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ABSTRACT
In eukaryotic organisms, myosin proteins are the major ring components that are involved in
cytokinesis. To date, little is known about the biologic functions of myosin proteins in Magnaporthe
oryzae. In this study, insertional mutagenesis conducted in M. oryzae led to identification of
Momyo2, a pathogenicity gene predicted to encode a class-II myosin protein homologous to
Saccharomyces cerevisiae Myo1. According to qRT-PCR, Momyo2 is highly expressed during early
infectious stage. When this gene was disrupted, the resultant mutant isolates were attenuated in
virulence on rice and barley. These were likely caused by defective mycelial growth and frequent
emergence of branch hyphae and septum. The Momyo2mutants were also defective in conidial and
appressorial development, characterized by abnormal conidia and appressoria. These consequently
resulted in plant tissue penetration defects that the wild type strain lacked, and mutants being less
pathogenic. Cytorrhysis assay, CFW staining of appressorium and monitoring of protoplast release
suggested that appressorial wall was altered, presumably affecting the level of turgor pressure
within appressorium. Furthermore, impairments in conidial germination, glycogen metabolites,
tolerance to exogenous stresses and scavenging of host-derived reactive oxygen species were
associated with defects on appressorium mediated penetration, and therefore attenuated the
virulence of Momyo2 mutants. Taken together, these results suggest that Momyo2 plays pleiotropic
roles in fungal development, and is required for the full pathogenicity of M. oryzae.
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Introduction

In eukaryotic organisms, cell division is a complex process
required for cell proliferation and differentiation. Cytokine-
sis is essential during cell division. However, during devel-
opment of certain organisms, cytokinesis depends on the
formation of actomyosin contractile ring. Myosins are a
type of actin-dependent ATPase motors and major ring
components involved cytokinesis, intracellular transport,
cell polarization, transcriptional regulation, and signal trans-
duction.1-3 In fungi, 3 types of myosin proteins were identi-
fied, with each having distinguished cellular roles during
development.4-6 The class-I myosins, such as MyoA in
Aspergillus nidulans and Myo5 in Candida albicans, are
involved in endocytosis and hyphal morphogenesis.4,7,8 The
class-V myosins are major organelle transporters and
required for mediating secretory vesicle delivery and mor-
phogenesis during fungi development and pathogenic-
ity.5,9,10 In contrast to the roles on endocytosis and

exocytosis by class-I and class-V myosins, the class-II myo-
sins are known to play important roles in cytokinesis during
fungi development.6,11,12 In the budding yeast, Saccharomy-
ces cerevisiae, cytokinesis has been well studied, with type II
myosin known to play an important role in this process.6

During cytokinesis, invagination of the plasma membrane
at themother-daughter cell junction is the first essential pro-
cess. It is followed by polysaccharide chitin extrusion into
the invagination to develop chitin disk, which acts as a pri-
mary septum for cell division.6,13 In these processes, molecu-
larmotormyosin-II encoded byMYO1 provides the force to
constrict the actomyosin ring in an F-actin and septin-
dependent manner.14,15 In Schizosaccharomyces pombe,
Myo2p, together with components of Cdc15p, Cdc12p,
Rng2p, and Mid1p, are assembled at the division site to
form cytokinesis nodes,16 in which myosin II pulls adjacent
actin filaments together to form actomyosin ring, and ini-
tiates septum formation.17-19
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In contrast to unicellular yeast cells, filamentous fungi
cells consist of a continuum of cell wall-coated tubular cells
called hyphae. Unlike yeast cells, hyphae do not necessarily
undergo cell separation during proliferative growth, and its
multicellularity is achieved by insertion of unplugged chi-
tin-rich septa, which divide the adjacent hyphal compart-
ments.20 In fungi, type II myosin has diverse roles in
different fungal pathogens such as A. nidulans, Penicillium
marneffei and Fusarium graminearum.11,12,21 Mutants of
this gene displaymultiple defects, which range from abolish-
ment of septation, aberrant chitin accumulation to nuclear
division defects. However, what seems to be clear from find-
ings in these studies is the fact that certain type-II myosin
functions, such as septation, may be conserved across fila-
mentous fungal pathogens, and these may be crucial for
pathogenicity. Therefore, understanding the regulatory
mechanisms of Momyo2 in septum development may be
the key to provide novel strategies for disease control of rice
blast fungus.

Magnaporthe oryzae, a filamentous phytopathogenic
fungus, served as an excellent model organism for investi-
gating plant-fungal interactions due to its economic and sci-
entific importance.22-24 It causes rice blast disease on many
cereal crops, including rice and barley, and results in devas-
tating yield loss of cultivated rice worldwide.25 Previous
studies revealed that abolishment of Woronin body, which
function to seal septal pores in response to cellular damage,
alters pathogenicity ofM. oryzae.26 This suggests that intact
septum is required for normal development and pathoge-
nicity in M. oryzae. However, there is currently limited
investigation toward understanding mechanisms of septum
development during M. oryzae cytokinesis. To fill this
knowledge gap, this study screened the M. oryzae mutant
library for mutants with defects in septation and pathoge-
nicity. A type II myosin gene,Momyo2, was identified to be
essential for fungal septation, appressorium development,
invasive hyphae growth and full virulence on host plants in
M. oryzae.

Results

Identification ofMomyo2 inM. oryzae

To identify genes involved in plant infection by M.
oryzae, more than 1,500 transformants from a T-DNA
insertional mutagenesis library were screened, and a
mutant (A115) was identified to show reduced virulence
on 14-day-old rice seedlings (Fig. 1A). Southern blot
analysis revealed that A115 mutant contained a single-
copy (> 10 kb) insertion of hygromycin cassettes in the
genome (Fig. 1B). TAIL-PCR was used to identify
flanking sequences of T-DNA insertion in A115 mutant.
Sequence analysis revealed an insertion of T-DNA

into the second exon of MGG_03060 (GenBank
XP_003720621) (Fig. 1C), which was based on data from
the Broad Institute (http://www.broadinstitute.org).

A further BLAST search revealed that the gene comprises
3 exons and 2 introns spanning 7384 bp and encodes a 2388
amino acids protein (Fig. 1C). Amino acid sequence analysis
ofMGG_03060 revealed several conserved domains, includ-
ing an N-terminal SH3-like fold, N-terminal myosin motor
domain (ATPase activity), IQ motif (light chain and cal-
modulin binding site) and a coiled-coil tail (cellular localiza-
tion), which are characteristic structures identified in class II
myosins in most fungi (Fig. 1D).12,21,27-30 Alignment of
MGG_03060 with these class-II myosins demonstrates that
MGG_03060 shares high identity on domain structures,
with 51 to 88% identity in its motor region and 17 to 73%
identity in its neck and tail regions (Fig. S1). Phylogenetic
tree analysis using homologousmyosin proteins fromdiffer-
ent families groupedMGG_03060 into myosin II subfamily.
In class II subfamily, the myosins in filamentous fungi are
distant from those of unicellular yeasts and mammals, with
M. oryzae Momyo2 being most similar to sequences from
filamentous fungi, including Colletotrichum gloeosporioides
(Accession No. XP_007274402), Neurospora crassa (Acces-
sion No. XP_964712) and F. graminearum (Accession No.
EYB29885) (Fig. 1E). Thus, consistent with conserved
sequence motifs and phylogenetic analysis, this protein can
be provisionally designated as class II myosin inM. oryzae.

Expression and deletion ofMomyo2 gene inM.
oryzae

To understand the role of Momyo2 in development and
pathogenicity of M. oryzae, we used qRT-PCR to examine
its expression patterns. The results showed that Momyo2
gene is expressed during axenic growth and fungal infection
of rice plants, with much higher induction at pre-penetra-
tion stage (8 hrs, 3.57-fold, 24hrs, 1.60-fold) and infectious
stage (48 hrs, 1.54-fold; 72hrs, 1.66-fold)(Fig. S2A), com-
pared with the stable expression ofb-Tubulin gene.31

To characterize functional roles ofMomyo2, as well as
to further confirm that the phenotype of the insertion
mutant resulted from the disruption of Momyo2, a gene
knock out vector pMDT-Momyo2-HPH was constructed
using targeted disruption strategy (Fig. S2B). Two inde-
pendent transformants of Momyo2 (Momyo2–1 and
Momyo2–7) were selected using hygromycin B and veri-
fied by diagnostic PCR (Fig. S2C). They were further
confirmed by Southern blot and semiquantitative RT-
PCR (RT-PCR) analysis (Fig. S2D, S2E, S2F). To ensure
that the defects observed in Momyo2 mutants were
ascribed to deletion of Momyo2, a complemented strain
Momyo2c was generated by introducing a genomic copy
of Momyo2 into Momyo2–1 mutant, and verified by
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RT-PCR (Fig. S2F). As expected, all defects reported in
this study were restored in theMomyo2c (Figs. 2–9).

Momyo2 gene is required for normal vegetative
growth and hyphal morphogenesis

To investigate the role of Momyo2 on vegetative growth,
mycelial growth of wild type (Guy11), and mutant strain
(Momyo2–1 and Momyo2–7) as well as the complement
strain (Momyo2c) was compared on 5 artificial media. The
Momyo2 mutants showed a significant reduction in radial
growth on the 5 media, compared with Guy11 and
Momyo2c (Fig. S3A, S3B). In liquid CM, mycelial growth of
Momyo2 mutants was more compact than that of Guy11
and Momyo2c (Fig. S3C). Mycelial biomass was also deter-
mined for these strains following their inoculation into liq-
uid CM for 72 hrs and 120 hrs. Biomass determination
revealed significantly less harvested fungal mycelia for
Momyo2 mutants than Guy11 and Momyo2c 72 hrs and
120 hrs post inoculation, respectively (Fig. S3D).

In view of defects on radial growth, we set out to
examine mycelia cultures from the wild type strain and
Momyo2 mutants by visualization using light and epi-
fluorescence microscope. Contrary to normal vegetative
mycelial of the wild type strain, Momoyo2 mutants
developed aberrant vegetative mycelia characterized by
thickened, collapsed and bumpy cells with excessive
branches (Fig. 2A). Mycelial septa from the mutants and
wild type strain were compared using an epifluorescence
microscope following staining with CFW. These results
show that septa in mycelial of Momyo2 mutants were
more than that observed for the wild type strain
(Fig. 2A). The average length of sub-apical hyphal cells
in the Momyo2 mutants was 21.4 mm (Momyo2–1) and
20.51 mm (Momyo2–7), respectively, which was signifi-
cantly shorter than the 77.66 mm of wild-type Guy11
and 73.74 mm of Momyo2c (Fig. 2B). However, intact
septa can be detected in wild type Guy11 by both DIC
and epifluorescence microscopy. Regardless of their
abundance in mycelia, these septa were nonetheless

Figure 1. Isolation and characterization of Momyo2 in M. oryzae. (A) Conidial suspensions (1 £ 105 spores mL¡1) of wild-type Guy11,
ATMT mutant A115 were inoculated on 2-week-old rice seedlings (Co-39). The infected leaves were photographed at 5 dpi. (B) Southern
blot assay. Genomic DNA of wild-type Guy11 and ATMT mutant A115 were digested with EcoRV and hybridized with HPH probe. (C)
Genomic location of T-DNA insertion in A115 mutants. T-DNA was integrated into second exon of Momyo2 gene (MGG_03060). The
gray boxes represent exons and the black line indicates the introns. (D) Domain architectural analysis of myo2. Comparison of the
domain structures of Myo2 from S. cerevisiae, S. pombe, and Homo sapiens. Myo2 contains all predicted domains that are typical for
class-II myosins. AA indicated amino acids. (E) Phylogenetic tree of Momyo2 homologues was created by the distance based minimum
evolution method, based on 1000 bootstraps. M. oryzae sequences characterized in this study are highlighted in red box.
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abnormal and narrowly spanned hyphal lumen in
Momyo2 mutants (Fig. 2C). This suggests that Momyo2
is required for normal septal development inM. oryzae.

Momyo2 is required for development of aerial
hyphae, conidiation and conidium morphology

Given that quantity of conidia produced determines
severity of disease epidemic in a growing season,32 we
assessed the role of Momyo2 in conidiation. On RDC
media, hyphal growth ofMomyo2 mutant was somewhat
flat, exhibiting a severe defect on aerial hyphae forma-
tion, compared with wild type Guy11 and Momyo2c

strain (Fig. 3A). Microscopic examination revealed that,
in most cases, only a single conidium was differentiated
from the conidiophores of Momyo2 mutants, in contrast
to 7 to 10 conidia in a sympodial pattern on conidio-
phore of Guy11 (Fig. 3B; Fig. S4). Quantitative measure-
ment of conidia reconfirmed that conidiation was
dramatically reduced by approximately 13-fold in
Momyo2 mutants (Momyo2–1, 13.1-fold; Momyo2–7,
13.3-fold), compared with Guy11 and Momyo2c
(Fig. 3C). Approximately 60% of conidia formed by
Momyo2–1 and Momyo2–7 exhibited abnormal mor-
phology. By contrast, only a few conidia formed by wild
type Guy11 (3.4%) and Momyo2c (3.9%) were abnormal

Figure 2. Septa development in Momyo2 mutants. (A) Septa of Guy11, Momyo2 mutants and Momyo2c were stained with CFW and
observed under UV or DIC microscopy. White asterisk indicated septum in mycelium. (B) Measurement of average length of sub-apical
cell of vegetative hyphae. The mean and standard deviations were calculated based on 3 independent experiments by measuring at
least 49 sub-apical cells in each replicate. Error bar represents standard deviation, and asterisks indicate significant differences from the
control (P < 0.01). (C) Septa ultrastructure in the hyphae of Guy11 and Momyo2 mutants. Wild-type Guy11 showed a typical septum
while the mutant showed incomplete and aberrant septum. CW, cell wall; WB, Woronin body; S, septum; La: lacunas.
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(Fig 3D, E). These data suggest Momyo2 is essential for
normal conidia development inM. oryzae.

Momyo2 is required for conidial germination and
glycogen metabolism

To ascertain whether abnormal conidia of the Momyo2
mutants are viable, we evaluated their germination using
hydrophobic coverslips (Fig. 4A). The results showed
that conidial germination was dramatically reduced in
the Momyo2 mutants, compared with that of Guy11 and
Momyo2c strain. At 2 hours post inoculation (hpi),
»10% of conidia of Momyo2 mutants germinated
(Momyo2–1, 10.8%; Momyo2–7, 10.4%), compared with
98% of Guy11 and 96.3% ofMomyo2c (Fig. 4B). Conidial
germination gradually increased to 71%, 72% in
Momyo2–1 and Momyo2–7 mutant, respectively, at 4
hpi. Nonetheless, it was still significantly less than that
observed for Guy11 andMomyo2c strain (Fig. 4A, B). To
determine whether the ability to germinate was associ-
ated with conidial age, 20-day-old conidia harvested
from Momyo2 mutants were compared. Conidial germi-
nation was dramatically decreased when compared with

conidia harvested from 10-day-old RDC plates, with 0%
at 2 hpi and average 50% (Momyo2–1, 49.5%; Momyo2–
7, 50.8%) at 4 hpi, respectively (Fig. 4B).

Since utilization of metabolites from internal storage
compounds is an essential event during conidial germi-
nation, we thus examined cellular distribution of glyco-
gen in conidia (Fig. 4C). Iodine staining of 10-day-old
conidia revealed 99.7% of Guy11 conidia had densely
distributed glycogen, compared with 60% of Momyo2
mutants (Momyo2–1, 59.9%; Momyo2–7, 61.6%)
(Fig. 4D). During appressorium development, large
amounts of glycogen were present in conidia (Fig. 4E),
even after 24 hr in Momyo2 mutants than in control
strains (Fig. 4E). Interestingly, glycogen accumulated in
more than 82% of germinating conidia in Momyo2
strains compared with accumulation in about 16% of
conidia in wild type Guy11 and Momyo2c (Fig. 4F). To
determine whether distribution of glycogen is age-depen-
dent in Momyo2 mutants, 20-day-old conidia were fur-
ther stained with iodine solution, and the results showed
that 97% of conidia from Guy11 were visible of glycogen
deposits, in contrast to average 20% of conidia of the
mutants (Momyo2–1, 20.5%; Momyo2–7, 20.2%),

Figure 3. Effects of Momyo2 on conidiation and conidial morphology of M. oryzae. (A) Comparison of aerial hyphae growth. The indi-
cated strains of M. oryzae were grown in constant dark condition on RDC agar plates for 7 d and then photographed. (B) Momyo2 dis-
ruption results in defects of conidiation. Conidia developed on conidiophores were examined by light microscope using strains grown
on RDC medium for 7 d. Scale bar D 50 mm. (C) Analysis of conidial production. The numbers of conidia produced by strains grown on
RDC medium for 14 d were statistically analyzed (p < 0.01). (D) Comparison of conidia morphology. Conidia of Guy11, Momyo2 mutants
and Momyo2c were collected from 14-day-old cultures, and then imaged under light microscope. Bars D 30 mm. (E) The measurement
of percentage of abnormal conidia. Conidia of Guy11, Momyo2 mutants and Momyo2c were collected from 14-day-old cultures, and the
ratio of aberrant conidia was measured and statistically analyzed, respectively. Asterisks in Fig. 3C, 3E indicate significant differences.
Error bar represents standard deviation.
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indicating a dramatic decrease in the maintenance of
glycogen deposits in theMomyo2mutants (Fig. 4D).

Momyo2 is required for exogenous stress tolerance

To establish the stress response of theMomyo2mutants, we
subjected strains to compounds that stimulate oxidative
(H2O2), cell wall (CR and CFW) and osmotic stress (SDS,
sorbitol and NaCl). Except in the presence of CFW,
Momyo2 strains were highly sensitive to all tested stressful
conditions, compared with Guy11 and Momyo2c strain

(Fig. S5A, S5B, S6A, S6B). Similarly, mycelial growth of
Momyo2 mutants was dramatically reduced on a hydrogen
peroxide-containing CM medium, with high inhibition
rates compared with Guy11 and Momyo2c, with relatively
less inhibition rates (Fig. 5A, B). Meanwhile, conidia of
Momyo2 mutants displayed sensitivity to H2O2. Exposure
to 1 mM H2O2 resulted in severely decreased conidial ger-
mination inMomyo2mutant, which was 60% less than that
of Guy11 andMomyo2c (Fig. 5C). Furthermore, about 92%
ofMomyo2 conidia failed to germinate even 8 hrs post inoc-
ulation. By contrast, respectively 15.2% and 14.4% conidia

Figure 4. Conidium germination and glycogen deposition. (A) Conidial germination is delayed in the Momyo2 mutants. Droplets of
conidial suspension (1 £ 105 spores ml¡1) were inoculated on the hydrophobic coverslips for indicated time, and then photographed.
Bars D 10 mm. (B) Statistical analysis of germinated conidia. Germinated conidia were examined at each indicated time under a light
microscope, and then statistically analyzed (P < 0.01). (C) Impaired glycogen deposits in conidia of the Momyo2 mutants. Conidia (10-
day-old) suspension stained with a glycogen staining solution were visualized with brightfield optics of a Nikon inverted Ti-S epifluores-
cence microscope. Bars D 20 mm. (D) Impairment of glycogen deposition in age-dependent conidium. Impaired glycogen deposits in
conidia (> 99) of Guy11 and Momyo2 mutants were counted and analyzed. (P < 0.01). (E) Impaired glycogen degrading during appres-
sorium formation in the Momyo2 mutants. Conidia (10-day-old) drops (1 £ 105 spores ml¡1) were inoculated on the hydrophobic cover-
slips for 24 hrs, and then stained with glycogen staining solution. (F) Statistical analysis of germinated conidia containing glycogen
deposit at 24 hpi. The percentage of germinated conidia containing glycogen deposit was counted and statistically analyzed (p < 0.01)
Asterisks in Fig. 4B, 4D, 4F indicate significant differences between wild type and Momyo2 mutants.
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of wild type and complement strain did not germinate
under this condition post 8 hrs (Fig. 5C). These findings
suggestMomyo2 plays an essential role during growth under
oxidative stress inducing conditions inM. oryzae.

Momyo2 is required for pathogenic development in
M. oryzae

To investigate the role of Momyo2 in pathogenesis,
conidial suspensions (1 £ 105 spores mL¡1) were

inoculated on 2-week-old rice seedlings (Oryza sativa cv
CO-39) by spraying and/or one-week-old barley leaves
by conidial drop. At 5 d after inoculation, the Momyo2
mutant was found to be less pathogenic than Guy11 and
Momyo2c. On rice seedlings, the Momyo2 mutants
developed less and small restricted growth lesions on
rice plants (Fig. 6A), in contrast to numerous typical
necrotic lesions caused by wild type Guy11 and
Momyo2c. Similar results were observed on Momyo2
infected barley leaves, compared with that of by Guy11
(Fig. 6B). To further investigate the pathogenic role of
Momyo2 in M. oryzae, drops (20 mL) of conidial suspen-
sion from Guy11, Momyo2 mutants and Momyo2c were
inoculated on wounded rice leaves. The wild type Guy11
were fully pathogenic, with extendible and necrotic
lesions, whereas the Momyo2 mutants causes small
necrotic lesions on the inoculation sites (Fig. 6C). These
findings suggest a potential role for Momyo2 in plant
invasion and colonization.

Momyo2 is essential for appressorium development,
penetration and invasive growth

In M. oryzae, differentiation of mature appressorium
(with turgor pressure up to 8MPa) at the apex of germ
tube enables the blast fungus to invade into host
cells.33 Thus, the ability to develop appressorium at
the tip of germ tube was first compared among Guy11,
Momyo2 mutants and Momyo2c strain. The results
revealed that appressoria developed by the Momyo2
mutants were dramatically decreased, with 69% by
8 hrs, 47% by 12 hrs and 28% by 24 hrs less than that
of by Guy11 and Momyo2c (Fig. 6D, E). Furthermore,
of those appressoria developed by the mutants at 24
hpi, average 93.3% were not melanized and reduced in
size, compared with 1.7% and 2.7% of that by Guy11
and Momyo2c, respectively (Fig. 6D, F). Based on the
above, our results suggest that Momyo2 is associated
with the development of appressorium and cell mor-
phology in M. oryzae.

To understand the role ofMomyo2 in disease develop-
ment, barley leaves were used to determine the causes of
attenuated virulence. As less necrotic lesions were
observed on the leaves infected by Momyo2 mutants
(Fig. 6A), appressoria-mediated penetration was exam-
ined, and the results revealed that Momyo2 mutants
could less effectively penetrate into the epidermal cells of
barley leaves at 36 hpi, compared with Guy11 (Fig. 7A,
B). At 72 hpi, most invasive hyphae of Momyo2 mutants
were still delayed in their in planta growth and coloniza-
tion of the neighboring cells, with most of primary infec-
tion hyphae being restricted to the cellular compartment
they initially penetrated, whereas, wild type Guy11 could

Figure 5. The Momyo2 mutants are hypersensitive to H2O2. (A)
Mycelia growth of the Momyo2 mutants under oxidative stress.
The indicated strains were inoculated on CM with or without
3 mM H2O2 and cultured at 28 �C for 5 d. (B) Statistical analysis of
the inhibition rate of the tested strains under oxidative stress.
The colony diameters of the testing strains were measured and
subjected to statistical analysis. (C) Statistical analysis of germi-
nated conidia under oxidative stress. Conidia germination rates
were measured and analyzed after treatment with or without
3 mM H2O2. Three repeats were performed and similar results
obtained. Error bars represent the standard deviations and aster-
isks represent significant differences (p < 0.01).
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freely expand and colonize the neighboring cells from
the initially invaded cell (Fig. 7C, D). The above defects
were rescued when Momyo2 gene was reintroduced into
the mutant, indicating that Momyo2 is required for both
appressorium-mediated penetration and invasive hyphae
growth in host cells.

Momyo2 is required for turgor generation and cell
wall integrity

During appressorial development, glycogen within the
appressorium is rapidly degraded at the onset of melani-
zation and required for turgor pressure in M. oryzae.34

Figure 6. Pathogenicity assays and appressorium development in Momyo2 mutants. (A) Spray assay for disease development on rice
leaves. The Momyo2 deletion reduced virulence on rice leaves. Diseased leaves were collected at 5 dpi. (B) Pathogenic assays on barley
leaves. Droplets of conidial suspension of indicated strains were inoculated on barley leaves and diseased leaves were harvested at 5
dpi. (C) Pathogenic assays on abraded rice leaves. Droplets of conidial suspension of indicated strains were inoculated on abraded rice
leaves and diseased leaves were harvested at 5 dpi. (D) Appressorium development is delayed in the Momyo2 mutant. Conidial drops
(1 £ 105 spores ml¡1) were inoculated on the hydrophobic coverslips for 8, 12, 24 hrs, and then imaged with light microscope with DIC
equipments. (E) Analysis of appressorium formation. Appressorium formed at the germ tube were counted and statistically analyzed.
P < 0.01. (F) Statistical analysis of abnormal appressorium. The appressorium deformity rate of indicated strains was measured and
statistically analyzed. P < 0.01. Asterisks in Fig. 6E, 6F indicate significant differences between the wild type and Momyo2 mutants.
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In view of defective glycogen metabolism in Momyo2
mutants, we presumed that appressorial turgor pressure
might be abnormal in Momyo2 mutants. Therefore, an
incipient cytorrhysis assay35 was used to measure turgor
pressure, and the results showed that appressoria of
Momyo2 mutant were less collapsed than those of Guy11
and Momyo2c (Fig. 8A), suggesting an increased turgor
pressure in the mutant. This findings seemed further
confirmed by lytic enzymes treatments, with less collec-
tion of protoplast by Momyo2 mutants than that of
Guy11 and Momyo2c at given time point (Fig. S7A).
However, the above results were contradictory to the
findings that appressorium-mediated penetration was
less effectively in Momyo2 mutants than in Guy11. To
investigate the possible reason, strains expressed cyto-
plasmic eGFP were generated using the Momyo2 mutant
and Guy11 as the recipients, respectively. Microscope
examination revealed that most area of the mycelia by
Momyo2 mutant is absent from green fluorescent signal
compared with Guy11 (Fig. S7B), making us presume

that the less harvest of protoplast might not be ascribed
from the enhancement of cell wall, but from the loss of
cytoplasm in the mycelia ofMomyo2mutant.

In M. oryzae, non-melanized appressorial wall is per-
meable to glycerol and could quickly recovered from
cytorrhysis when glycerol diffuses through the cell
wall.36 In Momyo2 mutants, most of the appressoria
were not melanized and reduced in size, making us pre-
sume that cell wall integrity (CWI) is defective in
Momyo2 mutants. The staining of appressorium with
CFW revealed that fluorescent signal was much stronger
around appressorium of Guy11 and Momyo2c than that
of Momyo2 mutants (Fig. 8B), indicating less accumula-
tion of chitin on appressorial wall in Momyo2 mutant
than that of Guy11. The subsequent evaluation of
appressoria recovered from cytorrhysis showed that
average 39%, 73% and 87% of appressoria could quickly
recover from cytorrhysis when incubated for 60, 90 and
120min, respectively, compared with 1.9%, 5.7% and
6.4% of that by Guy11, further suggesting that

Figure 7. Plant penetration assays. (A) Appressorium-mediated penetration was impaired in Momyo2 mutants. The Momyo2 mutantss
showed defects on penetration into barley leaves after 36 hrs, compared with control strains. (B) Analysis of appressorium penetrated in
barley cells. The appressoria penetrated into barley epidermal cells were measured at 36 hpi, and the data were statistically analyzed.
(C) Invasive hyphae growth was impaired in Momyo2 mutants. Infectious hyphae growth in barley epidermal cells was observed at 72
hpi. (D) Quantification of hyphae infection on barley epidermal cells. The percentage of infected cells occupied by invasive hyphae of
indicated strains at 72 hpi were measured and statistically analyzed. Asterisks in Fig. 7B indicate significant differences between the
wild type and Momyo2 mutants.
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appressoria cell wall of Momyo2 mutants is much thin-
ner and permeable to glycerol during cytorrhysis assay
(Fig. 8C). In spite of this, porosity assay also revealed
that the ratios of plasmolysis to cytorrhysis by wild type
Guy11 were 0.55, 0.91 and 0.44 in glycerol, PEG 400 and
PEG1000, respectively, in contrast to average ratios of
2.43, 2.70 and 1.64 in glycerol, PEG400 and PEG1000 by
the Momyo2 mutants (Fig. 8D), indicating an increased
porosity of cell wall in Momyo2 mutants, which make

the appressorial wall permeable to glycerol and not col-
lapse during cytorrhysis assay.

Momyo2 is essential for suppressing ROS production
in plant cells

The invasive hyphae of Momyo2 mutants displayed
restrained growth during plant cell infection (Fig. 7C).
This is reminiscent with restricted growth observed in

Figure 8. Assessment of turgor pressure and cell wall integrity. (A) Measurement of appressorium turgor pressure. Appressorium of the
indicated strains was induced on hydrophobic surface of coverslip and treated with given concentration of glycerol solution. The collapsed
appressoria (> 100) were counted and statistically analyzed. (B) Staining of appressorium of indicated strains by the CFW. Appressoria
induced on the hydrophobic surface were stained by CFW and the fluorescence signal from mature appressoria was imaged by epifluores-
cence microscope. (C) The defective appressoria of Momyo2 mutants are permeable to glycerol. Appressoria induced on the hydrophobic
surface were treated with 4 molar glycerol solutions and then the rate of cytorrhysis and the proportion of appressoria that had recovered
from cytorrhysis were determined at each time point. (D) Detection of cell wall porosity. Appressoria induced on the hydrophobic surface
were treated with different Stokes’ radii of PEG. Cell wall porosity was measured by comparing the ratio of plasmolysis to cytorrhysis. Aster-
isks in Fig. 7C and 7D indicate significant differences among the strains (p < 0.01). Error bar represents standard deviation.
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Moatf1 mutant, disrupted for ATF1, which mediates oxi-
dative stress responses.37 Based on functional and phe-
notypic similarities of Momyo2 and Moatf1 mutants,
ROS production was evaluated using DAB staining of
barley leaves infected by Guy11, Momyo2 mutants and
Momyo2c strain. Increased accumulation of ROS was
detectable in barley epidermal cells infected by Momyo2
mutants, but not in cells penetrated by Guy11 and
Momyo2c (Fig. 9A, B). When diphenyleneiodonium
(DPI), an inhibitor of NADPH oxidases,38 was applied to
barley leaves, the infected cells stained by DAB were dra-
matically decreased in Momyo2 mutants (Fig. 9B), sug-
gesting that the Momyo2 mutants might be unable to
suppress ROS production in plant cells during infection.

To determine whether impairment of plant coloniza-
tion by Momyo2 mutants is associated with increased
ROS accumulation in plant tissues, we also evaluated the
effect of pretreatment with DPI on plant infection. The
wild type strain formed 100% appressoria with invasive
hyphae (IH), of which 95.7% had more than 2 branches.
However, 48.4% of Momyo2 appressoria formed IH,
with 6.5% of IH showing more than 2 branches (Fig. 9C,
D). After pretreatment with DPI, Guy11 formed 100%
appressoria with IH, of which 95.8% showed more than
2 branches at 48 hpi. By contrast, extensive bulbous IH
were observed in 81.7% ofMomyo2 appressoria, of which
»44.1% formed more than 2 branches at 48 hpi (Fig. 9C,
D). These results indicate that suppression of ROS pro-
duction in host cells significantly increased the ability of
Momyo2mutants to penetrate and colonize in plant cells.

Momyo2 is required for secretion of extracellular
peroxidases

Under cell wall stress conditions, the degradation halo of
CR by theMomyo2mutants is much smaller than that of
Guy11 (Fig. S6A), indicating that Momyo2 plays an
important role in degrading CR. In M. oryzae, secreted
enzymes, such as peroxidases, are presumed to be
responsible for degrading of CR and required for degrad-
ing host-derived ROS.37, 39 Therefore, activity of extracel-
lular enzymes was compared using peroxidase and
laccase. Activity of both enzymes was severely reduced in
culture filtrate of Momyo2 mutants relative to Guy11
and Momyo2c strain (Fig. S6C). To determine the possi-
ble reason, several reported peroxidase and laccase
enzymes with a signal peptide37,40 were compared at
transcriptional level in Momyo2 mutant and wild-type
Guy11. These results showed that expression of genes
coding for laccase showed severely reduced expression in
the mutants compared with Guy11. However, of peroxi-
dase encoding genes, 4 revealed increased expressions
while the rest were comparable in the mutants and wild

type Guy11 (Fig. S6D). This expression patter suggests
that secretion of extracellular peroxidases might be
defective in theMomyo2mutant.

Localization ofMomyo2 and nuclear distribution in
Momyo2mutants

To investigate the function of Momyo2 during hyphal
development in M. oryzae, we labeled the protein with a
green fluorescent tag in the wild type Guy11 and
observed its dynamic behavior during septation. As
expected, the Momyo2-eGFP strain was viable, and its
phenotypes such as growth, conidiation and pathogenic-
ity were the same as wild type Guy11 (Fig. S8), confirm-
ing the fusion of a C-terminal eGFP did not affect
Momyo2 activity. We next used time-lapse imaging to
examine the dynamic behavior of the florescent protein
during the hyphal development, and found that flores-
cence was clearly detected on the inner cell walls on both
sides of the hyphae, revealing the position of contractile
ring at the site of septal initiation (Fig. 10A; Video S1).
As the septum developed, Momyo2-eGFP protein has
been recruited to form a constricted contractile ring
toward the middle of the septum. When the septum
completely developed, the florescent ring was contracted
to a point at the center of the septum, with a strong band
of fluorescence at the peak of Momyo2-eGFP protein
accumulation (Fig. 10A, 400, 500). After that, the
Momyo2-eGFP protein appeared to disperse, as indicated
by the declining fluorescence signal in Fig. 10A (700–900).

To determine whether deletion of Momyo2 affects
cytokinesis, the histone H1-RFP fusion construct were
transformed into Guy11 and Momyo2–1 mutant. In
Guy11, septation occurred regularly in hyphae and dur-
ing appressorium development, with each hyphal apart-
ments and appressorium had only one globular nucleus
(Fig. 10B, C, D). However, in Momyo2 mutant, septa
were unevenly distributed in the hyphae (Fig. 2A;
Fig. 10D), with some of the individual hyphal apartments
contained multiple nuclei while the others are absence of
nuclei (Fig. 10D). Meanwhile, nucleus signal in mutants
conidia are not aggregative and prevented from degrada-
tion in mother conidia of the mutants during appresso-
rium formation, compared with Guy11.

Discussion

Cytokinesis is essential during proliferation and develop-
ment of all organisms.11,14,21 In this study, we have
shown that type II myosin in M. oryzae is encoded by
Momyo2 gene, and has pleiotropic functions during fun-
gal development and pathogenicity. Consistent with pre-
vious findings in other fungi, our results indicate that
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Momyo2 is required for formation of primary septum
during cell division.11,14,21,41 Meanwhile, our study also
revealed that Momyo2 is required for conidiation,
conidia morphology, CWI, appressorium mediated pen-
etration and full pathogenicity. However, we found in
this study additional roles of Momyo2 that may be
unique to M. oryzae. These include roles of nuclei degra-
dation during appressorium formation, glycogen metab-
olism, secretion of extracellular enzymes and scavenging
of host-derived ROS during plant infection. With these

functions taken into account, Momyo2 is required for
fungal development and for the full virulence of
M. oryzae.

In M. oryzae, the disruption of Momyo2 interfered
with both mycelial growth and sexual reproduction, sup-
porting the conserved role of type II myosins in cell pro-
liferation and cytokinesis in yeast and filamentous
fungi.11,14,42 In filamentous fungi, the chitin-rich septa in
hyphal cells are essential for maintenance of hyphae cyto-
plasmic content, and its differentiation at the hyphae apex

Figure 9. Scavenging of ROS production in plant cells by Momyo2 mutant. (A) DAB staining of plant cells infected by Momyo2 mutant.
Conidial suspensions (1 £ 105 spores mL¡1) of the Guy11, Momyo2 mutants, and complemental strain Momyo2c were inoculated on
barley leaves for 24 hrs and then stained with DAB solution. Arrows indicate appressoria Bar D 40 mm. (B) Percentages of the DAB-
stained plant cells without or with DPI treatment. Asterisks indicate significant differences among the strains (p < 0.01). Error bar repre-
sents standard deviation. (C) DPI treatment partially restored invasive hyphae growth. Barley leaves were treated with or without DPI
(0.5 mM) solution. Invasive growth was observed at 30 hpi. AP, appressoria; BH, branched IH; PH, primary IH. Bar D 30 mm. (D) Percen-
tages of distinct types of IH developed by indicated strains. Each of the indicated strains was inoculated on barley leaves pretreated
with or without DPI for 30 hrs and then the percentage of distinct types of IH was statistically compared.
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is critical for fungal growth and pathogenicity.11,20,43,44 In
M. oryzae, Woronin body has been shown to seal septal
pores in response to cellular damage, and its abolishment
results in defects of proper development of functional
appressoria and pathogenicity,26 further indicating the
critical roles of intact septa in development and pathoge-
nicity of M. oryzae. In this study, our findings revealed
that Momyo2 hyphae elaborated more septa. However,
these were incomplete and failed to span the width of
hyphae. Therefore, the intracellular septa in the Momyo2
mutants are malformed. Previous studies have confirmed
that type II myosins have a conserved function in fungi of

providing the force to constrict the actomyosin ring, and
are thus critical for fungal septa development in
fungi.6,28,44 In this study, septal localization of Momyo2
indicates the involvement of Momyo2 in forming a con-
tractile ring during septum development of M. oryzae
(Fig. 10A). Disruption of this gene blocks primary septum
formation, which, as a result, affects the cytokinesis, cell
proliferation and hyphae elongation of the mutants. In
Momyo2 mutants, more than one nucleus was observed
in each cell compartment in hyphae, providing direct
clues of Momyo2 in regulating cytokinesis and cell divi-
sion in M. oryzae. In addition, the loss of cytoplasm in

Figure 10. Localization of Momyo2 and nuclear distribution in Momyo2 mutants. (A) Momyo2-eGFP dynamics during septation processes
in hyphae. Mycelia of the Momyo2-eGFP strain were overnight cultured, and then Momyo2-eGFP dynamics during septation were visual-
ized by a confocal fluorescence microscope. (B, C) Nuclear distribution in Momyo2 mutants. Nuclear signal in conidia and appressorium
of both Guy11 and Momyo2 mutants were visualized by a confocal fluorescence microscope. (D) Nuclear distribution in the hyphae of
Momyo2 mutants. Both Guy11 and Momyo2 mutants expressing H1-RFP fusion protein were overnight cultured in liquid CM, stained
with CFW and then visualized by a confocal fluorescence microscope. Arrows indicated the hyphae without cytoplasm.
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mycelium and conidium of Momyo2 mutants (Fig. 2A,
Fig. 3D, Fig. 4C; Fig. S6B) might also be ascribed from the
incomplete intracellular septa in cells, which potentially
reduces the size of Woronin bodies and results in open
septal gaps in these structures.

In M. oryzae, asexual spores produced from the knee-
like conidiophores are the major source of primary inoc-
ulum, and the ability to produce conidia determines an
epidemic of the disease.22,24 The Myo2 protein is
required for proper conidial production in F. graminea-
rum.11 Deletion of its gene results in aberrant chains of
linked macroconidial spores similar to the chain-cells
produced by type II myosins mutants in S. cerevisiae and
S. pombe.14,17 Type II myosin also show similar roles in
conidiophore development and conidiation in other
fungi such as P. marneffei and A. nidulans,12,21 highlight-
ing an important role of type II myosin protein in fungi
asexual spores development. In this study, Momyo2 was
shown to act as a determinant for asexual reproduction.
Deletion of this gene resulted in a dramatic reduction in
conidium production. Conidiation of M. oryzae required
an apical extension and swelling of the conidiophore in a
sympodial pattern.45,46 In examination of early conidial
ontogeny, the Momyo2 mutants showed a much lower
number of conidiophores than the wild type Guy11
(Fig. 3A, B). Meanwhile, the Momyo2 mutants could not
develop knee-like conidiophores, but mostly produced
one conidium per conidiophore (Fig. 3B; Fig. S4), indi-
cating that extension of conidiophores is defective in
Momyo2 mutants. As septa formation usually co-occurs
with conidiophore extension and is essential for proper
conidial development,44 we presumed that aberrant sep-
tum formation in Momyo2 mutants will restrict the
development of knee-like conidiophores in early stage,
which ultimately affect the conidial production in M.
oryzae.

Conidial germination in M. oryzae is a complex process
that involves a cascade of biologic events. The degradation
of glycogen during conidial germination is regarded as one
of the principal energy sources during germ tube exten-
sion.31,34,47 In this research, the Momyo2 mutants produce
large amount of malformed conidia with postponed germi-
nation ability in comparison to Guy11 (Fig. 3D). Consider-
ing the roles of glycogen metabolism in conidial
germination and appressorium formation inM. oryzae,31,34

we monitor its deposition in conidia. This analysis showed
that glycogen is diminished in mostMomyo2 conidia in an
age-dependent manner. Since glycogen deposits were nor-
mal in 60% of 10-day-old conidia, abnormal glycogen
breakdown identified in 20-day-old conidia in Momyo2
mutants suggests an essential role of Momyo2 in mainte-
nance rather than synthesis of conidial glycogen inM. ory-
zae. In addition, previous studies revealed that both spore

germination and maturation of infection structures require
rapid degradation and mobilization of glycogen in M. ory-
zae.34,48 Our results indicate that glycogen degrading ability
is defective during conidial germination and appressorium
development inMomyo2mutants. This might affect appres-
sorium formation andmaturation inMoMyo2mutant.

Appressorium-mediated penetration is a critical step
for fungal pathogenicity, and an intact cell wall of
appressorium guarantees successful infection by patho-
genic fungus M. oryzae.49-53 In this study, appressorium-
mediated penetration may be defective in Momyo2
mutants due to alterations in CWI. In turgor pressure
assay, the less collapsed appressoria at given glycerol
solution indicate higher turgor pressure in the appresso-
ria of Momyo2 mutants. Lytic enzymes treatments seem
to support this hypothesis, as indicate by less collection
of protoplast. However, this possibility was excluded by
examining cytoplasm in Momyo2 mutants. Presence of
empty cytoplasm inMomyo2mutants might be the main
reason for less protoplast release. Given that appressorial
turgor pressure increased in Momyo2 mutants, it was
also paradoxical to the facts that appressorium-mediated
penetration was defective in Momyo2 mutants. In M.
oryzae, non-melanized appressorial wall were much
thinner and permeable to glycerol, which make more
plasmolysis than cytorrhysis by treatment with hyperos-
motic glycerol solutions.36 In this study, non-melanized
appressoria developed by Momyo2 mutants showed sim-
ilar phenotypes with ALB1mutant,36 with more plasmol-
ysis than cytorrhysis (Fig 8D) under priority test. This
confirms that cell wall integrity might be defective in
Momyo2 mutants. CFW staining supported this view,
with much weaker fluorescent signal on appressoria
of Momyo2 mutants, which indicated less accumulation
of chitin on appressorial wall and much thinner cell wall
of Momyo2 mutants. In addition, appressorium recovery
assay also confirmed the conserved roles of Momyo2 in
involvements of the CWI of M. oryzae. Based on the
above information, our results strongly suggest that cell
wall structure ofMomyo2 appressoria is altered such that
solutes easily diffuse through cell wall pores.

In fungi, host-derived ROS is a second messenger for
defense-gene induction during fungal infection. Its
degrading promotes fungal infection during plant-
microbe interactions.37,40,54 In view of sensitivity to H2O2

and restricted growth in plant cells by Momyo2 mutant,
we presumed that the ability to detoxify host-derived
ROS may be impaired in Momyo2 mutants. The DAB
staining supported this hypothesis and greater amounts
of H2O2 accumulated at primary infection sites when
challenged with Momyo2 mutant compared with Guy11.
When DPI was used to prevent host-derived ROS,
appressorium penetration and growth of infectious
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hyphae in Momyo2 mutants are significantly increased.
This suggests increased accumulation of host-derived
ROS might prevent infection of Momyo2 mutants. In M.
oryzae, extracellular peroxidases degrade ROS at infection
site.39 Our measurement of secreted enzymes activity
revealed reduction in acitivity of extracellular peroxidases
and laccases in Momyo2 mutant. In fungi, intracellular
organelles involved in exocytosis are transported by
molecular motors to special growth region along the
cytoskeleton.55,56 Myosins act as major type of actin-
dependent ATPase motors and are therefore required for
transporting of cargo during fungi development.1-3

Therefore, combined with conserved roles of Myo2 in
fungi, we presumed that Momyo2 might be required for
the delivery and exocytosis of specific proteins outside of
fungal cell wall. Deletion of this gene in M. oryzae might
block secretion of proteins such as extracellular peroxi-
dases during fungal development. This will ultimately
impair the degrading of host-derived ROS during plant
infection. However, since laccase encoding genes were
downregulated in the Momyo2 mutant, we couldn’t
exclude possibility that the transcriptional repression of
genes, which resulted in defects on synthesis of extracel-
lular enzymes, might in part disable detoxification of
host-derived ROS by Momyo2 mutant.

In M. oryzae, appressorium development is regulated
by cell cycle progression.57 Generally, mitosis consistently
occurs within fungal germ tube before appressorium dif-
ferentiation, and breakdown of nuclei within the conidium
was correlated with appressorium formation. Previous
studies revealed that autophagy, which results in nuclei
degradation in conidium during appressoria development,
is an essential process during appressorium-mediated pen-
etration by M. oryzae.58 The blocking of autophagy could
result in formation of non-functional appressoria and the
loss of pathogenicity during fungal invasion.58,59 In M.
oryzae, mutants disrupting the PMK1 or MgATG8, which
resulted in defective nuclei degradation, is unable to com-
plete fungal invasion.58 In Momyo2 mutants, similar phe-
notypes were identified, with most of conidial nuclei close
to the appressorium undegraded even after 24 hpi, indi-
cating defective autophagy might exist in Momyo2
mutants. Combined with the fact that autophagy and
functional appressorium is coupled existing, we speculated
that the defect of nuclear degradation during appresso-
rium formation might be result in inability of developing
functional appressorium, and thus attenuated the viru-
lence on rice plants in M. oryzae.

In summary, this study reveals pleiotropic roles of
Momyo2 during the development ofM. oryzae, including
regulation of fungal septation, appressorium develop-
ment, invasive hyphae growth and attenuated virulence
ofM. oryzae.

Materials and methods

Fungal strains and culture conditions

M. oryzae strain Guy11 was used as wild-type strain
throughout this study. Guy11 and its derivative trans-
formants were routinely grown at 28 �C on complete
medium (CM) with or without agar for 3–15 d to evalu-
ate growth and colony characteristics. Genomic DNA,
RNA and protoplasts were isolated from mycelia har-
vested following growth in liquid CM at 28 �C for 2 d.
For conidiation, fungal strains were treated following
previously established methods.52 Germinated conidia
were obtained by placing drops of conidial suspension
on hydrophobic coverslip for 2 and 4 hrs, respectively.
Appressoria were obtained by holding germinated
conidia on a hydrophobic coverslip for 8, 12 and 24 hrs,
respectively. Conidiophore development and conidiation
observation were performed as described previously.40,60

To determine fungal growth under different stressors,
strains were cultured on CM with or without various
chemicals, including H2O2 (3 mM), NaCl (0.7 M), Congo
Red (CR, 200 mg mL¡1), Calcofluor White (CFW,
200 mg mL¡1) and SDS (0.2%), and grew under 28�C for
5 d. The inhibition rate was calculated as described
previously.51

hiTAIL-PCR, qRT-PCR and semiquantitative RT-PCR

High-efficiency thermal asymmetric interlaced polymer-
ase chain reaction (hiTAIL-PCR) was performed as
described previously.61 Primers used for hiTAIL-PCR
are listed in Table S1. cDNA was synthesized according
to the described previously methods.52 RT-PCR was per-
formed with primer pairs GL678 / GL679 to confirm
deletion and reintroduction of Momyo2 gene. The stable
expression b-tubulin gene amplified by primer pairs
GL622 / GL623 was used as internal control. Quantita-
tive real-time reverse transcription polymerase chain
reaction (qRT-PCR) were performed using a BIO-RAD
CFX96 touch q-PCR system (BIO-RAD, Hercules, Cali-
fornia, USA), following previously established proce-
dures.52 Primers used in this section were listed in
Table S1.

Nucleic acid manipulation and Southern blotting

Genomic DNA prepared by the standard method was
used for both diagnostic PCR and Southern blot hybrid-
ization.62 DNA hybridization probes, which are amplified
by primers GL455 / GL900 and GL135 / GL136
(Table S1), respectively, were labeled with digoxigenin-11-
dUTP using DIG-High prime according to manufacturer
instructions (11745832910, Roche, China). Southern
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hybridization procedures, including restriction enzyme
digestion, agarose gel separation, DNA gel blotting and
hybridization were performed as described previously.52

Total RNA was isolated from frozen fungal mycelia,
conidia and infectious plants (8, 24, 48 and 72 hrs) using
the protocol described in E.Z.N.A. Total RNA Kit I
(R6834–01, Omega Bio-Tek, Norcross, USA).

Targeted gene replacement and complementation

Targeted gene disruption construct was designed follow-
ing previously established procedures.52 The 1.0 kb DNA
fragments flanking the upstream and downstream
regions of targeted gene, respectively, were amplified
using primers GL455 / GL456 and GL457/ GL458. Sub-
sequently, they were jointed together by overlap PCR
with primers GL455 / GL458 to construct plasmid
pMDT-Momyo2. The hygromycin B-resistance cassette
that amplified with primers GL135 / GL136 by KOD-
Plus-Neo (KOD-401, TOYOBO, China) was inserted
into the EcoRV site in plasmid pMDT-Momyo2 to gener-
ate deletion construct pMDT-Momyo2-HPH. A »3.4-kb
DNA fragment amplified from deletion construct with
primers GL455 / GL458 was transformed into proto-
plasts of wild type Guy11 via PEG-mediated fungal
transformation. Hygromycin B-resistant transformants
were screened using primer pairs P1 / P2 and P3 / P4,
respectively, and then were further validated by Southern
blot and RT-PCR. For complementation, a 9.33 kb DNA
fragments containing a 1.25 kb upstream sequence, a
full-length Momyo2 gene coding region and a 0.69-kb
downstream sequence was amplified from Guy11 geno-
mic DNA using the primers GL693 / GL696, and then
cloned into the pMoC-eGFP vector63 using yeast gap
repair approach to generate pMoC::Momyo2 vector. The
sequenced vector was reintroduced into Momyo2–1
mutant by Agrobacterium-mediated transformation of
M. oryzae. The transformants were screened on half CM
plates64 with 50 mg mL¡1 carboxin and validated by
semiquantitative RT-PCR. To observe the localization of
Momyo2, theMomyo2::eGFP fusion vector was generated
by yeast gap repair approach. Three DNA fragments,
including the promoter region and ORF of Momyo2
gene, as well as eGFP ORF were amplified from the wild-
type Guy11 genomic DNA and pMoC-eGFP plasmid,
respectively. These were mixed with the HindIII digested
pMoC-eGFP and then were transformed into FY834
strain using previously established procedures.63 Follow-
ing transformation, the generated pMoC-Momyo2::eGFP
vector was isolated and used for transforming the wild
type strain Guy11. Under fluorescent microscope, a
Momyo2::eGFP strain expressing the fusion protein was
obtained and used for examining the dynamic behavior

of Momyo2 during septation. To observe the nuclei in
both Guy11 and Momyo2 mutant, 2 DNA fragments,
including the promoter region and ORF of Histone H1
gene, as well as RFP ORF were subcloned into pYF11,
generating pYF11-H1-RFP, then transformed into
Guy11 and Momyo2 mutant, respectively, to generate
corresponding strains. Primers used in this section were
listed in Table S1.

Glycogen, CFW Staining and Microscopy assays

Conidia harvested from 14-day-old and 21-day-old RDC
culture plates were used for glycogen staining. Conidial sus-
pension (1 £ 105 conidia mL¡1) was directly mixed with
staining solution (60 mg mL¡1 of Kl and 10 mg ml¡1 of I2
in distilled water).34 Microscopic examination of stained
conidia was performed using a Nikon inverted Ti-S epi-
fluorescence microscope (Nikon Co., Tokyo, Japan) with
differential interference contrast (DIC). For CFW staining,
14-day-old conidia were treated as described previously.52

Both vegetative hyphae and appressorium stained by CFW
was visualized using theNikon inverted Ti-S epifluorescence
microscope (Nikon Co., Tokyo, Japan), respectively.

To investigate the cellular localization of Momyo2 in
M. oryzae, mycelia of the transformant expressing
Momyo2::eGFP fusion protein were inoculated in liquid
CM and grown overnight. Mycelia were then visualized
using a confocal fluorescence microscope (Zeiss
LSM710). For visualizing nuclear distribution in
Momyo2 mutants, mycelia of each strain were cultured
as described above, then treated with CFW and visual-
ized by a confocal fluorescence microscope (Zeiss
LSM710). To view cytoplasm in mycelia, the Momyo2
mutant and Guy11 was transformed with pMoC-eGFP
vector,63 and then cytoplasmic GFP signal was compared
under Nikon inverted Ti-S epifluorescence microscope
(Nikon Co., Tokyo, Japan).

Phenotype assays

To determine fungal growth, mycelia plugs of Guy11 and
its derivative mutants were inoculated onto fresh CM,
minimal agar medium (MM),22 V8 agar medium (V8),
oatmeal agar medium (OM),50 and RDC agar medium,40

respectively. Strains were incubated in dark at 28 �C for
5 d. To evaluate sporulation, conidia were harvested
using 5 mL of sterilized distilled water from 14-day-old
RDC agar plates. These cells were counted using a hema-
cytometer, and size was measured using a microscope.
Conidial germination and appressorium formation were
determined as described previously.52 Appressorium tur-
gor was measured by incipient cytorrhysis assay using a
1–4 molar concentration of glycerol solution as described
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previously.65 The evaluation of porosity of appressorial
wall was performed using a solute exclusion technique
and screened for cytorrhysis and plasmolysis.66 Cytorrh-
ysis occurs when a solute molecule is excluded from the
pores in the cell wall, whlie plasmolysis is the evidence of
permeation. For evaluating the proportion of appressoria
that had recovered from cytorrhysis, appressorium was
treated as previously established methods and measured
at 60, 120 and 180 min after incubation, respectively. All
the experiments described here were independently
repeated 3 times with 3 replicate each, and a representa-
tive result from one experiment is shown.

Pathogenicity assay and infectious growth
observation

Pathogenicity assay were conducted following a previous
established precedures by using 14-day-old rice seedlings
(Oryza sativa cv CO-39) and 7-day-old barley leaves
(Hordeum vulgare cv Golden Promise), respectively.52

The plants were examined for disease development at 5
d after inoculation. For pathogenic test on abraded rice
leaves, 20 ml drops of conidia suspension (1.0 £ 105

spores mL¡1) of each strain were placed on wounded
rice leaves. Virulence of test strains was evaluated 5 d
post inoculation.. Plant penetration assays were per-
formed using 7-day-old barley leaves as described previ-
ously.52 Invasive hyphae growth was examined after at
36 hrs and 72 hrs using a light microscopy. All experi-
ments in this section were repeated 3 times, and repre-
sentative results from one experiment are shown.

Detection of extracellular enzyme activity

The extracellular enzyme activity was measured follow-
ing the previously established procedures.39 The culture
filtrate harvested from 2-day-old CM liquid culture was
used to measure the peroxidase and laccase activity. The
reaction volumes and conditions were strictly following
the established procedures,39 and absorbance was deter-
mined at 420 nm.

Three, 30-Diaminobenzidine (DAB) Staining and DPI
treatment

The in vivo detection of H2O2 and reactive oxygen spe-
cies (ROS) was performed following previously estab-
lished procedures.67,68 DAB forms a reddish-brown
polymer upon reaction with H2O2 and ROS produced by
the plant cells. One-week-old barley leaves were inocu-
lated with conidial suspension (1.0 £ 105 spores mL¡1)
for 30 hrs and 48 hrs, respectively, then their leaves were
cut and placed in 1 mg mL¡1 DAB-HCl solution (pH

3.8). The above samples were incubated in the dark con-
dition for additional 8 hrs to allow DAB uptake and reac-
tion with H2O2 and ROS, then were decolorized using
the ethanol-chloroform solution (4: 1) at room tempera-
ture for 2 d. Samples were mounted in 50% (v/v) glycerol
and examined by a Nikon inverted Ti-S epifluorescence
microscope (Nikon Co., Tokyo, Japan).

To investigate the growth of IH in ROS-suppressed
barley cells, conidial drops supplemented with 0.5 mM
DPI was inoculated on barley leaves.37 At 30 hpi, the IH
growth was evaluated by Nikon inverted Ti-S epifluores-
cence microscope equipped with DIC.

Domain architecture and phylogenetic analysis

The class II myosin proteins from diverse organisms
were obtained from NCBI database (www.ncbi.nlm.nih.
gov) using the BLAST algorithm.69 Sequence alignments
and phylogenetic analysis were performed using the
ClustalW program70 and Mega 4.0 b program,71 respec-
tively. Domain architecture was provided by the SMART
online software program.72

Transmission electron microscopy

For transmission electron microscopy (TEM), mycelia
grown in liquid CM for 48 hour were used to fix in 2.5%
(v/v) glutaraldehyde and 1% (v/v) osmium tetroxide.
Sections were prepared and visualized using a H-7650
transmission electron microscope (Hitachi, Tokyo,
Japan) as described previously.73
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