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Phosphorylation-mediated Regulatory
Networks in Mycelia of Pyricularia oryzae
Revealed by Phosphoproteomic Analyses*s

Rui-Jin Wangt§, Junbo Pengt,

Protein phosphorylation is known to regulate pathogene-
sis, mycelial growth, conidiation and stress response in
Pyricularia oryzae. However, phosphorylation mediated
regulatory networks in the fungal pathogen remain largely
to be uncovered. In this study, we identified 1621 phos-
phorylation sites of 799 proteins in mycelia of P. oryzae,
including 899 new p-sites of 536 proteins and 47 new
p-sites of 31 pathogenicity-related proteins. From the se-
quences flanking the phosphorylation sites, 19 conserved
phosphorylation motifs were identified. Notably, phos-
phorylation was detected in 7 proteins that function up-
stream of Pmk1, but not in Pmk1 and its downstream
Mst12 and Sfl1 that have been known to regulate ap-
pressorium formation and infection hyphal growth of P.
oryzae. Interestingly, phosphorylation was detected at the
site Ser?*® of Pmp1, which is a putative protein phospha-
tase highly conserved in filamentous fungi but not charac-
terized. We thus generated Apmp1 deletion mutants and
dominant allele PMP1524°P mutants. Phenotyping analyses
indicated that Pmp1 is required for virulence, conidiation
and mycelial growth. Further, we observed that phospho-
rylation level of Pmk1 in mycelia was significantly increased
in the Apmp1 mutant, but decreased in the PMP1524°P my-
tant in comparison with the wild type, demonstrating that
Pmp1 phosphorylated at Ser?>*° is important for regulating
phosphorylation of Pmk1. To our surprise, phosphorylation
of Mps1, another MAP kinase required for cell wall integrity
and appressorium formation of P. oryzae, was also signifi-
cantly enhanced in the Apmp1 mutant, but decreased in the
PMP1524°C mutant. In addition, we found that Pmp1 directly
interacts with Mps1 and the region AA180-230 of Pmp1 is
required for the interaction. In summary, this study sheds
new lights on the protein phosphorylation mediated regu-
latory networks in P. oryzae. Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.M116.066670, 1669-1682, 2017.
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Phosphorylation of proteins is coordinately controlled by
protein kinases and phosphatases, and is a key posttransla-
tional modification in living cells that dynamically regulates a
wide range of important biological processes, including cell
cycle, cell differentiation, proliferation and metabolic control
(1, 2). Deregulated phosphorylation because of abnormal ex-
pression and/or modification of protein kinases and phospha-
tases is a hallmark of cancers and other diseases, and many
disease-related kinases and phosphatases are thus becom-
ing prominent drug targets (3).

Biological functions of protein phosphorylation have been
extensively and intensively investigated by large-scale knock-
out or silence of individual protein kinases or phosphatases
genes and phosphoproteome analyses in diverse organisms
in the past decade. In Neurospora crassa, deletion mutants for
77 kinase genes (4) and 24 phosphatase genes (5) were
generated, of which 57% and 91% exhibited at least one
growth or developmental phenotype. RNAi-mediated silenc-
ing of 695 kinase or putative kinase genes and 146 phospha-
tase genes in human cells showed that 29 of them are can-
didate clock components (6). Phosphoproteome analyses can
greatly accelerate cell signaling research by providing critical
information about regulatory sites and dynamics. Over a
dozen of extensive phosphoproteome studies have been re-
ported in the budding yeast Saccharomyces cerevisiae (7, 8)
and fission yeast Schizosaccharomyces pombe (9). Large-
scale comparative phosphoproteomics identified conserved
phosphorylation sites (p-sites) in rice and Arabidopsis (10).
Systematic studies of the tissue-specific protein expression
and phosphorylation in mouse (11) and rat (12) identified
more than 30,000 p-sites and revealed the tissue specificity
of phosphorylation.

Protein phosphorylation is also a key player during the life
cycles of plant fungal pathogens. For the wheat scab fungal
pathogen Fusarium graminearum, gene knockout mutants
were generated for more than 90 distinct protein kinases (13).
Biological assays indicated that these protein kinases are
important for changes in 17 phenotypes, including mycelial
growth, conidiation, pathogenesis, stress responses and sex-
ual reproduction. Recently, large-scale phosphoproteomic
analyses showed that, in plant fungal pathogens such as F.
graminearum, Alternaria brassicicola and Botrytis cinerea,
protein phosphorylation is involved in many biological pro-
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cesses, including mycelial growth, metabolic process, trans-
port, DNA dependent transcription regulation, response to
stimulus and signal transduction (14, 15). However, protein
phosphorylation information of plant fungal pathogens is still
limited and is expected to be extensively explored in more
organisms in order to provide a global view on protein inter-
action networks and signaling pathways mediated by protein
phosphorylation.

Pyricularia oryzae is a filamentous ascomycete that causes
the rice blast disease, which is the most devastating disease
of cultivated rice (16), and is also the first plant fungal patho-
gen to have its genome sequenced (17). Infection cycle by the
fungal pathogen involves several key steps, including conid-
ium production, attachment of conidium to the plant surface,
appressorium formation from germ tube tips of conidium,
penetration and invasive growth of infection hyphae (18). Sev-
eral protein kinase cascades play important roles in the infec-
tion cycle of P. oryzae (19). Two p21-activated kinases (PAK)",
Mst20 and Chm1, are important for the conidium production
and morphogenesis (20). The cyclic AMP-protein kinase A
(cAMP-PKA) pathway plays a key regulatory role during the
surface recognition for appressorium formation and turgor
generation in appressorium (18, 21). Pmk1 is a mitogen-acti-
vated protein kinase (MAPK) homologous to the Fus3/Kss1 in
Saccharomyces cerevisiae, and is essential to appressorium
formation, penetration, and invasive growth of infection hy-
phae (22). The Pmk1 MAPK cascade involves three core
protein kinases, Mst11, Mst7, and Pmk1 (23). Mst11 and Mst7
are MEKK and MEK, respectively. The Mck1-Mps1 pathway is
another MAPK cascade that is important for cell wall integrity
and the appressorium penetration and invasive growth of
infection hyphae (24, 25). In addition, the Ssk1-Osm1 MAPK
pathway regulates cellular turgor for response to hyperos-
motic stress (26, 27). The SNF1/AMP-activated protein kinase
(AMPK) pathway was reported to contribute to peroxisomal
maintenance and lipid metabolism, as well as maintaining cell
wall porosity and turgor pressure in appressorium (28). Iden-
tification and functional characterization of these protein ki-
nases signify important roles of protein phosphorylation dur-
ing mycelial growth, asexual development and pathogenesis
of P. oryzae. Recently, a comparative phosphoproteome was
conducted with mycelia, conidia, germinated conidia, and
appressoria of a wild type P. oryzae and a AcpkA mutant. The
study identified 2924 p-sites on 1514 proteins, and a phos-
phorregulated transcription factor was proved to be involved
in regulating glycerol metabolism (29). However, the genome

" The abbreviations used are: PAK, p21-activated kinases; OTA,
Oatmeal Tomato Agar; YEG, Yeast Extract Glucose medium; SCX,
strong cation exchange; ETD, Electron-Transfer Dissociation; FDR,
false discovery rate; GO, gene ontology; cAMP: cyclic adenosine
monophosphate; MAPK, mitogen-activated protein kinase; MEK, mi-
togen-activated protein kinase kinase; MEKK, mitogen-activated pro-
tein kinase kinase kinase; AMPK, SNF1/AMP-activated protein ki-
nase; CK2, casein kinase 2; DUSP, dual-specific phosphatase.

of P. oryzae contains more than 12,000 genes (17, 30), ap-
proximate 80 of them are predicted to encode protein kinases
(17, 31). As described above, only a few of the protein kinases
genes have been functionally characterized. It has been re-
ported that 60% of yeast genes encode phosphoproteins (32),
and p-sites identified in yeast are still under saturation after
dozen of phosphoproteome studies (8). Thus, we believe that
phosphoproteins and their p-sites in P. oryzae remain largely
to be identified and characterized. Furthermore, hundreds of
pathogenicity-related proteins have been studied, including
diverse types of transcription factors (33), autophagy-associ-
ated proteins (34), septins (35), exocyst components (36),
RhoGAP proteins (37), regulators of G-protein signaling pro-
teins (38, 39), peroxidase (40), chitin synthase genes (41), light
regulation related proteins (42, 43), and hypoxia-responsive
proteins (44). However, links between phosphorylation and
their functions are rarely disclosed. Therefore, more phospho-
proteomic analyses are expected to shed light on the regula-
tory networks and functions of protein phosphorylation during
mycelial growth, conidiation and pathogenesis of P. oryzae.

In this study, we identified 1621 p-sites of 799 proteins,
including 899 new p- sites of 536 proteins and 47 new p-sites
of 31 pathogenicity-related proteins, and 19 conserved phos-
phorylation motifs in the phosphoproteins. Importantly, we
found that the protein phosphatase Pmp1 is phosphorylated
at the site Ser?*° in mycelia and is required to regulate phos-
phorylation of Pmk1 and Mps1, two MAPK kinases previously
reported to be essential to pathogenicity of P. oryzae. Fur-
thermore, we found that Pmp1 directly interacts with Mps1
and the region AA180-230 of Pmp1 is required for the inter-
action. In addition, we demonstrated that Pmp1 is important
for pathogenicity, conidiation and mycelial growth. In general,
our results provide new insights into phosphorylation medi-
ated regulatory networks in P. oryzae.

EXPERIMENTAL PROCEDURES

Strains and Cultures—P. oryzae strain P131 (30) was maintained on
Yeast Extract Glucose medium (YEG) plates or Oatmeal Tomato Agar
(OTA) plates at 28 °C. For phosphoproteomic analysis, three inde-
pendent duplicates were used. For each duplicate, mycelia harvested
from YEG plates were fragmented in 1 ml of liquid YEG, and then
transferred into 200 ml of liquid YEG, and cultured at 25 °C for 48 h
with shaking at 180 rpm. Previously described protocols were fol-
lowed for isolation of fungal DNAs and protoplasts, and for assaying
the colony growth, conidiation and virulence (45, 46).

Sample Preparations—Mpycelia were harvested with filtration from
YEG culture were immediately frozen and grinded in liquid N, for
protein extraction. Total proteins were extracted from mycelia as
described (47) but with protease inhibitor mixture (1:100 dilution) and
phosphatase inhibitor mixture 2 (1:1000 dilution) (Sigma-Aldrich, St.
Louis, MO). The extracts were centrifuged at 26,900 X g for 30 min
and the resulted supernatants were collected as protein samples, in
which protein concentrations were measured with the Bradford
method (Bio-Rad, Hercules, CA). Protein samples (10 mg) diluted in
the urea lysis buffer at the concentration of 5 mg/ml were digested
with trypsin as described previously (47). After incubation at 37 °C for
16 h, the digestion reaction was stopped with trifluoroacetic acid
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(TFA) (0.4%) at pH < 2, and then the peptide mixtures were desalted
with 500 mg Sep-Pak tC18 cartridges (Waters, Milford, MA) and dried
prior to strong cation exchange (SCX) fractionation.

SCX Chromatographic Fractionation and Immobilized Metal Affinity
Chromatography (IMAC) Enrichment—The digested peptides were
dissolved in 200 ul of SCX buffer A (30% acetonitrile (ACN) in 7 mm
KH,PO, solution, pH 2.65) and then fractionated on Agilent 1100
HPLC equipped with a SCX column (9.4 X 200 mm, PolyLC, Colum-
bia, MD) as described (47). A total of 12 peptide fractions were
separately collected from 1.5 to 49.5 min with a 4-min interval. The
elution conditions were for the first 2 min with buffer A, for 2 to 30 min
with linear gradient elution of 0-25% buffer B (30% ACN in 7 mm
KH,PO, and 350 mm KCI solution, pH 2.65), for 30 to 45 min with
linear gradient of 25-100% buffer B, and for the last 5 min with 100%
buffer B. The 12 fractions were then concentrated with an Eppendorf
Vacufuge concentrator 5301 (Eppendorf AG, Hamburg, Germany) to
two thirds of the original volume, and desalted with 50 mg-tC18
Sep-Pak cartridges (Waters) prior to phosphopeptide enrichment.

Phosphopeptide enrichment was performed with IMAC as de-
scribed (47). The eluates from IMAC were acidified with 2.5% TFA to
pH below 2.5, and desalted with Pierce graphite spin column (Thermo
Scientific, Rockford, IL), and dried as described above for LC-MS/MS
analysis.

NanoLC-MS/MS Analysis—The 12 phosphopeptide-enriched sam-
ples from IMAC were each resuspended in 20 ul of 5% ACN in 0.4%
formic acid, and then analyzed with a Bruker nanoLC - amaZon speed
ETD ion trap mass spectrometer system (Bruker Daltonics, Fremont,
CA). A C18 analytical column (0.1 X 150 mm, 3 1, 200 A, Bruker) was
used to separate the peptides with gradient elution from 2-32% ACN
in 0.1% formic acid for 90 min at the flow rate of 500 nL/min. Each
sample was analyzed twice.

For data acquisition, the MS/MS were acquired in ion trap using
CID, followed by neutral loss-triggered ETD and MS3-CID. The neutral
loss masses were set as 32.67, 49.00, 38.67, and 58.00. When the
neutral loss was observed among the top 5 most intense ions in a
MS/MS spectrum, the ion(s) showing neutral loss would undergo MS®
-CID and the precursor ion would be fragmented with ETD. The
enhanced resolution mode (8100 m/z/s) and ultra-scan mode (32500
m/z/s) were selected for MS scan and MS/MS scan, respectively. The
maximum accumulation time was set at 50 ms and the accumulation
target was set at 400000. The MS scan range was set between 400
and 1400 m/z. The averages and rolling averages were set as 5 and
2, respectively. The absolute and relative thresholds of precursor
were set at 20,000 and 0.2%, respectively. Exclusion was active after
2 spectra and the excluded spectra were released after 0.5 min.
However, when the intensity of a current precursor was 5 times
greater than that of the previous precursor, the current precursor
would be run for MS/MS.

Data Analysis—Raw data were converted into xml files via Bruker
DataAnalysis 4.1 using the default lon Trap.m with several changes:
(1) 5 min to 95 min for spectral range selection, (2) 100,000 for
intensity threshold of positive ion, (3) 30,000 for maximum number of
compounds, (4) 0 min for retention time window, and (5) 5, 6, and 3 for
maximum charge of MS full scan, MS MaxRes scan and MS(n),
respectively. Xml files from the same biological duplicate were com-
bined together with Bruker ProteinScape 3.1 and then searched
against a concatenated database containing the 12,991 predicted
protein entries of M. oryzae 70-15 (MG8) (http://www.broadinstitute.
org) and the reversed (decoy) sequence database with Mascot 2.2.07
(Matrix Science, London, UK). Search parameters included a fixed
modification of carboxyamidomethylation on Cys; variable modifica-
tion of oxidation on Met and phosphorylation on Ser, Thr, and Tyr;
trypsin digestion; two missed cleavages allowed; 0.6 Da for MS
tolerance and 0.6 Da for MS/MS tolerance; significance value at p <

0.05. Significant hits were assessed with mascot score at 39.0, 39.0,
and 39.2 for the three biological duplicates. For each peptide, the top
hit compound only was accepted; and in case MS/MS spectra match-
ing peptides from more than one identified proteins, the highest
scoring peptide (rank 1 peptide) was accepted. The false discovery
rate (FDR) at the peptide level of each biological duplicate was cal-
culated with a Perl script fdr_table.pl downloaded from Matrix Sci-
ence. P-site assignments with site (%) = 90% and mascot peptide
score (i.e. Meta score) = 30 were accepted for further analysis.

Motif Analysis—Phosphopeptides were pre-aligned against the M.
oryzae_70-15 (MG8) protein database with peptidextender (http://
schwartzlab.uconn.edu/pepextend). Prealigned peptides were 15
amino acids in lengths with the p-sites at the center. Phosphopep-
tides with the p-site adjacent to the N- or C terminus within 7 amino
acid range were not included in this analysis. Motif analysis was
performed with the motif-x (48) under the following parameters: 15
amino acids width, occurrence threshold at 20, significance threshold
at 1 X 10" % and the M. oryzae_70-15 (MG8) protein database as the
background file.

Phosphorylation motifs were classified as acidic, basic, and pro-
line-directed as described (49). Motifs were assigned to typical ki-
nases through online search of human protein reference database
(http://www.hprd.org/serine motifs/) (50) and PHOSIDA posttransla-
tional modification database (http://phosida.de/) (51).

Gene Ontology (GO) Annotation—Phosphoproteins were function-
ally annotated with Blast2GO under the parameters: E-Value-Hit-Filter
of 1 X 107%, annotation Cutoff of 55, and GO Weight of 5 (52, 53).
BlastP was performed against the NCBInr database with an expect
value of 1 X 107%. The M. oryzae_70-15 (MG8) protein database was
used as the reference database for GO enrichment analysis. Enriched
terms met a 0.05 FDR threshold, calculated by Blast2GO using Fish-
er’s exact test.

PMP1 Gene Replacement Vectors and Mutants—To generate the
PMP1 gene replacement construct pKOPMP1, the 1.3-kb upstream
and 1.5-kb downstream fragments of the PMP1 gene were independ-
ently amplified and cloned into the Pstl-EcoRI and Hindlll-Clal sites of
pKOV21 (46). After linearization with Notl, pKOPMP1 was trans-
formed into the wild-type strain P131 to generate PMP1 deletion
mutants, which were first identified by PCR and further confirmed by
Southern blot hybridization. Genomic DNAs of putative Pmp1 mu-
tants and wild-type strain P131 were digested by Sall, and Southern
blot hybridization was performed as described (46). To generate the
PMP1 gene complementary construct pHBPMP1, the PMP1 gene
with 1.7-kb upstream sequences was amplified and cloned into the
EcoRI-BamH] site of pGTN that contained the eGFP-TrpC terminator
sequences with pEASY-Uni Seamless Cloning and Assembly
Kit (TransGen Biotech, Beijing, China). The PMP152490 allele,
pHBPMP15240D \vas generated from pHBPMP1 by PCR-based site-
directed mutagenesis (54). After linearization with Notl, pHBPMP1
and pHBPMP15240P were independently transformed into a Apmp1
mutant.

Protoplasts were isolated and transformed as described (46). Me-
dia were supplemented with 250 pg/ml hygromycin B (Roche,
Branchburg, NJ) or 400 ug/ml neomycin (Ameresco, Solon, OH) to
select hygromycin- or neomycin-resistant transformants.

Western Blot Assay — Total proteins were isolated from mycelia and
separated on a 12% SDS-PAGE gel and transferred to PVDF Mem-
brane (Merck Millipore, Shanghai, China). Phosphorylation of the
Pmk1 and Mps1 MAP kinases was detected with the PhophoPlus
p44/42 MAP kinase antibody (Cell Signaling Technology, Beverly, MA)
as described previously (55, 56). The anti-actin (Abmart, Shanghai,
China) was used as a loading control.

Yeast Two-Hybrid Assays—Protein-protein interactions were as-
sayed with the Matchmaker yeast two-hybrid system (Clontech,

Molecular & Cellular Proteomics 16.9

1671


http://www.broadinstitute.org
http://www.broadinstitute.org
http://schwartzlab.uconn.edu/pepextend
http://schwartzlab.uconn.edu/pepextend
http://www.hprd.org/serine
http://phosida.de/

Phosphoproteome in Pyricularia oryzae

Fungal mycelia

l Protein extraction

73

l Protein tryptic digestion

N AR
S

l SCX fractionation enrichment

| /.\-Jl ,n-“:w \"M\“ v"\\
h,f VoY A

Pk, oy
R G-Y;g('
|| Mg, | TR

e\ S

> NS |
CID autoMS/MS

Are losses of 49.00 [2+], 32.67
[3+], 58.00 [2+, with H,0] and
38.67 [3+, with H,0] among the -No!
top 5 most intense MS/MS )
fragments observed?

Yest
VAN

ETD auto-MS?of
original intact +
PRECUSOR ion

CID auto-MS? of
neutral loss
product ion(s)

M. oryzae
Fwd/Rev DB
I. data|
|Raw data'—‘xm a I T—
8087 phosphopeptides
Extract motifs (0.40%-0.55% FDR)

| 1621 non-redundant sites I_ Mascot site (%) = 90%

Site localization

LC-MS/MS

1747 phosphopeptides

& Mascot score 2 30

Fic. 1. Schematic for identifying phosphoproteins and phosphopeptides via liquid chromatography tandem mass spectrometry. A,
Workflow of sample preparation. Mycelial proteins were extracted and trypsin-digested. Total proteins (10 mg) were used for trypsin digestion
and the tryptic peptides were subjected to SCX fractionation and IMAC phosphopeptide enrichment. B, A neutral loss triggered ETD strategy
for data acquisition using an amaZon speed ETD mass spectrometer. C, Process of data analysis.

Mountain View, CA). ORFs of the PMK1 and MPS1 were amplified
and cloned into pGBKT7 (Clontech) as bait constructs. PMP1 ORF
and its fragments were amplified and cloned into pGADT7 as prey
constructs. The resulting bait and prey constructs were co-trans-
formed in pairs into yeast strain AH109. The Leu*/Trp™ transformants
were isolated and assayed for growth on S.D.-Trp-Leu-His medium
and B-galactosidase activities. Empty prey construct with Mps1 bait
construct or with empty bait construct were used as negative con-
trols. Primers used in this study were listed in supplemental Table S6.

RESULTS

Phosphoproteome in Mycelia of P. oryzae—Hyphal growth
is an essential phase in the life cycle of P. oryzae. To uncover
the phosphorylation events in this phase, we profiled the
phosphoproteome in mycelia of P. oryzae as outlined in Fig. 1.
Phosphopeptides from mycelia of three duplicates were en-
riched with SCX/IMAC approach (Fig. 1A) and detected with
neutral loss triggered ETD strategy on amaZon Speed ETD
mass spectrometer (Fig. 1B). A total of 8087 phosphopeptides
from 1187 proteins were identified with p < 0.05 and protein
score = 39.0, and the FDRs at the peptide level were 0.40%,
0.50%, and 0.55% for the three biological duplicates calcu-
lated with the target and decoy strategy (Fig. 1C, supplemen-
tal Table S1). Confident phosphopeptides were collected with
a threshold of mascot site (%) = 90% and mascot score = 30
generated from Mascot search engine. In total, 1621 non-

redundant p-sites from 1747 phosphopeptides of 799 pro-
teins were identified in three independently duplicated exper-
iments (supplemental Table S2A). Among the 1621 confident
p-sites, 355 p-sites were overlapped in all three duplicates,
accounting for 21.9% of total p-sites, and 47%-59% of p-
sites were shared between two duplicates (Fig. 2A). Among
the 799 phosphoproteins, 275 proteins were overlapped in all
three duplicates, accounting for 34% of total phosphopro-
teins, and 57.5%-73.1% of phosphoproteins were shared
between two duplicates (Fig. 2B). An early study identified
1393 p-sites of 831 proteins in mycelia of the P. oryzae strain
70-15 (29). Compared with that study, 480 p-sites of 332
proteins were overlapped, accounting for 29.6%-34.4% of
the p-sites and ~40% of proteins between the two studies. To
our surprise, our study included 641 p-sites that were de-
tected in conidia and germinated conidia by the previous
study (29). In addition, our study included 899 p-sites that
were not described in the early study (supplemental Fig. S1,
supplemental Table S2B-S2E).

The 1621 p-sites of 799 proteins identified in this study
were consisted of 1354 pSer, 258 pThr and 9 pTyr sites in a
relative abundance of 83.53%, 15.92%, and 0.56%, respec-
tively (Fig. 2C). The average number of p-sites per protein was
2.03. Approximately 45.8%, 12.9%, and 0.9% of the phos-
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phoproteins contained = 2, = 4, and = 10 p-sites, respec-
tively. The most highly phosphorylated protein was MGG_
02655T0, in which 16 p-sites were identified (Fig. 2D). lts
orthologs are widely conserved in fungi, but none of them
have been functionally characterized.

The specific recognition of substrates by a typical protein
kinase is based on the presence of a consensus phosphoryl-
ation site in substrates (57). To uncover the consensus, we
conducted motif-x analysis on the 1621 p-sites of 799 phos-
phoproteins identified in mycelia of P. oryzae. In total, 19
distinct types of consensus sequences around the p-sites
were extracted, which could be classified into 6 acidic, 7
basic and 6 proline-directed motifs. The peptides containing
acidic, basic, and proline-directed motifs accounted for
17.1%, 38.5%, and 44.4%, respectively. The 19 phosphoryl-
ation motifs consisted of 16 pSer motifs and 3 pThr motifs,
but not pTyr motif. As compared with a previous phospho-
proteome study (29), 8 of 19 motifs were newly identified for
the fungal pathogen. Notably, there were three proline-di-
rected motifs for which typical kinases have not been deter-
mined according to previous studies (50, 51) (supplemental
Fig. S3, supplemental Table S5).

Gene Ontology and Enrichment Analysis of Phosphopro-
teins Identified in Mycelia—Gene ontology (GO) annotation
and enrichment analysis were conducted on the 799 identified
phosphoproteins for comprehensive understanding the phos-
phorylation events occurred in mycelia of P. oryzae. A total of
576 proteins could be functionally annotated with the gene
ontology by Blast2GO (52, 53), distributing in 364 biological
process terms, 140 cellular component terms, and 265 mo-
lecular function terms (supplemental Table S3). Top 15 GO
terms of biological process, molecular function and cellular
component were displayed by pie charts (supplemental Fig.
S2). Unsurprisingly, the mycelium development process was
the biggest piece (88 proteins) in biological process pie chart.
The second and third biggest pieces were the metabolic
process (46 proteins) and protein phosphorylation process (31
proteins), respectively. The top 3 molecular function terms
were ATP binding (91 phosphoproteins), zinc ion binding (52
phosphoproteins), and DNA binding (48 phosphoproteins).
Nucleus (66 proteins), ribosome (42 proteins), and integral
components of membrane (41 proteins) were the three most
frequent cellular components.

Enrichment analysis was furtherly conducted to reveal in
which biological process, molecular function and cellular
component terms that phosphorylation events were en-
hanced. In general, GO-annotated phosphoproteins were sig-
nificantly enriched in 84 biological processes, 41 molecular
functions and 30 cellular components (supplemental Table
S4). After reducing these GO terms into the most specific
ones, 14 biological processes, 10 molecular functions, and 7
cellular components terms were generated and plotted as
histograms (Fig. 2E). Phosphorylation was enriched in pro-
teins that are involved in hyphal development (GO:0043581,

1.7-fold), signal transduction (GO:0007165, 2.1-fold), RNA
processing (GO:0006396, 2.8-fold), ribosome biogenesis pro-
cesses (G0O:0042254, 2.5-fold), chromosome organization
(GO:0051276, 3.2-fold), regulation of translational initiation
(GO:0006446, 3.6-fold) and elongation (GO:0006448, 5.2-
fold), and mitotic cell cycle phase transition (GO:0044772,
6.7-fold). Notably, 80% proteins annotated for regulation of
GTPase activity (GO:0043087) and late endosome to vacuole
transport (GO:0045324) were phosphorylated. Phosphoryla-
tion of the proteins regulating translation initiation factor
activity, translation elongation factor activity, ribosomal struc-
tural constituents, protein serine/threonine kinase activity,
and GTPase activator activity were enriched 3.7-, 7.1-, 2.5-,
3.9-, and 44.8-fold, respectively. In terms of cellular compo-
nent, phosphorylation was enriched in ribosome, nuclear part,
endomembrane system, cell cortex part, microtubule, and
pre-ribosome.

Phosphorylation of Pathogenesis-related Proteins—The
phosphorylation and dephosphorylation are dynamic regula-
tions of protein activities and signal transduction. According
to literature, more than 450 protein-encoding genes have
been characterized in P. oryzae, but only a few studies fo-
cused on phosphorylation regulation of their activities. Thus,
we checked which of phosphoproteins identified in this study
are related with pathogenesis, and found that at least 64
characterized proteins were phosphorylated on 110 p-sites,
including 82 p-sites of 46 pathogenicity-related proteins. In
comparison with a previous study (29), 47 p-sites of 31 patho-
genicity-related proteins were newly identified (Table I). Phos-
phorylation was observed on 7 proteins of the Pmk1 pathway
proteins (Mst7 and Mst11, Rgal, Cdc24, Mst20, Chm1, and
Rgs1) (20, 23, 37, 39), 15 transcription factors (33, 58, 59), 6
RhoGAP proteins (37), 3 autophagy proteins (34), 3 light reg-
ulation related proteins (42, 43), 2 core septins (35), and 1 a
spatial regulator of septation Sep1(60).

The Pmk1 MAPK pathway is well known to regulate infec-
tion-related morphogenesis, particularly in differentiation of
mature appressoria and invasive hyphae in P. oryzae (22, 23).
More than 16 components of the Pmk1 pathway have been
identified (18, 19). This study showed nine of them were
phosphorylated in the mycelia (Table I) (20, 23, 37, 39), in-
cluding Mst50 and Ras1 that were phosphorylated at ambig-
uous site(s) (supplemental Table S1). Notably, 7, 4, 3, and 3
p-sites were detected for Rgal, Rgs1, Cdc24 and Mst20,
respectively, indicating that they are hyper-phosphorylated.
To our surprise, all these detected phosphoproteins function
upstream of Pmk1, whereas phosphorylation was not de-
tected for Pmk1 (23) and its downstream targets (Mst12 and
Sfl1) (61, 62). Moreover, Mkk1, Mst11, and Mst7 were de-
tected to be phosphorylated at Ser'?”, Ser®®?, and Ser®°® in
mycelia, respectively, which differed from those sites that
have been previously reported to be important for activation
of the downstream proteins (23, 55, 63).
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TABLE |
Identified phosphorylation of pathogenicity-related proteins and other reported proteins. As compared with the previous study (29), the newly
identified p-sites in the present study were shown in boldface.

Accession Protein P-sites Function Pathogenicity
MGG_00454  MoATG13 S356, S736 initiation of autophagy defect
MGG_03139 MoATG18 S341 recycling defect
MGG_03459 MoATG26 S27, 832, S270, S593, T793 selective autophagy No defects observed
MGG_06320 CHM1 S77 PAK kinase on MAPK pathway defect
MGG_12821 MST20 S273, 288, S612 PAK kinase on MAPK pathway No defects observed
MGG_14847  MST11 S557 MEK on Pmk1 MAPK pathway defect
MGG_00800 MST7 S358 MEKK on Pmk1 MAPK pathway defect
MGG_06482  Mkk1 S127 MEKK on Mps1 MAPK pathway unknown
MGG_02962  CNF1 S410 Zn2Cys6 transcription factor (TF) defect
MGG_00096 FzZC63 S258 Zn2Cys6 transcription factor (TF) No defects observed
MGG_05153  FZC73 S44 Zn2Cys6 transcription factor (TF) No defects observed
MGG_15139  FzZC85 S237 Zn2Cys6 transcription factor (TF) No defects observed
MGG_17841 GPF1 S540, S599, S643 Zn2Cys6 transcription factor (TF) defect
MGG_04108  TAS1 S672 Zn2Cys6 transcription factor (TF) No defects observed
MGG_06848  CONx8 S125, S615 Cys2-His2 (C2H2) zinc finger TFs No defects observed
MGG_02474  GPF2 S188 Cys2-His2 (C2H2) zinc finger TFs defect
MGG_03451 GCF6 $192, S544 Cys2-His2 (C2H2) zinc finger TFs defect
MGG_00504  MoNSDC S82, §247 Cys2-His2 (C2H2) zinc finger TFs No defects observed
MGG_02505  MoREI1 S$196, T219, S490 Cys2-His2 (C2H2) zinc finger defect
TFs, RNA-binding proteins
MGG_05709 MGG_05709 S291 bHLH protein, putative TF defect
MGG_09560 EXP5 T1259 karyopherin, orthologue of defect
exportin-5
MGG_04478  Fim1 S94,T112 actin binding protein unknown
MGG_02696  HEX1 S300 hexagonal peroxisome, Woronin defect
body
MGG_06070  Fis1 S51, T55, S215, $528 mitochondrial fission protein defect
MGG_04377 LRG1 S648 RhoGAP protein defect
MGG_04186  MoRga1 S$210, T315, S528, S574, RhoGAP protein defect
S§577, §590, S592
MGG_06390 MoRga2 S363, S366, S699, S727, S805 RhoGAP protein No defects observed
MGG_03048 MoRga3 S53, §542 RhoGAP protein defect
MGG_09531 MoRga4 S878 RhoGAP protein defect
MGG_09303  MoRga5 T304 RhoGAP protein defect
MGG_13013  MoChs6 S634 chitin synthases defect
MGG_13014  MoChs5 S1688 chitin synthases No defects observed
MGG_09639  MoAgs1 S$1801, S1804, S1887, S1900 a-1,3-glucan synthase defect
MGG_02961 MoAnd1 T1323, S1871 cell cortex protein defect
MGG_04009 MobZIP08 S201 a basic leucine zipper TF No defects observed
MGG_07705  MoCps1 S59 acyl-CoA ligase-like protein defect
MGG_05133  MoCrz1 S305 calcineurin-dependent TF defect
MGG_01342  MoHik2 S1084 histidine kinase defect
MGG_06696  MoHik6 S579 histidine kinase defect
MGG_06564  MoPac2 S358, S360, S402, S406 Gti1/Pac2 family domain protein defect
MGG_05332  MoPIc2 T254 phospholipase C defect
MGG_15018  MoPIc5 S201 phospholipase C unknown
MGG_07003  MoSak1 S898 Snf1-activating kinase defect
MGG_06930  MoSip2 S42, S346 beta-subunit of Snf1 kinase defect
MGG_06726  MoSep4 S318 Septin defect
MGG_03087  MoSep5 S368 Septin defect
MGG_04100  SEP1 S479, S1369 Septation initialization, Cdc7/ defect
SepH homolog
MGG_11534  MoSre1 S215 sterol regulatory element-binding defect
protein
MGG_08556  MoVea T259 velvet gene defect
MGG_06399  MoYAK1 S$326, Y580, S924 a dual-specificity tyrosine- defect
regulated protein kinase
MGG_05280 NOXR S321 NADPH oxidase defect
MGG_02773  MoMcm1 S41 MADS-box protein defect
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TABLE |—continued

Accession Protein P-sites Function Pathogenicity
MGG_09471 NTH1 S12, 845, T361 neutral trehalase defect
MGG_00529  PEX6 S490 PEROXIN defect
MGG_14517  Rgst S$159, §399, S401, S510 regulator of G-protein signaling defect
MGG_05857 RPD3 S443 the histone deacetylase complex unknown
MGG_13498  Sin3 S1369 histone deacetylase complex unknown
MGG_03538  WCH1 S$1019 blue light receptor unknown
MGG_08084 MoSsd1 S196, T1280, S1282 orthologue of a cell wall defect
assembly regulator ScSsd1
MGG_00501 TDG2 S411 Tral-dependent gene TF defect
MGG_05247 MGD1 S24 Tral-dependent NAD-specific defect
glutamate dehydrogenase
MGG_02378  GLD2 S9 Tral-dependent glutamate unknown
decarboxylase
MGG_06439 Tead S11 cell end marker protein defect
MGG_07503  TPX1 T41, T59 thioredoxin peroxidase defect

Pmp1 is a Novel Virulence Factor and Important for De-
phosphorylation of MAP Kinase Pmk1 and Mps1 in Myce-
lia—We noted that Pmp1 (MGG_15140) was phosphorylated
at the site Ser®*° in the mycelia (Fig. 3A). Pmp1 is a putative
protein phosphatase that contained dual specificity protein
phosphatase domain (Fig. 4A). In S. cerevisiae, the dual spec-
ificity protein phosphatase Msg5p negatively regulates the
MAPK kinase Fus3p (64, 65), which is the ortholog of Pmk1 in
P. oryzae (22). Because Pmk1 was dephosphorylated in my-
celia, we reasoned that Pmp1 with phosphorylation at Ser?4°
site may function as an ortholog of Msg5p and is possibly
involved in regulating phosphorylation levels of Pmk1. To
verify this speculation, we generated two PMP1 knockout
mutants by replacing the gene with hygromycin phospho-
transferase coded gene HPH (supplemental Fig. S4). Western
blot assay with anti-TpEYp antibody showed that the phos-
phorylation level of Pmk1 was significantly increased in the
Apmp1 mutants as compared with the wild type P131 and the
complemented transformant (Fig. 3B). We also constructed
the site-directed dominant PMP1524°P gllele and transformed
it into a Apmp1 mutant. Further Western blot assay showed
that the phosphorylation level of Pmk1 was significantly de-
creased in the PMP1524°P transformants as compared with
the wild type P131 and the complemented strain (Fig. 3B). To
our surprise, phosphorylation of Mps1, which is another
MAPK kinase essential to pathogenicity, was also significantly
increased in the Abmp1 mutant and decreased in PMP15240P
mutant (Fig. 3B). We further did yeast two-hybrid assays to
verify whether Pmp1 directly interacts with Pmk1 and Mps1,
and obtained results showing that Pmp1 could directly inter-
act with Mps1 (Fig. 3C) by the region AA180-230 (Fig. 3D).
However, Pmp1 was unable to physically interact with Pmk1
(Fig. 3C), suggesting that Pmp1-mediated dephosphorylation
of Pmk1 is indirect or may require a mediator. Blast search
and sequence alignment indicated that Pmp1 orthologous
proteins are widely distributed but are very divergent in eu-
karyotes (Fig. 4A-4C). Notably, the region interacting with

Mps1 and the site pSer®*® in Pmp1 are conserved only in
filamentous fungi but not in the orthologous proteins from
yeasts, plants and animals (Fig. 4B). A phylogenetic tree
which was constructed with the full sequence comparison of
dual specific protein phosphatase from different organisms
showed that the Pmp1 in P. oryzae is distant those in the
yeasts, plants and animals but highly similar to those from
ascomycete fungi (Fig. 4C).

In addition, we characterized phenotype changes in the
Apmp1 mutants and observed that the mutants were signifi-
cantly reduced in mycelial growth and in conidiation as com-
pared with the wild type strain P131 and the complementary
transformants (Fig. 4D and 4E). Infection assays showed that
the Apmp1 mutants were also dramatically reduced in viru-
lence to both rice and barley (Fig. 4F). However, PmpS24°P
strains were undistinguished from the wild-type P131 in my-
celial growth, conidiation and virulence (Fig. 4D-4F). These
results indicate that PMP1 is an important gene for mycelial
growth, conidiation, and pathogenicity.

DISCUSSION

General Characteristics of the Phosphoproteome in Mycelia
of P. oryzae—In the present study, we identified a total of
1621 confident p-sites of 799 proteins in mycelia of the P.
oryzae p131 strain, including 355 p-sites that shared in all
three duplicates (Fig. 2A, supplemental Table S2). In addition,
47%-59% of the p-sites and 57.4%-73.1% of the phospho-
proteins were shared between two duplicates in this study
(Fig. 2B). As compared with an early study in which 1393
p-sites of 831 proteins were identified in mycelia of the 70-15
strain (29), 480 p-sites of 332 proteins were overlapped, ac-
counting for 29.6%-34.4% of the p-sites and ~40% of the
proteins identified in mycelia between the two studies (sup-
plemental Fig. S1). These overlap percentages are much
higher than those reported in S. cerevisiae, in which, about
12% of p-sites and 28% of phosphoproteins were shared
between any two experiments (8). However, this study in-
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7 days, respectively.
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cluded 899 new p-sites in 536 proteins that were not de-
scribed in the previous study (supplemental Table S2) (29).
For the differences in p-sites and phosphoproteins identified
between the two studies, there may be following reasons: (1)
Different culture conditions were applied. In our study, myce-
lia were cultured in the yeast extract glucose medium for 48 h
and then harvested for the protein analysis, whereas in the
previous study, mycelia were cultured in the minimal medium
for 5 days (2). Different strains were used. In this study, a field
isolate P131 was used, whereas in the previous study, a
laboratory strain 70-15 was used. These two strains also
differ at the genome level (30) (3). Different protocols were
used for sample preparation and detection. In the previous
study, phosphopeptides were enriched by IMAC and TiO,
combination approach and analyzed with Q-Exactive hybrid
mass spectrometer, followed with MaxQuant data search (29).
In our study, SCX/IMAC enrichment approach was imple-
mented for phosphopeptide enrichment, and neutral loss trig-
gered ETD strategy was used for data acquisition by ion trap
amaZon speed ETD, followed by Mascot search. So far, only
a few studies focused on phosphoproteome of P. oryzae,
which are undoubtedly insufficient for covering all the phos-
phorylation events. Thus, more phosphoproteome studies of
P. oryzae are encouraged to enhance the understanding of
phosphorylation in P. oryzae.

It is believed that fungi do not have any tyrosine kinases
(TKs). However, the present study identified 0.56% pTyr sites
in mycelia of P. oryzae, which was quite like the previous
study (29), but was slight lower than those (1.4%-2.8%) de-
tected in phosphoproteins from yeasts, mammals and higher
plants (8—12). Some previous studies reported that a fungal-
specific lineage of protein kinases (FsIKs) may function as TK
functional analogs. In addition, some serine or threonine ki-
nases as dual specificity kinases can phosphorylate Tyr sites
(66-69). Thus, further studies will be required to identify pro-
tein kinases that are responsible for the phosphorylation of
Tyr sites in P. oryzae.

Phosphorylation of Pathogenicity-Related Proteins—In the
present study, we detected phosphorylation of 46 pathogenic-
ity-related proteins at 82 p-sites in mycelia of P. oryzae (Table I).
The p-sites identified in this study will be invaluable for uncov-
ering how phosphorylation regulates functions of the proteins.

Sep1 is essential for determining the position and frequency
of cell division sites in P. oryzae (60). In this study, we de-
tected pSer*”® of Sep1 in addition to Ser'®®°, which has been
indicated as a candidate target of PKA kinase because the
p-site could be detected in the wild type, but not in the AcpkA
mutant (29). pSer*”® occurred in the acid motif pSD, which
can be recognized by CK2 (50). Therefore, CK2 together with
PKA may mediate the phosphorylation of Sep1. To verify this,
further investigation will be required.

We also detected pSer®” of Mst11 and pSer®°® of Mst7,
which are different from the pSer*®® and pSer**® of Mst11,
and the pSer?'? and pThr?'® of Mst7 that have been deter-

mined as important p-sites for activating the Pmk1 cascade
and for appressorium formation (23, 55). In addition, pSer'?”
was detected in the MEK Mkk1, which functions upstream of
Mps1 and has pThr3®® and pThr®”® that are important for
phosphorylation and activation of Mps1 (63). It would be
interesting to investigate whether and how the pathogenicity-
associated functions of Mst11, Mst7, and Mkk1 are affected
by these newly identified phosphorylation sites.

Rho GAP proteins play important roles in mycelial growth
and infection processes of P. oryzae (37). The present study
showed that 6 Rho GAP proteins were phosphorylated in
mycelia, including LRG1, and MoRga1l. All 6 Rho GAP pro-
teins specifically interacted with some Rho GTPases, and
their encoding gene deletion mutants displayed one or more
defects in mycelial growth, conidiation, and appressorium
formation. In particular, LRG1 and MoRga1 are important for
pathogenicity (37). However, functional regulation of these
proteins by phosphorylation has not been reported and
should be investigated.

It should be also noted that mycelia cultured in rich medium
were used in this study. Phosphorylation of proteins at many
p-sites identified in this study is likely a response to nutrient
signals or stress, which are encountered by the fungus during
cultivation. Thus, phosphorylation at these p-sites may be not
closely related with function regulation of the proteins during
infection.

Phosphorylation Site Consensuses—In this study, we ex-
tracted 19 conserved phosphorylation motifs from 1621 p-
sites identified in mycelia of P. oryzae, including 3 proline-
directed motif that have not been assigned to typical protein
kinases (supplemental Fig. S3, supplemental Table S5). For
identifying protein kinases that specifically recognize the three
motifs, the deletion mutants of protein kinase-encoding genes
in F. graminearum, N. crassa and Asperqgillus nidulans (4, 13,
70) will be invaluable because P. oryzae is a close relative to
these fungi (17), although a similar set of protein kinase gene
deletion mutants has not been generated.

Pmp1 Regulates Phosphorylation of Pmk1 and Mps1 MAP
Cascades and is Important for Virulence in P. oryzae— Previ-
ous studies have reported that functional Pmk1 for appres-
sorium formation requires phosphorylated at TEY residue (23)
and the phosphorylation is required to phosphorylate Mst12
(61) and Sfl1 (62). Consistently, the present study showed that
Pmk1 with its targets Mst12 and Sfl1 was not phosphorylated
in mycelia of P. oryzae. Interestingly, we found that Pmp1 was
phosphorylated at the site Ser®*° in mycelia (Fig. 3A) and
proved that the phosphorylation of Pmk1 was significantly
increased in the Apmp1 mutant, but decreased in the site-
directed dominant PMP15249P allele mutant (Fig. 3B) indicat-
ing that dephosphorylation of Pmk1 in mycelia of P. oryzae is
regulated by Pmp1 and that phosphorylation at the site Ser?4°
of Pmp1 is important for dephosphorylating Pmk1. Similarly,
the dual specificity protein phosphatase Msg5p dephospho-
rylates MAP kinase Fus3p in S. cerevisiae (64), which is the
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62, 63) but did not detected in mycelia by the two phosphoproteome studies.

ortholog of Pmk1 in P. oryzae. To our surprise, phosphoryla-
tion of Mps1, another MAP kinase required for pathogenicity
(24), was also significantly increased in the Apmp1 mutant,
and decreased in the site-directed dominant PMP71524°P allele
mutant (Fig. 3B). Further yeast two-hybrid assays indicated that
Pmp1 can directly interact with Mps1. These results clearly
showed that Pmp1 regulates dephosphorylation of Mps1.

Although orthologous proteins of Mps1 and Pmp1 are
widely distributed, dephosphorylation of Mps1 by Pmp1 has
not been reported in any other fungi. Sequence alignment and
phylogenetic tree indicated Pmp1 orthologous proteins are
highly diversified in eukaryotes (Fig. 4A and 4C). Notably, the
region interacting with Mps1 and the pSer®*° site in Pmp1 are
conserved only in the orthologous proteins from filamentous
fungi but not in those from yeasts, plants and animals (Fig.
4B). It would be interesting to investigate whether similar
mechanisms of interaction and p-sites exist in filamentous
fungi, and to identify and compare the interaction regions and
p-sites of Pmp1 orthologs important for dephosphorylating
targets in yeasts, plants and animals.

Integration of our results with previous results prompted an
update of the MAP Pmk1 and the Mps1 cascades with Pmp1
as their new component (Fig. 5) (18, 19, 23, 29). In mycelia,
Pmk1 and Mps1 are dephosphorylated, thus unable to phos-
phorylate downstream transcription factors. Pmp1 serving as
a MAPK phosphatase regulates dephosphorylation of Pmk1
and Mps1, and the regulation is enhanced via the phospho-
rylation of Pmp1 on Ser?#°. An adaptor may exist to mediate
the dephosphorylation of Pmk1 by Pmp1 because they are
unable to directly interact with each other, whereas the Pmp1
directly interact with Mps1 for the dephosphorylation.

This study showed that the Apmp7 mutants are defective in
mycelial growth, conidiation and virulence (Fig. 4D-4F) and
differs from Apmk1 and Amps1 mutants, both of which are
normal in mycelial growth (22, 24). It can be thus inferred
that involvement of Pmp1 in mycelial growth is independent
on the Pmp1-mediated dephosphorylation of Pmk1 and
Mps1. Pmp1 may dephosphorylate some other proteins that
function as negative regulators for mycelial growth. How-
ever, Pmp1, Mps1 and Pmk1 are important for conidiation
and virulence. Further studies will be also required to reveal
how the involvement of Pmp1 in virulence of P. oryzae is
related with the phosphorylation regulation of Pmk1 and
Mps1.
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