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A p67Phox-Like Regulator Is Recruited to Control Hyphal
Branching in a Fungal-Grass Mutualistic Symbiosis™
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Palmerston North, New Zealand

Key requirements for microbes to initiate and establish mutualistic symbiotic interactions with plants are evasion of
potential host defense responses and strict control of microbial growth. Reactive oxygen species (ROS) produced by a
specific NADPH oxidase isoform, NoxA, regulate hyphal growth in the mutualistic interaction between the fungal endophyte
Epichlo€ festucae and its grass host Lolium perenne. Unlike mammalian systems, little is known about the fungal NADPH
oxidase complex and its response to differentiation signals. We identify an E. festucae p67°Ph°*-like regulator, NoxR,
dispensable in culture but essential in planta for the symbiotic interaction. Plants infected with a noxR deletion mutant show
severe stunting and premature senescence, whereas hyphae in the meristematic tissues show increased branching leading
to increased fungal colonization of pseudostem and leaf blade tissue. Inhibition of ROS production or overexpression of
noxR recapitulates the hyperbranching phenotype in culture. NoxR interacts in vitro with the small GTP binding protein
RacA and requires a functional RacA binding site to complement the noxR mutant and restore the wild-type plant interaction
phenotype. These results show that NoxR is a key regulator of NoxA in symbiosis, where it acts together with RacA to

spatially regulate ROS production and control hyphal branching and patterning.

INTRODUCTION

Generation of a burst of reactive oxygen species (ROS) catalyzed
by NADPH oxidase (Nox) is an important defense mechanism for
both mammals and plants against invading microbes (Doke,
1983; Reeves et al., 2002; Lambeth, 2004; Torres and Dangl,
2005). In phagocytes, activation of the membrane-associated
NADPH oxidase (gp91Phox/NOX2) to produce ROS in response to
microbial or inflammation signals involves cytosolic recruitment
of a heterotrimeric phagocyte oxidase complex (phox) together
with the small GTP binding protein Rac2 (Diebold and Bokoch,
2001; Lambeth, 2004). The discovery of new functional members
of the Nox family has led to the recognition that ROS production is
a ubiquitous eukaryotic signaling system to control various dif-
ferentiation processes, including cell proliferation, apoptosis, and
hormone responses in animals (Suh et al., 1999; Lambeth et al.,
2000; Lardy et al., 2005), programmed cell death and root hair
growth in plants (Foreman et al., 2003; Carol et al., 2005), and
sexual development and spore germination in filamentous fungi
(Lara-Ortizet al., 2003; Malagnac et al., 2004; Aguirre et al., 2005).

We recently demonstrated that fungal production of ROS is
critical for maintaining a mutualistic symbiotic interaction be-
tween the clavicipitaceous fungal endophyte Epichlo€ festucae
and its grass host Lolium perenne (Tanaka et al., 2006). In wild-
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type associations, E. festucae grows systemically in intercellular
spaces of vegetative and reproductive tissues as infrequently
branched hyphae (Tan et al., 2001; Christensen et al., 2002).
Inactivation of a specific Nox isoform, NoxA, resulted in unreg-
ulated growth of the fungal endophyte in vegetative tissue and
premature senescence of the host plant (Tanaka et al., 2006).
Cerium reactive deposits indicative of H,O, production were
detected in the endophyte extracellular matrix (ECM) and at the
interface between the ECM and host cell walls of meristematic
tissue in wild-type associations but were depleted in noxA
mutant associations. These results demonstrated that fungal
production of ROS is critical in maintaining a mutualistic inter-
action between E. festucae and perennial ryegrass.

Unlike mammalian systems, very little is known about the com-
position of the fungal Nox complex and how it responds to dif-
ferentiation signals. Production of superoxide by human gp91Phoxin
a cell-free system proceeds in two discrete steps (Diebold and
Bokoch, 2001). Electrons are initially transferred from NADPH to
cytochrome b-associated flavin adenine dinucleotide (step 1),
followed by transfer to the heme groups of cytochrome b (step 2),
which can directly reduce oxygen. Human Rac? is involved in both
steps but requires interaction with p67Pho* in step 2. Therefore,
human Rac2 and p67P"°* are both essential for catalytic activa-
tion of gp91Phex, While homologs of Rac2 have been identified in
several filamentous fungi (Weinzierl et al., 2002; Boyce et al.,
2003; Chen and Dickman, 2004), there are no reports to date of
fungal homologs of p67°hox or any of the other gp91Phox regu-
latory component genes, including p22rhox, p40phox, and p4 7Phox
(Aguirre et al., 2005). The objective of this study was to identify
other components of the Nox complex in E. festucae and to test
whether they play a role in regulating NoxA-catalyzed production



2808 The Plant Cell

of ROS in planta and in maintenance of the symbiotic interaction
between this fungus and its host grass perennial ryegrass.

RESULTS

Isolation of a p67Ph°x-Like Regulator from E. festucae

Analysis of Neurospora crassa, Aspergillus nidulans, Magna-
porthe grisea, and Fusarium graminearum fungal genome data-
bases for potential regulators of NoxA that shared homology to
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the human gp91rPhox regulatory components, including p22Phox,
p40pPhox p47phox and p67Phox (Lambeth, 2004), failed to identify
any obvious homologs of these regulators. However, in a
BLASTP search of fungal genomes using p67P"°x as the query
sequence, we did identify a gene encoding a protein with some of
the motifs found in human p67P"° (Figure 1A; see Supplemental
Figure 1 online). A short DNA fragment (481 bp) to this p67°Phox-
like regulatory gene was PCR amplified from E. festucae and
used as a probe to isolate the full-length gene, which we have
designated noxR (Nox regulator), from an E. festucae cosmid
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Figure 1. Comparison of the Domain Structure and Phylogenetic Relationship of Human p67Phox with Fungal NoxR.

(A) Comparison of the deduced amino acid sequence of E. festucae NoxR (EfNoxR) with human p67°Phox (Hsp67P"%). The TPR, Nox activation domain,
proline-rich region (P-rich), Src homology 3 (SH3) domains, and PB1 domains are indicated.

(B) Structure of human p67Ph°x showing domains that interact with other members of the Nox complex and domain structure of E. festucae NoxR.
(C) Phylogenetic relationships of vertebrate p67Ph°x and Nox activator 1 (NOXA1) and fungal NoxR proteins. Ef, E. festucae; FG, F. graminearum; MG, M.
grisea; AN, A. nidulans; NCU, N. crassa; Dd, D. discoideum; Dr, Danio rerio; Tr, Takifugu rubripes; Gg, Gallus gallus; Hs, Homo sapiens; Mm, Mus
musculus; Xt, Xenopus tropicalis. Accession numbers are shown for the animal sequences and gene identifiers for the fungal sequences. The scale bar
corresponds to 0.2 estimated amino acid substitutions per site. Numbers at the nodes indicate the percentage of 1000 bootstrap replicates that

supported each labeled interior branch.
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Figure 2. Deletion of E. festucae noxR and Symbiotic Phenotype.

(A) Physical map of the E. festucae noxR wild-type genomic region, linear insert of replacement construct pPN108, E. festucae noxR mutant genomic
region, and insert of complementation construct pPN109 showing restriction enzyme sites for BamHI (B), Bglll (Bg), EcoRl (E), EcoRV (EV), Sacl (S), Xbal

(Xb), and Xhol (X).

(B) and (C) Autoradiographs of DNA gel blots of BamHI (B) or Xhol (C) genomic digests (2 .g) of E. festucae wild type and noxR deletion strains noxR-3
(PN2479) and noxR-24 (PN2497) probed with [32P]-labeled noxR replacement insert, amplified from pPN108 with primers pll99-2 and pl199-3.
(D) Colony morphology of E. festucae wild-type strain FI1, noxA mutant strain PN2327, and noxR mutant strain PN2497 on potato dextrose (PD) agar

medium after 7 d.

(E) Phenotype of perennial ryegrass plants infected with E. festucae wild type and noxR mutant strain PN2497.

library (Tanaka et al., 2005). The N-terminal portion of NoxR is
similar to human p67Ph°x, containing four tetratricopeptide re-
peats (TPRs), a conserved 20-amino acid sequence between the
third and fourth repeats, and a putative Nox activation domain
(Figures 1A and 1B) (Han et al., 1998). By contrast, the C terminus
of NoxR lacks the protein—protein interaction domains present in
human p67Phox, including the Scr homolog 3 and Phox and Bem1
(PB1) domains, which are required for interaction of p67P"°* with

p47Phox and p40Phox, respectively (Lambeth, 2004). The absence
of these domains in NoxR and the corresponding homologs
identified in other fungi is consistent with the absence of p47rhox
and p40rP"°x homologs in fungal genome databases. However,
NoxR does possess a different type of PB1 domain in the C
terminus of the protein (Figures 1A and 1B) (Noda et al., 2003).
Differences in protein—protein interaction domain composition
between human p67Phox and NoxR suggest that fungal NoxR
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may have distinct regulatory partners for activation of the Nox
from those found in animals. While vertebrates generally have
two p67Phox family members (p67Phox and NOXA1), each with
different Nox enzyme specificity (Lambeth, 2004), Dictyostelium
discoideum has a single copy (Lardy et al., 2005), as do N. crassa,
A. nidulans, M. grisea, F. graminearum, and E. festucae (Fig-
ure 1C).

E. festucae noxR Is Essential for Maintaining a Mutualistic
Interaction with Perennial Ryegrass

To investigate the biological role of noxR, a replacement con-
struct, pPN108, was prepared, and a PCR-generated linear
fragment of this plasmid (Figure 2A) was recombined into the
genome of FI1. PCR screening of 24 transformants identified six
that had patterns consistent with targeted replacement events.
DNA gel blot analysis of genomic digests of two transformants
probed with the noxR replacement construct confirmed that both
contained a replacement at the noxR locus (Figures 2B and 2C).
In contrast with the noxA mutant that showed a reduction in
formation of aerial hyphae in axenic culture (Tanaka et al., 2006),
there is no detectable difference in colony morphology between
the wild type and the noxR mutant (Figure 2D).

In contrast with the normal growth of host plants infected with
wild-type strain FI1, perennial ryegrass plants infected with the
noxR mutant were stunted, had an increase in tiller number, and

Figure 3. In Planta Phenotype of E. festucae noxR Mutant.

showed precocious senescence (Figure 2E). Light microscopy
analysis of toluidine blue—stained cross sections of pseudostem
tissue showed that large numbers of hyphae are present in older
leaves of plants infected with the noxR mutant, with extensive
colonization of the vascular bundles, including both xylem and
phloem (Figure 3B). In leaves infected with wild-type FI1, hyphae
are much less frequent and rarely found in vascular bundles of
both young and old plant tissue (Figure 3A). Wild-type hyphae
were well stained compared with mutant hyphae (Figures 3A and
3B), indicating that mutant hyphae are relatively devoid of cyto-
plasm. Transmission electron microscopy analysis of hyphae in
the outer leaf sheath confirmed that mutant hyphae were more
abundant in the intercellular space than the wild type, were
cytoplasmically less dense, and occasionally had large vacuoles
(Figures 3C and 3D). Blebbing of the plant plasma membrane
adjacent to the multiple hyphae found in mutant associations was
frequently observed (Figure 3D).

To examine the differences in host colonization by wild-type
strain FI1 and the noxR mutant in living plant tissue, constitutively
expressing green fluorescent protein (GFP) was introduced into
cells of the noxR mutant by transforming protoplasts with pPN83.
Perennial ryegrass symbiotic associations were established with
a GFP-expressing noxR transformant and a previously isolated
GFP-containing wild-type strain. Plants infected with the GFP-
containing noxR mutant showed the typical stunted phenotype
previously observed for the noxR mutant (Figure 2E), whereas

(A) and (B) Light micrographs of transverse sections of the outer leaves of perennial ryegrass infected with the wild type (A) or noxR mutant strain
PN2497 (B) stained with toluidine blue. Endophyte hyphae are indicated by arrowheads in (A). Insets show higher magnification images of the
endophyte hyphae indicated by squares in the main panels. xy, xylem; ph, phloem. Bars = 20 pm.

(C) and (D) Transmission electron micrographs of cross sections of E. festucae FI1 wild-type (C) and noxR mutant strain PN2497 (D) hyphae
(arrowheads) in the intercellular space of perennial ryegrass. pc, plant cell. Bars = 1 um.

(E) to (J) Confocal depth series images of hyphal morphology of GFP expressing E. festucae wild-type strain PN2467 ([E], [G], and [I]) and noxR mutant
strain PN2489 ([F], [H], and [J]) in perennial ryegrass meristematic tissue ([E] and [F]), pseudostem ([G] and [H]), and leaf blade ([I] and [J]). The red
background in (E), (F), (I), and (J) is chlorophyll autofluorescence. Bars = 50 pm in (E) and (F) and 10 um in (G) to (J).



associations with the GFP-containing wild-type strain had a
phenotype similar to FI1. Hyphal growth within these associations
was examined by confocal microscopy. The most dramatic
difference in phenotype between the noxR mutant and wild-type
strainin planta is the increase in hyphal branching and biomass in
the meristematic tissue at the base of the plant (Figures 3E and
3F). More extensive hyphal colonization of both pseudostem and
leaf blade tissue was observed for noxR associations (Figures 3H
and 3J) compared with wild-type associations (Figures 3G and 3I),
reflecting the fact that hyphae in the meristematic tissue are the
source of inoculum for the leaves that emerge from the axillary
buds of the meristem.

E. festucae noxR Is Preferentially Expressed in Planta

Semiquantitative RT-PCR expression analysis showed that noxR
is weakly expressed in axenic culture but strongly expressed in
planta (Figure 4). As previously shown (Tanaka et al., 2006), noxA
is also preferentially expressed in planta, whereas the steady
state levels of noxB and racA (see later) transcripts found in
planta are similar to the levels found in mycelial cultures, using
cDNA dilutions of the latter that were normalized using B-tubulin
(tubB) cDNA to take into account the low biomass of endophyte
found in planta (Tanaka et al., 2005, 2006). We previously
showed that no tubB product was obtained using cDNA from
uninfected perennial ryegrass (Tanaka et al., 2005).

NoxR Is Required for ROS Production in Planta but
Is Dispensable in Culture

To test whether NoxR is required for activation of Nox protein(s),
ROS production in the noxR mutant was examined both in axenic

Figure 4. Expression of noxR Is Preferentially Induced in Planta.

Total RNA was isolated from perennial ryegrass pseudostems infected
with E. festucae FI1 (in planta) or from mycelia of FI1 grown in axenic
culture (in culture) and used for cDNA synthesis. RT-PCR was performed
with primers specific for E. festucae noxA, noxB, racA, noxR, and tubB.
To compensate for differences in endophyte biomass in planta versus in
culture, a 1:80 dilution of FI1 cDNA was used compared with undiluted
pseudostem template.

Role of p67 Regulator in Fungal-Plant Symbiosis 2811

culture and in the host plant. Production of ROS (superoxide) in
culture was assessed by reduction of nitroblue tetrazolium (NBT).
NBT staining showed that ROS production of the noxR mutant
was comparable to the wild type but was reduced in the noxA
mutant (Figure 5A) (Tanaka et al., 2006), indicating that NoxR is
dispensable for ROS production in culture. ROS production in
the host plant was determined cytochemically using transmis-
sion electron microscopy to locate deposits of electron-dense
cerium perhydroxides formed by the reaction of cerium ions with
H>0, (Shinogi et al., 2003). In host meristematic tissue infected
with the wild type, cerium-reactive deposits were observed
predominantly in the ECM surrounding the hyphal cell walls
and at the interface between the ECM and the host cell walls
(Figure 5C). By contrast, cerium-reactive deposits were rarely
observed in meristematic tissue containing the noxR mutant
(Figure 5C). Analysis of the distribution patterns of cerium-
reactive deposits observed in meristematic tissues infected
with either the wild type or the noxR mutant showed that 78%
of the cells examined in tissue containing the noxR mutant were
devoid of deposits, whereas 77% of the images examined for the
FI1 wild-type interaction showed some type of cerium-reactive
deposit in the ECM and at the interface between the ECM and
plant cell walls (Figure 5B). These results indicate that NoxR has
been specifically recruited to activate NoxA in the symbiosis.

Depletion of ROS in Culture Promotes Hyperbranching
of E. festucae

To determine whether depletion of Nox-induced ROS production
in mycelia grown in axenic culture would affect hyphal growth and
development, the wild-type strain was grown in the presence of
diphenylene iodonium (DPI), a substrate inhibitor of Nox. This
treatment reduced colony size, caused hyphae to become hyper-
branched, and disrupted the highly organized pattern of branch
initiation (Figures 6A and 6B). In wild-type fungal cells, lateral
branching is almost always observed at the cell end proximal to
the growing tip. However, the branching positions in the DPI-
treated cells were more randomly distributed (Figures 6C and 6D).
The smaller colony size of the wild-type strain treated with DPI
indicates that ROS regulates apical tip growth and that reduced
tip growth is a consequence of increased hyphal branching or vice
versa. These results demonstrate that ROS depletion disrupts the
spatial patterning of hyphal branching, a phenotype similar to that
observed for the noxA and noxR mutants growing in the host plant.

Overexpression of noxR Causes Hyphal Hyperbranching

To further elucidate the role of NoxR in fungal growth and
branching, we generated an E. festucae noxR overexpressing
strain, containing noxR under the control of a translation elon-
gation factor (TEF) promoter (Vanden Wymelenberg et al., 1997).
Ptef-noxR transformants of E. festucae formed smaller, more
compact colonies than the wild type and had hyphae that were
more frequently branched, phenotypes similar to that observed
for the wild type treated with DPI (Figures 7A, 7B, and 7). To test
whether the spatial pattern of ROS production was altered in
these transformants, colonies were stained with NBT and the
ROS distribution pattern within the hyphae examined. For the
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Figure 5. NoxR Is an in Planta—Specific Regulator of Fungal ROS Production.

(A) Superoxide production by mycelia of E. festucae wild type and noxA and noxR mutant strains PN2327 and PN2497 grown on PD agar medium for 5 d
and stained with 0.05% (w/v) NBT solution for 7 h.

(B) Distribution of different types of cerium chloride-reactive deposits in meristematic tissue of perennial ryegrass infected with E. festucae or noxR mutant.
Type 1, cerium chloride-reactive deposits in the ECM of the endophyte; Type 2, cerium chloride-reactive deposits in the ECM of endophyte and around the
plant host cell wall; Type 3, no cerium chloride—reactive deposits detected. The number of fungal cells of each particular type is given above each column.
(C) Transmission electron micrographs of H,O, localization in the intercellular space of meristematic tissue of perennial ryegrass infected with E.
festucae wild type or noxR mutant. Cerium chloride-reactive deposits indicative of H,O, production are indicated by arrowheads. pc, plant cell; fc,
fungal cell. Bars = 1 pm.

wild type and the noxR mutant, ~90% of the growing hyphal tips intensity of NBT staining in the compact colony appeared to be
stained with NBT, indicating ROS production was very localized comparable to the wild type (Figure 7C). Instead, some hyphae
(Figures 7D, 7E, and 7H) (Tanaka et al., 2006). By contrast, just showed localized ROS production in the middle of the hyphal cell
20% of the hyphal tips examined in the Ptef-noxR transformants (Figure 7G). As with the DPI treatment, the branching positions in
stained with NBT (Figures 7F, 7G and 7H), even though the the Ptef-noxR transformants were more randomly distributed
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Figure 6. Inhibition of ROS Production in Mycelial Cultures Induces a Hyperbranched Phenotype.

(A) and (B) Light micrograph images captured with differential interference contrast (DIC) of E. festucae wild-type hyphae (highlighted in red) growing on
PD agar medium without (A) and with (B) 2 wM DPI after 7 d. Bars = 50 pm.

(C) Light micrograph images captured with DIC of E. festucae wild type growing on PD agar in presence of 2 uM DPI showing four different patterns of
lateral branching. Type 1, branch initiation close to apical tip proximal septum; Type 2, branch initiation approximately midway between septa; Type 3,
branch initiation close to apical tip distal septum; Type 4, apical tip branching.

(D) Distribution of different branching types of E. festucae wild type grown in presence and absence of DPI.

(Figure 7J). These results indicate that noxR overexpression
compromised localized ROS production in culture-grown hy-
phae, suggesting that NoxR is involved in the spatial production
of ROS, which in turn controls hyphal branching.

Plants infected with the Ptef-noxR transformants had the
similar stunted phenotype observed for the noxR mutant (Figure
7K), and the hyphae within the leaves of these plants retained the
hyperbranched phenotype observed for hyphae in culture. The
similarity in plant phenotype observed for the noxR overexpres-
sion strain and the loss of function mutant may be due to a
compromised localized production of ROS in both cases.

NoxA Activation in Planta Requires Interaction between
NoxR and RacA

By analogy with the requirement in mammalian cells for p67Phox
to interact with the small GTP binding protein, Rac2, to activate
gp91phox (Koga et al., 1999; Diebold and Bokoch, 2001), we
isolated a Rac2 homolog from E. festucae, which we have
designated racA (see Supplemental Figure 2 online). Using the
yeast two-hybrid assay, an interaction between RacA and wild-
type NoxR was demonstrated (Figure 8A). A single amino acid
substitution in the predicted RacA binding site of NoxR (R101E)
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Figure 7. Axenic Culture and Symbiotic Phenotype of a noxR-Overexpressing Strain of E. festucae.

(A) and (B) Light micrograph images captured with DIC of E. festucae wild type (A) and E. festucae Ptef:noxR strain PN2490 (B) growing on PD agar
medium for 5 d. Bars = 20 pm.



abolished this interaction, a result consistent with the require-
ment of Arg-102 of the human p67°P"°* for interaction with human
Rac2 (Koga et al., 1999). To confirm a physical interaction be-
tween NoxR and RacA, constructs were prepared in which these
proteins were tagged with HA and Myc, respectively, and ex-
pressed in an in vitro translation system (Figure 8B). The multiple
lower molecular weight bands observed for the NoxR in vitro
translation product could not be inhibited by proteinase inhibi-
tors and correlated with the presence of the C-terminal portion of
this protein, suggesting that this portion of the protein is intrin-
sically unstable in an in vitro translation system. A protein of the
same molecular mass as RacA was coimmunoprecipitated with
either wild-type NoxR or a C-terminal truncation of NoxR (1-163)
using an anti-HA antibody (Figure 8B). The interaction between
RacA and NoxR was GTP dependent and was abolished by the
NoxR R101E mutation.

To test the biological significance of RacA binding for NoxR to
function in vivo, complementation tests were performed by
introducing noxR mutant (R101E) and wild-type constructs into
the noxR mutant background and inoculating the resulting
transformants into perennial ryegrass. DNA gel blot analysis of
genomic digests of these transformants probed with the noxR
replacement construct confirmed that the appropriate plasmids
had integrated into the genome of the noxR mutant (Figure 8C).
All five transformants tested that contained the wild-type gene
were restored to the wild-type plant interaction phenotype,
whereas the four transformants tested that contained the
R101E construct had a symbiotic phenotype identical to the
noxR mutant (Figures 2 and 8D). These results indicate that RacA
binding to NoxR is necessary for NoxR to function in the host
plant. These data indicate both NoxR and RacA are required to
activate NoxA in the host plant, in an analogous fashion to the
requirement for p67P"°x and Rac2 for activation of the human
gp91Phoxin neutrophils (Diebold and Bokoch, 2001).

DISCUSSION

In mammalian phagocytic cells, activation of gp91P"ox (NOX2) is
triggered by cellular signaling events involving lipid metabolism
and protein phosphorylation that result in the recruitment and
assembly of cytosolic p40Phox, p47Phox pE7Phox and Rac-GTP
with the membrane-associated gp91P"°* and p22rhox to form a
ROS-producing complex (Vignais, 2002; Lambeth, 2004). We
report here that filamentous fungi have a single homolog of
p67Phox designated NoxR, which in the E. festucae-perennial
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ryegrass mutualistic interaction has been recruited to control
hyphal branching and growth in plant meristematic tissue. Dis-
ruption of the noxR leads to a breakdown in the mutualistic
interaction between E. festucae and perennial ryegrass, leading to
severe stunting and premature senescence of the host, a pheno-
type similar to that recently reported for loss-of-function mutations
in the NoxA isoform of the Nox complex (Tanaka et al., 2006).

The N terminus of the fungal NoxR is similar to mammalian
p67Phox containing putative domains for interaction with fungal
homologs of the human Rac2 and gp91rhox, respectively (Han
et al., 1998). By contrast, the C terminus of NoxR is not con-
served with p67P"* and lacks the protein—-protein interaction
domains required for interaction with p4QPhox and p47phox
(Lambeth, 2004). The absence of these domains is consistent
with the inability to detect homologs of these proteins in fungal
genome databases. However, NoxR does possess an alternative
type of PB1 protein—protein interaction domain, suggesting that
fungal NoxR may have distinct regulatory partners for the acti-
vation of the Nox from those found in vertebrates.

While vertebrates generally have two p67Phox family members,
p67Phox and NOXA1, each with different Nox enzyme specificity
(Lambeth, 2004), just a single copy of NoxR was identified in
each of the filamentous fungal genomes surveyed, including the
basidiomycetes Phanerochaete chrysosporium and Coprinus
cinereus and the ascomycetes N. crassa, A. nidulans, M. grisea,
F. graminearum, and E. festucae. A single copy of a p67Phox
homolog is also found in the genome of D. discoideum (Lardy
et al., 2005), an organism that uses superoxide signaling for
multicellular development (Bloomfield and Pears, 2003). With the
exception of A. nidulans, at least two isoforms of Nox are found in
all these organisms (Lalucque and Silar, 2003; Aguirre et al.,
2005). Homologs of p67Phox or NoxR are absent from the ge-
nomes of the basidiomycetes Cryptococcus neoformans and
Ustilago maydis and the hemiascomycete yeasts Saccharomyces
cerevisiae and Schizosaccharomyces pombe, fungi that lack Nox
proteins (Lalucque and Silar, 2003; Aguirre et al., 2005). The
absence of NoxR from these fungi provides further support for
the theory that the Nox complex has evolved in organisms that
differentiate multicellular structures (Lalucque and Silar, 2003).
No homologs of NoxR or p67P"°x were found in the genomes of
insects (Drosophila melanogaster and Anopheles gambiae), nem-
atodes (Caenorhabditis elegans), and plants (Arabidopsis thaliana
and Oryza sativa), organisms whose Nox proteins contain calcium
binding domains (EF-hand motif) in the N terminus of the protein,
implying a different mechanism of activation.

Figure 7. (continued).

(C) NBT staining and colony morphology of E. festucae wild type and E. festucae Ptef:noxR on PD agar medium after 7 d.

(D) to (G) Light micrographs showing localized production of ROS (superoxide), as detected by NBT staining, in the wild type (D), noxR mutant strain
PN2497 (E), and E. festucae Ptef:noxR strain PN2490 ([F] and [G]). Bars = 20 pm.

(H) Frequency of ROS production at growing tip of hyphae from the wild type, noxR mutant, and noxR-overexpressing strains grown on PD agar
medium for 7 d. Values are given as means with sD (n = 3 experiments, at least 84 hyphal tip/genotypes were analyzed for each experiment).

(I) Light micrograph image captured with DIC of E. festucae Ptef:noxR hyphae (highlighted in red) growing on PD agar medium after 7 d. Bar = 50 pm.
(V) Distribution of different branching types of E. festucae wild type, noxR mutant, and noxR-overexpressing strain grown on PD agar medium for 7 d.
(K) Phenotype of perennial ryegrass plants infected with E. festucae wild type and noxR-overexpressing strain (Ptef:noxR) 9 weeks after inoculation.
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Figure 8. NoxR Requires RacA for Functional Activity.

(A) Yeast two-hybrid assay of the interaction between E. festucae NoxR and RacA. Yeast strain AH109 was transformed with prey and bait vectors as in-
dicated and plated on SD medium lacking Leu and Trp (top panel; -Leu/-Trp) or lacking Leu, Trp, His, and adenine (bottom panel; -Leu/-Trp/-His/-Ade).
Growth on the latter indicates an interaction between bait and prey. T, SV40 large T-antigen; 53, murine p53.

(B) In vitro pull-down assay showing interaction between E. festucae NoxR and RacA. Autoradiograph of [3°S]-labeled in vitro cell-free translation
products using noxR and racA plasmids as templates and proteins pulled down with anti-HA, with or without 100 uM GTPyS, following incubation of
NoxR and RacA in vitro translation products. The molecular mass of protein standards, in kilodaltons, is shown at the left of the figure.

(C) Autoradiograph of DNA gel blot of Bglll-EcoRI genomic digest (2 ng) of E. festucae wild type, noxR mutant complemented with wild-type noxR
plasmid pPN109, strains PN2483 (noxR-C7) and PN2484 (noxR-C8), noxR deletion strain PN2497 (noxR-24), noxR mutant not complemented with
plasmid pPN110 (noxR with the R101E mutation), and strains PN2485 (noxR-RE2) and PN2486 (noxR-RE3) probed with [32P]-labeled noxR replacement
insert amplified from pPN108 with primers pll99-2 and plI99-3. Arrowheads identify DNA fragments derived from the noxR complementation construct.
Sizes in kilobases of Hindlll-digested N DNA markers are indicated at left.

(D) Phenotype of perennial ryegrass plants infected with E. festucae noxR mutant transformed with either a wild-type copy of noxR, strains PN2483
(noxR-C7) and PN2484 (noxR-C8), or with noxR containing an R101E mutation, strains PN2485 (noxR-RE3) and PN2486 (noxR-RE2).
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Figure 9. Models for Regulation of ROS Production by Nox Complex in Planta and in Culture.

(A) Model for regulation of NoxA-catalyzed ROS production in planta by recruitment of RacA and NoxR to the fungal plasma membrane in response to a
signal from the host. NoxR is proposed to interact with RacA via the TPR domains and with as yet unidentified cytosolic regulatory components via the

PB1 domain.

(B) Model for regulation of NoxA-catalyzed ROS production in culture by recruitment of RacA and other unidentified proteins to the fungal plasma

membrane in response to nutritional signals.

Inactivation of E. festucae noxR changes the interaction of the
endophyte with its host from mutualistic to antagonistic. In
particular, there is a dramatic increase in the frequency of hyphal
branching in meristematic tissues of noxR mutant associations
compared with wild-type associations. This leads to an increase
in biomass in these tissues and increased fungal colonization of
the pseudostem and leaf blade tissues. Microscopy observa-
tions suggest that epichloé endophytes grow predominantly by
tip growth within the intercellular spaces of the leaf and axillary
bud primordia (Tan et al., 2001). After colonization of the leaf
expansion zone, the hyphae appear to become physically at-
tached to the cell walls of the expanding leaf cells where they
further elongate by intercalary extension (Christensen et al.,
2002) (M.J. Christensen, unpublished data). This model predicts
that hyphal cells that leave the leaf expansion zone will be fully
mature and that the number of hyphae found in the pseudostem
and leaf blade tissue will reflect the pattern of endophyte growth
in the host meristematic tissue. Therefore, signaling within the

meristematic tissue will be vital in determining the outcome of the
interaction between epichloé endophytes and their grass hosts.
Of interest is the recent finding that plant sesquiterpenes of the
strigolactone group induce hyphal branching of arbuscular my-
corrhizal fungi during host recognition and colonization (Akiyama
et al., 2005). Using cerium chloride to detect H,O, accumulation,
reactive deposits were found in the endophyte ECM and at the
interface of the ECM and the host cell walls of meristematic
tissue infected with the wild-type strain but were absent from
tissues infected with the noxR mutant. A similar observation was
made for associations containing the noxA mutant (Tanaka et al.,
2006), suggesting that the steady state levels of ROS in the
meristematic tissue is an important determinant of the pattern of
endophyte growth in the host and the nature of the interaction.
While NoxR is critical for controling ROS production and
hyphal growth in planta, in contrast with NoxA, which is required
for both in planta growth and aerial hyphal development (Tanaka
et al., 2006), NoxR appears to be dispensable in culture. This
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suggests that NoxA and other Nox enzyme isoforms have
alternative activation mechanisms under these physiological
conditions. A precedent for this is the activation of gp91P"°x in
a semirecombinant cell-free system by the calcium binding
myeloid-related proteins MRP8 and MRP14, without the need
for p67P"ox, a reaction that involves a Ca2+-dependent specific
interaction of these proteins with p22rhox (Berthier et al., 2003).
The activation of human NOX5, which contains calcium binding
EF-hand motifs, also occurs independently of the heterotrimeric
cytosolic phox proteins (Kamiguti et al., 2005). In plants, the
respiratory burst oxidase homologs require Rac-like GTPases for
ROS production (Kawasaki et al., 1999; Park et al., 2004), but the
absence of p67Phox-like proteins and other regulatory compo-
nents of the neutrophil Nox imply a different mechanism of
activation. The presence of distinctive Ca?* binding EF-hand
motifs in all these proteins suggests that the activation is Ca?+
dependent. Taken together, these results highlight a diverse
range of mechanisms for activating Nox complexes, indicating
that fungal Nox complexes could be activated in culture, inde-
pendently of a p67P"°*-like regulator.

The requirement for NoxR in planta but its dispensability in
culture strongly suggests that NoxR is a symbiosis-specific reg-
ulator of ROS production. The preferential expression of noxR in
planta supports this conclusion. By contrast, noxA is required
both in culture and in planta, even though it is preferentially
expressed in planta (Tanaka et al., 2006). In the mammalian cell-
free system, ROS production by gp91P"°* requires both p67Phox
and Rac2 (Diebold and Bokoch, 2001). The demonstration here
that E. festucae RacA is necessary for NoxR activation in a plant
symbiosis indicates that fungi have evolved a mechanism for
activation of the Nox complex, analogous to the gp91phox-
p67Phox-Rac2 system that has evolved in professional phago-
cytes.

To gain further insight into the role of NoxA and NoxR in
regulating hyphal branching in planta, two experiments were
performed in culture that recapitulated the hyperbranching phe-
notype observed for the noxR mutant in the plant. Depletion of
Nox-induced ROS production by growing cultures of the wild-type
strain in the presence of DPI disrupted the highly organized pattern
of hyphal branch initiation and induced hyperbranching of the
hyphae. The same developmental defects were observed when
noxR, under the control of a TEF promoter, was overexpressed ina
wild-type background. Taken together, these results suggest that
the wild-type pattern of hyphal branch initiation is dependent on
the spatial production of ROS, which is controlled by NoxR.

While the process of branch formation in filamentous fungi is
relatively poorly understood at the molecular level, it is likely that
branch formation involves polarity establishment and mainte-
nance steps similar to those used in germ tube emergence
(Momany, 2002). AspB, a septin, and SepA, a formin, have both
been implicated in branch initiation in A. nidulans (Sharpless and
Harris, 2002; Westfall and Momany, 2002). Regulators involved
in polar tip growth have also been shown to play important roles
in branch formation (Harris and Momany, 2004). The results
described here would suggest that bursts of ROS are important
in maintaining normal polar tip growth and branch initiation in
E. festucae, but how ROS is involved in the release of subapical
cells from cell cycle arrest remains to be determined.

Maintenance of normal polar tip growth and branching of
E. festucae in culture is proposed to involve bursts of ROS
catalyzed by Nox following recruitment of RacA and other pro-
posed Nox regulators in response to nutritional cues (Figure 9B).
Growth of E. festucae in the symbiosis is proposed to involve
recruitment of NoxR and RacA to the plasma membrane and
activation of NoxA in response to plant signals (Figure 9A). The
presence of a unique protein—protein interaction domain in the
C terminus of NoxR would suggest that unique fungal regulators
of NoxR remain to be identified.

In summary, we have shown here that NoxR is a key regulator
of NoxA in the symbiosis, where it acts together with RacA to
spatially regulate ROS production and control hyphal growth and
patterning. That NoxR is dispensable for hyphal branching and
growth in axenic culture suggests that an alternative regulator(s)
of NoxA is required under these physiological conditions, high-
lighting how a single enzyme can be adapted for different growth
purposes, depending on the physiological environment of the
fungus. The use of NoxR as a regulator of ROS production in
planta to restrict hyphal growth is a unique adaptation of the
epichloé endophytic fungi to maintain the mutualistic state. It will
be of considerable interest to determine how widespread this
system has been adopted to control growth and development of
other symbiotic fungi, including the biotrophic pathogens, and
what role it plays in saprophytic fungi.

METHODS

Biological Material and Growth Conditions

Cultures of Epichlo€ festucae (see Supplemental Table 1 online) were
grown on 2.4% PD agar or in 2.4% PD broth at 22°C. Inoculation
of epichloé endophyte-free seedlings of perennial ryegrass (Lolium
perenne) with E. festucae was performed by the method of Latch and
Christensen (1985), and inoculated plants were grown as previously
described (Tanaka et al., 2005).

DNA Preparations, Hybridizations, and PCR

Fungal genomic DNA was isolated from mycelium as previously de-
scribed (Byrd et al., 1990) or using an Extract-N-Amp plant PCR kit
(Sigma-Aldrich) according to the manufacturer’s instructions. Genomic
digests were transferred to positively charged nylon membranes (Roche)
by capillary transfer and fixed by UV cross-linking in a UV cross-linker
(Cex-800; Ultra-Lum) at 254 nm for 2 min. Filters were probed with
[«-32P]dCTP-labeled probes (3000 Ci/mmol; Amersham Biosciences).
Probe labeling and purification and hybridization conditions were per-
formed as previously described (Young et al., 1998). Standard PCR
amplifications of genomic and plasmid DNA templates were performed
as previously described (Tanaka et al., 2005). Sequences of PCR primers
used in this study are provided in Supplemental Table 2 online.

Preparation of Deletion, Complementation,
and Overexpression Constructs

Cosmids pPN105 (noxR) and pPN91 (racA) were isolated from an FI1
cosmid library (Tanaka et al., 2005) using probes amplified from genomic
DNA with degenerate primer sets P67-f3 and P67-r3, and FRac1f and
FRac1r, respectively. Primers were designed to conserved DNA regions
identified from an alignment of noxR or racA (rac1) sequences from



Fusarium graminearum (FG04123.1 and FG08857.1), Magnaporthe grisea
(MG05280.4 and MG02731.4), Neurospora crassa (NCU07850.1 and
NCU02160.1), and Aspergillus nidulans (AN6046.2 and AN4743.2). Since
pPN91 contained a partial open reading frame of racA, the 3’ end of the
racA cDNA was amplified by 3’ rapid amplification of cDNA ends with
primer sets EfRac1e and oligo(dT) for primary amplification and EfRacie
and 3'UP for nested PCR. Plasmids pPN106 and pPN107, which contain
the noxR open reading frame, were prepared by cloning 6.6-kb EcoRl and
6.7-kb Xhol fragments from pPN105 into pBlueScript Il KS+. The noxR re-
placement vector pPN108 was prepared by sequentially ligating a 1.5-kb
Bglll-Sacl noxR 5’ fragment from pPN106 and a 2.5-kb Xbal-EcoRV
noxR 3’ fragment from pPN107 into pSF15. The noxR complementation
construct pPN109 was prepared by ligating a 2.0-kb BamHI-Sphl frag-
ment and a 3.2-kb Sphl-EcoRl fragment from pPN106 into pll99 digested
with Bglll and EcoRl. The noxR construct pPN110 containing the R101E
mutation was prepared by sequentially ligating into pll99, 0.3-kb Bglll-
Xhol and 1.1-kb Xhol-Sall fragments, followed by ligation of 1.4-kb
BamHI-Pstl, 1.0-kb Pstl-Bglll, and 1.4-kb Sall-EcoRI fragments isolated
from pPN106. The first two fragments were prepared by digesting PCR
products amplified with primer sets Efp67-F7 and Efp67RE-MR2, and
Xhl-Efp67RE-MF4 and p67-R7, respectively. The noxR overexpression
construct pPN114 was prepared by ligating a BamHI-EcoRl digest of a
PCR product amplified from pPN112 using primer set Bl-p67-F and
Efp67-EI-R into pPN94. Plasmid pSF14.10 (3.9 kb) was prepared by
cloning a 1.4-kb Hindlll fragment containing hph under the control of the
troC promoter from pCB1004 (Carroll et al., 1994) into the Hpal site of
pSP72 (Promega). Plasmid pPN94 (5.2 kb) was prepared by sequentially
ligating a 0.8-kb Sall-Xbal fragment of TEF promoter from pTEFEGFP
(Vanden Wymelenberg et al., 1997) and a 0.6-kb EcoRI-Bgl/ll fragment of
trpC terminator from pll99 (Namiki et al., 2001) into pSF14.10. The TEF
promoter fragment was prepared by digesting a PCR product amplified
with primer set TEFsI2 and TEFxb2 using pTEFEGFP as template. The
fragment of the trpC terminator was prepared by digesting a PCR product
amplified with primer set Tnotl and TBg using pll99 as template.

Preparation of RNA and RT-PCR Analysis

Total RNA was isolated from frozen mycelium or perennial ryegrass
pseudostem tissue using TRIzol reagent (Invitrogen) and reverse tran-
scribed as previously described (Tanaka et al., 2005). Gene-specific am-
plifications of cDNA were performed under the same conditions as
previously described (Tanaka et al., 2005). The gene-specific primer (see
Supplemental Table 2 online) combinations used for expression analysis
were as follows: T1.1 and T1.2 (tubB), noxAf2 and noxAr (noxA), nox2e and
nox2j (noxB), Efrac1fand Efracir (racA), and Efp67-F2 and Efp67-R2 (noxR).

Yeast Two-Hybrid and Pull-Down Assays

The coding sequences of noxR and racA were amplified with primer sets
EI-Efp67-F and Efp67-BI-R, and EI-EfRac1-F and EfRac1-BI-R, using
cDNA derived from RNA isolated from E. festucae mycelium and ligated
into pGADT7 and pGBKT7 (Clontech), respectively, to generate pPN112
and pPN111. To introduce the R101E mutation into NoxR, 5’ and 3’
portions of noxR were amplified from pPN112 with primer sets EI-Efp67-F
and Efp67RE-MR2, and Xhl-Efp67RE-MF4 and Efp67-BI-R digested with
EcoRI-Xhol and Xhol-BamHI, and ligated into pGADT7 to generate
pPN113. Plasmid pPN115, expressing a truncated NoxR protein (1-165),
was prepared by ligating an EcoRI-BamHI digest of a PCR product
amplified from pPN112 using the primer set EI-Efp67-F and Efp67-BI-
MR4 into pGADTY7. Transformation of yeast (Saccharomyces cerevisiae
strain AH109) and yeast two-hybrid assays were performed according to
the manufacturer’s instructions (Matchmaker Two-Hybrid System3;
Clontech).
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Myc-tagged RacA, HA-tagged NoxR, and NoxR derivatives were
translated in vitro using TNT coupled reticulocyte lysate systems (Prom-
ega) with Redivue L-[3*S]methionine (Amersham Biosciences) and plas-
mids pPN111 (RacA), pPN113 (NoxR), pPN113 (NoxR R101E), or pPN115
(NoxR 1-165) according to the manufacturer’s instructions. Ten microl-
iters of each of the translated radiolabeled myc-RacA, HA-NoxR, or their
derivatives in rabbit reticulocyte lysate were mixed with or without 100 .M
GTPvyS and subjected to pull-down assay according to the manufac-
turer’s instructions (Matchmaker Co-IP kit; Clontech). After separation of
the immunoprecipitated proteins by SDS-PAGE, the gel was fixed with
gel fixation solution (10% acetic acid and 20% methanol) for 40 min,
treated with Amplify fluorographic reagent (Amersham Biosciences) for
20 min, dried, and exposed to an imaging plate overnight (Fuiji). Signals
were detected with an image scanner (FLA-5000; Fuji).

E. festucae Transformation

Protoplasts of E. festucae were prepared as previously described (Young
et al.,, 1998, 2005). Protoplasts were transformed with 5 pg of either
circular (pPN109, pPN110, and pPN114) or linear PCR product amplified
from pPN108 with primer set pll99-2 and pll99-3 or cotransformed with
5 ng of circular pll99 and 10 g of pPN83 (Tanaka et al., 2006) using
a previously described method (ltoh et al., 1994). Putative noxR re-
placements were initially screened by PCR using primers Efp67-F1 and
Efp67-R1, which are within the deleted noxR region. Transformants were
selected on YPS medium containing either hygromycin (150 w.g/mL) or
geneticin (200 pg/mL) (Tanaka et al., 2006). Transformants expressing
enhanced GFP were selected under UV light using a BX51 stereomicro-
scope (Olympus).

DNA Sequencing and Bioinformatics

DNA fragments were sequenced by the dideoxynucleotide chain termi-
nation method using Big-Dye (version 3) chemistry (Applied Biosystems).
Products were separated on an ABI 3730 analyzer (Applied Biosystems).

Sequence data were assembled into contigs with SEQUENCHER
version 4.1 (Gene Codes) and analyzed and annotated as previously
described (Tanaka et al., 2005).

Microscopy

Small leaf pieces, 1- to 2-mm thick, from endophyte-infected plant
tissues were fixed in 3% glutaraldehyde and 2% formaldehyde in 0.1 M
phosphate buffer, pH 7.2, and then prepared for light microscopy and
transmission electron microscopy as previously described (Spiers and
Hopcroft, 1993). For light microscopy, the sections were stained with
toluidine blue as previously described (Christensen et al., 2002). A Philips
201C transmission electron microscope was used to examine hyphal
structure.

For H,0O, detection, a modified cytochemical method was used (Briggs
et al., 1975; Bestwick et al., 1997). Meristematic or pseudostem tissue
(2- to 3-mm thick) was vacuum-infiltrated in 5 mM CeCl3 solution buffered
with 50 mM MOPS, pH 7.2, or MOPS at room temperature for 1 min, and
incubated at room temperature for 1 h. The samples were then prefixed
in 2.5% glutaraldehyde buffered with 0.1 M cacodylate buffer, pH 7.2,
at 4°C overnight. After prefixation, the specimens were prepared
for transmission electron microscopy as previously described (Shinogi
et al., 2001) and observed with a Hitachi 7100 transmission electron
microscope.

Production of superoxide was detected with NBT using a method
modified from that previously described (Shinogi et al., 2003). Cultures of
E. festucae were grown on slides covered with a thin layer of PD agar for
10 d. Mycelia were incubated in 0.05 M sodium phosphate buffer, pH 7.5,
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containing 0.05% (w/v) NBT (Sigma-Aldrich). After 5 h of incubation with
NBT, the cultures were fixed in ethanol to stop the reaction. The stained
samples were either photographed or examined with a compound
microscope at X100 and X400 magnification.

Confocal laser scanning fluorescence images were recorded on a TCS
4D confocal system (Leica Microsystems) with a X40 numerical aperture,
1.0 oil-immersion lens. A krypton-argon laser was used as the excitation
source at 488 nm, and GFP fluorescence was recorded between 515 and
545 nm. Images of GFP fluorescence shown in the figures are a depth
series of 28 optical sections taken at 1.5 um. The images were stored as
TIF files and processed with Canvas 10 software (ACD Systems Interna-
tional).

Phylogenetic Analysis

The encoded protein sequences of vertebrate p67phox, NOXA1, and
fungal NoxR genes were aligned (see Supplemental Figure 3 online) using
the ClustalX program (version 1.8; Thompson et al., 1997) with default
settings. Phylogenetic analysis was conducted using the neighbor-joining
method (Saitou and Nei, 1987) with the PHYLIP software package (version
3.63; http://evolution.genetics.washington.edu/phylip.html) with 1000 boot-
strap trials. The dendrogram was displayed graphically using the TreeView
program (version 1.6.6).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL/
DDBJ databases under accession numbers AB260937 (E. festucae noxR)
and AB260938 (E. festucae racA cDNA).
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Supplemental Figure 3. Alignment Using ClustalX of Fungal NoxR
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