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ABSTRACT The blast fungus initiates infection using a heavily melanized, dome-
shaped infection structure known as the appressorium, which forcibly ruptures the
cuticle to enter the rice leaf tissue. How this process takes place remains not fully
understood. Here, we used untargeted metabolomics analyses to profile the
metabolome of developing appressoria and identified significant changes in six key
metabolic pathways, including early sphingolipid biosynthesis. Analyses employing
small molecule inhibitors, gene disruption, or genetic and chemical complementa-
tion demonstrated that ceramide compounds of the sphingolipid biosynthesis path-
way are essential for normal appressorial development controlled by mitosis. In ad-
dition, ceramide was found to act upstream from the protein kinase C-mediated cell
wall integrity pathway during appressorium repolarization and pathogenicity in rice
blast. Further discovery of the sphingolipid biosynthesis pathway revealed that glu-
cosylceramide (GlcCer) synthesized by ceramide is the key substance affecting the
pathogenicity of Magnaporthe oryzae. Our results provide new insights into the
chemical moieties involved in the infection-related signaling networks, thereby re-
vealing a potential target for the development of novel control agents against the
major disease of rice and other cereals.

IMPORTANCE Our untargeted analysis of metabolomics throughout the course of
pathogenic development gave us an unprecedented high-resolution view of ma-
jor shifts in metabolism that occur in the topmost fungal pathogen that infects
rice, wheat, barley, and millet. Guided by these metabolic insights, we demon-
strated their practical application by using two different small-molecule inhibi-
tors of sphingolipid biosynthesis enzymes to successfully block the pathogenicity
of M. oryzae. Our study thus defines the sphingolipid biosynthesis pathway as a
key step and potential target that can be exploited for the development of anti-
fungal agents. Furthermore, future investigations that exploit such important
metabolic intermediates will further deepen our basic understanding of the mo-
lecular mechanisms underlying the establishment of fungal blast disease in im-
portant cereal crops.

KEYWORDS appressorium development, early sphingolipid signaling, inducer,
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ice blast, caused by the ascomycete Magnaporthe oryzae, is a major challenge to

crop production and global food security (1). M. oryzae utilizes appressoria to
forcibly rupture the cuticle during the invasion of rice leaves (2). In addition to rice, M.
oryzae also infects and causes economic damage in other cereal crops, such as wheat,
barley, and millet (3). Traditional physical and chemical control methods used by cereal
producers are sometimes insufficient to control rice blast outbreaks, due in part to the
ability of M. oryzae to rapidly adapt to variation in the environment (4, 5).

Plant infection by M. oryzae begins with the adherence of three-celled conidia on
the leaf surface, often vectored by wind or dewdrop splashes. A polarized germ tube
then emerges from the spore and perceives the hard, hydrophobic surface; this process
triggers appressorium formation. The initial appressoria appear as germ tube tips being
swollen. It is now known that conidial nuclei are subsequently degraded by autophagy,
with the content from spore cells being recycled for use by the appressoria (6). A thick
layer of melanin forms on the inner side of the appressorial cell wall, and the appres-
soria accumulate high concentrations of compatible solute (e.g., glycerol), which
generates substantial turgor pressure, thus enabling physical penetration into the host
surface/tissue (7-9). During the whole development process, two rounds of mitosis are
carried out in the cell. The first G,/S progression triggers the formation of the incipient
appressorium, and a conidium nucleus migrates into the germ tube (10). The G,/M
progression is required for appressorium maturation, when the nucleus in the germ
tube undergoes mitosis to produce two daughter nuclei, of which one enters the
appressorium and one returns to the conidium (11), after which the turgor pressure
reaches its maximum and a new round of mitosis occurs. The second S-phase check-
point regulates the remodeling of the septin-dependent actin cytoskeleton into toroi-
dal networks to provide cortical rigidity and to constrain the diffusion of proteins
related to pathogenesis, thereby controlling the formation of the penetration peg (11,
12). Following penetration, mitosis continues and the fungus ramifies through the host
tissue.

Several signaling pathways regulate appressorium development in M. oryzae. cAMP-
protein kinase A (CAMP-PKA) signaling plays an important role in surface signal recog-
nition and appressorium morphogenesis. Inhibition of the synthesis of cAMP/PKA
hinders the formation of appressoria or produces deformed appressoria. In addition,
exogenous cAMP can induce appressorium formation on hydrophilic surfaces (13, 14).
Three mitogen-activated protein kinase (MAPK) pathways also have been shown to
regulate M. oryzae infection processes. The PMK1 MAP kinase (Pmk1 MAPK) controls
appressorium formation, host penetration, and proliferation in planta (15), the Osm1
MAPK is dispensable for virulence but necessary for osmoregulation (16), and Mps1
MAPK is important for cell wall integrity, conidiogenesis, and host penetration (17).
Additionally, target of rapamycin (TOR) signaling acts downstream from the cAMP-PKA
pathway but upstream from the Pmk1 pathway and negatively controls appressorium
formation by regulating the cell cycle (18, 19). Germinating conidia utilize intrinsic
nutrients, such as long-chain fatty acids, to provide sufficient energy and materials for
appressorial morphogenesis and for turgor generation. In the past few decades, studies
on the metabolic processes occurring in appressoria have mainly focused on the
transfer and utilization of carbohydrates and lipid droplets full of triacylglycerides by
using gene knockout methods (20-25). Glycogen and lipid droplets are the main
storage reserves present in conidia. Previous studies have revealed that lipid catabolism
is a major source of glycerol needed for turgor pressure, while glycogen metabolism is
involved in the energy supply during the infection process (23, 24). Nevertheless,
relatively little is known about other metabolic pathways that are active in developing
appressoria. To date, there have been studies that characterized changes in the
transcriptomes and proteomes throughout the course of appressorial development (26,
27), but we are unaware of an analysis of the metabolome in M. oryzae. As it presents
cellular information that is downstream from genomics, transcriptomics, and proteom-
ics data, metabolomics is widely held to represent the most representative phenotype
of an organism in a given context (28).
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In this study, untargeted metabolomics analysis during various stages of appresso-
rial development identified significant changes in six key metabolic pathways. Several
trends in differentially accumulated metabolites suggested interesting biological in-
sights related to energy and sterol metabolism. Specifically, our metabolomics data
suggested that early sphingolipids are essential for the development of appressoria in
M. oryzae. We investigated the role(s) of sphingolipid biosynthesis in the pathogenicity
of M. oryzae using small-molecule-inhibitor- and genetic-knockout-based interruption
of enzymatic function, as well as both genetic and chemical complementation exper-
iments. Collectively, these experiments revealed that the sphingolipid biosynthesis
pathway is essential for normal appressorial development and pathogenicity of M.
oryzae. Our study further demonstrated that the abnormal morphology of appressoria
caused by lack of ceramides is related to cell cycle regulation and that ceramide acts
upstream from protein kinase C signaling, which is essential for pathogenicity, thereby
demonstrating that early sphingolipids are indispensable for the initiation of the
devastating blast disease in rice.

RESULTS

Profiling of the appressorial metabolome. Conidia were germinated on a hydro-
phobic surface and harvested at seven time points (0 h, 6 h, 12 h, 18 h, 24 h, 36 h, and
48 h) of appressorial development that were established in previous functional genom-
ics studies (27, 29, 30). Samples at hour zero were ungerminated spores, incipient
appressoria form during the initial 6 to 12 h, and the period from 12 to 24 h represents
the mature appressoria. In seeking to better understand the mature appressorium, we
extended the incubation time to 48 h (Fig. 1a). Gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography (LC)-MS analyses yielded a total of 10,344 ion
signals (9,631 by LC-MS and 713 by GC-MS). These untargeted metabolomics data were
initially explored via principal-component analysis (PCA), which revealed that the 42
samples (6 replicates for each of the 7 time points) were clustered into seven groups
that were well separated, highlighting notable transformations of metabolic pheno-
types at the different time points. A total of 110 metabolites were structurally identified
from the GC-MS data based on spectral matching against a reference database. Tandem
MS (MS/MS) analysis of LC-MS candidate metabolites enabled the structural identifica-
tion of 29 metabolites via spectral comparison and matching with reference standards
(Table S1a and c in the supplemental material).

A time-dependent trajectory analysis of the metabolic profiles for different stages of
pathogenic development indicated that the metabolic profile of appressorial samples
at 24 h, a key point of the infection process for the blast fungus, was least similar to that
of the ungerminated conidia (Fig. 1b). Orthogonal projection to latent structures
discriminant analysis (OPLS-DA) between the 0-h and 24-h samples was carried out for
both the GC-MS and LC-MS data (Fig. S1c to f), and a combination of variable
importance in projection (VIP) value analysis and Student’s t test revealed 29 differen-
tially accumulated metabolites in the GC-MS data set and 774 differentially accumu-
lated ions (with 29 identified structurally) in the LC-MS data set (Fig. 1c; Table S1b and
c). We next assigned such differentially accumulated metabolites to biosynthesis
pathways based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
and also manually determined whether any of them have been reported as occurring
in previously studied M. oryzae metabolic processes. The KEGG analysis that compared
the 0-h and 24-h samples revealed significant enrichment for six pathways: degradation
of lipids, degradation of carbohydrates, arginine synthesis, sphingolipid synthesis,
sterol synthesis, and phospholipid metabolism (Fig. 2a; Fig. S2 and S3).

Significant changes in energy, sterol, and sphingolipid metabolism during
appressorial development. The identities of the differentially accumulated metabo-
lites provided biological insights about appressorial development and function. For
example, while we detected the accumulation of sitosterol and its precursor metabo-
lites (e.g., avenasterol and isofusterol), we did not find significant changes in the levels
of fungal sterols (ergosterol) at the aforementioned 7 time points during appressorium
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FIG 1 Metabolome profiling during appressorial development in M. oryzae. (a) Micrographs of appressoria at different time points (scale bar = 10 um). (b) PCA
score scatter plot depicting time-dependent trajectory of metabolic profiles during appressorium development. Each dot represents the averaged metabolic
status of six biological replicates. Two principal components (PC1 and PC2) described 55.3% of the total variance at logarithmic scale, and the transformation
of the seven time point dots mainly changed in the direction of the first principal component (PC1); the difference continued to grow between 0 and 24 h and
then decreased from 24 to 48 h. (c) Relative levels of differential metabolites during appressorium formation. Data have been normalized to unit variance and
are mean centered (with six replicates). Comparisons were generated via hierarchical cluster analysis (HCA) using an average linkage method based on Euclidian
distance. Shades from green to red represent the increasing metabolite levels in an appressorium. PC, phosphatidylcholine; PE, phosphatidylethanolamine; MG,

monoglyceride; LPA, lysophosphatidic acid.

formation (Fig. 2b). This was deemed to be an interesting finding in light of recent
research that showed that an exogenous application of phytosterols induces «-1,3-
glucan accumulation in M. oryzae cell walls and facilitates colonization of host tissues
(31). We also found that L-lactic acid accumulation occurred at the same time as lipid
degradation (e.g., free fatty acid and glycerol arising from the breakdown of mono-
acylglycerol) (Fig. S4). This observation suggests the possibility that the known redox
imbalance caused by lipid catabolism in peroxisomes may be counterbalanced by the
increased levels of NAD™ that result from lactic acid biosynthesis (22, 23).

We were most intrigued by trends in the de novo synthesis of sphingolipids.
Specifically, we found that early intermediates of the sphingolipid biosynthesis path-
way (sphinganine, phytosphingosine, dihydroceramide, and ceramide) were accumu-
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FIG 2 Pathway enrichment analysis in appressoria. (@) Schematic map of pathways with significant enrichment in appressoria. TCA, tricarboxylic acid. (b) Sitosterol
but not ergosterol accumulates in appressoria. Overlaid ion chromatograms (m/z = 172 and m/z = 363) of GC-MS-analyzed extract samples from different time points
after sample derivatization by alkylation. The molecular structures of the two metabolites represent the alkylated forms of the metabolites. TMS, trimethylsilyl. (c)
Sphingolipids accumulate during pathogenic development. Overlaid ion chromatograms of LC-MS-analyzed samples showing MS analysis of sphingolipids from
appressoria. Chemical structure of a ceramide (d18:0/18:0) is shown. (d) Early sphingolipid synthesis in appressoria of M. oryzae. Graphical representation of the
abundance of metabolites related to sphingolipid metabolism over the time course. Data represent the mean values = standard deviations (SD) from six replicates.
Red arrows indicate the corresponding steps of the pathway inhibited by myriocin (Myr) or FB1, and blue arrows indicate the biosynthetic steps catalyzed by MoLag1.

lated during appressorium formation (Fig. 2c). The amounts of ceramide were ex-
tremely low in ungerminated conidia (0 h) and in incipient appressoria (6 h). During
appressorium maturation (12 h, 18 h, and 24 h), ceramide accumulated drastically. After
reaching a peak value at 24 h, it decreased promptly with the increase of time (24 h,
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FIG 3 Chemical inhibition of ceramide biosynthesis impairs appressorium formation and pathogenicity. (a) Appressorial
development with different maturity states caused by myriocin/FB1 inhibitors (scale bar = 10 um). (b and d) Proportions
of the three phenotypes at different concentrations of myriocin and FB1. Data represent the mean values = SD (n = 100,
three independent experiments). The results of inferential statistical analyses for each concentration are presented in
Table S1d in the supplemental material. (c and e) Attenuated virulence of strain Guy11 (wild type) upon exposure of
germinating conidia to various concentrations of myriocin/FB1. Conidial suspensions were inoculated onto rice and barley
leaves to allow disease development. Disease symptoms were photographed at 4 days postinoculation (dpi). (f) Ceramide
synthesis inhibitors prevent the formation of penetration pegs in appressoria. Infected barley leaf cells at 24 hpi without
or with myriocin (100 wM)/FB1 (1 mM) were observed by light microscopy following the decolorisation of leaf tissue (scale
bar = 10 wm). Penetration pegs are marked with arrows.

36 h, and 48 h). By 48 h, the ceramide level was undetectable (Fig. 2d). We conclude
that metabolites linked to the ceramide biosynthesis pathway accumulate specifically
during appressorial morphogenesis and are metabolized during the maturation stage.

Chemical inhibition of early sphingolipid biosynthesis. We sought to further
investigate the role of early intermediates of the sphingolipid pathways in M. oryzae,
since very little is known about the role of such lipid signaling in general in fungi. We
utilized myriocin (32) to chemically inhibit the serine palmitoyltransferase, the key
enzyme in sphingosine biosynthesis. Treatment of wild-type M. oryzae (strain Guy11)
with various concentrations of myriocin had no effect on conidial germination. How-
ever, such myriocin treatment seriously affected the morphology of appressoria, re-
sulting in three morphotypes with distinctly different maturity states (Fig. 3a and b).
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Morphotype 1 was characterized by irregular swelling at the germ tube tip with no
appressoria, morphotype 2 possessed incipient appressoria with a thin layer of melanin,
and morphotype 3 was normal appressoria indistinguishable from those of wild-type M.
oryzae. Likewise, treatment with fumonisin B1 (FB1), an inhibitor of sphingosine
N-acyltransferase (32), also resulted in three highly similar defects/morphotypes
(Fig. 3d; Table S1d).

Next, we conducted a detailed analysis of the effects of these ceramide synthesis
inhibitors on the pathogenicity of M. oryzae in assays using the detached leaves of
barley and rice. Both myriocin and FB1 acted in a dose-dependent manner to prevent
pathogenicity of the rice blast fungus (Fig. 3c and e). While leaves inoculated with
untreated M. oryzae conidial suspensions showed typical blast disease symptoms, there
were almost no necrotic lesions on leaves inoculated with inhibitor-treated conidia
(100 uM myriocin or 1 mM FB1). Furthermore, live-cell imaging at 48 h postinoculation
(hpi) showed that treatment with 100 wM myriocin rendered appressoria incapable of
penetrating the host surface (Fig. S5a and b). To elucidate the defect in appressorium
penetration caused by myriocin/FB1, we measured the internal turgor pressure within
appressoria using an incipient cytorrhysis assay (9). However, no significant difference
was observed between control and inhibitor-treated appressoria (Fig. S5¢; Table S1h).
We further observed the ability of penetration pegs to form: live-cell imaging at 24 hpi
showed that treatment with inhibitors prevented the formation of penetration pegs of
appressoria in M. oryzae (Fig. 3f). Thus, we conclude that ceramide synthesis inhibitors
affect appressorium morphology, as well as penetration peg formation, which accounts
for the failure of appressoria to infect host cells upon exposure to these chemicals.

Gene deletion analysis and genetic/chemical complementation of early sphin-
golipid biosynthesis. We next sought genetic evidence to corroborate our chemical
inhibitor studies on the role of ceramides in Magnaporthe pathogenicity. Yeast (Sac-
charomyces cerevisiae) has 6 genes known to encode enzymes that function in de novo
synthesis of ceramide (33). We identified the orthologs for six of these genes in the M.
oryzae genome (Table S1e). We used the targeted gene replacement strategy to
generate gene knockout mutants for each of these six genes. However, we were only
able to obtain a null mutant for M. oryzae LAGT (MoLAG1; MGG_03090), which functions
in the synthesis of ceramide from acyl-coenzyme A (CoA) and dihydrosphingosine or
phytosphingosine. It is notable that the other 5 genes function at the preceding steps
of the early sphingolipid biosynthesis pathway, thus suggesting that early sphingolipid
metabolites are essential for cell viability in M. oryzae.

In yeast, LAGT encodes sphingosine N-acyltransferase, an essential subunit of the
acyl-CoA-dependent ceramide synthase enzyme complex (33). Prior to investigating the
role of MoLAGT in pathogenicity, we examined the growth of a AMolag? mutant and
found that, compared to the growth of wild-type M. oryzae (Guy11), the AMolag1
mutant showed impaired mycelial growth in colony assays and exhibited a severe
reduction in the extent of conidiation or asexual reproduction (Fig. 4a; Table S1f). To
assess pathogenicity, mycelial plugs of the AMolagl mutant were inoculated onto
detached rice and barley leaves. No blast disease symptoms were found on AMolag1
mutant-inoculated leaves, while the wild-type Guy11 generated extensive necrotic
lesions (Fig. 4b). Moreover, microscopic observation of inoculated leaf tissues showed
that the appressorium-like structures of the AMolag1 mutant are unable to penetrate
the host surface, even after 96 hpi (Fig. 4c).

Genetic complementation revealed that the reintroduction of the MoLAG1 gene into
the AMolag1 mutant restored all of its normal phenotypes. That is, conidia of the
AMolag1 mutant complemented with MoLAGT grew normally, exhibited proper conidi-
ation, and could penetrate barley or rice leaves, as well as generating necrotic lesions
(Fig. 4a to c). Furthermore, we conducted chemical complementation experiments in
which we supplemented AMolag1 strain mycelia with exogenous ceramide (in growth
medium) to further verify that the interruption of the acylation of sphingoid bases in
early sphingolipid biosynthesis caused by knockout of MoLAGT was indeed responsible
for the observed pathogenesis defects. Hyphae of the AMolag1 mutant grown in liquid

July/August 2019 Volume 10 Issue 4 e01467-19

mBio’

mbio.asm.org 7


https://mbio.asm.org

Liu et al.

a

Guy11 AMolag1 AMolag1/Molag1

Rice

Barley

+C2-Ceramide
OpM 100 uM

FIG 4 Biological functions of MoLAG1. (a) Colony growth and conidiophores of the indicated M. oryzae
strains (scale bar = 50 um). The AMolag? mutant showed reduced mycelial growth and dramatically
reduced sporulation. Data from inferential statistical tests of the conidiation assay results are presented
in Table S1f. (b) Loss of virulence of the AMolag? mutant. Mycelial discs were inoculated onto rice and
barley leaves to allow disease development. Disease symptoms were photographed at 4 dpi. (c) Live-cell
imaging at 48 hpi and 96 hpi of Guy11 and AMolag1 strains inoculated onto barley leaves showed that
the AMolag1 mutant cannot penetrate the host cuticle (scale bar = 20 um). (d) Application of exogenous
ceramide restored pathogenicity in the AMolag? mutant. Mycelium discs were inoculated onto barley
leaves to allow disease development. Blast disease symptoms were photographed at 4 dpi.
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CM for 72 h were inoculated onto the surface of the barley leaves for pathogenesis
analysis. While untreated AMolag1 strain hyphae did not cause necrotic lesions on
barley leaves, obvious lesions were apparent on leaves inoculated with hyphae that
were treated with 100 um C,-ceramide (Fig. 4d; Fig. S5d). Thus, genetic and chemical
complementation were both able to restore the pathogenicity of the AMolag? mutant.
We conclude that MolLag1/ceramide biosynthesis is essential for proper pathogenic
growth and development in the rice blast fungus.

Inhibition of ceramide biosynthesis impairs the cell cycle in M. oryzae. We
hypothesize that the different degrees of maturation of the appressorium caused by
inhibitors are related to cell cycle regulation, and Guy11 conidia expressing histone H2B
fused to green fluorescent protein (GFP) (Guy11 H2B:GFP) without or with myriocin
(100 M) were inoculated for observation. In the early 8-hpi time point, the inhibitor
had no significant effect on the number of nuclei, while during the time from 12 to 24
hpi, when the number of nuclei in the wild-type strain Guy11 gradually degraded and
only one nucleus remained in each appressorium, the addition of inhibitors affected the
degradation of nuclei (Fig. 5a). Further observations in samples from the early 8-hpi
time point showed that Guy11 H2B:GFP carried three nuclei in each conidium and one
in each appressorium, while in the presence of inhibitors, some cells had three nuclei
in each conidium but one nucleus per germ tube and none in the appressoria. By 24
hpi, the nucleus in the germ tube still failed to enter the appressorium, and it
subsequently degraded in the conidium (Fig. 5b, type 1 and type 2-1). Some nuclei
could successfully enter the appressoria, but the nuclei in the conidia were not
degraded (Fig. 5b, type 2-2). The majority of type 3 cells (~70%) completed conidial
nuclear degradation and carried a single appressorial nucleus, similarly to the Guy11
H2B:GFP conidia (Fig. 5b to d). The occurrence of new nuclei clearly indicates that the
inhibition of early sphingolipids does not affect the interphase (G;, S, and G, phase) and
metaphase of mitosis, but the failure of nuclei to enter into the appressoria still
indicates that the absence of ceramide impaired the cell cycle in M. oryzae. We reason
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FIG 5 Inhibition of ceramide biosynthesis results in disorder of the cell cycle. Guy11 conidia were inoculated onto artificial hydrophobic surfaces. (a) Numbers
of nuclei carried by germinating Guy11 H2B:GFP conidia without or with myriocin (100 uM) at the indicated time points. Data represent the mean values *
SD (n = 100, three independent experiments). (b) At 24 hpi, the wild type only has one nucleus inside the appressorium (scale bar = 10 um). For morphotypes
induced by myriocin, spore germination of type 1 and type 2-1 showed three nuclei in the conidium and one nucleus in the germ tube; conidia of type 2-2
showed three nuclei in the conidium and one nucleus in the appressorium; and in type 3, nuclei migrated successfully into the appressorium, similarly to nuclei
in the wild type. (c) Proportions of the two nuclear migration states in the second morphotype at 24 hpi. Data represent the mean values = SD (n = 100, three
independent experiments). (d) Proportions of nuclear degradation in the wild type and morphotype 3 caused by myriocin at 24 hpi. Data represent the mean
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that ceramides are essential for normal appressorial development by controlling the
late stages of cell cycle progression.

Moreover, the transfer of glycogen and lipid droplets from conidia to appressoria
was restricted by ceramide synthesis inhibitors in all three of the morphotypes (Fig. S6).
We infer that chemical inhibition of sphingolipid biosynthesis disrupts proper appres-
sorium development via several mechanisms, including cell cycle disorder, deregula-
tion of nuclear degradation, and disruption of bulk biochemical and/or metabolism-
signaling-specific intermediates.

Ceramide regulates the PKC-CWI signaling pathway in M. oryzae. The develop-
mental defects in appressorium formation caused by ceramide synthesis inhibitors
indicated that early sphingolipid biosynthesis is likely involved in the infection-related
signaling pathways in M. oryzae. Three major signaling cascades have been implicated
in appressorium morphogenesis: CAMP-PKA, TOR, and the protein kinase C-mediated
cell wall integrity (PKC-CWI) pathway (4, 34). We therefore explored the relationship
between ceramide and these three signaling pathways. It has been proved that
appressorium formation can be remediated by cAMP treatment in PKA-deficient mu-
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h. Three independent replicates were compared and showed similar results. DMSO, dimethyl sulfoxide.

tants or by treatment with the specific TOR kinase inhibitor rapamycin in a TOR-
deficient mutant (18). Our investigation found that neither exogenous cAMP nor
rapamycin could suppress the phenotypic defects caused by myriocin treatment,
demonstrating that ceramide signaling does not act upstream from cAMP-PKA and the
TOR pathway (Fig. S7a; Table S1i). However, the AMolag? mutant showed strong
sensitivity to cell wall stressors, including sodium dodecyl sulfate (SDS), calcofluor white
(CFW), and Congo red (CR), indicating a potential role for ceramide in the PKC-CWI
pathway (Fig. 6a and b). PKC inhibition via chelerythrine chloride or Go 6983 (35) was
shown to result in appressorial morphotypes similar to those caused by myriocin or FB1
treatment (Fig. S7b). In the rice blast fungus, Mps1 functions downstream from PKC for
appressorium repolarization (4, 34). We found that the loss of ceramide signaling
(AMolagT) led to significantly reduced phosphorylation of Mps1 (Fig. 6¢) and that
exogenously added ceramide partially restores such Mps1 phosphorylation in the
AMolag1 mutant (Fig. 6d). We conclude that ceramide signaling modulates the PKC-
based cell wall integrity pathway, in addition to its important role in regulating cell
cycle-dependent appressorial morphogenesis and function in the rice blast pathogen.

GlcCers synthesized from ceramides are responsible for the pathogenicity of
M. oryzae. Thus far, we can conclude that by regulating the cell cycle and PKC
signaling, early sphingolipids (ceramides) affect the pathogenicity of M. oryzae (see Fig.
9). However, ceramides are the precursors of glucosylceramide (GlcCer) and inositol
phosphorylceramide (IPC), which are the end products of late sphingolipid biosynthesis
(Fig. 7a). Is the loss of pathogenicity in the AMolag? mutant, then, attributable to the
lack of GlcCer or IPC or of both? To solve this problem, phylogenetic analysis and
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sequence comparison of the Lag1 motif (36) were performed on the ceramide syn-
thases of six fungi, and the results showed that MoLag1 had the highest homology with
Bar1 of Fusarium graminearum (FgBar1), which is involved in the production of GlcCers
in F. graminearum (Fig. S8a and b) (37). We therefore inferred that MolLag1 is likely
responsible for the synthesis of GlcCers.

To verify this hypothesis, we first analyzed the levels of sphingolipids in the AMolag1
mutant with LC-MS. Compared to its accumulation in the wild-type Guy11, the accu-
mulation of the ceramide precursor sphinganine showed an increase in the AMolag1
mutant (Fig. 7b), while the contents of C,g-dihydroceramide, C,4-ceramide, and C, -
OH-ceramide decreased significantly. Correspondingly, we observed lower levels of
C,6:2/Cyg GlcCers in the AMolag1 mutant (Fig. 7b). Unexpectedly, although the levels of
phytosphingosine, phytoceramide, and C,4-dihydroceramide in the wild type and the
AMolag1 mutant did not change significantly, the mutant showed a marked depletion
of IPC (18:0;3/26:0;0) (Fig. 7b; Fig. S8c). Overall, MoLag1 mainly catalyzes the production
of C,4-Cers, which are responsible for the synthesis of GlcCers.

We further identified the ortholog of the yeast gene encoding ceramide galacto-
syltransferase in M. oryzae (MoCGT1; MGG_10668). A previous study has shown that
MoCgt1 is responsible for the biosynthesis of GlcCers (38). We obtained a null mutant
of MoCGT1 and were surprised to find that the colony morphology of the AMocgt1
mutant was similar to that of the AMolag1 mutant. The AMocgt1 colonies showed slow
growth and sparse mycelia (Fig. 8a). The AMocgt? mutant also showed reduced
conidiation, with the total number of spores being about 1% of that of the wild type
(Fig. 8a; Table S1j). More importantly, similar to the results for myriocin treatment, the
appressoria formed by the AMocgtl mutant also displayed three different morpho-
types. Type | was similar to that of Guy11, type Il was immature and lacked the
melanized appressorial cell wall, and in type I, the polarized growth of the conidial
germ tube was perturbed, leading to a loss of appressoria (Fig. 8b). The pathogenicity
of the AMocgt1 mutant on barley and rice leaves was also much lower than that of the
wild type (Fig. 8c). Observations on barley leaves infected by conidia of Guy11 and the
AMocgt1 mutant for 48 h showed that, while ~74% of the wild-type appressoria
successfully infected host leaves, only ~6% of the appressoria of the AMocgt1 mutant
could produce penetration pegs and colonize plants (Fig. 8d). In contrast to that of the
wild-type Guy11, the appressorial turgor pressure of the AMocgt1 mutant was signifi-
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cantly decreased (Fig. 8e). The growth, sporulation, appressorium morphology, and
pathogenicity of transformants were restored by reintroducing the wild-type MoCGT1
gene (Fig. 8).

We also studied the role of IPC in appressorium formation by applying aureobasidin
A (AbA), a specific inhibitor of inositol phosphorylceramide synthase (Ipc1), in the
fungus (39). Both in vitro enzyme activity analysis and mycelial growth inhibition assays
were conducted, and the results demonstrated that AbA can effectively inhibit the
activity of Ipc1 in a dose-dependent manner in M. oryzae (Fig. S9a and b). Then, we
studied the effect of AbA on appressorium development and found that the morphol-
ogy and function of appressoria were not affected by AbA in the concentration range
studied (Fig. S9c).

Combined with the above-described results, we conclude that the complex sphin-
golipid GlcCer is involved in the pathogenesis of the rice blast fungus and the loss of
pathogenicity of the AMolag! mutant is due to the loss of GlcCer production therein
(Fig. 9).

DISCUSSION

Our study offers an illustrative example of how untargeted metabolomics analyses
can lead to biological insights with important practical implications. The fact that
ceramides function in fungal pathogenesis against plant hosts seems plausible in light
of the findings on sphingolipids in animals. It was previously assumed that ceramides
and other sphingolipids present in biological membranes function as purely supporting
structural elements. However, recent studies have established that ceramide (that is, a
sphingolipid lacking further modification) can participate in a variety of signaling
processes, including regulation of cellular differentiation and proliferation and as an
initiator of programmed cell death (40, 41). In M. oryzae, previous studies have shown
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represent metabolic processes. Black and gray arrows represent the molecular mechanisms of metabolites involved
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ceramide was also found to act upstream from the PKC-CWI pathway during appressorium repolarization (black
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loss of pathogenicity in appressoria (gray arrows). On the other hand, ceramide can be used as a substrate to
participate in the synthesis of GlcCer and IPC, and our research found that only GlcCer is directly related to the
pathogenic process of rice blast fungus (blue arrow).

that treatment of fungi with various ceramide compounds specifically triggered the
initiation of appressorial development, thus suggesting that ceramides could somehow
be perceived by or be involved in such signal transduction pathways in M. oryzae (42).
Our study showed that the absence of ceramide elevated the sensitivity to cell wall
stress in M. oryzae. We deduced that cell wall integrity was certainly disrupted due to
the structural defects caused by reduction in or loss of sphingolipids. Meanwhile, the
results on the phosphorylation status of Mps1 and the involvement of ceramide
signaling in modulating the PKC-based CWI pathway support this hypothesis/working
model. From CWI to PKC signaling, this process has a cascading effect (43). Impaired
sphingolipid signaling resulted directly in defects in membrane integrity, and the PKC
pathway was thereby impaired/impacted in an indirect manner. The above-mentioned
results are also consistent with studies in yeast (43, 44). In addition to the role of
resisting cell wall stress, the CWI pathway, involving the Mps1 MAPK, is also known to
be necessary for penetration peg formation (17, 34). Notably, the wild-type strain Guy11
appressoria treated with myriocin/FB1 and the appressorium-like structures produced
by the AMolag1 strain showed the absence of penetration pegs. Besides, the Amps1
mutant showed reduced conidiation, indicating that Mps1 signaling also regulates the
conidiation in M. oryzae (17). The phenotypes of the AMolag1 mutant support the fact
that Mps1 signaling is required for conidiation and appressorium function in M. oryzae
and explain why sphingolipid biosynthesis influences pathogenicity in the rice blast
fungus. Furthermore, the inhibitor-mediated disruption of ceramide biosynthesis al-
tered glycogen metabolism and the trafficking/stability of lipid droplets, the two major
energy sources that facilitate appressorial development. Thus, the vital role of ceramide
is in the regulation not only of signal transduction but also metabolism processes in the
rice blast fungus.

It was also highly conspicuous that our metabolomics analysis showed that the
increasing and subsequently decreasing trend in ceramide levels was highly similar to
that observed for the turgor pressure-generating compatible-solute glycerol. A similar
trend was also found for phosphatidylethanolamine (PE), to which the autophagy
protein Atg8 conjugates to initiate autophagosome biogenesis (45). Normal appresso-
rial development is known to require mitosis and autophagic cell death (6). G,/S and
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G,/M cell cycle checkpoints mediate the maturation of the appressorium, after which
the three remaining nuclei in the conidium are degraded via autophagy (10, 11). In M.
oryzae, blocking the later stages (anaphase and mitotic exit) of the cell cycle causes a
range of nuclear distribution defects, including a failure in nuclear migration to the
developing appressorium (10). Furthermore, arresting cells in a preanaphase state also
causes different degrees of maturation of the appressoria (10, 11). We therefore
reasoned that early sphingolipids affect the anaphase stage of mitosis during appres-
sorium development and the degradation of nuclei in conidia. The influence of differ-
ent stages of the cell cycle on the formation of penetration pegs has also been studied
(11). It is now known that the second round of S-phase progression, but not the later
stages of the cell cycle, affect the formation of penetration pegs. Our observation that
treatment of developing appressoria with myriocin affected the appressorial matura-
tion and subsequent penetration peg formation thus suggests a potential cellular
mechanism(s): disruption of early sphingolipid biosynthesis disturbs the later stage(s) of
the first round of mitosis (anaphase), thereby preventing the occurrence of consequent
mitotic exit and the second round of S phase. We also speculate that the second round
of S phase regulates the downstream PKC signaling pathway, thus modulating the
formation of penetration pegs in M. oryzae (Fig. 9).

Besides their roles in signaling, ceramides are precursors of the complex sphingo-
lipids GlcCer and IPC. GlcCers have been shown to be important for pathogenesis in
fungal phytopathogens. For example, the inhibitory binding of fungal sphingolipid-
derived glucosides by a specific antibody reduced disease symptoms on tomato leaves
inoculated with Botrytis cinerea (46). The virulence of Fusarium graminearum GlcCer
mutants is reduced on wheat (47). When sprayed on rice leaves, GlcCers elicit phytoa-
lexin production, induce resistance proteins, and promote plant resistance responses
against subsequent infections (48). Another complex sphingolipid, IPC, is a fungus-
specific metabolite that is essential for the growth and survival of fungi. In S. cerevisiae,
when the sphingolipid synthesis pathway is blocked, IPC is no longer synthesized and
yeast dies rapidly (49). Studies have also shown that IPC is involved in the pathogenesis
of some other fungi. In Cryptococcus neoformans, downregulation of IPC1 markedly
lowers the expression of certain virulence traits and impairs its pathogenicity (50).
Furthermore, treatment of B. cinerea with AbA prevents its infection in tomato fruits
(51). Here, we demonstrate that ceramides produced by Molag1 function in fungal
pathogenesis. Furthermore, the analysis of sphingolipid levels in the AMolag? mutant
indicates that MoLag1 mainly synthesizes ceramides for GlcCers. Finally, our results
prove that GlcCer plays an important role in the pathogenic process of the rice blast
fungus. We also used AbA to inhibit the activity of Ipc1 and found that IPC is mainly
involved in the growth process of M. oryzae, rather than the pathogenic process.

Collectively, our results reveal a wide range of metabolites that might take part in
appressorium development. We also further deepen our understanding of ceramide in
the morphology and pathogenicity of appressoria in M. oryzae. We anticipate that this
new metabolic information will help to broaden the scope of future analysis of
appressorium morphogenesis and function, and additional functional characterization
of ceramides would also facilitate the understanding of the blast fungus pathogenesis
process. Extending these metabolic insights into a practical application, we were here
able to successfully block the pathogenicity of M. oryzae in rice and barley by chemi-
cally disrupting two different sphingolipid-producing enzymes. Thus, the sphingolipid
biosynthesis pathway can reasonably be viewed as an important/critical target that can
be exploited for the identification and development of novel disease control agents.

MATERIALS AND METHODS

Fungal culture conditions and appressorium sampling. The wild-type strain of M. oryzae (Guy11)
and its mutants were cultured and maintained on complete medium (CM) plates at 25°C with a 16-h-light
and 8-h-dark cycle as described previously (29). For cultivation in the liquid medium, mycelia from a
6-day-old colony were transferred to liquid CM for 3 days with shaking (150 rpm) at room temperature.
For incubating appressoria, conidia harvested from a 10-day-old colony were resuspended in sterile
distilled water and incubated on the hydrophobic surface of projection transparency film (Terylene resin;
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Gaoke, China) at 25°C. Appressoria were harvested in chilled sterile water at the chosen time points
(0h,6h,12h,18h, 24 h, 36 h, and 48 h) and quickly stored at —80°C prior to lyophilization. Each group
consisted of 6 replicates. Two schemes for the collection of appressoria were compared. In method 1, the
quantified conidia (5 X 10° conidia/ml, 30 ml) were germinated and collected to extract the metabolites;
this is the most common method used for extracting RNA and proteins from appressoria (52). In method
2, the induced appressoria were collected without determining their concentration (conidia/ml), and the
metabolites were extracted from 10 mg of freeze-dried samples. We collected samples at two phases of
germinating conidia (0 h and 24 h) using both methods and analyzed the extracted metabolites by
GC-MS. The data were subjected to PCA to compare the different methods (Fig. S1a and b in the
supplemental material). It was found that the reliability of method 2 data is better than that of method
1 data. Method 2 was thereby chosen for the experiments reported in this study.

Untargeted metabolomic profiling. (i) GC-MS sample preparation. The freeze-dried samples
were ground to a uniform powder and stored at —80°C prior to metabolomics analyses. The powder
was soaked in 1.5 ml of an extraction solvent containing isopropanol/acetonitrile/water (3:3:2, by
volume) with 15 ul (2 mg/ml) of tridecanoic acid as an internal standard. All extracts were sonicated for
1 h and centrifuged for 10 min at 14,000 rpm and 4°C. Supernatants were dried under a nitrogen flow on
an N-Evap nitrogen evaporator (Organomation, USA). The extract was then oximated with 100 ul
methoxyamine hydrochloride for 90 min at 37°C and silylated with 100 ul methyl-trimethyl-silyl-
trifluoroacetamide (MSTFA) for 60 min at 60°C in order to increase the volatility of the metabolites.

(ii) GC-MS analysis. The metabolite analysis was carried out on an Agilent 7890A series gas
chromatograph (GC) system using a 5975C mass selective detector (MSD) equipped with an Agilent
G4513A injector (Agilent, USA). An Agilent DB-5MS column (0.25 um, 0.25 mm by 30 m) was used with
the column temperature set at 70°C for the first 4 min and then increased by 15°C/min to 310°C over
15 min. The injection temperature was set as 300°C, and the injection volume was 1 ul with a 10:1 split
ratio. Helium (99.9995%; Jingong, China) was applied as a carrier gas, and the column flow rate was
1.2 ml/min under the control of a linear velocity control model. Prior to the instrumental analysis, the
mass spectrometer was tuned using perfluorotributylamine (PFTBA) to obtain optimum performance.
The mass spectrum scanning scope was set to 33 to 600 m/z in the full scan mode. The scan speed was
2.59 scans/s, and the solvent hold-up time was 5.0 min. The temperatures of the interface and the ion
source were adjusted to 280 and 230°C, respectively. The detector voltage was maintained at 1.2 kV, and
the electron impact (El) model was selected to achieve ionization of the metabolites at 70 eV.

(iii) LC-MS sample preparation. The powder of freeze-dried tissue samples was soaked in an
extraction solvent containing isopropanol/acetonitrile/water (3:3:2, by vol), with 10 wg/ml umbelliferone
used as an internal standard. All extracts were sonicated for an hour and centrifuged for 10 min
(14,000 rpm at 4°C). Supernatants were collected for LC-MS analysis.

(iv) LC-MS analysis. LC-MS analysis was performed on an Agilent 1290 liquid chromatograph (LC)
system coupled to an Agilent 6540 ultrahigh definition (UHD) quadrupole time of flight (Q-TOF) mass
spectrometer equipped with an electrospray ionization source. An Agilent SB-C,; column (rapid resolu-
tion high definition [RRHD], 1.8 um, 2.1 by 100 mm) was used. The samples were analyzed in positive ion
mode. Mobile phases A and B were 95% water/5% acetonitrile with 0.1% formic acid and 5% water/95%
acetonitrile with 0.1% formic acid, respectively, and the gradient was as follows: t = 2 min, 1% mobile
phase B; t = 3 min, 35% B; t = 8 min, 60% B; t = 10 min, 70% B; t = 20 min, 83% B; t = 22 min, 90% B;
t =26 min, 100% B; t =28 min, 100% B. The flow rate was 0.3 ml/min. Five-microliter aliquots of the
sample were loaded for each individual analysis. The capillary voltage and spray shield were set to 3,500
V. The sheath gas was set to 10 liters/min at a temperature of 350°C. The nebulizer gas was set to 12
liters/min at 350°C. Spectra were acquired over a range of m/z 50 to 1,200. The collision energy in the
MS/MS mode was set to 20 V. LC-MS-grade acetonitrile, isopropanol, distilled water, and formic acid
(HCOOH) were obtained from Fisher Scientific, UK. All standards used in this study were purchased from
Sigma-Aldrich, USA.

Analysis of fungal sphingolipids by LC-MS. The procedures for sphingolipid extraction and mass
spectrometry analysis were performed as described before (53). Briefly, Guy11 strains were cultured in
liquid CM for 2 days and then collected and ground with liquid nitrogen. Lipids were extracted by
Mandala extraction (54), Bligh and Dyer extraction (55), and base hydrolysis (56) successively. The mixed
extracts and internal standards were dried and redissolved in mobile phase B. MS analysis was performed
on a Thermo Accela high-performance liquid chromatography (HPLC) system coupled to a Thermo TSQ
Quantum Ultra mass spectrometer (Thermo, USA).

In vitro activity of Ipc1. The Ipc1 activity assays were carried out by following previously described
methods (50, 57), with slight modifications. Briefly, Guy11 strains were cultured in liquid CM for 2 days
and then collected and ground with liquid nitrogen. The fractured tissues were resuspended in lysis
buffer (50) and centrifuged at 2,500 X g for 10 min at 4°C. Proteins in the supernatant were quantified
by the Bradford method (58). Proteins (150 ng) were preincubated with different concentrations of
aureobasidin A (AbA) for 5 min and then incubated at 30°C for 30 min in assay buffer (57) containing
0.1 mM  C,-NBD-ceramide  (N-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-p-erythro-sphingosine;
ApexBio, USA) and 2 mM phosphatidylinositol (Pl; Sigma-Aldrich, USA) in a final reaction mixture volume
of 100 wl. The reaction was quenched with 500 ul 0.1 M HCl in methanol. One milliliter chloroform and
1.5 ml MgCl, (1 M) were added into the reaction mixture, and the phases were separated by centrifu-
gation at 1,000 X g for 10 min. The bottom chloroform phases were extracted, and the fluorescent
substrate and product (NBD-ceramide or NBD-IPC, N-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)lamino]hexa-
noyl}-inositol-phosphatidylceramide) were analyzed using a Waters 600 HPLC coupled with a 2475
fluorescence detector (Waters, USA). An Atlantis T3 (5 um, 4.6 by 250 mm; Waters, USA) column was used
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with a gradient of 50% mobile phase A (0.1% CH,COOH)-50% mobile phase B (CH,CN) to 10% A-90%
B; the maximum excitation and emission wavelengths were set at 465 nm and 530 nm, respectively.

Data analysis. Metabolomics data were initially converted into the mzXML data format and
sequentially handled by XCMS software running under R environment version 2.3.1 for metabolic feature
detection and chromatographic matching. For GC-MS analysis, the NIST 14.0 standard mass spectral
database was used to identify metabolites (in the GC-MS chromatograms). Metabolites were identified
based on their retention index and mass spectral similarity (more than 70%) to the database; some of
these structural identifications were validated using known standard compounds. For LC-MS analysis,
each m/z value and MS/MS spectrum of the ionization product were matched in the METLIN database
(http://metlin.scripps.edu/), HMDB database (http://www.hmdb.ca/), and Lipid Maps database (http://
www.lipidmaps.org/) with parameters of ppm = 30, adducts = [M+H]*, and positive ion mode. For
sphingolipids and NBD-ceramide/NBD-IPC analysis, data were extracted using Thermo Xcalibur 2.2
software and Waters Empower software, respectively. Principal-component analysis (PCA) and orthog-
onal partial least-squares discriminant analysis (OPLS-DA) were used in the data analysis implemented in
SIMCA-P version 14.1 (Umetrics AB, Sweden). The significance was expressed by using the variable
importance in projection (VIP) values of the OPLS-DA SIMCA-P analysis and using one-way analysis of
variance (ANOVA) or two-tailed t test conducted in Statistical Product and Service Solutions software
(IBM, USA). VIP values exceeding 1.0 and Student’s t test P values of less than 0.05 were considered to
show a significant difference. Differentially accumulated metabolites were analyzed using the KEGG
database (http://www.kegg.jp/) for pathway analysis.

Chemical inhibition and complementation. Conidia treated with myriocin (LKT Labs, USA), FB1
(ApexBio, USA), rapamycin (ApexBio, USA), cAMP (Sigma-Aldrich, USA), Go 6983 (Sigma-Aldrich, USA),
and aureobasidin A (Solarbio, China) were drop inoculated onto the hydrophobic membrane for 24 h to
observe the formation of appressoria. For chelerythrine chloride (ApexBio, USA) treatment assays,
inhibitors were added to conidial suspensions at 4 h following incubation, a time when almost all of the
conidia had germinated.

Glycogen and lipid bodies were observed during development at 0 h, 8 h, 16 h, and 24 h of
incubation with KI/I, and Nile red staining as previously described (20). Fluorescent microscopy obser-
vations were carried out using an Eclipse 80i microscope (Nikon, Japan). In order to visualize nuclear
degeneration in M. oryzae, Guy11 expressing histone H2B:GFP treated with 100 uM myriocin was
examined by epifluorescence microscopy at 24 h. Mycelia of the AMolag1 strain grown with shaking in
liquid CM with C,-ceramide (Sigma-Aldrich, USA) were inoculated onto the surface of detached barley
leaves for pathogenesis analysis.

Targeted gene disruption, complementation, and phenotypic analysis. MoLAG1 was identified
through a BLASTp search of the M. oryzae genome database (http://www.broadinstitute.org/annotation/
genome/magnaporthe_grisea/MultiHome.html) against the yeast LAG1 protein. Targeted gene disrup-
tion was carried out using a previously described high-throughput gene knockout system (59). The
targeted gene deletion vector was introduced into the wild-type strain Guy11 via an Agrobacterium
tumefaciens-mediated transformation (ATMT) method. For complementation, the full-length genomic
gene sequence with its native promoter sequence was cloned from M. oryzae genomic DNA and
subcloned into the vector pKD5. The primers used in this study are presented in Table S1g. For vegetative
growth, development of conidia on conidiophores, conidiation, incipient cytorrhysis assays, pathoge-
nicity tests on barley (Hordeum vulgare) and rice CO-39 (Oryza sativa), and penetration assays were
performed as described previously (29, 59).

Western blot analysis. Vegetative hyphae used for protein extraction were harvested 72 h after
culture in liquid CM. The protein extraction assays were performed as described previously (60). Total
proteins were separated on SDS-PAGE gels and transferred to polyvinylidene difluoride membrane for
Western blot analysis. Expression and phosphorylation of Mps1 were detected by using PhosphoPlus
p44/42 MAP kinase antibody kits (Cell Signaling Technology, USA).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.01467-19.

FIG S1, TIF file, 1.4 MB.

FIG S2, TIF file, 1.7 MB.

FIG S3, TIF file, 1.4 MB.

FIG S4, TIF file, 1.8 MB.

FIG S5, TIF file, 2.5 MB.

FIG S6, JPG file, 1.3 MB.

FIG S7, TIF file, 1 MB.

FIG S8, TIF file, 2.1 MB.

FIG S9, TIF file, 2.2 MB.

TABLE S1, XLSX file, 0.1 MB.

ACKNOWLEDGMENTS
This study was supported by grants no. 31370171 and 31770154 from the National
Natural Science Foundation of China and by NIH grant no. Al125770 to M.D.P. N.L.N.

July/August 2019 Volume 10 Issue 4 e01467-19

mBio’

mbio.asm.org 16


http://metlin.scripps.edu/
http://www.hmdb.ca/
http://www.lipidmaps.org/
http://www.lipidmaps.org/
http://www.kegg.jp/
http://www.broadinstitute.org/annotation/genome/magnaporthe_grisea/MultiHome.html
http://www.broadinstitute.org/annotation/genome/magnaporthe_grisea/MultiHome.html
https://doi.org/10.1128/mBio.01467-19
https://doi.org/10.1128/mBio.01467-19
https://mbio.asm.org

Sphingolipid Signaling in Rice Blast Fungus

mBio’

acknowledges intramural research support from the Temasek Life Sciences Laboratory,
Singapore.
Maurizio Del Poeta is a cofounder and Chief Scientific Officer (CSO) of MicroRid
Technologies Incorporated. All other authors have no conflict of interest.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

July/August 2019 Volume 10

Elert E. 2014. Rice by the numbers: a good grain. Nature 514:550-S51.
https://doi.org/10.1038/514s50a.

Wilson RA, Talbot NJ. 2009. Under pressure: investigating the biology of
plant infection by Magnaporthe oryzae. Nat Rev Microbiol 7:185-195.
https://doi.org/10.1038/nrmicro2032.

. Skamnioti P, Gurr SJ. 2009. Against the grain: safeguarding rice from rice

blast disease. Trends Biotechnol 27:141-150. https://doi.org/10.1016/j
.tibtech.2008.12.002.

. Fernandez J, Orth K. 2018. Rise of a cereal killer: the biology of Magna-

porthe oryzae biotrophic growth. Trends Microbiol 26:582-597. https://
doi.org/10.1016/j.tim.2017.12.007.

. Pennisi E. 2010. Armed and dangerous. Science 327:804-805. https://

doi.org/10.1126/science.327.5967.804.

. Veneault-Fourrey C, Barooah M, Egan M, Wakley G, Talbot NJ. 2006.

Autophagic fungal cell death is necessary for infection by the rice blast
fungus. Science 312:580-583. https://doi.org/10.1126/science.1124550.

. Chumley FG, Valent B. 1990. Genetic-analysis of melanin-deficient, non-

pathogenic mutants of Magnaporthe grisea. Mol Plant Microbe Interact
3:135-143. https://doi.org/10.1094/MPMI-3-135.

. de Jong JC, McCormack BJ, Smirnoff N, Talbot NJ. 1997. Glycerol gen-

erates turgor in rice blast. Nature 389:244 -244. https://doi.org/10.1038/
38418.

. 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.

Saunders DG, Aves SJ, Talbot NJ. 2010. Cell cycle-mediated regulation of
plant infection by the rice blast fungus. Plant Cell 22:497-507. https://
doi.org/10.1105/tpc.109.072447.

Oses-Ruiz M, Sakulkoo W, Littlejohn GR, Martin-Urdiroz M, Talbot NJ.
2017. Two independent S-phase checkpoints regulate appressorium-
mediated plant infection by the rice blast fungus Magnaporthe oryzae.
Proc Natl Acad Sci U S A 114:E237-E244. https://doi.org/10.1073/pnas
.1611307114.

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.

Selvaraj P, Shen Q, Yang F, Naqvi NI. 2017. Cpk2, a catalytic subunit of
cyclic AMP-PKA, regulates growth and pathogenesis in rice blast. Front
Microbiol 8:2289. https://doi.org/10.3389/fmicb.2017.02289.

Xu JR, Urban M, Sweigard JA, Hamer JE. 1997. The CPKA gene of
Magnaporthe grisea is essential for appressorial penetration. Mol Plant
Microbe Interact 10:187-194. https://doi.org/10.1094/MPMI.1997.10.2
.187.

Zhao X, Kim Y, Park G, Xu JR. 2005. A mitogen-activated protein kinase
cascade regulating infection-related morphogenesis in Magnaporthe
grisea. Plant Cell 17:1317-1329. https://doi.org/10.1105/tpc.104.029116.
Dixon KP, Xu JR, Smirnoff N, Talbot NJ. 1999. Independent signaling
pathways regulate cellular turgor during hyperosmotic stress and
appressorium-mediated plant infection by Magnaporthe grisea. Plant
Cell 11:2045-2058. https://doi.org/10.1105/tpc.11.10.2045.

Xu JR, Staiger CJ, Hamer JE. 1998. Inactivation of the mitogen-activated
protein kinase Mps1 from the rice blast fungus prevents penetration of
host cells but allows activation of plant defense responses. Proc Natl
Acad Sci U S A 95:12713-12718. https://doi.org/10.1073/pnas.95.21
12713,

Marroquin-Guzman M, Wilson RA. 2015. GATA-dependent glutaminoly-
sis drives appressorium formation in Magnaporthe oryzae by suppressing
TOR inhibition of cAMP/PKA signaling. PLoS Pathog 11:¢1004851.
https://doi.org/10.1371/journal.ppat.1004851.

Marroquin-Guzman M, Sun G, Wilson RA. 2017. Glucose-ABL1-TOR sig-
naling modulates cell cycle tuning to control terminal appressorial cell
differentiation. PLoS Genet 13:e1006557. https://doi.org/10.1371/journal
.pgen.1006557.

Issue 4 e01467-19

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

35.

36.

37.

Thines E, Weber RW, Talbot NJ. 2000. MAP kinase and protein kinase
A-dependent mobilization of triacylglycerol and glycogen during ap-
pressorium turgor generation by Magnaporthe grisea. Plant Cell 12:
1703-1718. https://doi.org/10.1105/tpc.12.9.1703.

Wilson RA, Gibson RP, Quispe CF, Littlechild JA, Talbot NJ. 2010. An
NADPH-dependent genetic switch regulates plant infection by the rice
blast fungus. Proc Natl Acad Sci U S A 107:21902-21907. https://doi.org/
10.1073/pnas.1006839107.

Bhadauria V, Banniza S, Vandenberg A, Selvaraj G, Wei Y. 2012. Peroxi-
somal alanine: glyoxylate aminotransferase AGT1 is indispensable for
appressorium function of the rice blast pathogen, Magnaporthe oryzae.
PL0S One 7:¢36266. https://doi.org/10.1371/journal.pone.0036266.
Patkar RN, Ramos-Pamplona M, Gupta AP, Fan Y, Naqvi NI. 2012. Mito-
chondrial beta-oxidation regulates organellar integrity and is necessary
for conidial germination and invasive growth in Magnaporthe oryzae.
Mol Microbiol 86:1345-1363. https://doi.org/10.1111/mmi.12060.
Badaruddin M, Holcombe LJ, Wilson RA, Wang ZY, Kershaw MJ, Talbot
NJ. 2013. Glycogen metabolic genes are involved in trehalose-6-
phosphate synthase-mediated regulation of pathogenicity by the rice
blast fungus Magnaporthe oryzae. PLoS Pathog 9:1003604. https://doi
.0rg/10.1371/journal.ppat.1003604.

Fernandez J, Marroquin-Guzman M, Wilson RA. 2014. Evidence for a
transketolase-mediated metabolic checkpoint governing biotrophic
growth in rice cells by the blast fungus Magnaporthe oryzae. PLoS
Pathog 10:e1004354. https://doi.org/10.1371/journal.ppat.1004354.

Oh Y, Donofrio N, Pan H, Coughlan S, Brown DE, Meng S, Mitchell T,
Dean RA. 2008. Transcriptome analysis reveals new insight into appres-
sorium formation and function in the rice blast fungus Magnaporthe
oryzae. Genome Biol 9:R85. https://doi.org/10.1186/gb-2008-9-5-r85.
Franck WL, Gokce E, Oh Y, Muddiman DC, Dean RA. 2013. Temporal
analysis of the Magnaporthe oryzae proteome during conidial germina-
tion and cyclic AMP (cAMP)-mediated appressorium formation. Mol Cell
Proteomics 12:2249-2265. https://doi.org/10.1074/mcp.M112.025874.
Liu X, Locasale JW. 2017. Metabolomics: a primer. Trends Biochem Sci
42:274-284. https://doi.org/10.1016/j.tibs.2017.01.004.

Liu XH, Lu JP, Zhang L, Dong B, Min H, Lin FC. 2007. Involvement of a
Magnaporthe grisea serine/threonine kinase gene, MgATG]I, in appres-
sorium turgor and pathogenesis. Eukaryot Cell 6:997-1005. https://doi
.org/10.1128/EC.00011-07.

Soanes DM, Chakrabarti A, Paszkiewicz KH, Dawe AL, Talbot NJ. 2012.
Genome-wide transcriptional profiling of appressorium development by
the rice blast fungus Magnaporthe oryzae. PLoS Pathog 8:1002514.
https://doi.org/10.1371/journal.ppat.1002514.

Otaka J, Seo S, Nishimura M. 2016. Lutein, a natural carotenoid, induces
alpha-1,3-glucan accumulation on the cell wall surface of fungal plant
pathogens. Molecules 21:980. https://doi.org/10.3390/molecules
21080980.

Rollin-Pinheiro R, Singh A, Barreto-Bergter E, Del Poeta M. 2016. Sphin-
golipids as targets for treatment of fungal infections. Future Med Chem
8:1469-1484. https://doi.org/10.4155/fmc-2016-0053.

Cowart LA, Obeid LM. 2007. Yeast sphingolipids: recent developments in
understanding biosynthesis, regulation, and function. Biochim Biophys
Acta 1771:421-431. https://doi.org/10.1016/j.bbalip.2006.08.005.

. Li G, Zhou X, Xu JR. 2012. Genetic control of infection-related develop-

ment in Magnaporthe oryzae. Curr Opin Microbiol 15:678-684. https://
doi.org/10.1016/j.mib.2012.09.004.

Yu R, Mandlekar S, Tan TH, Kong AN. 2000. Activation of p38 and c-Jun
N-terminal kinase pathways and induction of apoptosis by chelerythrine
do not require inhibition of protein kinase C. J Biol Chem 275:
9612-9619. https://doi.org/10.1074/jbc.275.13.9612.

Spassieva S, Seo JG, Jiang JC, Bielawski J, Alvarez-Vasquez F, Jazwinski
SM, Hannun YA, Obeid LM. 2006. Necessary role for the Lag1p motif in
(dihydro)ceramide synthase activity. J Biol Chem 281:33931-33938.
https://doi.org/10.1074/jbc.M608092200.

Rittenour WR, Chen M, Cahoon EB, Harris SD. 2011. Control of glucosyl-

mbio.asm.org 17


https://doi.org/10.1038/514s50a
https://doi.org/10.1038/nrmicro2032
https://doi.org/10.1016/j.tibtech.2008.12.002
https://doi.org/10.1016/j.tibtech.2008.12.002
https://doi.org/10.1016/j.tim.2017.12.007
https://doi.org/10.1016/j.tim.2017.12.007
https://doi.org/10.1126/science.327.5967.804
https://doi.org/10.1126/science.327.5967.804
https://doi.org/10.1126/science.1124550
https://doi.org/10.1094/MPMI-3-135
https://doi.org/10.1038/38418
https://doi.org/10.1038/38418
https://doi.org/10.1073/pnas.88.24.11281
https://doi.org/10.1073/pnas.88.24.11281
https://doi.org/10.1105/tpc.109.072447
https://doi.org/10.1105/tpc.109.072447
https://doi.org/10.1073/pnas.1611307114
https://doi.org/10.1073/pnas.1611307114
https://doi.org/10.1126/science.1222934
https://doi.org/10.1126/science.1222934
https://doi.org/10.3389/fmicb.2017.02289
https://doi.org/10.1094/MPMI.1997.10.2.187
https://doi.org/10.1094/MPMI.1997.10.2.187
https://doi.org/10.1105/tpc.104.029116
https://doi.org/10.1105/tpc.11.10.2045
https://doi.org/10.1073/pnas.95.21.12713
https://doi.org/10.1073/pnas.95.21.12713
https://doi.org/10.1371/journal.ppat.1004851
https://doi.org/10.1371/journal.pgen.1006557
https://doi.org/10.1371/journal.pgen.1006557
https://doi.org/10.1105/tpc.12.9.1703
https://doi.org/10.1073/pnas.1006839107
https://doi.org/10.1073/pnas.1006839107
https://doi.org/10.1371/journal.pone.0036266
https://doi.org/10.1111/mmi.12060
https://doi.org/10.1371/journal.ppat.1003604
https://doi.org/10.1371/journal.ppat.1003604
https://doi.org/10.1371/journal.ppat.1004354
https://doi.org/10.1186/gb-2008-9-5-r85
https://doi.org/10.1074/mcp.M112.025874
https://doi.org/10.1016/j.tibs.2017.01.004
https://doi.org/10.1128/EC.00011-07
https://doi.org/10.1128/EC.00011-07
https://doi.org/10.1371/journal.ppat.1002514
https://doi.org/10.3390/molecules21080980
https://doi.org/10.3390/molecules21080980
https://doi.org/10.4155/fmc-2016-0053
https://doi.org/10.1016/j.bbalip.2006.08.005
https://doi.org/10.1016/j.mib.2012.09.004
https://doi.org/10.1016/j.mib.2012.09.004
https://doi.org/10.1074/jbc.275.13.9612
https://doi.org/10.1074/jbc.M608092200
https://mbio.asm.org

Liu et al.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

July/August 2019 Volume 10

ceramide production and morphogenesis by the Barl ceramide syn-
thase in Fusarium graminearum. PLoS One 6:€19385. https://doi.org/10
.1371/journal.pone.0019385.

Leipelt M, Warnecke D, Zahringer U, Ott C, Miller F, Hube B, Heinz E.
2001. Glucosylceramide synthases, a gene family responsible for the
biosynthesis of glucosphingolipids in animals, plants, and fungi. J Biol
Chem 276:33621-33629. https://doi.org/10.1074/jbc.M104952200.
Zhong W, Jeffries MW, Georgopapadakou NH. 2000. Inhibition of inositol
phosphorylceramide synthase by aureobasidin A in Candida and Asper-
gillus species. Antimicrob Agents Chemother 44:651-653. https://doi
.0rg/10.1128/AAC.44.3.651-653.2000.

Castro BM, Prieto M, Silva LC. 2014. Ceramide: a simple sphingolipid with
unique biophysical properties. Prog Lipid Res 54:53-67. https://doi.org/
10.1016/j.plipres.2014.01.004.

Ogretmen B. 2018. Sphingolipid metabolism in cancer signalling and
therapy. Nat Rev Cancer 18:33-50. https://doi.org/10.1038/nrc.2017.96.
Thines E, Eilbert F, Sterner O, Anke H. 1997. Signal transduction leading
to appressorium formation in germinating conidia of Magnaporthe
grisea: effects of second messengers diacylglycerols, ceramides and
sphingomyelin. FEMS Microbiol Lett 156:91-94. https://doi.org/10.1016/
S0378-1097(97)00407-2.

Heinisch JJ, Rodicio R. 2018. Protein kinase C in fungi—more than just
cell wall integrity. FEMS Microbiol Rev 42:fux051. https://doi.org/10
.1093/femsre/fux051.

Clarke J, Dephoure N, Horecka |, Gygi S, Kellogg D. 2017. A conserved
signaling network monitors delivery of sphingolipids to the plasma
membrane in budding yeast. Mol Biol Cell 28:2589-2599. https://doi
.0rg/10.1091/mbc.e17-01-0081.

Rockenfeller P, Koska M, Pietrocola F, Minois N, Knittelfelder O, Sica V,
Franz J, Carmona-Gutierrez D, Kroemer G, Madeo F. 2015. Phosphati-
dylethanolamine positively regulates autophagy and longevity. Cell
Death Differ 22:499-508. https://doi.org/10.1038/cdd.2014.219.

De Coninck B, Verheesen P, Vos CM, Van Daele |, De Bolle MF, Vieira JV,
Peferoen M, Cammue BPA, Thevissen K. 2017. Fungal glucosylceramide-
specific camelid single domain antibodies are characterized by broad
spectrum antifungal activity. Front Microbiol 8:1059. https://doi.org/10
.3389/fmicb.2017.01059.

Ramamoorthy V, Cahoon EB, Thokala M, Kaur J, Li J, Shah DM. 2009.
Sphingolipid C-9 methyltransferases are important for growth and vir-
ulence but not for sensitivity to antifungal plant defensins in Fusarium
graminearum. Eukaryot Cell 8:217-229. https://doi.org/10.1128/EC.00255
-08.

Koga J, Yamauchi T, Shimura M, Ogawa N, Oshima K, Umemura K,
Kikuchi M, Ogasawara N. 1998. Cerebrosides A and C, sphingolipid
elicitors of hypersensitive cell death and phytoalexin accumulation in
rice plants. J Biol Chem 273:31985-31991. https://doi.org/10.1074/jbc
.273.48.31985.

Nagiec MM, Nagiec EE, Baltisberger JA, Wells GB, Lester RL, Dickson RC.

Issue 4 e01467-19

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

mBio’

1997. Sphingolipid synthesis as a target for antifungal drugs. Comple-
mentation of the inositol phosphorylceramide synthase defect in a
mutant strain of Saccharomyces cerevisiae by the AUR1 gene. J Biol
Chem 272:9809-9817. https://doi.org/10.1074/jbc.272.15.9809.

Luberto C, Toffaletti DL, Wills EA, Tucker SC, Casadevall A, Perfect JR,
Hannun YA, Del PM. 2001. Roles for inositol-phosphoryl ceramide syn-
thase 1 (IPC1) in pathogenesis of C. neoformans. Genes Dev 15:201-212.
https://doi.org/10.1101/gad.856001.

Wang XH, Guo XJ, Li HY, Gou P. 2015. Characteristics of inositol phos-
phorylceramide synthase and effects of aureobasidin A on growth and
pathogenicity of Botrytis cinerea. J Gen Appl Microbiol 61:108-116.
https://doi.org/10.2323/jgam.61.108.

Lu JP, Liu TB, Lin FC. 2005. Identification of mature appressorium-
enriched transcripts in Magnaporthe grisea, the rice blast fungus, using
suppression subtractive hybridization. FEMS Microbiol Lett 245:131-137.
https://doi.org/10.1016/j.femsle.2005.02.032.

Singh A, Del Poeta M. 2016. Sphingolipidomics: an important mechanis-
tic tool for studying fungal pathogens. Front Microbiol 7:501. https://
doi.org/10.3389/fmicb.2016.00501.

Mandala SM, Thornton RA, Frommer BR, Curotto JE, Rozdilsky W, Kurtz
MB, Giacobbe RA, Bills GF, Cabello MA, Martin 1. 1995. The discovery of
australifungin, a novel inhibitor of sphinganine N-acyltransferase from
Sporormiella australis. Producing organism, fermentation, isolation, and
biological activity. J Antibiot (Tokyo) 48:349-356. https://doi.org/10
.7164/antibiotics.48.349.

Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37:911-917. https://doi.org/10.1139/
059-099.

Clarke NG, Dawson RM. 1981. Alkaline O leads to N-transacylation. A new
method for the quantitative deacylation of phospholipids. Biochem J
195:301-306. https://doi.org/10.1042/bj1950301.

Zhong W, Murphy DJ, Georgopapadakou NH. 1999. Inhibition of yeast
inositol phosphorylceramide synthase by aureobasidin A measured by a
fluorometric assay. FEBS Lett 463:241-244. https://doi.org/10.1016/
5s0014-5793(99)01633-6.

Bradford MM. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248-254. https://doi.org/10.1006/abio.1976
.9999.

Lu JP, Cao HJ, Zhang LL, Huang PY, Lin FC. 2014. Systematic analysis of
Zn2Cys6 transcription factors required for development and pathoge-
nicity by high-throughput gene knockout in the rice blast fungus. PLoS
Pathog 10:1004432. https://doi.org/10.1371/journal.ppat.1004432.
Zhu XM, Liang S, Shi HB, Lu JP, Dong B, Liao QS, Lin FC, Liu XH. 2018.
VPS9 domain-containing proteins are essential for autophagy and en-
docytosis in Pyricularia oryzae. Environ Microbiol 20:1516-1530. https://
doi.org/10.1111/1462-2920.14076.

mbio.asm.org 18


https://doi.org/10.1371/journal.pone.0019385
https://doi.org/10.1371/journal.pone.0019385
https://doi.org/10.1074/jbc.M104952200
https://doi.org/10.1128/AAC.44.3.651-653.2000
https://doi.org/10.1128/AAC.44.3.651-653.2000
https://doi.org/10.1016/j.plipres.2014.01.004
https://doi.org/10.1016/j.plipres.2014.01.004
https://doi.org/10.1038/nrc.2017.96
https://doi.org/10.1016/S0378-1097(97)00407-2
https://doi.org/10.1016/S0378-1097(97)00407-2
https://doi.org/10.1093/femsre/fux051
https://doi.org/10.1093/femsre/fux051
https://doi.org/10.1091/mbc.e17-01-0081
https://doi.org/10.1091/mbc.e17-01-0081
https://doi.org/10.1038/cdd.2014.219
https://doi.org/10.3389/fmicb.2017.01059
https://doi.org/10.3389/fmicb.2017.01059
https://doi.org/10.1128/EC.00255-08
https://doi.org/10.1128/EC.00255-08
https://doi.org/10.1074/jbc.273.48.31985
https://doi.org/10.1074/jbc.273.48.31985
https://doi.org/10.1074/jbc.272.15.9809
https://doi.org/10.1101/gad.856001
https://doi.org/10.2323/jgam.61.108
https://doi.org/10.1016/j.femsle.2005.02.032
https://doi.org/10.3389/fmicb.2016.00501
https://doi.org/10.3389/fmicb.2016.00501
https://doi.org/10.7164/antibiotics.48.349
https://doi.org/10.7164/antibiotics.48.349
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1042/bj1950301
https://doi.org/10.1016/s0014-5793(99)01633-6
https://doi.org/10.1016/s0014-5793(99)01633-6
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1371/journal.ppat.1004432
https://doi.org/10.1111/1462-2920.14076
https://doi.org/10.1111/1462-2920.14076
https://mbio.asm.org

	Metabolomics Analysis Identifies Sphingolipids as Key Signaling Moieties in Appressorium Morphogenesis and Function in Magnaporthe oryzae
	RESULTS
	Profiling of the appressorial metabolome. 
	Significant changes in energy, sterol, and sphingolipid metabolism during appressorial development. 
	Chemical inhibition of early sphingolipid biosynthesis. 
	Gene deletion analysis and genetic/chemical complementation of early sphingolipid biosynthesis. 
	Inhibition of ceramide biosynthesis impairs the cell cycle in M. oryzae. 
	Ceramide regulates the PKC-CWI signaling pathway in M. oryzae. 
	GlcCers synthesized from ceramides are responsible for the pathogenicity of M. oryzae. 

	DISCUSSION
	MATERIALS AND METHODS
	Fungal culture conditions and appressorium sampling. 
	Untargeted metabolomic profiling. (i) GC-MS sample preparation. 
	Analysis of fungal sphingolipids by LC-MS. 
	In vitro activity of Ipc1. 
	Data analysis. 
	Chemical inhibition and complementation. 
	Targeted gene disruption, complementation, and phenotypic analysis. 
	Western blot analysis. 


	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

