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ABSTRACT 

 

Identification of RNA silencing suppressor(s) encoded 

by Fusarium graminearum virus 1 that interferes with 

FgDICER-2 and FgAGO-1 

Ju Yeon Park 

Major in Plant Microbiology 

Department of Agricultural Biotechnology 

The Graduate School of Seoul National University 

 

Fusarium graminearum virus 1 (FgV1) is associated with hypovirulence traits 

such as reduced mycelial growth, increase pigmentation, and reduced pathogenicity 

in Fusarium graminearum. The transcript level of FgDICER-2 and FgAGO-1 

which are RNAi components in F. graminearum accumulate lower following FgV1 

infection than following infection by FgV2 or FgV3. Moreover, those RNA levels 

induced by GFP-hairpin RNA construct in virus-free was significantly suppressed 
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by FgV1 but not by FgV2 or FgV3 infections. These results suggest that FgV1 

encodes viral suppressor(s) of RNA silencing (VSR) against antiviral defense 

response of the host. To identify how FgV1 suppresses expressions of FgDICER-2 

and FgAGO-1 genes, FgAGO-1- or FgDICER-2-promoter/GFP-reporter expression 

assay was conducted. As a result, transcript level of GFP driven by FgAGO-1 or 

FgDICER-2 promoter was down-regulated by FgV1-infected mutant strain while 

showing up-regulated expressions by FgV2-infected mutant strain. This result 

suggests that FgV1-encoded suppressor(s) can directly block the induction of 

FgAGO-1 or FgDICER-2. To determine suppressor(s) encoded by FgV1, we 

generated the fungal mutants expressing each ORFs of FgV1 with or without a 

hairpin RNA construct. Induction of FgDICER-2 and FgAGO-1 transcript levels 

caused by a hairpin RNA construct was suppressed in ORF2 expressing mutant 

compare to those of the other mutants. FgV1 ORF-specific suppressor activity, 

however, was not observed in plant system by an agro-infiltration assay in 

Nicotiana benthamiana. Taken together, this research results indicate that the ORF2 

of FgV1 has RNA silencing suppression ability by interfering induction of 

FgDICER-2 and FgAGO-1 with promoter-dependent manner to counteract RNAi 

defense response in F. graminearum. 

Keywords: Fusarium graminearum virus, mycovirus, RNA silencing, silencing 

suppressor  

Student number: 2017-29815  
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INTRODUCTION 

 

RNA interference (RNAi) has essential role as regulator of gene expression in most 

eukaryotic organisms including antiviral defense. When the host recognize a class of 

exogenous small RNAs (sRNAs) such as RNAs derived from accumulated double-stranded 

RNA (dsRNA) viral genomes or replication intermediates and single-stranded RNA 

(ssRNA) viral geneome, RNAi pathway is generated in response to RNA silencing-

mediated antiviral immunity by targeting viral RNA for degradation (Csorba et al., 2015; 

Pumplin and Voinnet, 2013; Zhang et al., 2015). The RNAi pathway commonly initiate the 

cleavage of exogenous dsRNA by the RNase III family of dsRNA-specific endonucleases 

(Dicers) which cleave exogenous dsRNA molecules into sRNAs of 21 to 25 nucleotides 

primarily with small interfering RNAs (siRNAs) and micro RNAs (miRNAs). (Zamore, 

2002; Zhang et al., 2015). One of these sRNAs binds to Argonaute protein (AGO) and 

recruited by an RNA-induced silencing complex (RISC) that promote sequence-specific 

degradation of target RNA (Zamore, 2002).  

Most viruses encode viral suppressor of RNA silencing (VSR) to overcome RNA 

silencing, and its viral strategy have been studied. In plant virus, tombusviruses encode the 

p19 protein to defense against host RNA silencing (Voinnet et al., 1999). Homodimers of 

the p19 protein have function as VSR by binding small interfering RNA (siRNA) duplexs, 

therefore it makes one of the strands from sRNA difficult to incorporate into RISC (Silhavy 

et al., 2002). Other VSR, HC-Pro which was encoded by potyviruses, has strategy to recruit 
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endogenous negative regulators of RNA silnecing. Researchers reported that HC-Pro 

interacts with a calmodulin-related protein termed rgs-CaM which is regulator of gene 

silencing to inactivate the RNA silencing pathway through unknown calcium-dependent 

pathway (Anandalakshmi et al., 2000). In mycovirus, the Cryponectria parasitica hypovirus 

1 (CHV1) strain EP713 encodes papain-like protease p29 protein which shares similarities 

with HC-Pro, and it can suppress RNA silencing in the natural host C. parasitica by 

interfering upregulated dicer-like proteins (dcl-2) and Argonaute-like protein (agl-2) 

(Segers et al., 2006; Sun et al., 2009; Zhang et al., 2008). Researchers have also identified 

the Rosellinia necatrix mycoreovirus 3 (RnMyRV3) infecting R. necatrix which has RNA 

silnecing suppression ability (Yaegashi et al., 2013). They suggested that RnMyRV3-

encoded S10 protein can interfere with the dicing dsRNA because it reduce accumulation 

of GFP-siRNAs and increase GFP-dsRNA in GFP-silencing strain (Yaegashi et al., 2013). 

Unlike plant virus in which several kinds of VSRs are well known, there are only a few 

kinds of VSRs have been reported in mycovirus.  

Fusarium graminearum is homothallic fungal pathogen belonging Ascomycota. F. 

graminearum cause head blight on wheat, barley, rice, oats, and ear rot disease on maize 

(Desjardins and Proctor, 2007) and those of disease are able to destroy a high-yielding crop 

within a few weeks (Goswami and Kistler, 2004). Previous research demonstrated that four 

phylogenetically different mycoviruses including Fusarium graminearum virus 1 (FgV1), 

FgV2, Fgv3, and FgV4 infect F. graminearum (Cho et al., 2013; Yu et al., 2011). Among 

them, FgV1 and FgV2 infection leads to reduced virulence (hypovirulence) of F. 

graminearum (Lee et al., 2014). Especially, FgV1 infection causes morphological changes 
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including reduction in mycelial growth, increased pigmentation, reduced virulence, and 

decreased mycotoxin production (Chu et al., 2002; Lee et al., 2014). FgV1 genome has 53- 

and 46-nucleotide 5' and 3' untranslated regions (UTRs), respectively, and four putative 

open reading frames, ORFs 1-4 (Kwon et al., 2007). A phylogenetic analysis of the deduced 

amino acid sequence of ORF1, which encodes a putative RNA-dependent RNA polymerase, 

and those of other mycoviruses revealed that this organism forms a distinct virus clade with 

other hypoviruses, and is more distantly related to other mycoviruses (Kwon et al., 2009). 

Gene products of ORFs 2–4 that show no close relationships to other protein sequences are 

predicted to be expressed from at least two different subgenomic RNAs (sgRNAs) (Kwon 

et al., 2007). 

 F. graminearum encodes two dicers (F. graminearum DICER-1 [FgDICER-1] 

and FgDICER-2), two Argonautes (FgAGO-1 and FgAGO-2), and five RdRPs (FgRdRP-1 

to -5). Previous study identified that FgDICER-2 and FgAGO-1 have pivotal role(s) in 

hairpin RNA-induced gene silencing (Chen et al., 2015). Another study showed that 

transcript levels of FgDICER-2 and FgAGO-1 induced by GFP hairpin RNA expression 

construct were decreased after infecting FgV1 (Yu et al., 2018). In addition, transcript 

levels of FgDICER-2 and FgAGO-1 are up-regulated in F. graminearum wild-type PH-1 

following infection by FgV2 or FgV3 while those RNA levels are down-regulated in FgV1-

infected strain (Yu et al., 2018). These studies indicated that FgV1 might be able to interfere 

with one of RNA silencing pathways in the fungal host that induced by hairpin RNA or by 

virus infection and that suppression of FgDICER-2 and FgAGO-1 gene expressions by 

FgV1 infection may be the crucial step for this RNA silencing pathways. 



4 

 

In this study, I conducted FgDICER-2- or FgAGO-1-promoter/GFP-reporter assay 

to figure out how FgV1 suppress FgDICER-2 and FgAGO-1. In addition, I constructed 

fungal mutants which express each ORFs of FgV1 with or without hairpin RNA construct 

to identify which ORFs of FgV1 function as silencing suppressor, and compared the 

transcript levels of FgDICER-2- and FgAGO-1 by conducting qRT-PCR using specific 

primer sets for each gene. This study showed that FgV1-encoded suppressor, ORF2 protein, 

can interfere the expression of FgDICER-2 or FgAGO-1 genes by interrupting promoter 

region. This is the first report about the identification of VSR from Fusarium species that 

can interfere RNA silencing pathways.   
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MATERIALS AND METHODS 

 

1. Fungal strains and culture conditions 

Virus-free F. graminearum PH-1 isolates were stored in 20% (vol/vol) glycerol at 

80°C, and were reactivated on potato dextrose agar (PDA) at 25°C with a 12-h-light/12-h-

dark cycle. F. graminearum strains used for the extraction of total RNA or genomic DNA 

were grown in 50ml of liquid complete medium (CM) at 25 °C at 150 rpm for 5 days on an 

orbital shaker. Mycelia were collected by filtering through sterile 3MM paper (GE 

Healthcare, Uppsala, Sweden), and they were washed with distilled water. After remove 

the excess water by using paper towels, they were frozen at -80°C. 

 

2. Clones and agroinfiltraion silencing suppression assay 

For co-agroinfiltration assay, each four ORFs were amplified from cDNA of FgV1 

infected wild-type PH-1 strain using specific ORF primer pairs. Also, a fragment containg 

helicase domain from 3159 nt to 5653 nt of ORF1-encoded by FgV1 was amplified. Then 

PCR amplified products were cloned into a pPZP vector containing a 35S promoter via StuI 

restriction enzyme sites or into a pCambia2300 vector via SmaI restriction enzyme site. 

The three consecutive or single HA tags PCR product also cloned into C-terminal of pPZP, 

pCambia2300 vector respectively for immuno-detection of proteins.  

Agrobacterium tumefaciens strain GV3101 competent cells were chemically 
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transformed with about 1 μg of plasmid DNA for the desired construct. Clones were 

selected on Luria Bertani media plates supplemented with antibiotics: Spectinomycin (150 

μg/μl), Kanamycin (50 μg/μl), and Rifampicin (50 μg/μl). Transformed bacterial cells were 

grown on a shaker at 220 rpm at 30 °C in 5 ml LB broth supplemented with appropriate 

antibiotics for 16 h. The overnight cultures were harvested and resuspended to O.D600>0.5 

in infiltration buffer (10 mM magnesium chloride, 10 mM MES, and 150 μM 

acetosyringone, pH 5.5). Resuspended cultures were incubated at room temperature for 3 

h before infiltration. Equal volumes of GFP construct and each ORFs construct-

transformed culture were mixed for co-infiltration of 3 weeks old Nicotiana benthamiana. 

N. benthamiana plants were grown at 25 °C with 16 h light and 8 h dark cycle. The p19 of 

tomato bushy stunt virus (TBSV) was used as a positive control. The infiltrated leaves were 

visualized under UV and photographed by using camara (D700, Nikon) with a yellow filter. 

Western blot was conducted to confirm whether ORFs were expressed in N. 

benthamiana. About 0.2 g of tissue of infiltrated leaves at 2 dpi was ground in liquid 

nitrogen. Total protein was extracted using protein extraction buffer [250mM NaCl, 10mM 

MgCl2, 5mM EDTA (pH 8.0), 10Mm b-mercapto-ethanol, 25Mm Tris-Cl (pH 7.5), 0.3 % 

Triton X-100, and 1mM Phenylmethyl sulfonyl fluoride]. Total protein for each sample was 

separated in 10% or 12% SDS-PAGE and electro-blotted onto PVDF membrane (amersham 

biosciences, Buckinghamshire, UK). Protein blots were probe with anti-HA antibody 

(1:4,000) (Santa Cruz, Dallas, USA), and horseradish peroxidase-conjugated goat anti-

rabbit antibody (1:10,000) (Bio-Rad, Hercules, CA) was used as secondary antibody. To 

visualize the probed blots, Clarity western ECL substrate (Bio-Rad, Hercules, CA) was 
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used followed by conducting X-ray film for chemiluminescence western blotting.  

 

3. Promoter/reporter expression assay  

For promoter/reporter expression assay, putative promoter region of FgDICER-2 

(RefSeq accession number FGSG_04408) or FgAGO-1 (RefSeq accession number 

FGSG_08752) was predicted by using the NNPP (Neural Network Promoter Prediction at 

Berkeley) software. The 1085 bp upstream region of FgDICER-2 or 1550 bp upstream 

region of FgAGO-1 was amplified from genomic DNA of PH-1. To clone those predicted 

promoter fragments into pCB1004 vector containing NC-terminator, NotI (GCGGCCGC) 

and BamHI were added on the 5’- and 3’-flanking region of predicted promoter, 

respectively. GFP coding sequence which amplified from pSKGen vector was inserted 

using BamHI between each predicted promoter and NC-terminator in the pCB1004 vector. 

Three independent clones were selected and used for fungal transformation. Transformants 

were selected on CM supplemented with hygromycin (50 μg/ml) and then at least four 

transgenic strain confirmed by Southern blotting hybridization. Those mutants were 

infected independently with FgV1 and FgV2 using hyphal anastomosis. The expression of 

GFP driven by FgDICER-2 or FgAGO-1 was confirmed by using fluorescence microscopy 

or conducting real-time PCR.  

 

4. Construction of FgV1-encoded ORFs expressing clones  

pEN expressing each ORFs of FgV1 construct was generated in pCB1004 vector. 
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Each ORFs fragment adding BamHI (GGATTC) on both sides was inserted between EF1 

promoter and NC-terminator. The pEN clone had SpeI (ACTAGT) in front of the PEF1α, and 

BamHI at the end. The NC-terminator following the PEF1α with BamHI had HindIII 

(AAGCTT) at the end. The PEF1α construct was amplified with EF1 F/EF1 pro R primers 

using pSK2707, which contains the elongation factor 1α promoter (PEF1α) from F. 

verticillioides (Lee et al., 2011). A hygromycin phosphotransferase (Hyg) gene resistance 

cassette was used as a selectable marker in pCB1004 vector. pSA was constructed by using 

pGFP-SA which was described previously was used to silence GFP expression (Yu et al., 

2018) with slightly modification. For replacement of antibiotic resistance marker to 

geneticin resistance cassette (gen) in pGFP-SA, Hyg cassette was eliminated by HpaI 

restriction enzyme and gen cassette was inserted into same position. Each of three 

independent clones were selected for further study. 

 

5. Generation of fungal mutants 

For fungal protoplast transformation, conidia of F. graminearum PH-1 grown in 

CMC medium for 5 days after inoculation were cultured to 50 ml of YPG (1% yeast extract, 

1% peptone, 2% glucose) medium and incubate for 16 h at 25°C. The young mycelia were 

treated with 1M NH4Cl containing 10 mg/ml of Driselase (Sigma-Aldrich, St. Louis, MO) 

and they were incubated for 3 h at 30°C. The final DNA constructs were introduced into 

fungal protoplasts using the polyethylene glycol (PEG)-uptake method (Son et al., 2013).  

The pEN# (Single) or pEN#+pSA (double) transformants were obtained on CM, and 
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hygromycin (50 μg/ml) or hygromycin and geneticin (50 μg/ml) was used as a selectable 

marker, respectively. All mutant strains were examined by Southern blot hybridization with 

proper probes, and the virus-free transformant strains were infected with FgV1 or -2 by 

hyphal anastomosis for virus infection. Viral infection was detected by RT-PCR using 

virus-specific primer pairs. 

 

6. DNA extraction and Southern blot hybridization 

After the fungal mycelia incubated for 5 days in CM broth, they were harvested by 

filtration through sterile Whatman 3MM filter paper. The mycelia were homogenized in a 

mortar and pestle with liquid nitrogen for genomic DNA extraction. Genomic DNA 

extraction was performed as previously described (Lee et al., 2014). For Southern blot 

hybridization, 10 μg of gDNA for PH-1 and transgenic mutants was digested with proper 

restriction enzyme. Digested gDNA was loaded on an 0.8 % agarose gel and separated for 

7 h at 40V and then capillary blotting, radiolabeling of DNA probes, and hybridization were 

processed as described protocols (Lee et al., 2014).  

 

7. Total RNA preparation and cDNA synthesis for RT-PCR 

The homogenized mycelia were suspended in Iso-RNA lysis reagent (TaKaRa Bio, 

Shiga, Japan) for total RNA extraction. The total RNA extraction was conducted according 

to the manufacturer’s instructions with DNase I treatment to remove genomic DNA. Finally, 
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the extracted RNA was dissolved in DEPC-treated water, and then 5 µg of total RNA was 

synthesized with 50 pmoles of oligo(dT)18 primer, and GoScript™ Reverse Transcriptase 

(Promega, Madison, WI) according to the manufacturer’s protocols. All synthesized 

cDNAs were diluted 1:10 with distilled water for RT-PCR and real-time PCR. 

 

8. Real-time RT-PCR analysis 

Real-time reverse transcription-quantitative PCR (qRT-PCR) was performed on a 

CFX384 real-time PCR system (Bio-Rad, Hercules, CA) using gene-specific primers. The 

10 µl of reaction mixture included 25 ng of total cDNA mix, 5 µl of 2x iQSYBR green 

supermix (Bio-Rad, Hercules, CA), and 10 pmol of each primer. The reactions were 

incubated at 95°C for 3 min, followed by 40 cycles of 95°C for 10 s and 58°C for 30 s, with 

melting curve data obtained by increasing the temperature from 55 to 95°C. Two 

endogenous reference genes, UBH (encoding ubiquitin C-terminal hydrolase, RefSeq 

accession number FGSG_01231) (Kim and Yun, 2011) and the EF1 (elongation factor 1, 

RefSeq accession number FGSG_08811) (Son et al., 2013) were used in each experiment 

as internal controls. Data were analyzed using Bio-Rad CFX Manager software, version 

1.6.541.1028 (Bio-Rad, Hercules, CA). 

 

9. Semiquantitative RT-PCR analysis 

Relative RT-PCR was conducted to measure gene expression of FgDICER-2 or 
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FgAGO-1 using the specific primer pairs. After initial denaturation for 3 min at 94°C, the 

thermal profile was comprised 25 cycles consisted of 30 s at 94°C, 30 s at 56°C and 20 s at 

72°C. After electrophorese the PCR samples on 1.5% agarose gels, ethidium bromide-

stained gels were visualized in a UV light box. The result was measured by comparing the 

relative band intensities. The EF1 was used as an internal control to normalize for sample 

to ensure a quantitative analysis.  
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Table 1. Fusarium graminearum strains used in this study. 

Strain Description References 

WT-VF Wild-type F. graminearum (lineage 7) PH-1 Lee et al. (2014) 

FgV1/PH-1 Wild-type PH-1 infected with FgV1 Lee et al. (2014) 

FgV2/PH-1 Wild-type PH-1 infected with FgV2 Lee et al. (2014) 

pSA hairpin structure expression mutant in F. 

graminearum PH-1 strain 

Yu et al. (2018) 

FgDICER-2+GFP GFP expressing mutant driven by FgDICER-2 

promoter in F. graminearum PH-1 strain 

In this study 

FgAGO-1+GFP GFP expressing mutant driven by FgAGO-1 

promoter in F. graminearum PH-1 strain 

In this study 

pEN# ORF#-expressing mutant in F. graminearum 

PH-1 strain 

In this study 

pEN#+pSA ORF#-expressing mutant with a hairpin 

structure expression construct in F. 

graminearum PH-1 strain 

In this study 

 

1. Lee, K.-M., Cho, W.K., Yu, J., Son, M., Choi, H., Min, K., Lee, Y.-W., and Kim, K.-

H. 2014. A comparison of transcriptional patterns and mycological phenotypes following 

infection of Fusarium graminearum by four mycoviruses. PLOS One 9(6), e100989. 

2. Yu, J., Lee, K.-M., Cho, W. K., Park, J. Y., and Kim, K.-H. 2018. Differential 

contribution of RNA interference components in response to distinct Fusarium 

graminearum virus infections. J. Virol., 01756–01717. 
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Table 2. List of primers used for mutant in this study.  

Primer Sequence (5' → 3') Description 

4408 pro Fw  GCTGGTTCCATGCGTTGAAAC For construction of 

FgDICER-2 promoter gene 4408 pro Rv  CCTGATCTGCCGAAGCCCTCCA 

8752 pro Fw CAGATAATTCAACTTGGGCTTC For construction of 

FgAGO-1 promoter gene 8752 pro Rv  ACACTAACATCAACTTCGGCAG 

EF1 pro F 
GGCACTAGTCGGTACCTATAGGGC

GA 

For construction of GFP 

reporter gene from the 

pSKGen vector 

Gen_EF1 F GGGGCGTCGGTTTCCACTATC 

For amplification of 

geneticin gene from 

pSKGen vector 

EF1 pro R 
CTTTGAAGATTGGGTTCCTTTTGTG

ATA 

For amplification of EF1 

gene from pSKGen vector 

NC-ter 

Hind3 R 

AAGCTTATCATCATGCAACATGCA

TG 

For amplification of NC-ter 

gene 

GUS F GACTGGCAGGTGGTGGCCAATG 
For detection of GUS gene 

GUS R GACTGCCTCTTCGCTGTACAG 

GFP F AAGCTGACCCTGAAGTTCATCTGC 
For detection of GFP gene 

GFP R CTTGTAGTTGCCGTCGTCCTTGAA 

ORF1 F ATGCCTGATGATCTTAATGTG 
For amplification of ORF1 

gene ORF1 R 
TCAGGTTGCCTGCCAAAAAGATTT

TG 

FgV1 F 

3848-3869 
CCCGTCCAAGGAAGGTGCTATT For detection of ORF1 gene 

ORF2 F ATGGACACCAAGGATACTTTAT For detection and 

amplification of ORF2 gene ORF2 R GGGGTGCAAGGCCCTTTTCCAC 

ORF3 F ATGAAGATTTTGCTCATTCAG 
For detection and 

amplification of ORF3 gene ORF3 R 
CTAATTTCCTTCTTTAGGAAAAAT

G 

ORF4 F ATGAGCGCAACCAGCAACAGCC For detection and 

amplification of ORF4 gene ORF4 R GGCGTTTGTTGCCGGAATGGG 
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Table 3. List of primers used for qRT-PCR to investigate genes expression. 

   

Primer Sequence (5' → 3') Description 

EF1 RT-F CAAGGCCGTCGAGAAGTCCAC For real-time PCR of 

EF1 α as internal 

control, 1406-1582 EF1 RT-R TGCCAACATGATCATTTCGTCGTA 

UBH RT-F GTTCTCGAGGCCAGCAAAAAGTCA For real-time PCR of 

UBH as internal 

control UBH RT-R CGAATCGCCGTTAGGGGTGTCTG 

fgsg_04408 RT-F ATGCGCATCCAACATGAACTC For real-time PCR of 

fgsg04408 328-461nt 

region fgsg_04408 RT-R AGCAGTTTCATCGATACCGACG 

fgsg_08752 RT-F CACCAAGGCTGTGAGCATTT For real-time PCR of 

fgsg08752 2916-

3061nt region fgsg_08752 RT-R TTGGGTCACTGGCACCTAAG 

GFP 466-487 F GACAAGCAGAAGAACGGCATCA 
For real-time PCR of 

GFP 466-614 region 
GFP 614-592 R TGGGTGCTCAGGTAGTGGTTGTC 
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RESULTS 

1. Differential levels of GFP expression of RNAi induced mutants 

It has been previously shown that FgDICER-2 and FgAGO-1 transcripts 

accumulate significantly lower levels following FgV1 infection but not by FgV2 or FgV3 

infection. Moreover, RNA levels of FgDICER-2 and FgAGO-1 genes induced by GFP-

hairpin RNA construct (GFP+SA) in virus-free was significantly suppressed by FgV1 but 

not by FgV2 or FgV3 infection (Yu et al., 2018). To confirm the GFP expression on mycelia 

of mutant in which RNA silencing generally induced by GFP-hairpin RNA construct, 

fluorescence was visualized under UV lights. As a result, while GFP expression was 

silenced in GFP+SA and GFP+SA infected with FgV2 strain, GFP fluorescence was 

confirmed in GFP+SA strain infected with FgV1 (Fig. 1). This result indicates that FgV1 

encodes viral suppressor(s) of RNA silencing (VSR) against antiviral defense response of 

the host. 
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Fig. 1. Fluorescence microscopic images showing GFP expression in virus-free, FgV1, 

FgV2-infected mutants. After cultivation at 25 ℃ for 5 days in complete medium (CM) 

broth, the mycelia were harvested. GFP, transformant with only the pSKGen vector; SA, 

transformant with pGFP-SA construct; GFP+SA, GFP and pGFP-SA were transformed 

together in the wild-type. 
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2. FgDICER-2 and FgAGO-1 expression in response to FgV1 is promoter-dependent 

To identify how FgV1 suppress FgDICER-2 and FgAGO-1, FgAGO-1- or 

FgDICER-2-promoter/GFP-reporter expression assay was conducted. GFP coding 

sequence was inserted into pCB1004 vector under predicted promoter region which was 

1,085 bp upstream region of FgDICER-2 or 1,571 bp upstream region of FgAGO-1 genes. 

Each plasmid was used to transform wild-type F. graminearum strain PH-1. Those mutants 

were infected independently with FgV1 and FgV2 using hyphal anastomosis to compare 

effect of FgV1 infection on GFP expression in fungal system. The colony morphologies 

and mycelial growth rates of individual virus-free, FgV1-, and FgV2-infected mutants were 

similar with wild-type, FgV1-, and FgV2-infected wild type, respectively (Fig. 2A). All 

construct of mutants was confirmed by Southern blot hybridization using a 32P-labled DNA 

fragment of GFP (Fig. 2B). As previous report mentioned, the transcript level of FgDICER-

2 and FgAGO-1 were up-regulated in mutant strain infected with FgV2 compare to the 

virus-free mutant while RNA level of those genes were down-regulated in FgV1 infected 

mutant. Similarly, transcript level of GFP driven by FgDICER-2 or FgAGO-1 promoter 

was increased in mutant following FgV2 infection more than virus-free mutant. In contrast, 

RNA level of GFP was similar or decreased in FgV1 infected strain (Fig. 3). These results 

indicate that FgV1-encoded suppressor can directly block the induction of FgDICER-2 or 

FgAGO-1 by interfering promoter function of those genes.   

  



18 

 

 

Fig. 2. (A) Colony morphologies of virus-free (left), Fusarium graminearum virus 1 

(FgV1)- (middle) and FgV2-infected (right)  FgDICER-2- or FgAGO-1-promoter/GFP-

reporter expression mutants. All cultures were photographed after 4 days on CM. (B) 

Results of Southern blot hybridization of the each mutants. A 32P-labeled GFP DNA 

fragment was used as a probe. Lane 1, wild-type (WT) strain PH-1; lane 2 to 6, different  

biological replicates of the indicated promoter/GFP-reporter expression mutants.  
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Fig. 3. Accumulation level of target gene transcripts in virus-free, FgV1, and FgV2-infected 

mutants. The mutant, consisting (A) FgDICER-2 or (B) FgAGO-1 promoter fused to the 

GFP coding domain, were infected with Fusarium graminearum virus 1 and 2. The 

accumulation level of GFP transcript and FgDICER-2 or FgAGO-1 were analyzed by real-

time PCR at 5 dpi. Mean values (±SD) from three biological replicates and three 

independent experiments are shown in graph. The number of asterisks indicate a 

statistically difference, P<0.05. 
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3. Absence of FgV1 ORF-specific suppressor activity in planta 

Many plant viruses encode viral suppressor(s) of RNA silencing (VSR) to 

counteract the antiviral RNA silencing response of host plants. Agroinfiltration assay was 

commly conducted to identify candidate VSR(s) in N. benthamiana. As was identified in 

N. benthamiana for plant viruses, VSRs of mycoviruses such as P29 of Cryphonectria 

hypovirus 1 or S10 of Rosellinia necatrix mycoreovirus 3 (RnMyRV3) were also confirmed 

by agroinfiltraion in normal or transgenic N. benthamiana (line 16c) (Segers et al., 2006; 

Yaegashi et al., 2013). To determine which of the FgV1-encoded putative ORF acts as a 

suppressor to counteract against host RNA silencing, each ORF expressing construct was 

transiently co-infiltrated with GFP-expressing construct in N. benthamiana. To confirm 

whether each ORF was well expressed in N. benthamiana or not, HA-tagged ORFs were 

examined by western blot analysis with anti-HA antibody (Y-11, Santa Cruz) (Fig. 4B). 

While GFP fluorescence was found in leaves agroinfiltrated with p19 of tombusvirus at 4 

days post-infiltraion (dpi), GFP expression was decreased in leaves agroinfiltrated with 

each FgV1-encoded ORF (Fig. 5). These results demonstrated that FgV1 ORF-specific 

suppressor activity was not observed in plant system. 
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Fig. 4. (A) pPZP-(top) or pCambia2300-(bottom) based FgV1-encoded ORFs expression 

vectors. The PCR product of ORF1 containing from helicase domain or ORF4 was cloned 

into pPZP via StuI RE. The PCR product of ORF2 or ORF4 was also cloned into 

pCambia2300. All clones have one or three consecutive HA tags sequence for immuno-

detection of cleaved proteins. (B) Expression of the ORF tagged with HA in pPZP vector 

(left) or pCambia2300 vector (right) in N. benthamiana. Protein was recognized by anti-

HA antibodies (Y-11, Santa Cruz) in western analysis. 
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Fig. 5. Co-agroinfiltrated N. benthamiana leaves with Agrobacterium strain carrying a 

indicated ORF proteins with GFP construct to allow the identification of the FgV1 ORF-

specific suppressor(s). GFP fluorescence was imaged under UV light at 2, 3 and 4 days post 

inoculation. p19, viral RNA silencing suppressor, was used as positive control (PC).  
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4. RNA silencing suppression ability of ORF2 at the transcription level 

As previously mentioned, FgV1 infection could suppress FgDICER-2 and 

FgAGO-1 which induced in the GFP-hairpin RNA expressed virus-free fungal mutant. To 

determine suppressor(s) encoded by FgV1 in fungal system, the fungal mutants expressing 

each FgV1-encoded ORF was generated as single mutant (pEN#; # indicates ORF number) 

and co-transformed with GFP-hairpin RNA construct in F. graminearum PH-1 strains to 

generate double mutant (pEN#+SA). All transformants were confirmed by Southern 

blotting analysis (Figs. 7 and 8). The purpose of this study is to figure out which ORF has 

suppression activity by determining which ORF of FgV1 down-regulate the RNA level of 

FgDICER-2 or FgAGO-1 gene induced by hairpin RNA construct. The morphologies of 

the single mutants including EN (Empty vector) and SA (GFP spacer and antisense strand) 

mutant and double mutants including EN+SA were similar to those of the wild-type PH-1 

strain (Fig. 6). The FgDICER-2 and FgAGO-1 transcript levels in each single mutant were 

similar with wild-type PH-1 strain. The real-time reverse transcription-quantitative PCR 

(qRT-PCR) analysis showed that the transcript levels of FgDICER-2 and FgAGO-1 were 

approximately 38- and 7-fold higher in the SA strain than in the wild-type PH-1 strain, 

respectively. In double mutants, FgDICER-2 and FgAGO-1 transcript levels were 

approximately up-regulated in EN3+SA double mutants similarly in the EN+SA control. 

Also, the RNA level of those genes were not significantly different in EN1+SA and 

EN4+SA mutant compare to those in control. Interestingly, induction of FgDICER-2 and 

FgAGO-1 transcript levels caused by pSA strain was obviously suppressed in FgV1 ORF2 

expressing mutant compare to those of other mutants (Fig. 9). These results suggest that 
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FgV1-encoded ORF2 has silencing suppression ability against host RNA silencing by 

interfering RNAi related genes at transcription level. 
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Fig. 6. Colony morphologies of fungal mutants expressing FgV1-encoded ORFs with 

(double) or without (single) a hairpin RNA construct in F. graminearum PH-1 strains. All 

cultures were photographed after 4 days on CM. EN#, ORF#-expressing mutant in F. 

graminearum PH-1 strain; SA, the GFP hairpin RNA-expressing strain (GFP spacer and 

antisense strand), EN#+SA, pEN# and pSA were transformed together into PH-1. The EN 

vector was under the control of the EF1 alpha promoter, and the SA construct was under 

the control of the isocitrate lyase (ICL) promoter. 

   



26 

 

 

Fig. 7. Construction of plasmid for ORF#-expressing mutant (pEN#) and results of 

Southern blot hybridization of each mutant. EF1 alpha promoter was amplified from 

pSKGEN vector. 32P-labeled DNA fragments used as probes are indicated by bars. Used 

restriction enzyme site and expected DNA size is shown under the construction image. 

Lane 1, wild-type (WT) strain PH-1; lane 2 to 5, different biological replicates of the 

indicated single ORFs expressing mutants.  
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Fig. 8. Construction of plasmid for ORF#-expressing mutant (pEN#) and hairpin structure 

expression mutant (SA). Used restriction enzyme site and expected DNA size for Southern 

blot hybridization is shown under the construction image. 32P-labeled DNA fragments used 

as probes are indicated by bars. A geneticin resistance cassette was modified from 

hygromycin resistance cassette in pSA. Results of Southern blot hybridization of the each 

mutants is shown under the construction image. The probed blots for confirmation of DNA 

insertion (top) and copy number (bottom) in pEN(left) or pSA (right) was indicated. Only 

copy number in pEN or pSA construct was detected in EN+SA. Lane 1, wild-type (WT) 

strain PH-1; lane 2 to 5, different biological replicates of the indicated single ORFs 

expressing mutants.  
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Fig. 9. Accumulation level of FgDICER-2 and FgAGO-1 gene transcript in FgV1-encoded 

ORFs expression (B) with or (A) without hairpin dsRNA-producing mutants. EF1 and 

UBH gene were used as the internal controls. The accumulation level of FgDICER-2 or 

FgAGO-1 were analyzed by real-time PCR at 5 dpi. Mean values (±SD) from at least two 

biological replicates and three independent experiments are shown in graph. Different 

alphabet indicate a statistically difference, P<0.05. 
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5. Induction of FgDICER-2 and FgAGO-1 genes following FgV2 infection is 

suppressed by FgV1 ORF2  

The transcript levels of FgDICER-2 and FgAGO-1 were up-regulated in FgV2 

infected strain compare to the wild-type PH-1 strain (Yu et al., 2018). To identify whether 

ORF2 of FgV1 can affect transcript level of FgDICER-2 or FgAGO-1 in FgV2-infected 

strain, semiquantitative RT-PCR of those genes was conducted. As a result, accumulation 

levels of FgDICER-2 or FgAGO-1 maintained increased level in EN3, and 4 transformed 

mutants following FgV2 infection. RNA accumulation of those genes, however, were 

suppressed in EN2 mutant expressing FgV1 ORF2 strain infected with FgV2 as was 

observed from FgV1-infected wild-type strain (Fig. 10). This result indicates that FgV1-

encoded ORF2 also has ability to suppress induction of host FgDICER-2 and FgAGO-1 

genes induced by the other mycovirus infection such as FgV2.  
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Fig. 10. Semi-quantitative RT-PCR analysis to assess the effects of ORF# expression on 

FgDICER-2 and FgAGO-1 transcript level. EF1 gene was used as a control. The target 

PCR products from amplification 25 number of cycles were visualized on a 1.5% agarose 

gel under UV lights. Three independent biological replicates were used for this experiment. 
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DISCUSSION 

RNA silencing function as a crucial antiviral defense response in filamentous fungi 

(Segers et al., 2007), however, either presence of VSRs or mechanism of mycoviral VSRs 

is largely unknown. Previous study showed that transcript level of FgDICER-2 and 

FgAGO-1 were down-regulated following infection by FgV1 in F. graminearum wild-type 

while showing significantly higher level of FgDICER-2 and FgAGO-1 transcripts by GFP-

hairpin RNA construct (GFP+SA) double transformants (Yu et al., 2018). In this study, I 

observed that GFP expression level on mycelia of these mutants were significantly silenced 

and the silencing level of GFP was not significantly affected by FgV2. In contrast, the GFP 

silencing in GFP+SA double transformants was significantly decreased by FgV1 infection 

(Fig. 1). Moreover, RNA level of FgDICER-2 and FgAGO-1 were also significantly 

suppressed in FgV1 infected PH-1 strain. The altered expression patterns of FgV1-

responsive genes differed from those of FgV2- or FgV3-responsive genes. Expression of 

FgDICER-2 and FgAGO-1 was significantly increased by FgV2 and FgV3 infection. 

Interestingly, expression of those genes induced by FgV2 and FgV3 infection were 

significantly inhibited by co-infection with FgV1 (Yu et al., 2018). These results suggest 

that FgV1 has suppression activity and encodes VSR against RNA silencing induced by 

hairpin RNA and virus infection.  

The previous study showed that RNA silencing suppressor p29 encoded by CHV1 

significantly repress the induction of a dicer-like gene dcl2 and an argonaute-like gene Agl2 

transcripts in C. paraistica. Moreover, GFP transcript levels expressed by a Agl2 promoter 
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was decreased in CHV1-EP713 infected mutants (Sun et al., 2009). It is applicable that 

FgV1 infection may also down-regulate the induced transcript of FgDICER-2 or FgAGO-

1 by affecting the promoter regions of those genes. Among the FgV1-infected 

overexpression (OE) mutants for individual RNAi components expressed by the elongation 

factor 1α promoter (PEF1α) in F. graminearum, FgV1 accumulation was only decreased in 

FgAGO-1 OE mutant and it caused phenotypic change (Yu et al., 2018). This result suggests 

that FgV1 may interfere with the RNAi pathway by affecting a native FgAGO-1 genes 

promoter region in F. graminearum. Mycelial growth and colony morphologies of FgAGO-

1- or FgDICER-2-promoter/GFP-reporter mutants were similar to those of the virus-free, 

FgV1-, and FgV2-infected wild-type strain, respectively (Fig. 2A). As shown in Fig. 3, the 

transcript levels of GFP driven by FgDICER-2 or FgAGO-1 promoter were either 

significantly reduced or not changed compared to the virus-free mutant by FgV1 infection 

while showing significantly increased GFP expression by FgV2 infection. These results 

suggest that FgV1-encoded suppressor can directly repress the induction of FgDICER-2 

and FgAGO-1 at the transcription level.  

The VSR activity of CHV1-encoded p29 and RnMyRV3-encoded S10 were 

showed by agroinfiltration assay in N. benthamiana (Segers et al., 2006; Yaegashi et al., 

2013). The p29 is similar with the potyvirus-encoded suppressor of HC-Pro, which shares 

sequence identity and thus its function. In case of FgV1, its genome organization and gene 

expression strategy also look similar to the plant potex-like viruses which encode RNA 

silencing suppressor p25 (Kwon et al., 2007). I suspect that the activity of FgV1-encoded 

suppressor could be confirmed in the plant system, however, VSR activity was not observed 
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in N. benthamiana (Fig. 5). On the contrary, S10 protein of RnMyRV3 showed VSR activity 

in the plant system although it doesn’t have homology to rice dwarf virus (RDV)-encoded 

Pns10 which belong to the same Reoviridae and has VSR activity (Cao et al., 2005). 

Therefore, this result of agroinfiltration assay suggest that FgV1-encoded VSR might block 

or interact with host-specific promoter of FgDICER-2 or FgAGO-1 in F. graminearum, and 

thus RNA silencing activity of FgV1 was not observed in the plant system.  

The ORF2 encoded by FgV1 showed strong VSR activity by interfering induction 

of FgDICER-2 or FgAGO-1 transcript level in co-transformed mutant with hairpin RNA 

structure or in FgV2-infected strains (Figs. 9 and 10). The other ORFs of FgV1 neither 

induced FgDICER-2 or FgAGO-1 transcript (Fig. 9A) nor showed VSR activity (Figs. 9B 

and 10). Self-interaction of FgV1-encoded ORF2 was observed by conducting the yeast 

two hybrid (YTH) assay and the N-terminal region of ORF2 might be essential for its self-

interaction (unpublished data). I also searched the prediction of ORF2 domain via SMART 

(Simple Modular Architecture Research Tool, http://smart. embl-heidelberg.de). As a result, 

HA2 (Helicase associated domain) and HTH ASNC (helix turn helix AsnC type) were 

detected in 58 to 141 amino acid (aa) region and 60 to 145 aa region which are located in 

C-terminal region, respectively. The HTH ASNC is the transcription regulation proteins 

which binds to target promoter through a ‘helix-turn-helix’ motif in bacteria (Thaw et al., 

2006). In general, most strategy of VSR has been known to interfere host’s RNAi related 

components in protein level. On the contrary, this prediction result suggests that some VSRs 

could interfere with the host’s RNA silencing pathway in the transcription level. Therefore, 

I assume that FgV1-encoded ORF2 binds the promoter of FgDICER-2 or FgAGO-1 gene 
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possibly as homodimer and thereby suppress the induction of FgDICER-2 or FgAGO-1 

genes. Additional research is needed to determine whether ORF2 of FgV1 directly binds to 

FgDICER-2 or FgAGO-1 promoter region.  
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붉은곰팡이의 RNA간섭 유전자 FgDICER-2 및 

FgAGO-1의 발현을 억제하는 Fusarium 

graminearum virus 1의 유전자 동정 

 

박주연 

 

초록 

 

Fusarium graminearum virus 1 (FgV1)은 붉은 곰팡이를 감염하는 곰팡이바

이러스로, 감염 시 붉은 곰팡이의 균사 생장 속도 감소 및 색소 증가, 포자형

성 감소, 병원성 감소 등 표현형에 변화를 나타낸다. 선행실험에서 바이러스 

감염에 대항하여 갖는 붉은 곰팡이의 RNA 간섭과 관련한 유전자인 

FgDICER-2와 FgAGO-1 유전자의 전사량을 FgV1을 감염시킨 뒤 확인해 

본 결과 붉은 곰팡이에서 분리한 다른 속에 속하는 곰팡이 바이러스인 FgV2

와 FgV3를 감염시켰을 경우보다 전사량이 낮은 점과, hairpin RNA 구조로 

RNA 간섭을 유도한 형질전환 붉은 곰팡이에 FgV1을 감염시킬 경우 증가 된 

FgDICER-2와 FgAGO-1 유전자의 전사량이 감소하는 것을 확인한 바 있다. 

따라서 선행 실험을 통해 FgV1은 붉은 곰팡이의 RNA간섭을 방어하는 기능

을 하는 suppressor를 암호화하고 있다고 추측하였고 본 연구에서는 FgV1 

감염이 붉은 곰팡이의 RNA간섭을 어떻게 방해하고, FgV1을 암호화하는 4개

의 open reading frames(ORFs) 중 어떤 ORF가 suppressor로 기능하는지 

밝히고자 한다. FgV1이 기주 곰팡이의 FgDICER-2와 FgAGO-1 유전자의 
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전사량을 어떻게 억제하는지를 알아보고자 FgAGO-1- or FgDICER-2-

promoter/GFP-reporter expression assay를 실시하였다. 그 결과 FgV1을 

감염시켰을 경우 FgAGO-1 또는 FgDICER-2 유전자의 프로모터가 발현하

지 않아 바이러스를 감염시키지 않은 균주의 GFP 전사량과 비교했을 때 

GFP의 전사량에는 변화가 없거나 감소하였지만 FgV2를 감염시켰을 경우 해

당 유전자들의 프로모터가 발현하여 GFP의 전사량이 증가하였다. 이 결과를 

통해 FgV1의 suppressor는 FgDICER-2와 FgAGO-1 유전자들의 

promoter에 영향을 주어 전사 발현을 방해한다는 것을 확인하였다. 이후 

FgV1의 suppressor를 구명하기 위해 FgV1을 인코딩하는 4개 ORF를 각각 

발현하거나 hairpin RNA구조를 함께 발현하는 형질전환 붉은 곰팡이를 제작

한 뒤 qRT-PCR을 통해 hairpin RNA 구조에 의해 유도된 FgDICER-2와 

FgAGO-1 유전자의 전사량을 비교하였다. 그 결과 증가 되었던 FgDICER-

2와 FgAGO-1 유전자의 전사량이 FgV1의 ORF2를 발현하는 형질전환 곰팡

이에서 억제되는 것을 확인하였다. 따라서 본 연구를 통해 FgV1을 인코딩하

는 ORF2가 suppressor로서 기능을 하며, ORF2는 붉은 곰팡이의 RNA간섭

과 관련한 FgDICER-2와 FgAGO-1 유전자의 프로모터에 영향을 주어 전사

를 방해하는 기작으로 RNA간섭에 의한 방어 기작을 억제하는 것을 확인하였

다. Suppressor의 종류 및 기작이 많이 알려진 식물바이러스에 비해 곰팡이

바이러스에서는 지금까지 2~3가지 종류의 suppressor가 알려져 있다. 본 연

구 결과는 아직까지 구명되지 않은 붉은 곰팡이를 감염하는 바이러스인 

FgV1의 suppressor를 구명하는데 중요한 기초자료가 될 것으로 사려된다. 

주요어: 붉은 곰팡이 바이러스, 곰팡이바이러스, RNA 간섭, RNA 간섭 억제 
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