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Generation of reactive oxygen species by fungal
NADPH oxidases is required for rice blast disease
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One of the first responses of plants to microbial attack is the produc-
tion of extracellular superoxide surrounding infection sites. Here, we
report that Magnaporthe grisea, the causal agent of rice blast disease,
undergoes an oxidative burst of its own during plant infection, which
is associated with its development of specialized infection structures
called appressoria. Scavenging of these oxygen radicals significantly
delayed the development of appressoria and altered their morph-
ology. We targeted two superoxide-generating NADPH oxidase-
encoding genes, Nox1 and Nox2, and demonstrated genetically, that
each is independently required for pathogenicity of M. grisea. Anox1
and Anox2 mutants are incapable of causing plant disease because of
an inability to bring about appressorium-mediated cuticle penetra-
tion. The initiation of rice blast disease therefore requires production
of superoxide by the invading pathogen.
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O ne of the earliest manifestations of the plant defense response
is the production of reactive oxygen species (ROS), including
superoxide and its dismutation product, hydrogen peroxide (1),
These ROS can kill pathogens directly (2) but also strengthen plant
cell walls through the oxidative cross-linking of cell wall structural
proteins (3) and may function in the regulation of programmed cell
death (4). Although numerous studies have documented the de-
tection of plant-derived ROS (2, 3, 5-7), very little is known about
the role of ROS generation in invading plant pathogenic microor-
ganisms. However, the recent discovery of functional members of
the superoxide-generating NADPH oxidase (Nox) family within
filamentous fungi (8) has led to increased speculation regarding the
possible role of ROS in pathogenic species.

The most well characterized Nox remains that of the human
phagocytic leukocyte, a multisubunit oxidase formed by the cyto-
solic regulatory components Rac, p67PP%, p47Pho% and p40P"ox and
the integral membrane protein flavocytochrome bssg, composed of
the catalytic subunit gp91Phox and p22°Phox (9). In activated macro-
phages, Nox enzymes induce K™ influx, causing pH changes in the
phagocytic vacuole, leading to the killing of pathogens through
activation of neutral proteases (10). Mutations in the catalytic
gp91PPox subunit result in chronic granulomatous disease, an im-
munological disorder in which macrophages are unable to prevent
the spread of infection (11). Plants contain enzymes that are
homologous to gp91P"°%, designated respiratory burst oxidase ho-
mologues (Rboh) (12). Arabidopsis thaliana, for example, possesses
10 Rboh isoforms involved in a diverse range of plant processes.
ROS generated by the A. thaliana RHD2/RBOHC regulate root
hair growth through the activation of Ca?* channels (13), whereas
RBOHD and RBOHF regulate stomatal closure, seed germination,
and root elongation through abscisic acid signaling (14). Recent
studies have shown that it is the activation of RBOHD and RBOHF
that is responsible for ROS accumulation in several plant-microbe
interactions (15). However, rather than driving programmed cell
death as originally thought, ROS may actually antagonize salicylic
acid-dependent prodeath signals (15).

In this article, we demonstrate a role for ROS in infection-
related development of Magnaporthe grisea, the causal agent of
rice blast disease, the most severe disease of cultivated rice
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(Oryza sativa) (16). M. grisea causes plant infection by means of
specialized infection structures called appressoria. These dome-
shaped cells differentiate from the ends of fungal germ tubes in
an elaborate process that is cell cycle-regulated and linked to
programmed cell death of the fungal spore that initiates infection
(17). Appressoria generate mechanical force to rupture the plant
cuticle and gain entry to internal tissues (18, 19). Here, we
provide cytochemical and pharmacological evidence that dem-
onstrate the importance of ROS to the process of plant infection
and rice blast disease. We also report the characterization of two
potential sources for this ROS production, the Nox1 and Nox2
NADPH oxidases and demonstrate genetically that they are
independently required for pathogenicity of M. grisea.

Results

The Rice Blast Fungus Generates ROS During Infection-Related Devel-
opment. Rice blast disease is initiated by specialized infection
cells called appressoria, swollen, dome-shaped cells that differ-
entiate from the ends of a polarized germ tube and develop
turgor pressure (18, 19) before producing a polarized infection
hyphae that physically breaches the rice cuticle and invades the
underlying epidermal cell. To determine the potential role of
ROS in microbial pathogenicity, we first investigated the pro-
duction of ROS during conidial germination and subsequent
appressorium formation of M. grisea by using nitroblue tetrazo-
lium (NBT), which forms a dark-blue water-insoluble formazan
precipitate upon reduction by superoxide radicals (20).

Using this procedure, we were able to detect superoxide in
conidia as early as 20 min after inoculation, as shown in Fig. 14.
Formazan precipitates were typically formed most intensely in the
cell from which the germ tube emerged, although lighter staining
was apparent in all cells of the spore. After ~6 h of incubation, a
dark formazan precipitate formed in the immature appressorium.
These precipitates became less intense and more dispersed upon
maturation, and, after 24 h, staining was restricted to the outer wall
of appressoria. Incubation of conidia in diphenylene iodonium
(DPI), a flavocytochrome inhibitor (21), before NBT reduction,
appeared to abolish production of the formazan precipitate asso-
ciated with sites of superoxide generation (Fig. 1B). Conidia
incubated in NBT alone generated the previously observed patterns
of staining. Conidia preexposed to the substrate inhibitor DPI,
however, were translucent in comparison, showing no sign of
staining (Fig. 1B). When considered together, the experiments
suggested that superoxide was being generated enzymatically
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Fig. 1. ROS production during infection-related development of M. grisea. (A)
Detection of superoxide by NBT staining during germination and appressorium
formation in M. grisea strain Guy11. Conidia were inoculated on glass coverslips
and incubated in amoist chamber at 26°Cfor 0, 3, 8, and 24 h before being stained
with a 0.3 mM NBT aqueous solution for 20 min and viewed by bright-field
microscopy. Representative bright-field images at each time point are shown. (B)
Inhibition of M. grisea superoxide production by NADPH oxidase inhibitor di-
phenylene iodonium (DPI). Conidia were preincubated in a 25 uM DPI solution for
20 min before NBT staining. (C) Detection of ROS by H,DCFDA staining during
infection-related development. Conidia were inoculated onto glass coverslips
and incubated in a moist chamber at 26°C for 0, 3, and 8 h before being stained
with a 2.5 ug-ml~"' carboxy-H,DCFDA aqueous solution for 20 min and viewed by
epifluorescence microscopy. (Scale bars, 10 um.)

within M. grisea infection structures, potentially by a flavoenzyme,
such as a superoxide-generating NADPH oxidase.

To investigate production of other reactive oxygen intermediates,
we used 2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA).
This cell-permeable ROS indicator remains nonfluorescent until
acetate groups are removed (H,DCF) by intracellular esterases,
and oxidation occurs within the cell to yield DCF. Although
H,DCEF is primarily used for the detection of H,O,, DCFH (2', 7
dichlorofluorescein) can also be oxidized by other ROS such as
hydroxyl radicals and nitric oxide. Superoxide, however, is thought
incapable of oxidizing DCFH (see ref. 22). The localization pattern
of ROS in infection structures based on this detection method was
similar to that observed by NBT reduction, as shown in Fig. 1C.
ROS production appeared to be highest within the cytoplasm of
conidia before germination and were also present within the septal
cell walls (Fig. 1C). As germination progressed, ROS localized to
germ tubes (Fig. 1C) and a burst of ROS was frequently observed
within incipient appressoria between 4 and 8 h after inoculation

(Fig. 1C).

Infection-Related Development Is Delayed in M. grisea Conidia Ex-
posed to Antioxidants. To investigate the role of ROS generated
during germination and appressorium formation, conidia were
germinated in either ascorbic acid, or Mn(III)tetrakis(1-methyl-4-
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Fig. 2. Exposure to antioxidants inhibits infection-related development by M.
grisea. (A-D) Bar charts showing the percentage of conidia able to germinate and
form appressoria in the presence of 10 mM, 100 mM, and 1 M ascorbic acid, 2, 4,
6, 8, and 24 h after inoculation (A and B); 1 uM, 10 uM, and 100 uM MnTMPyP,
2, 4, 6, 8, and 24 h after inoculation (C and D). (E) Bar chart showing the
percentage of deformed appressoria resulting from exposure of germinating
conidia to 100 mM ascorbic acid, 10 mM ascorbic acid, and 1 uM MnTMPyP for a
24-h time period. (F) Light micrographs showing appressorial deformities result-
ing from exposure to 100 mM ascorbic acid, 10 mM ascorbic acid, and 1 uM
MnTMPyP for 24 h. (Scale bar, 10 um.) (G) Bar chart showing the percentage of
conidia able to germinate in the presence of 2.5 mM, 0.25 mM, and 25 uM DPI
after 24 h. (H) Light micrographs showing germ tube deformities resulting from
exposure of conidia to 25 uM DPI for 24 h.

pyridyl)porphyrin (MnTMPyP). Ascorbic acid has long been rec-
ognized as a potent scavenger of oxygen radicals (for review see ref.
23) whereas manganic porphyrins, such as MnTMPyP, have been
routinely used as both superoxide dismutase and catalase mimics
(24). Ascorbic acid affected conidial development in a dose-
dependent manner, significantly delaying spore germination (P <
0.002) and appressorium formation (P < 0.004) at all experimental
concentrations used, as shown in Fig. 2.4 and B. Germination and
subsequent appressorium formation were similarly delayed in
conidia exposed to MnTMPyP, yet at far lower doses than ascorbate
(Fig. 2 C and D).

More remarkable than the delay in germination caused by these
antioxidants was the effect they exerted on appressorium morphol-
ogy, as shown in Fig. 2E. Appressoria that were able to develop in
the presence of antioxidants were often deformed, with more
severe and frequent defects occurring at higher treatment concen-
trations (Fig. 2F). Over 95 * 2.5% of appressoria formed in 100
mM ascorbic acid were defective in their morphology. Typical
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appressorial abnormalities included, “budding” (Fig. 2F) and at-
tempts to repolarize (Fig. 2F). Our initial experiments showed that
the flavoenzyme inhibitor DPI could prevent the production of
superoxide during conidial germination and appressorium forma-
tion in M. grisea. However, the effect of this inhibition on conidial
germination had not been investigated. Guy 11 conidia were
therefore incubated in varying concentrations of DPI, and their
development was assessed after 24 h. DPI had a dramatic effect on
spore germination at all three experimental concentrations (Fig.
2G). Exposure to 25 uM DPI approximately halved the number of
conidia able to germinate compared with the control experiment
(Fig. 2G). Concentrations of DPI in excess of 0.25 mM severely
inhibited conidial germination, but were not lethal. Of those
conidia that did germinate, all displayed aberrant germ tube
morphology (Fig. 2G), and none were able to form appressoria.

NADPH Oxidases in the Rice Blast Fungus M. grisea. Cytological and
pharmacological evidence indicated a potential role for ROS
generation in infection-related development by M. grisea. To in-
vestigate this genetically, we set out to identify and characterize
NADPH oxidases from M. grisea. NADPH oxidase-encoding genes
are absent in ascomycete yeasts and the dimorphic basidiomycete
fungi Ustilago maydis and Cryptococcus neoformans. Filamentous
ascomycete fungi typically contain two NADPH oxidase (Nox)
isoforms, based on analysis of recent genome sequences (25). The
M. grisea genome (26), however, contains three putative NADPH
oxidase-encoding genes, which we named NOXI, NOX2, and
NOX3, which are homologous to NoxA and NoxB of Aspergillus
nidulans (25), as shown in supporting information (SI) Fig. 5.
Fungal Nox have been linked to both multicellularity (27) and
cellular differentiation (25) and have been shown, genetically, to be
necessary for development of sexual fruiting bodies (8, 28). More
recently, Nox-derived ROS have been demonstrated to be critical
in maintaining a mutualistic fungus—plant interaction (29, 30). We
decided to test genetically whether M. grisea NADPH oxidases are
responsible for production of ROS observed during conidial ger-
mination and appressorium formation and to elucidate the biolog-
ical role of these superoxide-generating enzymes in the rice blast
fungus.

To investigate the cellular function of NOXI, we performed a
targeted gene replacement of the NOX1I coding region with a 1.4-kb
gene cassette bestowing resistance to the antibiotic hygromycin B.
The gene replacement vector was introduced into a rice pathogenic
strain of M. grisea, Guy 11, and hygromycin-resistant transformants
were selected. DNA gel blot analysis identified four gene replace-
ment mutants (see SI Fig. 6). To investigate the cellular function of
NOX2, we performed a targeted gene deletion by introducing a
2.8-kb gene cassette bestowing resistance to the antibiotic sulfonyl-
urea into the coding region of NOX2, replacing 0.5 kb of the ORF
as shown in Fig. 3 D and E. The gene-replacement vector was
introduced into both Guy 11 and the AnoxI mutant background,
and sulfonylurea-resistant transformants were selected. DNA gel
blot analysis identified three Anox2 gene replacement mutants and
three AnoxIAnox2 double mutants (SI Fig. 6). To determine the
effect of these mutations on M. grisea asexual development, myce-
lium was grown on standard growth medium (see Materials and
Methods), and colony morphology and vegetative growth of the
mutants were assessed. Accelerated hyphal growth was observed in
AnoxI mutants, and colonies displayed lighter pigmentation,
whereas Anox2 mutants grew normally, yet displayed increased
aerial hyphal growth, giving colonies a white “fluffy” appearance
(see SI Fig. 6). The Anox1Anox2 double mutants displayed the same
accelerated vegetative growth phenotype of Anox! mutants. Al-
though AnoxI and Anox2 mutants were not significantly affected in
conidiogenesis, Anox1Anox2 mutants showed a dramatic reduction
in conidiation (SI Fig. 6).

To investigate the expression and localization of Nox1 during
infection-related development, we generated a C-terminal Nox1-
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GFP fusion and introduced this construct into M. grisea. Conidia
from NOX1:sGFP-expressing strains were examined by epifluores-
cence microscopy. Faint GFP fluorescence was detected at the
periphery of appressoria from ~4 h, consistent with Nox1 being
plasma membrane-localized (Fig. 34). Previous attempts to localize
other putative membrane proteins in M. grisea, such as Pth11p (31)
and the tetraspanin-like protein Plslp (32), resulted in the accu-
mulation of the GFP fusion within appressorial vacuoles. It has
been suggested (31) that this is a result of recycling of membrane
proteins by endocytosis or from the partial missorting of the fusion
protein. The detection of faint GFP fluorescence in the appressoria
of NOXI1:sGFP-expressing strains after 24 h (Fig. 34) is consistent
with endocytic recycling.

Superoxide Production Is Altered in Anox1Anox2. To determine
whether ROS production during appressorium differentiation was
impaired in AnoxI, Anox2, and Anox1Anox2 mutants, the extent of
NBT reduction in these mutants was compared with that of the
wild-type strain, Guy 11. No significant reduction in appressorium-
specific superoxide production was detected in either AnoxI or
Anox2 mutants (data not shown). However, the AnoxIAnox2 mu-
tant generated significantly less superoxide than Guy 11 during
appressorium formation (Fig. 3B), as quantified by a reduction in
the mean pixel intensity measurement because of accumulation of
appressorium-localized formazan precipitates (Student’s ¢ test P =
0.0145) (Fig. 3D). In M. grisea, the oxidative burst associated with
appressorium formation occurs as a highly transient, nonsynchro-
nous event, making quantification challenging. However, several
fungi have been shown to generate ROS during mycelial growth
(28, 29), and we were interested to know whether ROS accumu-
lation was affected vegetative hyphae of the Nox mutants, especially
given the increased rate of hyphal elongation exhibited by the Anox1
and AnoxIAnox2 mutants. Guy 11 and the AnoxIAnox2 mutant
were grown on CM for 3 days and examined for superoxide
production after 2 h of incubation in 0.05% (wt/vol) NBT.
Formazan precipitates formed in the growing tips of Guy 11 and
Anox1Anox2 hyphae in a process that was highly sensitive to DPI
(Fig. 3C). Interestingly, quantitative analysis revealed a significant
increase in superoxide production at the hyphal tips of the
Anox1Anox2 mutant, when compared with those of Guy 11 (Stu-
dent’s ¢ test P < 0.001) (Fig. 3D), suggesting up-regulation of an
alternative source of ROS in the double Nox mutant. There was
however, no detectable difference in superoxide production be-
tween Guy 11 and the Anox! and Anox2 mutants (data not shown).
Considered together, these results suggest the likely operation of
numerous routes for cellular ROS generation in M. grisea during
hyphal development and infection structure formation and high-
light the specific role of Noxl and Nox2 in developmentally
regulated superoxide production during appressorium formation.

Nox1 and Nox2 Are Independently Required for Plant Infection. To
determine the role of NADPH oxidases in plant disease, we
inoculated seedlings of a blast-susceptible rice cultivar, CO-39 with
four independently generated AnoxI mutants, three independently
generated Anox2 mutants, and three Anox1Anox2 mutants. None of
the Anox mutants were able to cause disease on rice, and no lesions
were observed even after prolonged incubation of the seedlings, as
shown in Fig. 44. Pathogenicity assays were repeated three times by
using 60 rice seedlings per experiment, with uniform results. To
ensure that the pathogenicity phenotypes were associated with loss
of NOXI and NOX2, the respective genes were reintroduced and
were able to restore the ability of M. grisea to cause disease (Fig.
4A). The ability of both Anox/ and Anox2 mutants to elaborate
appressoria remained normal, but we observed by both light and
transmission electron microscopy that appressorium-mediated cu-
ticle penetration was completely absent in both nox mutants, as
shown in Fig. 4 C-J. Plant infection is therefore completely inhibited
in Anoxl, Anox2 and AnoxIAnox2 mutants. Furthermore, AnoxI
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Fig. 3. Superoxide production is significantly altered in AnoxA7nox2 mu-
tants. (A) Cellular localization of Nox1-Gfp in M. grisea. A Guy 11 transformant
expressing a NOXT7-GFP fusion under the control of the NOX7 promoter was
inoculated onto glass coverslips and observed by epifluorescence microscopy.
A faint fluorescence was observed at the appressorium periphery from 4 h.
After 24 h, GFP was also detected in the central appressorium vacuole. (B)
Detection of superoxide in the appressorium of Guy 11, and AnoxATnox2
mutants, by NBT staining. Conidia were inoculated on glass coverslips and
incubated in a moist chamber at 26°C for 5 h before being stained with a 0.5%
(wt/vol) NBT solution for 20 min and viewed by bright-field microscopy. (C)
Detection of DPI-sensitive superoxide production in the hyphal tips of M.
grisea strain, Guy 11, and AnoxA7nox2 mutants by NBT staining. Colony
mycelia were grown on CM media for 3 days and stained with 0.05% (wt/vol)
NBT solution for 2 h in the presence and absence of 25 uM DPI. (D) Bar chart
showing mean pixel intensity in the appressorium and hyphal tips of Guy 11
and AnoxATnox2 mutants stained with NBT to detect superoxide (increased
staining results in reduced pixel intensity and shorter bars, n = 10). Error bars
indicate = 2 SE. (Scale bars, 10 um.)
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Fig. 4. Anox1 and Anox2 mutants are unable to cause rice blast disease. (A)
Seedlings of rice cultivar CO-39 were inoculated with M. grisea conidial
suspensions of identical concentration (1 X 10° conidia per ml~") of Guy11, the
nox1 mutant TM02.18, the nox2 mutant N2.6, and the respective comple-
mented strains TM18C.1 and N2C.2. Seedlings were incubated for 4 days for
development of blast disease. (B) Mycelium from Guy11, Anox1, Anox2, and
AnoxA1nox2 mutants was inoculated onto complete medium containing
calcofluor white at a concentration 10, 100, and 200 pug-ml~' and incubated at
24°C for 5 d with a 12-h light/dark cycle. (C-F) Transmission electron micro-
graphs showing penetration hypha development (C) and cuticle penetration
(D) by Guy 11 after 24 h on onion epidermis compared with appressorium of
Anox1 mutant (E) and attempted penetration point of Anox7 mutant (F).
(Scale bars, 1.0 um.) (G-J) Light micrographs representing the same develop-
mental stages in Guy 11 (G), Anox1 mutants (H), Anox2 mutants (/), and
Anox1Anox2 mutants (J). (Scale bars, 10 um.)

and Anox1Anox2 mutants failed to proliferate in planta even when
inoculated onto wounded rice seedlings (data not shown), suggest-
ing a requirement for Nox1 activity for in planta growth.

The oxidative cross-linking of cell wall components is well
recognized in plants (33) but much less well known in fungi (34). We
questioned whether superoxide produced by M. grisea Nox enzymes
might function in fungal cell wall biogenesis, providing structural
integrity to the appressorium during plant infection. Mycelium from
Guy 11, Anoxl, Anox2, and AnoxIAnox2 were inoculated onto
standard growth medium containing varying concentrations of
calcofluor white, and their sensitivity was assessed after 5 days.
Calcofluor white preferentially binds to polysaccharides containing
1,4-linked D-glucopyranosyl units and therefore alters the assembly
of chitin microfibrils in fungi (35). The sensitivity against this
compound is therefore closely related to the chitin content of cell
walls. The Anox! and AnoxIAnox2 mutants showed increased
resistance to calcofluor white and were able to grow, unlike Guy 11
and Anox2, on concentrations as high as 200 pug'ml™! calcofluor
(Fig. 4B). We conclude that Nox1, but not Nox2, is necessary for
correct cell wall biosynthesis.
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Discussion

The release of ROS by plants is one of the first responses of plants
to fungal invasion (36). In rice blast infections, for instance,
plant-associated ROS have even been identified at the leaf surface
after inoculation with M. grisea spores (37). In this article, we have
shown that M. grisea spores also generate ROS during germination
and formation of prepenetration-stage infection structures, in a
process inhibited by the Nox inhibitor DPI. We identified the M.
grisea genes NOX1 and NOX2 as potential sources of ROS pro-
duction and, by targeted gene replacement, demonstrated that they
are both required for fungal pathogenicity.

ROS and Fungal Cell Differentiation. The generation of ROS oc-
curred at three distinct times in M. grisea, during conidial germi-
nation and appressorium development and during hyphal tip
growth. In spores of the bread mold fungus Neurospora crassa,
singlet oxygen is generated at the start of conidial germination (38),
whereas ROS are required for germination of Podospora anserina
ascospores (28). Here, we have shown that in M. grisea, spore
germination and subsequent appressorium formation can be de-
layed, and to some extent inhibited, by exposure to the antioxidant
ascorbic acid and the catalase mimic MnTMPyP. Exposure of N.
crassa to water-soluble antioxidants was also shown to inhibit ROS
and conidiation (38). Although we found Anox! and Anox2 mutants
to be unaffected in conidiogenesis, loss of both Nox enzymes led to
a drastic reduction in spore production, consistent with the involve-
ment of Nox-derived ROS in cellular differentiation. Significantly,
the M. grisea AnoxIAnox2 mutant showed a decrease in superoxide
generation during appressorium formation but displayed increased
ROS generation during hyphal growth. This is consistent with Nox1
and Nox2 being developmentally regulated during cellular differ-
entiation and appressorium maturation but suggests that an addi-
tional means of ROS generation operates in M. grisea vegetative
hyphae and is up-regulated as a consequence of the loss of Nox1 and
Nox2. An alternative explanation for this observation could be that
the altered cell wall structure of AnoxI Anox2 mutants, suggested by
their resistance to calcofluor white, may lead to increased perme-
ability of hyphae to NBT and greater formazan precipitate accu-
mulation. The presence of alternative sources of ROS generation in
M. grisea may also explain why the morphological defects associated
with appressorium development in the presence of DPI or antioxi-
dants were not observed in Nox mutants. In N. crassa, the inacti-
vation of catalase-3 has been shown to result in enhanced protein
oxidation, higher carotene levels, hyphal adhesion, and higher
amounts of aerial hyphae and conidia (39), whereas the lack of
copper—zinc superoxide dismutase also increased carotene produc-
tion and altered the polarity of the sexual fruiting bodies (40). These
studies and our own observations provide an emerging body of
evidence for the role of ROS in cellular differentiation by filamen-
tous fungi (25).

NADPH Oxidases of the Rice Blast Fungus Are Essential for Plant
Disease. In M. grisea, emergence of the penetration peg occurs by
reestablishment of polar growth at the base of the appressorium in
a direction orthogonal to the plant surface. Because Anox! and
Anox2 mutants appear incapable of appressorium-mediated cuticle
penetration, it is worth speculating that Nox-derived ROS may
regulate this dimorphic switch. In Saccharomyces cerevisiae, the
reestablishment of polarity during bud emergence is known to
involve GTPase Cdc42, which plays a key role in the transduction
of polarity information to the morphogenetic machinery (41). In
filamentous pathogenic fungi, such as Colletotrichum trifolii, Cdc42
is required for regulation of growth and development and is a
negative regulator of appressorium formation (42). One may spec-
ulate that in the rice blast fungus, ROS, which have previously been
implicated in the redox modification of regulatory proteins such as
GTPases (43), may regulate appressorium maturation and the
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reestablishment of polarity required for penetration peg formation
and successful plant infection. In C. #rifolii, ROS generation is
regulated by Ras and Racl GTPases in a signaling pathway that may
also require cytoplasmic phospholipase A2 (44) and is subject to
negative regulation by Cdc42 (42). This signaling pathway is nec-
essary for polarity, growth, and cellular differentiation in the
fungus. In the mutualistic, endophytic fungus Epichloé festucae,
ROS production via the NoxA-encoded NADPH oxidase is essen-
tial for mutualistic colonization of plant tissue, and its absence leads
to premature senescence of host plants (29). ROS generation in E.
festucae is regulated by a p67Phox-like regulator NoxR (30). When
considered together, these studies and our own observations high-
light the significance of ROS production to fungal development
(25) and host—plant interactions.

Our study, however, also demonstrates that M. grisea Nox1 is
involved in cell wall biochemistry. The deformities resulting from
exposure of developing appressoria to antioxidants and the inability
of Anox] and Anox2 mutants to cause disease led us to test whether
these mutations were a result of weakened cell walls. During plant
infection, enormous turgor pressure is generated within M. grisea
appressoria (18). To withstand such pressure, the appressorium has
a highly differentiated cell wall, rich in chitin and containing a layer
of melanin on its inner side (16, 18). It is feasible to hypothesize that
Nox-derived ROS accumulate within the appressorium to facilitate
oxidative cross-linking of proteins, hence strengthening the appres-
sorium cell wall. The increased resistance of Anox! mutants to
calcofluor white is consistent with such a role for Nox1 in cell wall
biochemistry, particularly chitin biosynthesis or deposition (45). In
Caenorhabditis elegans, Nox generated ROS are, for example,
required for tyrosine cross-linking of the extracellular matrix (46).
Exogenous application of H,O, in soybean cells also causes the
rapid insolubilization of two cell-wall structural proteins, ultimately
leading to a strengthened cell wall (33). H,O, could potentially play
a similar role in appressoria, preparing the cell wall to resist
pressures of up to 8.0 MPa produced during turgor generation (18).
Melanin biosynthesis in M. grisea is an important component of
appressorium formation (16), and melanin biosynthetic mutants are
therefore nonpathogenic (16, 18). The lighter pigmentation of
Anox] mutants also points to a potential role in melanin biosyn-
thesis or deposition. Finally, the expression of NOXI during ap-
pressorium formation and the localization of Nox1 to the peripheral
plasma membrane of appressoria is consistent with a role for the
protein in cell wall differentiation required for plant infection.

Materials and Methods

Fungal Strains, Growth Conditions, and DNA Analysis. The growth and
maintenance of M. grisea, media composition, nucleic acid extrac-
tion, and transformation were all as described (47). Gel electro-
phoresis, restriction enzyme digestion, gel blots, and sequencing
were performed by using standard procedures (48).

Plant Infection Assays. Plant infection assays were performed by
spraying seedlings of rice (O. sativa) cultivar CO-39 with a
suspension of 10° conidia per ml~! by using an artist’s airbrush
(47). Infection-related development was assessed by incubating
conidia on plastic coverslips and allowing appressoria to form
after 24 h. Cuticle penetration was measured as described (49).

ROS Detection Assay. For superoxide detection, M. grisea conidia
were collected from 10- to 12-day CM agar plates in 3 ml of sterile
deionized water and filtered through sterile Miracloth (Calbio-
chem, San Diego, CA) into a Falcon tube. Conidia were recovered
by centrifugation at 5,000 X g (JA-17; Beckman, Fullerton, CA) for
10 min at room temperature, and the pellet was resuspended in
sterile deionized water to a final concentration of 10° conidia per
ml~L, A 100-ul droplet was placed onto a borosilicate glass coverslip
(BDH, Poole, UK) and incubated in a moist chamber at 26°C for
the desired time. At each time point, the water droplet was removed
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from the coverslip and replaced with 200 ul of a 0.05% (wt/vol)
NBT aqueous solution and, where necessary, preincubated for 20
min with 25 uM DPI (Sigma, St. Louis, MO). After incubation in
NBT, the reaction was stopped by the addition of ethanol, and the
pattern of formazan staining was observed by using a Axioskop 2
microscope (Zeiss, Thornwood, NY). Images were captured by
using an AxioCam HR digital camera (Zeiss). The intensity of
formazan precipitation in appressoria and hyphal tips was quanti-
fied by using AxioVision 4.6 image analysis software (Zeiss) to
calculate mean pixel intensity within regions of interest fitted to the
outline structure. Measurements were made on the most intensely
stained spores and hyphae of each strain. Pixel intensity was
reduced in areas of formazan precipitation.

For detection of ROS other than superoxide, conidia were
prepared as above, and incubated in the presence of 2.5 ugml~!
5-(and 6)-carboxy-2',7’-dichlorodihydrofluorescein diacetate (car-
boxy-H,DCFDA; Molecular Probes, Eugene, OR) except no
NADPH was included. H;DCFDA samples were observed by using
a Zeiss Axioskop 2 fluorescence microscope using 495-nm excita-
tion and 500- to 550-nm emission wavelengths.

NOX1 Genomic Cloning, Plasmid Construction, and Anox1 Comple-
mentation. The A. thaliana NADPH oxidase RbohA (50) was used
to search the M. grisea genome database at the Broad Institute
(Massachusetts Institute of Technology, Cambridge, MA) (www.
broad.mit.edu/annotation/fungi/magnaporthe). The retrieved se-
quence was used to design primers BamHINox1 (ATGGATCCG-
GTGCCTCCTCAGTGCGAA) and SpelNoxl (ATACTAG-
TGTTTGGGGGTGAGAAGA). Italicized sequences here and
below denote the restriction site introduced by a primer. BamHI-
Nox1/SpelNox1 were used to amplify a 3.98-kb fragment from M.
grisea genomic DNA, consisting of the 1.89-kb NOX1 ORF and
1.05- and 1.04 kb flanks, which was then cloned into pGEM-T.
Sequence analysis identified unique HindIII and Xbal restriction
sites spanning the NOXI ORF were used to remove a 1.85-kb
portion of NOXI, which was replaced with a 1.40-kb fragment
containing the Hph gene (51) to create pMJEL. The targeted gene
replacement cassette was liberated from pMJE1 by digestion with
BamHI and Spel and was used to transform M. grisea.

For complementation of Anox! mutants, primers 5'N1C (TA-
AGCGGCCGCATTCTCGTTTGAGGCTGTAG) and 3'N1C
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(ATTAGGATCCACCATCCGCTTCCCATTTGTT) were used
to amplify a 5-kb NOXT genomic fragment, which was subsequently
digested with NotI and BamH]I, and ligated into pCB1532 (52). The
resulting vector was transformed into the AnoxI background.

NOX2 Genomic Cloning, Plasmid Construction, and Complementation.
Primers NOX2F (CAGCAGGCTCTGAATAAC) and NOX2R
(CCCTGACCTGTTCCTTCCA) were used to amplify a 3.98-kb
fragment from M. grisea genomic DNA, consisting of the 1.95-kb
NOX2 ORF and 300-bp and 1.74-kb flanks, which was then cloned
into pPGEM-T (Promega, Madison, WI). Sequence analysis identi-
fied two Kpnl restriction sites within the NOX2 ORF, which were
used to remove a 540-bp fragment. This was replaced with the VL1
gene, conferring resistance to sulfonylurea (52), to create pMJE2.
NotI and Apal restriction sites within the pGEM-T polylinker were
used to liberate the gene disruption cassette from pMJE2. For
Anox2 mutant complementation, primers 5'Nox2comp
(GGGCAAGGCTGAATGAAAGAT) and 3'Nox2Comp (GTA-
AATGGCTTGAAGACAGGG) were used to amplify a 5-kb
NOX2 genomic fragment that was cloned into TOPO TA 2.1
(Invitrogen, Carlsbad, CA). HindIII and Xbal sites within the
TOPO TA 2.1 polylinker were used to liberate the NOX2 fragment,
which was subsequently cloned into pCB1003 containing the Aph
gene (51). The resulting vector was used to transform into the Anox2
mutant.

NOX1-GFP Fusion Plasmid Construction. Primers Noxlc-Tag 5'-
ATGGCATTCTCGTTTGAGGCTCGTATA-3" and NoxlAgel
5"-ATACCGGTGAAATGCTCCTTCCAGAA-3" were used to
amplify a 5-kb NOX1 genomic fragment that was cloned into TOPO
TA 2.1 (Invitrogen) to create pNOXI. Primers GFP F 5'-
CGACCGGTATGGTGAGCAAGGGCGAG-3" and GFP R 5'-
CGGGCCCGTGGAGATGTGGAGTGGG-3" were used to am-
plify the 1.4-kb sGFP construct and 7rpC terminator sequence,
which was subsequently cloned into pNOX1 by using Agel and
Apal sites to create the pNOXI1sGFP fusion. Primers SU F
5"-ATGGTACCGTCGACGTGCCAACGCACAGT-3"and SUR
5"-ATGGTACCGTCGACGTGAGAGCATGCAAT were used
to amplify the 2.8-kb IVVLL1 gene encoding resistance to sulfonylurea
from the pCB1532 vector (52). The 2.8-kb IVLI fragment was
ligated into the Kpnl site within the polylinker of the TOPO TA 2.1
vector containing the NOX1GFP fusion.
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