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MoRgs3 functions in intracellular reactive oxygen species
perception-integrated cAMP signaling to promote appressorium

formation in Magnaporthe oryzae
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ABSTRACT Regulator of G-protein signaling (RGS) proteins exhibit GTPase-accelerating
protein activities to govern G-protein function. In the rice blast fungus Magnaporthe
oryzae, there is a family of at least eight RGS and RGS-like proteins (MoRgs1 to MoRgs8),
each exhibiting distinct or shared functions in the growth, appressorium formation,
and pathogenicity. MoRgs3 recently emerged as one of the crucial regulators that
senses intracellular oxidation during appressorium formation. To explore this unique
regulatory mechanism of MoRgs3, we identified the nucleoside diphosphate kinase
MoNdk1 that interacts with MoRgs3. MoNdk1 phosphorylates MoRgs3 under induced
intracellular reactive oxygen species levels, and MoRgs3 phosphorylation is required
for appressorium formation and pathogenicity. In addition, we showed that MoRgs3
phosphorylation determines its interaction with MoCrn1, a coronin-like actin-binding
protein homolog, which regulates MoRgs3 internalization. Finally, we provided evidence
demonstrating that MoRgs3 functions in MoMagA-mediated cAMP signaling to regulate
normal appressorium induction. By revealing a novel signal perception mechanism, our
studies highlighted the complexity of regulation during the appressorium function and
pathogenicity of the blast fungus.

IMPORTANCE We report that MoRgs3 becomes phosphorylated in an oxidative
intracellular environment during the appressorium formation stage. We found that this
phosphorylation is carried out by MoNdk1, a nucleoside diphosphate kinase. In addition,
this phosphorylation leads to a higher binding affinity between MoRgs3 and MoCrn1,
a coronin-like actin-binding protein that was implicated in the endocytic transport of
several other RGS proteins of Magnaporthe oryzae. We further found that the internaliza-
tion of MoRgs3 is indispensable for its GTPase-activating protein function toward the
Ga subunit MoMagA. Importantly, we characterized how such cellular regulatory events
coincide with cAMP signaling-regulated appressorium formation and pathogenicity in
the blast fungus. Our studies uncovered a novel intracellular reactive oxygen species
signal-transducing mechanism in a model pathogenic fungus with important basic and
applied implications.

KEYWORDS RGS signaling, ROS sensing, protein phosphorylation, pathogenicity, the
blast fungus

he filamentous fungus Magnaporthe oryzae causes rice blast that poses the most
severe threat to rice production across the world and is also an excellent model
organism for studying plant-pathogen interactions (1-3). M. oryzae produces the
unique infectious structure appressorium following exposure to host-surface cues (4-6).
Previous studies have demonstrated that surface signal recognition and appressorium
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formation are regulated by G-protein and cAMP signaling (7, 8). M. oryzae contains three
distinct Ga subunit proteins: MoMagA, MoMagB, and MoMagC, as well as a highly
conserved cAMP-dependent signaling pathway consisting of the adenylate cyclase
MoMac1, the protein kinase A regulatory subunit (Mo)Sum1, and catalytic subunits
(Mo)CpkA and (Mo)Cpk2 (7, 9). Additional studies indicated that the non-canonical GPCR
Pth11, MoMagA, and RGS proteins MoRgs1 and MoRgs7 mediate the perception of
hydrophobic and hard surface cues leading to the activation of the cAMP pathway and
normal appressorium formation (10-13).

Recent investigations in M. oryzae revealed cellular and molecular insights into the
highly conserved signal transduction pathways, including cAMP and mitogen-activated
protein (MAP) kinase signaling, governing the appressorium formation process (14-16).
Several putative signaling receptors important for appressorium formation have also
been identified thus far (8, 17, 18). Previous studies have shown that the RGS protein
MoRgs1 plays a critical role in appressorium formation, growth, and virulence (19, 20).
MoRgsT1 is regulated by casein kinase 2 (MoCk2) through protein phosphorylation, and
this regulatory mechanism is indispensable for the GTPase-activating protein (GAP)
function of MoRgs1 (18, 20, 21). The RGS-like protein MoRgs7 contains an N-terminal
7-TM typical of G-protein-coupled receptors (GPCR) in addition to the RGS-like domain.
Studies showed that MoRgs7 functions in appressorium formation by sensing the
environmental hydrophobic cues to participate in the cAMP pathway (22, 23). Similar
to MoRgs1 and MoRgs7, the loss of MoRgs3 impaired appressorium formation (19).
However, the potential role of MoRgs3 as a novel receptor in sensing environmental cues
and its involvement in appressorium formation and virulence remain unknown.

During the asexual life cycle of M. oryzae, the conidium produces a germ tube
from its tapered end. Upon the perception of specific environmental cues, this germ
tube undergoes differentiation, ultimately forming an appressorium (24, 25). These
environmental signals encompass factors such as hydrophobicity, surface hardness,
leaf waxes, and physicochemical molecules (21, 26). In addition to these environmen-
tal factors, intracellular signaling also plays a pivotal role in appressorium formation,
involving active substances that mediate signal transduction pathways within the cell
upon receptor activation. Examples include intracellular calcium signaling (Ca*), inositol
triphosphate (IP3), and reactive oxygen species (ROS) signaling (27, 28). ROS, including
hydrogen peroxide (H,0,), hydroxyl radical (OH"), and superoxide (0%), are excited forms
of oxygen and toxic byproducts by aerobic metabolism that are important in signaling
transduction (29-31). ROS are produced in the metabolic processes of M. oryzae and act
as signals in a variety of developmental pathways, including appressorium formation.
During appressorium morphogenesis, M. oryzae accumulates high levels of endogenous
ROS in the tips of its germ tubes and immature appressorium (32-34). ROS scavenging
delays appressorium differentiation and alters its morphology in M. oryzae (35).

As the most important source for ROS generation, the nicotinamide adenine
dinucleotide (NADPH) oxidase (NOx) complex orchestrates the transfer of electrons from
NADPH to the plasma membrane, catalyzing the reduction of O, to produce superox-
ide O,. Subsequently, superoxide dismutase catalyzes the conversion of superoxide
0, into H>0, (36). These processes are important for cell proliferation, signaling, and
apoptosis. Three NADPH oxidases, MoNox1, MoNox2, and MoNox3, involved in ROS
biosynthesis were identified in M. oryzae (36). MoNox1 and MoNox2 are important
for ROS accumulation during appressorium maturation and formation of penetration
pegs (36, 37). However, the oxidative burst reaction occurs rapidly; the pathogen
must quickly counteract this stress. Plant pathogens have evolved various strategies
to rapidly detoxify ROS through cellular enzymatic and non-enzymatic mechanisms
(38, 39). Previous studies have found that thioredoxin MoTrx2 is involved in the ROS-
detoxification process regulated by the transcription factor MoAp1. MoTRX2 deletion
leads to limited intracellular ROS clearance and excessive oxidation of the intracellular
environment that affects appressorium formation (40). Recent research showed that the
M. oryzae nucleoside diphosphate kinase homolog MoNdk1 mediates redox balance

August 2024 Volume 15 Issue 8

mBio

10.1128/mbi0.00996-24 2

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1128/mbio.00996-24

Research Article

by regulating upstream intracellular nucleotide pools, and MoNdk1 participates in the
detoxification process of intracellular ROS (41-43). The loss of AMondk1 resulting in
heightened oxidative stress, increased ROS generation, altered G protein signaling
regulation, and aberrant appressorium formation demonstrated that MoNdk1 is a key
player in maintaining redox balance (44). Such evidence indicated the an intricate
physiological balance between the timely biogenesis and ROS detoxification plays an
important role in the formation and function of the appressorium in M. oryzae.

We sought to understand the precise impact of an oxidative environment on
appressorium formation and virulence and MoRgs3 regulatory mechanisms in M. oryzae.
We found that MoRgs3 is subject to MoNdk1 phosphorylation in response to ROS
signals. MoNdk1 modulates MoRgs3-MoNdk1 binding affinity through the actin-binding
Coronin-like protein MoCrn1, and MoNdk1 and MoCrn1 participate in the transporta-
tion process of MoRgs3. These concordant cellular processes ensure a critical role of
G-protein/cAMP-PKA signaling in regulating the growth, appressorium formation, and
pathogenicity of M. oryzae.

RESULTS
MoRgs3 is phosphorylated during appressorium formation

Previous studies have shown that MoRgs3 is required for normal appressorium formation
in M. oryzae (19). To examine this functional role, we first generated a MoRgs3-GFP
fusion construct and introduced it into the AMorgs3 strain. Subcellular localization
studies indicated that MoRgs3 is mainly localized in the plasma membrane (PM) at the
conidial stage but distributed in the cytoplasm at the appressorial stage (Fig. 1A). To
verify the above results, we used the membrane dye FM4-64 and vesicle dye CMAC to
localize MoRgs3 in the AMorgs3/MoRGS3 strain. The fluorescence micrograph showed
that MoRgs3-GFP co-localized with FM4-64 in the PM of conidia, while MoRgs3-GFP
co-localized with CMAC in the intracellular vesicle during appressorium formation (Fig.
S1A).

As phosphorylation of RGS proteins, such as MoRgs7, is important in their cellular
localization (22), we investigated MoRgs3 phosphorylation using Mn**-Phos-tag gel
electrophoresis analysis. Cell extracts were obtained from conidial and appressorial
stages of a MoRgs3-GFP transformant strain treated with or without a phosphatase or a
phosphatase inhibitor. The results showed that the protein band representing the
phosphorylated MoRgs3-GFP (p-MoRgs3) is apparent in the appressorial stage but not
the conidial stage. The p-MoRgs3 band was absent in the presence of a phosphatase but
more prominent in the presence of a phosphatase inhibitor (Fig. 1B). The above observa-
tion indicated that the changes of MoRgs3 localization at different periods are linked to
its phosphorylation status and MoRgs3 is phosphorylated during the appressorial stage.

Phosphorylation of MoRgs3 is influenced by intracellular ROS

MoRgs1 and MoRgs7 undergo protein phosphorylation following the perception of
hydrophobic surface cues required for appressorium formation in M. oryzae (22). To test
whether MoRgs3 has a similar process, we examined MoRgs3 phosphorylation in
response to hydrophobic surface cues by comparing proteins extracted from germinated
conidia after 4 hours of incubation on hydrophobic and hydrophilic surfaces. The results
showed that MoRgs3-GFP is phosphorylated at both interfaces (Fig. S1B), suggesting that
MoRgs3 phosphorylation may not be induced by hydrophobicity. In addition to sensing
hydrophobic surface cues, ROS burst during germination is also important for the
formation of the appressorium, which is a process inhibited by the Nox inhibitor DPI (35,
45, 46). We examined whether MoRgs3 phosphorylation responds to changes in
intracellular ROS levels. Indeed, MoRgs3 remained on the PM following DPI treatment
suggesting that MoRgs3 phosphorylation is ROS dependent (Fig. 1C and D).

In M. oryzae, redox homeostasis is tightly balanced by multiple intracellular ROS-
metabolizing processes. Previous studies have shown that MoTrx2 functions downstream
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FIG 1 Phosphorylation dynamics of MoRgs3 during early appressorium development in M. oryzae. (A) For MoRgs3-GFP observations, conidia were inoculated
on plastic coverslips and incubated in a moist chamber. DIC and epifluorescence images were captured at the indicated time points. Scale bar: 5 pm.
(B) MoRgs3-GFP proteins were extracted from transformants at conidia and appressorium stages, then treated with phosphatase and phosphatase inhibitors.
and shifted by Mn**-Phos-tag SDS-PAGE and normal SDS-PAGE with the anti-GFP antibody. For total protein extraction, 1 mL lysis buffer [10 mM Tris-HCI, pH7.5,
150 mM Nacl, 0.5 mM EDTA, 0.5% NP-40 (Sigma-Aldrich, 13021)] with 2 mM phenyl methyl sulfonyl fluoride (PMSF) (Beyotime Biotechnology, ST506-2), proteinase
inhibitor cocktail (Sigma-Aldrich, 11836170001), and deacetylation inhibitors [50 mM nicotinamide, 50 mM sodium butyrate, 5 mM Trichostatin A (Sigma-Aldrich,
T1952)] were used to resuspend ground powder of appressorium and conidia. (C) For MoRgs3-GFP observations, conidia were inoculated on plastic coverslips
and incubated in a moist chamber. DIC and fluorescence images were collected 3 hours after conidial germination. Inhibition of M. oryzae superoxide production
by NADPH oxidase inhibitor diphenylene iodonium (DPI). The appressorium was soaked in 25 uM DPI solution for 20 min before DIC, and fluorescence images
were collected. Scale bar: 5 um. (D) The phosphorylation in vivo was determined. MoRgs3-GFP protein was extracted from transformants of Guy11/MoRgs3-GFP
strains treated with or without 25 uM DPI inhibitors and then treated with phosphatase and phosphatase inhibitors and shifted by Mn2+-Phos-tag SDS-PAGE and
normal SDS-PAGE with anti-GFP antibody.

August 2024 Volume 15 Issue 8 10.1128/mbio.00996-24 4

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1128/mbio.00996-24

Research Article

of the MAP kinase signaling pathway and it mediates a redox system common in
eukaryotic cells. MoTrx2 catalyzes various redox reactions through reversible redox
activities and controls intracellular ROS levels by modifying the redox state of key
signaling components (39, 40). Previous studies also showed that the AMotrx2 mutant
displays increased intracellular ROS levels during conidial germination (40). We thus
transferred MoRgs3-GFP into the AMotrx2 mutant and found that almost all MoRgs3-GFP
was localized to the endosomes of the mutant during the conidial stage in contrast to
PM localization in the wild-type Guy11 strain (Fig. S1D and F). This localization was
inhibited by DPI (Fig. STE and G). We also observed the localization of MoRgs3-GFP at
3 hours post-inoculation, and the AMotrx2 mutant displayed MoRgs3-GFP at the
endosomes of the germ tube (Fig. S2A). Retention of MoRgs3-GFP in the PM was also
observed when germinated conidia were treated with DPI (Fig. S2B). These results
indicated that intracellular ROS play a key role in regulating localization of MoRgs3.

We further found that MoRgs3 can be phosphorylated in high intracellular ROS
levels, such as at the appressorium stage of Guy11 or in the AMotrx2 mutant strain.
Phosphorylation disappeared following DPI treatment (Fig. S1C and S2C). We concluded
that an increased ROS level and an oxidized intracellular environment promote MoRgs3
phosphorylation.

MoRgs3 is phosphorylated by MoNdk1

To identify proteins that bind to and potentially phosphorylate MoRgs3, we performed
a yeast two-hybrid (Y2H) screen to first identify MoRgs3-interacting proteins. Using
MoRgs3-BD as a bait, we screened a ¢cDNA activator library of M. oryzae. Following
gene sequencing analysis of several potential binding partners, we identified MoNdk1,
a ribonucleoside diphosphate kinase, encoded by the gene locus MGG_08622 (S1 Text).
We further verified the MoRgs3-MoNdk1 interaction by in vitro Y2H, GST pull-down, and
in vivo co-IP and split YFP BiFC assays (Fig. 2A through C; Fig. S3D). Moreover, the BiFC
assay showed that fluorescence is located at the inner PM and dynamic tubule-vesicular
compartments (Fig. S3D). We then performed in vivo phosphorylation experiments that
showed MoRgs3 could not be phosphorylated in the absence of MoNdk1 (Fig. 2D). This
finding was confirmed by an in vitro phosphorylation assay using a protein gel-staining
fluorescence dye as described previously (47). Co-incubation of purified MoRgs3 and
MoNdk1 proteins generated significantly higher phospho-fluorescence than the control
(Fig. 2E). The results concluded that MoRgs3 is a phosphorylation substrate of MoNdk1.

To identify the phosphorylation sites of MoRgs3 by MoNdk1, we purified MoRgs3
from AMorgs3/MoRgs3-GFP and AMondk1/MoRgs3-GFP strains and performed liquid
chromatography-tandem mass spectrometry analysis. Three serine phosphorylation
sites, S93, S134, and S140, were identified (Fig. 2F; Fig. S3A through C). To test if these
three residues are MoNdk1-dependent phosphorylation sites, we generated three serine
(S) to alanine (A) and aspartic acid (D) site-directed mutagenesis constructs fused with
either GFP or GST to mimic the sustainable unphosphorylated (MoRgs3**) and phospho-
mimic (MoRgs3*P) status. In vivo Mn**-Phos-tag gel analysis and in vitro FDIT phosphory-
lation assays confirmed that all three residues are phosphorylated by MoNdk1 (Fig. 2G
and H). Y2H confirmed that only MoRgs3 and MoRgs3* interact with MoNdk1, but not
MoRgs3°°. These results also showed that the phosphorylated MoRgs3 is dissociated
from MoNdk1 (Fig. S3E).

ROS contributes to MoNdk1-dependent phosphorylation of MoRgs3

Previous studies showed the AMondk1 mutant has an impaired cellular redox status (44).
To assess the physiological consequence of perturbed cellular redox homeostasis in the
AMondk1 mutant strain, we examined ROS production during conidial germination and
appressorium formation using nitroblue tetrazolium, a compound that forms a dark-blue
water-insoluble formazan precipitate upon superoxide radical reduction (29). We
detected superoxide production in conidia as early as 20 min after inoculation (Fig. S4G).
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FIG 2 MoNdk1 functions as a kinase to phosphorylate MoRgs3. (A) Y2H assays for examining interactions between
AD-MoRgs3 and BD-MoNdk1. Yeast co-transformants expressing the bait and prey constructs were isolated on SD-Leu-Trp
plate for 3 days and screened by culturing on SD-Ade-His-Leu-Trp plates for 5 days. (B) Co-IP assays for the interaction
between MoRgs3-GFP and MoNdk1-Flag transformants were introduced into empty-GFP as a control. Total proteins were
extracted individually as the total proteins, eluted from the anti-GFP agarose beads, and analyzed by western blot with
the anti-GFP or anti-FLAG antibodies. (C) The interaction between GST-MoRgs3 and His-MoNdk1 was conducted by GST
pull-down assays. GST-MoRgs3, His-MoNdk1, and GST were expressed and purified by affinity chromatography. Bound
proteins were separated by SDS-PAGE in duplicate and analyzed by western blot with the anti-HIS (Mouse; M20001; Abmart)
and anti-GST antibodies (Mouse; M20007; Abmart). (D) Phosphorylation analysis of MoRgs3 in vivo by Mn**-Phos-tag gel.
MoRgs3-GFP proteins treated with phosphatase and phosphatase inhibitors were detected by the GFP antibody and shifted
by Mn**-Phos-tag SDS-PAGE and normal SDS-PAGE, respectively. (E) Phosphorylation analysis in vitro by the fluorescence
detection in tube (FDIT) method. Purified proteins of GST-MoNdk1 and His-MoRgs3 were constructed for protein kinase
reactions in the presence of ATP. The fluorescence signal was measured in a microplate reader. Asterisks denote statistically
significant difference according to ANOVA (**P < 0.01, n = 3). Values are means of three replications and standard deviation
(SD). (F) Identification of differentiated phosphorylation sites in the wild type strain Guy11 compared with AMondk1 strains
by LC-MS-MS (Q-E). (G) Phosphorylation analysis by the FDIT method in vitro. GST-MoRgs3, GST-MoRgs3* (S93A, S134A,
(Continued on next page)
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FIG 2 (Continued)

S140A), His-MoNdk1, were constructed for protein kinase reaction assays in the presence of ATP and a kinase reaction buffer.
Fluorescence was measured in a microplate reader. Fluorescence at 590 nm (excited at 530 nm) was measured. Values are
means of three replications and SD (**P < 0.01, n = 3). (H) Phosphorylation analysis of MoRgs3 and site-directed mutagenesis
MoRgs3** and MoRgs3® in vivo. Proteins were extracted from corresponding transformants and treated with phosphatase and
phosphatase inhibitors, then detected by the GFP antibody, and shifted by Mn“—Phos—tag SDS-PAGE and normal SDS-PAGE,
respectively. All experiments were conducted with three biological repetitions and three replicates.

Notably, formazan precipitates were more intense in the AMotrx2 and AMondk1 strains,
although lighter staining was seen in all conidia.

A previous study suggested that NDK enzymes impact the signal complex assembly
at the PM via caveolae formation (33). We subsequently found that MoNdk1 and MoRgs3
interact and co-locate in both the inner PM and dynamic tubulo-vesicular compartments,
similar to MoRgs3 (Fig. S3D). We hypothesized that MoRgs3 phosphorylation by MoNdk1
could impact this localization pattern. To test this hypothesis, we observed the spatial
distribution of MoRgs3-GFP, MoRgs3**-GFP, and MoRgs3°°-GFP in germinated conidia on
the hydrophobic surface at 3 hours post-inoculation. There was a higher MoRgs3-GFP
fluorescence accumulated at the PM of the germ tube in the AMondk1 mutant when
compared with Guy11 (Fig. 3A and B). We also found that MoRgs3**-GFP fluorescence is
enhanced at the PM, which was similar to MoRgs3-GFP in the AMondk1 mutant but in
contrast to MoRgs3*-GFP (Fig. 3C and D). This finding indicated that MoNdk1-mediated
phosphorylation of MoRgs3 alters the localization and affects the function of MoRgs3.
These results were confirmed by in vivo phosphorylation of MoRgs3 and MoRgs3** using
Mn?*" Phos-tag gel (Fig. 3E).

We next tested whether MoRgs3 phosphorylation by MoNdk1 is also ROS dependent.
We generated a AMondk1 AMotrx2 strain and introduced MoRgs3-GFP into this double-
knockout mutant. At the conidial stage, the AMondk1 AMotrx2 mutant exhibited less
MoRgs3-GFP at the endosomes compared with AMotrx2 (Fig. S4A and B). After 3 hpi,
AMondk1 AMotrx2 showed the phosphorylation of MoRgs3, primarily concentrated in
the PM, in comparison to the AMotrx2 strain with a more oxidative intracellular environ-
ment (Fig. S4C and D). Phosphorylation analysis indicated that MoRgs3 phosphorylation
requires the combined action of intracellular reactive oxygen species and MoNdk1 (Fig.
S4 Eand F). These results collectively suggested that MoNdk1 may function as a sensor
for ROS-dependent MoRgs3 phosphorylation.

MoRgs3 phosphorylation is required for appressorium formation and
pathogenicity

To examine if MoRgs3 phosphorylation is required for appressorium formation and
virulence, conidia of Guy11, the AMorgs3 mutant, and the complemented AMorgs3/
MOoRGS3 strains, as well as site-directed AMorgs3/MoRGS3** and AMorgs3/MoRGS3*®
mutant strains, were sprayed on susceptible rice seedlings (CO-39). Very few lesions were
found in leaves infected with AMorgs3 and AMorgs3/MoRGS3* in comparison to
AMorgs3/MoRGS3*° and other strains (Fig. 4A and B). Rice sheath penetration assays were
also conducted by observing 100 appressoria per strain and categorizing invasive
hyphae (IH) types as previously described (19). Over 50% of AMorgs3 and AMorgs3/
MoRGS3* appressoria was defective in penetration and 40% of appressoria penetrated
but formed less extended IH. In contrast, 75% of appressoria in Guy11 successfully
penetrated rice cells with about 40% producing strong IH (Fig. 4C). These results
indicated that MoNdk1-dependent MoRgs3 phosphorylation is critical for the appresso-
rial formation and pathogenicity of M. oryzae.

Due to the importance of the G-protein signaling pathway during the early stages of
appressorium formation, we examined the effect of MoRgs3 phosphorylation on
appressorium formation and morphology. We found that the effect of MoRgs3 phos-
phorylation in appressorial formation was consistent with the defect of MoRgs1 and
MoRgs7. Abnormal perception of hydrophobic cues resulted in delayed appressorium
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FIG 3 MoNdk1-dependent MoRgs3 phosphorylation is important for MoRgs3 localization. (A) MoRgs3-GFP is localized in the PM and the endosome during
the appressorial stage. (B AND C) The signal of MoRgs3-GFP was enhanced at the PM of germ tubes on the hydrophobic surface at 3 hpi when MoRgs3 was
sustainably unphosphorylated. (D) State of activation MoRgs3*>-GFP is localized in the endosome during the appressorial stage. The magnified region pointed
by white arrows was conducted with line scan analysis. Percentage of a pattern showed in image was calculated by observation for 100 germinated conidia that
were randomly chosen. This experiment was performed with three biological replicates. Scale bar: 5 pm. (E) /n vivo phosphorylation analysis of MoRgs3-GFP in
AMondk1 and wild-type Guy11.
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FIG4 Activating MoRgs3 phosphorylation restores the deficiency of appressorium formation and pathogenicity to the AMorgs3 mutant. (A) Pathogenicity assay

was conducted with 2-week-old rice seedlings (Oryza sativa cv. CO39), which were sprayed by conidial suspensions (5 x 10* spores/mL) of each strain. After 7

days post-incubation (dpi), diseased leaves were photographed. (B) Diseased leaf areas were evaluated by quantitative analysis. (C) Detailed observation and

statistical analysis of infectious hyphal type in rice sheath cells at 36 hpi. (type 1, appressorium formation with no penetration; type 2, penetration with short

IH; type 3, invasive IH extended within a plant cell; type 4, extensive hyphal growth). One hundred infectious hyphae were assessed for each strain. The mean

values of three repeated experiments with standard deviations are shown. Scale bar: 10 um. (D) Appressorium formation assays. The conidia of each strain were

photographed after 24 hours of incubation. Scale bar: 5 um. (E) Percentage of two appressoria, indicating its defect in appressorium development. One hundred

conidia of each strain were observed after 24 hours of incubation. Error bars represent SD, and asterisks represent significant differences (*P < 0.05).

formation and abnormal appressorium morphology, including the formation of two
appressoria from a single conidium (19). Indeed, approximately 10% of conidia formed
double appressoria in the AMorgs3 and AMorgs3/MoRGS3*, while lower than 5% did so
in AMorgs3/MoRGS3? (Fig. 4D and E). The difference of appressorium formation rates on
hydrophobic slides was also analyzed. The results showed that appressorium formation is
significantly decreased in AMorgs3 and AMorgs3/MoRGS3** in comparison with Guy11
and the complemented strains (Fig. S5A and B ).
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MoNdk1 was previously reported to be required for pathogenicity (44). To examine
whether such a role is relevant to MoRgs3 phosphorylation, we expressed MoRgs3°°-GFP
constructs into AMondk1 and examined its vegetative growth, conidiation, and virulence.
Less than 35% appressoria was functional in the AMorgs3 and AMondk1/MoRGS3* strains
at 24 hpi, in contrast to 60% in AMondk1/MoRGS3°. The results showed that continu-
ous phosphorylation of MoRgs3 partial restores the defect of AMondk1 in growth and
virulence (Fig. S5C and D). These results showed that MoRgs3 phosphorylation plays an
important role in the pathogenesis of M. oryzae.

Phosphorylation is vital for MoRgs3 internalization during appressorium
development

We have previously shown that MoRgs1 and MoRgs7 functioning in appressorium
formation involve their active entry into the endosome and that the endocytic transport
is assisted by the coronin-like actin-binding protein, MoCrn1 (20, 22). We then tested
if MoRgs3 has a similar functional mechanism. We found that MoRgs3 can be localized
to the late endosomes which are the main components of the endocytic pathway (Fig.
S6D). MoRgs3 has three transmembrane domains, in addition to the RGS domain. An
Y2H experiment showed that the MoRgs3 RGS domain could interact with MoCrn1 (Fig.
S6A and B ). To further test if MoRgs3 phosphorylation affects this binding, we assessed
the interactions of MoRgs3, MoRgs3**, and MoRgs3°® with MoCrn1 by Y2H, pull-down, in
vivo co-IP, and MST assays (Fig. 5A through D and 6C). The results showed that MoRgs3
phosphorylation is critical for its binding with MoCrn1. The sustainable phosphomimic
MoRgs3 (MoRgs3°P) had a high affinity for MoCrn1, while the sustainable unphosphoryla-
ted MoRgs3 (MoRgs3*) interacted weakly with MoCrn1.

Moreover, we found that MoRgs3®°-GFP fluorescence is enhanced at the PM of the
AMocrn1 mutant, similar to MoRgs3-GFP in the AMocrn1 mutant but in contrast to
MoRgs3°°-GFP in Guy11. The constitutively phosphorylated MoRgs3*°-GFP in Guy11
showed more concentrated fluorescent signals in endosomes than the normal MoRgs3-
GFP in Guy11 (Fig. 5E). We also detected the phosphorylation of MoRgs3 in the AMocrn1
strain and found that MoCrn1 did not affect the phosphorylation of MoRgs3 (Fig. S6E ).
The above results indicated that MoRgs3 phosphorylation enhances the bind of MoRgs3
to MoCrn1, supporting that MoCrn1 also regulates MoRgs3 internalization.

MoRgs3 is involved in MoMagA-mediated cAMP signaling and normal
appressorium induction

MoRgs3 is one of the RGS family proteins that also plays an indispensable role in cAMP
signaling of M. oryzae (19, 23). To further explore MoRgs3 functional mechanisms, we
evaluated the in vitro GAP activity by measuring levels of free phosphate release using an
ATPase/GTPase activity assay kit. The phosphorylation-dead mutant MoRgs3* lost its
GAP function in comparison to MoRgs3 and the mimic phosphomimic MoRgs3*° (Fig.
6D). Since MoRgs3 GAP function is critical for maintaining the intracellular cAMP levels in
M. oryzae (19, 23), we tested cAMP levels in AMorgs3 and site-directed mutagenesis
transformants by HPLC. Higher intracellular cAMP levels were detected in AMorgs3 and
AMorgs3/MoRGS3* than in Guy11 and the AMorgs3/MoRGS3*® complemented strain,
indicating MoRgs3 phosphorylation is required for its GAP function (Fig. 6C).

MoMagA is one of the three Ga subunits (MoMagA, MoMagB, and MoMagC) in M.
oryzae, and it plays a major role in the cAMP pathway (19, 48, 49). We tested interactions
of GDP-bound MoMagA with MoRgs3, MoRgs3*, and MoRgs3°° by Y2H, pull-down, and
co-IP assays. The results showed that MoRgs3, MoRgs3*, but not MoRgs3°®, interact with
MoMagA (Fig. S7B through D ), indicating that MoRgs3 phosphorylation results in its
dissociation from MoMagA. In addition, we generated BD-MoMagA®®¥”*- and
MoMagA®'®5-His constructs that mimic GTP-bound MoMagA to examine if changes in
GTPase accelerating protein activities involve changes in binding affinity between GTP-
bound MoMagA and MoRgs3. Y2H, pull-down, and in vivo co-IP all showed that
MoMagA®"®”* binds to MoRgs3 and MoRgs3®® (Fig. 6A and B). In summary, MoRgs3
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FIG 5 MoRgs3 interacts with MoCrn1. (A and B) Yeast two-hybrid analysis. MoCrn1 was co-introduced with MoRgs3 and

its site-directed mutagenesis MoRgs3* and MoRgs3® into the AH109 strain, respectively. Transformants were plated on
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FIG 5 (Continued)

assays among all three states of MoRgs3 (MoRgs3, MoRgs3™, and MoRgs3*®) and MoCrn1-RFP. Empty GFP transformants
introduced by all three states of the RGS3 (MoRgs3, MoRgs3**, and MoRgs3*") were the controls. Total proteins were extracted
individually as the total proteins, then eluted from the anti-RFP agarose beads, and analyzed by western blot with correspond-
ing antibodies. ImageJ) was used to analyze and compare the gray values of RFP co-IP results. (D) MST showing binding
properties of MoRgs7 with MoCrn1. Sorting by Kd value, MoRgs3°*°<MoRgs3<MoRgs3™. Kd, dissociation constant. (E) At 3
hours after conidial germination, persistently phosphorylated MoRGS3*°-GFP in Guy11 was predominantly localized in the
endosome of the germ tube and MoRGS3**-GFP in AMoCrn1 was predominantly localized in the PM. The magnified region
pointed by white arrows was conducted with line scan analysis. Percentage of a pattern showed in image was calculated by
observation for 100 germinated conidia that were randomly chosen. This experiment was performed with three biological
replicates. Scale bar: 5 pm.

phosphorylation enhances cAMP signaling by regulating MoMagA through its GAP
function in M. oryzae.

DISCUSSION

M. oryzae is the causal agent of rice blast, infecting its host by forming the appressorium
that penetrates the host cell (35, 45, 46). G-Protein/cAMP signaling is required for
appressorium formation and pathogenicity (23, 50, 51). The regulators of G-protein
signaling also play an important role in these function (21). Our studies revealed the role
of MoRgs3 in response to intracellular ROS signaling and its regulatory function in cAMP
signaling through MoCrn1-mediated endocytosis. Furthermore, our findings indicated
that MoNdk1 phosphorylates MoRgs3 in response to intracellular ROS signaling that
facilitates its endocytosis. Notably, MoNdk1-dependent phosphorylation of MoRgs3 and
subsequent endocytosis are critical for the appressorium development and pathogenic-
ity of M. oryzae. These insights contributed to a deeper understanding of the molecular
mechanisms underlying the regulation of appressorium formation and pathogenicity by
RGS- and RGS-like proteins.

RGS and RGS-like proteins are directly linked to the Ga-cAMP signaling pathway,
which works as negative regulators to enhance intrinsic GTPase activities of GTP-bound
Ga subunits, thereby inactivating G protein function (52, 53). Various studies explore the
unique function of RGS proteins by also focusing on their phosphorylation. In M. oryzae,
the phosphorylation of RGS proteins plays a significant role in fungal development and
pathogenicity. For example, MoRgs1 phosphorylation by the casein kinase 2 MoCk2 is
required for appressorium formation and pathogenicity (20). MoRgs7 is phosphorylated
by the cell cycle-related kinase MoSep1 in response to hydrophobic surface cues, and the
phosphorylation and endocytic transport link signaling transmission to pathogenicity
(22). Our current studies provided compelling evidence to indicate that MoRgs3 is
phosphorylated by the nucleoside diphosphate kinase MoNdk1.

Phosphorylation is an important cellular regulatory mechanism that plays an
important role in the appressorium formation of M. oryzae (54). Recent studies have
indicated that phosphorylation residues identified in M. oryzae are conserved across
various filamentous fungi. Thus, identifying phosphorylation sites is important in
understanding protein function. In this context, we identified three MoNdk1-dependent
phosphorylation sites on MoRgs3 (S93, S134, and S140). Each phosphorylation site may
regulate different functions, cellular or/and pathogenicity. For example, previous studies
revealed that MoPmk1 phosphorylates MoVts1, MoVts1 is a component of the MoPmk1
MAPK pathway that has two MoPmK1-dependent phosphorylation sites, S175 and 5420.
Only S175 plays an important role for MoVts1 in appressorium development, and this
role is conserved in all strains examined (55). Autophagy-associated protein MoAtg9-
dependent phosphorylation of S122 and MoAtg13-dependent phosphorylation of S517
and S519 regulate MoVts1-mediated autophagy (55, 56). Moreover, multiple phosphory-
lation sites often work together to regulate the phosphorylation process. Conversely, a
single point mutation has little effect on protein function, such as in the case of the
transcription factor MoHox7-dependent phosphorylation of MoPmk1 (5). MoMkk1
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FIG 6 MoNdk1-dependent MoRgs3 phosphorylation is required for MoMagA-cAMP signaling. (A) Co-IP assays for the interaction between all three states
of MoRgs3 (MoRgs3, MoRgs3*, and MoRgs3™)-GFP with MoMagA®'**-RFP transformants were introduced into empty-GFP as a control. Total proteins were
extracted individually as the total proteins, eluted from the anti-RFP agarose beads, and analyzed by western blot with the anti-GFP or anti-RFP antibodies.

(B) Yeast two-hybrid analysis. MoMagA®'®” (

activated Ga) was co-introduced with MoRgs3 and its site-directed mutagenesis MoRgs3>* and MoRgs3°” into yeast
AH109 strain, respectively. Transformants were plated on SD-Leu-Trp and on SD-Leu-Trp-His-Ade for 5 days. (C) Measurement of intracellular cAMP levels in
mycelia. The levels of cAMP following 2 days of culturing in the complete medium (CM) are shown. The data are evaluated by HPLC analysis with three replicates.
Error bars represent SD, and asterisks represent significant differences (*P < 0.05). (D) Measurement of GTPase rates. Free phosphates liberated by enzymes were
measured using a GTPase activity kit. MoRgs3 and its site-directed mutagenesis MoRgs3>* and MoRgs3’® were measured at least three times. Error bars indicate

SDs.

August 2024 Volume 15 Issue 8 10.1128/mbi0.00996-2413

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1128/mbio.00996-24

Research Article

phosphorylation of MoAtg4 was not inhibited by single site-inactivating mutation (57).
Among the RGS family proteins, mutations in the single phosphorylation site of MoRgs1
or MoRgs7 will affect the interaction with their kinases, leading to the defects on
phosphorylation and pathogenicity (20, 22).

Most of the RGS proteins in M. oryzae regulate G protein activity by affecting
GAP function, intracellular cAMP levels, and appressorium formation and pathogenic-
ity. These RGS proteins may function differently in the perception of external signals.
MoRgs7 contains a C-terminal GPCR motif, in addition to its RGS-like domain, and studies
showed that MoRgs7 senses hydrophobic surface cues and regulates Ga MoMagA
function in appressorium formation and pathogenicity (22). We examined whether
MoRgs3 has a similar response but found that it did not undergo phosphorylation in
response to these signals. Notably, MoRgs3 has only three transmembrane domains,
unlike MoRgs7 that has seven. Our studies provided evidence that MoRgs3 responds
to intracellular ROS signals in its regulation of the cAMP signaling pathway affecting
appressorium formation and pathogenicity.

ROS is produced in the metabolic processes of M. oryzae and acts as signals in
a variety of developmental pathways, including the formation of infection structures.
During appressorium development, M. oryzae accumulates high levels of endogenous
ROS in the tips of its germ tubes and immature appressoria (35, 58, 59). The scavenging
of ROS delays the differentiation of the appressorium and alters its morphology (35).
Therefore, it is very important to maintain the homeostasis of intracellular ROS levels
in M. oryzae. Our studies also linked intracellular ROS to MoNdk1 that phosphorylates
MoRgs3 and promotes MoRgs3-MoCrn1 binding.

Appressorium formation on nutrient-free, hydrophobic surfaces relies on normal
cAMP and MAPK signaling. Without intracellular ROS production, MoRgs3 remains
unphosphorylated, impeding cAMP signaling. Consequently, ROS appears as a pivotal
regulation factor in the growth and development of M. oryzae. The NOx complex is
the primary source of ROS generation. It facilitates electron transfer from NADPH to
the PM and catalyzes the reduction of O, to produce superoxide O,. Superoxide O, is
then converted to H,0; by the superoxide dismutase to constitute one of the critical
regulators in cell growth and differentiation. Our studies revealed the importance and
mechanisms of the endogenous ROS as a signaling molecule in regulating the differen-
tiation and pathogenicity of M. oryzae.

The M. oryzae MoNdk?1 reversibly transfers phosphate groups from tri- to diphosphate
nucleosides. MoNdk1 mainly phosphorylates at the substrate level, converting GDP to
GTP and directing GTP to proteins required by GTP, such as kinetic protein-like GTP
enzymes and heterotrimer G proteins (44). Elevated intracellular GDP content disrupts
cellular metabolism, disturbs redox balance, and triggers an increase in intracellular
ROS concentration, prompting MoNdk1 to phosphorylate MoRgs3. This phosphorylated
MoRgs3, in a reciprocal manner, expedites the GTPase activity of the Ga subunit and
subsequent GTP hydrolysis. The phosphorylated MoRgs3, in turn, accelerates the GTPase
activity of the Ga subunit and the subsequent GTP hydrolysis process. Therefore, we
infer that the interaction between MoNdk1 and MoRgs3 serves to maintain intracellular
energy and redox balance. This, in turn, mitigates host oxidative burst and suppresses
rice innate immunity.

In summary, we have provided evidence demonstrating that MoRgs3 functions in
regulating appressorium formation and pathogenicity of M. oryzae by sensing intracellu-
lar ROS levels. MoRgs3 becomes phosphorylated by MoNdk1 in response to increased
intracellular ROS levels. Phosphorylated MoRgs3 likely undergoes MoCrn1-dependent
endocytosis in a pattern similar to MoRgs1 and MoRgs7. Together, these RGS- and
RGS-like proteins respond to different external cues to modulate MoMagA-mediated
cAMP signaling and impact appressorium formation and pathogenicity (Fig. 7).
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FIG 7 A schematic summary of MoRgs3 function during appressorium formation in M. oryzae. Conidial germination of M. oryzae was accompanied by a burst
of ROS. The low level of intracellular ROS in the conidial stage cannot activate MoRgs3 phosphorylation. Intracellular ROS burst in appressorium stage. MoNdk1
sense the intracellular ROS signal to phosphorylate MoRgs3. The phosphorylated MoRgs3 accelerates the binding to MoCrn1 for endocytosis and then goes into
the intracellular to regulate MoMagA-mediated cAMP signal and regulate the formation of appressorium.

MATERIALS AND METHODS

The methods are adapted from our previous work for this study. A description of the
materials and methods is provided below for reference.

Strains and cultural conditions

Guy11 was used as the wild-type strain of M. oryzae and cultured on a CM. For vegetative
growth, small mycelium blocks from 5-day-old colonies were transferred into fresh media
and incubated in the dark at 28°C (60). Mycelia were harvested from liquid CM medium
grown for 2 days and used for DNA and protein extractions (61, 62). The wild-type and
mutants were cultured on an SDC medium at 28°C for 3 days in the dark and transferred
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to continuous illumination under fluorescent light before being scraped for surface
hyphae and conidia evaluation (63, 64).

Protein extraction and western blot analysis

For total protein extraction, strains were incubated in liquid CM media with shaking
for 2 days and harvested. Mycelia were grounded into fine powder in liquid nitrogen
and suspended in lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA,
0.5% NP-40, and 2 mM PMSF) (65). The lysates were collected into 2.0-mL tubes on ice for
30 min and shaken every 10 min. Lysates were then centrifuged at 15,000 rpm for 10 min
at 4°C, and supernatants were collected as total protein extracts (66, 67). For GFP-tagged
protein detection, samples were analyzed with 12% SDS-PAGE gel and immunoblotted
with anti-GFP antibodies (mouse, 1:5,000, Abmart, 293967). Signals were detected by the
ODYSSEY infrared imaging system (software version 2.1).

Phosphorylation analysis

For in vitro analysis, GST-MoRgs3, GST-MoRgs3**, and HIS-MoNdk1 were expressed in E.
coli DE3 cells and purified (68). We used the Pro-Q Diamond Phosphorylation gel stain
(Thermo Fisher Scientific), a phosphor-protein gel-staining fluorescence dye in this assay.
A kinase reaction buffer (100 mM phosphate-buffered saline, pH 7.5, 10 mM MgCl5, 1 mM
ascorbic acid) was mixed with MoRgs3 and MoRgs3** and HIS-MoNdk1, respectively. The
subsequent experiments were performed according to the previously described protocol
(20).

For in vivo analysis, conidia were prepared from various transformants as described
above and were filtered through three layers of lens paper before resuspending in sterile
water (2 x 10° spores/mL) (42). For appressorium protein extraction, droplets (5 mL) of
spore suspensions were placed on strips of onion epidermis, incubated under humid
conditions at room temperature for 6 hours, and onion epidermis grounded for protein
extraction (43). Protein extraction was the same as described above, and phosphoryla-
tion analysis was performed according to the protocol, phosphatase inhibitors (P0044,
sigma), and alkaline phosphatase (P6774, sigma) (22).

Virulence test

Rice seedlings (Oryza sativa cv. CO39) were used for the pathogenicity test. Two-week-
old rice seedlings were sprayed with 5 mL of conidia suspension and kept in darkness
for 24 hours. Then, rice seedlings were transferred into a transparent growth chamber
following a 12-hour/12-hour light/dark cycle exposure schedule. After 7 days, leaf disease
severity was documented by photography. Lesions were quantitated by quantitative
real-time PCR (69, 70).

Three-week-old rice sheaths were collected and injected with conidia suspensions
(2 x 10° spores/mL) with syringes. After 36 hours post-incubation in the dark at 28°C,
epidermal cells were observed by microscopy. This experiment was conducted with
three biological repetitions and three replicates under the same experimental conditions
(45).

LC-MS-MS analysis and GTPase activity assays

Fungal proteins were extracted as described above and separated by 10% SDS-PAGE
gel electrophoresis. Phosphorylation site identification by LC-MS-MS was carried out as
described previously (66).

His-MoRgs3, His-MoRgs3**, His-MoRgs33°, and His-MoMagA®'®”* were expressed in E.
coli DE3 cells and purified. An ATPase/GTPase activity assay kit (MAK113; Sigma-Aldrich;
Merck, Darmstadt, Germany) was used to assess the GTPase activity. The phosphate
standards included in the kit were used to plot the standard curve. Reactions were
incubated for 0's, T min, 5 min, and 10 min at room temperature. Reagent buffer (200 mL)
was added to each well, and incubation was carried out for an additional 30 mins at
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room temperature to terminate the enzyme reaction and generate the colorimetric end
product. Absorbance at 620 nm was read, and the change in absorbance values (DA620)
was calculated by subtracting the control well (A620) from the sample well (A620).
The concentration (uM) of free phosphate [Pi] was computed in the sample from the
standard curve. The relevant experimental procedures were as described previously (20).

Intracellular cAMP level measurement

M. oryzae strains and transformants were cultured in liquid CM for 48 hours and
harvested. Mycelia were grounded into fine powders in liquid nitrogen, and total cCAMP
levels were quantified by HPLC following previously established procedures (20, 71)

Microscale thermophoresis assay

Bindings of MoCrn1 to MoRgs3, MoRgs3**, MoRgs3®®, and MagA®'®* to MoRgs3,
MoRgs3**, and MoRgs3°° were determined by MST using Monolith NT.115 (Nano Temper
Technologies) according to the manufacturer-provided protocol. MST premium-coated
capillaries (Monolith NT.115 MO-K005) were used to load the samples into the MST
instrument at 25°C using medium MST power. Laser on and off was set at 30 and 5 s,
respectively. This experiment was repeated with three biological repetitions and three
replicates under the same experimental conditions. Data were analyzed using Nano
Temper Analysis software v.1.2.101 (Nano Temper Technologies) (3, 72).

GST pull-down assay

GST-MoRgs3, His-MoNdk1, and HIS were expressed in E. coli BL21-CodonPlus (DE3) cells.
Samples were induced with 0.1 mM IPTG (isopropyl-b-D-1-thiogalactopyranoside) at
20°C for 4 hours. E. coli cells were lysed in lysis buffer [50 mM Tris (pH = 8.0), 50 mM
NaCl, 1 mM PMSF (Sigma Aldrich)]. Samples were centrifuged at 3,600 rpm for 10 min,
and the supernatants were transferred to new 1.5-mL tubes and stored at —70°C. The
GST-MoRgs3 supernatant was mixed with 30 mL of GST Sepharose beads, incubated at
4°C for 4 hours, and then incubated with HIS-MoNdk1 and HIS supernatants at 4°C for
another 4 hours. Finally, the beads were washed with buffer (50 mM Tris, pH 8.0, 50 mM
NaCl, 1 mM PMSF, 1% Triton X-100) five times and proteins were eluted. Eluted proteins
were analyzed by immunoblot with anti-HIS and anti-GST antibodies (57, 64).

Confocal laser scanning microscopy

All transformants were observed under a confocal laser scanning microscope (Zeiss
LSM710, 63x oil), and the filtered channels were set as follows: GFP (excitation spectra:
488 nm; emission spectra: 510 nm; intensity of fluorescence: 75%; exposure time: 800 ms;
insets highlight areas analyzed by line scan; and bar = 10 um).

Appressorium formation

Conidia were harvested from 7-day-old SDC cultures and adjusted to 5 x 10* conidia
mL™" in sterile water. Droplets (30 uL) of conidial suspension were applied on coverslips
(Fisher Scientific, St. Louis, MO) and incubated under humid conditions at 28°C prior to
appressorium formation assessment (73). The turgor pressure of mature appressorium
was measured using an incipient cytorrhysis (cell collapse) assay (49).

ACKNOWLEDGMENTS

This research was supported by the Revitalization Foundation of Seed Industry of Jiangsu
(No. JBGS (2021)005), the National Key Research and Development Program of China (No.
2022YFD1700200), Young Elite Scientists Sponsorship Program by CAST (2022QNRC001),
and the major program of the Natural Science Foundation of China (32293245). Research
in Ping Wang lab was supported by the National Institutes of Health (US) award numbers
Al156254 and Al168867.

August 2024 Volume 15 Issue 8

mBio

10.1128/mbio.00996-2417

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1128/mbio.00996-24

Research Article

AUTHOR AFFILIATIONS

'Department of Plant Pathology, College of Plant Protection, Nanjing Agricultural
University, Nanjing, China

’Key Laboratory of Integrated Management of Crop Diseases and Pests, Ministry of
Education, Nanjing, China

*Department of Microbiology, Immunology, and Parasitology, Louisiana State University
Health Sciences Center, New Orleans, Louisiana, USA

AUTHOR ORCIDs

Xinyu Liu @ http://orcid.org/0000-0001-5793-6588

Haifeng Zhang © http://orcid.org/0000-0002-7963-9071
Ping Wang  http://orcid.org/0000-0002-3851-2779
Zhengguang Zhang  http://orcid.org/0000-0001-8253-4505

FUNDING

Funder Grant(s) Author(s)

Revitalization Foundation of Seed Industry  No. JBGS (2021)005 Zhengguang Zhang
of Jiangsu

MOST | National Key Research and No. 2022YFD1700200 Xinyu Liu
Development Program of China (NKPs)

Young Elite Scientists Sponsorship Program  2022QNRC001 Xinyu Liu

by CAST

MOST | National Natural Science Foundation 32293245 Zhengguang Zhang

of China (NSFC)
HHS | National Institutes of Health (NIH) Al156254, Al168867 Ping Wang

AUTHOR CONTRIBUTIONS

Ruiming Zhang, Conceptualization, Data curation, Formal analysis, Methodology, Writing
— original draft | Xinyu Liu, Conceptualization, Funding acquisition, Resources, Supervi-
sion, Validation, Writing — review and editing | Jiayun Xu, Conceptualization, Formal
analysis, Investigation, Validation | Chen Chen, Data curation, Formal analysis, Method-
ology | Zhaoxuan Tang, Formal analysis, Investigation | Chengtong Wu, Formal analy-
sis, Methodology | Xinyue Li, Formal analysis, Investigation | Lei Su, Formal analysis,
Investigation | Muxing Liu, Resources, Supervision | Leiyun Yang, Resources, Supervision
| Gang Li, Resources, Supervision | Haifeng Zhang, Resources, Supervision | Ping Wang,
Funding acquisition, Supervision, Writing — review and editing | Zhengguang Zhang,
Funding acquisition, Resources, Supervision, Writing — review and editing

DATA AVAILABILITY

The genes from this study can be found in the GenBank database (https://
www.ncbi.nlm.nih.gov/protein/) using the following accession numbers: MoNdk1
(MGG_08622), MoRgs3 (MGG_03726), MoCrn1 (MGG_06389), MoTrx2 (MGG_04236), and
MoMagA (MGG_01818).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Text S1 (mBi000996-24-50001.docx). Identification of MoRgs3 binding proteins.
Fig. S1 (mBio00996-24-50002.tif). Changes in intracellular redox balance affect the
phosphorylation of MoRgs3 in conidial stage.

August 2024 Volume 15 Issue 8

mBio

10.1128/mbi0.00996-2418

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://www.ncbi.nlm.nih.gov/protein/
https://www.ncbi.nlm.nih.gov/gene/2679051
https://www.ncbi.nlm.nih.gov/protein/?term=MGG_03726
https://www.ncbi.nlm.nih.gov/protein/?term=MGG_06389
https://www.ncbi.nlm.nih.gov/protein/?term=MGG_04236
https://www.ncbi.nlm.nih.gov/protein/?term=MGG_01818
https://doi.org/10.1128/mbio.00996-24
https://doi.org/10.1128/mbio.00996-24

Research Article

mBio

Fig. S2 (mBio00996-24-S0003.tif). Changes in intracellular redox balance affect the
phosphorylation of MoRgs3 in appressorial stage.
Fig. S3 (mBio00996-24-S0004.tif). MoNdk1-dependent MoRgs3 phosphorylation sites
identified by LC-MS-MS (Q-E) analysis.

Fig. S4 (mBio00996-24-50005.tif). MoNdki1

intracellular ROS signals.
Fig. S5 (mBio00996-24-S0006.tif). Continuously phosphorylated MoRgs3 could not fully
restore the defect of MoNdk1 in growth and virulence.
Fig. S6 (mBio00996-24-S0007.tif). MoCrn1 interacts with MoRgs3, MoRgs3* and
MoRgs3°°.
Fig. S7 (mBio00996-24-50008.tif). MoMagA interacts with MoRgs3, MoRgs3**, and
MoRgs3°®.
Legends (mBio00996-24-50009.doc). Legends for supplemental material.

REFERENCES

1.

August 2024 Volume 15

Dean R, Van Kan JAL, Pretorius ZA, Hammond-Kosack KE, Di Pietro A,
Spanu PD, Rudd JJ, Dickman M, Kahmann R, Ellis J, Foster GD. 2012. The
top 10 fungal pathogens in molecular plant pathology. Mol Plant Pathol
13:414-430. https://doi.org/10.1111/j.1364-3703.2011.00783.x

Elert E. 2014. Rice by the numbers: a good grain. Nature 514:550-1.
https://doi.org/10.1038/514s50a

Liu M, Wang F, He B, Hu J, Dai Y, Chen W, Yi M, Zhang H, Ye Y, Cui Z,
Zheng X, Wang P, Xing W, Zhang Z. 2024. Targeting Magnaporthe oryzae
effector MoErs1 and host papain-like protease OsRD21 interaction to
combat rice blast. Nat Plants 10:618-632. https://doi.org/10.1038/
s41477-024-01642-x

Cruz-Mireles N, Eisermann |, Garduiio-Rosales M, Molinari C, Ryder LS,
Tang B, Yan X, Talbot NJ. 2021. The biology of invasive growth by the rice
blast fungus Magnaporthe oryzae. Methods Mol Biol 2356:19-40. https://
doi.org/10.1007/978-1-0716-1613-0_2

Osés-Ruiz M, Cruz-Mireles N, Martin-Urdiroz M, Soanes DM, Eseola AB,
Tang B, Derbyshire P, Nielsen M, Cheema J, Were V, Eisermann I, Kershaw
MJ, Yan X, Valdovinos-Ponce G, Molinari C, Littlejohn GR, Valent B, Menke
FLH, Talbot NJ. 2021. Appressorium-mediated plant infection by
Magnaporthe oryzae is regulated by a Pmk1-dependent hierarchical
transcriptional network. Nat Microbiol 6:1383-1397. https://doi.org/10.
1038/541564-021-00978-w

Ren Z, Tang B, Xing J, Liu C, Cai X, Hendy A, Kamran M, Liu H, Zheng L,
Huang J, Chen X-L. 2022. MTA1-mediated RNA m(6) a modification
regulates autophagy and is required for infection of the rice blast
fungus. New Phytol 235:247-262. https://doi.org/10.1111/nph.18117
Adachi K, Hamer JE. 1998. Divergent cAMP signaling pathways regulate
growth and pathogenesis in the rice blast fungus Magnaporthe grisea.
Plant Cell 10:1361-1374. https://doi.org/10.1105/tpc.10.8.1361

DeZwaan TM, Carroll AM, Valent B, Sweigard JA. 1999. Magnaporthe
grisea pth11p is a novel plasma membrane protein that mediates
appressorium differentiation in response to inductive substrate cues.
Plant Cell 11:2013-2030. https://doi.org/10.1105/tpc.11.10.2013

Choi W, Dean RA. 1997. The adenylate cyclase gene MAC1 of Magna-
porthe grisea controls appressorium formation and other aspects of
growth and development. Plant Cell 9:1973-1983. https://doi.org/10.
1105/tpc.9.11.1973

Zeng G, Yu X, Cai M. 2001. Regulation of yeast actin cytoskeleton-
regulatory complex Pan1p/Slalp/End3p by serine/threonine kinase
Prk1p. Mol Biol Cell 12:3759-3772. https://doi.org/10.1091/mbc.12.12.
3759

Zhong K, Li X, Le X, Kong X, Zhang H, Zheng X, Wang P, Zhang Z. 2016.
MoDnm1 dynamin mediating peroxisomal and mitochondrial fission in
complex with MoFis1 and MoMdv1 is important for development of
functional appressorium in Magnaporthe oryzae. PLoS Pathog
12:e1005823. https://doi.org/10.1371/journal.ppat.1005823

Galletta BJ, Mooren OL, Cooper JA. 2010. Actin dynamics and endocyto-
sis in yeast and mammals. Curr Opin Biotechnol 21:604-610. https://doi.
org/10.1016/j.copbio.2010.06.006

Dagdas YF, Yoshino K, Dagdas G, Ryder LS, Bielska E, Steinberg G, Talbot
NJ. 2012. Septin-mediated plant cell invasion by the rice blast fungus,

Issue 8

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

phosphorylates MoRgs3 by sensing

Magnaporthe oryzae. Science 336:1590-1595.
https://doi.org/10.1126/science.1222934

Lin CJ, Chen YL. 2018. Conserved and divergent functions of the
cAMP/PKA signaling pathway in Candida albicans and Candida tropicalis.
J Fungi (Basel) 4:68. https://doi.org/10.3390/jof4020068

Li G, Zhou X, Xu JR. 2012. Genetic control of infection-related develop-
ment in Magnaporthe oryzae. Curr Opin Microbiol 15:678-684. https://
doi.org/10.1016/j.mib.2012.09.004

Ryder LS, Talbot NJ. 2015. Regulation of appressorium development in
pathogenic fungi. Curr Opin Plant Biol 26:8-13. https://doi.org/10.1016/j.
pbi.2015.05.013

Liu W, Zhou X, Li G, Li L, Kong L, Wang C, Zhang H, Xu J-R. 2011. Multiple
plant surface signals are sensed by different mechanisms in the rice
blast fungus for appressorium formation. PLoS Pathog 7:@1001261.
https://doi.org/10.1371/journal.ppat.1001261

Ramanujam R, Calvert ME, Selvaraj P, Naqvi NI. 2013. The late endosomal
HOPS complex anchors active G-protein signaling essential for
pathogenesis in Magnaporthe oryzae. PLoS Pathog 9:21003527. https://
doi.org/10.1371/journal.ppat.1003527

Zhang H, Tang W, Liu K, Huang Q, Zhang X, Yan X, Chen Y, Wang J, Qi Z,
Wang Z, Zheng X, Wang P, Zhang Z. 2011. Eight RGS and RGS-like
proteins orchestrate growth, differentiation, and pathogenicity of
Magnaporthe oryzae. PLoS Pathog 7:1002450. https://doi.org/10.1371/
journal.ppat.1002450

Yu R, Shen X, Liu M, Liu X, Yin Z, Li X, Feng W, Hu J, Zhang H, Zheng X,
Wang P, Zhang Z. 2021. The rice blast fungus MoRgs1 functioning in
cAMP signaling and pathogenicity is requlated by casein kinase MoCk2
phosphorylation and modulated by membrane protein MoEmc2. PLoS
Pathog 17:1009657. https://doi.org/10.1371/journal.ppat.1009657

Liu H, Suresh A, Willard FS, Siderovski DP, Lu S, Naqvi NI. 2007. Rgs1
regulates multiple Galpha subunits in Magnaporthe pathogenesis,
asexual growth and thigmotropism. EMBO J 26:690-700. https://doi.org/
10.1038/sj.emb0j.7601536

Xu J, Liu X, Zhang W, Feng W, Liu M, Yang L, Yang Z, Zhang H, Zhang Z,
Wang P. 2023. Hydrophobic cue-induced appressorium formation
depends on MoSep1-mediated MoRgs7 phosphorylation and
internalization in Magnaporthe oryzae. PLoS Genet 19:e1010748. https://
doi.org/10.1371/journal.pgen.1010748

Li X, Zhong K, Yin Z, Hu J, Wang W, Li L, Zhang H, Zheng X, Wang P,
Zhang Z. 2019. The seven transmembrane domain protein MoRgs7
functions in surface perception and undergoes coronin MoCrn1-
dependent endocytosis in complex with Ga subunit MoMagA to
promote cAMP signaling and appressorium formation in Magnaporthe
oryzae. PLoS Pathog 15:1007382. https://doi.org/10.1371/journal.ppat.
1007382

Hamer JE, Howard RJ, Chumley FG, Valent B. 1988. A mechanism for
surface attachment in spores of a plant pathogenic fungus. Science
239:288-290. https://doi.org/10.1126/science.239.4837.288

Fernandez J, Wilson RA. 2014. Cells in cells: morphogenetic and
metabolic strategies conditioning rice infection by the blast fungus
Magnaporthe oryzae. Protoplasma 251:37-47. https://doi.org/10.1007/
s00709-013-0541-8

10.1128/mbi0.00996-2419

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1038/514s50a
https://doi.org/10.1038/s41477-024-01642-x
https://doi.org/10.1007/978-1-0716-1613-0_2
https://doi.org/10.1038/s41564-021-00978-w
https://doi.org/10.1111/nph.18117
https://doi.org/10.1105/tpc.10.8.1361
https://doi.org/10.1105/tpc.11.10.2013
https://doi.org/10.1105/tpc.9.11.1973
https://doi.org/10.1091/mbc.12.12.3759
https://doi.org/10.1371/journal.ppat.1005823
https://doi.org/10.1016/j.copbio.2010.06.006
https://doi.org/10.1126/science.1222934
https://doi.org/10.3390/jof4020068
https://doi.org/10.1016/j.mib.2012.09.004
https://doi.org/10.1016/j.pbi.2015.05.013
https://doi.org/10.1371/journal.ppat.1001261
https://doi.org/10.1371/journal.ppat.1003527
https://doi.org/10.1371/journal.ppat.1002450
https://doi.org/10.1371/journal.ppat.1009657
https://doi.org/10.1038/sj.emboj.7601536
https://doi.org/10.1371/journal.pgen.1010748
https://doi.org/10.1371/journal.ppat.1007382
https://doi.org/10.1126/science.239.4837.288
https://doi.org/10.1007/s00709-013-0541-8
https://doi.org/10.1128/mbio.00996-24

Research Article

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

August 2024 Volume 15

Ebbole DJ. 2007. Magnaporthe as a model for understanding host-
pathogen interactions. Annu Rev Phytopathol 45:437-456. https://doi.
org/10.1146/annurev.phyto.45.062806.094346

Yang Z-L, Chen J-N, Lu Y-Y, Lu M, Wan Q-L, Wu G-S, Luo H-R. 2021.
Inositol polyphosphate multikinase IPMK-1 regulates development
through IP3/calcium signaling in Caenorhabditis elegans. Cell Calcium
93:102327. https://doi.org/10.1016/j.ceca.2020.102327

Waszczak C, Carmody M, Kangasjarvi J. 2018. Reactive oxygen species in
plant signaling. Annu Rev Plant Biol 69:209-236. https://doi.org/10.
1146/annurev-arplant-042817-040322

Kotchoni SO, Gachomo EW. 2006. The reactive oxygen species network
pathways:an essential prerequisite for perception of pathogen attack
and the acquired disease resistance in plants. J Biosci 31:389-404. https:/
/doi.org/10.1007/BF02704112

Camejo D, Guzmén-Cedefio A, Moreno A. 2016. Reactive oxygen species,
essential molecules, during plant-pathogen interactions. Plant Physiol
Biochem 103:10-23. https://doi.org/10.1016/j.plaphy.2016.02.035
Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K,
Gollery M, Shulaev V, Van Breusegem F. 2011. ROS signaling: the new
wave? Trends Plant Sci 16:300-309. https://doi.org/10.1016/j.tplants.
2011.03.007

Sang Y, Macho AP. 2017. Analysis of PAMP-triggered ROS burst in plant
immunity. Methods Mol Biol 1578:143-153. https://doi.org/10.1007/978-
1-4939-6859-6_11

Kankanala P, Czymmek K, Valent B. 2007. Roles for rice membrane
dynamics and plasmodesmata during biotrophic invasion by the blast
fungus. Plant Cell 19:706-724. https://doi.org/10.1105/tpc.106.046300
Khang CH, Berruyer R, Giraldo MC, Kankanala P, Park S-Y, Czymmek K,
Kang S, Valent B. 2010. Translocation of Magnaporthe oryzae effectors
into rice cells and their subsequent cell-to-cell movement. Plant Cell
22:1388-1403. https://doi.org/10.1105/tpc.109.069666

Egan MJ, Wang Z-Y, Jones MA, Smirnoff N, Talbot NJ. 2007. Generation of
reactive oxygen species by fungal NADPH oxidases is required for rice
blast disease. Proc Natl Acad Sci USA 104:11772-11777. https://doi.org/
10.1073/pnas.0700574104

Ryder LS, Dagdas YF, Mentlak TA, Kershaw MJ, Thornton CR, Schuster M,
Chen J, Wang Z, Talbot NJ. 2013. NADPH oxidases regulate septin-
mediated cytoskeletal remodeling during plant infection by the rice
blast fungus. Proc Natl Acad Sci USA 110:3179-3184. https://doi.org/10.
1073/pnas.1217470110

Gupta YK, Dagdas YF, Martinez-Rocha A-L, Kershaw MJ, Littlejohn GR,
Ryder LS, Sklenar J, Menke F, Talbot NJ. 2015. Septin-dependent
assembly of the exocyst is essential for plant infection by Magnaporthe
oryzae. Plant Cell 27:3277-3289. https://doi.org/10.1105/tpc.15.00552
Tang W, Ru Y, Hong L, Zhu Q, Zuo R, Guo X, Wang J, Zhang H, Zheng X,
Wang P, Zhang Z. 2015. System-wide characterization of bZIP
transcription factor proteins involved in infection-related morphogene-
sis of Magnaporthe oryzae. Environ Microbiol 17:1377-1396. https://doi.
org/10.1111/1462-2920.12618

Zhang S, Jiang C, Zhang Q, Qi L, Li C, Xu J-R. 2016. Thioredoxins are
involved in the activation of the PMK1 MAP kinase pathway during
appressorium penetration and invasive growth in Magnaporthe oryzae.
Environ Microbiol 18:3768-3784. https://doi.org/10.1111/1462-2920.
13315

Wang J, Yin Z, Tang W, Cai X, Gao C, Zhang H, Zheng X, Wang P, Zhang Z.
2017. The thioredoxin MoTrx2 protein mediates reactive oxygen species
(ROS) balance and controls pathogenicity as a target of the transcription
factor MoAP1 in Magnaporthe oryzae. Mol Plant Pathol 18:1199-1209.
https://doi.org/10.1111/mpp.12484

Amutha B, Pain D. 2003. Nucleoside diphosphate kinase of Saccharomy-
ces cerevisiae, Ynk1p: localization to the mitochondrial Intermembrane
space. Biochem J 370:805-815. https://doi.org/10.1042/BJ20021415
Zhang SQ, Hu Y, Jong AY. 1995. Temporal and spatial distributions of
yeast nucleoside diphosphate kinase activities and its association with
the Cdc8p. Cell Mol Biol Res 41:333-346.

Li G, Qi X, Sun G, Rocha RO, Segal LM, Downey KS, Wright JD, Wilson RA.
2020. Terminating rice innate immunity induction requires a network of
antagonistic and redox-responsive E3 ubiquitin ligases targeting a
fungal Sirtuin. New Phytol 226:523-540. https://doi.org/10.1111/nph.
16365

Issue 8

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

mBio

Rocha RO, Wilson RA. 2020. Magnaporthe oryzae nucleoside diphos-
phate kinase is required for metabolic homeostasis and redox-mediated
host innate immunity suppression. Mol Microbiol 114:789-807. https://
doi.org/10.1111/mmi.14580

Kou Y, Qiu J, Tao Z. 2019. Every coin has two sides: reactive oxygen
species during rice-Magnaporthe oryzae interaction . Int J Mol Sci
20:1191. https://doi.org/10.3390/ijms20051191

Liu X, Zhang Z. 2022. A double-edged sword: reactive oxygen species
(ROS) during the rice blast fungus and host interaction. FEBS J 289:5505-
5515. https://doi.org/10.1111/febs.16171

Jin X, Gou JY. 2016. A rapid and cost-effective fluorescence detection in
tube (FDIT) method to analyze protein phosphorylation. Plant Methods
12:43. https://doi.org/10.1186/s13007-016-0143-5

Bosch DE, Willard FS, Ramanujam R, Kimple AJ, Willard MD, Naqvi NI,
Siderovski DP. 2012. A P-loop mutation in Ga subunits prevents
transition to the active state: implications for G-protein signaling in
fungal pathogenesis. PLoS Pathog 8:e1002553. https://doi.org/10.1371/
journal.ppat.1002553

Zhang H, Zheng X, Zhang Z. 2016. The Magnaporthe grisea species
complex and plant pathogenesis. Mol Plant Pathol 17:796-804. https://
doi.org/10.1111/mpp.12342

Anjago WM, Zhou T, Zhang H, Shi M, Yang T, Zheng H, Wang Z. 2018.
Regulatory network of genes associated with stimuli sensing, signal
transduction and physiological transformation of appressorium in
Magnaporthe oryzae. Mycology 9:211-222. https://doi.org/10.1080/
21501203.2018.1492981

Li Y, Zhang X, Hu S, Liu H, Xu J-R. 2017. PKA activity is essential for
relieving the suppression of hyphal growth and appressorium formation
by Mosfl1 in Magnaporthe oryzae. PLoS Genet 13:e1006954. https://doi.
org/10.1371/journal.pgen.1006954

Hollinger S, Hepler JR. 2002. Cellular regulation of RGS proteins:
modulators and Integrators of G protein signaling. Pharmacol Rev
54:527-559. https://doi.org/10.1124/pr.54.3.527

Mukherjee M, Kim J-E, Park Y-S, Kolomiets MV, Shim W-B. 2011.
Regulators of G-protein signalling in Fusarium verticillioides mediate
differential host-pathogen responses on nonviable versus viable maize
kernels. Mol Plant Pathol 12:479-491. https://doi.org/10.1111/j.1364-
3703.2010.00686.x

Ardito F, Giuliani M, Perrone D, Troiano G, Lo Muzio L. 2017. The crucial
role of protein phosphorylation in cell signaling and its use as targeted
therapy (review). Int J Mol Med 40:271-280. https://doi.org/10.3892/
ijmm.2017.3036

Cruz-Mireles N, Osés-Ruiz M, Derbyshire P, Jégousse C, Ryder LS, Bautista
MJA, Eseola A, Sklenar J, Tang B, Yan X, Ma W, Findlay KC, Were V,
MacLean D, Talbot NJ, Menke FLH. 2024. The phosphorylation landscape
of infection-related development by the rice blast fungus. Cell
187:2557-2573. https://doi.org/10.1016/j.cell.2024.04.007

Kong Y, Guo P, Xu J, Li J, Wu M, Zhang Z, Wang Y, Liu X, Yang L, Liu M,
Zhang H, Wang P, Zhang Z. 2024. MoMkk1 and MoAtg1 dichotomously
regulating autophagy and pathogenicity through MoAtg9 phosphoryla-
tion in Magnaporthe oryzae. mBio 15:e0334423. https://doi.org/10.1128/
mbio.03344-23

Guo P, Wang Y, Xu J, Yang Z, Zhang Z, Qian J, Hu J, Yin Z, Yang L, Liu M,
Liu X, Li G, Zhang H, Rumsey R, Wang P, Zhang Z. 2024. Autophagy and
cell wall integrity pathways coordinately regulate the development and
pathogenicity through MoAtg4 phosphorylation in Magnaporthe oryzae.
PLoS Pathog 20:e1011988. https://doi.org/10.1371/journal.ppat.1011988
Samalova M, Meyer AJ, Gurr SJ, Fricker MD. 2014. Robust anti-oxidant
defences in the rice blast fungus Magnaporthe oryzae confer tolerance
to the host oxidative burst. New Phytol 201:556-573. https://doi.org/10.
1111/nph.12530

Kou Y, Tan YH, Ramanujam R, Naqvi NI. 2017. Structure-function
analyses of the Pth11 receptor reveal an important role for CFEM motif
and redox regulation in rice blast. New Phytol 214:330-342. https://doi.
org/10.1111/nph.14347

Liu X, Gao Y, Guo Z, Wang N, Wegner A, Wang J, Zou X, Hu J, Liu M,
Zhang H, Zheng X, Wang P, Schaffrath U, Zhang Z. 2022. Molug4 is a
novel secreted effector promoting rice blast by counteracting host
OsAHL1-regulated ethylene gene transcription. New Phytol 235:1163-
1178. https://doi.org/10.1111/nph.18169

10.1128/mbi0.00996-2420

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1146/annurev.phyto.45.062806.094346
https://doi.org/10.1016/j.ceca.2020.102327
https://doi.org/10.1146/annurev-arplant-042817-040322
https://doi.org/10.1007/BF02704112
https://doi.org/10.1016/j.plaphy.2016.02.035
https://doi.org/10.1016/j.tplants.2011.03.007
https://doi.org/10.1007/978-1-4939-6859-6_11
https://doi.org/10.1105/tpc.106.046300
https://doi.org/10.1105/tpc.109.069666
https://doi.org/10.1073/pnas.0700574104
https://doi.org/10.1073/pnas.1217470110
https://doi.org/10.1105/tpc.15.00552
https://doi.org/10.1111/1462-2920.12618
https://doi.org/10.1111/1462-2920.13315
https://doi.org/10.1111/mpp.12484
https://doi.org/10.1042/BJ20021415
https://doi.org/10.1111/nph.16365
https://doi.org/10.1111/mmi.14580
https://doi.org/10.3390/ijms20051191
https://doi.org/10.1111/febs.16171
https://doi.org/10.1186/s13007-016-0143-5
https://doi.org/10.1371/journal.ppat.1002553
https://doi.org/10.1111/mpp.12342
https://doi.org/10.1080/21501203.2018.1492981
https://doi.org/10.1371/journal.pgen.1006954
https://doi.org/10.1124/pr.54.3.527
https://doi.org/10.1111/j.1364-3703.2010.00686.x
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.1016/j.cell.2024.04.007
https://doi.org/10.1128/mbio.03344-23
https://doi.org/10.1371/journal.ppat.1011988
https://doi.org/10.1111/nph.12530
https://doi.org/10.1111/nph.14347
https://doi.org/10.1111/nph.18169
https://doi.org/10.1128/mbio.00996-24

Research Article

61.

62.

63.

64,

65.

66.

67.

August 2024 Volume 15

Guo M, Chen Y, DuY, Dong Y, Guo W, Zhai S, Zhang H, Dong S, Zhang Z,
Wang Y, Wang P, Zheng X. 2011. The bZIP transcription factor MoAP1
mediates the oxidative stress response and is critical for pathogenicity of
the rice blast fungus Magnaporthe oryzae. PLoS Pathog 7:€1001302.
https://doi.org/10.1371/journal.ppat.1001302

Guo M, Guo W, Chen Y, Dong S, Zhang X, Zhang H, Song W, Wang W,
Wang Q, Lv R, Zhang Z, Wang Y, Zheng X. 2010. The basic leucine zipper
transcription factor Moatf1 mediates oxidative stress responses and is
necessary for full virulence of the rice blast fungus Magnaporthe oryzae.
Mol Plant Microbe Interact 23:1053-1068. https://doi.org/10.1094/
MPMI-23-8-1053

Yin Z, Zhang X, Wang J, Yang L, Feng W, Chen C, Gao C, Zhang H, Zheng
X, Wang P, Zhang Z. 2018. MoMip11, a MoRgs7-interacting protein,
functions as a scaffolding protein to regulate cAMP signaling and
pathogenicity in the rice blast fungus Magnaporthe oryzae. Environ
Microbiol 20:3168-3185. https://doi.org/10.1111/1462-2920.14102

Qian B, Liu X, Ye Z, Zhou Q, Liu P, Yin Z, Wang W, Zheng X, Zhang H,
Zhang Z. 2021. Phosphatase-associated protein MoTip41 interacts with
the phosphatase MoPpel to mediate crosstalk between TOR and cell
wall integrity signalling during infection by the rice blast fungus
Magnaporthe Oryzae. Environ Microbiol 23:791-809. https://doi.org/10.
1111/1462-2920.15136

Zhang J, Li H, Gu W, Zhang K, Liu X, Liu M, Yang L, Li G, Zhang Z, Zhang
H. 2023. Peroxisome dynamics determines host-derived ROS accumula-
tion and infectious growth of the rice blast fungus. mBio 14:0238123.
https://doi.org/10.1128/mbio.02381-23

Liu M, Zhang S, Hu J, Sun W, Padilla J, He Y, Li Y, Yin Z, Liu X, Wang W,
Shen D, Li D, Zhang H, Zheng X, Cui Z, Wang G-L, Wang P, Zhou B, Zhang
Z. 2019. Phosphorylation-guarded light-harvesting complex I
contributes to broad-spectrum blast resistance in rice. Proc Natl Acad Sci
USA 116:17572-17577. https://doi.org/10.1073/pnas.1905123116

Yin Z, Feng W, Chen C, Xu J, Li Y, Yang L, Wang J, Liu X, Wang W, Gao C,
Zhang H, Zheng X, Wang P, Zhang Z. 2020. Shedding light on autophagy

Issue 8

68.

69.

70.

71.

72.

73.

mBio

coordinating with cell wall integrity signaling to govern pathogenicity of
Magnaporthe oryzae. Autophagy 16:900-916. https://doi.org/10.1080/
15548627.2019.1644075

Liu M, Hu J, Zhang A, Dai Y, Chen W, He Y, Zhang H, Zheng X, Zhang Z.
2021. Auxilin-like protein MoSwa2 promotes effector secretion and
virulence as a clathrin uncoating factor in the rice blast fungus
Magnaporthe oryzae. New Phytol 230:720-736. https://doi.org/10.1111/
nph.17181

Yin Z, Chen C, Yang J, Feng W, Liu X, Zuo R, Wang J, Yang L, Zhong K, Gao
C, Zhang H, Zheng X, Wang P, Zhang Z. 2019. Histone acetyltransferase
MoHat1 acetylates autophagy-related proteins MoAtg3 and MoAtg9 to
orchestrate functional appressorium formation and pathogenicity in
Magnaporthe oryzae. Autophagy 15:1234-1257. https://doi.org/10.1080/
15548627.2019.1580104

Yin Z, Tang W, Wang J, Liu X, Yang L, Gao C, Zhang J, Zhang H, Zheng X,
Wang P, Zhang Z. 2016. Phosphodiesterase MoPdeH targets MoMck1 of
the conserved mitogen-activated protein (MAP) kinase signalling
pathway to regulate cell wall integrity in rice blast fungus Magnaporthe
oryzae. Mol Plant Pathol 17:654-668. https://doi.org/10.1111/mpp.12317
Guo Z, Liu X, Wang N, Mo P, Shen J, Liu M, Zhang H, Wang P, Zhang Z.
2023. Membrane component ergosterol builds a platform for promoting
effector secretion and virulence in Magnaporthe oryzae. New Phytol
237:930-943. https://doi.org/10.1111/nph.18575

Hu J, Liu M, Zhang A, Dai Y, Chen W, Chen F, Wang W, Shen D,
Telebanco-Yanoria MJ, Ren B, Zhang H, Zhou H, Zhou B, Wang P, Zhang
Z. 2022. Co-evolved plant and blast fungus ascorbate oxidases
orchestrate the redox state of host apoplast to modulate rice immunity.
Mol Plant 15:1347-1366. https://doi.org/10.1016/j.molp.2022.07.001

Qi Z, LiuM, Dong Y, Zhu Q, Li L, Li B, Yang J, Li Y, Ru Y, Zhang H, Zheng X,
Wang P, Zhang Z. 2016. The syntaxin protein (MoSyn8) mediates
intracellular trafficking to regulate conidiogenesis and pathogenicity of
rice blast fungus. New Phytol 209:1655-1667. https://doi.org/10.1111/
nph.13710

10.1128/mbi0.00996-2421

Downloaded from https://journals.asm.org/journal/mbio on 14 October 2024 by 155.58.188.138.


https://doi.org/10.1371/journal.ppat.1001302
https://doi.org/10.1094/MPMI-23-8-1053
https://doi.org/10.1111/1462-2920.14102
https://doi.org/10.1111/1462-2920.15136
https://doi.org/10.1128/mbio.02381-23
https://doi.org/10.1073/pnas.1905123116
https://doi.org/10.1080/15548627.2019.1644075
https://doi.org/10.1111/nph.17181
https://doi.org/10.1080/15548627.2019.1580104
https://doi.org/10.1111/mpp.12317
https://doi.org/10.1111/nph.18575
https://doi.org/10.1016/j.molp.2022.07.001
https://doi.org/10.1111/nph.13710
https://doi.org/10.1128/mbio.00996-24

	MoRgs3 functions in intracellular reactive oxygen species perception-integrated cAMP signaling to promote appressorium formation in Magnaporthe oryzae
	Recommended Citation
	Authors

	MoRgs3 functions in intracellular reactive oxygen species perception-integrated cAMP signaling to promote appressorium formation in Magnaporthe oryzae
	RESULTS
	MoRgs3 is phosphorylated during appressorium formation
	Phosphorylation of MoRgs3 is influenced by intracellular ROS
	MoRgs3 is phosphorylated by MoNdk1
	ROS contributes to MoNdk1-dependent phosphorylation of MoRgs3
	MoRgs3 phosphorylation is required for appressorium formation and pathogenicity
	Phosphorylation is vital for MoRgs3 internalization during appressorium development
	MoRgs3 is involved in MoMagA-mediated cAMP signaling and normal appressorium induction

	DISCUSSION


