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PARylation of 14-3-3 proteins controls the
virulence of Magnaporthe oryzae

Xiuqin Gao1,2, Gaigai Gao2, Weifeng Zheng3, Haibing Liu4,5, Wenbo Pan2, Xi Xia2,
Dongmei Zhang2, Wenwei Lin3,6 , Zonghua Wang 1,7 & Baomin Feng 4

Magnaporthe oryzae is a devastating fungal pathogen that causes the rice blast
disease worldwide. The post-translational modification of ADP-ribosylation
holds significant importance in various fundamental biological processes.
However, the specific function of this modification in M. oryzae remains
unknown. This study revealed that Poly(ADP-ribosyl)ation (PARylation) exe-
cutes a critical function inM. oryzae.M. oryzae Poly(ADP-ribose) polymerase 1
(PARP1) exhibits robust PARylation activity. Disruption of PARylation by PARP1
knock-out or chemical inhibition reveals its involvement inM. oryzae virulence,
particularly in appressorium formation. Furthermore, we identified two M.
oryzae 14-3-3 proteins, GRF1 and GRF2, as substrates of PARP1. Deletion of
GRF1 or GRF2 results in delayed and dysfunctional appressorium, diminished
plant penetration, and reduced virulence of the fungus. Biochemical and
genetic evidence suggest that PARylation of 14-3-3s is essential for its function
inM. oryzae virulence.Moreover, PARylation regulates 14-3-3 dimerization and
is required for the activation of the mitogen-activated protein kinases
(MAPKs), Pmk1 and Mps1. GRF1 interacts with both Mst7 and Pmk1, and
bridges their interaction in a PARylation-dependentmanner. This studyunveils
a distinctive mechanism that PARylation of 14-3-3 proteins controls appres-
sorium formation through MAPK activation, and could facilitate the develop-
ment of new strategies of rice blast disease control.

Magnaporthe oryzae (M. oryzae) is an important plant pathogenic
fungus that causes rice blast disease, leading to catastrophic agri-
cultural losses throughout the world1. M. oryzae spreads as conidia
dispersed in the air. Once landing on the hydrophobic surface of rice,
the conidia germinate to form appressorium at the tip of germ tubes2.
The appressorium develops turgor of up to 8.0MPa mainly due to
glycerol accumulation3,which is used topenetrate plant surface4. Once
inside plants, highly vacuolated, bulbous invasive hyphae grow inter-
and intra-cellularly, then lesions develop in less than a week, and

conidia are produced on blast lesions to initiate the next infection
cycle5. In the past decades,M. oryzae has been studied extensively as a
model organism to understand fungi-plant interactions6–8. However,
the molecular mechanisms underlyingM. oryzae pathogenesis are not
fully understood although it’s the key to identifying new targets for
control of rice blast disease.

The development and virulence of M. oryzae are precisely regu-
lated by multiple mechanisms such as plant-surface sensing, cell cycle
control, metabolic checkpoint, and turgor sensing switch9,10. Previous
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studies showed G-protein coupled receptors (GPCRs), MAPKs, cAMP
kinase, and TORkinases play decisive roles in different switches during
virulenceestablishment. Appressorium formation andpenetrationpeg
emergence are critical events that determine the virulence of M. ory-
zae. It is known thatone roundof completedDNA replication proceeds
and is required for appressorium formation11,12, which is called the
S-phase checkpoint of M. oryzae. How the S-phase checkpoint is
established and cross-talkwith other signaling processes inM. oryzae is
not fully understood.

PARPs are important DNA damage sensors, of which the PARyla-
tion activity could be stimulated by broken DNA13, therefore required
for S-phase checkpoint. PARPs transfer the ADP-ribose moiety from
NAD+ to the side chains of aspartate, glutamate, arginine, lysine, serine,
or cysteine residues of its substrate14–16, and the transfer reaction could
be repeated by adding additional ADP-ribose to the hydroxyl group of
pre-existing ribose through a glycoside bond to form a linear or
branched ADP-ribose polymer or PAR. This type of modification is
termed PARylation17,18. PARylation is a reversible reaction and the
degradation of PAR is usually catalyzed by poly(ADP-ribose) glycohy-
drolases (PARGs) or ADP-ribosylhydrolase such as ARH319–23. PARPs
regulate a wide range of cellular processes, including DNA damage
repair, chromatin remodeling, transcription, and protein localization
and degradation20–22,24. PARylation could significantly change the
activity of substrates, and PAR could serve as a platform to recruit
other molecules such as the DNA repair proteins. The PARPs family
contains 17 members in humans, and hsPARP1 contributes more than
90% of PARP activities25. The Arabidopsis genome encodes three
PARPs20. However, whether the M. oryzae genome also encodes func-
tional PARP is unknown yet.

In this study, we identified PARP1 as an active PARP in M. oryzae.
Our results showed that PARP1 exhibited strong PARP activity stimu-
lated by broken DNA and is involved in conidia formation, appres-
sorium development, and plant penetration. A group of candidate
substrates of PARP1 and PAR-interacting proteins were identified,
among which two 14-3-3s were confirmed to be modified by PARyla-
tion. PARylation is identified as a post-translational modification of 14-
3-3 in addition to acetylation26, phosphorylation27, ubiquitination, and
succinylation27–29. This study showed these two 14-3-3s are critically
required for M. oryzae development and virulence, adding biological
significance to 14-3-3s in addition to those in yeast, Arabidopsis, and
human26,30,31. The prominent known function of 14-3-3 proteins is to
recognize phosphorylated client proteins and regulate their functions,
including complex formation, activity, subcellular localization, and
stability32–34. The crystal structures of 14-3-3 proteins revealed a central
phosphopeptide-binding pocket35. 14-3-3 proteins have been shown to
be involved in multiple cellular processes, including DNA duplication,
cell division, cell signaling, vesicular trafficking, apoptosis, regulation
of gene expression, and protein aggregation36–38. This study revealed
that the PARylation of 14-3-3 is required for virulence functions,
necessary for the 14-3-3 heterodimer formation, and contributes to its
client specificity. We also found that 14-3-3 regulates MAPK activity by
direct interaction with Mst7 and Pmk1 in a PARylation-dependent
manner.

Taken together, this study discovered a significant role for PAR-
ylation in M. oryzae and suggested that DNA damage-responsive
PARylation might regulate MAPK signaling through 14-3-3 to orches-
trate appressorium development in M. oryzae.

Results
PARP1 exhibits poly(ADP-ribose) polymerase activity
To identify potential PARPs inM. oryzae, the amino acid sequences of
PARPs from Homo sapiens and Arabidopsis thaliana were used to
perform BlastP search on the NCBI database (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). A PARP homolog encoded by MGG_08613 was
retrieved and named PARP1. Pfam and SMART analyses showed that

PARP1 has four conserved domains: the BRCA1 C-terminal domain
(BRCT), tryptophan-glycine-arginine (WGR) domain, helical sub-
domain (HD), and (ADP-ribosyl)transferase (ART) domain (Fig. 1a).
Phylogenetic analysis revealed that PARP1 exists in the samecladewith
the PARPs from Fusarium graminearum and Ustilaginoidea virens (two
phytopathogenic fungi), but is evolutionarily distant to the PARPs
from Neurospora crassa, plants (A. thaliana and Oryzae sativa japo-
nica) and H. sapiens (Fig. 1a).

To examine the biochemical activity of PARP1, we conducted in
vitro PARylation assays. The canonical PARPs such as hsPARP1 could
catalyze auto-PARylation with NAD+ in the presence of damaged DNA,
which could be detected by α-PAR antibody20. Similar auto-PARylation
reaction was set up with the purified recombinant PARP1 and NAD+ as
substrate, and the PAR formation by PARP1 was detected by α-PAR.
The results showed that PARP1 exhibited robust PARylation activity
in vitro, and such activity is dependent on broken DNA and could be
inhibited by 3-AB (Fig. 1b). The PAR signal was also detected in M.
oryzae, and HU (hydroxyurea), a DNA synthesis inhibitor, significantly
enhanced the PAR formation in vivo (Fig. 1c)39. The expression pattern
of PARP1 was analyzed based on available transcriptomic data40. The
result showed that PARP1 is expressed at a high level in conidia and at a
lower level at other stages (Supplementary Fig. 1a), suggesting PARP1
may have broad roles and a more significant role in conidia. The sub-
cellular localization of PARP1 was examined in a PARP1-GFP strain
constructed in the Guy11 background. The PARP1-GFP was nuclear-
localized in vegetative hypha (Supplementary Fig. 1b), which is similar
to previous results that other PARPs are mainly localized in the
nucleus14.

PARP1 is essential for appressorial function and virulence of
M. oryzae
The PARP1 deletion mutants were generated by homolog recombina-
tion to investigate its biological functions. The knock-out of PARP1 in
two independent mutants (Δparp1#27 and Δparp1#28) was confirmed
by Southern blot (Supplementary Fig. 1c). The Δparp1#28 mutant was
used as a recipient strain for complementation, yielding Δparp1-C.
Compared to the wild type and complementation strain, the Δparp1
mutant showed a significantly diminished PAR signal in mycelia, con-
idia, and appressorium (Fig. 1d, e), suggesting that PARP1 is the major
contributor of PARylation in M. oryzae.

To examine the role of PARP1 in the pathogenicity ofM. oryzae,
the spore suspensions (5×104 conidia/mL) from the wild-type,
Δparp1, andΔparp1-C strainswere sprayed on the seedlings of CO39,
a blast-susceptible rice variety. At 5 days post-inoculation, the
Δparp1 strain caused significantly reduced disease symptoms (lesion
numbers, sizes, and levels) compared to the wild type or com-
plementation strains (Fig. 1f). To test the penetration ability of
appressorium, conidia suspensions were dropped onto 7-day-old
barley leaves. At 36 hpi (hours post-inoculation) when the hypha of
the wild type andΔparp1-C strain already invaded the neighbor cells,
the Δparp1 mutant just began producing differentiated bulbous
hypha in the first infected cell (Fig. 1g). Categorization of IH (infec-
tious hypha) indicated that type I and type II IH are major types for
Δparp1, while the wild type and Δparp1-C strain have significantly
more type III and type IV IH (Fig. 1g). These results showed that
PARP1 is an essential virulence factor that affects the host penetra-
tion and invasive growth of M. oryzae.

Further analyses on the Δparp1 mutant suggested that PARP1
plays significant roles at conidiation and infection stages. The Δparp1
mutant exhibited similar growth rates in the complete medium (CM)
compared to the wild type and complementation strains (Supple-
mentary Fig. 1d). However, the Δparp1 mutant produced significantly
fewer spores [(146.7 ± 1.51) × 103 spores/cm2] than the wild type
[(286 ± 6.19) × 103 spores/cm2] (Supplementary Fig. 1e). The formation
of appressorium is also defective in Δparp1 (Fig. 2a–c). M. oryzae
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conidia were inoculated on hydrophobic coverslips to assay germi-
nation and appressorium formation 2. The spore germination was not
significantly different for the Δparp1 mutant (Supplementary Fig. 1f);
however, the appressorial formation rate of Δparp1 was lower than
that of the wild type at 4 hpi, but comparable to the wild type by 8 hpi
(Fig. 2a, b), indicating delayed appressorial formation in the Δparp1
mutant. Notably, the germ tubes of Δparp1 mutant were significantly
longer than that of the wild type when germinated on a hydrophobic
plastic membrane: when the wild-type germ tubes were 24.03 ± 1.4μm

long, the Δparp1 germ tubes reached 69.33 ± 2.86 μm (Fig. 2a, c). The
essential role of PARylation in M. Oryzae was also confirmed by the
application of a specific PARP inhibitor, 3-Aminobenzamide (3-AB)13,41.
The Guy11 strainwas grownonCMplates with or without 100μM3-AB
for 7 days, and showed normal growth (Supplementary Fig. 1g and
Fig. 2d). However, the number of conidia produced upon 3-AB treat-
ment was significantly low compared to the control (Supplementary
Fig. 1h). The conidial germination was not affected by 3-AB (Supple-
mentary Fig. 1i), but the appressorium formation was severely
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Fig. 1 | PARP1 exhibited poly(ADP-ribose) polymerase activity and plays an
indispensable role in the virulence ofM. oryzae. a The phylogenetic tree and
domain architecture of the PARP1 homologs from human, fungi, and plants. ZF,
zinc finger domain; BRCT, BRCA1 C-terminal domain; WGR, tryptophan-glycine-
arginine domain; HD, helical subdomain; ART, (ADP-ribosyl)transferase domain.
The conserved domains were analyzed by Pfam and SMART, and the phylogenetic
tree was established by MEGA11. b PARP1 exhibited auto-PARylation activity
in vitro. The MBP-PARP1-HA recombinant proteins were expressed and purified
from E. coli BL21 (DE3), and incubated in a PARylation buffer at room temperature
for 30mins. The PARylation was analyzed by western blot with α-PAR antibody.
c HU-induced PARylation in mycelia. The total protein was extracted frommycelia
of wild type after treatment by HU and detected by immunoblot using an α-PAR
antibody. d, e PARylation was substantially diminished in Δparp1. Hypha (d), con-
idia (Co), or appressoria (AP) (e) were collected from thewild type orΔparp1 strain,
respectively. The total proteinwas extracted and detected by immunoblot using an

α-PAR antibody. α-β-tubulin immunoblotting or coomassie brilliant blue staining
(CBB) was used to visualize loading control. f Virulence difference of the wild-type,
Δparp1, and Δparp1-C strains. The spore suspensions were used to inoculate 3-
week-old CO39 rice seedlings. Images were obtained 5 days after inoculation, and
the lesion sizes were measured and categorized into 5 levels. Bar = 1 cm.
g Penetration assay and statistical analysis of infectious hyphal (IH) type in barley
leaf cells at 24hpi (Type I, IHwith appressoria formedbut nopenetration; type II, IH
with fewer than three branches; type III, IHwithmore than three branches; and type
IV, IH that fully occupies a plant cell and moves into neighboring cells). One hun-
dred infectious hyphae were assessed for each repeat. Bar = 20μm. Data in f and
g are means ± s.d. from three biological replicates. Statistical analysis was per-
formedby two-wayANOVA followedbyTukey’s test, and theadjustedp valueswere
shown in source data. Data in b and c are representatives of three independent
experiments with similar results, and data in d and e are representatives of two
independent experiments with similar results.
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defective and the germ tubes exhibited excessive elongation
(Fig. 2e–g), which are consistent with the effects of PARP1 deletion.

The compromised penetration ability of Δparp1 implies dysfunc-
tional appressorium. We examined the turgor generation of the
Δparp1 appressorium, which is a critical factor of penetration. The
incipient collapse assay showed that the collapse rate of the Δparp1
appressoria upon 1, 2, 3, or 4M glycerol treatment was significantly
higher than the WT or the complemented strain (Fig. 2h), suggesting
that the turgor pressure in the Δparp1 appressorium was reduced.

Mobilization of metabolites, including glycogen and lipids is an
essential function of appressorium that supports turgor generation
and other processes42–45. It is reasoned that the reduced turgor in the
Δparp1 appressorium was related to abnormal glycogen and/or lipid

mobilization. Therefore, the glycogen and lipid mobilization during
appressorium formation were examined using potassium iodide (KI)
and Nile red, respectively. KI staining showed the translocation of
glycogen from conidia to appressoria was clearly delayed in Δparp1
compared to that inwild type andΔparp1-C (Supplementary Fig. 2a, b).
At 6 hpi, about 80% glycogen remained in the germinated conidial cell
of Δparp1, in contrast to only 60% in the wild-type. At 12 hpi, glycogen
was nearly depleted in wild-type conidia, whileΔparp1 still contained a
high level of glycogen in the germinated conidial cell (Supplementary
Fig. 2a, b). Nile red staining of the germinating conidia on hydrophobic
coverslips showed that the degradation of lipid bodies was clearly
delayed in theΔparp1 conidia, whichwereevident forwild type at6 hpi
and 12 hpi after germination (Supplementary Fig. 2c, d).
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surface at 6 and 12 hpi. Bar = 10μm. b Appressorium formation ratio of the wild-
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examined in each experiment. c Germ tube length (μm) of the wild-type, Δparp1,
and Δparp1-C strains on a hydrophobic surface at 12 hpi. The germ tubes of
appressoria were photographed and measured using the software ImageJ. d The
activity of PARylation was inhibited upon 100μM 3-AB treatment in M. oryzae.
Mycelia were collected fromwild typewith or without 100μM3-AB treatment. The
total protein extract was analyzed by α-PAR immunoblot. The CBB staining was
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a and e are representatives of three independent experiments with similar results.
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PARP1 is involved in responses to cell integrity stress because the
Δparp1 shows significantly different sensitivity to cell wall disruption
agents, including sodium dodecyl sulfate (SDS), Congo red (CR), and
Calcofluor White (CFW) (Supplementary Fig. 3a, b). And, the Δparp1
strain showed higher sensitivity to a DNA synthesis inhibitor HU
compared to wild type and Δparp1-C (Supplementary Fig. 3c, d).

Identification of PARylation target proteins and PAR-binding
proteins in M. oryzae
PARylation regulates diverse biological functions mainly through the
modification of target proteins. To determine how PARylation reg-
ulates M. oryzae virulence, we attempted to identify PARylated pro-
teins in M. oryzae. The GST-PBZ (PBZ is a specific PAR-binding zinc
finger domain46) affinity beadsweremade and incubatedwith the total
protein extracts from the mycelia of M. oryzae. Then the pull-down
complex was identified by mass spectrometry. We detected 67 can-
didates that are potential PARylated proteins (Supplementary Data 1).
PARP1 was on the top list of proteins identified by GST-PBZ with 30
peptides covering 57% of full-length protein identified (Supplementary
Data 1), suggesting that PARP1 is significantly self-modified by PAR-
ylation inM. oryzae. Gene Ontology (Go) analysis indicated that these
candidate PARylated proteins are involved in DNA/RNA binding, DNA
replication, mismatch repair, and nucleotide excision repair (Supple-
mentary Fig. 4a, b). We also took a similar approach to identify
PARylated proteins in germinated appressoria. From 2 × 107 appres-
soria germinated and harvested on a hydrophobic surface, 115 candi-
date proteins were identified after GST-PBZ affinity pull-down
(Supplementary Data 1). The list of candidates PARylated proteins in
hypha or appressoria were compared in a Venn diagram (Supple-
mentary Fig. 4a, c). Intriguingly, only 11 proteinswere identified inboth
(Supplementary Fig. 4a).

PAR-binding proteins, or PAR-readers, are also critically required
to interpret PAR signals through interaction with PAR which is a highly
negatively charged polymer47. However, the PAR-binding proteins in
M. oryzae have not been investigated before this study. It is therefore
essential to identify PAR-binding proteins in M. oryzae in order to
understand how PAR function. HsPARP5, or tankyrase1, has robust
PARylation activity25,48. We purified the recombinant TNK domain of
HsPARP5 from E.coli by GST-Sepharose, and set up auto-PARylation
reaction in vitro to obtain PAR-coupled affinity beads, or GST-TNK-
PAR. The total lysate of M. oryzae from mycelia was incubated with
GST-TNK-PAR, then the proteins precipitated were analyzed by mass
spectrometry (we used GST-TNK without PARylation as control). This
experiment discovered 20 and 35 putative PAR-binding protein in
mycelia and appressoria, respectively (Supplementary Data 2), among
which two 14-3-3 proteins,MGG_13806 andMGG_01588were shown to
have important virulence functions inM. oryzae (Fig. 3a, b).MGG_13806
andMGG_01588 were named as GRF1 (General Regulator Factor 1) and
GRF2 (General Regulator Factor 2), respectively. We also used self-
modified PARP1 as bait to isolate PAR-binding proteins, the list of
proteins identified were shown in Supplementary Data 2.

The candidate PAR-binding proteins were further confirmed by
bimolecular fluorescence complementation (BiFC) assays in Nicotiana
benthamiana. Our results showed that PBZ-nYFP interactedwith GRF1-
cYFP or GRF2-cYFP (Supplementary Fig. 5), suggesting that 14-3-3s are
PAR-binding proteins.

TwoPAR-bindingproteins,14-3-3s, are essential for the virulence
of M. oryzae
The candidate PARylation targets and PAR-binding proteins identified
were then screened for their contribution to M. oryzae virulence by
mutant analysis. Two 14-3-3 proteins identified as PAR-binders also
play a critical role in virulence. The 14-3-3 deletion mutants (Δgrf1 and
Δgrf2) were constructed (Supplementary Fig. 6a, b). The 14-3-3 double
mutant could not be obtained possibly due to lethality as in yeast26.We

also constructed complementation strains by introducing native
promoter-driven GRF1 or GRF2 to the corresponding mutant,
respectively.

A leaf infection assay was taken to evaluate the virulence differ-
ence between the 14-3-3 knock-out strain and the wild type. The spore
suspensions (5 × 104 conidia/mL) were harvested from the 14-3-3
mutant, the complementation orwild-type strains, and sprayed on rice
seedlings. The sprayed seedlingswere cultured in thedark at 22°C for 2
days and subsequently transferred to 16/8 hr light/dark cycle at 25°C
for 4 days. The 14-3-3mutants developed significantly reduced disease
symptoms compared to the wild type (Fig. 3a). The severity of disease
was evaluated by examining the lesion sizes, number, and the progress
of hyphae penetration. When the Guy11 predominantly developed
level 4 lesions, the Δgrf1 or Δgrf2 mutants produced lesions mainly at
level 1 (Fig. 3a). The penetrating hyphawere categorized as Type I to IV
based on their morphology and depth of penetration (Type IV was the
most aggressive). The Δgrf1 or Δgrf2 mutants produced mainly type I
or II hypha (unbranched-bulbous hyphae in the first infected cell),
while the wild type or complementation stains already aggressively
penetrated into rice leave as type III and IV hypha (branched-bulbous
hyphae in the first infected cell or invaded into neighboring cells)
(Fig. 3b). The virulencedefects of 14-3-3mutantswere also detected by
drop-inoculationof barley leafwith spore suspensions.On the intact or
injured leaves of the “golden promise” barley, the 14-3-3 mutants dis-
played compromised virulence compared to the WT or com-
plementation strains (Supplementary Fig. 6c–f). These results suggest
14-3-3 is critically required for M. oryzae virulence.

The development and function of the 14-3-3 mutants were
examined in order to understand how they regulate virulence. The
Δgrf1 or Δgrf2 mycelia grow significantly slower than the wild type on
the CM agar plate at 25°C (Supplementary Fig. 7a, b). Δgrf1 or Δgrf2
displayed less melanin accumulation than wild type (Supplementary
Fig. 7a, b). Moreover, Δgrf1 or Δgrf2 showed a significant reduction in
sporulation and produced fewer conidiophores (Supplementary
Fig. 7c, d). Therefore, both GRF1 and GRF2 contribute to vegetative
growth and sporulation.

The 14-3-3 knock-out also significantly affects appressorial for-
mation. For the Δgrf1 or Δgrf2 mutants, the spores normally germi-
nated at 4 hpi (Supplementary Fig. 7e), and the appressorial formation
rate decreased at 4 hpi, but was comparable to the wild type by 8 hpi
(Fig. 3c, d). Notably, the germ tubes of the 14-3-3 mutants were sig-
nificantly longer than that of thewild type (Fig. 3c, e). Relative toΔgrf2,
Δgrf1 showed more delayed appressorial formation and further elon-
gation of germ tubes (Fig. 3d, e). Mating assays showed that 14-3-3s
influence sexual reproduction. Cross of the wild-type or com-
plementation strains with MAT1-1 (mating-type idiomorphs) formed
numerousperithecia atmycelial junctions,whereas theΔgrf1orΔgrf1 ×
MAT1-1 cross formed fewer perithecia (Supplementary Fig. 7f). These
results suggest that 14-3-3s play an important role in hyphal growth,
asexual and sexual reproduction of M. oryzae.

We wondered if the compromised virulence of the 14-3-3 mutants
might be in part attributed to appressorium turgor, and checked the
incipient collapse rates of appressoria exposed to 1–4M glycerol4,49.
Both the Δgrf1 and Δgrf2 appressoria showed significantly higher col-
lapse rates than those of the wild-type and complementary strains
(Fig. 3f). 3Mglycerol caused about 80%appressoria collapse for the 14-
3-3 mutants, but only 43.5% for the wild-type (Fig. 3f). The turgor
pressure of the Δgrf1 or Δgrf2 appressoria was reduced compared to
that of the wild-type.

The 14-3-3 mutants also showed significant defects in the mobili-
zation of lipids and glycogen, that are used to produce glycerol and
appressorium turgor8,50. At 0 hpi, the glycogen stained with KI was
abundant in conidia of Guy11, Δgrf1, and Δgrf2 (Supplementary
Fig. 8a, b). At4hpi or 8hpi, the degradation of glycogen granules in the
germinated conidia was remarkably delayed in Δgrf1 or Δgrf2

Article https://doi.org/10.1038/s41467-024-51955-w

Nature Communications |         (2024) 15:8047 5

www.nature.com/naturecommunications


compared to that of the wild-type. At 12 hpi, glycogen granules were
nearly completely degraded in the wild-type conidia, in contrast ~68%
and 42% of glycogen granules still remained in the Δgrf1 or Δgrf2
conidia, respectively (Supplementary Fig. 8a, b). The distribution of
lipids exhibited a similar pattern as glycogen granules in Δgrf1 and
Δgrf2 (Supplementary Fig. 8c, d).

The cell wall integrity is also required for maintaining appressor-
ium turgor51,52. We investigated the growth of the wild-type and the 14-
3-3 mutant strains on CM medium containing cell wall stress agents:
CR, CFW, and SDS,which inhibit assembly of chitin andβ-1,4-glucans in
the cell wall53. We found that the Δgrf1 and Δgrf2 strains showed
increased sensitivity to CFW, CR, or SDS (Supplementary Fig. 9a, b),
suggesting that 14-3-3 deletion alters cell wall integrity.

The 14-3-3 proteins play an important role in the DNA damage
checkpoint response in Saccharomyces cerevisiae38,54–57. We checked
thepotential requirement of 14-3-3s for theDNAdamage checkpoint in
M. oryzae by HU sensitivity test. The Δgrf1 and Δgrf2 mutants showed
hypersensitivity to HU (Supplementary Fig. 9c, d). In addition, Δgrf1
but not Δgrf2 showed sensitivity to another DNA damage agent, H2O2

(Supplementary Fig. 9c, d).

PARP1 interacts with and PARylates GRFs in M. oryzae
The finding that both the PARP1 and a pair of PAR-binders, GRFs, are
required for virulence and DNA damage responses promoted us to
investigate whether GRFs are also targets of PARP1 for PARylation.

We set up an in vivo assay to detect the PARylation of GRFs. The
GFP-tagged GRF1 or GRF2 expressed in the mycelia of M. oryzae were
immunoprecipitated by GFP-affinity beads, and examined by the α-
PAR antibody. A significant PARylation signal was observed from the
protein GRF1 or GRF2 (Fig. 4a). The GRFs could also be directly
PARylated by PARP1 in vitro. In the presence of NAD+, both GRF1 and
GRF2 could be PARylated by PARP1 (Fig. 4b, c).

The bimolecular fluorescence complementation assay (BiFC) by
transiently co-expressing PARP1-nYFP with GRF1-cYFP or GRF2-cYFP in
N. benthamiana, respectively, yielded strong YFP fluorescence in the
nucleus (Supplementary Fig. 10). Consistently, the GRF1-GFP or GRF2-
GFP expressed inM. oryzae displayed GFP fluorescence signals located
in nucleus and the cytoplasm (Fig. 4d, e), which partially overlap with
the PARP1 localization. Their localization is similar in hyphae, conidia,
and appressorium (Fig. 4d, e). A pull-down assaywith the recombinant
protein purified from E. coli showed that MBP-PARP1-HA directly
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type or indicated strains by spraying spore suspensions. The leaves with repre-
sentative symptom and statistical summary of the lesion levels at 1-week post
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invasive growth in rice leaf sheath at 30 hpi. Conidia was inoculated in rice
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morphology of Δgrf1 and Δgrf2. Conidia were cultured on a hydrophobic surface
and photographed at 6 and 12 hpi. Bar = 10 μm.Three independent repeats showed
similar results. d The appressorium formation rate of Δgrf1 or Δgrf2. The appres-
sorium formation ratio was measured from a hydrophobic surface at 4 and 8 hpi.

100 conidia were analyzed for each replicate. e The germ tube length of the wild-
type, Δgrf1, Δgrf1-C, Δgrf2 or Δgrf2-C strain. 100 conidia were photographed and
measured using the software ImageJ. Two independent repeats showed similar
results. f The incipient collapse rate of Δgrf1 or Δgrf2. The percentage of collapsed
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Bar = 20 μm. Data in a, b, d are means ± s.d. from three biological replicates. Data
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third quantiles, and the median were shown. Data were analyzed by two-way
ANOVA (a, b, d–f) followed by Tukey’s test. Significant differences were marked
with different letters. The adjusted p values were shown in source data (a, b)
or (d–f).
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interacted with 6×His-GRF1 or 6×His-GRF2 (Fig. 4f, g). In addition, the
Co-IP assay indicated that PARP1 indeed associated with GRF1 in M.
oryzae (Fig. 4h). These results suggest that 14-3-3 is a real target
of PARP1.

Identification of GRF1 PARylation residues required for its
virulence function
To unveil the potential roles for PARylation of 14-3-3 in M. oryzae
virulence, we identified the PARylation residues of GRF1 catalyzed by
PARP1 by mass spectrometry58. In total, we identified twenty-three
putative PARylated sites on eight peptides of GRF1 (Supplementary
Fig. 11a, b). Eleven PARylated sites were closely located on the
N-terminus of GRF1 and twelve on the C-terminus (Supplementary
Fig. 11c). We mutated all identified PARylated sites of GRF1 to Alanine,
termed as GRF1m1-23 (Supplementary Fig. 11c). Notably, the PARylation
level of GRF1m1-23 dropped by about half compared to the wild type by

an in vitro PARylation assay (Supplementary Fig. 12a). However, the
in vivo PARylation of GRF1m1-23 was nearly completely lost compared to
wild type (Supplementary Fig. 12b). To further narrow down poten-
tially critical PARylation residues, we generated GRF1m1-11 and GRF1m12-23

which carry mutations of all identified PARylation sites in the N- or C-
terminus, respectively (Supplementary Fig. 12a). Interestingly, the
GRF1m1-11 and GRF1m12-23 showed a PARylation level comparable to that
of the GRF1m1-23 (Supplementary Fig. 11c).

To explore the biological significance of GRF1 PARylation, we
transformed theGRF1m1-23-GFP, GRF1m1-11-GFP or GRF1m12-23-GFP construct
into the Δgrf1 mutant, yielding Δgrf1:GRF1m1-23-GFP, Δgrf1:GRF1m1-11-GFP
and Δgrf1:GRF1m12-23-GFP, respectively. Upon conidial-spray inoculation
onto the susceptible rice cultivar CO39, the Δgrf1:GRF1m1-23-GFP,
Δgrf1:GRF1m1-11-GFP orΔgrf1:GRF1m12-23-GFP strain produced fewer lesions
than Guy11 and Δgrf1-C (Supplementary Fig. 12c). In barley leaf pene-
tration assays, the Δgrf1:GRF1m1-23-GFP, Δgrf1:GRF1m1-11-GFP, or
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Δgrf1:GRF1m12-23-GFP strain showed compromised penetration ability: at
48 hpi, for the wild-type and Δgrf1-C strain, nearly 50% of infection
structures had expanded to the neighboring cells (Supplementary
Fig. 12d). However, the Δgrf1:GRF1m1-23-GFP, Δgrf1:GRF1m1-11-GFP or
Δgrf1:GRF1m12-23-GFP was still limited to the initially infected cells with
primary invasive hyphae, similar to Δgrf1 (Supplementary Fig. 12d),
suggesting that disruption of GRF1 PARylation sites severely compro-
mised both penetration and colonization efficiencies of M. oryzae.

TheΔgrf1-C andΔgrf1:GRF1m12-23-GFPwere able to complement the
vegetative growth and melanin accumulation defects of Δgrf1 (Sup-
plementary Fig. 13a, b). However, the Δgrf1:GRF1m1-23 -GFP strain and
Δgrf1:GRF1m1-11-GFP still showed decreased vegetative growth and
melanin accumulation (Supplementary Fig. 13a, b). Meanwhile, the
conidial production in Δgrf1:GRF1m1-23-GFP, Δgrf1:GRF1m1-11-GFP, and
Δgrf1:GRF1m12-23-GFP are similar to that of Δgrf1 (Supplementary
Fig. 13c). Moreover, the appressorium development and germ tube
remained compromised inΔgrf1:GRF1m1-23-GFP,Δgrf1:GRF1m1-11-GFP, and
Δgrf1:GRF1m12-23-GFP (Supplementary Fig. 13d–f). These results suggest
that GRF1 PARylation is necessary for growth, conidial production, and
appressorium development in M. oryzae.

The incipient collapse assay suggested that the PARylation of
GRF1 is required for proper turgor generation. The numbers of the
collapsed appressoria in the Δgrf1:GRF1m1-23-GFP, Δgrf1:GRF1m1-11-GFP,
and Δgrf1:GRF1m12-23-GFP mutant were significantly increased upon
1.0 –4.0M glycerol treatment, compared to the wild-type and Δgrf1-C
strain, but similar to Δgrf1 (Supplementary Fig. 14a). In addition, the
distributionof lipids droplets andglycogen exhibited similar pattern in
Δgrf1:GRF1m1-23-GFP, Δgrf1:GRF1m1-11-GFP, and Δgrf1:GRF1m12-23-GFP as
Δgrf1 at 6 and 12 hpi, as shown in Supplementary Fig. 14b–e. Mean-
while, the PARylation mutant strain showed similar sensitivity to cell
wall integrity and DNA damage stress as Δgrf1 (Supplementary
Fig. 15a, b). These results indicated that GRF1 PARylation is required for
appressorium development, virulence, and stress responses.

To further narrow down the critical PARylation residues of GRF1
that are required for appressorium function and virulence, we did a
more comprehensive mutagenesis of GRF1. The 23 identified PARyla-
tion residues were mutated as 1 dyad (GRFm1-2) plus 7 triads (three
adjacent residues as a group: GRF1m3-5, GRF1m6-8, GRF1m9-11, GRF1m12-14,
GRF1m15-17, GRF1m18-20, and GRF1m21-23). The 7 triad mutants showed sig-
nificantly compromised PARylation of GRF1 by PARP1 in vitro
(Fig. 5a–c). The impacts of these PARylation mutations on M. oryzae
virulence and appressorial function were examined by introducing
these mutants into Δgrf1 and evaluating their ability to complement
the virulence defects. The GRF1m3-5, GRF1m12-14, and GRF1m18-20 failed to
complement the virulence defects of Δgrf1 upon conidia spray inocu-
lation on CO39 (Fig. 5d). The penetration defects and the appressorial
turgor failure of Δgrf1 were mainly un-rescued too as revealed by
barley leaf penetration assay and incipient collapse assay (Fig. 5e, f).
These results suggested that certain triad PARylation residues are
critically required for GRF1-mediated virulence and appressorium
function. The GRF1m3-5 mutant protein was structurally modeled and
compared to that of GRF1 (Supplementary Fig. 16). The result showed
that the GRF1m3-5 triad mutation did not significantly alter the protein
structure of GRF1, suggesting that the impact of PARylation on viru-
lence and appressorium function is specific. We also tested a set of
single or dyad mutations of the 23 PARylation sites but didn’t find a
significant contribution to virulence (Supplementary Fig. 17), sug-
gesting functional redundancy among these sites. PARylation of 14-3-3
has not been reported before this study, and it is intriguing how
PARylation regulates 14-3-3 function.

PARylation affects the heterodimers between GRF1 and GRF2
It is known that 14-3-3 proteins often form homo- or heterodimers,
which are essential for their functions as revealed by the crystal
structures of both animal and plant 14-3-3 proteins35. Size-exclusion

gel-filtration assay showed that GRF1 or GRF2 indeed existed as dimers
in addition to monomers in solution (Fig. 6a–c and Supplementary
Fig. 18a). It is possible that PARylation of GRF1 is required for dimer-
ization so that alteration of PARylation will compromise dimerization
and subsequent functions. In vitro pull-down assay revealed a strong
interaction betweenGRF1 andGRF2 (Fig. 6d). However, the PARylation
deficient mutant GRF1m3-5 failed to pull-down GRF1 (Fig. 6d). Con-
sistently, Co-IP assay revealed that GRF1m3-5-GFP showed much weaker
interaction with GRF2 compared to GRF1 (Fig. 6e). In size-exclusion
chromatography, GRF1m3-5 performs asmonomer only (Supplementary
Fig. 18b, c). This evidence suggests that PARylation of GRF1 is required
for dimerization.

PARylation of GRF1 might regulate its client specificity and
MAPK activation
14-3-3 proteins are scaffold proteins that mainly function through
interactingwith clients to regulate their functions59–61. We thought that
PARylation might contribute to the client specificity of 14-3-3. We did
IP/MS to identify the client proteins of 14-3-3 that might depend on
PARylation. For this purpose, the total protein extracts of the mycelia
from the Δgrf1:GRF1-GFP (Δgrf1-C) or the Δgrf1:GRF1m1-23-GFP strain
were immunoprecipitated by α-GFP followed by LC-MS/MS analysis.
Δgrf1:GRF1-GFP was treated with 3-AB as another PARylation negative
control. In total, 348 candidate interacting proteins of GRF1-GFP were
identified that show stronger interaction than that with GRF1m1-23-GFP
(two-fold change in abundance as cut-off) (Supplementary Data 3).
Among the 348 candidates, 233 proteins only interacted with GRF1
(Supplementary Data 3 and Supplementary Fig. 19a). The KEGG path-
way analysis indicates that the candidate proteins are associated with
multiple signaling pathways, such as the MAPK pathway (Supplemen-
tary Fig. 19b).

MAPK cascade plays a pivotal role in appressorium formation62,63. In
this study, members of the MAPK pathway including Mst7
(MGG_00800), Pmk1 (MGG_09565), and Mps1 (MGG_04943) were iden-
tified to associate with GRF1 in a PARylation-dependent manner. The
targets of Pmk1, suchasMst12 (MGG_12958) andTub1 (MGG_08829), also
associate with GRF1 in a PARylation-dependent manner. The direct
interaction of GRF1 withMst7 or Pmk1 was confirmed by an in vitro pull-
down assay (Fig. 7a; Supplementary Fig. 20a–c, f, g). However, the PAR-
ylation mutant GRF1m3-5 did not pull-down either Mst7 or Pmk1 (Fig. 7a).
Consistently, Co-IP experiments showed the in vivo interaction of GRF1
with Mst7 or Pmk1 in appressoria (Fig. 7b, c), and the interaction was
disrupted by introducing the GRF1m3-5 PARylation mutant or the PARP
inhibitor, 300μM 3-AB (Fig. 7b, c). Similarly, the GRF1m1-23, GRF1m12-14, or
GRF1m18-20 mutant failed to interact or showed reduced interaction with
Pmk1 or Mps1 in pull-down or Co-IP (Supplementary Fig. 20b–h). Our
results suggested that 14-3-3 associates with Pmk1 in a PARylation-
enhanced manner, which is consistent with the observation that both
Pmk1 and 14-3-3 are involved in appressorium formation, penetration,
and invasive growth in rice.

Pmk1 and Mps1 rely on their kinase activity to regulate appres-
sorium formation, penetration, and invasive growth62–64, we then asked
whether GRF1 PARylation is required for the Pmk1 and Mps1 kinase
activation in appressoria. To investigate the impact of 14-3-3 PARyla-
tion on the Pmk1 andMps1 activity, a large amount of appressoria with
germinated conidia were harvested on a hydrophobic plastic surface
from the following strains: Δgrf1:GRF1m3-5-GFP, Δgrf1, and wild type.
Then the protein extracts from appressoria were separated in
SDS–PAGE and probed with α-pTEpY. As shown in Fig. 7d, the
Δgrf1:GRF1m3-5-GFP or Δgrf1 appressoria showed significantly reduced
Pmk1 activation compared to that of wild type. Similarly, the Pmk1 and
Mps1 activation in themycelia fromΔgrf1:GRF1m1-23-GFP,Δgrf1:GRF1m1-11-
GFP or Δgrf1:GRF1m12-23-GFP were significantly decreased too (Supple-
mentary Fig. 20i), suggesting that GRF1 PARylation is required for the
Pmk1 activation in vivo.
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To further address how 14-3-3 regulates Pmk1 activation, we
examined the Pmk1 activation in vitro. As shown in Fig. 7e, the purified
6×His-Pmk1-FLAG recombinant proteinswere incubatedwithATP in an
in vitro kinase buffer, and the phosphorylation of Pmk1 was detected
by the α-pTEpY antibody. Then, different titrations of GRF1 proteins
were added to the Pmk1 phosphorylation reaction. The results showed
that GRF1 enhanced Pmk1 activation in a dose-dependent manner
(Fig. 7e). It is known that Mst7 is a MAPKK that is required for Pmk1
activation. However, Mst7 and Pmk1 failed to directly interact in yeast
two-hybrid, and their interaction could only be detected in
appressorium65. There should be unknown components mediating
Mst7-Pmk1 interaction and activation.We then tested if GRF1mediates
Mst7-Pmk1 interaction. In a pull-down assay, GST-Mst7 could interact
with Pmk1, and GRF1 could enhance the interaction (Fig. 7f). In a Co-IP
assay with appressoria collected, Mst7 could interact with Pmk1 in the
wild-type strains. However, such interaction betweenMst7 and Pmk1 is
greatly reduced in Δgrf1 appressoria (Fig. 7g). We also tested if PARP1-
generated PAR could directly interact with Pmk1. The MBP-PARP1-HA

proteins immobilized on the amylose resins were incubated with or
without NAD+ in PARylation buffer for 30minutes, rinsed with PBS
buffer, and then incubated with Pmk1. The results revealed that
Pmk1 showed a significantly enhanced association with PARP1 upon
PARylation (Fig. 7h). These results suggested that PARylation of 14-3-3
might directly enhance Pmk1 interaction with Mst7 and contribute to
its activation.

Discussion
PARylation in M. oryzae and its role in virulence
M. oryzae utilizes diverse biochemistries to execute its virulence and
causes destructive rice blast disease. PARylation has been identified in
other organisms and executes important functions including DNA
damage repair and transcription regulation21,25,46. This study suggested
PARylation also plays a significant role inM. oryzae virulence.M. oryzae
encodes only one PARP with a conserved catalytic triad H-Y-E (Fig. 1a),
which was named as PARP1. Consistent with an intact catalytic triad,
PARP1 exhibited robust auto-PARylation in vitro (Fig. 1b). Our results
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Fig. 5 | GRF1 PARylation is required for virulence. a–c Themutations of the GRF1
PARylation sites substantially diminish its PARylation in vitro. The indicated
mutants of GRF1 PARylation sites were incubated with MBP-PARP1-HA in the PAR-
ylation buffer with or without NAD+, respectively. The PARylation activities were
analyzed with α-PAR antibody. The experiments were repeated two (a, b) or three
(c) timeswith similar results. d The PARylationmutants of GRF1 failed to rescue the
Δgrf1 virulence defect. The seedlings of rice cultivar CO39 were spray-inoculated
with the spore suspensions of the wild type and GRF1 PARylation mutant strains.
The leaves with representative symptoms and statistical analysis of lesion numbers
at different levels at 1-week post-infection are shown. Values are means ± s.d. from

three biological replicates. e The invasive growth and infectious hyphae (IH) of the
GRF1 PARylation mutants in barley leaf at 24 hpi. One hundred infectious hyphae
were analyzed for each strain. Values are means ± s.d. from three biological repli-
cates. f The incipient collapse rate of the GRF1 PARylationmutants. The percentage
of collapsed appressoria was recorded and displayed as boxes with individual data
points from three independent repeats. The maximum andminimum, the first and
third quantiles, and the median were shown. Significant differences were deter-
mined using two-way ANOVA followed by Tukey’s test and marked with different
letters.
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showed that PARP1 contributes to the majority of PAR in M. oryzae
(Fig. 1d, e), like the major PARP in human (hsPARP1) or Arabidopsis
(AtPARP2)13,25. Degradation of PAR is usually catalyzed by the Macro-
domain proteins such as PARG1 and ARH319,20,22. However, we didn’t
retrieve PARG1-like protein in M. oryzae but several Macro-domain
proteins. Whether these Macro-domain proteins execute PAR-
degradation remain to be addressed. This study also found that
PARP1 could be stimulated by broken DNA, therefore might be a key
DNA damage sensor in M. oryzae (Fig. 1c). Consistently, knock-out of
PARP1 or its PARylation substrate GRF1 all showed sensitivity to DNA
damage agent such as HU (Supplementary Figs. 3c, d and 9c, d). It is
currently technically challenging to directly visualize DNA damage
during appressorium formation because the melanized cell wall of
appressoriummakes the deliveryof DNAdamage-reporting antibodies
difficult. The N-terminal of PARP1 lacks the zinc finger or SAP motifs
but has a WGR motif that might be required for recognizing broken
DNA (Fig. 1a) as the canonical PARP such asHsPARP1 andHsPARP266–68.
It is well-known that an S-phase checkpoint is essential for appres-
sorium formation. It worths further investigation to directly visualize
DNA damage during S-phase checkpoint and examine its stimulation
on PARylation required for downstream events during appressorium
formation.

A connection between PARylation and virulence in M oryzae
was established in this study by mutant and inhibitor application
(Figs. 1 and 2). The PARylation targets and PAR-reader proteins
identified in this study indicate that PARylation impacts important
biological processes. The GO terms represented by the PARylated
targets and PAR-binders identified in M. oryzae are reminiscent to
the previously reported: DNA/RNA binding, transcription and
translation are enriched (Supplementary Fig. 4). The datasets also
represent a valuable resource to study PARylation in M. oryzae and

its roles in virulence. Indeed, PARylation targets such as 14-3-3s
were shown to be required for virulence and appressorium
formation.

The 14-3-3 proteins are essential for M. oryzae virulence
Our results showed that the 14-3-3s are real PARylation targets
(Fig. 4a–c and Supplementary Fig. 11a) and have broad functions. They
are specially required for proper appressorium formation (Fig. 3b–f),
which is orchestrated by at least two checkpoints, the S-phase and
turgor sensing checkpoint11,45. The 14-3-3 mutants exhibited delayed
appressoria formation (Fig. 3c, d), and sensitivity to DNA synthesis
inhibitor (HU) and DNA damage agent (H2O2) (Supplementary
Fig. 9c, d). In addition, disruption of the 14-3-3 PARylation enzyme
PARP1 that is responsive to broken DNA, also leads to similar appres-
soriumdefects (Supplementary Fig. 3c, d; Fig. 2).Wehypothesized that
14-3-3s are involved in a DNA damage sensing pathway to activate
S-phase checkpoint, ofwhich the dysfunctionwill result in appressorial
defects including turgor failure and delayed glycogen and lipids
mobilization. Consistently, it’s known that 14-3-3s and DNA repair
factors are usually up-regulateduponDNAdamage69. Defects in 14-3-3s
prevent DNA duplication upon genotoxic agents like methyl methane
sulfonate or HU and activate S-phase checkpoint39. The 14-3-3s are
essential for the spindle checkpoint and DNA damage responses in
budding yeast54–56 and the G1/S and G2/M transition in fusion
yeast38,57,70. Our finding about 14-3-3s in M. oryzae will add to a con-
served role in DNA damage checkpoint and a component required for
appressorium development.

14-3-3s mainly execute their functions through client proteins.
Cell cycle regulators such as Chk1 appear in the list ofM. oryzae 14-3-
3s clients identified by IP/MS (Supplementary Data 3). This sug-
gested that 14-3-3 might regulate appressorium through cell cycle
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control. In budding yeast, Chk1 interacts with two 14-3-3 proteins,
Rad24 and Rad25, and is required for the cell cycle arrest upon DNA
damage71,72. The 14-3-3 interaction with Chk1 and other clients and
their potential roles in M. oryzae worth further studies.

It is noticed that there is a subtle difference between the single
knock-out of 14-3-3s. This might be attributed to their sequence dif-
ference and the existence of homo-dimers. The identity between GRF1

and GRF2 is 69.4% (Supplementary Fig. 11c). A typical 14-3-3 protein
contains 9 helices named as H1-H9: H1-4 make the dimerization sur-
face, while H3, 5, 7, 9 contribute to client recognition73. GRF1 andGRF2
also contain 9 helices and show conservation in these regions. How-
ever, GRF1 and GRF2 are not identical and show differences in several
patches, especially in the C-terminal. It is noticed that GRF2 showed
much weaker PARylation in vivo (Fig. 4a). Consistently, GRF2 shows
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PARylation-incapablepolymorphisms at the positioncorresponding to
identified GRF1 PARylation sites (Supplementary Fig. 11c). These facts
suggested GRF1 and GRF2 might carry divergent functions in addition
to the shared. GRF1 and GRF2 also form homo-dimers (Fig. 6a–c),
which might carry certain functions unique to GRF1 or GRF2, which
might explain their subtle differences.

PARylation regulates the specificity and activity of 14-3-3 clients
including Pmk1
PARylation was identified as a post-translational modification of 14-3-3
in this study (Fig. 4a–c). PARylationwas shown tobe essential for 14-3-3
function in M. oryzae virulence (Fig. 5d, e). Comprehensive mutagen-
esis of GRF1 suggested that certain triad of PARylated residues are
critically required, and their impact might be specific to PARylation
because these residues are not required for other knownmodifications
such as phosphorylation and did not alter overall protein structure
(Supplementary Fig. 16).

We found that PARylation might impact 14-3-3 dimmer forma-
tion, client specificity and activation (Figs. 6 and 7). PARylation was
shown to affect 14-3-3 dimer formation (Fig. 6d, e), which is impor-
tant for 14-3-3 stability and client’s specificity74–79. Next, we identified
a group of client proteins that showed interaction with 14-3-3 in a
PARylation-dependent manner (Supplementary Fig. 19 and Data 3).
This suggested that PARylation could dictate the client specificity
of 14-3-3. PAR is a highly negatively charged polymer, which
offers a unique capacity to recruit specific molecules. Previous
studies showed PAR is involved in the formation of DNA repair
complexes, P-bodies, and stress granules80,81. The PARylation of 14-3-
3 might generate new client binding capacities required for
appressorium.

To understand more specifically how PARylation regulates 14-3-3
dimerization and client specificity, we examined the position of 23
PARylation residues identified to see if they could impact known
function domains. The 14-3-3 proteins mainly function as a scaffold
that recognizes phosphopeptide, and requires dimer formation. A
typical 14-3-3 contains 9 α-helices (H1-H9). The H1 to H4 helices con-
tribute to the dimerization surface, while the H3, H5, H7, and H9
contribute specific residues to phosphopeptide binding. For human
14-3-3ζ, Lys49, Arg56, Arg127 and Tyr128 of H3 and H5 form a positively
charged binding pocket73,82, and these residues are conserved among
GRF1 and GRF2 (Supplementary Fig. 11c). The 23 identified PARylation
sites of GRF1 are mainly distributed in 3 patches: H4, H8, and H9, but
do not overlap with the known residues required for dimerization or
phosphopeptide binding. Therefore, the effects of PARylation onGRF1
client specificity might not be attributed to direct medication of these
residues. Based on the data in this study, there are at least two effects
of PARylation on 14-3-3 that might contribute to client specificity:
PARylation could generate extra binding surface for GRF1 and GRF2 to

promote their dimerization because both proteins are PAR-binders. At
the same time, the attachment of PAR will also expand the binding
capacity of GRF1 because PAR is chemically distinct and might recruit
distinct targets with different affinity. By these two manners, PAR
could alter the client specificity of 14-3-3.

Interestingly, the clients that show PARylation-dependent
interaction with 14-3-3 include Mst7, Pmk1, and Mst12 which make
up a mitogen-activated kinase pathway critical for appressorium
development (Fig. 7). The 14-3-3 mutant, Δmst7, Δpmk1, and Δmst12
exhibited similar phenotypes in several aspects65,83. We then found
that the 14-3-3 and its PARylation are required for Pmk1 activation,
especially during appressorium formation (Fig. 7d). It is known that
Mst7, a MAPKK upstream of Pmk1, is required for Pmk1 activation.
However, Mst7 fails to interact with Pmk1 in yeast65. It indicates that
certain proteins are required to mediate the Mst7-Pmk1 interaction
in appressorium. We found that 14-3-3 interacts with both Mst7 and
Pmk1 (Fig. 7a–c), so that itmight serve as an adapter and long-sought
missing link between Mst7 and Pmk1. PARP1-mediated PARylation
significantly enhanced its interaction with Pmk1 suggesting that PAR
is also an interacting molecule of Pmk1 (Fig. 7h). 14-3-3 could
enhance Mst7-Pmk1 interaction in vitro (Fig. 7f). Although this
enhancement in vitro is not as dramatic as expected, it might be
significant in vivo because the actual concentration of Mst7 and
Pmk1 in vivo might be much lower than that used in the in vitro
assay. Furthermore, 14-3-3 could promote Pmk1 phosphorylation
in vitro in a dose-dependent manner (Fig. 7e). More convincingly, in
appressoria, the GRF1 and PARylation-enhanced Mst7-Pmk1 inter-
action and Pmk1 activation is significantly shown (Fig. 7d, g).
Therefore, 14-3-3 and its PARylation represent a component for
Pmk1 activation. Close proximity-enhanced kinase activation is also
shown in other organisms. For example, in Arabidopsis, the 14-3-3
protein is involved in MAPK activation by bridging RLCK (PBL) and
MEKK584. It is believed that PARylation promotes the Pmk1 kinase
activation by enhancing the close proximity of 14-3-3, Mst7,
and Pmk1.

In summary, this study explored the biological functions of PAR-
ylation in M. oryzae. We identified and characterized the major PAR-
ylation enzyme PARP1 and revealed its significant role in appressorium
development and virulence. Among the identified PARylated sub-
strates and PAR-readers, 14-3-3s were discovered as PARylation sub-
strates. Further studies showed that 14-3-3 and its PARylation regulate
appressorium formation, possibly through facilitating the assembly
of Mst7-Pmk1 complex and activating MAPKs, as presented in a
model (Fig. 8). Our findings highlight the importance of PARylation in
M. oryzae virulence and suggested that DNA damage responsive PAR-
ylation might relay signals through 14-3-3 and MAPKs to dictate
appressorium development. Whether other pathogenic fungi take
similar mechanisms warrants future investigations.

Fig. 7 | GRF1 PARylation was required for the Pmk1 activation. a GRF1m3-5 failed
to interact with Mst7 or Pmk1 in vitro. The 6×His-GRF1 or 6×His-GRF1m3-5 recom-
binant proteinwas incubatedwithGST-Mst7 or GST-Pmk1 in aGSTpull-down assay.
The pulled-down products were analyzed by immunoblot using α-His antibody.
b, cGRF1m3-5 compromise its interactionwithMst7 (b) or Pmk1 (c) in appressoria. To
examine in-appressoria interaction ofGRF1orGRF1m3-5 withMst7 or Pmk1, the strain
co-expressing two indicated tagged proteinswere constructed. Total proteinswere
extracted from appressoria and subsequently incubated with α-GFP beads. The
total and precipitated proteins were examined by immunoblot using α-GFP or α-
FLAG, respectively.dThe Pmk1 activation in appressoriawas compromised inΔgrf1
or Δgrf1: GRF1m3-5-GFP. Appressoria were harvested from the indicated strains for
immunoblot analysis using an α-pTEpY antibody. The α-Actin immunoblot was
used to normalize sample loading. e GRF1 promotes the Pmk1 kinase activity
in vitro. 6×His-Pmk1-FLAG was incubated with or without 6×His-GRF1-FLAG at dif-
ferent titrations in thepresence of 1mMATP for 60min. The activation of Pmk1was

detected by α-pTEpY antibody. f GRF1 directly enhances the interaction of Mst7
with Pmk1 in vitro. The 6×His-GRF1-FLAG and 6×His-Pmk1-FLAG recombinant
proteins were incubated with GST-Mst7 in a GST pull-down assay, and analyzed by
immunoblot using α-FLAG or α-GST antibody. g The interaction betweenMst7 and
Pmk1 in appressoria was impaired in Δgrf1 mutant. Total proteins were extracted
fromappressoria of the strains co-expressingMst7-FLAG-mCherry andPmk1-GFP in
Guy11 or Δgrf1 background, and incubated with α-GFP beads. The immunopreci-
pites were examined by immunoblot using α-GFP or α-FLAG, respectively. h Pmk1
interacts with PAR in vitro. PAR polymers were generated by self-modification of
PARP1 immobilized on resins with NAD+ as substrate, yielding MBP-PARP1-HA-PAR,
whichwas incubatedwith6×His-Pmk1-FLAGtoperformpull-downon amylose resin
(MBP or MBP-PARP1-HA were included as controls). The pull-down was detected
usingα-MBP,α-FLAG, orα-PAR antibody. Data in a andd are representatives of two
independent experiments with similar results. Data in b, c, and e–h are repre-
sentatives of three independent experiments with similar results.
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Methods
Fungal strains and culture conditions
Magnaporthe oryzae Guy11 was used to generate the deletion mutants
for PARP1 (MGG_08613) and 14-3-3 family members GRF1 and GRF2
(MGG_01588 and MGG_13806). The wild-type strains Guy11 and all the
transformants were cultured on Complement Media plates (10g/L D-
glucose, 2 g/L peptone, 1 g/L yeast extract, 1 g/L casamino acids, 50mL/L
20×nitrate salts, 1mL/L trace elements, 1mL/L vitamin solution, adjusted
to pH 6.5 with NaOH, 15 g/L agar) at 28°C under fluorescent 12 h light/
12 h dark for conidiation and stored on desiccated Whatman #1 filter
paper at −20°C, as previously described85. Mycelia collected from 2-day-
old culture in liquid CM medium shaken at 120 rpm at 26°C were used
for extracting fungal DNA, protein, and protoplast preparation. The
growth and conidiation of different strains were measured on the CM
plates. For the DNA damage stress test, the strains were cultured on the
CMmedia with 5.0mMH2O2 or 10mMHU cultured in the dark at 28°C.
For cell wall integrity tests, the strains were cultured on the CMmedium
supplemented with 0.0005% SDS, 200μg/mL CFW, or 200μg/mL CR in
the dark at 28°C as previously described86–88.

Generation of knock-out mutants and complementation
The double-joint PCR approach was used to generate gene replace-
ment constructs89. Briefly, ~1.0 kb upstream and 1.0 kb downstream
flanking sequences of PARP1 were amplified with the primer pairs
PARP1-AF/AR and PARP1-BF/BR (Supplementary Table 1). Then, the

PCR product was fused with the hygromycin phosphotransferase
(HPT) cassette by overlapping PCR. The final PCR products were
transformed into the protoplasts of Guy1190. The transformants were
identified by PCR (primers: PARP1-OF + PARP1-OR) or UAH (Primers:
PARP1-UA +HPH-850) (Supplementary Table 1) and confirmed by
Southern blot (Supplementary Fig. 1c). Similar approaches were used
to generate other knock-out mutants (Δgrf1 and Δgrf2) (Supplemen-
tary Fig. 6a, b).

For Δparp1 complementation, the native promoter-driven full-
length PARP1 CDS (without the stop codon) was amplified with the
primer pair PARP1-GFP-F/R (Supplementary Table 1) and cloned into
the pCX62 vector to generate the pCX62-PARP1-GFP vector. The
plasmid was transformed into the protoplast of the PARP1 deletion
mutant to generate the PARP1 complementation strains. The trans-
formants were examined for the GFP signals.

To construct the GRF1 PARylation site mutant strains, the native
promoter-driven full-length CDS or mutant CDS (without the stop
codon) was cloned into the pKNT-GFP vector. The sequence of
GRF1m1-23 was directly synthesized by Tsingke company; the GRF1m1-11

and GRF1m12-23 were amplified by two fragments with the template of
GRF1 and GRF1m1-23, respectively. The single, dyad, or triad mutant
sequences were produced by introducing mutation sites in primers.
The primers are listed in Supplementary Table 1. The plasmid was
transformed into the protoplast of the Δgrf1 mutant to generate the
complementation strains.

Phenotypic characterization
For fungal growth and conidiation assays, a 6 × 6mmmyceliumplugof
M. oryzae was inoculated on CM under the conditions of 26°C, 12 h
light/12 h dark for 7 days. The colony diameter was measured after
7 days. Conidiation was observed 10 days later. The spores were
washed with 3mL water, filtered, and diluted to 5mL. The titer of
conidia was determined with a hemocytometer.

For germination and appressorium formation assays, 10-day-
old conidia were harvested from the CM medium and re-suspended
to 5 × 104 conidia/mL in sterile distilled water. A drop of 10 µL of
conidium suspension was placed on plastic coverslips (Fisher Sci-
entific Co., Pittsburgh, PA, USA) and incubated in amoist chamber at
26°C. Conidial germination and appressorium formation were
examined at 0–24 h after incubation as described79. The appressor-
ium turgor pressure was assayed by incubation in 1, 2, 3, or 4M
glycerin solution for 5min91. For glycogen staining, the conidia were
stained with a KI solution (60mg/mL of KI and 10mg/mL of I2 in
distilled water)91,92. For lipid staining, the conidia were stained with
10 µg/mL Nile red91,92.

Toobserve conidiophore,mycelia plugofwild type and allmutant
strains were cultured on the rice bran medium (RBM: 40 g/L rice bran,
adjusted to pH 6.0–6.5 with NaOH, 20 g/L agar). Furthermore, the
vegetative hyphae of indicated strains were scraped off at 10 dpi.
Media were cut into blocks and put on the micro-slides. Strains were
incubated at 26°C under light and humid conditions. Conidiophore
formation was observed at 24 h and 48 h.

Plant infection and penetration assays
For plant infection assays, freshly harvested conidia were re-
suspended to a concentration of 5 × 104 conidia/mL in 0.02% v/v
tween-20 as described91. Seedlings of three-week-old rice cultivar
CO39 or ten-day-old barley cultivar Golden Promise were used for
infection assays93. Droplets of 10 µL of the conidial suspension were
placed on the intact or injured barley leaves. The inoculated leaves
were kept in the dark and moist chamber for 24 hours, and later
transferred into 12-h light/12-h dark growth incubator. Moreover, the
conidial suspension was also used to spray on rice seedlings. The
inoculated leaves were kept in the dark condition with high humidity
(>90%) for 30 hours, following 4–6 days in the 12-h light/12-h dark

Fig. 8 | A proposedmodel of regulation ofM. oryzae virulence by PARylation of
14-3-3s. In this model, the virulence ofM. oryzae is regulated by twoMAPK signaling
cascades mediated by Pmk1 and Mps1, respectively. PARylation of 14-3-3 potentially
responding to DNAdamage during S-phase checkpoint enhances 14-3-3 dimerization
and interaction with Pmk1 and Mps1, then subsequently promotes virulence func-
tionsmediated by Pmk1 andMps1. The key virulence triggers, including plant surface
signal and DNA damage, and the signaling components, including PARP1 and 14-3-3,
are indicated. The images were drawn by Figdraw (http://www.figdraw.com).
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growth incubator. The disease symptom was recorded, and photo-
graphs were taken after 5–7 days as described91.

For penetration assays, conidia suspension was infiltrated into 4-
week-old rice leaf sheaths or 1-week-old barley leaves and kept under
dark and humid conditions. The invasive hyphae efficiencies were
observed at 24–48 hpi under a light microscope as described79,91.

PARylation assays in vivo and in vitro
For in vivo PARylation assay, GRF1, GRF1 mutants, or GRF2 were fused
with GFP under native promoter in the pKNT vector and transformed
into the wild-type strain Guy11. The expression of GRF1-GFP or GRF2-
GFP was confirmed by western blot with an α-GFP antibody (Abmart,
Cat#M20004M, 1:2000). The proteins were extracted by the IP buffer
(50mM Tris-Cl, pH 7.4, 75mM NaCl, 5mM EDTA, 10% glycerol, 0.5%
Triton X-100, 1× protease inhibitor cocktail, 1× phosphatase inhibitor
cocktail), and the GFP-tagged proteins were immunoprecipitated with
α-GFP-affinity beads (Smart-life sciences, Cat#SM038001) by incuba-
tion at 4°C for 2 h with gentle shaking. After washing three times each
with 500 µL of wash buffer (50mMTris-HCl, pH 7.4, 75mMNaCl, 5mM
EDTA, 10% glycerol, 0.5% Triton X-100), the GRF1 and GRF2 proteins
were separated in 10%SDS–PAGE forwestern blot to detect PARylation
withα-PAR antibody (Cell Signaling Technology, Cat#83732 s, 1:2000).

The in vitro PARylation assay was performed as previously
described94. In brief,MBP-PARP1-HA, 6×His-GRF1, 6×His-GRF1mutants,
or 6×His-GRF2 recombinant proteins were purified from the E. coli
strain BL21. 1μg of the purified 6×His-GRF1, 6×His-GRF1 mutants, or
6×His-GRF2 were incubated with 100 ng MBP-PARP1-HA, then incu-
bated in 20μL of PAR reaction buffer [50mM Tris-HCl, pH 8.0, 50mM
NaCl, 10mM MgCl2, and 200μg/mL activated DNA (Clontech,
Cat#630440)] with or without 2 μM NAD+ at room temperature for
30min with gentle shaking. The reaction was stopped by adding SDS
loading buffer, and the PARylated proteins were detected by an
immunoblot using α-PAR antibody.

Identification of GRF1 PARylation sites by mass spectrometry
The PARylation sites were identified by mass spectrometry as pre-
viously reported94,95. Briefly, 1μg of the purified 6×His-GRF1 protein
was incubated with 100ng MBP-PARP1-HA in the PARylation reaction
buffer at room temperature for 1 h. Then, 1M of NH2OH was added to
the reactions overnight. This treatment left on the PARylated residues
a hydroxamic acid moiety, which has a signature mass increase of
+15.0109Da and could be detected by mass spectrometry. The pro-
teins were separated in 10% SDS–PAGE by electrophoresis and stained
with Coomassie blue. The gel slices containing unmodified and mod-
ified 6×His-GRF1 were subject to mass spectrometry analysis in PTM-
biolab.

Large-scale conidial germination and appressorial
collection assays
Conidia were harvested from 12-day-old culture grown on rice bran
medium using 10mL sterile distilled water. The conidial suspension
was filtered through sterile Miracloth (Calbiochem, Cat#475855-1 R)
and fractionated by centrifugation at 4500× g for 5min at room
temperature. The pellet of conidia was re-suspended in 20mL sterile
distilled water and the spore concentration were diluted to a final
concentration of 2 × 105 conidia mL−1 using a hemocytometer
(ImprovedNeubauer). Conidial suspensions were dropped into square
petri plates (13 cm× 13 cm× 1.5 cm) (Chuangxin, China) and incubated
in a moist chamber at 26°C. Appressorium formation was examined at
20 hpi under a light invertedmicroscope to ensure homogeneous and
synchronized infection structure formation. Sampleswere collected as
indicated by scraping the surface of the petri plates with a soft brush.
Harvested samples were centrifugated at 4500× g for 10min at room
temperature then the pellet was immediately frozen in liquid nitrogen

and stored at −80°C for subsequent protein extraction. About 1 × 107

conidia for a pair of Co-IP.

Co-immunoprecipitation assay
For all Co-IP assay involved in this study, total proteins were isolated
with lysis buffer (50mMTris-HCl, pH7.4, 75mMNaCl, 5mMEDTA, 10%
glycerol, 0.5% Triton X-100, 1×protease inhibitor cocktail, 1×phospha-
tase inhibitor cocktail) and incubated with the GFP beads (Smart-life
sciences, Cat#SM038001) at 4°C for 3 h. The immuno-precipitates
were washed four times with washing buffer (50mM Tris-HCl, pH 7.4,
75mM NaCl, 5mM EDTA, 10% glycerol, 0.17% Triton X-100) before
separation by SDS–PAGE and detection with respective antibodies.

For western blot, the following antibodies were used: α-Actin
(Huabio, Cat#EM21002, 1:2000), α-β-tubulin (Abmart, Cat#M20005,
1:2000), α-FLAG (Sigma, Cat#A8592, 1:2000), α-HA (Roche,
Cat#12013819001, 1:2000), α-His (Lablead, Cat#H1004, 1:2000), α-
GST (Abmart, Cat#M20007M, 1:2000), α-MBP (Lablead, Cat#M1001,
1:2000), α-pTEpY (Cell signaling Technology, Cat#9101, 1:2000), α-
GFP (Abmart, Cat#M20004M, 1:2000), α-PAR antibody (Cell Signaling
Technology, Cat#83732s, 1:2000), goat α-mouse HRP (Lablead,
Cat#S0100, 1:8000), goat α-rabbit HRP (Lablead, Cat#S0101, 1:8000).

Mass spectrometry
To identify PARylated and PAR-binding proteins in M. oryzae, mycelia
or appressoria collected were ground to a fine powder in liquid
nitrogen. Total proteins were extracted with co-IP buffer and pull-
down with the GST-PBZ, GST-PARP1-PAR, or GST-TNK-PAR resin. The
pull-down products were separated in 10% SDS–PAGE for a short run,
and the proteins in the gel slice were reduced, alkylated, and digested
by trypsin. The trypsin-digested peptides were desalted, lyophilized,
and dissolved in 0.1% formic acid.

LC-MS/MS analysis of peptide mixtures was performed on Easy
nLC system coupled with the Q-Exactive mass spectrometer (Thermo
Scientific). Briefly, the Peptides were loaded in 95% solvent A (0.1%
formic acid) on a two-column set-up consisting of a trap column
(Thermo Scientific Acclaim PepMap100, 100μm×2 cm, nanoViper
C18) and an analytical column (Thermo scientific EASY column, 15 cm,
ID150 μm, 3 μm, C18). A gradient of solvent B (84% acetonitrile and
0.1% formic acid) was applied at a flow rate of 300nL/min. Eluted
peptides were analyzed using Q-Exactive mass spectrometer operated
in positive ion mode. Full scan MS spectra (m/z 300–1800) were
acquiredwith a resolution of 70,000 at 100m/z. Up to 20most intense
ions were selected for higher-energy collisional dissociation frag-
mentation.MS/MS fragment spectrawere acquiredwith a resolutionof
17,500 at 100m/z.

The MS raw data were analyzed with Mascot2.2/maxquant1.6.14/
Proteome Discoverer 2.5 software for protein identification and
quantitation. Thedatabases searchedwereNCBI_Pyricularia oryzae 70-
15_28170_20240409 and uniprotkb_Pyricularia oryzae_13387_2024_
04_09. ForMaxQuant search parameters, Oxidation (M)was set as the
dynamical modifications; Carbamidomethyl (C) was set as fixed mod-
ifications; up to 2 Max Missed Cleavages were allowed.

Pull-down assay
For PARP1 interaction with GRF1 or GRF2, the PARP1 CDS was cloned
into pMAL-C2X (with a MBP and HA tag), and the GRF1 and GRF2 CDS
were cloned into pET28a or pCold-TF (with a 6×His tag). Proteins
expressed in BL21 (DE3) were purified using Ni-IDA resin (Smart-life
Sciences, Cat#SA003005) and Dextrin Beads (Smart-life Sciences,
Cat#SA077005). For MBP pull-down, 6×His-GRF1 or 6×His-GRF2 was
incubated with the MBP or MBP-PARP1 resin in pull-down buffer
(10mMHEPES, pH 7.5, 100mMNaCl, 1mM EDTA, 10% v/v glycerol, 1%
v/v Triton X-100) for 2 h at 4°C with gentle shaking. Input and pull-
down were separated in 10% SDS–PAGE and detected by
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immunoblotting with α-His (Lablead, Cat#H1004, 1:2000) and α-MBP
(Lablead, Cat#M1001, 1:2000) antibody.

Bimolecular fluorescence complementation assay
The PARP1-nYFP were co-expressed with the GRF1-cYFP or GRF2-cYFP
or the cYFP empty vector in N. benthamiana by Agrobacterium-
mediated transient assay. 48 hours later, the YFP fluorescence was
detected by confocal microscopy.

Detection of Pmk1 and Mps1 phosphorylation in M. oryzae
Total proteins were isolated from vegetative hyphae with protein
extraction buffer (50mM Tris-HCl, pH 7.5, 5mM EDTA, 5mM EGTA,
2mM DTT, 10mM β-glycerophosphate, 10mM Na3VO4, 10mM
NaF, 1 mM PMSF, 1×protease inhibitor cocktail) as described96.
The activation of Mps1 or Pmk1 MAP kinases was detected with
the monoclonal α-pTEpY (Cell signaling Technology, Cat#9101,
1:2000). An α-β-tubulin antibody (Abmart, Cat#M20005, 1:2000)
or α-Actin (Huabio, Cat#EM21002, 1:2000) was used to examine
loading.

In vitro kinase assay and detection of pmk1 phosphorylation
For in vitro kinase assays, 200 ng His-Pmk1-FLAGwas incubated with 1,
2, 4, 8, or 16μg His-GRF1-FLAG in 20μL kinase buffer (25mM Tris,
pH 7.5, 10mMMnCl2, 1mM EGTA, 1mMDTT, 1mMATP) for 60min at
30°C. The reaction was stopped by boiling in the SDS loading buffer.
The phosphorylation state of Pmk1 was detected by immunoblotting
using α-pTEpY antibody.

Gel-Filtration chromatography
For size-exclusion chromatography, the Enrich SEC 650 10×300 col-
umn with a bed volume of 24mL was used on the NGC Chromato-
graphy system. The batch-purified recombinant proteins with Ni-NTA
resins were centrifuged at 10,000× g for 10min at 4°C, and 300μL of
the cleared supernatant was loaded onto the column. The 1×PBS buffer
was used as gel-filtration buffer: 2mM KH2PO4, 8mM Na2HPO4,
136mM NaCl, 2.6mM KCl, pH 7.2–7.4. The flow rate was set as
0.5mL/min.

Statistics
All graphs were generated using GraphPad Prism 9.0 software. For bar
plots, data are represented as means ± standard deviation (s.d.) with
datapoints shown as dots; Boxplots show the maxima, minima, inter-
quartile range, and median. Statistical significance was determined by
Student’s t test, one-way ANOVA, or two-way ANOVA followed by
Tukey post hoc tests. Details of statistical analyses including n values
and significance levels (p values) were provided in the figures, figure
legends or source data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomex
change.org) via the iProX partner repository97,98 with the dataset
identifier PXD047891 and PXD053552. Source data are provided with
this paper.
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