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Abstract 

Introduction: Antifungal resistance (AFR) is an underrepresented issue that threatens both global health and food security. A 

common feature of many pathogenic fungi is their ability to produce RNA-induced silencing complexes (RISC) to protect 

against mycoviruses, thereby silencing the expression of targeted genes. Herein, we aim to create a genetically-modified 

mycovirus which can silence AFR genes specific to tebuconazole by leveraging the RISC silencing mechanism against the 

fungi’s native genes. 

Methods: To investigate the possible effects of mycoviruses on AFR, Fusarium graminearum (Fg) cultures will be infected 

with modified Fusarium graminearum deltaflexivirus 1 (mFgDFV1), each of which contain a 600 nt Fg ATP-binding cassette 

3 (FgABC3) segment (an azole resistance gene). mFgDFV1 will be produced from Saccharomyces cerevisiae via an episomal 

plasmid and subsequently purified using an aqueous two-phase system. Thereafter, a Western and Northern blot will be 

employed to confirm successful mFgDFV1 synthesis. The efficacy of mFgDFV1 on repressing AFR will be evaluated by 

comparing the minimum inhibitory concentration (MIC50 and MIC90) of tebuconazole for Fg groups treated with mFgDFV1, 

wild-type FgDFV1, or no virus via protoplast fusion. 

Results: Upon completion of the experiments above, 3 sets of MIC50 and MIC90 values will be obtained. Each set will 

correspond to either mFgDFV1 treatment, wild-type FgDFV1 control, or water control. It is expected that Fg treated with 

mFgDFV1 will induce RISC, silencing FgABC3 and thus lowering MIC50 and MIC90 relative to both controls. 

Discussion: If effective, this approach to addressing AFR could be advantageous given the utility of RISC in fungi (e.g., if 

fungi downregulate the RISC response, they would become more susceptible to other viruses). Moreover, this method could 

be translated to a variety of other genetic and fungal targets if desired.  

Conclusion: This article presents a method to effectively overcome antifungal resistance by exploiting the fungal short 

interfering RNA defense mechanism. Should this experiment be successful, this modified Fg virus treatment could potentially 

stop multidrug-resistant Fg infestations, although further experimentation is required. Future studies could study the 

effectiveness of other antifungal resistant fungi and/or examine the biosafety and ecological footprint of this method. 
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Introduction 

Fungal infections pose a serious threat to global health 

and food security, being responsible for over 1.6 million 

deaths, 300 million hospitalizations, and the destruction of 

more than 125 million tonnes of crops every year [1-3]. 

Furthermore, with the proliferation of multidrug-resistant 

fungi outpacing the rate of antifungal drug development, 

there is a growing need for new methods of fungal control 

[1]. In part, the delay in antifungal drug development arises 

from the unique nature of fungal pathogens. Unlike 

prokaryotic pathogens, eukaryotic fungi share many 

biochemical similarities to their eukaryotic hosts; thus, 

developing antifungals that minimally harm the host is 

challenging [4]. 

Fusarium graminearum (Fg) is a particularly destructive 

phytopathogen responsible for Fusarium head blight (FHB), 

a disease that hinders the quality and yield of cereal crops 

[5]. While azole fungicides have been the traditional solution 

to FHB, their efficacy is rapidly declining due to the 

emergence of azole-resistant strains [6]. One possible 

solution to this growing problem is phage therapy, whereby 

fungi are infected with positive-sense single-stranded RNA 

(+ssRNA) mycoviruses such as Fusarium graminearum 

deltaflexivirus 1 (FgDFV1), to induce hypovirulence [7]. 

However, hypovirulence is rarely observed due to Fg’s 

powerful antiviral defense mechanisms which suppress viral 

gene expression, one particularly notable mechanism being 

RNA-induced silencing complex (RISC) silencing [8]. RISC 

silencing is initiated during viral replication, after +ssRNA 
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mycoviruses form double-stranded RNA (dsRNA) 

intermediates. In response to these foreign intermediates, the 

fungal host cleaves the dsRNA into many 21-24 nt short 

interfering RNA (siRNA) duplexes via Dicer-like protein 2 

[7,9]. Subsequently, RISC and Argonaute bind to an siRNA 

duplex, discarding one strand and using the other to degrade 

complementary messenger RNA (mRNA) [7]. 

 

 

 

Figure 1. A graphical summary of our hypothesized pathway of siRNA-mediated antifungal resistance (AFR) gene 

downregulation. Figure 1 was made using Paint Tool SAI [9,10]. 

 

As RISC cannot distinguish between viral and fungal 

mRNA, we hypothesize that infecting fungi with AFR insert 

mycoviruses will induce RISCs complementary to AFR 

genes, downregulating their expression (Figure 1) [11]. 

Therefore, we propose a study investigating the use of 

genetically-modified mycoviruses to silence AFR gene 

expression [9]. Fg and FgDFV1 will be used to model this 

process, and if successful, similar systems could be applied 

to other fungi-mycovirus pairs. 

 

Methods 

AFR Sequence Selection 

 

tacggcattagccacaccatcaacacccaagtcggcgacaactacatccgaggtgtatctggaggtgagagaaagcgagtcaccatcgccgaagcgacgctctcca

acgcccccttccaatgttgggacaactcaacccgtggtttggattcagccaacgccatcgagttctgcaagacgttgcgtttgcaatccgagctctttggacagacttgc

gctgtctcgatctaccaagcaccccagacagcgtacgatctcttcgacaaggccctcgtcatctacgaaggacgtcagatcttctttggtcccgccgacgaagcaaag

gcctactttatcaacctcggcttcgaatgtcccgaccgtcaaacaacgcctgatttccttacgtccatgactgcgccatctgaacgcgttgtccgtcctggctgggagaa

caaggtcccacgcacacccgatgagttccacgcccgttggaaggagagccagcagtaccagattgtccgcgccgagattgagagctacaagagcctctaccccct

caacggttccagcgccgacgccttccgcgagaacaagcattccgcacaggcaaagggccaa 

 

Figure 2A. The 600 nt target sequence selected from Fg ATP-binding cassette 3 (FgABC3) [12-14]. 

 

YGISHTINTQVGDNYIRGVSGGERKRVTIAEATLSNAPFQCWDNSTRGLDSANAIEFCKTLRLQSELFGQT

CAVSIYQAPQTAYDLFDKALVIYEGRQIFFGPADEAKAYFINLGFECPDRQTTPDFLTSMTAPSERVVRPG

WENKVPRTPDEFHARWKESQQYQIVRAEIESYKSLYPLNGSSADAFRENKHSAQAKGQ 

 

Figure 2B. The 200 amino acid target sequence selected from FgABC3 [12-14]. 
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The AFR gene FgABC3 will be targeted due to its role 

in encoding ATP-binding cassette (ABC) proteins that aid in 

resisting azole fungicides, such as tebuconazole [6]. 

Specifically, the target sequence will be 600 nt in length 

(amino acids 289-488). This particular region and range was 

chosen as it corresponds to a conserved segment of the ABC 

transporter 1 domain (including the AAA+ ATPase domain 

and the family G domain), and can produce up to 25-28 

siRNA (given each siRNA is ~21-24 nt in length) per viral 

genome (Figure 2A, Figure 2B) [7,15]. 

 

Modified FgDFV1 (mFgDFV1) Synthesis 

 

 
 

Figure 3: S. cerevisiae episomal plasmid and the transcribed mFgDFV1 sequence. Figure 3 was made using Paint Tool SAI 

[10,16]. 

 

Saccharomyces cerevisiae Transformation 

An episomal Saccharomyces cerevisiae plasmid (Figure 

3) encoding FgDFV1, a segment of the target AFR gene, and 

an auxotrophic URA3 selection marker will be constructed 

using GeneArt™ gene synthesis (Thermo Fisher Scientific) 

[17]. The AFR segment will be inserted between FgDFV1’s 

terminal open reading frame (ORF) and 3’ untranslated 

region (UTR), thereby preventing interference with viral 

protein synthesis and 3’ UTR-mediated RNA replication 

[18]. Transcription of this modified sequence will be 

regulated with a PTEF1 yeast promoter and CYC1 terminator 

sequence [19]. A separate PTEF1 will be present to promote 

URA3 expression. The S. cerevisiae DBY947 (MATa, ade2-

101, ura3-5) strain will be subsequently transformed via a 

YEAST1 transformation kit, and then cultured in a uracil 

deficient Y1501 medium to select for the desired strain.20 

To facilitate viral growth, this culture will be incubated at 

30°C for 48 hours. 

 
Mutant Mycovirus Purification 

Isolating mycoviral particles from the yeast will occur 

in two stages. First, a CellLytic™ Kit will be employed to 

lyse the transformed yeast, releasing mFgDFV1 (Sigma-

Aldrich) [21]. Next, to purify mFgDFV1, a two-phase 

aqueous system using polyethylene glycol and salt will be 

used, as outlined by Zhang et al [22]. 

 
Mutant Mycovirus Confirmation 

To confirm mFgDFV1 synthesis and isolation, a 

Western blot using FgDFV1 primary antibodies (prepared as 

outlined in Mahmood and Yang) will be employed to 

establish the presence of a functional viral capsid, while a 

Northern blot utilizing a probe complementary to the AFR 

insert will demonstrate if AFR integration was successful 

[23,24]. In regard to the Northern blot, the mutant mycovirus 

band is also expected to appear 600 base pairs longer than 

the control mycovirus band due to the insertion of the AFR 

sequence. 
 

Viral Acquisition and Efficacy 

Fungal Cultivation 

Three experimental groups of the tebuconazole-resistant 

Fg strain PH1 will be cultivated in separate potato dextrose 

agarose (PDA) plates with RPMI medium 1640 (Thermo 

Fisher Scientific) [25]. These colonies will be incubated at 

25 ± 2°C for 5 days prior to treatment [6]. 
 

mFgDFV1 Delivery 

Each plate will be treated with either a mycovirus or 

control via protoplast fusion as outlined by Lee et al [26]. 

Specifically, PDA plate 1 will be the experimental group, 

infected by mFgDFV1. Plate 2 will serve as an active control, 

exposed to wild-type FgDFV1. Lastly, plate 3 will undergo 

protoplast induction without mycoviral delivery, acting as a 

negative control. Reverse transcription polymerase chain 

reaction (RT-PCR) using Fg RNA specific primers will be 

used on a small sample of each plate to confirm the presence 

of viral RNA and hence successful infection. Upon 

confirmation, the plates will undergo further incubation at 

room temperature for 48 hours to ensure RISC synthesis 

[27]. 
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Minimum Inhibitory Concentration (MIC50 and MIC90) 

Determination 

To quantify mFgDFV1’s effect on antifungal resistance, 

the minimum inhibitory concentration (MIC) test will be 

employed. First, six 96-well potato dextrose broth microtiter 

plates will be filled with 200 μL of RPMI medium 1640 

(Thermo Fisher Scientific) [25], yielding 48 rows of which 16 

rows will be designated for each of the three experimental 

groups. Accordingly, twofold serial dilutions of tebuconazole 

will be prepared along each row of well plates (256 g/L to 

0.25 g/L and a 0 g/L plate). This range was chosen to 

encompass the literature Fg tebuconazole MIC50 (32 g/L) and 

the MIC90, which is conventionally one dilution higher (64 

g/L) than the MIC50 in the absence of Fg subpopulations 

[28,29]. Equal amounts of Fg conidia suspensions from each 

PDA plate will then be introduced into their associated wells 

[30]. These plates will be incubated at 25 ± 2°C for 7 days, 

after which the 16 MIC values for each group will be 

determined by inspection to complete corresponding MIC50 

and MIC90 calculations [31]. 

 

Results 

Altogether, MIC50 and MIC90 values for plate 1 

(mFgDFV1), 2 (wild-type FgDFV1), and 3 (water) are 

anticipated at least 4 days after AFR sequence selection. 

Table 1 describes the range of possible results and the 

relative MIC values required to support this article’s 

hypothesis. 

 

Table 1. Range of possible MIC50 and MIC90 values for tebuconazole (g/L) for each treatment group; water, wild-type 

FgDFV1, and mFgDFV1. 

 

 Control #1 (Water) Control #2 (WT FgDFV1) Treatment (mFgDFV1)  

MIC50 0 - 256 g/L 0 - 256 g/L 0 - 256 g/L (Lowest) 

MIC90  0 - 256 g/L 0 - 256 g/L 0 - 256 g/L (Lowest) 

 

Discussion 

MIC50 and MIC90 values are associated with drug 

resistance: a lower MIC50 and MIC90 implies decreased 

resistance, whereas a higher MIC50 and MIC90 indicates 

increased resistance. Thus, one can assess the efficacy of 

mFgDFV1 treatment by comparing its MIC value against its 

controls (wild-type FgDFV1 and water). If mFgDFV1 MIC50 

and MIC90 values are lower than both controls, mFgDFV1 

treatment likely exploits RISC to effectively downregulate 

AFR. If mFgDFV1 MIC50 and MIC90 values are lower than 

that of the water control but comparable to the FgDFV1 

control, treatment efficacy is seemingly attributable to the 

effects of viral infection alone. Lastly, if mFgDFV1 MIC50 

and MIC90 values are higher or comparable to both controls, 

the treatment is presumably not effective and alternative 

routes for disrupting AFR should be explored.  

If our experimental results support our hypothesis, 

mFgDFV1 may prove useful in controlling multidrug-

resistant Fg infestations. This method presents several 

advantages. First, mFgDFV1 resistance is unlikely given the 

importance of siRNA silencing in fungi and the exploitation 

of the entire pathway as opposed to an individual protein 

[32]. Without siRNA, fungi are vulnerable to various sources 

of dangerous exogenous DNA such as viruses and 

transposons. Furthermore, siRNA have been implicated in a 

variety of fungal pathways, including endogenous gene 

regulation, heterochromatinization of centromeric regions, 

and stress adaptation amongst others [33]. Thus, trading off 

siRNA’s defensive and general utility for mFgDFV1 

resistance would not be expected. Additionally, we suspect 

that mutations capable of obstructing mFgDFV1 treatment 

are less probable than those that develop in response to 

conventional protein-target treatments. For instance, azoles 

typically target Cyp51A, an enzyme involved in the ergosterol 

biosynthetic pathway critical for the maintenance of fungal 

cell membranes. Effective Cyp51A targeting however is 

impeded by the multitude of viable azole-resistant mutants: as 

of 2015, over 140 Cyp51A azole resistant mutants have been 

identified [34]. In contrast, selectively preventing mFgDFV1 

siRNA silencing will likely require a more extensive, and 

therefore less probable, set of mutations. Second, this protocol 

can be extended to target different regions of the ABC gene, 

different gene targets, or even different fungi-mycovirus pairs. 

One possible alternative to FgABC3 is PKS4, which would 

reduce Fg virulence rather than target AFR. PKS4 is 

implicated in zearalenone synthesis, a mycotoxin responsible 

for various reproductive issues [35]. Thus, inhibiting 

zearalenone is another option that may be desirable in certain 

situations, such as livestock feed.  

Alternatively, one could target any essential Fg gene to 

directly kill Fg [36]. However, this method presents certain 

issues. For one, the virus’ lethality suggests mFgDFV1 

communicability will be hindered. Additionally, while 

mycoviruses are highly host specific, untargeted fungi could 

be affected in the event of horizontal transmission, posing a 

significant ecological risk [37]. Finally, this treatment could 

eventually be applied against other fungal plant pathogens, 

such as the rice blast fungi Magnaporthe oryzae, or even 

possibly human fungal diseases. Future studies are 

encouraged to explore such extensions, given a 

comprehensive review of ecological and biohazard risks. 
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Conclusions 

In brief, this proposal outlines the creation and 

validation of a mutant mycoviral system potentially capable 

of hindering AFR via the RISC pathway. To model this 

mechanism, we propose synthesizing a transgenic FgDFV1 

containing a 600 nt segment from the FgABC3 gene, an ABC 

transporter primarily responsible for tebuconazole 

resistance. The mycovirus will subsequently be isolated and 

used to infect Fg via protoplast fusion, whereby successful 

delivery will be confirmed via RT-PCR. Following infection, 

we hypothesize that Fg will produce siRNA complementary 

to the FgABC3 insert, downregulating tebuconazole 

resistance. To determine the validity of our hypothesis, 

tebuconazole efficacy, as measured by MIC50 and MIC90, 

will be compared to various control strains. If successful, 

mFgDFV1 may prove to be a useful tool in the fight against 

Fg AFR. As RISC is a fundamental and nearly ubiquitous 

aspect of fungal defense, the former gives reason to suspect 

that adaptation will be difficult, while the latter suggests that 

similar treatments can be applied against other pathogenic 

fungi. With the large agricultural and healthcare costs 

incurred by fungal infections annually, developing 

countermeasures against AFR is vital. Our proposal 

addresses this serious issue, providing a possible solution to 

AFR that can guide future treatment of fungal diseases in 

humans and crops. 
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