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The transcription cofactor Swi6 plays important roles
in regulating vegetative growth and meiosis in Saccha-
romyces cerevisiae. Functions of Swi6 ortholog were
also characterized in Fusarium graminearum which
is one of the devastating plant pathogenic fungi. Here,
we report possible role of FgSwi6 in the interaction
between F. graminearum and Fusarium graminearum
virus 1 (FgV1) strain DK21. FgV1 perturbs biological
characteristics of host fungi such as vegetative growth,
sporulation, pigmentation, and reduction of the viru-
lence (hypovirulence) of its fungal host. To character-
ize function(s) of FgSWI6 gene during FgV1 infection,
targeted deletion, over-expression, and complementa-
tion mutants were generated and further infected suc-
cessfully with FgV1. Deletion of FgSwi6 led to severe
reduction of vegetative growth even aerial mycelia
while over-expression did not affect any remark-
able alteration of phenotype in virus-free isolates.
Virus-infected (VI) FgSWI6 deletion isolate exhibited
completely delayed vegetative growth. However, VI
FgSWI6 over-expression mutant grew faster than any
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other VI isolates. To verify whether these different
growth patterns in VI isolates, viral RNA quantifica-
tion was carried out using qRT-PCR. Surprisingly,
viral RNA accumulations in VI isolates were similar
regardless of introduced mutations. These results
provide evidence that FgSWI6 might play important
role(s) in FgV1 induced phenotype alteration such as
delayed vegetative growth.

Keywords : FgV1, Fusarium graminearum, Swib, vegeta-
tive growth, virulence

Over the many years, a number of mycoviruses have
been reported in Fusarium graminearum (Chu et al.,
2002, 2004; Cho et al., 2013) which is devastating plant-
pathogenic fungi and a causal agent of Fusarium head
blight (Son et al., 2011). Among them, one of the well
characterized mycovirus is Fusarium graminearum virus
1 (currently named as FgV1) strain DK21. FgV1 infection
causes reduced virulence (hypovirulence), delayed myce-
lial growth, increased pigmentation, and reduced myco-
toxin production of the host fungus F. graminearum (Chu
et al., 2002; 2004; Kwon et al., 2007). To understand
mechanisms underlying these alterations by FgV1 infec-
tion, it is important to investigate roles of host factors in-
volved in interaction between mycovirus and fungal host.
For identifying putative individual genes or gene products
involved in this interaction, comparison of gene expres-
sion profiling and proteomic analysis between virus-free
(VF) and virus-infected (VI) isolates of F. graminearum
using microarray, RNA-Seq, and two dimensional elec-
trophoresis mediated protein analyses were conducted
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previously (Cho et al., 2012; Kwon et al., 2009; Lee et al.,
2014). From the genome-wide transcriptional analysis,
patterns of differentially expressed genes which might be
related to FgV1 infection were identified between VF and
Vlisolates.

Morphological change of the fungal host by mycovirus
infection is a natural result from complicated molecular
biological process of the infected host fungus (Lee et al.,
2014). Therefore, it is difficult to understand the mecha-
nism involved in phenotypic alteration of infected host
fungus. However, a phenome-based functional analysis of
transcription factors (TFs) in F. graminearum enabled to
estimate the effect of individual TF deletions especially
in morphology (Son et al., 2011). Based on combina-
tion of these two studies, transcriptional co-factor F.
graminearum SWI6 gene (FgSWI6; locus FGSG_04220)
was selected to investigate its role(s) during FgV1-F
graminearum interaction especially on morphological
changes caused by FgV1 infection.

The functions of SWI6 gene were previously reported
in the model organism yeast. In Saccharomyces cerevi-
siae, SWI6 involves in regulation of meiotic initiation
(Purnapatre et al., 2002). Protein product of SWI16 (Swi6)
is major component of CLN3/SWI16/CLN2 pathway which
is signaling pathway mediating nutrient environmental
controls between growth and meiosis. In fission yeast,
Saccharomyces pombe, SWi6 protein composes hetero-
chromatin with HP1 protein and Swi6/HP1 can regulate
initiation of replication in silenced chromatin (Hayashi
et al., 2009). In the filamentous fungus F. graminearum,
transcription cofactor FgSwi6 functions in growth as well
as in both sexual and asexual developments (Liu et al.,
2013; Son et al., 2011). Deletion of SWI6 gene causes
growth defect, reduced production of perithecium and
conidia. This gene is also required for cellulose utiliza-
tion, lithium tolerance, and arginine-induced production
of mycotoxin deoxynivalenol (DON) (Liu et al., 2013).
Collectively, Swi6 plays critical roles in controlling veg-
etative growth in a variety of eukaryotes.

Similar with plant and animal viruses, mycoviruses
require host factors for maintaining their infection cycle
in host cell. Functions of various host factors have been
characterized from several host fungi (Son et al., 2015).
These host factors involved in alterations of fungal host
biology, transmission of mycoviruses, accumulation of
viral RNAs, and antiviral mechanism. In one of the model
system for studying host fungus—mycovirus interac-
tion, Cryphonectria parasitica—Cryphonectria hypovirus
1-EP713 (CHV1), the host gene NAM-1 modulates symp-
tom induction in the fungus in response to CHV1 infec-
tion (Faruk et al., 2008). In F. graminearum, two host
genes, HEX1 and HAL?2, affecting accumulation of FgV1

viral RNA was reported (Son et al., 2013; Yu et al., 2015).
Although much of the research concerning host factors
has dealt with general functions in cell growth of fungi,
our knowledge about host factors and their roles on my-
covirus infection cycles are relatively poor.

The current paper concerns about cellular functions of
SWI6 gene of the F. graminearum selected from compara-
tive analysis using previous genome-wide transcriptional
patterns and phenome based database. Although previous
study already demonstrated cellular functions of FgSWI6
involved in vegetative growth, conidia production, and
sexual development (Liu et al., 2013), we introduced tar-
geted gene overexpression strain to strengthen our obser-
vations. Using these approaches, we confirmed that Fg-
Swi6 affects vegetative growth and conidia production of
F. graminearum. In addition, we provided evidence that
the changes of FgSwi6 expression level caused by FgV1
infection might cause the colony morphological changes
of infected host.

Materials and Methods

Fungal isolates and culture conditions. All fungal iso-
lates used in this study (Table 1) were stored in 25% (v/v)
glycerol at —80°C and were reactivated on potato dextrose
agar (PDA; Difco; BD, Franklin Lakes, NJ, USA). For
nucleic acid manipulation, all isolates of F. graminearum
were grown in 50 ml of a liquid complete medium (CM;
Son et al., 2013) at 25°C with shaking (150 rpm) for
5 days. Mycelia were harvested by filtration through
miracloth (Calbiochem; EMD Millipore, Billerica, MA,
USA).

Computational analysis. Nucleotide sequences from the
NCBI database were assembled using the Seqman pro-
gram in DNASTAR (http://www.dnastar.com). Sequence
similarity searches of FgSWI6 and SWI6 homologs were
conducted with the NCBI BLAST program. The align-
ment of FgSwi6 and Swi6 ortholog amino acid sequences
was performed by the MegAlign program in DNASTAR,
using a default setting and GeneDoc programs (http://
www.nrbsc.org/gfx/genedoc/).

Genomic DNA extraction, primers, and PCR condi-
tions. For extraction of genomic DNA, myceilia were
ground to a fine powder with liquid nitrogen in a mortar
and pestle and further used for extraction as previously
described (Son et al., 2013). To construct a PCR frag-
ment for deletion, over-expression, and complementation,
a slightly modified double-joint PCR strategy was ap-
plied for fusion of PCR products (Son et al., 2013). The
PCR construct for over-expression of the target gene was
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Table 1. Fungal isolates used in this study
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Isolate Description Reference
WT-VF Wild type (WT) Lee et al., 2014
Fusarium graminearum PH-1 isolate (Lineage 7); virus-free
WT-VI WT-VFE, infected with Fusarium graminearum virus 1 (FgV1) Lee et al., 2014
Aswi6-VF SWI6 gene deletion mutant in WT-VF genetic background This study
Asiw6-V1 Aswi6-VF infected with FgV1 This study
SWI6 OE-VF SWI6 over-expression mutant in WT-VF genetic background This study
SWI6 OE-V1 SWI6 OE-VF infected with FgV1 This study
Asiw6::SWI6-VF Complemented with FgSWI6 This study
Asiw6::SWI6-V1 Aswi6:SWI6-VF infected with FgV1 This study

VF, virus-free; VI, virus-infected; OF, over-expression.

generated by the same procedure that was used for the
deletion mutants. Geneticin (gen) and elongation factor
la promoter were amplified from the pSKGEN plasmid
(Son et al., 2013). For the complementation of deletion
mutants, the hygromycin resistance gene cassette (hph)
was amplified from the pPBCATPH plasmid. General PCR
was performed following the manufacturer’s instructions
(Takara Korea Biomedical Inc., Seoul, Korea). The PCR
primers used in this study were listed in Supplementary
Table 1.

Fungal transformation for construction of targeted
gene deletion, over-expression, and complementation
mutants. Preparation of protoplasts of the wild type (WT)-
VF isolate and detailed procedure of fungal transformation
were conducted as previously described (Son et al., 2013)
Transformants with resistance to geneticin or hygromycin
B were selected on regeneration medium containing 150
pg/ml of geneticin (Duchefa, Harlem, Netherlands) or
hygromycin B (Calbiochem; EMD Millipore). Selected
transformants were infected by FgV1 using hyphal fusion-
mediated virus transmission, and viral infection was con-
firmed by RT-PCR (described below). For the Southern
blot hybridization of all mutants, we used same procedure
as previously described (Son et al., 2013) The [**P]-labeled
DNA probes were generated following standard techniques
as previously described (Son et al., 2013). The hybridiza-
tion reaction was performed at 65°C for 16 hours. After
hybridization, unhybridized DNA probe was removed by
washing with low (2x SSC and 0.1% SDS) and high (0.1x
SSC and 0.1% SDS) stringency buffers. The blotting image
was visualized using a Fuji BAS-2500 Phosphor Imager and
corresponding imaging software (Fuji Film, Tokyo, Japan).

Radial growth, conidial production, and virulence test.
Radial growth was measured on PDA, CM, and minimal

medium (MM; 0.05% KCI, 0.2% NaNO;, 3% Sucrose, 1%
KH,PO,, 0.05% MgSO,-7H,0, 0.02% trace element, 2%
agar) from day to day as previously described (Son et al.,
2013). To test the effect of FgSWI6 deletion and over-ex-
pression on the virulence of F. graminearum, wheat head
florets at early-mid anthesis were inoculated with conidial
suspensions as described (Son et al., 2013) on wheat cv.
Jokyoung. The test was repeated three times. Statistical
analysis was performed using IBM SPSS Statistics 23.0
software (IBM Co., Armonk, NY, USA).

RNA preparation and RT-PCR. For total RNA prepara-
tion, the powdered mycelia were suspended in Isol-RNA
lysis reagent (5 PRIME Inc., Gaithersburg, MD, USA).
Nucleic acid was extracted by following the manufactur-
er’s protocol with slight modification. The extracted total
RNAs were purified twice with acid phenol:chloroform
(1:1), precipitated with isopropanol, suspended in DEPC-
treated water, and further treated with TURBO DNA-
free™ (Ambion, Foster City, CA, USA) to remove ge-
nomic DNA. The cDNAs were synthesized with M-MLV
reverse transcriptase (Promega, Madison, WI, USA) and
oligo d(T) primer to quantify SWI6 mRNA expression
and viral RNA accumulation. Quantitative real-time RT-
PCR (qRT-PCR) was performed on a CFX96 Real-Time
PCR System (Bio-Rad, Hercules, CA, USA) using the
SsoFast™ EvaGreen® Supermix (Bio-Rad) according to
manufacturer’s instructions. After initial denaturation at
95°C for 10 minutes, 40 cycles consisted of 5 seconds at
95°C and 5 seconds at 58°C. Two endogenous reference
genes, cyclophilin 1 (CYPI, locus FGSG_07439) and
elongation factor la (EF/a, locus FGSG_08811), were
used in each experiment.
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Results

Amino acid alignment of F. graminearum Swi6 and
its homologs. The deduced amino acid sequence of Fg-
SWI6 genomic DNA and mRNA were investigated using
oligonucleotide primers specific to FgSWI6 by PCR and
RT-PCR. The 2424 bp coding region contains 55 bp and
49 bp introns, which can encode 807 amino acids and
molecular weight of about 87.7 kDa. The protein coding
region of FgSWI6 was predicted based on nt sequence of
FgSWI6 mRNA (data not shown).

Computer-based comparison of the putative amino acid
sequence of FgSWI6 showed high levels of sequence
identity with Swi6 homologs from F. oxysporum (88%)
and F. verticillioides (88%). In other filamentous fun-
gus Neurospora crassa and Saccharomyces cerevisiae,
sequence identities were lower than those of Fusarium
species, i.e., N. crassa for 57% and S. cerevisiae for 19%,
respectively (Fig. 1).

Targeted deletion, over-expression, and complementa-
tion of the FgSWI6. Targeted gene deletion and over-
expression of FgSWI6 mutants were constructed to inves-
tigate putative role(s) of the FgSWI6 in F. graminearum
biology such as vegetative growth, sporulation, and
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pathogenicity as well as the effect on the FgV1 viral
RNA accumulation. The geneticin resistance gene (gen)
was successfully introduced into the locus FgSWI6 by
homologous recombination and further complemented
with hygromycin registance gene (iph) and designated
deletion and complementation mutants as Aswi6 and
Aswi6::SWI6, respectively (Fig. 2A, B). We also gener-
ated FigSWI6 over-expression mutant (SW16 OF) in which
the gene is under the control of the EF/a promoter (P,,)
from F verticillioides (Fig. 2C). These FgSWI6 mutants
were confirmed by Southern hybridization using 5 flank-
ing region as a probe (Fig. 2D). Further all mutants were
infected with FgV1 by hyphal fusion.

Colony morphology, vegetative growth, conidial pro-
duction, and virulence test of FgSWI6 mutants. The
colony morphologies of FgSWI6 mutants were investi-
gated on PDA at 5 days post-incubation. The morpholo-
gies were very similar among WT-VFE, SWI6 OE-VF and
Aswi6::SWI6-VF isolates under standard laboratory con-
ditions (Fig. 3A, top row). However, Aswi6-VF isolate
showed reduced aerial mycelia and growth. All isolates
infected with FgV1 showed virus-associated phenotypic
changes including reduced growth of aerial mycelia, in-
creased pigmentation, and irregular colony morphology.
However, there were significant differences of phenotypic

Fig. 1. Deduced amino acid se-
quence alignment FgSWI6 gene
with closely related plant-pathogenic

Fgswi6
FoSwi6
FvSwi6
NcSwi6
Scswi6

*
: O REX0)
: O REXe)
: s SASQ)
: ANA
: SFR@SSKELGIIAD]

s!

1 2e

s

Fgswi6
FoSwi6
FvSwi6
Ncswi6 :
Scswi6 :

806
805
805
822
: 803

fungi. The alignment was conducted
using MegAlign in Lasergene us-
ing a default setting. Fo, Fv, Nc,
and Sc refer Fusarium oxysporum,
Fusarium verticillioides, Neurospora
crassa, and Saccharomyces cerevi-
siae, respectively.
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Fig. 2. Construction strategy for FgSWI6 gene-deletion, over-expression (OE), and complementation mutants in Fusarium gra-
minearum. (A) The FgSWI6 ORF from the wild type (WT) genome was replaced with the genecitin resistance gene cassette to con-
struct Aswi6 isolate. (B) The Aswi6 mutant was complemented by introducing FgSWI6 ORF (Aswi6::SWI6) with the hygromycin
B resistance gene cassette into the Aswi6 isolate. (C) The geneticin resistance gene cassette and Py, fragment were inserted into
upstream of FgSWI6 ORF to generate SWI6 OF mutants. (D) These mutants were confirmed by DNA gel blot analysis. When the 5’
flanking region was used as a probe for Southern blot hybridization, the genomic DNA digested with PstI from the four genetically
different isolates generated distinguishable hybridized DNA fragments of 8.3-kb for the WT, 4.9-kb for the Aswi6 mutant, 10.6-kb for
the SWI6 OF mutant, and 7.6-kb for the complemented mutant. All isolates were constructed using a PCR-based strategy as described
in the Materials and Methods. The numbers above the DNA gel blot image refer three independent biological replicates used in this
study.

SWI6 OE Aswi6::SWI6

Fig. 3. Effect of FgSWI6 gene dele-
tion, over-expression (OF), and com-
plementation on Fusarium graminea-
rum colony morphology. VF and VI
indicate virus-free and FgV 1-infected
isolates of F. graminearum, respec-
tively. WT indicates the wild type.
Colonies were photographed after 5
days on potato dextrose agar.
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characteristics among VI isolates. The colony diameter
was smallest in Aswi6-VI1, biggest for SWI6 OE-VI, and
intermediate for WT-VI and complemented isolates (Fig.
3A, bottom row).

The radial growths on PDA, CM, and MM were inves-
tigated to obtain quantitative data concerning vegetative
growth. Among VF isolates, radial growth on PDA was
significantly affected by FgSWI6 deletion (Fig. 4A). The
measured result of radial growth on PDA from day 1 to
day 5 showed exactly similar pattern with radial growth
data (Supplementary Fig. 1). Among VI isolates, radial
growth was greatest for over-expression isolate, smallest
for deletion isolate. Results were similar on CM and MM
(data not shown).

Among VF isolates, conidia production form Aswi6-
VF isolate was substantially lowest (Fig. 4B). The conidia
production of SWI6 OE-VF isolate was slightly lower
than those of WT-VF and complemented isolate. Com-
paring with conidia production in VF isolates, conidia
production was reduced in all four VI isolates. However,
general pattern was similar with VF isolates, lowest in
deletion isolates and slightly lower in over-expression
isolate (Fig. 4B).

The virulence test with wheat plants demonstrated that
deletion of the FgSWI6 gene reduced F. graminearum vir-
ulence by about 80% among VF isolates (Supplementary
Fig. 2). In VI isolates, head blight symptoms were signifi-
cantly decreased in general. No symptom was observed
in Aswi6-VI isolate inoculated wheat plant that might be
caused by severely impaired vegetative growth.

A
VF VI
%0 A A A
45 = = &
40 4
E ac |
s
= 301
8 25- E
2’20_
5 B
B 151 ¢ ¢
[h'4
10 - 5
5_
0T o S
AR
NS NS
) 9@\ ) %@\
¥ ¥

Quantification of FgSWI6 gene expression and FgV1
viral RNA accumulation. The expression levels of
FgSWI6 in all isolates were measured using qRT-PCR.
The result showed that FgSWI6 expression level was
decreased by a fiftieth part approximately in WT-VI
compared to that of WT-VF at 5 dpi (Fig. SA). Relative
to expression level in WT-VF, the expression levels were
increased by about 10 folds in both VF and VI over-
expression isolates (Fig. 5A). The FgSWI6 mRNAs were
not detected in both VF and VI deletion (Aswi6) isolates.
Complementation of FgSWI6 gene restored FgSWI6
mRNA expression level to those of WT both in VF and in
VI isolates (VF- and VI-Aswi6.:SWI6, respectively; Fig.
5A).

The accumulation levels of FgV1 viral RNA were also
quantified in all four VI isolates using qRT-PCR. Relative
to WT-VI isolate, the levels were slightly higher in dele-
tion and over-expression isolates, approximately 1.6 folds
for deletion and 1.5 folds for over-expression isolates.
(Fig. 5B). Complementation of FgSWI6 gene also recov-
ered FgV1 RNA accumulation level similar to that of WT-
VI (VI-Aswi6::SWI6; Fig. 5B).

Discussion

Similar with animal and plant viruses, mycovirus infec-
tions also lead to alteration of host fungi in various as-
pects. Among these alterations induced by mycovirus
infections, phenotype changes in vegetative growth,
pigmentation, and asexual development are most distin-
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Fig. 4. Effects of FgSWI6 gene deletion, over-expression (OF), and complementation on radial growth and conidia production of
Fusarium graminearum. VF and VI indicate virus-free and FgV 1-infected isolates of F. graminearum, respectively. WT indicates the
wild type. (A) Radial growth after 5 days on potato dextrose agar. (B) Conidial production after 5 days in carboxymethyl cellulose
liquid medium. For Fig. 4A and B, error bars indicate the standard deviation, and values with different letters are significantly differ-
ent at P < 0.05 based on the Tukey test.
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Fig. 5. qRT-PCR analysis of expression of FgSWI6 and FgV1 viral RNA accumulation (A) Relative FgSWI6 mRNA expression in
the WT-VE, WT-VI, Aswi6-VF, Aswi6-V1, SWI6 over-expression (OE)-VF, SWI6 OE-V1, Aswi6:SWI6-VF, and Aswi6::SWI6-V1 iso-
lates of Fusarium graminearum. Relative transcript levels were normalized using cDNA of elongation factor 1a and cyclophilin 1. (B)
Quantification of FgV1 viral RNA accumulation in F. graminearum using qRT-PCR. In Fig. 5A and B, error bars indicate standard
deviation. Different letters are significantly different at P < 0.05 based on the Tukey test. VF and VI indicate virus-free and FgV1-
infected isolates of F. graminearum, respectively. WT indicates the wild type.

guishable characteristics. However, these easily detect-
able characteristics are derived from various interactions
between viral and host factors. Previous report about
FgV1 and host gene expression pattern investigated by
microarray and mRNA Seq enabled us to investigate pu-
tative individual gene which might play an important role
for FgV1-F. graminearum interaction (Cho et al., 2012;
Lee et al., 2014). Additionally, phenome-based functional
analysis of F. graminearum TFs also provided insight of
an individual gene function involved in various pheno-
types (Son et al., 2011). Based on these previous stud-
ies, we select FgSWI6 gene and generated targeted gene
deletion, over-expression, and complementation mutant
isolates and report functions of transcription co-factor
FgSwi6 which plays a crucial role in FgV1 infection-
induced phenotypic alteration.

Although construction of deletion and complementa-
tion mutants is generally used method for the functional
analysis of the candidate gene as previously conducted
for the characterization of FgSwi6 (Liu et al., 2013), we
constructed target gene over-expression mutant in addi-
tion to the deletion and complementation mutants to sup-
port our data more strongly in present study. However,
some biological data did not correspond to general ex-
pectation. In particular, conidia productions of SWI6 OF-
VF and SWI6 OE-V1 isolate slightly decreased comparing
with WT-VF and WT-VI isolate while those of Aswi6-
VF and Aswi6-VI also significantly decreased (Fig. 4B).
The inconsistency between deletion and over-expression

isolate might be explained by the constitutive expression
of FgSWI6 gene by EFla promoter in over-expression
isolates. In other words, constitutive over-expression of
FgSwi6 might cause defective conidia production. Simi-
larly, inconsistency of biological data between target gene
deletion and over-expression isolates was also reported
previously in functional analysis of F. graminearum
HEXI gene (FgHEXI; Son et al., 2013). Both deletion
and over-expression isolates of FgHEX] gene showed re-
duced conidia production and virulence on wheat plant.

Without FgV1 infection, deletion of FgSWI6 gene
confers phenotypic alterations such as reduced mycelial
growth and aerial mycelia. Interestingly, WT-VI strains
also exhibited similar phenotypes, supported by colony
morphologies and measurements of radial growth (Fig. 3,
4A). In addition, severely decreased expression level of
FgSWI6 was observed in WT-VI strain using qRT-PCR
(Fig. 5A). These combined results suggested significantly
reduced FgSWI6 expression by FgV1 infection or deple-
tion of FgSWI6 expression by the gene deletion resulted
in reduced mycelial growth and aerial mycelia comparing
with those of WT-VF isolate.

FgV1 infection confers severe vegetative growth de-
fect on F. graminearum (Fig. 3). Increased accumulation
of FgV1 viral RNA caused reduced vegetative growth
among genetically different FgV1-infected isolates (Son
et al., 2013). However, FgV1-infected FgSWI6 over-
expression isolate did not show these general pattern. Al-
though vegetative growth of FgV1 infected FgSWI6 over-
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expression isolate increased comparing with WT-VI (Fig.
4A), viral RNA accumulation in FgSWI6 over-expression
isolate also increased (Fig. 5B). In addition, FgSWI6 dele-
tion isolate showed severe growth defect while viral RNA
accumulation level is similar with over-expression isolate.
WT-VI isolate also exhibited typical phenotype alteration
induced by FgV1 with significantly down-regulated Fg-
SWI6 expression level. These combined results indicated
that both increased level of FgSWI6 expression and FgV1
accumulation affect vegetative growth of host fungi,
but one of the major factor affecting growth seems to
be expression level of FgSWI6. Therefore, differentially
expressed levels of FgSWI6 might be the major crucial
factor for exhibiting typical FgV1 induced phenotypic al-
teration.

Over the last several years, research on characterization
of F. graminearum genes or gene products has greatly
increased our understanding of crucial components and
their roles in complicated signaling pathways that affect
vegetative growth, conidia production, and virulence. For
example, mitogen-activated protein (MAP) kinase signal-
ing pathway was already reported as a key player for reg-
ulating fungal growth, development, and pathogenicity in
response to environmental stimuli. Functional analysis of
F. graminearum MAP Kkinase kinase gene (FgMKKI) re-
vealed that FgMKkk1 affects regulation of hyphal growth,
pigmentation, conidiation, DON biosynthesis, and viru-
lence of F. graminearum (Yun et al., 2014). The target of
rapamycin (TOR) signaling pathway has been known as
critical regulator of vegetative growth. Yu et al. (2014)
defined a genetic regulatory framework that elucidates
how the TOR pathway regulates virulence and vegetative
development in F. graminearum by characterizing nine
genes encoding components of the TOR pathway fol-
lowed by investigating biological, genetic, and biochemi-
cal functions of each component in F. graminearum.
Recently, proteins of the resistance to inhibitors of cholin-
esterase 8 (Ric8) of F. graminearum (FgRic8) were also
reported as component of G-protein signaling pathway
(Wu et al., 2015). The FgRic8 also plays important roles
in fungal vegetative growth, conidiation, secondary me-
tabolism, and virulence (Wu et al., 2015). Similar with
these genes or gene products, FgSwi6 might be compo-
nent of signaling pathway required for fungal vegetative
development. At the initial stage of our study, we tried to
identify yeast orthologues, components of CLN3/SWI16/
CLN2 pathway in S. cerevisiae, in F. graminearum. Based
on sequence homology search tools, some candidate
genes were identified. However, their sequence identities
were too low and thus could not be determined as ortho-
logues (data not shown). Therefore, we speculated that
FgSwi6 might be a component of totally different path-

way from S. cerevisiae regulating vegetative development
of . graminearum.

Many host genes interacting with mycoviruses have
been identified and characterized from various mycovi-
rus—fungal host systems (Son et al., 2015). These host
genes play important roles for the interaction of mycovi-
ruses—fungi. However, only a few genes have been report-
ed for their involvement in mycovirus induced phenotypic
alteration (Faruk et al., 2008; Park et al., 2004). Myco-
viruses should induce phenotypic alteration of fungal
host by affecting various signaling pathways. Therefore,
there should be many unknown host genes that affect my-
covirus infection-induced phenotypic alteration. Future
study should focus on identifying more host genes or on
understanding signaling pathways involved in mycovirus-
induced host phenotype alteration. Results obtained from
these studies will shed light on how individual gene or
gene product affects whole signaling pathway during
mycovirus-fungus interaction.

Acknowledgments

This research was supported in part by grants from the
Center for Fungal Pathogenesis (no. 20110000959) fund-
ed by the National Research Foundation, the Next-Gen-
eration BioGreen 21 Program (no. PJO1101301), Rural
Development Administration, and the Vegetable Breeding
Research Center (no. 710001-07-05) through the Agricul-
ture Research Center program from the Ministry of Agri-
culture, Food and Rural Affairs, Republic of Korea. MS
was supported by a graduate research fellowship from the
Ministry of Education through the Brain Korea 21 Plus
Project. We also thank Dr. Son and Professor Lee from
the Center for Fungal Pathogenesis at the Seoul National
University for the generous gift of pSKGen plasmid and
technical helps.

References

Cho, W. K., Yu, J., Lee, K. M., Son, M., Min, K., Lee, Y. W. and
Kim, K. H. 2012. Genome-wide expression profiling shows
transcriptional reprogramming in Fusarium graminearum by
Fusarium graminearum virus 1-DK21 infection. BMC Ge-
nomics 13:173.

Cho, W. K., Lee, K. M., Yu, J., Son, M. and Kim, K. H. 2013.
Insight into mycoviruses infecting Fusarium species. Adv.
Virus Res. 86:273-288.

Chu, Y. M., Jeon, J. J., Yea, S. J., Kim, Y. H., Yun, S. H., Lee, Y.
W. and Kim, K. H. 2002. Double-stranded RNA mycovirus
from Fusarium graminearum. Appl. Environ. Microbiol.
68:2529-2534.

Chu, Y. M., Lim, W. S., Yea, S. J., Cho, J. D., Lee, Y. W. and
Kim, K. H. 2004. Complexity of dsSRNA mycovirus isolated



Role of the Transcription Cofactor Swi6 in FgV1 Infection 289

from Fusarium graminearum. Virus Genes 28:135-143.

Faruk, M. 1., Eusebio-Cope, A. and Suzuki, N. 2008. A host fac-
tor involved in hypovirus symptom expression in the chest-
nut blight fungus, Cryphonectria parasitica. J. Virol. 82:740-
754.

Hayashi, M. T., Takahashi, T. S., Nakagawa, T., Nakayama, J.
and Masukata, H. 2009. The heterochromatin protein Swi6/
HP1 activates replication origins at the pericentromeric re-
gion and silent mating-type locus. Nat. Cell Biol. 11:357-
362.

Kwon, S. J., Lim, W. S., Park, S. H., Park, M. R. and Kim, K.
H. 2007. Molecular characterization of a dsSRNA mycovirus,
Fusarium graminearum virus-DK21, which is phylogeneti-
cally related to hypoviruses but has a genome organization
and gene expression strategy resembling those of plant
potex-like viruses. Mol. Cells 23:304-315.

Kwon, S. J., Cho, S. Y., Lee, K. M., Yu, J., Son, M. and Kim,
K. H. 2009. Proteomic analysis of fungal host factors differ-
entially expressed by Fusarium graminearum infected with
Fusarium graminearum virus-DK21. Virus Res. 144:96-106.

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:
¢100989.

Liu, N., Fan, F., Qiu, D. and Jiang, L. 2013. The transcription
cofactor FgSwi6 plays a role in growth and development,
carbendazim sensitivity, cellulose utilization, lithium toler-
ance, deoxynivalenol production and virulence in the fila-
mentous fungus Fusarium graminearum. Fungal. Genet.
Biol. 58-59:42-52.

Park, S. M., Choi, E. S., Kim, M. J.,, Cha, B. J., Yang, M. S. and
Kim, D. H. 2004. Characterization of HOG1 homologue,
CpMK1, from Cryphonectria parasitica and evidence for
hypovirus-mediated perturbation of its phosphorylation in
response to hypertonic stress. Mol. Microbiol. 51:1267-1277.

Purnapatre, K., Piccirillo, S., Schneider, B. L. and Honigberg,

S. M. 2002. The CLN3/SWI16/CLN2 pathway and SNF'] act
sequentially to regulate meiotic initiation in Saccharomyces
cerevisiae. Genes Cells 7:675-691.

Son, H., Seo, Y. S., Min, K., Park, A. R., Lee, J., Jin, J. M., Lin,
Y., Cao, P,, Hong, S. Y., Kim, E. K., Lee, S. H., Cho, A., Lee,
S., Kim, M. G., Kim, Y., Kim, J. E., Kim, J. C., Choi, G. J.,
Yun, S. H., Lim, J. Y., Kim, M., Lee, Y. H., Choi, Y. D. and
Lee, Y. W. 2011. A phenome-based functional analysis of
transcription factors in the cereal head blight fungus, Fu-
sarium graminearum. PLoS Pathog. 7:¢1002310.

Son, M., Lee, K. M., Yu, J., Kang, M., Park, J. M., Kwon, S.
J. and Kim, K. H. 2013. The HEXI gene of Fusarium gra-
minearum is required for fungal asexual reproduction and
pathogenesis and for efficient viral RNA accumulation of
Fusarium graminearum virus 1. J. Virol. 87:10356-10367.

Son, M., Yu, J. and Kim, K. H. 2015. Five questions about my-
coviruses. PLoS Pathog. 11:¢1005172.

Wu, J., Liu, Y., Lv, W,, Yue, X., Que, Y., Yang, N., Zhang, Z.,
Ma, Z., Talbot, N. J. and Wang, Z. 2015. FgRICS is involved
in regulating vegetative growth, conidiation, deoxynivalenol
production and virulence in Fusarium graminearum. Fungal
Genet. Biol. 83:92-102.

Yu, F., Gu, Q., Yun, Y., Yin, Y., Xu, J. R., Shim, W. B. and Ma,
Z. 2014. The TOR signaling pathway regulates vegetative
development and virulence in Fusarium graminearum. New
Phytol. 203:219-232.

Yu J., Lee, K. M., Son, M. and Kim, K. H. 2015. Effects of the
deletion and over-expression of Fusarium graminearum
gene FgHal2 on host response to mycovirus Fusarium gra-
minearum virus 1. Mol. Plant Pathol. 16:641-652.

Yun, Y., Liu, Z., Zhang, J., Shim, W. B., Chen, Y. and Ma, Z.
2014. The MAPKK FgMkk1 of Fusarium graminearum
regulates vegetative differentiation, multiple stress response,
and virulence via the cell wall integrity and high-osmolarity
glycerol signaling pathways. Environ. Microbiol. 16:2023-
2037.



