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Abstract Invasive fungal infections are relatively common
opportunistic infections in immunocompromised patients
and are still associated with a high mortality rate.
Furthermore, these infections are often complicated by
resistance or refractoriness to current antimicrobial agents.
Therefore, an urgent need exists for new therapeutic
strategies based on the identification of new microbial
targets and novel antimicrobial agents. One such hypo-
thetical therapeutic strategy may involve the use of
mycoviruses that are able to selectively infect fungi.
Current knowledge of mycoviruses of human pathogenic
fungi and the scope for using (recombinant) mycoviruses
as future biological control agents are reviewed here.

Introduction

Fungal infections such as invasive candidiasis and asper-
gillosis cause a high morbidity and mortality in immuno-
compromised patients. Although timely administration of

antifungal therapy has a significantly positive influence on
the outcome of infection in such patients, treatment failure
remains a major problem [1, 2]. As well as pivotal
development of adjunctive immunotherapy to enforce
antifungal host immune response, new therapeutic strate-
gies are needed to selectively combat aspergillosis and
other invasive opportunistic fungal diseases.

Mycoviruses are viruses that selectively infect fungi.
Although the first reports on mycoviruses date from the
1960s [3], our knowledge and understanding of mycoviruses
is still in its infancy. Moreover, current mycovirus publica-
tions primarily concern economically important fungi such
as cultivated mushrooms, yeasts, and fungal pathogens of
plants. To our knowledge, the use of mycoviruses as a tool to
combat invasive fungal infection in animals and humans has
not yet been suggested, let alone explored in any detail.

Mycovirus biology and interaction with the fungal host

The genetic information of mycoviruses is either encoded
by double-stranded RNA (dsRNA), single-stranded RNA
with or without a reverse transcription step for replication
(ss(+)RNA-RT), or double-stranded DNA (dsDNA) [4].
The 8th report on virus taxonomy of the International
Committee for Taxonomy of Viruses (ICTV) lists more
than 90 mycoviruses covering 10 viral families [5]. A
complete list of mycoviruses of plant pathogenic fungi can
be found in a recent review by Pearson et al. [4]. Despite
the limited data on mycoviruses of human pathogenic
fungi, evidence is provided that mycoviruses do exist in
various fungal genera that are pathogenic to humans [6–
18]. The mycoviruses that are associated with fungal genera
that can cause human fungal disease and are also formally
known by the ICTV are listed in Table 1. In addition, viral
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particles have also been detected in Alternaria alternata,
Rhizopus and Mucor spp., Candida albicans, C. tropicalis,
C. lipolytica and C. curvata, but these fungal genera are
omitted from Table 1 because they are not listed in the
ICTV report [11–14, 16, 18].

To date, the majority of characterised mycoviruses of
pathogenic fungi have dsRNA genomes. These viruses
have subsequently been grouped into five families: Parti-
tiviridae, Totiviridae, Chrysoviridae, Reoviridae, and Hypo-
viridae [5]. The families mainly differ in the number of
genome segments and the way they are packaged. An
almost universal trait of the dsRNA mycoviruses is the
presence of capsids (except for Hypoviridae), which are
selectively porous protein compartments in which the
genome and replicase are contained. Nucleotides diffuse
into this compartment and nascent positive sense strands
are extruded from it. DsRNA mycoviruses are not
surrounded by an envelope. A synopsis of the dsRNA
viruses and their characteristics relevant to human patho-
genic fungi is provided in Fig. 1.

Transmission of mycoviruses

Intracellular transmission

Mycoviruses are mainly spread by vertical transmission
through asexual or sexual spore formation, with asexual
sporulation being the most efficient means of transmission.
Transmission also occurs horizontally via cytoplasmic
exchange during cell division and mating with strains that,
depending on the genus, do not have to be genetically
compatible for virus transfer to occur [9, 19–22]. As a rule,
however, when two fusing hyphae are not compatible, they

recognize each other as nonself, which triggers
programmed cell death (PCD). In aspergilli, the genes
involved in activation of PCD reactions are currently being
characterised and regarded as a promising approach to
combat invasive aspergillosis [23–26]. Genetic incompati-
bility is mostly followed by death of the hyphal fusion cell,
the so-called heterokaryon, and often of surrounding cells.
When this occurs, transmission of mycoviruses fails
(Fig. 2). Rejection of heterokaryon formation has been
observed to be relatively mild or absent when hyphae of
less related Aspergillus species fuse [9].

Direct transmission of mycoviruses from one fungal
species to another occurred following another experimental
means, namely, induced fusion of cell wall-free fungi, so-
called protoplasts. Using protoplast fusion, mycoviruses
may even be transferred between two fungal compartments
of strains that are heterokaryon incompatible [9].

Extracellular transmission

Bearing in mind that crossing the cellular membrane is a
key step in the infectious life cycle of all viruses, it is
understandable that the rigid cell wall in fungi serves as a
membrane shielding structure constituting a barrier to
extracellular virus uptake. For instance, dsRNA mycovi-
ruses with an average size of 40 nm are approximately nine
times the pore-size of the cell wall matrix in Candida
species [27]. The cell wall thus prevents the virus from
reaching the cell membrane to gain entry. Consequently,
mycoviruses are unable to initiate fungal infections by
extracellular routes. However, whereas the understanding of
(enveloped) virus entry via membrane fusion is well
advanced for mammalian viruses or viruses that selectively

Fig. 1 List of the predominating genome type of the dsRNA mycoviruses. Taxonomic families that are associated with pathogenic fungi are
shown with the genome composition, virus structure, associated hypovirulence, as well as the host range of the respective viral families
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infect bacteria (bacteriophages), the entry mechanisms
for non-enveloped viruses, virus-like particles or naked
virus-like dsRNA are still in infancy. Therefore, it may
well be that the overall routes and mechanisms of
extracellular virus transfer still remain to be elucidated.
Infection by the extracellular route could thus far only be
achieved in special experimental settings using proto-
plasts. Applying this method, purified viral particles
belonging to the dsRNA families of Partitiviridae,
Totiviridae, and Reoviridae successfully infected fungal
protoplasts [10, 28, 29].

Experimental introduction of genetic information

Fungi have been transfected using an infectious comple-
mentary DNA (cDNA) copy of mycovirus RNA [30].
Transfected fungi showed cytoplasmically replicating
dsRNA, demonstrating that a synthetic transcript
corresponding to the coding strand of mycovirus dsRNA
can initiate an infection when introduced into fungal
protoplasts [30]. Again, this has putative therapeutic
implications.

Mycelial spread of mycoviruses after transmission

In septate fungi, hyphal compartments are interconnected
through hyphal pores. Replicating mycoviruses are thus
able to spread throughout the colony via plasma streaming
[28, 30] (Fig. 2). If the spread of mycoviruses throughout
the colony occurs mainly via plasma streaming and not via
fusion with neighbouring hyphae, the viral replication rate
may be the limiting factor of transmission. Even after
successful mycovirus transmission, persistence may not be
obtained. This may be the case when compatible hyphae
that form a heterokaryon are both infected with a different
mycovirus. Co-infections may be generated, but the
mycovirus in the acceptor fungus may also be replaced by
the mycovirus from the donor. Indeed, viruses are not

always detected in the colonies derived from the protoplast/
hyphae fusion products [9]. This suggests that mycoviruses
can be selectively eliminated upon regeneration and
outgrowth of (transfected) protoplasts as a result of intra-
host competition between viruses.

Symptoms associated with mycovirus infection

Generally, mycoviruses cause latent and persistent infec-
tions [31]. Some mycovirus families are connected with
variable phenotypic effects such as hypovirulence or killer
phenomena in their host. Hypovirulence is, among other
characteristics, defined as reduced pigmentation, reduced
asexual sporulation, loss of fertility, or reduced growth rate.
Hypovirulence-associated mycoviruses have ssRNA or,
mainly, dsRNA genomes (Fig. 1) [8, 32–35]. The killer
phenomena are induced by proteins encoded by satellite
dsRNA that are associated with Totiviruses (discussed
below) [36].

Isolation of mycoviruses and maintenance

Once fungi are successfully transfected, the observed
infection patterns are very stable when subcultured [9,
28]. Furthermore, viruses present in Aspergillus isolates are
highly efficiently transmitted to asexual progeny [21].

Limited data exist regarding the amount of mycoviruses
that can be isolated from infected fungi and their stability
after isolation. Most viruses have only been isolated with a
relatively low yield. Hillman et al. showed that 3–6 μg of
purified reovirus was obtained from each purification
reaction, representing 2 l of infected fungi. These isolated
Reoviridae were quite stable and retained infectivity upon
prolonged storage [29]. In contrast, Saccharomyces cerevi-
siae Totivirus preparations stored refrigerated for three
weeks became non-infectious [10]. Thus, isolation, produc-
tion, purity and stability of mycoviruses of interest remain
to be assessed.

Fig. 2 Transfer of mycoviruses
between fungal hyphae is de-
pendent on the compatibility of
the donor and acceptor hyphae
upon contact
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Mycoviruses and toxins

As stated above, some mycovirus infections have a toxin-
mediated killing capacity. Although a filamentous basidio-
mycete fungus, Ustilago maydis, is known to secrete killer
toxins encoded by cytoplasmic dsRNA mycoviruses that
are lethal to mycovirus-free susceptible strains of the same
fungus [37–39], most killer phenotypes and their applica-
tions characterized to date are derived from yeasts. Killer
yeasts are immune to their own secreted toxins, while
remaining susceptible to others. Toxin-coding cytoplasmic
dsRNA-mycoviruses have been detected in Saccharomyces
cerevisiae and in non-conventional yeasts such as Hanse-
niaspora uvarum and Zygosaccharomyces bailii [10, 40]. In
contrast to the S. cerevisiae toxins, killer toxins of non-
Saccharomyces yeasts and especially those secreted by
virus-infected killer strains of the yeasts H. uvarum and Z.
bailii show a broad-spectrum antimycotic potential to
human pathogenic strains, such as Candida albicans,
Sporothrix schenkii, and Fusarium sp. [36, 41]. The toxin
isolated from Z. bailii, zygocin, effectively kills C.
albicans, C. glabrata and C. tropicalis yeast cells and
germlings. Moreover, on a molar basis, zygocin is even
more effective in killing yeasts than antifungal agents such
as clotrimazole or miconazole, suggesting that zygocin is a
promising antifungal agent [42].

The outer cell wall layer of yeasts predominantly consist of
mannoproteins, connected to a glucan skeleton consisting of
linear and branched beta-1,3- and beta-1,6-D-glucans, and to a
much lesser extent of chitin which mainly concentrates in bud
scars [43]. In the search for novel and more selective
antifungal agents, fungal cell wall components represent
primary targets, as these structures are restricted to yeasts and
higher fungi and do not occur in human cells [44, 45]. Each
of the mentioned cell wall components has been shown to
act as the primary binding site for different yeast killer toxins
[46–49]. In addition, for killer toxins secreted by various
strains of the yeast Hansenula it was demonstrated that these
toxins not only bind to yeast cell wall components, but that
they also strongly inhibit de novo L-1,3-D-glucan biosyn-
thesis [50, 51]. Given the cell wall related activity of
mycovirus-encoded killer toxins, antifungal research has
indeed focused on the possible use of yeast killer toxins as
novel antifungal agents for the treatment of fungal infections
[52]. Clinical recovery as well as negative mycological test
cultures of experimental dermatomycosis in animals proved
to be clearly associated with topical killer toxin treatment
[53]. However, although some researchers have shown that
topical applications in the treatment of superficial lesions
might well be possible, one drawback of most yeast killer
proteins is that they exhibit their cytotoxic activity only at
temperatures between 20°C and 30°C within a narrow pH
range [53, 54]. Therefore, yeast toxins are unsuitable as

direct applications for oral and/or intravenous administration
[55]. Killer toxins, however, fuelled the development of new
antifungal agents that mimick the antimicrobial activity of
killer toxins, so-called killer antibodies and killer antibody-
derived peptides. These derivatives have shown activity
against various human fungal pathogenic fungi including C.
albicans and may be therapeutic when administered paren-
tally. For reviews of killer toxin/antibodies the reader is
referred to Marquina et al. [49], Magliani et al. [55], and
Schmitt and Breinig [40].

Viruses as therapeutic agents for infections in humans

The idea to cure infections in humans with viruses as
biological control agents is not new. Most research has been
conducted using viruses that specifically and uniquely search
and destroy bacteria. These bacteriophages—‘eaters of
bacteria’—have been known since the early 20th century
[56]. To offer support for the contention that a strategy using
mycoviruses in the treatment of medically important fungi
can be effective, analogous research using bacteriophages for
treating bacterial infections is briefly reviewed.

Bacteriophages are ubiquitous and found in many
different environments including soil, human and animal
bodies; they do not attack human cells and exist as partners
in microbiological eco-systems in mammals. Bacteriophages
may be divided into a number of basic types based on
morphological and genome analysis. The genome types are
dsDNA, ssDNA, dsRNA and ssRNA. The most prevalent
bacteriophages are tailed and all tailed bacteriophages have
dsDNA. Furthermore, these tail fibres confer host specificity
within this group [5].

Although a large number of publications have
suggested that bacteriophages may be effective therapeu-
tic agents in clinical settings, most published studies are
uncontrolled or anecdotal and do not meet the criteria of
modern evidence [56]. However, recently, proof of
principle has been provided as bacteriophage therapies
have been developed for multiresistant bacteria and other
difficult to treat infections [57, 58]. For instance, it has
been shown that a bacteriophage with lytic activity against
vancomycin resistant Enterococcus faecium (VRE)
successfully cured mice from VRE bacteraemia [59]. A
review of various experimental infections treated with
bacteriophages can be found in the work of O’Flaherty et
al. [60]. In addition, the therapeutic bacteriophage of VRE
bacteraemia was well tolerated in a phase I clinical trial
[57]. Other clinical trials have shown that bacteriophages
could be safely administered, even to children, and
demonstrated cost effectiveness over antibiotic treatment
of infections caused by multidrug-resistant bacteria [61,
62]. Furthermore, the first results of a randomised, double-
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blind, placebo-controlled phase I/II clinical trial of a
bacteriophage therapeutic targeting long-term ear infec-
tions with P. aeruginosa refractory to antibiotic showed
both efficacy and safety [63].

In tandem with the resurgent interest in bacteriophages
as therapeutic agents and the advent of high throughput
sequencing, the number of bacteriophage genomes
sequenced to completion has drastically increased to >500
[60]. Although host species specificity is the rule for most
bacteriophages investigated, many bacteriophages have
developed efficient methods to change their host range via
genetic mechanisms [64]. The dsDNA Escherichia coli
bacteriophage, Phi K1-5, for example, has shown to be
capable of infecting E. coli strains that possess either the
K1 or the K5 polysaccharide capsule due to possession of
two different tail fiber proteins. The arrangement of genes
suggests that this bacteriophage can broaden its host range
by horizontal gene transfer [65].

Although bacteriophages have a unique and limited
bactericidal spectrum, they are almost as numerous as
bacteria and the development of therapeutic bacteriophages
is therefore hardly problematic. Furthermore, nowadays,
engineering of genes involved in host recognition may be
an additional approach for generating an expanded host
range.

Host range expansion using genetic engineering

Pyocins

Engineering of genes involved in host recognition results
in host range expansion. Evidence is mostly provided by
the studies of R-type pyocins. Certain Pseudomonas
aeruginosa strains produce R-type pyocins (henceforth
called pyocins), protein particles resembling non-flexible
and contractile tails of bacteriophages [66]. Although
many pyocin genes share common ancestry with bacterio-
phage genes, pyocins differ from bacteriophages, for they
do not contain nucleic acid and cannot replicate. Both
bacteriophages and pyocins bind to an accessible receptor
on the target bacterium, but pyocins kill the target bacterium
by a different mechanism. Pyocins kill bacteria by first
binding to a cell surface structure via tail fibers, followed by
contraction of the sheath and insertion of their hollow core
through the cell envelope resulting in depolarization of the
cytoplasmic membrane and cell death [67]. Pyocin has been
shown to increase survival and reduce bacterial counts in a
lethal murine experimental Pseudomonas peritonitis model
[68]. The bactericidal specificity of pyocins is conferred by
their tail fibers encoded by prf15. A chaperone, encoded by
prf16 immediately downstream of prf15, is required for tail
fiber assembly [69]. Chimeric tail fusion fibers that bind to

presumably different bacterial surface molecules have been
engineered. The generated chimeric tail fibers that formed
active pyocins resulted from many trials of empirically
chosen fusion sites between prf15 and portions of
bacteriophage tail/spike fibers. The engineered fusions
between N-terminal portions of the pyocin tail fiber and
various C-terminal portions of the bacteriophage tail/spike
fibers resulted in pyocin host range expansion from
Pseudomonas to Yersinia and various E. coli strains [70,
71]. Scholl et al. further envisage that an unlimited amount
of chimeric pyocins can be created based on the presence
of a vast number and diversity of bacteriophage tail fibres
combined with the application of phage display techni-
ques. This may provide even greater diversity of binding
specificities than exists naturally on pyocins and could
lead to an almost unlimited number of bactericidal agents.

Plant viruses

Similarly, plant viruses have been genetically modified to
express heterologous proteins for vaccine development. To
this purpose, coat protein genes of several plant viruses
have been genetically altered to express foreign antigenic
epitopes of human or animal origin as fusions to the viral
coat protein. These foreign epitopes are exposed and
displayed on the surface of chimeric virus particles [72].
Although the size of the peptide fusions that still permit
virus assembly is limited [73], several strategies have been
developed to overcome assembly problems for long or
difficult peptides. These include “Foot and Mouth Disease
Virus 2A peptide coat protein (CP) fusion strategy” and the
so-called “leaky stop codon CP fusion strategy”, which
would cause most of the CP produced to be unfused, while
a small portion would be fused to the peptide displayed on
the surface [74–76].

Fusion proteins have to be compatible with normal viral
assembly and fitness, and steric hindrance or interference
with virus movement must be avoided to sustain infection.
Indeed, recombinant viruses expressing foreign antigenic
peptides on their surface can remain infectious and retain
the foreign sequences during passage from plant to plant
[73, 76]. Many stable mutants have already been prepared
that allow specific modification of the capsid surface of
plant viruses (for a review, see [77]).

Mycoviruses

Likewise, in mycovirus research for vaccine development
against aspergillosis, the transposon Ty1 of yeast Saccha-
romyces cerevisiae has successfully been used for the
expression of Aspergillus peptides on its surface. This bi-
functional virus-like particle engineered to contain pep-
tides representing dominant T-and B-cell epitopes of
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Aspergillus proved more potent in stimulating memory
immune responses [78].

One possible scenario that can be derived from the
results of genetic modification of bacteriophages, pyocins,
plant viruses, and mycoviruses described above, is the
generation of a selective mycovirus that is transmitted
extracellular in an efficient way. Genetic modification of
structures involved in mycovirus binding to the target
fungus may be the first that comes to mind. To date, such a
mycovirus is not known to exist. Recently however, the
infectious myonecrosis virus (IMNV) was discovered as the
cause of infectious myonecrosis in penaeid shrimp. IMNV
is tentatively considered as a totivirus due to its RNA-
dependent RNA-polymerase (RdRp) that matches signifi-
cantly with the consensus sequence of the RdRp of the
Totiviridae family [79]. As outlined above, totiviruses are
able to infect fungi and have no known capacity to infect
humans, and most totiviruses lack the means to be
transmitted extracellularly. IMNV is an exception (Fig. 1)
and therefore may be an interesting candidate for genetic
engineering to expand its host range [80]. Similar to the
surface fibers in other viruses, the IMNV protrusions are
almost certainly involved in cell entry, including receptor
binding and/or membrane penetration, i.e. confer host
specificity. Exploring if genetic modification of IMNV
protrusions generates a chimeric virus that is able to
selectively infect fungi via an extracellular mode of
transmission may be an interesting field of research.

Mycoviruses as gene vectors

Another possible scenario, apart from generating a chimeric
mycovirus that is efficiently transmitted extracellularly,
may be its use as a gene insertion vector. As such, the
virus does not need to be detrimental to the fungus itself, as
is the case for most mycoviruses in their natural life cycle,
but the mycovirus should be able to function as a “Trojan
horse”, expressing foreign inserts “upon request” (Table 2).
This has already been applied in fighting fungal diseases in
plants using killer toxins (discussed above) [81]. The gene
encoding a broad spectrum yeast killer toxin was inserted in
Potato virus X and yielded particles displaying an active
form of the killer peptide against the plant pathogenic fungi
of interest and, additionally, also displayed activity against
C. albicans [81].

Of note, recombinant mycoviruses have to meet various
criteria and characteristics. Research into the field of
mycoviruses can only be performed in a model system that
offers a high virus yield and is safe at the same time with
the lowest risk possible of emergence of viruses capable of
infecting humans. Characteristics required are summarised
in Table 2.

Overcoming the cell wall barrier

As explained before, the fungal cell wall poses a barrier to
viral entry. Different types of strategies can be hypothesized to
overcome this obstacle. One such strategy may be pretreat-
ment with an antifungal agent to induce holes in the fungal
wall thus exposing the cell membrane surface to mycovirus
application. Another strategy may be the use of delivery
systems. Because dsRNAviruses are approximately 2.5 times
smaller than empty Amphotericin B liposomes whichmeasure
100 nm (Gilead Science), liposomes are an interesting
delivery system. The delivery system, or the mycovirus itself,
may be expressing enzymes that have chitinase of glucanase
activity. Again, this idea was strengthened by observations
from studying bacteriophages. Bacteria sometimes produce
thick polysaccharide capsules for protection in hostile
environments which also limits infection with bacteriophages.
Some bacteriophages, however, express enzymes with
capsule-depolymerizing activities. Bacteriophages expressing
these enzymes that are attached via an adapter protein to the
virus portal vertex through which the DNA is ejected during
infection are able to digest their way through 400-nm thick
capsules [82, 83].

Conclusion

In their natural life cycle, mycoviruses are usually non-
transmissible by an extracellular route and cause persistent

Table 2 Ideal characteristics of mycoviruses intended to be used as
biocontrol agents of invasive fungal infections in humans

The mycovirus should The mycovirus should
NOT

have an extracellular mode of
transmission

be able to cause infection
in the human host

replicate efficiently in fungi
pathogenic to humans

be able to recombine with
human pathogenic
viruses

cause 100% lysis of the fungal target be able to integrate into
the human genome

have a broad anti-fungal range induce (serious) side
effects

readily be produced in large quantities
with high purity and stability at low
cost

induce production of
neutralising antibodies

have topical and systemic applicability

have a genome that facilitates genetic
manipulation

have modifiable levels of expression of
foreign inserts when requested and the
foreign inserts should not interfere
with normal viral assembly and fitness
and steric hindrance or interference
with virus movement must be avoided
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infections in their host without phenotypic alterations.
However, based on results obtained with chimeric plant
viruses, bacteriophages and pyocins, genetic engineering of
existing mycoviruses is possible. Mycovirus therapy may
thus be regarded as an interesting and promising direction
for future research and may provide an alternative thera-
peutic biological agent against invasive fungal infections.
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