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Abstract

Glycine-rich proteins (GRPs) have diverse amino acid sequences and are involved in a variety of biological processes.
The role of GRPs in plant pathogenic fungi has not been reported. In this study, we identified and functionally
characterized a novel gene named MoGRP1 in Magnaporthe oryzae, which encodes a protein that has an N-terminal
RNA recognition motif (RRM) and a C-terminal glycine-rich domain with four Arg-Gly-Gly (RGG) repeats. Deletion of
MoGRP1 resulted in dramatic reductions in fungal virulence, mycelial growth, and conidiation. The ΔMogrp1 mutants
were also defective in cell wall integrity and in their responses to different stresses. MoGrp1 was localized to the
nucleus and was co-immunoprecipitated with several components of the spliceosome, including subunits of the
U1 snRNP and U2 snRNP complexes. Moreover, MoGrp1 exhibited binding affinity for poly(U). Importantly, MoGrp1
was responsible for the normal splicing of genes involved in infection-related morphogenesis. Domain deletion
assays showed that both the RRM domain and its two adjacent RGG repeats were essential to the full function of
MoGrp1. Notably, the nine amino acids between the first and the second RGG repeats were indispensable for
nuclear localization and for the biological functions of MoGrp1. Taken together, our data suggest that MoGrp1
functions as a novel splicing factor with poly(U) binding activity to regulate fungal virulence, development, and
stress responses in the rice blast fungus.
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Background
Glycine-rich proteins (GRPs) are a class of proteins
containing glycine-rich domains in their primary struc-
tures. GRP-encoding genes are widely distributed in
many eukaryotic species. The first glycine-rich protein
to be identified, GRP-1, which was discovered in Petu-
nia hybrida, has 384 amino acids in total, 252 of which
are glycine residues (Condit and Meagher 1986). GRP-1
is a cell wall structural protein and is highly

abundant in unexpanded tissues, especially in the
buds (Condit et al. 1990). Glycine-rich proteins with
glycine contents ranging from 20% to 70% in plants
are diverse in their expression patterns, biological func-
tions, and subcellular locations (Mangeon et al. 2010).
GRPs form a large superfamily and can be divided

into four classes based on features of their protein se-
quences. Class I–III GRPs have typical signal peptides
at the N-terminus but carry different motifs in their
glycine-rich domains. Members of Class I GRPs have
trailing repetitive (Gly-Gly-X)n domains. Most of these
GRPs, such as GRP1 in petunia, are regarded as struc-
tural proteins due to their localization to cell walls.
Class II GRPs have a glycine-rich domain consisting of
the repetitive (Gly-Gly-XXX-Gly-Gly)n motif and a
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trailing cysteine-rich region at the C-terminus. Class III
GRPs have the lowest glycine levels in comparison with
GRPs of other classes. This class is characterized by a
repetitive (Gly-X-Gly-X)n motif and wide structural di-
versity and usually contains oleosin domains.
In contrast, Class IV GRPs harbor nucleic acid-bind-

ing domains, most of which are RNA-binding domains.
GRPs with both RNA recognition motifs (RRM) and
glycine-rich domains usually contain repetitive (Arg--
Gly-Gly)n motifs that facilitate RNA binding. The RRM
in Class IV GRPs function in transcription and
post-transcriptional modifications, thereby regulating
multiple metabolic pathways, especially those related to
stress resistance (Kupsch et al. 2012; Shi et al. 2016b).
Glycine-rich domains in Class IV GRPs facilitate both
the RNA-binding capacity and the protein–protein in-
teractions, and increase the variability of RNA-binding
proteins because of sequence specificity and structural
disorder (Ciuzan et al. 2015). Several typical Class IV
GRPs from human (Rbm3), Arabidopsis (AtGrp7), bud-
ding yeast (Npl3), and the human pathogen Candida albi-
cans (Slr1) have been characterized. Rbm3 is expressed
under hypothermic or hypoxemic conditions in humans
(Al-Astal et al. 2016). The Atgrp7 mutants induce reduced
Arabidopsis cold sensitivity (Kim et al. 2008). Npl3 plays a
role in linking chromatin modification to mRNA process-
ing and regulates the cold adaptation of budding yeast
(Deka et al. 2008; Moehle et al. 2012). Slr1 is localized to
the hyphal tips of C. albicans, and the deletion of Slr1
leads to defects in hyphal formation and function (Ariya-
chet et al. 2017). However, Class IV GRPs have not been
reported in plant pathogenic fungi, and the role of GRPs
in fungal pathogenesis remains to be investigated.
Rice blast, caused by the ascomycetous fungus Mag-

naporthe oryzae, is a devastating disease resulting in
10%–30% production loss in both rice and wheat crops
(Hamer and Talbot 1998; Talbot and Foster 2001). This
hemi-biotrophic pathogen is a model for the dissection
of plant–fungal interactions and has a typical infection
process involving appressorium-mediated penetration
(Dean et al. 2012). The expression levels of genes in-
volved in fungal infection-related morphogenesis and
pathogenicity are regulated at transcriptional and post-
transcriptional levels. Currently, hundreds of transcrip-
tion factors (TFs) have been identified and functionally
characterized in M. oryzae, such as bZIP-type TFs,
C2H2-type TFs, and Zn2Cys6-type TFs (Lu et al. 2014;
Kong et al. 2015; Cao et al. 2016). However, only a few
studies have been reported on the post-transcriptional
regulation of fungal pathogenicity and development.
Rbp35 was the first protein identified in M. oryzae that
controls mycelial growth, infection-related develop-
ment, and pathogenicity through alternative processing
of the 3′-end of the target pre-mRNAs (Franceschetti

et al. 2011). Multilayer regulatory mechanisms are also
found to control two fungal cleavage factor I (CFI) pro-
tein classes, the Rbp35/CfI25 complex and Hrp1 in M.
oryzae (Rodríguez-Romero et al. 2015). In other phyto-
pathogenic fungi, the role of the post-transcriptional
gene control process has also been revealed. In the wheat
head blight pathogen Fusarium graminearum, a serine/
arginine-rich protein FgSrp1 was found to be necessary
for plant infection and for pre-mRNA processing (Zhang
et al. 2017), and that A-to-I RNA editing is important for
ascosporogenesis (Liu et al. 2016, 2017). Protein kinase
FgPrp4 is important for spliceosome B-complex activation
and splicing efficiency and is required for fungal growth
and pathogenicity as well (Gao et al. 2016). In the corn
smut pathogen Ustilago maydis, two RNA-binding pro-
teins, Khd4 and Rrm4, are required for fungal growth and
virulence (Becht et al. 2005). It remains to be investigated
whether and how other proteins that are involved in the
post-transcriptional gene control process contribute to
fungal pathogenicity and development.
In this study, we characterized the function of the gene

MoGRP1, which encodes a glycine-rich RNA binding
protein, and revealed that MoGrp1 is an auxiliary spli-
cing factor unique to filamentous fungi that regulates
virulence, development, and stress responses in the rice
blast fungus.

Results
MoGRP1 is indispensable for hyphal growth, stress
responses, and conidiation
In Magnaporthe oryzae, 65 genes were predicted to en-
code RRM proteins, which are thought to be involved
in diverse cellular processes including DNA processing,
mRNA processing, rRNA processing, RNA binding, and
translation (Additional file 1: Table S1). To characterize
the biological roles of these RRM proteins, we knocked-
out several genes, and one of them, MGG_07511, was se-
lected for further analysis in this study. MGG_07511 en-
codes a protein with 324 amino acids (aa) containing 53
glycines, an RRM domain (75–170 aa), and a glycine-rich
domain with four Arg-Gly-Gly (RGG) repeats at its
C-terminal region (Fig. 1a). Accordingly, we named this
gene MoGRP1 (Glycine-Rich Protein 1) hereafter. Mul-
tiple sequence alignment of MoGrp1 homologs from
over ten model eukaryotic species showed that the
RRM domain was conserved, but that both the N- and
C-terminal sequences, especially the region 175–324
aa, were only conserved among filamentous fungi and
greatly divergent among other organisms (Fig. 1b and
Additional file 2: Figure S1). Therefore, we proposed
that MoGrp1 was a novel RNA-binding protein specific
to filamentous fungi.
To study biological role of MoGRP1, the gene was de-

leted from a wild-type strain P131 by homologous
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recombination, and the resulting mutant, kg1, was con-
firmed by DNA gel blot analysis (Additional file 3: Fig-
ure S2). Growth assay showed that the rate of growth
on complete medium (CM) of kg1 was only 4.84 ± 0.04
mm/day, much less than that of the wild-type strain
(7.56 ± 0.02 mm/day) (Fig. 2a), suggesting a significant
suppression of hyphal radial growth in the ΔMogrp1
mutant. Similar results were observed on oatmeal tomato
agar (OTA) medium (Fig. 2a). In order to determine
whether the growth inhibition was caused by nutrient
limitation from the medium, strains P131 and kg1 were
cultured on minimal medium (MM), nitrogen-free min-
imal medium (MM-N), and carbon-free minimal medium
(MM-C). In comparison with the wild-type strain, strain
kg1 exhibited similar growth reduction rates on MM and

MM-N as on CM and OTA, whereas kg1 had about 10%
higher growth reduction rate on MM-C (Fig. 2a, b), sug-
gesting that the ΔMogrp1 mutant had a certain degree of
carbon-dependence. These results imply that MoGRP1 is
required for vegetative hyphal growth.
Previous studies have suggested that GRPs are usually

involved in stress responses, such as those provoked by
cell wall-perturbing agents and H2O2 (Schmidt et al.
2010; Wang et al. 2013). Accordingly, we tested whether
strain kg1 was also sensitive to different stresses by incu-
bating it on CM plates supplemented with different
stress chemicals. Compared to the CM control, growth
inhibition rates of the kg1 colonies were 68.3%, 18.3%,
38.1%, and 64.3% on 200 μg/mL Calcofluor White
(CFW), 200 μg/mL Congo Red (CR), 0.025% SDS

Fig. 1 MoGrp1 is a novel RNA-binding protein that is specific to filamentous fungi and contains a glycine-rich domain. a Domain organization
and amino acid sequence of MoGrp1. RRM, RNA recognition motif; RGG, Arg-Gly-Gly motif; RNP-1 and RNP-2, two highly conserved sequences
of RRM; b High divergence in the C-terminal of MoGrp1 and its orthologous proteins (Additional file 2: Figure S1). Red box marks the high
similarity region; blue arrows point to the divergent region (174 to 324 aa in MoGrp1). Conservation is shown by gradient color: highest in red
and lowest in blue. The alignment was built using the MAFFT program and sequences were visualized in CLC Sequence Viewer
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solution, and 10mM H2O2, respectively, which were
higher than those exhibited by the wild-type strain
(Table 1). In contrast, strain kg1 exhibited similar
growth inhibition rates as the wild type on 1M sorbitol,
0.7M NaCl, and 5mM CuSO4 (Additional file 1: Table
S2). Moreover, strain kg1 was more sensitive to abnor-
mal temperature. The growth inhibition rates of kg1
were 13.7% and 14.4% higher than that of the wild-type
P131 when cultured on OTA plates at 34 °C and 18 °C,
respectively (Table 1). Hydrophobicity of fungal hyphae
was also tested by placing water or 0.2% SDS droplets

onto colonies formed on OTA plates (Breth et al. 2013).
Both strain P131 and kg1 formed intact droplets on their
hyphae, whereas kg1 but not P131 was wettable by 0.2%
SDS (Additional file 4: Figure S3), suggesting that strain
kg1 showed a partial loss of hydrophobicity. These results
suggest that MoGRP1 may play important roles under dif-
ferent stresses.
To evaluate the effect of MoGRP1 on conidiogenesis,

conidial production of strains P131 and kg1 was com-
pared on OTA plates. While the wild-type P131 gener-
ated 3–5 conidia per conidiophore, strain kg1 produced

Fig. 2 MoGRP1 is indispensable for hyphal growth, stress responses, and conidiation. a Mycelial growth of the wild-type strain P131, the ΔMogrp1
mutant kg1, and one ΔMogrp1 complementation transformant cg1g on CM, OTA, MM, MM-C, and MM-N plates at 28 °C for 5 days. The black
circle indicates the extent of mycelia grown on MM-N and MM-C plates; b Column diagram showing colony diameter of strains cultured on
different media in (a). The mean ± SD was calculated based on three independent experiments measuring three plates in each replicate. An
asterisk marks significant differences among strains according to a T-test (P < 0.05); c Conidiation structures of strains P131, kg1, and cg1g
cultured on OTA plates. Bar, 30 μm; d Conidiation capacity of strains P131, kg1, and cg1g cultured on OTA plates. The mean ± SD was calculated
based on three independent experiments measuring three plates in each replicate. *P < 0.05; e Conidial morphology of strains P131, kg1, and
cg1g. Bar, 20 μm; f Percentage of conidia with 0-, 1-, and 2- septa of strains P131, kg1, and cg1g. The mean ± SD was calculated based on
three independent experiments measuring at least 100 conidia in each replicate. *P < 0.05

Table 1 Inhibition ratio (%) of vegetative hyphal growth of the strains under different stress conditions

Strain Congo red (200 μg/mL) Calcofluor white (200 μg/mL) 0.025% SDS 10 mM H2O2 18 °C 34 °C

P131 9.7 ± 0.3b 41.3 ± 0.3b 17.3 ± 0.2b 30.0 ± 0.3b 31.8 ± 0.3b 20.8 ± 0.2b

kg1 18.3 ± 0.2a 68.3 ± 1.4a 38.1 ± 0.7a 64.3 ± 1.9a 46.2 ± 2.4a 34.5 ± 0.3a

cg1g 5.4 ± 0.01b 41.7 ± 0.3b 14.4 ± 0.1b 33.2 ± 0.2b 33.8 ± 0.2b 25.4 ± 3.4b

The inhibition ratio = ((diameter on CM–diameter on amended medium)/(diameter on CM)) × 100. The mean ± SD was calculated based on three independent
experiments measuring three plates in each replicate. Different letters are used to mark statistically significant differences using one-way analysis of variance
(ANOVA) and subsequent Tukey’s post hoc test (P < 0.05)

Gao et al. Phytopathology Research             (2019) 1:2 Page 4 of 15



just 0–1 conidia per conidiophore (Fig. 2c). As a result,
the number of conidia produced by strain kg1 on each
OTA plate was only about 5% of the wild-type strain
(Fig. 2d). Moreover, about 70% of the kg1 conidia were
abnormal with 0–1 septum and a lemon-shaped morph-
ology, whereas the wild-type conidia had two septa with a
pyriform shape (Fig. 2e, f ). All of the above defects of the
ΔMogrp1 mutant in hyphal growth, stress responses, and
conidiation could be rescued by expressing a wild-type
MoGRP1 allele in strain kg1, including a complementation
strain cg1g (Fig. 2). These observations indicate that
MoGRP1 is required for maintaining normal conidiation
and conidial morphology.

MoGRP1 is required for plant infection and infection-
related morphogenesis
To determine roles of MoGRP1 in plant infection, conid-
ial suspensions of strains P131, kg1, and cg1g were
sprayed onto seedlings of rice and barley. While strains
P131 and cg1g formed numerous typical disease lesions
on rice leaves, kg1 produced few and limited disease
spots (Fig. 3a). Similar results were obtained on barley

leaves (Fig. 3a). Moreover, kg1 only caused very limited
disease lesions on abraded rice leaves after inoculation
with mycelial plugs (Fig. 3a). Hence, MoGRP1 played
vital roles in infection and the extension of invasive hy-
phae in plant tissues.
Infection-related morphogenesis was then investi-

gated. At 12 hours post inoculation (hpi), approxi-
mately 5% of the kg1 conidia formed appressoria on
hydrophobic surfaces, compared with about 90% of
the wild-type conidia (Fig. 3b). At 36 hpi, the
wild-type invasive hyphae were well developed and
formed over five bulbous branches, but fewer than
20% of the kg1 appressoria penetrated into barley epi-
dermal cells and developed few and limited branches
(Fig. 3c, d). At 48 hpi, over 80% of the wild-type inva-
sive hyphae had spread into neighbouring cells,
whereas no invasive hyphae was observed in neigh-
bouring cells for kg1 strain (Fig. 3c, e). Taken together,
these findings suggest that MoGRP1 is required for ap-
pressorium formation, appressorial penetration, and
the development of invasive hyphae, which contribute
significantly to fungal virulence.

Fig. 3 MoGRP1 is required for plant infection and infection-related morphogenesis. a Disease lesions formed on rice seedlings (left panel), barley
seedlings (middle panel), and abraded rice leaves (right panel) by inoculation of the wild-type strain P131, the ΔMogrp1 mutant kg1, and one
ΔMogrp1 complementation transformant cg1g. Typical disease lesions were photographed at 5–7 dpi; b Appressorium formation on glass
coverslips (upper panel) and its percentages (lower panel) by strains P131, kg1, and cg1g at 12 hpi. The mean ± SD was calculated based on
three independent experiments measuring at least 100 germinated conidia in each replicate. Bar, 20 μm. *P < 0.05; c Appressorium-mediated
penetration and invasive hyphal development in epidermal cells of barley leaves by strains P131, kg1, and cg1g at 24, 36, and 48 hpi. Bar, 20 μm;
d Column diagram showing the percentage of penetration pegs forming invasive hyphae in the epidermal cells of barley leaves by strains P131, kg1,
and cg1g at 24 hpi. The mean ± SD was calculated based on three independent experiments measuring at least 100 appressoria in each replicate.
*P < 0.05; e Column diagram showing the percentage of invasive hyphae extending into neighboring cells in the epidermis of barley leaves by strains
P131, kg1, and cg1g at 48 hpi. The mean ± SD was calculated based on three independent experiments measuring at least 60 infection sites in each
replicate. *P < 0.05
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MoGrp1 is localized to the nucleus and is constitutively
expressed
To determine the subcellular localization of MoGrp1, a
construct expressing a MoGrp1-GFP fusion protein
driven by the RP27 promoter was generated and intro-
duced into strain kg1. Fifteen independent transformants
were obtained and all of which recovered defects of
strain kg1, suggesting that the MoGrp1-GFP fusion was
functional. Strong and clear nuclear localization of green
fluorescent signals were observed in the conidia, appres-
soria, and invasive hyphae of the transformants, includ-
ing cg1g (Fig. 4a). The expression levels of MoGRP1
were examined by quantitative RT-PCR (qRT-PCR). Wild-
type samples were prepared from vegetative hyphae, co-
nidia, appressoria, and infected barley leaves (Chen et al.
2017). MoGRP1 was widely expressed among these sam-
ples, among which the conidia exhibited the highest ex-
pression level (Fig. 4b).

MoGrp1 preferentially binds to poly(U) RNA
Because MoGrp1 contains a conserved RRM domain,
we hypothesized that it might bind to a subclass of nu-
cleic acids. To test the category of its binding targets,
MoGrp1 was first purified by anti-Flag M2 affinity
beads from strain cg1f expressing the 3 × FLAG-
MoGRP1 fusion construct in the ΔMogrp1 mutant kg1.
The strain cg1f exhibited the wild-type phenotype in
asexual development and plant infection. The purified
3 × Flag-MoGrp1 was then co-incubated with several
artificially synthesized nucleic acids, i.e., biotinylated
poly(A)30 and poly(U)30 RNAs and single- and double-
stranded calf-thymus DNA. The resulting mixtures
were immunoprecipitated by streptavidin and detected
by an anti-FLAG antibody in the corresponding elu-
tions. Among the four tested targets, poly(U)30 RNA
exhibited the strongest binding capacity to MoGrp1,
while poly(A)30 RNA had a weak binding capacity to
MoGrp1. In contrast, the binding capacity to MoGrp1
was not detected for either of the single- and double-
stranded calf-thymus DNA. Moreover, when the RNP-2
motif (RGFGFVK, 119–125 aa) of the RRM domain
was removed from MoGrp1, the resulting truncated
MoGrp1 (dRRM) was not able to bind any of the four
tested targets. These findings suggest that MoGrp1
preferentially binds to poly(U) RNAs, and the RRM do-
main is essential for its RNA-binding capability (Fig. 4c).

MoGrp1 interacts with components of the spliceosome
The proteins co-purified with MoGrp1 were isolated by
affinity protein purification approach using strain cg1f
expressing 3 × Flag-MoGrp1. Seven potential MoGrp1
co-immunoprecipitated proteins were identified by LC-
MS/MS analysis, including U2 snRNP complex sub-
units MoRse1 and MoIst3, U1snRNP complex subunits

MoPrp40 and MoLuc7, RNA-binding protein MoRbm25,
and H/ACA RNP complex subunit 1 and 2 (Fig. 5a). To
confirm the interaction between MoGrp1 and MoRse1, the
strain CoFG9 co-expressing 3 × Flag-MoGrp1 and
MoRse1-GFP were generated, and then the 3 × Flag-
MoGrp1 protein was precipitated from the total proteins
by anti-FLAG immunoprecipitation. The MoRse1-GFP
protein could be detected with an anti-GFP antibody in
both the elution sample and the total protein extract
(Fig. 5b), indicating that MoGrp1 interacted with
MoRse1-GFP in vivo. Similarly, MoGrp1 was co-
immunoprecipitated with MoGar1 in vivo (Fig. 5c).
However, yeast two-hybrid assays failed to reveal the
interactions between MoGrp1 and the two individual
splicing factors (data not shown). Taken together,
these results indicate that MoGrp1 can be co-immu-
noprecipitated with components of the spliceosome
and therefore might function as an auxiliary splicing
factor.

MoGrp1 is necessary for normal splicing of genes
involved in infection-related morphogenesis
To test whether MoGrp1 contributes to intron splicing,
two genes, MST7 and MoRAD6, which are important to
fungal growth, conidiation, and pathogenicity in M. ory-
zae (Zhao et al. 2005; Shi et al. 2016a), were selected for
analysis. The intron splicing efficiency was evaluated by
RT-PCR with a pair of primers amplifying the intron re-
gion. As shown in Fig. 6, obvious intron retentions oc-
curred in the transcripts of MST7 and MoRAD6 from
the ΔMogrp1 mutant kg1 in comparison to those from
the wild-type strain P131. Amplified genomic DNA was
used as the un-spliced control. Therefore, MoGrp1 plays
important roles in intron splicing, at least for genes re-
lated to fungal development and pathogenicity.

Both the RRM and RGG motifs of MoGrp1 are
indispensable for fungal development and plant infection
To dissect biological roles of different motifs in MoGrp1,
four constructs expressing truncated MoGrp1 proteins
fused with GFP at the C-terminal were generated (Fig. 7a)
and introduced into the ΔMogrp1 mutant kg1. For each
construct, at least 10 independent transformants were se-
lected for analyses of plant infection, colony growth, and
conidiation (Fig. 7b-d). Transformants expressing the
wild-type MoGRP1 in strain kg1 exhibited wild-type phe-
notypes and were used as a positive control. Firstly, using
the strain dN with deletion of its N-terminal region (1–74
aa), we demonstrated that the N-terminal before the RRM
was not necessary for the function of MoGrp1. In contrast,
the truncated dRRM strain in which the RNP2 motif was
deleted could not rescue any defects of strain kg1, suggest-
ing that the RNP2 motif is essential to the function of
MoGrp1. Furthermore, while strain Δ265–324, in which the
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C-terminal region (from the 3rd RGG motif to the end,
265–324 aa) was deleted, could rescue all defects of strain
kg1, strain Δ182–324, in which most of the glycine-rich do-
main (from the 1st RGG motif to the end, 182–324 aa)
was deleted, could not rescue any defects of strain kg1.
These findings suggested that the N-terminus of the
glycine-rich domain with the first two RGG motifs is indis-
pensable to MoGrp1. Interestingly, strain Δ191–324, in
which most of the glycine-rich domain (from the 2nd RGG
motif to the end, 191–324 aa) was deleted, could not fully
rescue the defects of strain kg1, suggesting that the 9-aa

fragment (RGGRFDDRR, 182–190 aa) contributed greatly
to the function of MoGrp1. Lastly, the strain Δ182–190,
in which the 9-aa fragment (RGGRFDDRR, 182–190
aa) was deleted, was not able to rescue the defects of
strain kg1. Moreover, the AGG mutant (R182A and
R191A) showed that arginine methylation in RGG
was not important for MoGrp1. Taken together, these
results indicate that both the RRM domain and
N-terminal region of the glycine-rich domain with the
first two RGG motifs were essential for the function
of MoGrp1.

Fig. 4 MoGrp1 is localized to nuclei and binds to poly(U) RNA. a MoGrp1 is localized to nuclei of conidia, appressoria, and infection hyphae of
strain cg1g expressing a MoGrp1-GFP fusion protein. Bar, 20 μm; b Relative expression levels of MoGRP1 in mycelia (My), conidium (Co), mature
appressorium (Ap12h), and invasive hyphae (IH24h and IH42h) measured by quantitative RT-PCR. The expression level of MoGRP1 was first normalized
with the actin gene in each tested tissue, and the expression level of MoGRP1 was set to 1. The means and standard deviations were calculated based
on two independent experiments with three replicates; c The 3 × Flag-MoGrp1 or 3 × Flag-MoGrp1ΔRNP-2 constructs bind to different types of
biotinylated nucleic acids, including poly(U)30, poly(A)30, single-strand DNA (ssDNA), and double-strand DNA (dsDNA). The 3 × Flag-tagged protein
was immunoprecipitated from strain cg1f expressing the 3 × Flag-MoGrp1 fusion protein or strain cg1fdR expressing the 3 × Flag- MoGrp1ΔRNP-2

fusion protein. (−) is a negative control, showing that beads cannot bind target proteins without biotinylated nucleic acids
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The fragment RGGRFDDRR is essential for the nuclear
localization of MoGrp1
To determine the sequence responsible for the nuclear
localization of MoGrp1, all of the aforementioned trans-
formants were stained by DAPI and observed under a
microscope. Strong green fluorescence signals, localized
to the nuclei, were observed in transformants expressing
the entire glycine-rich domain (182–324 aa) or the trun-
cated MoGrp1Δ265–324 domain, whereas only cytoplas-
mic localized green fluorescence signals were found in
transformants expressing the truncated MoGrp1△182–324

domain (Fig. 8). Interestingly, both nuclear and cyto-
plasmic green fluorescence signals were detected in
transformants expressing the truncated MoGrp1△191–
324 domain or the dNG domain with the RRM and the
182–190 aa (Fig. 8). These findings suggest that the 9
aa fragment, RGGRFDDRR (182–190 aa), was required

for the nuclear localization of MoGrp1, which in turn
was associated with the biological role of MoGrp1 in
fungal development and virulence.

Discussion
In this study, we characterized the function of a novel
gene MoGRP1 from M. oryzae, which encodes a glycine-
rich RNA-binding protein with four RGG repeats. The
MoGRP1 deletion mutants showed deficiency in a wide
range of biological processes including vegetative hy-
phal growth, stress responses, conidiogenesis, appres-
sorial function, invasive hyphal growth, and virulence.
These results suggest that the loss-of-function of MoGrp1
may lead to widespread effects because of its potential
roles in RNA binding and pre-mRNA splicing. More-
over, bioinformatics analysis reveals that MoGrp1 was
unique to filamentous fungi. Another RNA-binding

Fig. 5 MoGrp1 can be co-immunoprecipitated with components of the spliceosome. a List of proteins co-immunoprecipitated with 3 × Flag-
MoGrp1; b Immunoblot of the total protein (input) and those eluted from anti-FLAG M2 beads (elution) of strain CoFG9 expressing both the
MoRse1-GFP fusion protein and the 3 × Flag-MoGrp1 fusion protein. Strain eRse1 expressing the MoRse1-GFP fusion was used as control. The
MoRse1-GFP fusion protein and the 3 × Flag-MoGrp1 fusion protein were probed with an anti-GFP antibody and an anti-Flag antibody, respectively; c
Immunoblot of the total protein (input) and those eluted from anti-FLAG M2 beads (elution) of strain CoFG1 expressing both the MoGar1-GFP fusion
and the 3 × Flag-MoGrp1 fusion. Strain eGar1 expressing the MoGar1-GFP fusion was used as control. The MoGar1-GFP and the 3 × Flag-MoGrp1 fusion
proteins were probed with an anti-GFP antibody and an anti-Flag antibody, respectively
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protein Rbp35 with an N-terminal RRM and six RGG
repeats has been reported to be involved in alternative
pre-mRNA 3′-end processing and required for full
fungal virulence and development of M. oryzae (Fran-
ceschetti et al. 2011). Interestingly, homologs of Rbp35
are found in many filamentous fungi, but are absent in
yeast, plants, or animals, suggesting that Rbp35 is re-
stricted to filamentous fungi. Accordingly, we speculate
that filamentous fungi may contain many other similar
RNA-binding proteins that control fungal development
and pathogenicity (Vollmeister et al. 2009). In U. may-
dis, among 18 RNA-binding proteins, Khd4 and Rrm4
were found to be required for fungal growth and viru-
lence, and Khd1 contributed to cold-sensitive growth
(Becht et al. 2005). This suggests that some, but not all
RNA-binding proteins, play major roles in fungal devel-
opment and pathogenicity. Recently, J-R Xu’s group re-
ported that a serine/arginine-rich protein FgSrp1 and a
protein kinase FgPrp4, both of which participate in
pre-mRNA splicing, are required for fungal growth and
pathogenicity in F. graminearum (Gao et al. 2016;
Zhang et al. 2017). They also found that A-to-I RNA
editing is important for fungal ascosporogenesis (Liu et

al. 2016, 2017). These findings illustrated that post-
transcriptional gene control processes play vital roles in
fungal pathogenicity and development. It will be inter-
esting and challenging to identify the inventory of pro-
teins that are involved in the post-transcriptional gene
control processes, which contribute to fungal pathogen-
icity and development.
Our results showed that MoGrp1 was localized to nu-

clei, and that it was able to be co-immunoprecipitated
with several components of the spliceosome, including
subunits of the U1 snRNP and U2 snRNP complexes,
MoRse1, and MoGar1. MoRse1 is a component of the
pre-spliceosome and is involved in pre-mRNA splicing.
It associates with U2 snRNA (Chen et al. 1998; Caspary
et al. 1999). MoGar1 is a core component of the H/ACA
ribonucleoprotein pseudouridylase complex and is in-
volved in the modification and cleavage of 18S pre-
rRNA (Bousquet-Antonelli et al. 1997; Tremblay et al.
2002; Li and Ye 2006). Our findings suggest that MoGrp1
might be an auxiliary component of the pre-spliceosome
A complex, in which U1 snRNP binds to a 5′ splicing site
(5’SS) and U2 snRNP binds to the branch-point sequence
(Wahl et al. 2009). However, we did not detect direct in-
teractions between MoGrp1 and these two splicing factors
in the yeast two-hybrid assays, implying that other com-
ponent(s) of the spliceosome may be necessary for the
physical interactions. Similar phenomenon has been de-
scribed often in multiple-subunit complexes, including
in the spliceosome (Hegele et al. 2012). Moreover,
MoGrp1 possessed a strong binding affinity for poly(U)
RNAs, but bound weakly to poly(A) RNAs and not to
ssDNAs or dsDNAs. Currently we are unable to obtain
poly(C) and poly(G) RNAs and have not assessed bind-
ing capacities of these two homopolymer RNAs to
MoGrp1. Thus, our data support the hypothesis that
MoGrp1 is at least a poly(U) RNA-binding protein.
Based on our findings that MoGrp1 co-immunoprecipitates

with the pre-spliceosome A complex and has strong bind-
ing affinity for poly(U) RNA, we speculated that MoGrp1
may play a role in regulating splicing by two possible
mechanisms. Firstly, MoGrp1 may be involved in splice site
selection. In higher eukaryotes where alternative splicing is
prevalent, and because most splice site consensus se-
quences are relatively degenerate and splice sites alone are
not capable of efficiently directing spliceosome assembly,
recognition and selection of splice sites is influenced by
flanking pre-mRNA regulatory sequences in most cases
(Cartegni et al. 2002; Singh and Valcárcel 2005; Wahl et al.
2009). In human and mouse cells, poly(U)-rich sequences
in exons near 5’SS were demonstrated to function as spli-
cing enhancers and play important roles in splice site selec-
tion (Tanaka et al. 1994; Wongpalee et al. 2016). Secondly,
MoGrp1 may contribute to exon inclusion. In human and
mouse cells, poly(U)-rich sequences in introns downstream

Fig. 6 MoGrp1 is necessary for normal splicing of genes involved in
infection-related morphogenesis. RT-PCR analysis on selected introns
(marked with a star) of MoRAD6 and MST7, which were abnormally
spliced in the ΔMogrp1 mutant kg1 in comparison with the wild-
type strain P131. The amplified genomic DNA was used as the un-
spliced control. The transcripts are presented with exons in black
rectangles, UTRs in grey rectangles, and introns indicated by black
lines. The PCR primers are marked with arrows
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Fig. 7 Both the RRM and the first two RGG motifs are essential for the full function of MoGrp1. a Structure diagram of N-terminal 3 × Flag tagged
MoGrp1 (cg1f), C-terminal GFP tagged MoGrp1 (cg1g) and their mutated alleles, including RNP-2 deletion (dRRM, MoGrp1Δ119–125), N-terminal
deletion (dN, MoGrp1Δ1–74), glycine-rich domain complement transformant (dNR, MoGrp1Δ1–173), deletion from the 3rd RGG motif to the end
(Δ265–324, MoGrp1Δ265–324), deletion from the 2nd RGG motif to the end (Δ191–324, MoGrp1Δ191–324), deletion from the 1st RGG motif to the
end (Δ182–324, MoGrp1Δ182–324), deletion from 182 to 190 aa (Δ182–190, MoGrp1Δ182–190), transformant containing RRM and 1st RGG (dNG,
MoGrp175–190), and AGG mutant (AGG, MoGrp1R182A, R191A); b Pathogenicity test of diverse domain-complemented strains in rice seedlings.
Typical disease lesions were photographed at 5–7 dpi; c Colony diameter of diverse domain-complemented strains on OTA plates at 28 °C for
5 days. The mean ± SD was calculated based on three independent experiments measuring three plates in each replicate. *P < 0.05; d
Conidiation capacity of diverse domain-complemented strains on OTA plates. The mean ± SD was calculated based on three independent
experiments with measuring three plates in each replicate. *P < 0.05
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of 5’SS were found to promote exon inclusion and to be
regulated by the cytotoxic granule-associated RNA-binding
proteins TIA1 and TIA1-like 1 (TIAL1) (Aznarez et al.
2008). TIA1/TIAL1 function by binding to intron poly(-
U)-rich sequences immediately downstream from 5’SS in a
U1 snRNP-dependent fashion (Del Gatto-Konczak et al.
2000). Although we currently do not have a clear picture
on how MoGrp1 functions during the early process of in-
tron splicing, its molecular mechanism might be better il-
lustrated by RNA immunoprecipitation and
RNA-sequencing approaches, which can identify the poten-
tial MoGrp1-binding sequences and motifs in targeting
pre-mRNAs.
Proteins with single or multiple RGG motifs are usu-

ally core components of many mRNA process-related
complexes and interact with RNAs and proteins partici-
pating in diverse cellular processes, such as transcription,
splicing, mRNA export, nucleo-cytoplasmic shuttling,
and post-translational modification (Nichols et al. 2000;
Brahms et al. 2001; McBride et al. 2005; Peng et al. 2006;
Wong et al. 2010; Rajyaguru and Parker 2012; Rodríguez-
Romero et al. 2015). For example, the RNA-binding
protein Icp27 of the herpes simplex virus shows low
RNA-binding activity and intron retention reduction with-
out its RGG motif (Mears and Rice 1996; Tang et al.
2016). The RGG domain of Rbp16 in Trypanosoma brucei
can individually bind RNA (Miller and Read 2003). The
RGG domain of Rbp35 in M. oryzae regulates cleavage ef-
ficiency and the localization and degradation processes of
Rbp35 itself (Rodríguez-Romero et al. 2015). In our
study, it is not certain whether the sequence containing
RGG repeats in MoGrp1 has RNA-binding capacity,
but the sequence between the first and the second RGG
repeats (a 9-aa fragment, RGGRFDDRR) was demon-
strated to be essential for the biological function and
nuclear localization of MoGrp1. These findings suggest
that the 9-aa fragment RGGRFDDRR can guide
MoGrp1 into nuclei, and that nuclear localization of
MoGrp1 is indispensable for its biological function. By
using PSORT II prediction, a nuclear localization signal

sequence (27–57 aa) was predicted at the N-terminal
region before the RRM domain of MoGrp1, but this se-
quence was found to be dispensable for the nuclear
localization of MoGrp1. A similar phenomenon has
been observed in maize with RNA-binding protein
MA16 and its interaction protein ZmDRH1, as the re-
gion containing the RGG motifs in both of these two
proteins is necessary for their nuclear/nucleolar localization
(Gendra et al. 2004). Therefore, it will be interesting to
identify MoGrp1-interacting proteins by using the domain
deletion alleles generated in our study, which may further
illustrate how MoGrp1 is translocated into nuclei from the
cytoplasm, and promote the understanding of how
MoGrp1 is involved in pathogenicity, development, and
stress responses in the rice blast fungus.

Conclusions
In this study, we functionally characterized a glycine-
rich RNA-binding protein encoded by the MoGRP1
gene in M. oryzae. MoGRP1 encodes a filamentous
fungi-unique Class IV glycine-rich protein, which con-
tains an N-terminal RRM domain and a C-terminal
glycine-rich domain with four RGG tri-peptide repeats.
MoGRP1 is important for fungal virulence, asexual
growth and development, and responses to different
stresses. MoGrp1 is localized to nuclei and can be
co-immunoprecipitated with components of the spli-
ceosome, including several subunits of the U1 snRNP
and U2 snRNP complexes. Moreover, MoGrp1 pos-
sesses a high binding affinity for poly(U). Importantly,
MoGrp1 is responsible for the normal splicing of genes
involved in infection-related morphogenesis. Domain
deletion assays showed that the nine amino acids be-
tween the first two RGG repeats were essential for both
the nuclear localization and biological functions of
MoGrp1. Taken together, MoGrp1 functions as a novel
splicing factor unique to filamentous fungi and regu-
lates fungal virulence, development, and stress re-
sponses in the rice blast fungus.

Fig. 8 The sequence between the 1st and 2nd RGG is essential to nuclear localization of MoGrp1. Subcellular localization of the C-terminal GFP tagged
MoGrp1 (cg1g) construct and its mutated alleles dNR (MoGrp1Δ1–173),Δ265–324 (MoGrp1

Δ265–324), Δ191–324 (MoGrp1
Δ191–324),Δ182–324 (MoGrp1

Δ182–324),
Δ182–190 (MoGrp1Δ182–190), dNG (MoGrp175–190), and AGG (MoGrp1R182A, R191A) in conidia of theΔMogrp1 mutant kg1. Bar, 10 μm
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Methods
Fungal strains and culture conditions
The wild-type M. oryzae field strain P131 was used for
molecular and pathogenicity assays. P131 and its de-
rivative transformants (Additional file 1: Table S3) were
cultured on oatmeal tomato agar (OTA), complete
medium (CM), or minimal medium (MM) plates (Peng
and Shishiyama 1988; Talbot 2003). Fungal growth was
assayed after incubation at 28 °C for 5 days on CM
plates with 0.7 M NaCl, 1 M sorbitol (Amresco, USA),
5 mM CuSO4, 200 μg/mL Congo red (Sigma, USA),
200 μg/mL Calcofluor white (Sigma, USA), 0.025% SDS,
or 10 mM H2O2 to test sensitivities to various stresses
and after incubation at 18 °C or 34 °C on CM as de-
scribed (Kong et al. 2012). Conidiation assays were per-
formed as previously described (Wang et al. 2016).

Nucleic acid manipulation
Genomic DNA was extracted from vegetative mycelia
using the cetyltrimethylammonium bromide (CTAB)
protocol (Xu and Hamer 1996). Plasmid isolation, nu-
cleic acid extraction, DNA gel blots, enzymatic manipu-
lation, and sequencing were performed as described by
Sambrook and Russell (2001). Probes for DNA blotting
were labeled with the Random Primer Labeling Kit
(TaKaRa, Dalian, China). Total RNAs were extracted
with an RNA extraction kit (Invitrogen, USA) from
vegetative mycelia. The crude RNA was pre-treated
with DNase I (TaKaRa) and was then reverse tran-
scribed with a PrimeScript RT-PCR Kit (TaKaRa).
RT-PCR was performed to evaluate splicing efficiency
of selected intron with a pair of primers crossing it. All
PCR primers (Additional file 1: Table S4) were synthe-
sized by Sangon (Shanghai, China).

Bioinformatic analysis
MoGrp1 sequences were downloaded from the Magna-
porthe oryzae genome database at NCBI. The related
homology sequences from different organisms were
obtained from GenBank using the BLAST algorithm.
Protein domain predictions were made using the Pfam
database (http://pfam.xfam.org/). Protein alignments
were assembled using MAFFT (Katoh et al. 2002) and
visualized using CLC Sequence viewer (Knudsen and
Chalkley 2011) and BoxShade (V3.21, Hoffman, Bio-
informatics Group). Phylogenetic analysis of Grp1 pro-
teins was conducted using the distance analysis algorithm
of MEGA6 (http://www.megasoftware.net/) with the
Dayhoff model, and the number of bootstrap replica-
tions was set to 1000.

Targeted deletion of MoGRP1
To construct the MoGRP1 gene replacement vector
pKO-MoGRP1, we designed the primer pairs koF1/koR1

and koF2/koR2 amplifying ~ 1.5 kb upstream and ~ 1.5
kb downstream fragments from P131 genomic DNA, re-
spectively, followed by BamHI/PstI and ClaI/XhoI en-
zymatic digestions, and inserted into vector pKOV21
containing hygromycin resistance gene as described in
Additional file 2: Figure S1. The vector pKO-MoGRP1
was transformed into protoplasts of strain P131 to gen-
erate null mutants as previously described (Kong et al.
2012). Transformants were selected via hygromycin re-
sistance and then screened using the primer pairs
CHECK-UP/HPT-UP and CHECK-DOWN/HPT-DOWN.
The resulting transformants were confirmed by Southern
blot assay. Fungal genomic DNA isolation and Southern
blot assay were performed as described, in which the gen-
omic DNA was digested by XhoI and probed by the up-
stream fragment (Li et al. 2014).

Subcellular location, gene complementation, and domain
deletion assay
For complementation and subcellular location assay, the
MoGRP1 fragment amplified with the primer pair
MoGRP1-F/MoGRP1-G-R was cloned into pRGTN har-
boring a RP27 promoter and a C-terminal fused GFP by
EcoRI and SpeI. For co-immunoprecipitation and RNA-
binding assays, the MoGRP1 fragment amplified with the
primer pair MoGRP-F/MoGRP-R was cloned into pRFTN
harboring a RP27 promoter and an N-terminal 3×Flag-tag
sequence by EcoRI and SpeI. To dissect functions of dif-
ferent domains of MoGrp1, we amplified the MoGRP1
fragments with the primer pairs, MoGRP1-F/G181-R,
MoGRP1-F/G190-R, MoGRP1-F/G264-R, N-F/
MoGRP1-G-R, NR-F/MoGRP1-G-R, and N-F/G190-R,
and then inserted these fragments into pRGTN by
EcoRI and SpeI. For RNP-2 deletion (RNP-2-F/R) and
181–190 aa deletion (190-F/181-R), the vector was con-
structed by reverse PCR from pRGTN-MoGRP1 and
the resulting product was digested with DpnI and
self-linked. The RNP-2 deletion vector was also con-
structed from pRFTN-MoGRP1. The AGG point muta-
tion vector was constructed by Tsingke company
(Beijing, China). These vectors were reintroduced into
the MoGRP1 deletion mutant. All transformants were
first screened by neomycin resistance, and then the 3 ×
Flag-tag transformants were confirmed by western blot
assay. The GFP transformants were first stained by
DAPI and then observed with a Nikon Fluorescence
microscopy Ni900 (Japan) (Odenbach et al. 2007).

Appressorium formation and plant infection assay
Appressorium formation on an artificial cover glass slide
hydrophobic surface was assayed using conidia harvested
with 2 mL sterilized distilled water from 7-day-old OTA
cultures, and appressorium formation rate was assessed
at 24 hpi as described (Yang et al. 2012). Infection assays
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were performed with 2 μL of 1 × 105 conidia/mL in
0.025% Tween-20 on barley and rice leaves or 2 mm2

mycelial blocks on rice leaves. The invasive hyphal
growth was examined at 24, 36, and 48 hpi (Chen et al.
2014). A concentration of 2 × 104 conidia/mL in a
0.025% Tween-20 solution was applied for spraying
onto seedlings of 4-week-old susceptible rice cultivar
‘LTH’ and 8-day-old barley cultivar ‘E9’. The infected
plants were incubated in a moist chamber and main-
tained as previously described (Peng et al. 1988). Lesion
formation was examined at 5–7 days post inoculation
(dpi), and the mean number of disease lesions formed
on 5 cm long tip leaf was determined as described
(Peng et al. 1988).

Affinity protein purification and MS analysis
Strain expressing the 3 × Flag-MoGrp1 fusion was used
for expression and protein purification. M. oryzae myce-
lia grown 7 days on OTA plates were washed out and
grown in 200 mL liquid CM in a shaker at 25 °C at 160
rpm for 48 h. Total proteins were extracted from 1.0–
1.5 g of the mycelia. The mycelia were collected by filter-
ing through a layer of filter paper, washed with sterile
water and ground in liquid nitrogen. Then, total proteins
were extracted with 6 mL of extraction buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100) and 20 μL/mL Protease Inhibitor Cocktail (Sigma,
USA). After centrifugation for 30min at 4 °C at 12,000
rpm, the supernatant was used for purification. Super-
natant (5mL) was incubated with 200 μL of Anti-FLAG
M2 magnetic beads (Sigma, USA) for 2 h, and washed
with TBS (50mM Tris-HCl, pH 7.4; 150mM NaCl) three
times. The bound proteins were then eluted using TBS
with 200 μL of FLAG peptide (300 ng/mL, Sigma, USA)
and incubated for 1 h. The eluted protein was detected by
anti-Flag antibody (Li et al. 2011), and was used for MS
analysis and RNA/DNA binding assay. MS analysis was
performed as described (Han and Li 2016). The eluant
was analyzed by liquid chromatography tandem mass
spectrometry (LC-MS/MS) after digestion with trypsin (Li
et al. 2017). The MS data results were used to search
against NCBI nr M. oryzae protein database to identify
MoGrp1-interacting proteins as described (Li et al. 2017).

RNA and DNA binding assays
RNA and DNA binding assays were performed using the
μMACS Streptavidin Kit (Miltenyi Biotec, UK) as de-
scribed (Franceschetti et al. 2011). The binding reaction
contained 0.3 μg protein, 0.2 nM biotinylated poly(A)30
or poly(U)30 RNA homopolymers (Sangon, China), and
binding buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl,
0.01% NP-40, 2 mM MgCl2, 1 mM DTT). 100 μL of
MACS streptavidin magnetic beads was added into the
mixture and incubated at 4 °C for 1 h. The proteins were

then eluted from beads using 50 μL binding buffer with
1% SDS. The elution was loaded onto 12% SDS-PAGE
and was detected by western blot with an anti-Flag anti-
body (1:5000; Abmart, China).

Co-immunoprecipitation (co-IP) assay
The MoGar1-GFP fusion vector pRGTN-MoGAR1 was
constructed by amplifying the MoGAR1 fragment with the
primer pair MoGAR1-F/MoGAR1-R and co-transformed
with pRFTN-MoGRP1 into the wild-type strain P131.
Transformants CoFG1 expressing the MoGar1-GFP and
3 × Flag-MoGrp1 constructs were first screened by PCR
and then confirmed by western blot with an anti-GFP
antibody and an anti-Flag antibody, respectively. The
coimmunoprecipitation assay was performed using Anti-
FLAG M2 Magnetic beads (Sigma, USA) as previously de-
scribed (Qi et al. 2012). Proteins eluted from anti-FLAG
M2 magnetic beads were detected with an anti-GFP anti-
body and an anti-Flag antibody. The coimmunoprecipita-
tion assay between MoGrp1 and MoRse1 was performed
in the same way to obtain transformants CoFG9 express-
ing the MoRse1-GFP and 3 × Flag-MoGrp1 constructs.
CoFG1 and CoFG9 total proteins were used as positive
controls. The transformants expressing MoGar1-GFP or
MoRse1-GFP alone were used as negative controls.

Yeast two-hybrid assay
To generate Gal4-BD fusion proteins, MoGrp1 cDNA
was cloned into pGBKT7 vectors using NdeI/BamHI.
Fusion proteins containing Gal4-AD were obtained by
cloning the different cDNAs into the pGADT7 vector
using NdeI/BamHI. Both plasmids containing target
proteins fused to AD and BD were co-transformed into
Saccharomyces cerevisiae Y2HGold strain by using the
MATCHMAKER GAL4 Two-Hybrid System 3 (Clon-
tech, USA). The Trp+Leu+ transformants were collected
and further confirmed by plating onto SD/−Trp/−Leu/
-His medium and assayed by X-α-gal staining for LacZ
activity (Li et al. 2017). Yeast strains harboring the
pGBKT7–53/pGADT7-T or pGBKT7-Lam/pGADT7-T
pairs were used as the positive or the negative control,
respectively.

Additional files

Additional file 1: Table S1. Annotation of RRM-containing proteins in
Magnaporthe oryzae. Table S2. Inhibition ratio of vegetative hyphal
growth of the strains under different stress conditions (%). Table S3.
Fungal strains used in this study. Table S4. PCR primers used in this
study. (DOCX 32 kb)

Additional file 2: Figure S1. Sequence alignment of MoGrp1 and its
orthologous proteins from the following 15 species. M. oryzae (XP_003711424.1),
Fusarium oxysporum (XP_018238834.1), Neurospora crassa (CAC28728.2),
Saccharomyces cerevisiae (NP_014382.1), Schizosaccharomyces pombe
(XP_001713104.1), Glycine max (XP_003530834.1), Arabidopsis thaliana
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(NP_563787.2), Ustilago maydis (XP_011388843.1), Caenorhabditis elegans
(NP_001255142.1), Mus musculus (NP_932770.2), Homo sapiens
(NP_001269688.1), Danio rerio (NP_955945.2), Drosophila melanogaster
(NP_652612.1), Dictyostelium discoideum (XP_629578.1) and Plasmodium
falciparum (XP_001347313.1). Identical residues among these sequences
are marked with a black and gray shadow. (TIF 2342 kb)

Additional file 3: Figure S2. Targeted deletion of MoGRP1. (A) Schematic
diagram showing the strategy of MoGRP1 replacement by the hygromycin
resistance gene hyg. The gene knock-out vector of MoGRP1 was constructed
by amplifying the flanking sequences with primer pairs koF1/koR1 and
koF2/koR2 and were ligated with the hph cassette. (B) DNA gel blot analysis
of the wild-type strain P131 and one ΔMogrp1 deletion mutant kg1.
The genomic DNAs were digested by XhoI, hybridized with the probe,
and amplified with the primer pair koF1/koR1. The estimated size of
each band is labeled on the left. (TIF 402 kb)

Additional file 4: Figure S3. The ΔMogrp1 mutant has a partial loss of
hydrophobicity. A drop of 10 μL ddH2O or 0.2% SDS solution was placed
on 10-day-old colony of the wild-type P131 and ΔMogrp1 deletion mutant
kg1 on OTA plate. Bar, 5 mm. (TIF 703 kb)
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