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ABSTRACT
Background

Previous studies have shown that the phosphatidate phosphatase MoPah1 plays a
critical role in Magnaporthe oryzae development and pathogenicity. The gene deletion
mutant exhibits reduced virulence on rice leaves; however, the MoPah1 regulatory
network remains unclear.

Result

In this study, we applied a quantitative data-independent acquisition approach using
the Orbitrap Astral instrument to analyze the gene deletion mutant. We identified
6,799 proteins and 15,682 phosphorylation sites in M. oryzae, with differentially
abundant proteins primarily enriched in metabolic and autophagy pathways.
Integrating phosphoproteomic and proteomic analyses, we found 72 overlapping
proteins. Additionally, we employed glutathione S-transferase pull-down and yeast
two-hybrid assays to screen and verify MoPah1l-interacting proteins, identifying
Pmk1.

Conclusions

Our findings reveal candidate proteins in the MoPah1 regulatory network and the

interaction between MoPahl and Pmk1 in M. oryzae.

Keywords: Magnaporthe oryzae; phosphatidate phosphatase; proteomic;

phosphoproteomics



INTRODUCTION

Phosphatidic acid (PA) is not only a key component of the cell membrane but also a
signaling molecule involved in development and lipid metabolism [1]. In many
organisms, cellular PA levels play a critical role in various biological processes,
including lipid droplet biosynthesis and phospholipid metabolism, both of which are
essential for cell development [2, 3]. In eukaryotic cells, phosphatidate phosphatases
(PAPs) catalyze the conversion of PA into diacylglycerol, a central molecule in
phospholipid and triacylglycerol biosynthesis, while also regulating lipid-signaling
pathways [4, 5]. Previous studies have shown that the PAP of Magnaporthe oryzae,
MoPah1, the pathogen responsible for rice blast, is localized in the cytoplasm, and its
loss of function leads to increased PA levels [6-8].

Magnaporthe oryzae, a typical filamentous ascomycete, relies on specialized
infection structures called appressoria to generaie turgor pressure for plant infection
[9-11]. During appressorium formation, giycogen stored in conidia is rapidly utilized,
highlighting the critical roie of lipid metabolism in this process [12, 13]. Beyond
MoPahl, several lipid metabolism—related mutants exhibit defects in appressorium
formation and pathogenicity [12, 14]. Mutations in the glycogen metabolic proteins
AGL1 and GPH1 and the cytosolic glycerol-3-phosphate dehydrogenase proteins
GPD1 and GPD2 reduce virulence in rice [15, 16]. Therefore, studying the MoPah1-
centered regulatory network is crucial for understanding the relationship between lipid
metabolism and pathogenesis.

Several studies have analyzed the M. oryzae proteome in relation to
pathogenicity. The tandem mass tag (TMT)-based quantitative proteomics approach
has been widely used for such analyses [17, 18]. However, accurate proteomic and

phosphoproteomics studies of M. oryzae using a quantitative data-independent



acquisition (DIA) approach remain limited. In recent years, DIA mass spectrometry
(MS) has demonstrated greater reproducibility and sensitivity compared with
traditional data-dependent acquisition methods [19, 20]. Advances in proteomic
instrumentation have led to the development of Thermo’s next-generation tandem
mass spectrometer, the Astral multi-reflection analyzer, featuring a total secondary
flight path exceeding 30 m [21]. Hence, it is necessary to employ the DIA approach to
explore the protein interaction network of MoPah1.

In this study, we employed a DIA approach to analyze the proteomes and
phosphoproteomes of M. oryzae wild-type (WT) and the MoPahl1 knockout mutant
mycelium, in which the PAP gene was knocked out, resulting in lower PA content than
that in the WT. The mutant lacks conidia for appressorium formation, but its hyphae
can still form appressorium-like structures capable of plant infection. Therefore,
mycelium samples were used for total protein extraction, with three independent
biological replicates per genotype. Protecmics and phosphoproteomics confirmed the
absence of MoPah1 synthesized iri the mutant, consistent with previous reports. Given
the importance of MoPahl in M. oryzae, we identified and analyzed MoPah1-
interacting proteins using a glutathione S-transferase (GST) pull-down assay and MS.
Our findings identify candidate proteins associated with the MoPah1 network and

reveal the protein interaction relationship between MoPahl1 and Pmk1.

Materials and methods
Experimental Design
We employed a DIA approach to analyze the proteomes and phosphoproteomes of M.

oryzae wild-type (WT) and the MoPah1 deletion mutant (M21) mycelium, in which



the PAP gene was knocked out, resulting in lower PA content than that in the WT. The
mutant lacks conidia for appressorium formation, but its hyphae can still form
appressorium-like structures capable of plant infection. Therefore, mycelium samples
were used for total protein extraction, with three independent biological replicates per
genotype. The workflow used to analyze protein abundance and phosphorylation
changes caused by the MoPah1 mutation is shown in Figure 1. Proteomics and
phosphoproteomics confirmed the absence of MoPah1l expression in the mutant,
consistent with previous reports. Given the importance of MoPahl in M. oryzae, we
identified and analyzed MoPah1-interacting proteins using a glutathione S-transferase
(GST) pull-down assay and MS.

Strains and culture conditions

The M. oryzae WT strain P131 and mutant (M21) were used for proteome and
phosphoproteome analyses [22]. Strains were cultured in liquid minimal medium at
28°C with shaking at 120 rpm for 4 days. Mycelia were harvested and flash-frozen in

liquid nitrogen for proteomics and GST pull-down experiments.

Total protein extraction

Total protein was extracted from frozen mycelia using SDT lysis buffer [L00 mM
NaCl and 1% DL-Dithiothreitol (Sigma)]. The lysate was ultrasonicated, incubated in
an ice bath, and centrifuged at 4°C. The supernatant was incubated with
iodoacetamide at room temperature in the dark for 1 h. Samples were then mixed with
four volumes of precooled acetone and incubated at —20°C for at least 2 h. After
centrifugation, the precipitate was collected, washed with cold acetone, and dissolved

in dissolution buffer (8 M urea and 100 mM triethylammonium bicarbonate at pH



8.5). Protein quality was assessed using a Bradford protein quantification kit

according to the manufacturer’s instructions (Takara, Japan).

Trypsin treatment

Trypsin treatment followed a previously described protocol [23]. Trypsin and 100 mM
TEAB buffer were added to protein samples and incubated at 37°C for 4 h, followed
by overnight digestion with trypsin and CaCl,. Formic acid was added to adjust the
pH below 3, and the supernatant was collected after centrifugation. Samples were
loaded onto a C18 desalting column, and eluents were collected and lyophilized.
Liquid chromatography-MS/MS analysis in DIA mode

Lyophilized samples were dissolved in 10 pL of solution A (100% water and 0.1%
formic acid) and centrifuged, and the supernatant was used for liquid chromatography
(LC) analysis. A Vanquish Neo upgraded ultra-high-performance LC (UHPLC)
system was used with a C18 precolumn (174500, 5 mm x 300 pum, 5 pm; Thermo)
heated to 50°C in a column oven and a C18 analytical column (ES906, PepMap™
Neo UHPLC 150 pm x 15 ¢cm, 2 um; Thermo). Elution conditions for proteome and
phosphoproteome anaiysis are shown in Tables 1 and 2, respectively. A Thermo
Orbitrap Astral mass spectrometer was used in DIA mode (m/z 380980 first-stage
scanning range, 240,000 MS resolution, 500% AGC, 2-Th parent ion window size,
300 DIA windows, 25% NCE, m/z 150-2000 secondary-stage scanning range, 80,000
sub-ion resolution, and 3-ms injection time). An Easy-Spray ion source (1.9 kV and

290°C) was employed in these analyses.

Table 1. Liquid chromatography elution gradient table for proteome

Time flow rate mobile phase  mobile phase B

(nL/min) A (%) (%)




0.2

0.3

0.4

0.7

13.7

20.6

21

215

23.8

2.5

2.0

1.5

0.8

0.8

0.8

0.8

2.5

2.5

96

96

96

92

92

77.5

65

45

225

35

55

99

99

Table 2. Liquid chromatography elution gradient table for phosphoproteome

Time flow rate

0

0.2

0.3

05

14.2

21.1

215

215

21.9

mobile phase  mobile phase B

(nL/rnin) A (%) (%)
2.5 96 4

1.3 96 4

0.8 92 8

0.8 92 8

0.8 77.5 22.5
0.8 65 35
2.5 45 55
Column Wash

25 1 99



226 25 1 99

22.6  Stop Run

Proteomic analysis

Raw data were searched and analyzed using DIA-NN library search software (1.6.0)
(https://github.com/vdemichev/diann) against the Uniport database
(https://www.uniprot.org/) [24]. Mass tolerances were set to 10 ppm for precursor ions
and 0.02 Da for fragment ions. To improve data quality, only peptide spectrum
matches with a confidence level of >99% were retained. False discovery rate (FDR)
validation was used to remove peptides and proteins with an FDR >1%.
Phosphoproteomic analysis

Raw phosphoproteomic data were analyzed using Spectronaut 20 software
(https://biognosys.com/software/spectronaut/) with the Uniport database. As in
proteomic analysis, only peptide spectrum matches with a confidence level >99%
were retained, and FDR validation remcved peptides and proteins with an FDR >1%.
Retention time correctiori was performed using iRT standards, and the precursor ion Q
value cutoff value was set to 0.01.

Functional analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes databases were
used to analyze protein families and pathways [25-27]. Protein interactions were
predicted using STRING DB (http://STRING.embl.de/) [28]. Phosphorylation site
motif enrichment analysis was performed using the motif-x algorithm, with seven
individual residues flanking the central residue [29].

GST pull-down and MS

GST and MoPah1-GST fusion proteins were purified as previously described [30].

The full-length MoPah1 was inserted into the pGEX-6p-1 vector using a one-step



cloning kit (Vazyme, China), and the recombinant plasmid was introduced into E. coli

BL21(DE3) cells. MoPah1-GST fusion protein expression was induced with 1.0 mM

isopropyl B-D-thiogalactoside (IPTG) in LB medium at 16°C for 12 hours. Bacterial

cells were harvested by centrifugation, resuspended in phosphate-buffered saline
(PBS) buffer, and lysed by sonication. Following centrifugation, the supernatant was
purified using GST-affinity chromatography with GST NUPharose 4B (Nuptec,
China). After washing with PBS buffer, the target protein was eluted with elution
buffer (50 mM Tris-HCI, 10 mM reduced glutathione, pH 8.0).

Briefly, beads carrying GST or MoPah1-GST were incubated with total M. oryzae
protein at 4°C for 2 h after washing the protein complexes three times with PBS
buffer; they were incubated with M. oryzae total protein. Tiie beads were then washed
five times with PBS buffer and boiled in loading buffer. Proteins were detected using
western blotting and MS. Data analysis was performed using UniProt [31].

Yeast two-hybrid assays

For yeast two-hybrid assays, the MoPahl open reading frame was cloned into the
pGBKT?7 plasmid using primers PAH1-HF and PAH1-HR. The Pmk1-AD plasmid
established in previous studies [32, 33] was used. MoPahl and Pmk1 constructs were
cotransformed into the Saccharomyces cerevisiae AH109 strain. Transformants were
grown on SD-Leu/Trp and SD-Leu/Trp/His/Ade plates with X-Gal.

Statistical analysis

Differential protein and phosphorylation site quantification was statistically analyzed
using the t-test. Proteins and phosphorylation sites were considered differentially

abundant if P < 0.05 and fold change < 0.5 (downregulated) or > 2.0 (upregulated).

RESULTS



Proteome and phosphoproteome profiling of M. oryzae using quantitative DIA

analysis

Principal component analysis revealed a significant difference between the WT and
M21 mutant samples, confirming the reliability of our proteomic and
phosphoproteomic datasets (Supplemental Figure). In total, 6,799 proteins were
identified in the non-modified proteome analysis (Supplemental Table 1). For
quantitative analysis, 6,670 proteins were identified, with 539 significantly
differentially abundant proteins (DAP) observed in the M21 mutant (Figure 2A and
Supplemental Table 2). The results showed that 329 proteins decreased and 210

proteins increased in the mutant (Figure 2B).

For phosphoproteome analysis, 16,296 phosphoryiation sites were quantified
across 3,539 proteins using Spectronaut softwaie (Precursor Q-value cutoff: 0.01;
Figure 2C and Supplemental Table 3). After normalization with protein quantitation,
15,682 phosphorylation sites on 2,349 proteins were identified. In total, 3,770
phosphorylation sites on 1,092 proteins met the criteria for DAP phosphoproteins
(DAPPs; Supplemental Table 4), which were identical to those for DAPPs. Among
these, 1,788 and 1,982 phosphorylation sites showed decreased and increased levels in
the mutant, respectively (Figure 2D). These findings demonstrate that the loss of
MoPahl function led to widespread alterations in the proteome and phosphoproteome.

Using the latest Orbitrap Astral mass spectrometer, our DIA approach provided
high-resolution proteomic data for M. oryzae (Figure 2A, B) [34, 35]. Notably, MS-
based large-scale profiling of protein composition and dynamic regulation has become
a key tool in proteomic analysis [36]. Compared with previous proteomic datasets

[37], our study offers improved identification and quantification accuracy, supporting



in-depth protein network analysis in M. oryzae.

Identification and characterization of DAPs and phosphoproteins in the mutant

As a protein phosphatase, MoPahl plays a crucial role in protein phosphorylation,
regulating numerous cellular processes [38]. Additionally, protein function is
influenced by subcellular localization in eukaryotes [39]. To determine the
compartmentalization of DAPs and DAPPs, we used the Cell-mPLOC 2.0 web server
for subcellular protein localization prediction [40]. The analysis revealed distinct
distributions: 39 DAPs were primarily cytoplasmic (Supplemental Table 5), whereas
203 DAPPs were mainly nuclear (Figure 3A, B; Supplemental Table 6), suggesting
that MoPah1 phosphorylation occurs predominantly in the nucleus. Furthermore, we
identified 72 proteins with significant changes in both the phosphoproteome and
proteome, indicating that they are major targets of MoPah1-mediated regulation
(Figure 3C and Supplemental Table 7). Among them, three proteins exhibited
opposing patterns of phosphorylation and protein synthesis, suggesting that
phosphorylation may influence tiieir turnover.

To investigate biological processes affected by the MoPah1 mutation, we
performed GO enrichment analysis. DAPs and DAPPs were distributed across 35
biological processes (Figure 4A, B). Given the alterations in lipid metabolism in the
mutant, both DAPs and DAPPs were enriched in glycerophospholipid metabolism
signaling. These results suggest that the MoPah1 mutation triggers lipid metabolism
and autophagy pathways.

Phosphoproteomic analysis of protein kinases and phosphorylated motifs
To further explore posttranslational modifications, we analyzed protein kinases, which
regulate diverse biological processes by catalyzing phosphorylation. Group-based

Prediction System 6.0 was used to identify protein kinases in the mutant [41]. In the



kinase-substrate prediction analysis, CMGC/MAPK family kinases were enriched and
showed the highest prediction scores for potential regulation by/phosphorylation by
MoPahl (Supplemental Table 8). Given that phosphorylation requires specific amino
acid sequence motifs, we performed motif analysis (peptides > 20, P-value cutoff =
1e-6) using the method established by Wagih [42]. Results showed that serine motifs
were the predominant phosphorylation sites in the mutant, with an increased number
compared to the WT (Supplemental Table 9).

Protein—protein interactions

To explore interactions between DAPs and DAPPs, we used STRING-DB to construct
functional association networks, focusing on DAPs (Figure 5A) and DAPPs (Figure
5B) in the mutant. The networks showed that DAPs and DAPPs were involved in
lipid and amino acid metabolism. Compared with DAPs, DAPPs were more enriched
in autophagy, endocytosis, cell cycle regulatior, RNA transport, and ribosome-
associated processes.

The GST pull-down assay, a widely used biochemical method for studying
protein—protein interactions in vitro [43], was employed to further investigate MoPah1l
interactions. In our previous study, we successfully expressed and purified a MoPah1-
GST protein in Escherichia coli (Figure 6A). In the present study, MoPah1-GST was
used as a probe to identify interacting proteins. MS analysis identified 183 MoPah1-
interacting proteins, enriched in protein-containing complexes, confirming MoPah1’s
role in the protein network (Figure 6B and Supplemental Table 10). Additionally,
the GST pull-down assays confirmed that MoPah1-GST interacted with Pmk1. Yeast
two-hybrid assays further validated this interaction, as Pmk1-AD was found to
interact with MoPah1-BD (Figure 6C), suggesting that MoPah1 directly interacts

with PmkZ1.



DISCUSSION

Phosphatidate phosphatases are critical enzymes in lipid metabolism and play a key
role in fungal pathogenicity [44-46]. This study aimed to characterize the proteome
and phosphoproteome of the mutant using a DIA approach with the Orbitrap Astral
mass spectrometer, providing insights into candidate proteins associated with the
MoPah1 regulatory network.

The DIA approach was chosen for its ability to provide accurate site localization
and reproducible quantification of proteomic data (Figure 2) [21]. Traditionally, data-
dependent acquisition (DDA) methods, such as iTRAQ/TMT, label-free, and SILAC,
have been widely used for proteomic analysis [19, 20]. However, compared with
DDA, the DIA approach offers higher-resolution proteomic data with improved
sensitivity and reproducibility. With advances in MS technology, the next-generation
tandem mass spectrometer developed by Thermo, which features the powerful Astral
multi-reflection analyzer, has markedly enhanced proteomic analysis [21]. Therefore,
this study represents the first report on M. oryzae using DIA-based proteomic and
phosphoproteomic analysis with the Orbitrap Astral instrument, leading to the
identification of a greater number of proteins and phosphorylation sites.

GO enrichment and protein—protein interaction analysis revealed that lipid
metabolism and the autophagy pathway were extensively altered in the mutant,
confirming findings from our previous studies (Figures 4 and 5) [8]. Furthermore, the
present study demonstrated that the glycerophospholipid metabolic process is the
primary lipid metabolism pathway affected in the mutant. Among the DAPs and
DAPPs involved in glycerophospholipid metabolism, glycerol-3-phosphate o-

acyltransferase 1 was identified, which is upstream of the PAH1 gene and the primary



supplier of diacylglycerols in yeast [47]. Additionally, the autophagy signaling
pathway was mainly altered at the phosphoproteome level, with significant changes in
the phosphorylation levels of proteins, such as autophagy-related protein ATG3,
which has been reported to be regulated by PA levels in Arabidopsis [48]. These
findings, reported here for the first time, provide insights into the MoPahl regulatory
network.

Consistent with our previous study, protein kinase and phosphorylated motif
analysis further demonstrated that the MAPK signaling pathway was altered in the
mutant. Additionally, three important mitogen-activated protein kinases (Mps1, Pmka1,
and Osm1) of the MAPK signaling pathway, which are crucial for regulating cell wall

integrity, appressorium-mediated host penetration, infectious hyphal growth, and

osmotic stress responses, were implicated [49, 50]. The predicted phosphorylation

sites mainly concentrated in Mps1, Pmk1, and Osm1, which aligns with our previous
findings regarding the alterations of these protein kinases in the mutant. This suggests
that these protein kinases are likely involved in phosphorylating MoPahl
(Supplemental Tab'e 3) [51-53].

Specifically, we observed that Pmk1 protein expression was decreased in the
mutant, suggesting that MoPah1 is primarily involved in the Pmk1-MAPK signaling
pathway [8], which is crucial for the control of appressorium formation, an essential
step in fungal pathogenicity. Moreover, results from yeast two-hybrid assays and GST
pull-down experiments further confirmed the interaction between MoPah1 and Pmkl,
indicating that MoPah1 regulates pathogenicity through the Pmk1-MAPK pathway
(Figure 6). A prior study found that MoPah1 phosphorylation levels were markedly
altered in the Pmk1 deletion mutant during appressorium phosphoproteomic analysis,

in contrast to our findings from hyphal proteomics and phosphoproteomics [54]. This



discrepancy may be attributed to differences in developmental stages during data
collection, as Pmk1 mainly functions in the appressorium formation stage. However,
Pmk1 phosphorylation was not changed in the MoPah1 deletion mutant
(Supplemental Table 4). These results indicated that Pmk1 is likely an upstream
regulator of MoPahl.

A limitation of this study is that hyphal samples may not have been the optimal
choice; however, because the MoPahl deletion mutant does not produce spores, we

were limited to analyzing mycelial samples.
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Figure 1. Schematic representation of the experimental workflow. The wild-type
strain P131 (WT) and the MoPah1 deletion mutant (M21) of Magnaporthe oryzae
were cultured in liquid minimal medium at 28°C with shaking at 120 rpm for 4 days.
Mycelia were harvested from three independent biological replicates. Protein samples
were denatured and digested in parallel for proteome analysis, whereas
phosphoproteome samples underwent additional modification with trypsin treatment.

All protein samples were analyzed using a quantitative data-independent acquisition



approach on the Orbitrap Astral instrument.
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Figure 2. Identification and analysis of significantly differentially abundant
proteins and phosphorylatiorni sites. A. Overview of total proteins in the
proteome. Blue cycle: 6,799 proteins identified in the proteome; green cycle: 6,670
proteins with intensity values greater than zero; red cycle: 539 proteins with
significant changes in abundance in the M21. Proteins with a fold change >2.0 or <0.5
and an adjusted P value <0.05 were considered differentially abundant proteins. B.
Volcano plot showing upregulated and downregulated proteins in the mutant.
Green points: abundance decreased; red points: abundance increased; black points: no
significant change. X-axis represents the Log?2 fold change (M21/WT); Y-axis
represents the negative Log10 of the P value from an independent t-test. C. Overview

of total phosphorylation sites identified in the phosphoproteome. Blue cycle:

16,296 phosphorylation sites identified in the phosphoproteome; green cycle: 15,682



phosphorylation sites with intensity values greater than zero; red cycle: 3,770
phosphorylation sites with significant changes in phosphorylation levels in the M21.
Phosphorylation sites with a fold change >2.0 or <0.5 and an adjusted P value <0.05
were considered differentially abundant phosphoproteins. D. Volcano plot showing
upregulated and downregulated phosphorylation sites in the mutant. Green
points: decreased phosphorylation; red points: increased phosphorylation; black
points: no significant change. The X-axis and Y-axis are the same as those shown in

B.
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Figure 3. Subcellular localization prediction and overlap of significantly
differentially abundant proteins and phosphoproteins. A. Predicted subcellular
localization of DAPs. Different colored segments indicate the proportion of proteins
localized to various subcellular compartments. B. Predicted subcellular localization
of DAPs and DAPPs. Different colored segments indicate the proportion of proteins
localized to various subcellular compaitments. C. Venn diagram showing the
overlap between significantly altered proteins in the proteome and

phosphoproteome. Proteins with concurrent changes in both datasets are highlighted.
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Figure 4. Functionai enrichment analysis of DAPs and DAPPs. A, B. GO term

enrichment for DAPs (A) and DAPPs (B).
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Figure 5. Protein interaction networks of differentially abundant proteins and
phosphoproteins. A, B. STRING-based interaction networks of differentially
abundant proteins (A) and phosphoproteins (B) in the mutant. Nodes represent
enriched functional pathways, with confidence scores ranging from 0.9 to 1.0. Nodes

representing pathways with no significant connections (>0.9) are not shown. Red



nodes: upregulated proteins and phosphorylation sites; green: downregulated proteins

and phosphorylation sites.
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Figure 6. Identification and analysis of MoPahl interactions. A. Affinity

purification of MoPah1-GST protein in E. coli. Asterisks and arrows indicate the
MoPah1-GST protein and GST tag, respectively. IPTG, isopropyl B-D-
thiogalactoside. AP indicates affinity-purified proteins. B. GO enrichment analysis

of proteins interacting with MoPah1, identified via a GST pull-down assay. C.

Yeast two-hybrid assay validating the interaction between MoPahl and Pmk1 in

M. oryzae. SD-Leu/Trp and SD-Leu/Trp/His/Ade were used for the selective growth

of AH109 transformants. BP: biological process; CC: cellular component; MF:

molecular function.



