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ABSTRACT Rice blast disease caused by Magnaporthe oryzae is a serious threat to
global grain yield and food security. Cti6 is a nuclear protein containing a plant
homeodomain (PHD) that is involved in transcriptional regulation in Saccharomyces
cerevisiae. The biological function of its homologous protein in M. oryzae has been
elusive. Here, we report Clp1 with a PHD domain in M. oryzae, a homologous protein
of the yeast Cti6. Clp1 was mainly located in the nucleus and partly in the vesicles.
Clp1 colocalized and interacted with the autophagy-related proteins Atg5, Atg7,
Atg16, Atg24, and Atg28 at preautophagosomal structures (PAS) and autophago-
somes, and the loss of Clp1 increased the fungal background autophagy level. Dclp1
displayed reduced hyphal growth and hyperbranching, abnormal fungal morphology
(including colony, spore, and appressorium), hindered appressorial glycogen metabo-
lism and turgor production, weakened plant infection, and decreased virulence. The
PHD is indispensable for the function of Clp1. Therefore, this study revealed that
Clp1 regulates development and pathogenicity by maintaining autophagy homeosta-
sis and affecting gene transcription in M. oryzae.

IMPORTANCE The fungal pathogen Magnaporthe oryzae causes serious diseases of
grasses such as rice and wheat. Autophagy plays an indispensable role in the patho-
genic process of M. oryzae. Here, we report a Cti6-like protein, Clp1, that is involved
in fungal development and infection of plants through controlling autophagy home-
ostasis in the cytoplasm and gene transcription in the nucleus in M. oryzae. This
study will help us to understand an elaborated molecular mechanism of autophagy,
gene transcription, and virulence in the rice blast fungus.
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The rice blast pathogen Magnaporthe oryzae (synonym, Pyricularia oryzae) is a fila-
mentous ascomycete fungus that infects plants via a specialized infection cell

called the appressorium (1). After an asexual spore attaches onto the rice leaf surface,
it germinates and forms an incipient appressorium from a germ tube as a response to
environmental signals (2, 3). During appressorium maturation, the appressorial cell
wall is melanized (4), nutrient stores, including glycogen and lipids, are transferred
from conidial cells into an appressorial cell, and glycerol accumulates in the appresso-
rium, which is required for the generation of huge turgor pressure (5). M. oryzae utilizes
appressorial turgor of up to 8.0 megapascal (MPa) to rupture the rice cell cuticle and
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form a penetration peg. Subsequently, the penetration peg differentiates into infec-
tious hyphae, which expand and cause disease lesions (6–8).

Autophagy is a highly conserved protective mechanism that occurs under starvation or
environmental stress in eukaryotic organisms (9, 10). Upon autophagy induction, cytosolic
organelles and proteins are sequestered within autophagosomes with double-layered
membranes and are delivered to vacuoles or lysosomes for degradation (11, 12). As exces-
sive or limited autophagy is adverse for cell function and survival, the regulation of
autophagy homeostasis is necessary (13, 14). In M. oryzae, previous studies have shown
that autophagy-related (ATG) genes play crucial roles in growth, conidiation, appressorium
formation, and virulence (15–17). Autophagy is regulated by various pathways, including
signaling, metabolism, and posttranslational modification. The target of rapamycin (TOR)
signaling pathway is essential for cell growth and autophagy regulation (18, 19). A StAR-
related lipid transfer (VASt) domain-containing protein, Vast1, negatively regulates autoph-
agy by promoting TOR kinase activity (20). Opy2, an Mst50 interactor, is involved in the
Osm1 mitogen-activated protein kinase (MAPK) and Mps1 MAPK pathways and nega-
tively regulates autophagy (21). Autophagy is linked to CWI signaling in response to
endoplasmic reticulum (ER) stress (22). Posttranslational modification and transcriptional
regulation are also important ways to maintain autophagy homeostasis (23–26). In mu-
rine cells, Gadd45b-MEKK4-mediated p38 activation phosphorylates Atg5 at Thr75 to in-
hibit autophagosome maturation under starvation-induced autophagy (27). In human
cells, the transcription factor FoxO1 shuttles between the nucleus and cytoplasm, and
acetylated cytosolic FoxO1 binds to Atg7 to induce the autophagic process under stress
(28). InM. oryzae, a histone acetyltransferase, MoHat1, acetylates MoAtg3 and MoAtg9 to
regulate appressorium development and autophagy (29).

Cti6 (Cyc8-Tup1 interacting protein 6) is a nuclear protein containing a conserved
plant homeodomain (PHD) in yeast (30, 31). In humans, the PHD of Cti6 contains a Zn
finger motif of the (Cys)4-His-(Cys)2 type and is involved in transcriptional regulation
(32, 33). In Saccharomyces cerevisiae, Cti6 directly interacts with Cyc8 of the Cyc8-Tup1
corepressor complex and cooperates with the SAGA (Spt-Ada-Gcn5-acetyltransferase)
complex to relieve Cyc8-Tup1-mediated transcriptional inhibition (30). Furthermore,
Cti6 is associated with the Rpd3-Sin3 histone deacetylase (HDAC) complex and regu-
lates the growth of S. cerevisiae under iron-limiting conditions and the regulation of
telomeric silencing (31). In the filamentous fungus Trichoderma reesei, Clp1, a Cti6-like
protein, is involved in the regulation of cellulase gene expression and sporulation (34).
In another filamentous fungus, Aspergillus flavus, deletion of the CTI6 or PHD of CTI6
resulted in alterations in mycelial morphology, slowed growth, and reduced sporula-
tion and decreased the biosynthesis of aflatoxin B1 (AFB1) (35).

Although the functions of Cti6 have been studied in yeast and other organisms, its
biological role in M. oryzae, especially in autophagy, has not been determined. In this
study, we identified and characterized the roles of CLP1 by knocking it out in M. oryzae.
Clp1 is mainly localized in the nucleus and partly in preautophagosomal structures (PAS)
and autophagosomes around the nucleus and participates in hyphal branching and
growth, conidiation, appressorium formation, and virulence. Importantly, Clp1 affects the
background autophagy level by interacting with Atg5, Atg7, Atg16, Atg24, and Atg28 in
PAS and autophagosomes around the nucleus of M. oryzae.

RESULTS
Clp1, a Cti6-like protein inM. oryzae, has different functions than Cti6 in yeast.

In S. cerevisiae, Cti6 is a transcriptional repressor that contains a plant homeodomain
(PHD) (31, 32). We identified a Cti6-like protein (MGG_02535/GenBank accession no.
XP_003721271) in M. oryzae by BLASTP in NCBI (https://blast.ncbi.nlm.nih.gov/).
MGG_02535 contained a PHD protein homologous to Cti6 of yeast with 47.83%
sequence identity, homologous to Clp1 of Trichoderma reesei with 50.23% identity, and
homologous to Cti6 of A. flavus with 43.27% identity (see Fig. S1 in the supplemental
material). Here, MGG_02535 was named Cti6-like protein Clp1 in M. oryzae. To reveal
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the biological function of Clp1 in M. oryzae, we knocked out CLP1 in the wild-type
strain 70-15 using a previously reported DNA homologous recombination method (36,
37) (Fig. S2; Table S1) and assayed the mutant phenotype of Dclp1.

Cti6 in yeast is a nuclear protein that interacts directly with Rpd3 and Sin3 of the
histone deacetylase complex and Cyc8 of the cyc8-tup1 corepressor complex (30, 31).
To characterize the cellular localization of Clp1 in M. oryzae, we constructed a Clp1-GFP
fusion protein-expressing vector and an H2B-mCherry fusion protein-expressing vector
and cotransformed them into Dclp1. Under confocal fluorescence microscopy, we
observed the colocalization of Clp1-GFP and H2B-mCherry at spores, appressoria, and
hyphae. In hyphae, conidia, and appressoria, Clp1-GFP was mainly localized in the nu-
cleus and overlapped with H2B-mCherry. Some Clp1-GFP signals appeared in the cyto-
plasm, displaying a dotted pattern around the nucleus (Fig. 1A). We then tested the

FIG 1 Subcellular localization of Clp1; Clp1 binds with PtdIns(3)P and PtdIns(5)P in M. oryzae. (A) Clp1-GFP and
H2B-mCherry were coexpressed in Dclp1. Appressoria were induced on hydrophobic borosilicate glass coverslips
at 22°C for 24 h. Hyphae were formed by culturing spores in liquid CM at 25°C for 24 h. Bar = 5 mm. (B) Clp1
binds with PtdIns(3)P and PtdIns(5)P. For the protein lipid overlay assay, purified Cti6-GST protein and PIP Strips
were coincubated overnight at 4°C. The binding proteins were detected by Western blotting with an anti-GST
antibody. Purified GST was used as a negative control. LPA, lysophosphatidic acid; LPC, lysophosphocholine;
PtdIns, phosphatidylinositol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine-1-phosphate;
PA, phosphatidic acid; PS, phosphatidylserine.
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interactions between Clp1 and Cyc8 and Rpd3 and Sin3 in M. oryzae using a yeast two-
hybrid assay (Y2H). The Y2H results showed that Clp1 did not interact with Cyc8, Rpd3,
or Sin3 in M. oryzae (Fig. S3). In yeast, Cti6 mediates the assembly of the Cti6-Cyc8-Tup1
coactivator complex by binding with endosomal phosphatidylinositol 3,5-phosphate
[PI(3,5)P2] (38). In M. oryzae, the protein lipid overlay assay showed that the purified
Clp1-glutathione transferase (GST) significantly did not bind with PI(3,5)P2 but bound
with phosphatidylinositol-3-phosphate (PI3P) and phosphatidylinositol-5-phosphate
(PI5P) in vitro (Fig. 1B).

Clp1 is involved in mycelial growth, conidiation, and conidial and appressorial
morphology in M. oryzae. The Dclp1 mutant grew slower on complete medium (CM),
and its colonies were blacker and had denser hyphae than the wild type (Fig. 2A and
B). When we observed hyphal branching, the number of hyphal branches per unit
length in Dclp1 was greater than that in the wild type, displaying a hyperbranching
phenotype (Fig. 2C and D). We stained hyphal cell walls with calcofluor white (CFW)
and measured the lengths of the hyphal cells. The length of hyphal cells in Dclp1 was
significantly shorter than that in the wild type (Fig. 2C and E). Relative to the wild type,
Dclp1 produced more conidia per unit colony area (Fig. 3A). The conidial germination
rate and the appressorium formation rate of Dclp1 were comparable with those of the
wild type (Fig. S4A and B). However, the conidial length was shorter and the appresso-
rial area was smaller in Dclp1 than in the wild type and the complemented strain clp1c
(Fig. 3B to D).

FIG 2 Mycelial growth and hyphal hyperbranching of Dclp1. (A) The wild-type, Dclp1, and complemented strain clp1c
were cultured on CM for 7 days. Bar = 1 cm. (B) The mycelial diameters (cm) of the wild type, Dclp1, and clp1c when
cultured on CM for 7 days. (C) Hyphal branching of the wild type, Dclp1, and clp1c. The spores were cultured in CM on
a glass slide for 3 days, and the hyphal cell walls were stained with CFW. Bar = 10 mm. (D) The number of branches
was counted in a section of 0.5-mm long hyphae starting from the apex. (E) The length of hyphal cells was measured
with NIS-Elements D 3.2 software. Asterisks indicate statistically significant differences between Dclp1 and the wild type
(****, P , 0.0001).
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The rice blast fungus penetrated the plant cuticle via the mechanical force gener-
ated by appressorial turgor. We evaluated the appressorial turgor of Dclp1 using the in-
cipient collapse assay (6, 39). Upon immersion in a series of concentrations of glycerol
solution (0.5 M to 3.0 M), the Dclp1 mutant had a higher rate of collapsed appressoria
(Fig. 3E), suggesting that the appressorial turgor of Dclp1 was reduced. As glycogen
and lipids are two carbon sources that are metabolized to generate appressorial turgor
(5, 40), we assayed the contents of glycogen granules and lipid droplets in appressoria
by staining with iodine potassium iodide solution (I2/KI) for glycogen granules or
BODIPY (boron pyrromethene dye) for lipid droplets. The results showed that during
the appressorium development of Dclp1, the translocation of glycogen granules from
conidial cells to appressorial cells was normal at 8 hpi, while the degradation of

FIG 3 Conidiation and appressorium formation of Dclp1. (A) The conidiation of the wild type, Dclp1,
and clp1c. (B) The morphology of spores (0 hpi) and appressoria (24 hpi). Bars = 5 mm. (C) The length
of spores was measured by NIS-Elements D 3.2 software. (D) The area of appressoria at 24 hpi. (E)
The cytorrhysis analysis of appressoria under a series of concentrations of glycerol (0.5 M to 3 M). (F
and G) Observation and quantification of intracellular glycogen storage and degradation in
appressoria at 8, 24, and 48 hpi. Bar = 5 mm. Asterisks indicate statistically significant differences
between the wild type and Dclp1 (*, P , 0.05; **, P , 0.01; ****, P , 0.0001).
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glycogen in appressorial cells was hindered (Fig. 3F and G). At 24 hpi, 74.97% of
appressoria contained glycogen granules in Dclp1, while 29.63% of appressoria con-
tained glycogen granules in the wild type, and at 48 hpi, 74.04% of the Dclp1 appresso-
ria were still filled with glycogen granules (Fig. 3F and G). The translocation and degra-
dation of lipid droplets during appressorium formation of Dclp1 were comparable with
those of the wild type (Fig. S4C).

In M. oryzae, some known genes are involved in fungal conidiation (PIG1, RSY1,
ALB1, and BUF1 [41, 42], MSTU1 [43], CNF1, GTA1, GCC1 [36], COS1 [44], HOX2 [45], and
FLBC, CONX2, and CON7 [46]), growth (SPF1 [47], HAC1 [48], KAR2 [49], MBF1 [50], and
REI1 and CREA [46]), and hyperbranching phenotype (TEA1 [51], ARF6 [52], SPA2 [53],
and GEL2, GEL3, and GEL4 [54]). We quantified the expression levels of these genes in
the sporulating mycelia of Dclp1. Relative to the wild type, three transcription factor
genes (CNF1, HOX2, and CON7) were significantly downregulated in Dclp1, while three
melanin synthesis-related genes (PIG1, RSY1, and ALB1), a transcription factor gene
(CREA), and four other genes (KAR2, MBF1, ARF6, and SPA2) were significantly upregu-
lated in Dclp1 (Fig. 4A).

We further measured and analyzed the gene expression profiles of the aerial myce-
lia in Dclp1 and the wild-type strain using RNA sequencing (RNA-seq). Relative to the
wild type, there were 2,501 differentially expressed genes (DEGs) (jlog2 fold changej .
1, P , 0.05) in the aerial mycelia of Dclp1, of which 1,323 genes were upregulated and
1,178 genes were downregulated (Table S2). The number of DEGs in Dclp1 accounted
for 19.50% of the 12,825 total genes in the M. oryzae (70-15) genome. The Gene
Ontology (GO) enrichment analysis of DEGs showed that enriched terms or GO IDs
(P , 0.01) in the aerial mycelia of Dclp1 were “GO:0055114/oxidation-reduction pro-
cess,” “GO:0055085/transmembrane transport,” and “GO:0009308/amine metabolic
process” in the biological_process (BP) category; “GO:0016491/oxidoreductase activ-
ity,” “GO:0031177/phosphopantetheine binding,” “GO:0072341/modified amino acid
binding,” “GO:0022857/transmembrane transporter activity,” “GO:0004497/monooxygenase
activity,” “GO:0048037/cofactor binding,” “GO:0033218/amide binding,” and “GO:0005215/
transporter activity” in the molecular_function (MF) category; and “GO:0005576/extracellular
region,” “GO:0016021/integral component of membrane,” “GO:0031224/intrinsic component
of membrane,” and “GO:0101031/chaperone complex” in the cellular_component (CC) cat-
egory (Fig. 4B). These enriched GO terms suggested that differentially expressed genes in
Dclp1 are involved in membrane, oxidation-reduction, and amine metabolism.

Clp1 is required for full virulence in M. oryzae. We assayed the functions of CLP1
in the pathogenicity of rice and barley in M. oryzae. After spores (5 � 104 conidia/
mL21) were sprayed on rice leaves, Dclp1 caused fewer lesions than the wild type, and
its lesions expanded more slowly (Fig. 5A). The proportion of lesion areas caused by
Dclp1 was 23.07%, while it was 51.03% in the wild type (Fig. 5B). Meanwhile, when
mycelial plugs were inoculated onto leaf explants of barley, Dclp1 caused weaker
lesions than the wild type (Fig. 5C). The appressorial penetration and invasive growth
of Dclp1 were determined by drop-inoculating the spore suspension (1 � 105 conidia/
mL21) onto barley leaves and culturing for 24 to 48 h in a moisture chamber. The
results showed that appressorial penetration was delayed and invasive growth was
slowed in Dclp1 (Fig. 5D and E). At 24 hpi, appressoria of Dclp1 formed fewer penetra-
tion pegs, and its penetration rate was 0.62%, while the wild type had formed many
nascent infective hyphae, and its penetration rate was 28.20%. At 48 hpi, the penetra-
tion rate of the wild type reached 76.41%, and their invasive hyphae had expanded
into 2 to 3 neighboring cells, while Dclp1 had a 33.17% penetration rate, and most of
the invasive hyphae were limited to the first cell (Fig. 5D and E).

Effectors play important roles in M. oryzae successfully infecting plants and inhibi-
ting the innate immunity of plants (55). To further explore whether the reduced viru-
lence of Dclp1 was related to defects in effector secretion, we observed the localization
of two effectors, apoplastic effector Bas4 and cytoplasmic effector Pwl2, in the wild
type and Dclp1 during infection. The results showed that deletion of CLP1 did not
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affect the secretion of either Bas4 or Pwl2 (Fig. 5F). When inoculating spores on rice
sheaths for 32 h, Dclp1 and the wild type showed similar localization patterns of Bas4
and Pwl2. The Bas4-mCherry fusion protein was localized in the periphery of invasive
hyphae named extrainvasive hyphal membrane (EIHM) structures, and the Pwl2-GFP
fusion protein accumulated in biotrophic interfacial complex (BIC) structures (Fig. 5F).

Clp1 is involved in the regulation of autophagy in M. oryzae. In M. oryzae,
autophagy is essential for appressorium turgor, glycogen degradation, and plant infec-
tion (15, 16, 56). As Dclp1 displayed reduced appressorium turgor, delayed glycogen
degradation, and decreased virulence (Fig. 3E and F, Fig. 5A to E), we tested whether
Clp1 regulates autophagy by monitoring the degradation of GFP-Atg8, a marker pro-
tein of autophagosome formation (17), in Dclp1. The mycelia of the wild type and
Dclp1 expressing green fluorescent protein (GFP)-Atg8 were cultured in SD-N medium
(nitrogen starvation) for 0 h, 4 h, and 8 h. Western blot analysis showed that Dclp1 had
higher background autophagy activity than the wild type (Fig. 6A). When hyphae grew

FIG 4 Relative expression levels of genes in Dclp1 compared with the wild type. (A) The expression levels of
conidiation-related genes (PIG1, RSY1, ALB1, BUF1, MSTU1, FLBC, CNF1, GTA1, GCC1, COS1, HOX2, CONX2, and
CON7), growth-related genes (SPF1, HAC1, KAR2, REL1, MBF1, and CREA), and hyperbranching phenotype-related
genes (TEA1, ARF6, SPA2, GEL2, GEL3, and GEL4) were quantified using qPCR in the wild type and Dclp1. 40S
and a-ACTIN were used as reference genes. Asterisks indicate statistically significant differences between the
wild type and Dclp1 (*, P , 0.05; **, P , 0.01; ***, P , 0.001). (B) Enriched GO terms in aerial mycelial
differentially expressed genes (DEGs) in Dclp1 by RNA-seq (P , 0.01).
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in liquid CM, the wild type had a very low GFP-Atg8 degradation rate (free GFP/[free
GFP 1 GFP-Atg8] = 0.05 6 0.03). However, Dclp1 had a high GFP-Atg8 degradation
rate (0.53 6 0.06), suggesting that GFP-Atg8 was quickly degraded and free GFP accu-
mulated in Dclp1. After hyphae were transferred into and cultured in SD-N liquid

FIG 5 Pathogenicity and plant penetration assays of Dclp1. (A) Rice seedlings (2 weeks old) were sprayed with
conidial suspensions (5 � 104 conidia mL21) of the wild type, Dclp1, and the complementation strain of Dclp1 (clp1c),
and disease symptoms were observed at 5 to 7 dpi (day postinoculation). (B) The quantification of the disease
severity in a 5-cm-long section of rice leaves. (C) The barley leaves in vitro were inoculated with mycelial blocks of the
wild type, Dclp1, and clp1c and photographed after 4 days at 25°C. (D) For infection observation, conidial suspensions
(1 � 105 conidia mL21) of the wild type and Dclp1 were inoculated onto barley leaves for 24 and 48 hpi at 25°C. Bar =
20 mm. (E) Penetration rates of appressoria were counted at 24 and 48 hpi. (B and E) Asterisks indicate statistically
significant differences between the wild type and Dclp1 (***, P , 0.001; ****, P , 0.0001). (F) The conidial suspensions
(1 � 105 conidia mL21) of the wild type and Dclp1 were injected into the rice leaf sheaths and incubated at 25°C, and
the localization of Bas4-mCherry and Pwl2-mCherry was photographed at 32 hpi. Bar = 10 mm.
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FIG 6 Autophagy detection and interaction assays between Clp1 and autophagy proteins. (A) Western blot analysis of GFP-Atg8 proteolysis in
the wild type and Dclp1. The mycelia were collected from CM and recultured in SD-N medium for 0 h (control), 4 h, and 8 h. Densitometric

(Continued on next page)
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medium for 4 hpi and 8 hpi, GFP-Atg8 degradation greatly increased in the wild type
but increased to a lesser degree in Dclp1 (Fig. 6A).

To determine how Clp1 affects autophagy, we examined the interactions between
Clp1 and autophagy-related proteins. Yeast two-hybrid experiments demonstrated
that Atg5, Atg7, Atg16, Atg24, and Atg28 of 22 tested Atg proteins directly interacted
with Clp1 (Fig. 6B). The pulldown experiments also confirmed these interactions
between Clp1 and Atg5, Atg7, Atg16, Atg24, and Atg28 (Fig. 6C). We further confirmed
the interaction of Clp1 with Atg5, Atg7, and Atg16 in vivo by coimmunoprecipitation
(co-IP) experiments (Fig. 6D). Subsequently, we coexpressed Atg5-DsRed, Atg7-DsRed,
Atg16-DsRed, Atg24-mCherry, or Atg28-mCherry with Clp1-GFP in Dclp1. When spore
suspensions were incubated on glass coverslips for 30 min, Atg5-DsRed, Atg7-DsRed,
Atg16-DsRed, Atg24-mCherry, and Atg28-mCherry were colocalized with Clp1-GFP in
small vesicles of the cytoplasm around the nucleus (Fig. 7A). To characterize these
small vesicles, we colocalized Clp1-GFP and Atg8-DsRed in germinated spores at 0.5
hpi. The results showed that Clp1 was colocalized with Atg8 in small vesicles around
the nucleus (Fig. 7B). We also stained germinated spores with CMAC (7-amino-4-chloro-
methylcoumarin), a fluorescent dye that monitors vacuoles, and found that CMAC-labeled
large vacuoles colocalized with Atg5-DsRed, Atg7-DsRed, and Atg16-DsRed, whereas Atg5-
DeRed, Atg7-DsRed, and Atg16-DsRed-labeled small vesicles were not stained by CMAC
(Fig. S5), indicating that these small vesicles are not vacuoles. Atg8 is a mark of autophago-
somes and their precursor structures (PAS and isolation membranes) (57). Therefore, the
vesicles where Atg5, Atg7, Atg16, Atg24, and Atg28 colocalized with Clp1 are PAS and
autophagosomes.

We observed changes of colocalization between Atg5, Atg7, Atg16, and Clp1 during
spore germination and appressorium formation at 2 to 4 hpi. At 2 hpi, Clp1-GFP was
localized in the vesicles (PAS or autophagosomes) marked by Atg5-DsRed, Atg7-DeRed,
or Atg16-DsRed in spore cells, germ tubes, and expanding incipient appressoria. At 3
hpi, Clp1-GFP also colocalized with Atg5-DsRed, Atg7-dsRed, or Atg16-DsRed in the small
vesicles of spore cells, germ tubes, and expanding incipient appressoria. However, at 4
hpi, Clp1-GFP was no longer clearly localized in vesicles labeled by Atg5-DsRed, Atg7-
DsRed, or Atg16-DsRed (Fig. 7C). These results suggested that Clp1 was strongly involved
in autophagy at the early stages of spore germination and appressorium formation.

The PHD is vital for the function of Clp1. BLAST conserved domain (CD) search
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and InterPro search (https://
www.ebi.ac.uk/interpro/) with Clp1 revealed that Clp1 had a PHD sequence between
amino acids (aa) 110 and 189 and a ubiquitin-interacting motif (UIM) domain between
aa 264 and 283 (Fig. 8A). We constructed a gene encoding a mutated Clp1 protein in
which the PHD was deleted, transformed it into Dclp1, and obtained the clp1DPHD mu-
tant (Fig. S6). The colonial morphology, mycelial growth, and virulence of clp1DPHD

were comparable with those of Dclp1 (Fig. 8B to D), indicating that the PHD of Clp1
plays a vital role in the biological functions of Clp1 in M. oryzae.

Clp1 responds to oxidative and osmotic stress. We measured the growth of the
wild type, Dclp1, and clp1c on stress media containing oxidative stress factors (hydro-
gen peroxide or paraquat), cell wall stress factors (CFW or sodium dodecyl sulfate
[SDS]), and osmotic stress factors (NaCl, KCl, or sorbitol) (Fig. 9). Dclp1 exhibited
higher relative growth rates when exposed to hydrogen peroxide (H2O2) and para-
quat than the wild type. The relative growth rates of Dclp1 on CFW and SDS were
comparable to those of the wild type. However, the relative growth rates of Dclp1 on

FIG 6 Legend (Continued)
analysis was performed with ImageJ software. The degradation rates were calculated with the formula GFP/(GFP 1 GFP-Atg8). The mean 6 SD
was calculated from three replicates of Western blotting. (B) Yeast two-hybrid assays were used to verify the interactions between Clp1 and
Atg5, Atg7, Atg16, Atg24, and Atg28. (C) The interactions between Clp1 and Atg5, Atg7, Atg16, Atg24, and Atg28 were confirmed by pulldown
assays. The molecular weights of the fusion proteins were 99.26 kDa (Clp1-GST), 36.64 kDa (Atg5-3 � FLAG), 82.19 kDa (Atg7-3 � FLAG),
25.47 kDa (Atg16-3 � FLAG), 58.16 kDa (Atg24-3 � FLAG), and 73.64 kDa (Atg28-3 � FLAG). (D) The interactions between Clp1 and Atg5, Atg7,
or Atg16 were confirmed by co-IP assays. The molecular weights of the fusion proteins were 99.18 kDa (Clp1-GFP), 36.64 kDa (Atg5-3 � FLAG),
82.19 kDa (Atg7-3 � FLAG), and 25.47 kDa (Atg16-3 � FLAG).
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FIG 7 Colocalization assays between Clp1 and autophagy proteins in germinated spores and incipient appressoria. (A) The colocalization of
Clp1-GFP with Atg5-DsRed, Atg7-DsRed, Atg16-DsRed, Atg24-mCherry, and Atg28-mCherry was observed after spores were incubated on

(Continued on next page)
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the three osmotic stress media were lower than those of the wild type (Fig. 9). These
results indicated that Dclp1 is resistant to oxidative stresses but is sensitive to os-
motic stresses.

DISCUSSION

Magnaporthe oryzae is a filamentous fungus that infects rice through the appresso-
rium and causes rice blast. Several PHD proteins, as epigenetic regulators, are involved
in gene transcription in yeast, animals, and humans (58–60). In this study, we identified
a PHD protein, Clp1, in M. oryzae and found that Clp1 regulates fungal autophagy, de-
velopment, and virulence.

Clp1 is a homologous protein of Cti6, a PHD protein in yeast, with the highest
sequence identity in M. oryzae. In S. cerevisiae, Cti6 plays a role in transcriptional regu-
lation by interacting with Cyc8-Tup1 and HDAC complexes (30, 31). In M. oryzae, how-
ever, Y2H results showed that Clp1 did not directly interact with Cyc8 of the Cyc8-Tup1
corepressor complex or Rpd3 and Sin3 of the HDAC complex. In yeast, the Cti6-Cyc8-
Tup1 complex is assembled in the late endosomal/vacuolar membrane after Cti6 binds

FIG 7 Legend (Continued)
hydrophobic borosilicate glass coverslips for 30 min. Bar = 5 mm. (B) The colocalization of Clp1-GFP with Atg8-DsRed at PAS or autophagosomes
was observed after spores were incubated on hydrophobic borosilicate glass coverslips for 30 min. Bar = 5 mm. (C) The colocalization of Clp1-
GFP with Atg5-DsRed, Atg7-DsRed, and Atg16-DsRed was observed after spores were incubated on hydrophobic borosilicate glass coverslips for
2 to 4 h. Bar = 5 mm. DsRed and mCherry were pseudocolored magenta. Arrows point to the sites in which Clp1 colocalized with Atg5, Atg7,
Atg8, Atg16, Atg24, and Atg28.

FIG 8 The PHD is vital for the function of Clp1. (A) A PHD and a UIM domain in Clp1. (B) Colony formation of
the wild-type, Dclp1, clp1DPHD, and complemented strain clp1c. Bar = 1 cm. (C) The growth of the four M. oryzae
strains cultured in CM for 8 days. Asterisks indicate statistically significant differences between the wild type and
the mutants (****, P , 0.0001). (D) Virulence assay. Mycelial blocks of the four M. oryzae strains were inoculated
on barley leaves in vitro and cultured at 25°C for 4 days.
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to phosphatidylinositol 3,5-phosphate [PI(3,5)P2] and is then shuttled from the cyto-
plasm into the nucleus (38). Phosphoinositides (PtdInsPs) are lipids distributed in the
cell membrane, cytoplasm, and nucleus that regulate various cell activities (61–64). In
contrast to Cti6 in yeast, however, Clp1 did not bind to PI(3,5)P2 but bound to PtdIns
(3)P and PtdIns(5)P. Recent studies have shown that PHD fingers may function as nu-
clear receptors of PtdInsPs. For example, the nuclear protein ING2, which contains a
PHD, interacts with PtdIns(5)P in vivo to regulate the ability of ING2 to activate p53 and
p53-dependent apoptotic pathways (65). In M. oryzae, the PHD was indispensable for
the function of Clp1, which is consistent with previous reports in other filamentous
fungi (31, 34, 35). The clp1DPHD strain, in which the PHD of Clp1 was deleted, had phe-
notypes similar to those of the Dclp1 mutant. We infer that Clp1 is a PtdIns(3)P and
PtdIns(5)P receptor and plays a role in transcriptional regulation. Clp1 is distributed
not only in the nucleus but also in vesicles around the nucleus, indicating that Clp1
also shuttles between cytoplasmic vesicles and the nucleus. Therefore, the biological

FIG 9 Growth of M. oryzae strains on stress media. (A) The colonies of the wild type, Dclp1, and clp1c that were
cultured on CM containing 1 mM paraquat, 8 mM hydrogen peroxide, 0.0055% SDS, or 75 mg/mL CFW under dark
conditions and on CM containing 0.6 M NaCl, 0.6 M KCl, or 1 M sorbitol under light-dark (16 h/8 h) conditions at
25°C for 9 days. (B) The relative growth rate was determined by measuring colony diameters on stress media
against the control medium (CM). Asterisks indicate statistically significant differences between the wild type and
Dclp1 (**, P , 0.01).
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function and working mechanism of Clp1 are at least partly different from those of Cti6
in yeast.

We demonstrated that Clp1 is involved in growth, hyphal branching, conidiation, spore
and appressorium size, appressorium turgor pressure, plant penetration, virulence, and
autophagy in M. oryzae. In S. cerevisiae, Dcti6 exhibits growth defects under iron-limited
conditions (31). In T. reesei, the growth of Dclp1 is comparable to that of the wild type, but
Dclp1 has a severe defect in conidiation (34). In A. flavus, deletion of CTI6 results in attenu-
ated growth and reduced conidiation (35). In M. oryzae, the Dclp1 mutant also displayed
decreased growth but increased conidiation. An increase in melanin synthesis promotes
conidiophore differentiation and spore production in M. oryzae strain 70-15 (41, 42). Dclp1
had upregulated expression levels of two melanin synthesis genes (RSY1 and ALB1), higher
melanin content in the mycelium, and more hyphal branching, which likely led to
increased spore production per unit colony area in the mutant. InM. oryzae, Dclp1 showed
a hyperbranching phenomenon, which also appeared in mutants with defects in polarized
cell growth, such as Dtea1 (51), Darf6 (52), Dspa2 (53), and Dgel2Dgel3Dgel4 (54). However,
TEA1, ARF6, SPA2, GEL2, GEL3, and GEL4were not downregulated at the transcriptional level
in Dclp1, suggesting that a hyperbranching phenomenon is associated with defects in
polarized cell growth but has diverse molecular mechanisms inM. oryzae. M. oryzae infects
plants through an appressorium (66). Dclp1 formed a smaller appressorium that had
reduced turgor and hindered glycogen metabolism. Therefore, the decreased virulence of
Dclp1 is caused by delayed plant penetration and slowed invasive growth, and delayed
appressorial penetration is due to defects in appressorial function.

In M. oryzae, the formation of functional appressorium and fungal virulence requires
the sophisticated regulation of autophagy (15, 56, 67). M. oryzae degraded and reutil-
ized conidial storage and cellular components via autophagy and other catabolic path-
ways during appressorium formation (17). The deletion of CLP1 resulted in an increased
background autophagy level, and Clp1 interacted with Atg5, Atg7, Atg16, Atg24, and
Atg28 at PAS and autophagosomes in M. oryzae, suggesting that Clp1 regulated
autophagy by directly changing the activities of autophagy proteins. In S. cerevisiae,
Atg5, Atg7, and Atg16 are involved in the autophagosome elongation stage (68). Atg7
acts as an E1 enzyme in the ubiquitination reaction to activate the carboxyl terminus
of Atg8 (69), and the Atg5-Atg12-Atg16 complex assists in the formation of Atg8-PE
(70). Atg24 is localized to inclusion bodies and preautophagosomal structure (PAS)
sites and plays a role in the nucleation stage of autophagosome formation (71, 72).
Atg28 is a selective autophagy gene involved in pexophagy in Pichia pastoris (73). In M.
oryzae, Atg5, Atg7, and Atg16 are required for pathogenicity, and their gene-deletion
mutants lose virulence to rice, while Atg24 and Atg28 are dispensable for virulence.
The regulation of transcription of autophagy-related genes or modification of autoph-
agy-related proteins will change the autophagy level and virulence of M. oryzae. For
example, acetylation of Atg7 catalyzed by Gcn5 and acetylation of Atg3 and Atg9 by
Hat1 are required for autophagy and fungal virulence (29, 74). Deletion of SNT2, which
encodes a protein with three PHDs, results in accelerated levels of background autoph-
agy and reduced virulence. PHD1 (the first PHD of Snt2) can bind histone H3 and acts
as an epigenetic regulator through histone H3 deacetylation, which determines
autophagy-related growth and plant infection in M. oryzae (67). In human tumor cell
lines, PHF23 (PHD finger protein 23) with a PHD-like zinc finger domain interacted with
the E3 ubiquitin ligase LRSAM1 (leucine-rich repeat and sterile a motif-containing 1),
which negatively regulates ubiquitin-dependent autophagy. Knockdown of PHF23 pro-
moted autophagosome synthesis (60). Both enhanced and attenuated autophagy
resulted in impaired virulence of M. oryzae (16, 20, 75–77). Therefore, we speculate that
Clp1 affects the development and pathogenicity of M. oryzae in two ways: one is to
regulate autophagy homeostasis by interacting with autophagy-related proteins at
PAS and autophagosomes, and the other is to regulate gene transcription in the
nucleus.

Taken together, this study provided insights into the roles of a PHD protein, Clp1, in
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hyphal growth, conidiation, appressorium formation, appressorial glycogen metabolism
and turgor production, and plant infection. Notably, we identified a connection between
Clp1 and autophagy. Clp1 participates in regulating the homeostasis of autophagy by
interacting with Atg5, Atg7, and Atg16 at PAS and autophagosomes during the early
stages of spore germination and appressorium formation, thereby affecting autophagy-
related pathogenesis.

MATERIALS ANDMETHODS
Fungal strains, culture conditions, and primers. Magnaporthe oryzae wild-type strain 70-15 and its

derivatives were cultured on complete medium (CM) at 25°C under a 16-h light/8-h dark cycle (78). For stress
experiments, the fungus was inoculated on CM plates supplemented with 1 mM paraquat, 8 mM hydrogen
peroxide, 0.0055% sodium dodecyl sulfate (SDS), 75 mg mL21 calcofluor white (CFW) (Sigma-Aldrich), 0.6 M
NaCl, 0.6 M KCl, or 1 M sorbitol and cultured at 25°C for 9 days. The experiments were repeated 3 times with
5 biological replicates each. The PCR primers used in this study are listed in Table S3.

Generation and complementation of the null mutant. The CLP1 knockout cassette was built in
pKO3A vectors using a method reported previously (37). The upstream and downstream fragments
(approximately 1,300 bp) of CLP1 amplified from the genomic DNA of the wild-type strain 70-15 and a
hygromycin-resistance gene (HPH) were fused into the HindIII-SalI site of the pKO3A vector using a
fusion enzyme (Vazyme Biotech, China). The knockout cassette was transformed into the wild-type strain
70-15 through Agrobacterium tumefaciens-mediated transformation (ATMT) (37). The transformants were
screened on selective medium containing 0.5 mM 5-fluoro-29-deoxyuridine (F2dU) and 200 mg mL21

hygromycin B. The null mutants were identified by confirmation of the deleted gene using double PCR,
confirmation of recombination of HPH in the targeted locus using PCR, and quantification of the copy
number of HPH in the genome using quantitative real-time PCR (qPCR), as previously reported (36, 46).

The Dclp1 mutant was complemented with the native copy of CLP1 cloned from the wild type. CLP1
was cloned into the site of EcoRI-Xbal of the pKD3 vector, which contained an herbicide bialaphos-resist-
ance gene (BAR) (41), and was then transformed into Dclp1 via ATMT. The complementation strain (clp1c)
was screened on selection plates supplemented with 600mg/mL glufosinate ammonium and confirmed at
the mRNA level by reverse transcriptase PCR (RT-PCR). To obtain the clp1DPHD strain, the Dclp1 mutant was
complemented with a mutated CLP1 gene in which a coding sequence for the PHD was deleted.

Quantitative real-time PCR and RNA-seq. A total of 200 mL of spore suspension (5 � 104 conidia
mL21) was spread evenly onto cellophane films that covered CM plates and was cultured at 25°C for 3
days. Total RNA of the aerial mycelia was isolated with TRIzol following the manufacturer’s instructions
(TaKaRa, Japan). mRNA was reverse transcribed into cDNA using a PrimeScript RT reagent kit with
genomic DNA (gDNA) Eraser (TaKaRa, Japan). Quantitative real-time PCR (qPCR) was used to quantify
gene expression levels on a real-time PCR detection system Mastercycler (Eppendorf, Germany) with a
SYBR premix Ex Taq (Tli RNaseH Plus) kit (TaKaRa, Japan). qPCR was performed with four biological repli-
cates, using 40S and a-ACTIN as reference genes.

RNA sequencing (RNA-seq) was performed according to previous reports (36, 79). Total RNA of the aerial
mycelia was isolated using an RNeasy Plus minikit (Qiagen, Germany). The experiments were repeated with
biological triplicates. The cDNA libraries were sequenced using a next-generation sequencing (NGS) technol-
ogy with a 2 � 150-nucleotide (nt) method based on the Illumina HiSeq platform (NovaSeq 6000) at
Personalbio Technology Co. (Shanghai, China). The amount of data obtained by sequencing was 6 billion
bases (G)/sample. Clean reads were mapped to theM. oryzae (70-15) genome database (MG8) using Tophat2
software (HISAT2). Data were analyzed using HTSeq software and then normalized to fragments per kilo-
base/million (FPKM). Significant differences in FPKM between different samples were analyzed using DESeq
software.

Phenotypic analysis. The strains were cultured on CM for 8 days, and then the colony diameter and
spore production were measured. For the conidial germination rate at 4 h postinoculation (hpi) and the
appressorium formation rate at 24 hpi, 25 mL of spore suspension (1 � 105 conidia mL21) was dropped
onto hydrophobic coverslips and incubated at 22°C in the dark for 4 h and 24 h (46). The spore diame-
ters and areas of mature appressoria were measured using NIS-Elements D 3.2 software. Appressorium
turgor was evaluated using incipient cytorrhysis (cell collapse) assays as described previously (15). The
24-hpi appressoria were treated with a series of glycerol solutions with different concentrations (0.5 M
to 3 M) for 5 min, and the rate of collapsed appressoria was determined. The experiments were per-
formed three times with three replicates each time.

Cell wall, vacuole, glycogen, and lipid droplet staining. A total of 10 mL of spore suspension
(5 � 104 conidia mL21) was inoculated onto a thin layer of CM overlying the glass slide in a petri dish
and was then covered with a coverslip and cultured at 25°C for 3 days. The hyphal cell wall was stained
with 10 mg/mL CFW for 5 min. The number of branches in a 0.5-mm length of hyphae was counted, and
the length of hyphal cells was measured via NIS-Elements D 3.2 software (52). To label vacuoles, germi-
nated spores were stained with 10 mm CMAC (7-amino-4-chloromethylcoumarin) and incubated for
30 min (52).

For glycogen observation, spores and appressoria were stained with KI/I2 solution (60 mg mL21 KI
and 10 mg mL21 I2) for 2 min (5). For lipid droplet staining, appressoria were induced on hydrophobic
borosilicate glass coverslips (Thermo Scientific, USA) with spore suspensions supplemented with 8 mg
mL21 tricyclazole, an inhibitor of melanin synthesis. The lipid droplets were stained with a dye, BODIPY
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(boron pyrromethene; Thermo Fisher, USA), for 3 min and then observed under a fluorescence micro-
scope (80).

Plant infections. For the virulence test on rice, 2.5 mL of spore suspension (5 � 104 spores mL21) in
0.2% gelatin (Sango Biotech) was evenly sprayed onto 12- to 14-day-old rice seedlings (Oryza sativa cv.
CO39). The rice seedlings were first cultured in the dark at 22°C for 2 day and were then recultured at
25°C (16 h light/8 h dark) for 3 to 4 d. When typical pyriform-like lesions appeared on rice leaves, the dis-
ease severity in 5-cm-long infected leaves was calculated (46, 81). For the virulence test on barley, 5-cm-
diameter mycelial blocks were inoculated on isolated barley leaves and cultured at 25°C for 4 days.

To examine appressorial penetration on leaves, 20 mL of spore suspension (1 � 105 spores mL21) was
dropped onto barley leaves and cultured at 25°C. Barley leaves were collected at 24 hpi, 48 hpi, and 72
hpi, immersed in methanol for decolorization, and fixed in an alcoholic lactophenol solution. The leaves
were observed under a microscope, and the proportion of appressorium penetration was calculated (39).

Observation of fluorescent fusion proteins. The coding sequence (CDS) fragment of CLP1 was
fused with the N terminus of GFP at the BamHI/SmaI site of pKD3-GFP, which contained an herbicide
bialaphos-resistance gene (BAR) (82), and the fusion gene was transformed into Dclp1 via ATMT. The
coding sequence of H2B was fused into the N terminus of mCherry in pKD8-mCherry, the CDS fragments
of ATG5, ATG7, and ATG16 were inserted into the BamHI/SmaI site of the pKD8-DsRed vector (83), and
the CDS fragments of ATG24 and ATG28 were fused into the BamHI/SmaI site of pKD8-mCherry. The
ATG8-DsRed fusion expression vector was previously constructed (84). These fusion genes were trans-
formed into Dclp1 expressing Clp1-GFP. pKD8-mCherry is a binary vector that is built by replacing GFP
with mCherry in pKD8-DsRed. The appressoria were induced on hydrophobic borosilicate glass cover-
slips (Thermo Scientific, USA). The colocalization of Clp1 and H2B, Atg5, Atg7, Atg8, Atg16, Atg24, or
Atg28 in hyphae, spores, and appressoria was observed under a laser scanning confocal microscope
(FV3000, Olympus).

Autophagy detection. The GFP-Atg8 vector (75) was transformed into wild-type 70-15 and Dclp1
strains via ATMT. To induce autophagy, the strains expressing GFP-Atg8 were cultured in liquid CM me-
dium at 25°C for 36 h, transferred to a nitrogen starvation medium, SD-N (synthetic defined medium
without amino acids and ammonium sulfate), and cultured for 4 h and 8 h. Total proteins were extracted
from the mycelium, and GFP and GFP-Atg8 were detected using Western blotting. The primary antibody
to detect GFP-Atg8 and GFP was an anti-GFP antibody (ab32146, Abcam), and the amounts of GFP-Atg8
and free GFP were measured using densitometric analysis in ImageJ software.

Yeast two-hybrid assay. The CDS fragments in cDNAs of CYC8, RPD3, SIN3, ATG5, ATG7, ATG16,
ATG24, and ATG28 were cloned into the prey vector pGADT7, and the CDS fragment of CLP1 was cloned
into the bait vector pGBKT7. A pair of vectors (prey and bait vectors) were cotransformed into the yeast
strain Y2H Gold according to the instructions of the BD Matchmaker library construction and screening
kits (Clontech). The transformed yeast cells were cultured on a synthetic defined double-deficient me-
dium (SD-Leu-Trp) and four-deficient medium (SD-Leu-Trp-His-Ade) at 30°C for 4 days. The yeast cells
were washed from the SD-Leu-Trp medium with double-distilled water (ddH2O) and diluted to a series
of concentrations, spotted onto SD-Leu-Trp and SD-Leu-Trp-His-Ade plates, and cultured for 3 to 5 days.
A pair of vectors, pGADT7-T and pGBKT7-53, were used as positive controls, and pGADT7-T and pGBKT7-
Lam were used as negative controls.

Pulldown assays. The amplified CLP1 cDNA fragment was fused into the EcoRI site of a GST-tagged
pGEX4T vector, and the cDNA fragments of ATG5, ATG7, ATG16, ATG24, and ATG28 were fused into the
SalI-HindIII site of a 3� FLAG-tagged pET21a vector. The plasmids were transferred into Escherichia coli
BL21. The proteins were expressed in bacteria by inducing with 2 mL of 1 M IPTG (isopropyl-b-D-thioga-
lactopyranoside; final concentration at 4 mM) and culturing at 18°C for 16 h. The GST-Clp1 or GST pro-
tein lysis supernatants were incubated with GST beads (BBI, China) at 4°C for 2 h. After washing, 3�
FLAG-Atg5, Atg7, Atg16, Atg24, and Atg28 protein lysis supernatants were coincubated with beads at
4°C for an additional 2 h. Finally, the proteins were eluted from beads and detected via Western blotting.
The primary antibodies were an anti-GST antibody EM80701 (HUABIO, China) and an anti-FLAG antibody
M1403-2 (HUABIO, China).

Coimmunoprecipitation (co-IP) assays. The CDS fragments of ATG5, ATG7, and ATG16 were
inserted into the BamHI-SmaI site of pKD7 vector with 3� FLAG-tag (51). These fusion genes were trans-
formed into Dclp1 expressing Clp1-GFP. Total protein was extracted and incubated with anti-GFP affinity
beads 4FF SA070005 (Smart-Lifesciences, China) for 4 h at 4°C. After the beads were washed with low-
and high-salt buffers, proteins were eluted with 0.2 M glycerol-HCl buffer (pH 3.3). Eluted and total pro-
teins were detected by Western blotting with anti-GFP antibody and anti-FLAG antibody (HUABIO,
China).

Protein lipid overlay assay. The GST-Clp1 and GST proteins were purified with GST beads and were
diluted to a final concentration of 1 mg mL21 with Tris-buffered saline with Tween 20 (TBST) buffer con-
taining 5% skim milk powder. PIP Strips (P-6001, Echelon Biosciences) were sealed in 5% skim milk powder
solution at room temperature for 1 h, placed in diluted GST-Clp1 or GST protein solution, and incubated
overnight at 4°C. PIP Strips were washed three times with TBST buffer, and GST-Clp1 and GST proteins
were detected using an anti-GST antibody, EM80701 (HUABIO, China) following a previous report (20).

Statistical analysis. All values are shown as the mean 6 the standard deviation (SD). The P value
was calculated using unpaired two-tailed Student’s t test and GraphPad Prism 8. P values of ,0.05 were
considered significant, while P values of.0.05 were considered nonsignificant.

Data availability. All data supporting the findings of the current study are available within the fig-
ures and supporting information. All strains generated during this study are available from the corre-
sponding author upon reasonable request. The RNA-seq data were deposited in OMIX, China National
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Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (https://ngdc
.cncb.ac.cn/omix; accession no. CRA007268).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 3 MB.

ACKNOWLEDGMENTS
We thank Xiaoxiao Feng at the Agricultural Experiment Station, Zhejiang University,

for her help with experiment management.
This work was funded by the National Natural Science Foundation of China (grant

no. 31871908) and Key R&D projects of Zhejiang Province, China (grant no. 2021C02010).
This work was also supported by the grant “Organism Interaction” from Zhejiang Xianghu
Laboratory to F.-C.L.

J.L. and J.W. conceived and designed the study. J.W., Z.H., Q.W., P.H., and Y.L.
performed experiments with phenotypical and biochemical assays. F.-C.L., X.-H.L., and
J.L. contributed to reagents and plant and fungal materials. J.W. collected data. J.W., J.L.,
and X.-H.L. analyzed the data and wrote the manuscript.

We declare that we have no conflict of interest.

REFERENCES
1. Dean R, Van Kan JA, Pretorius ZA, Hammond-Kosack KE, Di Pietro A,

Spanu PD, Rudd JJ, Dickman M, Kahmann R, Ellis J, Foster GD. 2012. The
top 10 fungal pathogens in molecular plant pathology. Mol Plant Pathol
13:414–430. https://doi.org/10.1111/j.1364-3703.2011.00783.x.

2. Bourett TM, Howard RJ. 1990. In vitro development of penetration struc-
tures in the rice blast fungus Magnaporthe grisea. Can J Bot 68:329–342.
https://doi.org/10.1139/b90-044.

3. Tucker SL, Talbot NJ. 2001. Surface attachment and pre-penetration stage
development by plant pathogenic fungi. Annu Rev Phytopathol 39:
385–417. https://doi.org/10.1146/annurev.phyto.39.1.385.

4. Chumley FG, Valent B. 1990. Genetic analysis of melanin-deficient, nonpa-
thogenic mutants of Magnaporthe grisea. Mol Plant Microbe Interact 3:
135–143. https://doi.org/10.1094/MPMI-3-135.

5. Thines E, Weber RWS, Talbot NJ. 2000. MAP kinase and protein kinase A-
dependent mobilization of triacylglycerol and glycogen during appresso-
rium turgor generation by Magnaporthe grisea. Plant Cell 12:1703–1718.
https://doi.org/10.2307/3871184.

6. Howard RJ, Ferrari MA, Roach DH, Money NP. 1991. Penetration of hard
substrates by a fungus employing enormous turgor pressures. Proc Natl
Acad Sci U S A 88:11281–11284. https://doi.org/10.1073/pnas.88.24.11281.

7. Saunders DG, Dagdas YF, Talbot NJ. 2010. Spatial uncoupling of mitosis
and cytokinesis during appressorium-mediated plant infection by the rice
blast fungus Magnaporthe oryzae. Plant Cell 22:2417–2428. https://doi
.org/10.1105/tpc.110.074492.

8. Dagdas YF, Yoshino K, Dagdas G, Ryder LS, Bielska E, Steinberg G, Talbot
NJ. 2012. Septin-mediated plant cell invasion by the rice blast fungus,
Magnaporthe oryzae. Science 336:1590–1595. https://doi.org/10.1126/
science.1222934.

9. Xie Z, Klionsky DJ. 2007. Autophagosome formation: core machinery and
adaptations. Nat Cell Biol 9:1102–1109. https://doi.org/10.1038/ncb1007
-1102.

10. Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y. 2009. Dynamics and diver-
sity in autophagy mechanisms: lessons from yeast. Nat Rev Mol Cell Biol
10:458–467. https://doi.org/10.1038/nrm2708.

11. Crotzer VL, Blum JS. 2005. Autophagy and intracellular surveillance: mod-
ulating MHC class II antigen presentation with stress. Proc Natl Acad Sci
U S A 102:7779–7780. https://doi.org/10.1073/pnas.0503088102.

12. Mizushima N, Komatsu M. 2011. Autophagy: renovation of cells and tis-
sues. Cell 147:728–741. https://doi.org/10.1016/j.cell.2011.10.026.

13. Levine B, Yuan JY. 2005. Autophagy in cell death: an innocent convict? J
Clin Invest 115:2679–2688. https://doi.org/10.1172/JCI26390.

14. Jin M, Klionsky DJ. 2014. Transcriptional regulation of ATG9 by the Pho23-
Rpd3 complex modulates the frequency of autophagosome formation.
Autophagy 10:1681–1682. https://doi.org/10.4161/auto.29641.

15. Liu XH, Lu JP, Zhang L, Dong B, Min H, Lin FC. 2007. Involvement of aMag-
naporthe grisea serine/threonine kinase gene, MgATG1, in appressorium
turgor and pathogenesis. Eukaryot Cell 6:997–1005. https://doi.org/10
.1128/EC.00011-07.

16. Lu JP, Liu XH, Feng XX, Min H, Lin FC. 2009. An autophagy gene, MgATG5,
is required for cell differentiation and pathogenesis in Magnaporthe ory-
zae. Curr Genet 55:461–473. https://doi.org/10.1007/s00294-009-0259-5.

17. Kershaw MJ, Talbot NJ. 2009. Genome-wide functional analysis reveals
that infection-associated fungal autophagy is necessary for rice blast dis-
ease. Proc Natl Acad Sci U S A 106:15967–15972. https://doi.org/10.1073/
pnas.0901477106.

18. Wullschleger S, Loewith R, Hall MN. 2006. TOR signaling in growth and
metabolism. Cell 124:471–484. https://doi.org/10.1016/j.cell.2006.01.016.

19. Füllgrabe J, Lynch-Day MA, Heldring N, Li WB, Struijk RB, Ma Q, Hermanson
O, Rosenfeld MG, Klionsky DJ, Joseph B. 2013. The histone H4 lysine 16 ace-
tyltransferase hMOF regulates the outcome of autophagy. Nature 500:
468–471. https://doi.org/10.1038/nature12313.

20. Zhu XM, Li L, Cai YY, Wu XY, Shi HB, Liang S, Qu YM, Naqvi NI, Del Poeta M,
Dong B, Lin FC, Liu XH. 2021. A VASt-domain protein regulates autophagy,
membrane tension, and sterol homeostasis in rice blast fungus. Autophagy
17:2939–2961. https://doi.org/10.1080/15548627.2020.1848129.

21. Cai YY, Wang JY, Wu XY, Liang S, Zhu XM, Li L, Lu JP, Liu XH, Lin FC. 2022.
MoOpy2 is essential for fungal development, pathogenicity, and autoph-
agy in Magnaporthe oryzae. Environ Microbiol 24:1653–1671. https://doi
.org/10.1111/1462-2920.15949.

22. Yin ZY, Feng WZ, Chen C, Xu JY, Li Y, Yang LN, Wang JZ, Liu XY, Wang WH,
Gao CY, Zhang HF, Zheng XB, Wang P, Zhang ZG. 2020. Shedding light on
autophagy coordinating with cell wall integrity signaling to govern path-
ogenicity ofMagnaporthe oryzae. Autophagy 16:900–916. https://doi.org/
10.1080/15548627.2019.1644075.

23. McEwan DG, Dikic I. 2011. The three musketeers of autophagy: phospho-
rylation, ubiquitylation and acetylation. Trends Cell Biol 21:195–201.
https://doi.org/10.1016/j.tcb.2010.12.006.

24. Xie YC, Kang R, Sun XF, ZhongMZ, Huang J, Klionsky DJ, Tang DL. 2015. Post-
translational modification of autophagy-related proteins in macroautoph-
agy. Autophagy 11:28–45. https://doi.org/10.4161/15548627.2014.984267.

25. Fullgrabe J, Klionsky DJ, Joseph B. 2014. The return of the nucleus: tran-
scriptional and epigenetic control of autophagy. Nat Rev Mol Cell Biol 15:
65–74. https://doi.org/10.1038/nrm3716.

26. Feng YC, Yao ZY, Klionsky DJ. 2015. How to control self-digestion: tran-
scriptional, post-transcriptional, and post-translational regulation of
autophagy. Trends Cell Biol 25:354–363. https://doi.org/10.1016/j.tcb
.2015.02.002.

27. Keil E, Höcker R, Schuster M, Essmann F, Ueffing N, Hoffman B,
Liebermann DA, Pfeffer K, Schulze-Osthoff K, Schmitz I. 2013. Phosphorylation

PHD Protein in the Rice Blast Fungus Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.01021-22 17

https://ngdc.cncb.ac.cn/omix
https://ngdc.cncb.ac.cn/omix
https://ngdc.cncb.ac.cn/gsa/browse/CRA007268
https://doi.org/10.1111/j.1364-3703.2011.00783.x
https://doi.org/10.1139/b90-044
https://doi.org/10.1146/annurev.phyto.39.1.385
https://doi.org/10.1094/MPMI-3-135
https://doi.org/10.2307/3871184
https://doi.org/10.1073/pnas.88.24.11281
https://doi.org/10.1105/tpc.110.074492
https://doi.org/10.1105/tpc.110.074492
https://doi.org/10.1126/science.1222934
https://doi.org/10.1126/science.1222934
https://doi.org/10.1038/ncb1007-1102
https://doi.org/10.1038/ncb1007-1102
https://doi.org/10.1038/nrm2708
https://doi.org/10.1073/pnas.0503088102
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1172/JCI26390
https://doi.org/10.4161/auto.29641
https://doi.org/10.1128/EC.00011-07
https://doi.org/10.1128/EC.00011-07
https://doi.org/10.1007/s00294-009-0259-5
https://doi.org/10.1073/pnas.0901477106
https://doi.org/10.1073/pnas.0901477106
https://doi.org/10.1016/j.cell.2006.01.016
https://doi.org/10.1038/nature12313
https://doi.org/10.1080/15548627.2020.1848129
https://doi.org/10.1111/1462-2920.15949
https://doi.org/10.1111/1462-2920.15949
https://doi.org/10.1080/15548627.2019.1644075
https://doi.org/10.1080/15548627.2019.1644075
https://doi.org/10.1016/j.tcb.2010.12.006
https://doi.org/10.4161/15548627.2014.984267
https://doi.org/10.1038/nrm3716
https://doi.org/10.1016/j.tcb.2015.02.002
https://doi.org/10.1016/j.tcb.2015.02.002
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01021-22


of Atg5 by the Gadd45 beta-MEKK4-p38 pathway inhibits autophagy. Cell
Death Differ 20:321–332. https://doi.org/10.1038/cdd.2012.129.

28. Zhao Y, Yang J, Liao WJ, Liu XY, Zhang H, Wang S, Wang DL, Feng JN, Yu
L, Zhu WG. 2010. Cytosolic FoxO1 is essential for the induction of autoph-
agy and tumour suppressor activity. Nat Cell Biol 12:665–675. https://doi
.org/10.1038/ncb2069.

29. Yin ZY, Chen C, Yang J, Feng WZ, Liu XY, Zuo RF, Wang JZ, Yang LN,
Zhong KL, Gao CY, Zhang HF, Zheng XB, Wang P, Zhang ZG. 2019. Histone
acetyltransferase MoHat1 acetylates autophagy-related proteins MoAtg3
and MoAtg9 to orchestrate functional appressorium formation and path-
ogenicity in Magnaporthe oryzae. Autophagy 15:1234–1257. https://doi
.org/10.1080/15548627.2019.1580104.

30. Papamichos-Chronakis M, Petrakis T, Ktistaki E, Topalidou I, Tzamarias D.
2002. Cti6, a PHD domain protein, bridges the Cyc8-Tup1 corepressor
and the SAGA coactivator to overcome repression at GAL1. Mol Cell 9:
1297–1305. https://doi.org/10.1016/s1097-2765(02)00545-2.

31. Puig S, Lau M, Thiele DJ. 2004. Cti6 is an Rpd3-Sin3 histone deacetylase-
associated protein required for growth under iron-limiting conditions in
Saccharomyces cerevisiae. J Biol Chem 279:30298–30306. https://doi.org/
10.1074/jbc.M313463200.

32. Poot RA, Dellaire G, Hülsmann BB, Grimaldi MA, Corona DF, Becker PB,
Bickmore WA, Varga-Weisz PD. 2000. HuCHRAC, a human ISWI chromatin
remodelling complex contains hACF1 and two novel histone-fold pro-
teins. EMBO J 19:3377–3387. https://doi.org/10.1093/emboj/19.13.3377.

33. Gangloff YG, Pointud JC, Thuault S, Carré L, Romier C, Muratoglu S, Brand M,
Tora L, Couderc JL, Davidson I. 2001. The TFIID components human TAF(II)140
and Drosophila BIP2 (TAF(II)155) are novel metazoan homologues of yeast
TAF(II)47 containing a histone fold and a PHD finger. Mol Cell Biol 21:
5109–5121. https://doi.org/10.1128/MCB.21.15.5109-5121.2001.

34. Wang L, Yang RF, Cao YL, Zheng FL, Meng XF, Zhong YH, Chen GJ, Zhang
WX, Liu WF. 2019. CLP1, a novel plant homeo domain protein, partici-
pates in regulating cellulase gene expression in the filamentous fungus
Trichoderma reesei. Front Microbiol 10:1700. https://doi.org/10.3389/
fmicb.2019.01700.

35. Zhang MJ, Lin GL, Pan XH, Song WT, Tan C, Chen X, Yang YL, Zhuang ZH.
2021. The PHD transcription factor Cti6 is involved in the fungal coloniza-
tion and aflatoxin B1 biological synthesis of Aspergillus flavus. Ima Fungus
12:12. https://doi.org/10.1186/s43008-021-00062-2.

36. Lu J, Cao H, Zhang L, Huang P, Lin F. 2014. Systematic analysis of Zn2Cys6
transcription factors required for development and pathogenicity by
high-throughput gene knockout in the rice blast fungus. PLoS Pathog 10:
e1004432. https://doi.org/10.1371/journal.ppat.1004432.

37. Yan YX, Wang H, Zhu SY, Wang J, Liu XH, Lin FC, Lu JP. 2019. The methylci-
trate cycle is required for development and virulence in the rice blast fun-
gus Pyricularia oryzae. Mol Plant Microbe Interact 32:1148–1161. https://
doi.org/10.1094/MPMI-10-18-0292-R.

38. Han BK, Emr SD. 2011. Phosphoinositide [PI(3,5)P2] lipid-dependent regula-
tion of the general transcriptional regulator Tup1. Genes Dev 25:984–995.
https://doi.org/10.1101/gad.1998611.

39. Lu JP, Feng XX, Liu XH, Lu Q, Wang HK, Lin FC. 2007. Mnh6, a nonhistone
protein, is required for fungal development and pathogenicity of Magna-
porthe grisea. Fungal Genet Biol 44:819–829. https://doi.org/10.1016/j.fgb
.2007.06.003.

40. de Jong JC, McCormack BJ, Smirnoff N, Talbot NJ. 1997. Glycerol gener-
ates turgor in rice blast. Nature 389:244–245. https://doi.org/10.1038/
38418.

41. Zhu SY, Yan YX, Qu YM, Wang J, Feng XX, Liu XH, Lin FC, Lu JP. 2021. Role
refinement of melanin synthesis genes by gene knockout reveals their
functional diversity in Pyricularia oryzae strains. Microbiol Res 242:126620.
https://doi.org/10.1016/j.micres.2020.126620.

42. Huang PY, Cao HJ, Li Y, Zhu SY, Wang J, Wang Q, Liu XH, Lin FC, Lu JP.
2022. Melanin promotes spore production in the rice blast fungusMagna-
porthe oryzae. Front Microbiol 13:843838. https://doi.org/10.3389/fmicb
.2022.843838.

43. Nishimura M, Fukada J, Moriwaki A, Fujikawa T, Ohashi M, Hibi T, Hayashi
N. 2009. Mstu1, an APSES transcription factor, is required for appressorium-
mediated infection in Magnaporthe grisea. Biosci Biotechnol Biochem 73:
1779–1786. https://doi.org/10.1271/bbb.90146.

44. Zhou ZZ, Li GH, Lin CH, He CZ. 2009. Conidiophore stalk-less1 encodes a
putative zinc-finger protein involved in the early stage of conidiation and
mycelial infection in Magnaporthe oryzae. Mol Plant Microbe Interact 22:
402–410. https://doi.org/10.1094/MPMI-22-4-0402.

45. Kim S, Park SY, Kim KS, Rho HS, Chi MH, Choi J, Park J, Kong S, Park J, Goh
J, Lee YH. 2009. Homeobox transcription factors are required for

conidiation and appressorium development in the rice blast fungus Mag-
naporthe oryzae. PLoS Genet 5:e1000757. https://doi.org/10.1371/journal
.pgen.1000757.

46. Cao HJ, Huang PY, Zhang L, Shi YK, Sun DD, Yan YX, Liu XH, Dong B, Chen
G, Snyder JH, Lin FC, Lu JP. 2016. Characterization of 47 Cys2 -His2 zinc
finger proteins required for the development and pathogenicity of the
rice blast fungus Magnaporthe oryzae. New Phytol 211:1035–1051.
https://doi.org/10.1111/nph.13948.

47. Qu YM, Wang J, Zhu XM, Dong B, Liu XH, Lu JP, Lin FC. 2020. The P5-type
ATPase Spf1 is required for development and virulence of the rice blast
fungus Pyricularia oryzae. Curr Genet 66:385–395. https://doi.org/10.1007/
s00294-019-01030-5.

48. Tang W, Ru Y, Hong L, Zhu Q, Zuo R, Guo X, Wang J, Zhang H, Zheng X,
Wang P, Zhang Z. 2015. System-wide characterization of bZIP transcrip-
tion factor proteins involved in infection-related morphogenesis of Mag-
naporthe oryzae. Environ Microbiol 17:1377–1396. https://doi.org/10
.1111/1462-2920.12618.

49. Yi M, Chi MH, Khang CH, Park SY, Kang S, Valent B, Lee YH. 2009. The ER
chaperone LHS1 is involved in asexual development and rice infection by
the blast fungus Magnaporthe oryzae. Plant Cell 21:681–695. https://doi
.org/10.1105/tpc.107.055988.

50. Fan G, Zhang K, Huang H, Zhang H, Zhao A, Chen L, Chen R, Li G, Wang Z,
Lu GD. 2017. Multiprotein-bridging factor 1 regulates vegetative growth,
osmotic stress, and virulence in Magnaporthe oryzae. Curr Genet 63:
293–309. https://doi.org/10.1007/s00294-016-0636-9.

51. Qu YM, Cao HJ, Huang PY, Wang J, Liu XH, Lu JP, Lin FC. 2022. A kelch do-
main cell end protein, PoTea1, mediates cell polarization during appres-
sorium morphogenesis in Pyricularia oryzae. Microbiol Res 259:126999.
https://doi.org/10.1016/j.micres.2022.126999.

52. Zhu X, Zhou T, Chen L, Zheng S, Chen S, Zhang D, Li G, Wang Z. 2016. Arf6
controls endocytosis and polarity during asexual development ofMagna-
porthe oryzae. FEMS Microbiol Lett 363:fnw248. https://doi.org/10.1093/
femsle/fnw248.

53. Li C, Yang J, Zhou W, Chen XL, Huang JG, Cheng ZH, Zhao WS, Zhang Y,
Peng YL. 2014. A spindle pole antigen geneMoSPA2 is important for polar
cell growth of vegetative hyphae and conidia, but is dispensable for path-
ogenicity in Magnaporthe oryzae. Curr Genet 60:255–263. https://doi.org/
10.1007/s00294-014-0431-4.

54. Samalova M, Mélida H, Vilaplana F, Bulone V, Soanes DM, Talbot NJ, Gurr
SJ. 2017. The b-1,3-glucanosyltransferases (Gels) affect the structure of
the rice blast fungal cell wall during appressorium-mediated plant infec-
tion. Cell Microbiol 19:e12659. https://doi.org/10.1111/cmi.12659.

55. Shi XT, Long Y, He F, Zhang CY, Wang RY, Zhang T, Wu W, Hao ZY, Wang
Y, Wang GL, Ning YS. 2018. The fungal pathogen Magnaporthe oryzae
suppresses innate immunity by modulating a host potassium channel.
PLoS Pathog 14:e1006878. https://doi.org/10.1371/journal.ppat.1006878.

56. Veneault-Fourrey C, Barooah M, Egan M, Wakley G, Talbot NJ. 2006. Auto-
phagic fungal cell death is necessary for infection by the rice blast fungus.
Science 312:580–583. https://doi.org/10.1126/science.1124550.

57. Kirisako T, Baba M, Ishihara N, Miyazawa K, Ohsumi M, Yoshimori T, Noda
T, Ohsumi Y. 1999. Formation process of autophagosome is traced with
Apg8/Aut7p in yeast. J Cell Biol 147:435–446. https://doi.org/10.1083/jcb
.147.2.435.

58. Feng XL, Hara Y, Riabowol KT. 2002. Different HATS of the ING1 gene family.
Trends Cell Biol 12:532–538. https://doi.org/10.1016/S0962-8924(02)02391-7.

59. Pascual J, Martinez-Yamout M, Dyson HJ, Wright PE. 2000. Structure of
the PHD zinc finger from human Williams-Beuren syndrome transcription
factor. J Mol Biol 304:723–729. https://doi.org/10.1006/jmbi.2000.4308.

60. Wang Z, Hu J, Li G, Qu L, He Q, Lou Y, Song Q, Ma D, Chen Y. 2014. PHF23
(plant homeodomain finger protein 23) negatively regulates cell autoph-
agy by promoting ubiquitination and degradation of E3 ligase LRSAM1.
Autophagy 10:2158–2170. https://doi.org/10.4161/auto.36439.

61. Cantley LC. 2002. The phosphoinositide 3-kinase pathway. Science 296:
1655–1657. https://doi.org/10.1126/science.296.5573.1655.

62. Payrastre B, Missy K, Giuriato S, Bodin S, Plantavid M, Gratacap MP. 2001.
Phosphoinositides: key players in cell signalling, in time and space. Cell
Signal 13:377–387. https://doi.org/10.1016/S0898-6568(01)00158-9.

63. Tanaka K, Horiguchi K, Yoshida T, Takeda M, Fujisawa H, Takeuchi K,
Umeda M, Kato S, Ihara S, Nagata S, Fukui Y. 1999. Evidence that a phos-
phatidylinositol 3,4,5-trisphosphate-binding protein can function in nu-
cleus. J Biol Chem 274:3919–3922. https://doi.org/10.1074/jbc.274.7.3919.

64. Gillooly DJ, Morrow IC, Lindsay M, Gould R, Bryant NJ, Gaullier JM, Parton
RG, Stenmark H. 2000. Localization of phosphatidylinositol 3-phosphate

PHD Protein in the Rice Blast Fungus Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.01021-22 18

https://doi.org/10.1038/cdd.2012.129
https://doi.org/10.1038/ncb2069
https://doi.org/10.1038/ncb2069
https://doi.org/10.1080/15548627.2019.1580104
https://doi.org/10.1080/15548627.2019.1580104
https://doi.org/10.1016/s1097-2765(02)00545-2
https://doi.org/10.1074/jbc.M313463200
https://doi.org/10.1074/jbc.M313463200
https://doi.org/10.1093/emboj/19.13.3377
https://doi.org/10.1128/MCB.21.15.5109-5121.2001
https://doi.org/10.3389/fmicb.2019.01700
https://doi.org/10.3389/fmicb.2019.01700
https://doi.org/10.1186/s43008-021-00062-2
https://doi.org/10.1371/journal.ppat.1004432
https://doi.org/10.1094/MPMI-10-18-0292-R
https://doi.org/10.1094/MPMI-10-18-0292-R
https://doi.org/10.1101/gad.1998611
https://doi.org/10.1016/j.fgb.2007.06.003
https://doi.org/10.1016/j.fgb.2007.06.003
https://doi.org/10.1038/38418
https://doi.org/10.1038/38418
https://doi.org/10.1016/j.micres.2020.126620
https://doi.org/10.3389/fmicb.2022.843838
https://doi.org/10.3389/fmicb.2022.843838
https://doi.org/10.1271/bbb.90146
https://doi.org/10.1094/MPMI-22-4-0402
https://doi.org/10.1371/journal.pgen.1000757
https://doi.org/10.1371/journal.pgen.1000757
https://doi.org/10.1111/nph.13948
https://doi.org/10.1007/s00294-019-01030-5
https://doi.org/10.1007/s00294-019-01030-5
https://doi.org/10.1111/1462-2920.12618
https://doi.org/10.1111/1462-2920.12618
https://doi.org/10.1105/tpc.107.055988
https://doi.org/10.1105/tpc.107.055988
https://doi.org/10.1007/s00294-016-0636-9
https://doi.org/10.1016/j.micres.2022.126999
https://doi.org/10.1093/femsle/fnw248
https://doi.org/10.1093/femsle/fnw248
https://doi.org/10.1007/s00294-014-0431-4
https://doi.org/10.1007/s00294-014-0431-4
https://doi.org/10.1111/cmi.12659
https://doi.org/10.1371/journal.ppat.1006878
https://doi.org/10.1126/science.1124550
https://doi.org/10.1083/jcb.147.2.435
https://doi.org/10.1083/jcb.147.2.435
https://doi.org/10.1016/S0962-8924(02)02391-7
https://doi.org/10.1006/jmbi.2000.4308
https://doi.org/10.4161/auto.36439
https://doi.org/10.1126/science.296.5573.1655
https://doi.org/10.1016/S0898-6568(01)00158-9
https://doi.org/10.1074/jbc.274.7.3919
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01021-22


in yeast and mammalian cells. EMBO J 19:4577–4588. https://doi.org/10
.1093/emboj/19.17.4577.

65. Gozani O, Karuman P, Jones DR, Ivanov D, Cha J, Lugovskoy AA, Baird CL,
Zhu H, Field SJ, Lessnick SL, Villasenor J, Mehrotra B, Chen J, Rao VR,
Brugge JS, Ferguson CG, Payrastre B, Myszka DG, Cantley LC, Wagner G,
Divecha N, Prestwich GD, Yuan JY. 2003. The PHD finger of the chroma-
tin-associated protein ING2 functions as a nuclear phosphoinositide re-
ceptor. Cell 114:99–111. https://doi.org/10.1016/S0092-8674(03)00480-X.

66. Howard RJ, Valent B. 1996. Breaking and entering: host penetration by
the fungal rice blast pathogen Magnaporthe grisea. Annu Rev Microbiol
50:491–512. https://doi.org/10.1146/annurev.micro.50.1.491.

67. He M, Xu Y, Chen J, Luo Y, Lv Y, Su J, Kershaw MJ, Li W, Wang J, Yin J, Zhu
X, Liu X, Chern M, Ma B, Wang J, Qin P, Chen W, Wang Y, Wang W, Ren Z,
Wu X, Li P, Li S, Peng Y, Lin F, Talbot NJ, Chen X. 2018. MoSnt2-dependent
deacetylation of histone H3 mediates MoTor-dependent autophagy and
plant infection by the rice blast fungus Magnaporthe oryzae. Autophagy
14:1543–1561. https://doi.org/10.1080/15548627.2018.1458171.

68. Cao Y, Cheong H, Song H, Klionsky DJ. 2008. In vivo reconstitution of
autophagy in Saccharomyces cerevisiae. J Cell Biol 182:703–713. https://
doi.org/10.1083/jcb.200801035.

69. Ichimura Y, Kirisako T, Takao T, Satomi Y, Shimonishi Y, Ishihara N,
Mizushima N, Tanida I, Kominami E, Ohsumi M, Noda T, Ohsumi Y. 2000. A
ubiquitin-like system mediates protein lipidation. Nature 408:488–492.
https://doi.org/10.1038/35044114.

70. Hanada T, Noda NN, Satomi Y, Ichimura Y, Fujioka Y, Takao T, Inagaki F,
Ohsumi Y. 2007. The Atg12-Atg5 conjugate has a novel E3-like activity for
protein lipidation in autophagy. J Biol Chem 282:37298–37302. https://
doi.org/10.1074/jbc.C700195200.

71. Reggiori F, Klionsky DJ. 2013. Autophagic processes in yeast: mechanism,
machinery and regulation. Genetics 194:341–361. https://doi.org/10
.1534/genetics.112.149013.

72. Ma M, Kumar S, Purushothaman L, Babst M, Ungermann C, Chi RJ, Burd CG.
2018. Lipid trafficking by yeast Snx4 family SNX-BAR proteins promotes
autophagy and vacuole membrane fusion. Mol Biol Cell 29:2190–2200.
https://doi.org/10.1091/mbc.E17-12-0743.

73. Stasyk OV, Stasyk OG, Mathewson RD, Farré JC, Nazarko VY, Krasovska OS,
Subramani S, Cregg JM, Sibirny AA. 2006. Atg28, a novel coiled-coil protein
involved in autophagic degradation of peroxisomes in the methylotrophic
yeast Pichia pastoris. Autophagy 2:30–38. https://doi.org/10.4161/auto
.2226.

74. Zhang SL, Liang ML, Naqvi NI, Lin CX, Qian WQ, Zhang LH, Deng YZ. 2017.
Phototrophy and starvation-based induction of autophagy upon removal

of Gcn5-catalyzed acetylation of Atg7 in Magnaporthe oryzae. Autophagy
13:1318–1330. https://doi.org/10.1080/15548627.2017.1327103.

75. Liu XH, Chen SM, Gao HM, Ning GA, Shi HB, Wang Y, Dong B, Qi YY, Zhang
DM, Lu GD, Wang ZH, Zhou J, Lin FC. 2015. The small GTPase MoYpt7 is
required for membrane fusion in autophagy and pathogenicity ofMagna-
porthe oryzae. Environ Microbiol 17:4495–4510. https://doi.org/10.1111/
1462-2920.12903.

76. Shi HB, Chen N, Zhu XM, Su ZZ, Wang JY, Lu JP, Liu XH, Lin FC. 2019. The
casein kinase MoYck1 regulates development, autophagy, and virulence
in the rice blast fungus. Virulence 10:719–733. https://doi.org/10.1080/
21505594.2019.1649588.

77. Sun LX, Qian H, Liu MY, Wu MH, Wei YY, Zhu XM, Lu JP, Lin FC, Liu XH.
2022. Endosomal sorting complexes required for transport-0 (ESCRT-0)
are essential for fungal development, pathogenicity, autophagy and ER-
phagy in Magnaporthe oryzae. Environ Microbiol 24:1076–1092. https://
doi.org/10.1111/1462-2920.15753.

78. Talbot NJ, Ebbole DJ, Hamer JE. 1993. Identification and characterization
of MPG1, a gene involved in pathogenicity from the rice blast fungus
Magnaporthe grisea. Plant Cell 5:1575–1590. https://doi.org/10.1105/tpc.5
.11.1575.

79. Sun DD, Cao HJ, Shi YK, Huang PY, Dong B, Liu XH, Lin FC, Lu JP. 2017. The
regulatory factor X protein MoRfx1 is required for development and path-
ogenicity in the rice blast fungus Magnaporthe oryzae. Mol Plant Pathol
18:1075–1088. https://doi.org/10.1111/mpp.12461.

80. Wang JY, Guo XY, Li L, Qiu HP, Zhang Z, Wang YL, Sun GC. 2018. Applica-
tion of the fluorescent dye BODIPY in the study of lipid dynamics of the
rice blast fungusMagnaporthe oryzae. Molecules 23:1594. https://doi.org/
10.3390/molecules23071594.

81. Parker D, Beckmann M, Enot DP, Overy DP, Rios ZC, Gilbert M, Talbot N,
Draper J. 2008. Rice blast infection of Brachypodium distachyon as a
model system to study dynamic host/pathogen interactions. Nat Protoc
3:435–445. https://doi.org/10.1038/nprot.2007.499.

82. Qu YM, Wang J, Huang PY, Liu XH, Lu JP, Lin FC. 2021. PoRal2 is involved
in appressorium formation and virulence via Pmk1 MAPK pathways in the
rice blast fungus Pyricularia oryzae. Front Plant Sci 12:702368. https://doi
.org/10.3389/fpls.2021.702368.

83. Li GT, Zhou XY, Kong LG, Wang YL, Zhang H, Zhu H, Mitchell TK, Dean RA,
Xu JR. 2011. MoSfl1 is important for virulence and heat tolerance in Mag-
naporthe oryzae. PLoS One 6:e19951. https://doi.org/10.1371/journal
.pone.0019951.

84. Dong B, Liu XH, Lu JP, Zhang FS, Gao HM, Wang HK, Lin FC. 2009. MgAtg9
trafficking in Magnaporthe oryzae. Autophagy 5:946–953. https://doi.org/
10.4161/auto.5.7.9161.

PHD Protein in the Rice Blast Fungus Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.01021-22 19

https://doi.org/10.1093/emboj/19.17.4577
https://doi.org/10.1093/emboj/19.17.4577
https://doi.org/10.1016/S0092-8674(03)00480-X
https://doi.org/10.1146/annurev.micro.50.1.491
https://doi.org/10.1080/15548627.2018.1458171
https://doi.org/10.1083/jcb.200801035
https://doi.org/10.1083/jcb.200801035
https://doi.org/10.1038/35044114
https://doi.org/10.1074/jbc.C700195200
https://doi.org/10.1074/jbc.C700195200
https://doi.org/10.1534/genetics.112.149013
https://doi.org/10.1534/genetics.112.149013
https://doi.org/10.1091/mbc.E17-12-0743
https://doi.org/10.4161/auto.2226
https://doi.org/10.4161/auto.2226
https://doi.org/10.1080/15548627.2017.1327103
https://doi.org/10.1111/1462-2920.12903
https://doi.org/10.1111/1462-2920.12903
https://doi.org/10.1080/21505594.2019.1649588
https://doi.org/10.1080/21505594.2019.1649588
https://doi.org/10.1111/1462-2920.15753
https://doi.org/10.1111/1462-2920.15753
https://doi.org/10.1105/tpc.5.11.1575
https://doi.org/10.1105/tpc.5.11.1575
https://doi.org/10.1111/mpp.12461
https://doi.org/10.3390/molecules23071594
https://doi.org/10.3390/molecules23071594
https://doi.org/10.1038/nprot.2007.499
https://doi.org/10.3389/fpls.2021.702368
https://doi.org/10.3389/fpls.2021.702368
https://doi.org/10.1371/journal.pone.0019951
https://doi.org/10.1371/journal.pone.0019951
https://doi.org/10.4161/auto.5.7.9161
https://doi.org/10.4161/auto.5.7.9161
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01021-22

	RESULTS
	Clp1, a Cti6-like protein in M. oryzae, has different functions than Cti6 in yeast.
	Clp1 is involved in mycelial growth, conidiation, and conidial and appressorial morphology in M. oryzae.
	Clp1 is required for full virulence in M. oryzae.
	Clp1 is involved in the regulation of autophagy in M. oryzae.
	The PHD is vital for the function of Clp1.
	Clp1 responds to oxidative and osmotic stress.

	DISCUSSION
	MATERIALS AND METHODS
	Fungal strains, culture conditions, and primers.
	Generation and complementation of the null mutant.
	Quantitative real-time PCR and RNA-seq.
	Phenotypic analysis.
	Cell wall, vacuole, glycogen, and lipid droplet staining.
	Plant infections.
	Observation of fluorescent fusion proteins.
	Autophagy detection.
	Yeast two-hybrid assay.
	Pulldown assays.
	Coimmunoprecipitation (co-IP) assays.
	Protein lipid overlay assay.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

