus clade
whose members were related to the genus Ourmiavirus.

Chrysoviridae family

The Chrysoviridae family comprises isometric, non-
enveloped viruses with segmented and linear dsRNA
genomes. They have three to seven genomic segments,

Mycoviruses associated with Colletotrichum species

each of which is individually encapsulated. Chrysoviruses
infect fungi, plants, and possibly insects and can cause
hypovirulence in their fungal hosts. They have no known
vectors and do not have an extracellular phase in their
replication cycle. They are transmitted intracellularly
during hyphal growth, via asexual or sexual spores, or
through hyphal anastomosis (Kotta-Loizou et al., 2020).
Zhai et al. (2018) characterized the virus infecting
Colletotrichum fructicola and examined its effects on
fungal growth rate, colony morphology, and virulence in
detached pear (Pyrus bretschneideri) fruits. This hepta-
segmented dsRNA-type virus was named C. fructicola
chrysovirus 1 (CfCV1). CfCV1 reduced the fungal growth
rate and virulence (Figure 1) but did not substantially
alter colony morphology. Vertical (sexual spores) and
horizontal (hyphae anastomosis) transfer of the virus was
also confirmed. The transfer rate of mycoviruses through
sexual and asexual reproduction can vary from one host
to another and between viral families. For some authors,
this has been the reason why some strategies such as the
biological control of some fungal diseases are not effective
(Hillman and Suzuki, 2004; Garcia-Pedrajas et al., 2019).
Unlike what was observed by Zhai et al. (2018) in C.
fructicola, Hillman and Suzuki (2004) found no evidence
of mycoviruses in the ascospores of C. parasitica. Another
interesting fact is that co-infection by different mycoviruses
in the same host significantly impacts the efficiency of
vertical transmission, with a decline after subsequent
cultures (Aulia et al., 2019). Lee et al. (2014) analyzed the
conidial transmission rates of four isolated F. graminearum
PH1 viruses from different viral families. The study revealed
that two mycoviruses that induced hypovirulence and
changes in the host phenotype were transmitted more
efficiently than those that caused asymptomatic infections.
For the authors, this high transmissibility suggests
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Figure 1. (A) Transmission electron micrographs of virus-like particles (VLPs); (B) Genomic organization of dsRNA1-7 of CfCV1; (C) Colony
morphology in PDA medium (25°C, 4 days); (D) Pear fruits wound-inoculated with colonized plugs of tested strains and photographed
at 6 days post inoculation (2016). CfCV1 +: with virus; CfCV1 -: without virus. This image is a copyright of Zhai et al. (2018).

Brazilian Journal of Biology, 2023, vol. 83, 248975

7/12



Casas, L.L. et al

that hypovirulent mycoviruses are better adapted to F.
graminearum PH1 than non-hypovirulent mycoviruses.
Zhong et al. (2016) isolated a new virus belonging to
the Chrysoviridae family from C. gloeosporioides. This virus
was named C. gloeosporioides chrysovirus 1 (CgCV1), but
unlike that of CfCV1, its genome had only three segments.
However, the authors did not evaluate the effects of the
presence of CgCV1 on C. gloeosporioides physiology.

Partitiviridae family

The Partitiviridae family comprises small, isometric,
non-enveloped viruses with bisegmented double-stranded
(ds) RNA genomes of 3-4.8 kbp. The two segments of the
genome are individually encapsulated. The family includes
five genera, each with specific hosts: plants or fungi for
the genera Alphapartitivirus and Betapartitivirus, fungi
for the genus Gammapartitivirus, plants for the genus
Deltapartitivirus, and protozoa of the genus Cryspovirus.
Partitiviruses are transmitted intracellularly through seeds
in plants; oocysts in protozoa; and hyphal anastomosis, cell
division, and sporogenesis in fungi. There are no known
natural vectors (Vainio et al., 2018). Most partitiviruses
infecting Colletotrichum have already been characterized.

Rosseto et al. (2016) studies 26 Colletotrichum species
isolated from different hosts and found that only one of
them showed signs of mycovirus infection. Following
treatment with DNAse and S1 nuclease, gel bands were
visualized and matched to a mycovirus. The structural
characteristics observed in transmission electron

microscopy suggested that the mycovirus belonged to
the family Partitiviridae.

Marzano et al. (2016) isolated a bisegmented mycovirus
belonging to the Partitiviridae family, called Colletotrichum
partitivirus 1 (Ct-ParV1), from Colletotrichum truncatum.
This fungus causes anthracnose in several crops, particularly
soybean, in which it is transmitted via contaminated seeds
(Goulart, 2009).

Zhong et al. (2014) analyzed the fungus C. acutatum
isolated from anthracnotic lesions in pepper and verified
the presence of the virus C. acutatum partitivirus 1 (CaPV1).
CaPV1 infection increased conidia production. However,
there were no significant differences in the mycelial
growth rate between the infected and cured isogenic
strains (Figure 2).

Campo et al. (2016) analyzed RNA silencing in
Colletotrichum higginsianum and found that when this
mechanism failed, the mycovirus decreased conidia
production and altered their size. In other words, C.
higginsianum employs RNA silencing as an antiviral
mechanism to suppress the virus and its debilitating effects.
RNA silencing is an antiviral defense mechanism found in
fungi, plants, and animals. In contrast, suppression of this
mechanism is one of the strategies employed by viruses
to neutralize the antiviral arsenal of hosts (Aulia et al.,
2021). The ability of mycoviruses to suppress the defenses
of fungi can guarantee the complete establishment of the
infection and the possibility of intra- and interspecific
transmission. Despite being an important mechanism
in the interaction between host viruses, only a limited
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Figure 2. (A) Transmission electron micrograph of the virus particles in Colletotrichum acutatum strain HNZJ001; (B) Comparison of
conidia production among HNZJ001 (with virus), HNZJ001-E3 (without virus), and HNZJ001-E4 (without virus); (C) Colony morphology
of HNZJ001, HNZJ001-E3, and HNZJ001-E4 after culture on PDA for 10 days; (D) Comparison of mycelial growth rate among HNZJ0O01,
HNZJ001-E3, and HNZJ001-E4. (+) with virus; (-) without virus. This image is a copyright of Zhong et al. (2014).
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Figure 3. (A) Colony morphology (left panels) and growth rate (right panels) of the virus-free (VF) and ChNRV1-infected wild-type
(WT) Colletotrichum higginsianum isolates under different temperatures; (B) Confocal images of VF and WT Colletotrichum higginsianum
conidia; (C) Dissected leaves of Arabidopsis Col-0 whole plants infected with Colletotrichum higginsianum without (VF) or with (WT)

the virus. This image is copyright of Olivé and Campo (2021).

number of RNA silencing suppressors have been identified
in mycoviruses. These include the p29 protein of CHV1,
p.32 protein of Rosellinia necatrix mycoreovirus 3, and
pPORF2 protein of F. graminearum virus 1 (Segers et al.,
2006; Yaegashi et al., 2013; Yu et al., 2020).

C. higginsianum strain IMI349063A is naturally
infected with the dsRNA virus C. higginsianum non-
segmented dsRNA virus 1 (ChNRV1). Olivé and Campo
(2021) investigated the biological effects of the presence
of ChNRV1 in C. higginsianum by comparing the strains
with and without the virus. They analyzed the production
and morphology of conidia, pathogenicity in Arabidopsis,
vegetative growth on Mathur’s medium and PDA, and
vegetative growth under specific conditions of osmotic and
thermal stress. The presence of ChNRV1 did not interfere
with conidiogenesis; however, the formed conidia were
narrower (Figure 3). Moreover, ChNRV1 slightly increased
the virulence of C. higginsianum (hypervirulence) infecting
Arabidopsis. ChNRV1 did not affect the vegetative growth
of C. higginsianum under osmotic stress; however, it
suppressed fungal growth under thermal stress, and this
effect was more evident in the carrier strain. These findings
indicate that although ChNRV1 did not impair the growth
and conidiogenesis of fungi, it could cause hypervirulence
of the fungal host. Hypervirulence is characterized
by an increased ability of a phytopathogen to cause a
particular disease. This phenomenon is usually associated
with sporulation, vegetative growth, and the ability to
cause superior injuries compared to the isogenic strain
(Tran et al., 2019). Although hypervirulence is common,
some characteristics observed in C. higginsianum were also

Brazilian Journal of Biology, 2023, vol. 83, 248975

present in other phytopathogens, such as Phytophthora
infestans, Nectria radicicola, Aspergillus fumigatus, and
Leptosphaeria biglobosa (Cai and Hillman, 2013; Ahn and
Lee, 2001; Ozkan and Coutts, 2015; Shah et al., 2020). More
in-depth studies are needed to unravel the interference
mechanisms used by mycoviruses that enhance the
pathogenicity to their hosts.

Wang et al. (2019) confirmed the presence of a mycovirus
in C. gloeosporioides, a foliar pathogen of Citrus in China.
This bisegmented virus with a 2975 bp dsRNA genome was
named C. gloeosporioides RNA virus 1 (CgRV1). However,
the authors did not evaluate the effects of CgCV1 on C.
gloeosporioides physiology.

Conclusions and future perspectives

The impact of mycovirus infection on Colletotrichum
spp. Has not yet been thoroughly explored, considering the
importance of this fungus as a phytopathogen in different
cultures worldwide.

The phenomenon of hypovirulence, extensively studied
in the fungus C. parasitica, is an interesting strategy when
considering the biological control of fungal diseases.
The discovery that some mycoviruses can have the same
impact on pathogenic species of Colletotrichum led to
the elucidation of the molecular mechanisms of this
interaction, especially the effects of infection on the fungal
host. One possible way to understand this process is RNA
silencing. This antiviral defense mechanism found in fungi,
plants, and animals can be suppressed as a strategy used
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by mycoviruses to neutralize the antiviral arsenal of the
hosts, as observed in C. higginsianum.

As observed in other phytopathogens, the mycoviruses
already characterized in Colletotrichum have a dsRNA
genome and belong to the Partitiviridae family. However,
the taxonomic classification of majority of cases remains
unclear. Further studies are needed for the deeper
understanding of mycoviruses already detected in
phytopathogenic species, aiming at the biological control of
these diseases. It is also necessary to understand how these
infected fungi establish themselves in the environment
and whether this viral infection can be used from an
agronomic point of view.
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