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Abstract

Transcription factors (TFs) play critical roles in the control of development and pathogenicity of phytopathogens by
directly or indirectly regulating the expression of downstream genes. Here, we identified and characterized a zinc
finger TF UvMsn2 in Ustilaginoidea virens, a homolog of MoMsn2 from the rice blast fungus. Heterogenous
complementation assay revealed that UvMsn2 fully restored the defects of the ΔMomsn2 mutant in vegetative
growth, conidiation and pathogenicity. Deletion of UvMsn2 in U. virens led to a reduction of the pathogen in
vegetative growth, aerial hyphae and conidiation. Additionally, the ΔUvmsn2 mutant displayed defects in conidial
morphology and germination, as well as mitochondrial morphology. Pathogenicity and toxicity assays revealed that
the ΔUvmsn2 mutant was non-pathogenic and less inhibitory to rice seed germination. The ΔUvmsn2 mutant
showed different sensitivity to various stresses. Further microscopic examination found that UvMsn2 was localized
in both cytosol and nucleus, and translocated from cytosol to nucleus under the treatment of NaCl. Our results
demonstrate that UvMsn2 is a critical TF that regulates the vegetative growth, conidiogenesis, stress response,
mitochondrial morphology and virulence in the rice false smut fungus.

Keywords: Transcription factor UvMsn2, Conidiogenesis, Stress response, Mitochondrial morphology, Pathogenicity,
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Background
Eukaryotes have evolved complex and precise mecha-
nisms for perception and transduction of extracellular
signals to adapt to environmental stresses, including
transcriptional regulation of genes (Rajvanshi et al.
2017). Transcriptional regulation by a diverse array of
transcription factors (TFs) is a major mechanism for

modulating cellular development and differentiation in
response to physiological or environmental stimuli
(Zhang et al. 2014). Different types of TFs participate in
various cellular activities and signal responses through
controlling transcriptional activities of downstream
genes (Zhang et al. 2014). In budding yeast Saccharomy-
ces cerevisiae, two zinc finger proteins, Msn2 and Msn4,
are key TFs that respond to multiple stresses by regulat-
ing the transcription of stress-response genes (Estruch
and Carlson 1993). Both proteins bind specifically to the
stress response element AGGGG or GGGGA when ex-
posed to stress environment (Stewart-Ornstein et al.
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2013). Over 90% genes were positively regulated by
Msn2/4 under heat, osmotic and carbon starvation con-
ditions (Gasch et al. 2000); and the regulation of these
genes is dependent on the translocation of Msn2/4 from
the cytosol to the nucleus (Rajvanshi et al. 2017).
Under glucose-rich conditions or in cells at the log

phase of growth, Msn2 is distributed in the cytosol, but
is translocated from the cytosol to the nucleus under
stress or glucose depletion conditions (Gorner et al.
2002). Msn2 also shows a carbon source-dependent
localization pattern and plays a role in fatty acid oxida-
tion in yeast (Rajvanshi et al. 2017). Non-favorable car-
bon sources including oleate, galactose and glycerol can
induce the translocation of Msn2 from the cytosol to the
nucleus. Once shifted to nucleus, Msn2 targets several
β-oxidation genes that are involved in fatty acid oxida-
tion to regulate fatty acid metabolism (Rajvanshi et al.
2017). Additionally, Msn2/4 also plays a role in targeting
the rapamycin (TOR) pathway by which to regulate mul-
tiple cellular processes in response to nutrients (Crespo
and Hall 2002). Inhibition of the TOR pathway leads to
increased stress response due to nuclear accumulation of
Msn2/4 in yeast (Crespo and Hall 2002). In the rice blast
fungus Magnaporthe oryzae, MoMsn2 is distributed in
both cytosol and nucleus, and translocated from cytosol
to nucleus under salt stress. MoMsn2 controls vegetative
growth, conidiogenesis, stress response, cell wall integ-
rity and pathogenicity by regulating the expression of a
series of downstream genes (Zhang et al. 2014). Our
latest findings indicate that Msn2 targets MoAUH1, a
putative 3-methylglutaconyl-CoA hydratase-encoding
gene, to govern infectious growth via mitochondrial
fusion/fission balance in M. oryzae (Xiao et al. 2021).
Meanwhile, the data implicate that MoMsn2 might be
involved in maintaining normal function related to
mitochondria and peroxisomes in M. oryzae, such as
glycometabolism, amino acid metabolism or fatty acid
metabolism (Xiao et al. 2021). In two entomopathogenic
fungi, Msn2 is required for multi-stress responses, coni-
diation and virulence (Liu et al. 2013).
Rice false smut, caused by the ascomycete fungus

Ustilaginoidea virens (Cook) Takahashi (Teleomorph:
Villosiclava virens), is an emerging serious disease that
occurs in the majority of rice-growing areas worldwide
(Sun et al. 2020). Since the availability of the genomic
sequence of U. virens and establishment of CRISPR/
Cas9-based genome editing system, a growing number
of molecular genetic studies on this fungal pathogen
have been performed (Liang et al. 2018; Guo et al. 2019).
A number of genes that play important roles in the de-
velopment and virulence of U. virens have been identi-
fied and well characterized (Sun et al. 2020), including
several TFs such as UvHox2, UvPro1 and UvCom1 (Lv
et al. 2016; Zheng et al. 2017; Chen et al. 2020b).

However, the zinc finger TF Msn2 has not been identi-
fied and characterized in U. virens. In this study, we
identified UvMsn2 in U. virens as a homolog of
MoMsn2. Our results demonstrate that UvMsn2 plays
important roles in vegetative growth, conidiogenesis,
stress response, mitochondrial morphology and patho-
genicity in U. virens.

Results
UvMsn2 is a homolog of MoMsn2 from the rice blast
fungus M. oryzae
Our previous study revealed that MoMsn2, a transcription
factor from M. oryzae, plays pleotropic roles in hyphal
growth, conidiogenesis, stress response, mitochondrial
morphology and pathogenicity of M. oryzae by modulat-
ing the expression of a series of genes directly or indirectly
(Zhang et al. 2014). Here, we identified a homolog of
MoMsn2 in the rice false smut fungus U. virens by using a
BLAST_P search, and named it UvMsn2. UvMsn2 con-
tains 535 amino acids (aa), and shows 40% aa identity to
MoMsn2. Domain prediction revealed that UvMsn2 pos-
sesses two nuclear localization signal sequences (NLS1:
422–456 aa and NLS2: 525–535 aa; http://nls-mapper.iab.
keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi, cut-off score:
7.0), and two zinc finger domains (C2H2: 426–437 aa and
445–465 aa; https://myhits.sib.swiss/cgi-bin/motif_scan)
at its carboxyl terminus, similar to that found in MoMsn2
(Fig. 1a). We then generated the pYF11-UvMSN2 (driven
by its native promoter) construct and transformed it into
the ΔMomsn2 mutant. The resulting heterologous
complemented transformants ΔMomsn2/UvMSN2 were
screened by GFP signal and used for phenotypic analysis.
It was demonstrated that UvMSN2 almost fully restored
the defects of the ΔMomsn2 mutant in vegetative growth,
conidiation and pathogenicity, and ΔMomsn2/UvMSN2
showed a very similar colony morphology, sporulation
capacity and pathogenicity as that of the wild-type Guy11
of M. oryzae (Fig. 1b, c). Meanwhile, the mitochondrial
morphology of ΔMomsn2/UvMSN2 was also restored to
that of the wild-type strain (Additional file 1: Figure S1).
These results suggest that both the structure and bio-
logical role of Msn2 are well conserved in M. oryzae and
U. virens.

Targeted-deletion of UvMSN2 and complementation in
U. virens
To investigate the biological role of UvMsn2 in the rice
false smut fungus, we generated the gene replacement
construct pMD19-T-UvMSN2KO containing a hygromy-
cin cassette (HPH) (Additional file 1: Figure S2a) and
CRISPR/Cas9 construct pCas9-tRNA-UvMSN2 accord-
ing to our previous study (Guo et al. 2019). The result-
ing constructs were analyzed by sequencing and then
co-transformed into the protoplasts of the wild-type
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HWD-2. A total of 20 hygromycin B-resistant transfor-
mants were obtained, of which three candidates were
subsequently screened out by PCR. Finally, two candi-
dates were confirmed as UvMSN2 deletion mutants
(ΔUvmsn2) by southern blot analysis, with each hav-
ing a single copy of HPH cassette (Additional file 1:
Figure S2b). For complementation, we generated the
pYF11-UvMSN2-GFP construct (containing the entire
UvMSN2 gene including its 1.5-kb promoter region)
and transformed it into the ΔUvmsn2 mutant. The
resulting bleomycin-resistant transformants with green
fluorescent protein (GFP) signals rescued the defects
of the ΔUvmsn2 mutant, and were selected as the
final complemented strains, and named ΔUvmsn2/
UvMSN2.

UvMsn2 is important for vegetative growth and
conidiogenesis in U. virens
We first investigated the role of UvMsn2 in vegetative
growth of U. virens by inoculating the wild-type HWD-
2, ΔUvmsn2 mutant and complemented strain
ΔUvmsn2/UvMSN2 onto YT and PDA media. Compared
with HWD-2 and ΔUvmsn2/UvMSN2, the ΔUvmsn2
mutant showed a much smaller colony size with less pig-
ment and aerial hyphae on both YT and PDA media
after incubated at 25 °C for 14 days (Fig. 2a). The colony
diameter of the ΔUvmsn2 mutant was reduced by 51.9
and 46.2% on YT and PDA, respectively (Fig. 2b). We
then assessed the sporulation capacity of the ΔUvmsn2

mutant, and found that the conidial number was de-
creased by 76.5% compared with the wild type (Fig. 2d).
Meanwhile, we found that 79.5% conidia of the ΔUvmsn2
mutant were abnormal; they were larger or longer in size
than the wild-type and complemented strains (Fig. 2c, d).
Additionally, we also evaluated conidial germination, and
found that the vast majority of conidia formed one germ
tube in the ΔUvmsn2 mutant, whereas multiple germ
tubes in the wild-type and complemented strains (Fig. 3).
The results suggest that UvMsn2 plays an important role
in vegetative growth, conidiation, and also conidial
morphology and germination in U. virens.

UvMsn2 plays a crucial role in response of U. virens to
environmental stresses
To determine whether UvMsn2 is involved in response
of U. virens to environmental stresses, HWD-2,
ΔUvmsn2 and ΔUvmsn2/UvMSN2 were inoculated onto
YT plates supplemented with different stress agents, in-
cluding NaCl and sorbitol (osmotic stresses), H2O2 (oxi-
dative stress), and SDS, CFW and CR (cell wall stresses).
After incubation at 25 °C for 14 days, the ΔUvmsn2 mu-
tant showed a decreased tolerance to sorbitol, H2O2 and
SDS, and an increased tolerance to CFW and CR, and
exhibited no remarkable difference to NaCl in compari-
son to the wild-type HWD-2 and complemented strain
ΔUvmsn2/UvMSN2 (Fig. 4a, b). The results indicate that
UvMsn2 plays a crucial role in response to environmen-
tal stresses in U. virens.

Fig. 1 UvMsn2 is a homolog of MoMsn2 from Magnaporthe oryzae. a Sequence alignment and domain prediction of UvMsn2. b Vegetative
growth and conidiation of the M. oryzae wild-type Guy11, ΔMomsn2 mutant and heterologous complemented transformant ΔMomsn2/UvMSN2.
The mean values ±SD were calculated from three independent experiments. c Pathogenicity assays on detached rice and barley leaves. The
diseased leaves were photographed at 5 and 7 days post-inoculation (dpi) for barley and rice, respectively. RL: rice leaf; BL: barley leaf
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UvMsn2 is important for pathogenicity and production of
phytotoxic compounds in U. virens
To determine the role of UvMsn2 in virulence of U.
virens, we inoculated conidial suspensions of HWD-2,
ΔUvmsn2 and ΔUvmsn2/UvMSN2 into rice panicles by
injection method. At 4 weeks post-inoculation, the
ΔUvmsn2 mutant caused no symptoms on grains, and
no false smut balls were observed on rice panicles. In
contrast, the wild-type HWD-2 and complemented
strain ΔUvmsn2/UvMSN2 caused severe symptoms, with
over five false smut balls per rice panicle (Fig. 5a). We

further investigated the role of UvMsn2 in regulating the
production of phytotoxic compounds by harvesting 5-
day-old YT culture filtrates of HWD-2, ΔUvmsn2 and
ΔUvmsn2/UvMSN2 strains, and subjecting them to rice
seed germination assays. The results showed that rice
seeds germinated much longer shoots (2.4-fold) in
ΔUvmsn2-treated group than in wild-type and comple-
mented strains-treated groups (Fig. 5b, c). Additionally,
we analyzed the expression levels of five ustilaginoidin
biosynthetic genes, i.e., USTA (the precursor protein en-
coding gene for ustiloxins) (Tsukui et al. 2015), PKS1

Fig. 3 UvMsn2 is important for conidial germination in Ustilaginoidea virens. Conidia of the wild-type HWD-2, ΔUvmsn2 and ΔUvmsn2/UvMSN2
strains were incubated in liquid YTS medium. Examination of conidial germination under a microscopy was performed at 0, 2, 6, 10, 12, 16, 20
and 24 h after incubation. The number at the last column represents the percentage of multiple germ tubes of the indicated strains at 24 h after
incubation. The mean values ±SD were calculated from three independent experiments, and asterisk indicates a statistically significant difference
from the wild-type strain (P < 0.01)

Fig. 2 UvMsn2 is important for vegetative growth and conidiogenesis in Ustilaginoidea virens. a Vegetative growth and colony morphology of
the wild-type HWD-2, ΔUvmsn2 mutant and the complemented transformant ΔUvmsn2/UvMSN2 cultured on YT and PDA agar plates, and
photographed at 14 dpi at 25 °C in the dark. b Statistical analysis of the colony diameter of the indicated strains. The mean values ± SD were
calculated from three independent experiments, and asterisks indicate a statistically significant difference from the wild-type strain (P < 0.01). c
Conidial morphology of the indicated strains. Black triangles indicate abnormal conidia. Bar = 10 μm. d Conidial production of the indicated
strains. The mean values ± SD were calculated from three independent experiments, and asterisks indicate a statistically significant difference
from the wild-type strain (P < 0.01)
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Fig. 4 UvMsn2 plays a crucial role in regulating stress responses in Ustilaginoidea virens. a The wild-type HWD-2, ΔUvmsn2 and ΔUvmsn2/UvMSN2
strains were incubated on YT agar plates supplemented with different stress agents at 25 °C for 14 days. b Statistical analysis of the growth
inhibition rate of the indicated strains exposed to different stresses. The mean values ± SD were calculated from three independent experiments,
and asterisks indicate a statistically significant difference from the wild-type strain (P < 0.01)

Fig. 5 UvMsn2 is essential for pathogenicity of Ustilaginoidea virens. a Conidial suspensions collected from the wild-type HWD-2, ΔUvmsn2 and
ΔUvmsn2/UvMSN2 strains were inoculated into rice panicles and photographed at 28 dpi. The number of false smut balls on each panicle was
counted and analyzed. b Seeds of rice cultivar were incubated on filter papers soaked with blank control (liquid YT medium) or filtrates of 5-day-old YT
cultures of the indicated strains. Shoot length was examined after incubation at 25 °C for 5 days. c Statistical analysis of the shoot length of the
indicated strains. The mean values ± SD were calculated from three independent experiments, and asterisk indicates a statistically significant difference
from the wild type (P < 0.01). d RT-qPCR analyses of the expression of ustilaginoidin biosynthetic genes in the indicated strains. The mean values ± SD
were calculated from three independent experiments, and asterisk indicates a statistically significant difference from the wild-type strain (P < 0.01)
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(polyketide synthase gene), UGSO, UGST and UGSL
(major facilitator superfamily transporter encoding genes
required for the modification of the primary PKS prod-
ucts) (Li et al. 2019), and found that all these five genes
were significantly downregulated in the ΔUvmsn2 mu-
tant (Fig. 5d). The results suggest that UvMsn2 is im-
portant for pathogenicity and production of phytotoxic
compounds in U. virens.

UvMsn2 is required for the maintenance of mitochondrial
morphology in U. virens
Msn2 is involved in virulence by regulating mitochon-
drial morphology in M. oryzae (Xiao et al. 2021). To de-
termine whether Msn2 has a similar role in U. virens, we
compared the mitochondrial morphology of HWD-2,
ΔUvmsn2 and ΔUvmsn2/UvMSN2 strains in hyphae and
conidia stained with Mitotracker Red. The results re-
vealed that 80% mitochondria were tubular in both hy-
phae and conidia of the wild-type and complemented
strains. In contrast, 80% mitochondria were punctate in
the mutant. When treated with Mdivi-1, a mitochondrial
fission inhibitor, 70% mitochondria of the ΔUvmsn2 mu-
tant were restored to tubular morphology (Fig. 6a, b).
The results indicate that UvMsn2 is essential for the
maintenance of mitochondrial morphology.

Subcellular localization of UvMsn2 in U. virens
To determine the localization pattern of UvMsn2 in U.
virens, we examined the hyphae and conidia of the com-
plemented strain ΔUvmsn2/UvMSN2 under a confocal
fluorescence microscope. We found that strong GFP
signals were accumulated in punctate structures, and

relative weak GFP signals were distributed in cytosol in
both hyphae and conidia. We then stained the hyphae
and conidia with DAPI (fluorescent dye that binds to
DNA) and found GFP signals were merged well with
DAPI signals (Fig. 7a). These findings indicate that
UvMsn2 is localized in both cytosol and nucleus in U.
virens. We further observed the localization pattern of
UvMsn2 under the treatment of NaCl, and found that
UvMsn2-GFP could translocate from cytosol to nucleus
(Fig. 7b), which is similar to MoMsn2 in M. oryzae.

Discussion
In this study, we identified a zinc finger TF UvMsn2 in
the rice false smut fungus U. virens, and found that
UvMsn2 showed the conserved domain in protein se-
quence and similar biological functions to MoMsn2
from M. oryzae, indicating that Msn2 is likely a well-
conserved protein across different phytopathogens.
Transcription regulation mediated by TFs is critical

for driving multiple cellular activities. A large number of
TFs have been characterized to play crucial roles in
growth, development, stress response and infection of
M. oryzae by directly or indirectly regulating the expres-
sion of downstream genes (Lu et al. 2014; Kong et al.
2015; Tang et al. 2015; Cao et al. 2016). In U. virens,
many TFs such as GATA-binding TF family and basic
leucine zipper (bZIP) TF family have been genome-
widely identified (Yin et al. 2017; Yu et al. 2019), but
their biological functions are still not studied in detail.
Only several TFs (UvHox2, UvPro1 and UvCom1) are
well characterized to play important roles in vegetative
growth, conidiation, stress response and plant infection

Fig. 6 UvMsn2 is important for the maintenance of mitochondrial morphology in Ustilaginoidea virens. a Confocal microscopic observation of
mitochondria in hyphae and conidia of HWD-2, ΔUvmsn2 and ΔUvmsn2/UvMSN2 treated or untreated with Mdivi-1 and stained with Mitotracker
Red. VH, vegetative hyphae; CO, conidia. b Statistical analysis of the mitochondrial morphology in the indicated strains. The mean values ± SD
were calculated from three independent experiments
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(Lv et al. 2016; Zheng et al. 2017; Chen et al. 2020b).
Here, we found that UvMsn2 is a key TF that regulates
the development and virulence of U. virens.
One of the important and conserved functions of

Msn2 in yeast and fungi is its involvement in stress re-
sponse (Gasch et al. 2000). In budding yeast, Msn2 is in-
volved in responses to various stresses, including salt,
osmotic, oxidative and carbon starvation stresses; it is
translocated from cytosol to nucleus under stress condi-
tions (Gorner et al. 1998; Boisnard et al. 2009; Rajvanshi
et al. 2017). In two entomopathogenic fungi, Msn2 is re-
quired for multi-stress responses, including hyperosmo-
larity, oxidation, carbendazim, cell wall perturbing and
high temperature stress (Liu et al. 2013). In M. oryzae,
MoMsn2 is also involved in response to hyperosmolarity
and cell wall perturbing stresses, and is translocated
from cytosol to nucleus under NaCl treatment (Zhang
et al. 2014). In consistent with these findings, we found
that UvMsn2 also played important roles in multi-stress
response of U. virens. Meanwhile, both ΔUvmsn2 and
ΔMomsn2 mutants were more tolerant to CFW and CR,
which is similar to some yeast mutants (Imai et al.
2005). One possible explanation is that the chitin level
in cell wall is not the only factor determining CFW and
CR sensitivity (Ram and Klis 2006). However, Msn2-
and Msn4-like TFs have no obvious roles in stress
responses in the fungal pathogen Candida albicans
(Nicholls et al. 2004). These findings indicate that Msn2
is a key TF involved in stress response, though it exhibits
diverged role during stress signaling in some fungi.
In addition to stress response, Msn2/4 plays very im-

portant roles in regulating infection-related morphogen-
esis in fungal pathogens, such as conidiation and
virulence (Liu et al. 2013; Zhang et al. 2014). In M. ory-
zae, we found that MoMsn2 regulates vegetative growth,
conidial production and morphology, mitochondrial
morphology and infection by directly or indirectly regu-
lating the expression of downstream genes (Zhang et al.
2014). Similar results were obtained for UvMsn2, and it
is also important for vegetative growth, conidiogenesis,

mitochondrial morphology and pathogenicity in U.
virens. Meanwhile, UvMsn2 showed a similar
localization pattern with MoMsn2; it is localized in both
the cytosol and nucleus, and could also be translocated
from cytosol to nucleus under stress treatment. All these
findings indicate that UvMsn2 and MoMsn2 have a
similar biological role, further supporting the result that
UvMsn2 is the homolog of MoMsn2. In addition, we
found that targeted-deletion of UvMsn2 in U. virens re-
sulted in less toxicity of its culture filtrates on rice seeds
and the expression of several ustilaginoidin biosynthetic
related genes was significantly decreased. Toxins are
virulence factor contributing to infection of host plants
by some pathogens (Proctor et al. 1995; Yang et al. 2016;
Yang et al. 2017). Therefore, we suppose that UvMsn2 is
likely involved in toxin production, thus contributing to
the virulence of U. virens. However, the underlying
mechanisms on how UvMsn2 regulates these processes
need to be further explored.

Conclusions
In this study, we identified and characterized a zinc fin-
ger TF, UvMsn2, in U. virens, and found that UvMsn2 is
important for vegetative growth, conidiogenesis, stress
response, mitochondrial morphology and pathogenicity
of this fungal pathogen. These findings provide new evi-
dences to better understand the pathogenic mechanisms
of U. virens.

Methods
Fungal strains and culture conditions
All of the U. virens strains were cultured on PSA (200 g
of peeled potato, 20 g of sucrose, and 15 g of agar in 1 L
of distilled water) in the dark at 25 °C. For conidiation,
mycelial blocks were cultured in PSB (200 g of peeled
potato, 20 g of sucrose in 1 L of distilled water) by shak-
ing at 145 rpm, 28 °C for 7 days. For vegetative growth,
2 mm × 2mm mycelial blocks from freshly cultured
strains were inoculated onto potato dextrose agar (PDA)
or YT (0.1% yeast extract, 0.1% tryptone, and 1%

Fig. 7 Subcellular localization of UvMsn2 in Ustilaginoidea virens. a Hyphae and conidia expressing UvMsn2-GFP was stained with DAPI and
examined under a confocal microscope. b Epifluorescence observation of the conidia untreated (ck) or treated with 0.4 M NaCl for 30 min. DAPI
was added to the cultures 5 min before observation. Bar = 5 μm
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glucose) (Tanaka et al. 2011) plates, then cultured in the
dark at 25 °C for 14 days. To test sensitivity against
different stresses, vegetative growth was assayed after in-
cubation at 25 °C for 14 days on regular YT plates and
YT with 0.4 M NaCl, 0.5M sorbitol, 0.07% H2O2, 0.03%
SDS (w/v), 70 μg/mL Congo red (CR) or 100 μg/mL cal-
cofluor white (CFW). Freshly harvested conidia were re-
suspended with YTS (0.1% yeast extract, 0.1% tryptone,
and 1% sucrose) to a concentration of 1 × 106 conidia/
mL, which was used to assay conidial germination after
incubated for 0, 2, 6, 10, 12, 16, 20 and 24 h. The wild-
type strain HWD-2 (Chen et al. 2020a) was obtained
from Dr. Lu Zheng’s Lab, Huazhong Agriculture Univer-
sity. All M. oryzae strains were cultured on complete
medium (CM) at 28 °C in the dark. For vegetative
growth, 2 mm × 2mm mycelial blocks from freshly
cultured strains were inoculated into CM plates and cul-
tured at 28 °C for 7 days in the dark. For conidial pro-
duction, strains were inoculated onto straw decoction
and corn powder plates (SDC, 100 g straw, 40 g corn
powder, 15 g agar in 1 L of distilled water) for 7 days in
the dark followed by 3 days of continuous illumination
under fluorescent light as described (Li et al. 2016). The
M. oryzae Guy11 strain was used as wild type in this
study, the ΔMomsn2 mutant was acquired in our previ-
ous study (Zhang et al. 2014).

Heterogenous complementation assay
For heterogenous complementation the ΔMomsn2 mu-
tant, the entire UvMSN2 gene including its 1.5-kb pro-
moter region was amplified by PCR, and cloned into the
pYF11 plasmid (bleomycin resistant) digested with XhoI
as described (Bruno et al. 2004). The resulting pYF11-
UvMSN2-GFP construct was transformed into the proto-
plast of ΔMomsn2. The bleomycin-resistant transformants
with GFP signals were selected for phenotype analysis.

Construction of the replacement vector and Cas9-gRNA
vector for targeted-deletion of UvMSN2
To generate the UvMSN2 gene replacement vector
pMD19-T-UvMSN2KO, the 1 kb upstream and 1 kb
downstream flanking sequences of UvMSN2 were ampli-
fied with primers 1F/2R and 3F/4R (Additional file 2:
Table S1), and cloned into the pMD19-T vector as de-
scribed previously (Zhang et al. 2010). To generate
Cas9-gRNA vector pCas9-tRp-gRNA-UvMSN2, the
gRNA spacers were designed with the gRNA designer
program (http://grna.ctegd.uga.edu/), and cloned into
the pCas9-tRp-gRNA vector as described (Arazoe et al.
2015; Guo et al. 2019).

UvMSN2 gene deletion and complementation
The resulting pMD19-T-UvMSN2KO and pCas9-tRp-
gRNA-UvMSN2 vectors were co-transformed into

protoplasts of the wild-type strain HWD-2 according
to the Magnaporthe transformation approach to ob-
tain the gene deletion mutants (Talbot et al. 1993).
Hygromycin-resistant transformants were screened by
PCR, and confirmed by southern blot analysis. For
complementation, the above pYF11-UvMSN2-GFP
construct was transformed into the protoplast of
ΔUvmsn2. The bleomycin-resistant transformants with
GFP signals were selected for phenotype analysis.

Pathogenicity assay of M. oryzae strains
The 2-week-old seedlings of susceptible rice cultivar
CO-39 and 7-day-old barley (cv. Four-arris) were used
for inoculation assays as described previously (Zhang
et al. 2014). Mycelial plugs of the wild-type Guy11,
ΔMomsn2 mutant and heterologous complemented
transformant ΔMomsn2/UvMSN2 were inoculated onto
detached rice and barely leaves, which were then placed
in a growth chamber at 28 °C with 90% humidity and in
the dark for the first 24 h, followed by a 12 h/12 h light/
dark cycle. Diseased leaves were photographed at 5 and
7 days post-inoculation (dpi) for barley and rice,
respectively.

Toxicity assays with culture filtrates
Toxicity assays with culture filtrates were performed ac-
cording to the method described previously (Zheng et al.
2016). Mycelial blocks (2 mm × 2mm) were cut from the
edge of 14-day old strains and cultured in liquid YT
medium by shaking for 5 days. The mycelia were col-
lected by filtration through two layers of Miracloth
(EMD Millipore Corporation, Billerica, MA 01821 USA)
and grinded into powder, and the dry weight was mea-
sured after lyophilizing for 24 h. The culture filtrates
were then centrifuged at 3500 rpm for 8min to collect
the supernatants. Seeds of rice cultivar CO-39 were in-
cubated on sterile filter papers soaked with the culture
filtrates at 25 °C. The shoot and root growth were mea-
sured after incubation for 5 days.

Reverse transcription quantitative PCR (RT-qPCR) assay
Total RNA samples were extracted from freshly
prepared mycelia using Pure linkTM RNA mini kit
(Invitrogen). The cDNA was prepared using reverse
transcriptase HiScript III RT SuperMix for qPCR
(Vazyme Biotech Co., Nanjing, China). qPCR was run
on an Applied Biosystems (Foster City, CA, USA)
7500 Real Time PCR System with SYBR Premix
ExTaq (Vazyme Biotech Co., Nanjing, China). The
relative quantification of each transcript was calcu-
lated by the 2-ΔΔCT method (Livak and Schmittgen
2001) with the U. virens ACTIN gene (UV_6104) as
the internal control. The experiment was repeated
three times with three biological replicates each time.
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Pathogenicity assay of U. virens strains on rice panicles
Inoculation suspensions were prepared as described
previously (Guo et al. 2019). The spore and mycelium
mixture were broken into pieces and adjusted to a con-
centration of 3 × 106 spores/mL. One milliliter of sus-
pensions was inoculated onto each spike and ten spikes
for each strain as described previously (Zheng et al.
2017). The inoculated plants were kept in a chamber at
25 °C for 28 days with > 70% humidity.

Microscopic observation
The complemented transformant expressing UvMSN2::
GFP was used for subcellular localization observation.
Hyphae and conidia were stained with the nucleus-
specific dye 4′,6-diamidino-2-phenylindole (DAPI,
Sigma-Aldrich, D8417) at a concentration of 10 μg/mL
at room temperature for 3–5 min in darkness, then
examined under a confocal fluorescence microscope
(LSM710, 63×oil; Zeiss). For mitochondrial staining, hy-
phae and conidia of the indicated strains treated or un-
treated with Mdivi-1, were stained by the mitochondria-
specific marker Mitotracker Red CMXRos (Invitrogen,
Cat. M7512) at a concentration of 100 nM at room
temperature for 1–2 min in darkness, and observed
under a confocal microscope (LSM710, 63 × oil; Zeiss).

Abbreviations
aa: Amino acid; CFW: Calcofluor white; CR: Congo red; CRISPR: Clustered
regularly interspaced short palindromic repeats; DAPI: 4′,6-diamidino-2-
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phosphotransferase; NLS: Nuclear localization signal sequence;
TF: Transcription factor; TOR: Target of rapamycin; PCR: Polymerase chain
reaction; SDS: Sodium dodecyl sulfate
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