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Redox Regulation of an AP-1-Like Transcription Factor, YapA, in the
Fungal Symbiont Epichloé festucae

Gemma M. Cartwright, Barry Scott

Institute of Fundamental Sciences, Bioprotection Research Centre, Massey University, Palmerston North, New Zealand

One of the central regulators of oxidative stress in Saccharomyces cerevisiae is Yap1l, a bZIP transcription factor of the AP-1 fam-
ily. In unstressed cells, Yap1 is reduced and cytoplasmic, but in response to oxidative stress, it becomes oxidized and accumu-
lates in the nucleus. To date, there have been no reports on the role of AP-1-like transcription factors in symbiotic fungi. An or-
tholog of Yap1, named YapA, was identified in the genome of the grass symbiont Epichloé festucae and shown to complement an
S. cerevisiae Ayapl mutant. Hyphae of the E. festucae AyapA strain were sensitive to menadione and diamide but resistant to
H,0,, KO,, and tert-butyl hydroperoxide (--BOOH). In contrast, conidia of the AyapA strain were very sensitive to H,0, and
failed to germinate. Using a PcatA-eGFP degron-tagged reporter, YapA was shown to be required for expression of a spore-spe-
cific catalase gene, catA. Although YapA-EGFP localized to the nucleus in response to host reactive oxygen species during seed-
ling infection, there was no difference in whole-plant and cellular phenotypes of plants infected with the AyapA strain compared
to the wild-type strain. Homologs of the S. cerevisiae and Schizosaccharomyces pombe redox-sensing proteins (Gpx3 and Tpxl1,
respectively) did not act as redox sensors for YapA in E. festucae. In response to oxidative stress, YapA-EGFP localized to the
nuclei of E. festucae AgpxC, AtpxA, and AgpxC AtpxA cells to the same degree as that in wild-type cells. These results show that
E. festucae has a robust system for countering oxidative stress in culture and in planta but that Gpx3- or Tpx1-like thiol peroxi-

dases are dispensable for activation of YapA.

Reactive oxygen species (ROS) play a very important biological
role in fungus-plant interactions. Production of ROS by
plasma membrane-localized NADPH oxidases at sites of patho-
gen invasion is one of the early defense responses of the plant host
(1-3). This oxidative burst induces programmed cell death but
also serves as a second messenger to activate the expression of
various plant defense genes (4-6). Detoxification of this burst of
ROS is vital for maintaining plant cellular integrity. Likewise, fun-
gal plant pathogens must have efficient mechanisms for ROS de-
toxification if they are to successfully colonize the host (7, 8). Two
strategies that are commonly used by plants and fungi to detoxify
ROS are the use of antioxidants, such as ascorbate, glutathione,
and carotenoids, and enzymatic scavenging of ROS by superoxide
dismutase, catalase, ascorbate peroxidase, or glutathione peroxi-
dase (9, 10). Production of “bursts” of ROS by specific NADPH
oxidase isoforms are also important for polarized growth and
multicellular development in both plants and fungi (11-16). As
with the defense response, restoration of ROS homeostasis follow-
ing differentiation signaling is vital for maintenance of cellular
integrity. One of the key regulators mediating an oxidative stress
response is the AP-1 class of basic leucine zipper (bZIP) transcrip-
tion factors.

The Saccharomyces cerevisiae AP-1-like transcription factor
Yap1 is the best-characterized member of the bZIP family of tran-
scription factors. Yapl contains two cysteine-rich domains
(CRDs), at the N-distal (n-CRD) and C-proximal (c-CRD) ter-
mini, which are fundamental to its activation. In the absence of
oxidative stress, the nuclear export sequence (NES) is able to in-
teract with the Crm1 nuclear exportin, resulting in export of the
protein from the nucleus to the cytoplasm. In cells exposed to
H,0, stress, two disulfide bonds are formed between the n- and
c-CRDs, resulting in a conformational change that masks the in-
teraction of the NES with Crm1 (17-19). As a result, oxidized
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Yapl is retained in the nucleus and activates the expression of
numerous genes involved in antioxidant defense (20).
Interdomain disulfide bond formation between the n- and c-
CRDs after exposure to H,O, is by far the most commonly recog-
nized mechanism of Yap1 activation. However, sensing of the re-
dox signal (H,0,) is mediated by the glutathione peroxidase Gpx3
(also known as Hyr1 [hydrogen peroxide resistance protein 1] or
ORP1 [oxidant receptor peroxidase 1]) rather than by Yap1 itself,
resulting in oxidation of a conserved Cys in Gpx3 to a sulfenic acid
(21). The Cys-SOH then condenses with a Cys in the c-CRD of
Yap1 to form an intermolecular disulfide bond, which is resolved
by thiol disulfide exchange, resulting in release of Gpx3 and for-
mation of an intramolecular disulfide bond between conserved
cysteines in the c- and n-CRDs of Yap1 (21). The second disulfide
bond, between two other conserved cysteines in the n- and c-
CRDs, is formed by a second oxidation cycle with Gpx3. Trans-
duction of the H,O, signal requires formation of multiple inter-
domain disulfide bonds to generate a reduction-resistant Yapl
protein (22). In addition, Ybpl (Yapl-binding protein) has an
important role, together with Gpx3, in the cytoplasmic oxidation
of Yapl in response to H,0, stress and in promotion of nuclear
accumulation (23). In Schizosaccharomyces pombe, the thiore-
doxin peroxidase Tpx1, rather than a Gpx protein, is used as the
redox sensor to regulate Papl, the Yapl homolog (24, 25). Acti-
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vation of Pap1 occurs by a catalytic mechanism slightly different
from that described for S. cerevisiae, as both catalytic cysteine res-
idues are used in Tpx1, whereas just one is used in Gpx3. Whether
homologs of Gpx3 or Tpx1 act as redox sensors for activation of
AP-1-like proteins in filamentous fungi is not known. Yap1 and
Papl can also be modified covalently by thiol-reactive electro-
philes, such as diamide, N-ethylmaleimide, and diethylmaleate,
independently of Gpx3 or Tpx1. Oxidation of conserved cysteines
in the c-CRD, without the formation of disulfide bonds, is suffi-
cient to disrupt interaction between Crml and either Yapl or
Papl, promoting retention of the transcription factor in the nu-
cleus (26-28).

Yapl homologs have been identified in a number of other
fungi, including Candida albicans (29), Aspergillus fumigatus (30),
Cochliobolus heterostrophus (31), Alternaria alternata (32), Botrytis
cinerea (33), Neurospora crassa (34), Magnaporthe oryzae (8), and
Ustilago maydis (7). Disruption of these transcription factors
commonly results in hyphal and conidial sensitivity to H,O, and
other oxidative stress-inducing compounds, such as tert-butyl hy-
droperoxide (+-BOOH), potassium superoxide (KO,), menadi-
one, and diamide. Regulation through control of nuclear import
and export is a shared feature of these AP-1-like proteins, a prop-
erty that presumably reflects the conserved domain (bZIP,
n-CRD, and ¢-CRD) and motif (NES and nuclear localization
sequence [NLS]) structure of this family of proteins.

AP-1-like transcription factors have a key role in protecting
phytopathogenic fungi from plant-generated ROS during host
colonization, a function highlighted by retention of these proteins
in the nucleus upon contact with the leaf surface and during ap-
pressorium-mediated penetration of the host (7, 31). While AP-1
deletion mutants of fungi are sensitive to H,O, in culture, the
plant colonization phenotype is very dependent on the growth
lifestyle. AP-1 mutants of the biotrophic fungi U. maydis and M.
oryzae are sensitive to a host oxidative burst and have reduced
virulence (7, 8). In contrast, the AP-1 mutants of the necrotrophic
fungi B. cinerea and C. heterostrophus are as virulent as the wild-
type strains (31, 33). A. alternata is an exception to the generaliza-
tion that lifestyle determines the host colonization outcome, as
AP-1 mutants of this necrotrophic pathogen are defective in host
colonization (32).

In M. oryzae, the homolog of GPX3/HYRI also has a role in
host virulence; the hyrl mutant was shown to be less tolerant to
ROS generated by a susceptible plant and formed significantly
smaller lesions on both barley and rice (35). However, the study
did not establish whether these effects were due solely to the anti-
oxidant activity of this protein or because of a defect in redox
signaling.

To date, there have been no reports on the role of AP-1-like
transcription factors in fungus-plant symbiotic interactions, such
as the mutualistic symbiotic interaction between the fungus
Epichloé festucae (Ascomycota, Clavicipitaceae) and the plant Lo-
lium perenne (36, 37). This biotrophic fungus systemically colo-
nizes the vegetative and reproductive aerial tissues but not the
roots of the plant. The growth of this fungus within the leaves is
tightly regulated, with usually just a single hypha found between
adjacent columns of plant cells. Hyphae that colonize the leaves
are firmly attached to the plant cells and extend by intercalary
division and extension, a mechanism of growth that synchronizes
hyphal growth with plant leaf growth (38). Using both forward
and reverse genetic strategies, we previously identified genes cru-
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cial for establishment and maintenance of this symbiosis, includ-
ing genes encoding components of the NADPH oxidase and mi-
togen-activated protein kinase (MAPK) signaling complexes (15,
39-42).

The aim of this study was to test whether YapA-mediated sig-
naling is required for maintenance of a mutualistic symbiotic in-
teraction between E. festucae and L. perenne and to determine
whether E. festucae GpxC and TpxA, which are homologs of Gpx3
and Tpxl1, respectively, are redox sensors of H,O, stress resulting
in nuclear retention and activation of E. festucae YapA.

MATERIALS AND METHODS

Strains and growth conditions. Escherichia coli cultures (see Table S1 in
the supplemental material) were grown overnight in Luria-Bertani (LB)
broth or on LB agar containing 100 pg/ml ampicillin as previously de-
scribed (43).

E. festucae cultures (see Table S1 in the supplemental material) were
grown on 2.4% (wt/vol) potato dextrose (PD) agar (44) under previously
described conditions (45, 46). Liquid cultures were grown for 5 days at
22°C in 250-ml conical flasks containing 50 ml medium on an orbital
shaker at 200 rpm. For collection of spores, E. festucae cultures were grown
on PD agar for 10 days at 22°C. The spores were vigorously washed from
the surface of the colony with PD broth, and the spore suspension was
filtered through sterile glass wool.

S. cerevisiae cultures for complementation (see Table S1 in the supple-
mental material) were grown on synthetic complete (SC) medium (0.67%
yeast nitrogen base without amino acids, 2% galactose, 1% raffinose,
0.01% [each] leucine, tryptophan, and uracil, 0.005% [each] histidine and
methionine, and 2% agar) at 30°C for 3 days. For yeast recombinational
cloning, strain FY834 was grown on YPD (1% yeast extract, 2% peptone,
2% p-glucose, 2% agar), and transformants were selected on synthetic
dropout (SD) medium (1 M sorbitol, 0.67% yeast nitrogen base without
amino acids, 0.08% uracil dropout supplement [Clontech], 2% glucose,
and 2% agar).

DNA isolation, PCR, and sequencing. Fungal genomic DNA was ex-
tracted from freeze-dried mycelium by the method of Byrd et al. (47). For
small-scale experiments, rapid extracts of genomic DNA mycelia were
grown in PD broth for 1 to 3 days, transferred to lysis buffer (150 mM
EDTA, 50 mM Tris-HCI, 1% sodium lauroyl sarcosine), and incubated at
70°C for 30 min. DNA was isolated from the aqueous phase by sequential
precipitations with 5 M potassium acetate, isopropanol, and 70% ethanol
and then was resuspended in 20 .l H,O. Isolation of plasmid and cosmid
DNAs was performed by alkaline lysis and extraction using a High Pure
plasmid isolation kit (Roche) according to the manufacturer’s instruc-
tions.

Standard PCR amplification was performed with Tag DNA polymer-
ase (Roche). Where proofreading activity was required, the Expand High
Fidelity PCR system (Roche) was used. Each reaction mixture (50 pl)
contained 1X Tagq reaction buffer or 1 X Expand High Fidelity buffer, 0.2
M (each) forward and reverse primers, a 200 uM concentration of each
deoxynucleoside triphosphate (ANTP), 1 ng template DNA, and 1 U of
Taq polymerase or 1.75 U of Expand High Fidelity enzyme mix (Roche).
The following cycle conditions were used: 1 cycle of 94°C for 2 min fol-
lowed by 35 cycles of 94°C for 30 s, 45 to 68°C for 30 s, and 72°C for 1 min
per kb of sequence. The final extension consisted of one cycle at 72°C for
10 min, and then the tubes were stored at 4°C until analysis. The sequences
of PCR primers are provided in Table S2 in the supplemental material.

DNA fragments were sequenced using the dideoxynucleotide chain
termination method with a Big Dye Terminator ready reaction cycle se-
quencing kit, version 3.1 (Applied Biosystems), and were separated using
an ABI3730 genetic analyzer (Applied Biosystems). Sequence data were
assembled and analyzed using MacVector sequence assembly software,
version 12.0.5.

DNA hybridizations. E. festucae genomic digests were transferred to
positively charged nylon/nitrocellulose membranes (Roche) by the
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method described by Southern (48). DNA was fixed by UV light cross-
linking in a Cex-800 UV light cross-linker (Ultra-Lum) at 254 nm for 2
min. The DNA probes were synthesized by random priming with Klenow
DNA polymerase and [a-**P]dCTP (3,000 Ci/mmol; Amersham Biosci-
ences), using a High Prime DNA labeling kit (Roche), or by the incorpo-
ration of digoxigenin-11-dUTP (DIG-11-dUTP) into DNA by PCR, using
a PCR DIG probe synthesis kit (Roche). Hybridizations were performed
according to the manufacturer’s instructions and visualized by either au-
toradiography (**P-labeled probes) or nitroblue tetrazolium—5-bromo-4-
chloro-3-indolylphosphate (NBT-BCIP) color detection (DIG-labeled
probes).

Cosmid clone 28E7 (yapA) was isolated from an Fl1 cosmid library
(49) by colony hybridization as previously described (39), using a 1.7-kb
fragment of yapA, amplified using the Expand High Fidelity PCR system
and the yap5-yap6 primer pair, as a probe. The probe was labeled with
[a->?P]dCTP as described above.

Preparation of complementation, deletion, and expression con-
structs. The S. cerevisiae YAP1 (pGC8) and GPX3 (pGC7) genomic com-
plementation constructs were prepared by PCR amplification of the
1.95-kb YAPI gene and the 0.5-kb GPX3 gene, using the yap7-yap8 and
gpx7-gpx8 primers, respectively, with the Expand High Fidelity PCR sys-
tem. The E. festucae yapA (pGC6) and gpxC (pGC5) cDNA complemen-
tation constructs were prepared by PCR amplification of the 1.7-kb yapA
¢DNA and 0.5-kb gpxC cDNA from E. festucae total mRNA, using the
yap5-yap6 and gpx5-gpx6 primer pairs, respectively. These fragments
were then ligated into pCR4-TOPO (Invitrogen), sequenced, and sub-
cloned into the pYES2 vector (Invitrogen).

The yapA replacement construct (pGC2) was prepared by sequentially
ligating into pSF15.15 (a pI199-based vector containing the iiph cassette) a
1.1-kb BglII/Kpnl fragment 5" of yapA, generated by PCR amplification
using the yap1-yap2 primer pair, and a 1.2-kb HindIII/Xhol fragment 3’
of yapA, generated by PCR amplification using the yap3-yap4 primer pair,
as shown in Fig. S1 in the supplemental material.

The gpxC replacement construct, plasmid pGC4, was prepared by se-
quentially ligating into pSF17.8 (a pII99-based vector containing the nptIl
cassette) a 1.1-kb BglII/KpnlI fragment 5" of gpxC, generated by PCR am-
plification using the gpx1-gpx2 primer pair, and a 1.4-kb Sall/Sall frag-
ment 3" of gpxC, generated by PCR amplification using the gpx3-gpx4
primer pair, as shown in Fig. S1 in the supplemental material.

The tpxA replacement construct, plasmid pGC12, was prepared by
sequentially ligating into pSF15.15 a 2.3-kb BgllI/Kpnl fragment 5" of
tpxA, generated by PCR amplification using the tpx1-tpx2 primer pair,
and a 2.45-kb fragment 3’ of tpxA, generated by PCR amplification using
the tpx3-tpx4 primer pair, as shown in Fig. S1 in the supplemental mate-
rial.

The 3.8-, 4.3-, and 6.2-kb linear products of pGC2 (yapA), pGC4
(gpxC), and pGC12 (tpxA) used for transformation were amplified with
the yap1-yap4, gpx1-gpx4, and tpx1-tpx4 primer pairs, respectively, using
the Expand High Fidelity PCR system (Roche) according to the manufac-
turer’s instructions. A 3.7-kb EcoRV/EcoRI fragment extending 740 bp
upstream from the transcription start site of yapA and 639 bp downstream
from the transcription termination site was digested from cosmid 28E7
and subcloned into pSF17.8 to generate the pGCl11 yapA complementa-
tion vector.

A YapA-EGFP fusion construct, pGC9, was prepared by cloning an
EcoRI/Clal fragment generated with the yap27-yap28 primer pair into the
pPN94 vector. The translational stop codon of yapA was removed and
replaced by the enhanced green fluorescent protein (EGFP) coding re-
gion, with its stop codon generated with the GCGFP1-GCGFP2 primer
pair, creating a C-terminal in-frame fusion with the yapA gene.

A Yap1-EGFP fusion construct, pGC19, was prepared by amplifying
overlapping Yapl and EGFP fragments, using the scyapl6-scyap18 and
GCGFP3-GCGFP4 primer pairs, respectively, recombining them in yeast,
and cloning the EcoRI/NotI Yap1-EGFP fragment into pPN94.

A PcatA-eGFP reporter construct, pGC13, was prepared by sequen-
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tially ligating into pSF17.8 an Xbal/EcoRI fragment containing the 1-kb
region upstream of the catA start codon and a 0.7-kb Xbal/EcoRI frag-
ment containing the EGFP coding sequence. The PcatA fragment was
generated by PCR using the pcatA3-pcatA4 primer pair and ligation into
pGCI10, and the PcatA-eGFP Xbal/Xhol fragment was subcloned into
pSF17.8. A destabilized version of the PcatA-eGFP reporter construct,
PcatA-eGFP-CL1 (pGC14), was generated by adding a 16-amino-acid de-
gron sequence (CL1 [ACKNWEFSSLSHFVIHL]) to the C terminus of
EGFP. Two-step PCR using the pCatA-CL1 R1 and pCatA-CL1 R2 primer
pairs was used to generate the 1.2-kb SacIl/Ndel fragment, which was
then used to replace the corresponding region in the original PcatA-
eGFP vector.

Fungal transformation. S. cerevisiae transformation was carried out
using the lithium acetate/single-stranded carrier DNA/polyethylene gly-
col method (50). E. festucae protoplasts were prepared as previously de-
scribed (51). Protoplasts were transformed with 3 to 5 pg of linear PCR-
amplified or circular plasmid DNA by a previously described method
(52). Transformants were selected on RG medium (regeneration me-
dium, which is PD medium with 0.8 M sucrose) containing 150 pg/ml
hygromycin or 200 pg/ml Geneticin and nuclear purified by three rounds
of subculturing on hygromycin- or Geneticin- containing PD medium
(51).

Putative yapA replacement mutants were screened by PCR using
primers that flank the hph cassette (yap22 and yap23; 1 kb of wild-type
sequence and 1.6 kb of replacement sequence) and the 5’ (yap9 and yap10;
2.6 kb)- and 3’ (yap1l and yap21; 2.4 kb)-flanking regions of the replace-
ment. Putative gpxC replacement mutants were screened by PCR using
primers that flank the nptII cassette (gpx15 and gpx16; 1 kb of wild-type
sequence and 1.9 kb of replacement sequence) and the 5’ (gpx9 and
gpx10; 2.3 kb)- and 3’ (gpx11 and gpx12; 2.9 kb)-flanking regions of the
replacement. Putative tpxA replacement mutants were screened by PCR
using primers that flank the hph cassette (tpx13 and tpx14; 1 kb of wild-
type sequence and 1.6 kb of replacement sequence) and the 5" (tpx15 and
tpx16; 2.5 kb)- and 3’ (tpx17 and tpx18; 2.5 kb)-flanking regions of the
replacement. For complementation of AyapA mutants, AyapA proto-
plasts were transformed with pGC11 and transformants selected on me-
dium containing 200 pg/ml Geneticin. Reintroduction of the yapA gene
was confirmed by PCR using the yap5-yap6 primer pair.

Transformants expressing EGFP or DsRed fusion proteins were se-
lected using an Olympus BX51 stereomicroscope with Olympus
U-MWIBA2 and U-MWIG2 filters to detect EGFP and DsRed, respec-
tively.

Microscopy. Cultures to be analyzed by microscopy were inoculated
onto a thin layer of PD agarose (2% [wt/vol]) layered on top of the base
layer of PD agar (1.5% [wt/vol]) and grown for 5 days. For examination of
E. festucae spores, spore suspensions were spread onto the PD agarose and
examined after 16 h. Square blocks were cut from the agarose and placed
in an imaging chamber (CoverWell; 20-mm diameter by 0.5-mm depth)
(Molecular Probes) filled with 500 pl of PD broth and sealed with a 22- by
60-mm glass coverslip.

Localization of YapA-EGFP and DsRed-StuA(NLS) in hyphae was an-
alyzed by confocal laser scanning microscopy using a Leica SP5 DM6000B
confocal microscope (488-nm argon laser, X40 oil immersion objective,
numerical aperture [NA] = 1.3). Differential interference contrast (DIC)
imaging was used in conjunction with confocal microscopy, with the DIC
image overlaid on the confocal fluorescence images.

Bioinformatic analysis. E. festucae genes were identified by tBLASTn
analysis of the E. festucae FI1 (E894) genome (http://csbio-l.csr.uky.edu/ef
894-2011) with S. cerevisiae and S. pombe protein sequences obtained
from the SGC (http://www.yeastgenome.org/) and GeneDB (http://old
.genedb.org/genedb/pombe/) databases, respectively. C. albicans and Yar-
rowia lipolytica protein sequences were obtained from the Candida (http:
//www.candidagenome.org/) and Genolevures (http://www.genolevures
.org/yali.html) genome databases.

Other fungal sequences used in the phylogenetic analysis were retrieved
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from the NCBI GenBank database (http://www.ncbinlm.nih.gov/) or the
Broad Institute website (http://www.broad.mit.edu). Identity and simi-
larity scores were calculated after ClustalW pairwise alignments of se-
quences by use of MacVector, version 12.0.5. Multiple-sequence alignments
were edited using Jalview (http://www.jalview.org/). For phylogenetic re-
lationships, Mega5.05 was used to generate maximum likelihood trees
from ClustalW multiple-sequence alignments, using the default pa-
rameters in the program. Gene annotation and naming are given in
accordance with the Broad Institute Aspergillus Comparative Data-
base. The E. festucae genome sequence data, curated by C. L. Schardl
at the University of Kentucky, are available at http://csbio-l.csr.uky
.edu/ef894-2011/.

Nucleotide sequence accession numbers. The yapA, gpxC, and tpxA
gene sequences of E. festucae strain F11 (894) are available in the GenBank
database (http://www.ncbi.nlm.nih.gov/genbank/index.html) under ac-
cession numbers KC121577, KC121578, and KC244374, respectively.

RESULTS

Identification and characterization of an AP-1-like transcrip-
tion factor. A tBLASTn analysis of the E. festucae genome with the
S. cerevisiae Yapl protein sequence identified a gene, designated
yapA (accession number KC121577; E. festucae Fl1 gene model
EfM2.092760), encoding a bZIP transcription factor that shares
57% identity with FgAP1 from Fusarium graminearum and 12 to
16% identity with AP-1 proteins from the more distantly related
basidiomycete fungus Ustilago maydis and the yeast species S.
cerevisiae, Kluyveromyces lactis, S. pombe, and C. albicans. The
yapA coding sequence, comprising three exons separated by 72-
and 64-bp introns, is predicted to encode a polypeptide of 580
amino acids that shares several conserved features with S. cerevi-
siae Yapl, including an NLS, an NES, a bZIP domain, and two
cysteine-rich domains, n-CRD and c-CRD, that are distal and
proximal, respectively, to the N and C termini of the protein (Fig.
1A). Both the bZIP and c-CRD motifs are highly conserved among
all of the fungal AP-1 transcription factors analyzed (Fig. 1B and
D). A multiple-sequence alignment of the n-CRDs from AP-1
homologs of various yeasts and filamentous fungi identified a ma-
jor difference in the amino acid sequence of this domain between
yeast and filamentous fungal species (Fig. 1C). While there are two
conserved cysteine residues in the n-CRDs of yeast species, just
one of these (corresponding to residue 310 in S. cerevisiae) is con-
served in the filamentous fungi. The two cysteine residues in the
¢c-CRD of the S. cerevisiae protein that form disulfide bonds with
partners in the n-CRD upon oxidation are conserved in the fila-
mentous fungi.

Complementation of a yeast yapl mutant. To test whether
YapA is a functional homolog of S. cerevisiae Yapl, a full-length
c¢DNA encoding E. festucae YapA was cloned into the pYES2 yeast
expression vector and transformed into the S. cerevisiae Ayapl
strain. In addition, the Ayap1 strain was transformed with pYES2
vector alone or pYES2 vector containing S. cerevisiae YAP1 (Fig.
2). Cells were grown on medium containing galactose and raffin-
ose to activate the GALI promoter in pYES2, which was used to
control expression of these genes in S. cerevisiae. All strains grew
equally well on medium to which no H,O, had been added. On
medium containing 0.8 mM hydrogen peroxide, growth of the
Ayap] strain and the Ayap1/pYES2 strain was significantly inhib-
ited in comparison to that of the wild-type strain. Expression of E.
festucae YapA (Ayapl/EfyapA) or S. cerevisiae Yapl (Ayapl/
ScYAPI) in the S. cerevisiae Ayap1 background was able to restore
growth of this mutant on H,O, to levels comparable to those of
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the wild type (Fig. 2). These results demonstrate that E. festucae
yapA is able to functionally complement the oxidative stress sen-
sitivity defect of the S. cerevisiae Ayapl mutant. However, it is
evident from the number of colonies formed that complementa-
tion by yapA from E. festucae is less efficient than that achieved by
S. cerevisine YAPI (Fig. 2).

Oxidative stress phenotype of mycelia from E. festucae yapA
deletion strains. To investigate the role of the E. festucae YapA
protein in conferring resistance to various oxidative stress-induc-
ing compounds, yapA was deleted by targeted gene replacement
(see Fig. Sl in the supplemental material). Two independent
knockouts of yapA were generated, with each containing multiple
copies of the deletion construct. Mycelial plugs of the wild-type
and AyapA strains were inoculated onto PD agar supplemented
with various stress-inducing compounds, including the thiol-ox-
idizing agents menadione and diamide as well as the peroxides
H,0, and ~-BOOH and superoxide-generating KO, (Fig. 3; see
Fig. S2 in the supplemental material). Colony radial growth of two
independently isolated AyapA mutants was severely reduced on
40 wM menadione and reduced to a lesser extent on 1 mM di-
amide in comparison to that of the wild type. Introduction of a
wild-type allele of yapA into each of the AyapA strains restored
growth on menadione and diamide to wild-type levels, confirm-
ing that loss of functional YapA confers sensitivity to these oxidiz-
ing agents. In contrast, addition of H,O,, t-BOOH, or KO, had no
effect on colony radial growth of AyapA strains (Fig. 3). At higher
concentrations of these compounds, wild-type growth was re-
duced to the same extent as that of mutants (see Fig. S2 in the
supplemental material). The lack of sensitivity of vegetative tissue
to H,O, was surprising given that, to date, all published studies of
fungal AP-1 mutants report sensitivity to H,O,.

Conidial germination sensitivity of E. festucae AyapA mu-
tants to H,0,. To investigate the possibility of a developmental
stage-specific role for YapA in providing resistance against perox-
ides, E. festucae spores were spread onto PD medium containing
H,O0,. Spores derived from the wild-type strain were able to ger-
minate on PD medium containing 0.5 mM H,0O,, whereas spores
of the AyapA strain were highly sensitive to H,0O, and were unable
to germinate, as confirmed by light microscopy (Fig. 4). Reintro-
duction of yapA to the AyapA mutant restored H,O, resistance of
the spores back to wild-type levels. These results suggest that YapA
is indispensable for conidial resistance to peroxide stress.

Expression of catA in the AyapA mutant. To explain the ele-
vated sensitivity of AyapA spore germination to H,O,, we tested
whether YapA was required for activation of a spore-specific cat-
alase, an enzyme responsible for H,0, detoxification. A homolog
of the Aspergillus nidulans spore-specific catalase gene, catA (53),
was identified in E. festucae (EfM2.069120). The predicted protein
shares 74.1% similarity with A. nidulans CatA. The promoter of E.
festucae catA was fused to the EGFP gene to monitor its expression.
EGFP fluorescence was detected in wild-type spores but not veg-
etative mycelia, confirming that expression of E. festucae catA is
spore specific (Fig. 5A). To enhance the sensitivity of the spore
expression analysis, a second construct was prepared, in which the
CL1 degron sequence was fused to the C terminus of the catA-
EGFP construct. Addition of the CL1 degron sequence, specific for
ubiquitination and degradation by the proteasome, is reported to
confer a 20- to 30-min half-life on EGFP (54). Spores of the AyapA
mutant strains showed a significant reduction (P << 0.001) in
EGFP fluorescence, indicating reduced catA promoter activity
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FIG 1 Functional domains of E. festucae YapA. (A) Characteristic motifs of S. cerevisiae Yapl and E. festucae YapA proteins. bZIP, basic leucine zipper DNA
binding domain; n-CRD and ¢-CRD, N- and C-terminal cysteine-rich domains; NLS, nuclear localization signal; NES, nuclear export sequence. The length of
each protein (in amino acids [aa]) is indicated. The vertical black bars within the proteins identify positions of conserved Cys residues. (B to D) Multiple-
sequence alignments of bZIP domains, n-CRDs, and c-CRDs of fungal AP-1 proteins. Conserved cysteine residues are highlighted in red. Numbering indicates
amino acid residue positions with respect to the E. festucae protein (bZIP [B], n-CRD [upper part of panel C], and c-CRD [D] sequences) or the S. cerevisiae
protein (n-CRD [lower part of panel C] sequences). Ef, Epichloé festucae YapA (EfM2.092760; accession no. KC121577); Fg, Fusarium graminearum
FGSG_08800.3 (accession no. XP_388976.1); Fo, Fusarium oxysporum FoAP1 (accession no. EGU84635.1); Nc, Neurospora crassa NcAp-1 (NCU03905.5;
accession no. XP_957544.2); Pa, Podospora anserina PaAP1 (accession no. XP_001905945.1); Mo, Magnaporthe oryzae MoAP1 (MGG_12814.7; accession no.
XP_001408783.1); Ss, Sclerotinia sclerotiorum SSAP1 (SS1G_09561.3; accession no. XP_001589839.1); B, Botrytis cinerea Bapl (BC1G_14094.1; accession no.
XP_001547321.1); Ao, Aspergillus oryzae AorAP1 (AO090001000627; accession no. XP_001819128.1); Ch, Cochliobolus heterostrophus CHAP1 (accession
no. AAS64313); Aa, Alternaria alternata AaAP1 (accession no. ACM50933.1); Um, Ustilago maydis Yapl (UMO02191.1; accession no. XP_758338.1); KI, Kluyvero-
myces lactis KIYap1 (accession no. XP_451077.1); Sc, Saccharomyces cerevisiae Yapl (YMLO07W; accession no. CAA41536.1); Sp, Schizosaccharomyces pombe
Papl (SPAC1783.07¢; accession no. NP_593662.1); Ca, Candida albicans Capl (Ca019.1623; accession no. XP_721702.1).

October 2013 Volume 12 Number 10 ecasm.org 1339


http://www.ncbi.nlm.nih.gov/nuccore?term=KC121577
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_388976.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EGU84635.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_957544.2
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_001905945.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_001408783.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_001589839.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_001547321.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_001819128.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AAS64313
http://www.ncbi.nlm.nih.gov/nuccore?term=ACM50933.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_758338.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_451077.1
http://www.ncbi.nlm.nih.gov/nuccore?term=CAA41536.1
http://www.ncbi.nlm.nih.gov/nuccore?term=NP_593662.1
http://www.ncbi.nlm.nih.gov/nuccore?term=XP_721702.1
http://ec.asm.org

Cartwright and Scott

SD Gal/Raf
10" 10" 10

WT

Ayap1
Ayap1/pYES2
Ayap1/ScYAP1
Ayap1/EfyapA

WT

Ayapl
Ayap1/pYES2
Ayap1/ScYAP1
Ayap1/EfyapA

FIG 2 S. cerevisiae complementation by E. festucae yapA. The growth of S.
cerevisine BY4741 (PN2735) (wild type [WT]), S. cerevisiae BY4741-
AYMLO07W (Ayapl; PN2736), and derivatives of this strain transformed with
the empty vector pYES2 (PN2847), pYES2ScYAPI (PN2845), or pYES2EfyapA
(PN2846) was tested on SD plates containing galactose and raffinose (SD Gal/
Raf) with and without 0.8 mM H,0,. Serial 10-fold dilutions of the cultures
indicated on the left were spotted onto plates.
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compared to that in wild-type spores (Fig. 5B). EGFP fluorescence
was restored in the yapA-complemented AyapA strains, indicating
that the reduction in EGFP reporter gene expression was due to a
lack of yapA expression. This result suggests that YapA is required
for activation of catA expression and that the sensitivity of AyapA
conidial germination to H,O, may be due to decreased expression
of catA.

Activation of YapA by H,0, in axenic culture. In S. cerevisiae,
oxidation of the Yapl protein by H,O, correlates with its activa-
tion and nuclear accumulation. To monitor the cellular localiza-
tion and inferred activation of H,0,-oxidized YapA, protoplasts
of the wild type were transformed with a YapA-EGFP fusion con-
struct, pGC9, together with a DsRed-StuA(NLS) construct,
pJW19, to confirm nuclear localization. In the absence of oxida-
tive stress, YapA-EGFP localized to the cytoplasm, but upon treat-
ment with H,O,, YapA-EGFP was redistributed to the nucleus,
where it colocalized with the nuclear marker DsRed-StuA(NLS)
(Fig. 6).

Given that S. cerevisiae Gpx3 (glutathione peroxidase 3) and S.
pombe Tpx1 (thioredoxin peroxidase 1) are responsible for the
initial sensing of the H,O, signal and activation of their respective
AP-1 transcription factors (21, 24, 25), we tested whether ho-
mologs of these thiol peroxidases (peroxiredoxins) were required
for activation of E. festucae YapA under conditions of oxidative
stress. Homologs of S. cerevisiae GPX3 and S. pombe TPX1 in the E.
festucae genome were identified by tBLASTn and reciprocal
BLASTp analyses and designated gpxC (KC121578; EfM2.018640)
and fpxA (KC244374; EfM2.113210), respectively. Multiple-se-
quence alignment and phylogenetic analyses confirmed that

Menadione Diamide

t-BOOH

Diamide

Menadione

FIG 3 Oxidative stress sensitivity of E. festucae deletion strains. Five-millimeter-diameter agar plugs of the indicated strains were inoculated onto PD medium
and PD medium containing 40 uM menadione, 1 mM diamide, 4 mM H,0,, 0.25 mM t-BOOH, or 7 mM KO, and cultured at 22°C for 7 days. (A) Strain set 1
included the wild-type (WT; PN2278), AyapA#145 (PN2740), AyapA#145/yapA (PN2788), AgpxC#10 (PN2741), AtpxA#105 (PN2821), and AgpxC AtpxA#22
(PN2831) strains. (B) Strain set 2 included the wild-type (WT), AyapA#243 (PN2739), AyapA#243/yapA (PN2787), AgpxC#34 (PN2742), AtpxA#157 (PN2822),
and AgpxC AtpxA#168 (PN2830) strains (numbers in strain names indicate independent transformants).
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FIG 4 H,O0, sensitivity of E. festucae AyapA conidia. Spore suspensions (250 1) of wild-type (WT), AyapA#145, and AyapA#243 strains (A) and complemented
AyapA#145/yapA and AyapA#243/yapA strains (B) were spread over the surfaces of plates of PD medium and PD medium containing H,O,, and the spores were

allowed to germinate at 22°C for 12 and 11 days, respectively.

GpxC and TpxA are the most closely related proteins to S. cerevi-
siae Gpx3 and S. pombe Tpx1, respectively (see Fig. S3 and S4 in
the supplemental material). However, in the case of the latter,
filamentous fungal proteins are more closely related to S. cerevisiae
Prx1, a 1-Cys peroxiredoxin, whereas S. pombe Tpx1 groups with
S. cerevisiae Tsal and Tsa2, which are typical 2-Cys peroxiredoxins
(see Fig. S4 in the supplemental material). Typical 2-Cys perox-
iredoxins have both peroxidatic (C48 in S. pombe) and resolving
(C169 in S. pombe) Cys residues and, in addition, contain the
signature consensus sequence FTFVCPTEI for the first Cys (see
Fig. 54 in the supplemental material). In contrast, the Tpxs of fila-
mentous fungi have a single cysteine residue that forms part of the
signature consensus sequence FTPVCTTEL. Two additional perox-
iredoxins were identified in filamentous fungal genomes, but these
appear to be homologs of S. pomnbe Pmp20 (EfM2.064230) and Bcp
(EfM2.115510). These are atypical 2-Cys peroxiredoxins, indicating
that typical 2-Cys peroxiredoxins appear to be absent from filamen-
tous fungi.

Given that there are three different but closely related Gpxs in
S. cerevisiae, i.e., Gpx1, Gpx2, and Gpx3, cDNA of E. festucae gpxC
was expressed in an S. cerevisiae Agpx3 strain to test if it could
complement this mutant under conditions of oxidative stress. All
strains grew equally well on medium to which no H,O, had been
added. On medium containing 1.25 mM hydrogen peroxide,
growth of the Agpx3 strain and the Agpx3/pYES2 strain was sig-
nificantly inhibited in comparison to that of the wild-type strain.
Expression of E. festucae GpxC (Agpx3/EfgpxC) or S. cerevisiae
Gpx3 (Agpx3/ScGPX3) in the S. cerevisine Agpx3 background was
able to restore growth of this mutant on H,O, to levels compara-
ble to those of the wild type (Fig. 7). The slightly higher concen-
tration of H,O, used for these experiments (1.25 mM) than for the
YAPI complementation tests (0.8 mM) (Fig. 2) reflects the slightly
greater tolerance of the Agpx3 strain to oxidative stress, because of
an alternative pathway for Yapl activation (21). These results
demonstrate that E. festucae gpxC is able to functionally comple-
ment the oxidative stress sensitivity defect of the S. cerevisiae GPX3
mutant.

To test whether either GpxC or TpxA serves as a redox sensor
for YapA activation in E. festucae, single (AgpxC or AtpxA) and
double (AgpxC AtpxA) mutants of gpxC and tpxA were generated,
and localization of YapA-EGFP was monitored in hyphae of these
different mutant backgrounds (Fig. 6; see Fig. S1 in the supple-
mental material). In the AgpxC, AtpxA, and AgpxC AtpxA back-
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grounds, YapA-EGFP still translocated from the cytoplasm to the
nucleus in response to H,O, treatment, where it colocalized with
the nuclear marker DsRed-StuA(NLS). These results demonstrate
that neither GpxC nor TpxA is essential for YapA nuclear local-
ization and that these proteins do not have overlapping functions
(Fig. 6).

To assess whether E. festucae possesses a redox sensor capable
of activating S. cerevisiae Yapl, a Yapl-EGFP fusion construct
(pGC19) was expressed in E. festucae wild-type cells. However,
this fusion failed to localize to the nucleus when cells were treated
with H,O, or diamide (Fig. 8). In a control experiment, the same
Yap1-EGFP construct under the control of the S. cerevisiae GALI
promoter localized to the nuclei of S. cerevisiae wild-type and
Ayapl cells, but not Agpx3 cells, in response to treatment of the
cells with H,0, (21) (see Fig. S5 in the supplemental material),
demonstrating the functional fidelity of the construct. These re-
sults suggest that either E. festucae lacks an H,0O, redox sensor or
the sensor is unable to interact with the Yap1-EGFP fusion.

Plant phenotypes of E. festucae yapA, gpxC, and tpxA mu-
tants. To test whether disruption of yapA, gpxC, tpxA, or both
gpxC and tpxA would affect the symbiotic interaction phenotype
of E. festucae with L. perenne, seedlings were inoculated with each
of these mutants, and whole-plant and in planta phenotypes were
analyzed at 8 weeks postinfection. All mutants had a wild-type
interaction phenotype at the whole-plant level (see Fig. S6 in the
supplemental material) and subcellular level (see Fig. S7 in the
supplemental material). Hyphae of all mutants were aligned par-
allel to the axes of the leaves and were similar to the wild type in
morphology and growth habit. Given that inoculation of the
plants required wounding of the seedlings by making a 2- to 3-mm
longitudinal slit with a scalpel above the meristem of the hypoco-
tyl, followed by placement of the inoculum on the wound site (55),
we tested whether YapA was activated in the wild-type strain in
response to the intense burst of ROS (H,0,) generated by wound-
ing (56, 57). Consistent with the rapid generation of H,O, in re-
sponse to wounding, YapA-EGFP localized to the nuclei of wild-
type hyphae within 30 min of inoculation (Fig. 9). After a period of
about 6 h, YapA-EGFP was found predominantly in the cyto-
plasm, consistent with a return to homeostasis and recovery of the
cells from the oxidative burst. This burst of ROS was insufficient
to disrupt infection by the wild-type and AyapA mutant strains,
despite the latter lacking a functional YapA oxidative stress signal-
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AtpxA#168 (PN2851) cultures expressing YapA-EGFP and the nuclear marker DsRed-StuA(NLS) were examined using confocal laser scanning and DIC
microscopy before (untreated) and 30 min after treatment with 16 mM H,O,. EGFP images were generated by maximum-intensity projection of confocal z stacks

taken at 1-pm intervals from the top to the bottom of the section. Each box represents a 50-pm by 50-m area.

ing pathway. These results suggest that E. festucae has a highly
redundant system for protection from oxidative stress.

DISCUSSION

The results described here demonstrate that E. festucae YapA is a
bona fide AP-1-like bZIP transcription factor involved in the oxi-
dative stress response. E. festucae YapA functionally comple-
mented the H,O, stress sensitivity defect of an S. cerevisiae Ayap1
mutant and translocated to the nuclei of E. festucae cells in re-
sponse to H,O,, properties that demonstrate that YapA is capable
of activating genes required for an H,O,-induced oxidative stress
response in S. cerevisiae. However, unlike other filamentous fungi
(8, 32, 33, 58), the E. festucae AyapA mutants did not show in-
creased hyphal sensitivity to H,O, compared to the wild type.
Hyphae of the E. festucae AyapA mutants were also resistant to
KO, and ~-BOOH but very sensitive to menadione and slightly
sensitive to diamide. Thus, E. festucae is the exception among the
filamentous fungi and yeast studied to date in that its AP-1-like
transcription factor is not essential for hyphal resistance to oxida-
tive stress induced by hydroperoxides. One possible explanation is
the presence of functionally overlapping signaling pathways in E.
festucae to protect against H,O,-induced oxidative stress.

The other well-studied pathway involved in fungal oxidative
stress signaling is the Spcl/SakA (S. pombe/A. nidulans) MAPK
pathway (59, 60). In this pathway, a multistep phosphorelay sen-

sor-responder system transmits the H,O, oxidative stress signal
from the response regulator Mcs4/SskA to the Spc1/SakA MAPK,
which phosphorylates and activates the bZIP transcription factor,
Atf1/AtfA. Disruption of spcl and atf1 in S. pombe (61, 62) or their
homologs, sakA and atfA, in A. nidulans (58, 63, 64) leads to in-
creased sensitivity to oxidative (H,0,) stress. Once again, E. fes-
tucae appears to be the exception among the filamentous fungi
studied to date.

In contrast to the lack of sensitivity of vegetative mycelia to
oxidative stress, conidia of the E. festucae AyapA mutant were very
sensitive to H,O, oxidative stress and failed to germinate. Intro-
duction of the wild-type yapA gene into the mutant restored H,O,
tolerance of the germinating spores to wild-type levels, confirm-
ing a role for YapA signaling in spore adaptation to H,O, oxida-
tive stress. In A. nidulans, both SakA, through the transcription
factor AtfA, and YapA pathways have been shown to be important
for conferring spore resistance to H,O, stress, as both atfA and
napA (equivalent to yapA) mutants are sensitive to H,O, stress
(58, 64, 65). For the SakA pathway, tolerance to oxidative stress is
mediated through a spore-specific catalase, CatA, whose expres-
sion is regulated by AtfA. Levels of catA mRNA are dramatically
lower in the AatfA mutant than in the wild-type strain, suggesting
that transcription of the catA gene is regulated in a spore-specific
manner through AtfA (58, 64). The expression of E. festucae catA
is also spore specific, but in this fungal species, as in Aspergillus

FIG 5 Spore-specific expression of PcatA-eGFP. (A) Confocal and DIC microscopy images confirming the spore-specific expression of the PcatA-eGFP reporter,
pGC13. Bar = 10 pm. (B) Spore-specific expression of the PcatA-eGFP-CLI reporter, pGCl14. The box plot shows the total amount of fluorescence per spore,
indicating a significant decrease in EGFP fluorescence in AyapA spores relative to wild-type (WT) spores. Significance between samples was determined using
Student’s two-tailed ¢ test: for the WT versus AyapA#145 strains, t,,, = 9.6 and the P value was <<<0.0001 (***); for the WT versus AyapA#243 strains, tg, = 12.6
and the P value was <<0.0001 (***); and for the AyapA#145 versus AyapA#243 strains, t;, = 0.3, and the difference was not significant. The total cellular
fluorescence of each spore was quantified using ImageJ software. The image analysis was performed on maximum-intensity projection images that were
generated from 5- by 1-pwm confocal z stacks. Representative merged DIC and confocal fluorescence images showing EGFP expression in wild-type (WT),
AyapA#145 (PN2740), and AyapA#243 (PN2739) spores are shown above the box plot. Bar = 2 um. Multiple transformants, including Fl1::PcatA-eGFP-CI1
(PN2838, PN2839, PN2840, and PN2841), AyapA#243::PcatA-eGFP-CL1 (PN2836, PN2837, and PN2844), and AyapA#145::PcatA-eGFP-CL1 (PN2842 and
PN2843) transformants, were analyzed.
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FIG 7 S. cerevisiae complementation by E. festucae gpxC. The growth of S.
cerevisiae BY4741 (WT; PN2735), S. cerevisiae BY4741-AYIR037W (AgpxC;
PN2737), and derivatives of this strain transformed with the empty vector
PYES2 (PN2850), pYES2ScGPX3 (PN2848), or pYES2EfgpxC (PN2849) was
tested on SD plates containing galactose and raffinose with and without 1.25
mM H,0,. Serial 10-fold dilutions of the cultures indicated on the left were
spotted onto plates.

ochraceus (66), catA appears to be regulated by YapA, as deletion
of yapA confers a spore germination sensitivity phenotype under
conditions of oxidative stress. How YapA regulates catA in E. fes-
tucae spores remains to be determined.

While infection of L. perenne with the E. festucae AsakA mutant
results in a defective symbiotic interaction phenotype (42), yapA
mutants are able to infect and colonize L. perenne seedlings as
effectively as the wild type and give rise to mature plants with a

PD
GFP .
DIC .

16 mM H202

15 min

FIG 9 Time course of YapA-EGFP localization. An E. festucae wild-type strain
expressing YapA-EGFP (PN2790) was inoculated into the meristematic region
of grass seedlings, and the subcellular localization of YapA-EGFP was exam-
ined using confocal laser scanning microscopy at the indicated time points.
EGFP images were generated by maximum-intensity projection of confocal z

stacks taken at 1-pm intervals from the top to the bottom of the section. Bar =
10 pm.

o)) -
= =

phenotype similar to that with the wild type. These results contrast
with the reduced virulence observed for AP-1 mutants of the
biotrophic fungal pathogens U. maydis and M. oryzae, because of
their sensitivity to the host oxidative burst (7, 8). However, an
important lifestyle difference between these biotrophic fungal
pathogens and E. festucae is the apparent absence of a leaf pene-
tration mechanism for the latter. To infect endophyte-free seed-
lings of L. perenne with E. festucae in the laboratory, it is necessary
to mechanically wound the seedlings to allow the endophyte to

4 mM Diamide

FIG 8 H,0, activation of Yap1-EGFP in axenic culture. An E. festucae wild-type strain (PN2874) expressing S. cerevisiae Yap1-EGFP was examined by confocal
laser scanning and DIC microscopy in the absence of oxidative stress (PD) or 30 min after treatment with 16 mM H,O, or 4 mM diamide. EGFP images were
generated by maximum-intensity projection of confocal z stacks taken at 1-pm intervals from the top to the bottom of the section. Bars = 20 pm.
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colonize the grass host (55), as the natural route of infection
through the stigmata and styles of the flowers is a process that is
difficult to reproduce under laboratory conditions (67). However,
wounding of seedlings should generate a burst of ROS and a state
of oxidative stress for hyphae inoculated at the wound site (56,
57). Wounding may also result in a release of phenolics that have
been shown to induce relocalization of GFP-ChAP1 to the nucleus
in Cochliobolus heterostrophus (68). Using YapA-EGFP as a redox
sensor, we were able to show that YapA-EGFP hyphae in direct
contact with the wound, as well as in cells more distant from the
wound site, relocalized to the nucleus within 30 min of wounding.
The localization of YapA-EGFP in the nucleus was transient,
peaking at 1 h postinoculation, followed by a gradual redistribu-
tion to the cytoplasm over a 6- to 9-h period, indicating restora-
tion of redox homeostasis. If this short period of oxidative stress
does impair hyphal growth at the infection site, it is not sufficient
to prevent subsequent host colonization and establishment of a
mutualistic symbiotic interaction.

Although AP-1 transcription factors have been characterized
in a range of filamentous fungi, the mechanism by which oxidative
stress is sensed and transduced to the AP-1 protein is still not
known (8, 30-34). The assumption has been that the immediate
sensor of increased levels of H,O, would be a thiol peroxidase (7,
33), as has been established for the well-characterized Yap1-Gpx3
and Pap1-Tpx1 redox relay systems that operate in the yeast fungi
S. cerevisiae and S. pombe, respectively (21, 24, 25). The abundance
of these proteins in the cell and their favorable kinetic properties
compared to those of alternative thiol-reactive proteins support
this hypothesis (69). In addition, signaling through a thiol perox-
idase/peroxiredoxin (Prdx1) was recently demonstrated in a
mammalian system (70). However, our results show that YapA
fused to EGFP still localizes to the nucleus in mutants defective in
either GpxC or TpxA, to the same extent as it does in the wild type,
when mycelia are subjected to H,0,-induced oxidative stress.
Furthermore, YapA-EGEP still localizes to the nucleus when both
genes are deleted, ruling out the possibility of functional redun-
dancy between GpxC and TpxA. These results were surprising
given the high degree of primary amino acid sequence conserva-
tion between GpxC and Gpx3 and the ability of GpxC to function-
ally complement the Agpx3 mutant of S. cerevisiae, as does the M.
oryzae homolog Hyrl (35).

While most fungi have a single Gpx protein, S. cerevisiae has
three isoforms: Gpx1, Gpx2, and Gpx3 (71). All are classified as
atypical 2-Cys peroxiredoxins because they form, as a conse-
quence of the peroxidase reaction, an intramolecular (as opposed
to intermolecular) disulfide bond (72) which is cleaved by gluta-
thione or thioredoxin. GPXI and GPX3 are paralogs that have
arisen from whole-genome duplication (WGD) (http://wolfe.gen
.ted.ie/ygob/). Although Gpx1 and Gpx2 show a high degree of
conservation with Gpx3 and have known peroxidase activity in
vitro, Agpx1 and Agpx2 mutants have no oxidative stress pheno-
type in culture and no known involvement in Yap1 activation (71,
73). The preferential localization of Gpx3 to the cytoplasm (74),
compared to peroxisomal matrix and mitochondrial localizations
for Gpx1 and Gpx2, respectively, may be one explanation for why
Gpx3 can promote oxidation of Yap1 (73, 75). Alternatively, sub-
tle structural changes in Gpx3 may promote the interaction with
Yapl (76).

In S. pombe, Tpx1 rather than Gpx1 has been shown to be the
crucial peroxiredoxin (Prx) required for redox sensing and signal-
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ing (24, 25). Phylogenetic analysis identified E. festucae TpxA as
the closest homolog of Tpx1. However, Tpx1 is a typical 2-Cys
Prx, whereas E. festucae TpxA and homologs from other filamen-
tous fungi are all 1-Cys Prxs. Another important biochemical dif-
ference between the typical 2-Cys and 1-Cys Prxs is the ability of
the former to undergo hyperoxidation, a property that was re-
cently shown to be crucial for oxidative stress signaling (77). A
sulfiredoxin (Srx1) has been identified in the yeast group of fungi
that reduces the cysteine-sulfinic acid in Prx (Tpx1/Tsa) back to a
cysteine-sulfenic acid (78), but interestingly, this protein appears
to be absent from the filamentous fungi (79). The absence of typ-
ical 2-Cys peroxiredoxins in the filamentous fungi and the corre-
sponding absence of a sulfiredoxin are particularly interesting
given the recent hypothesis that oxidation-reduction cycles of
2-Cys peroxiredoxins constitute universal markers for circadian
rhythms (80).

While several studies have established a key role for thiol per-
oxidases (peroxiredoxins) in protection of yeast to oxidative
stress, very few studies have been carried out in filamentous fungi.
Like the AyapA mutant, growth of the E. festucae AgpxC, AtpxA,
and AgpxC AtpxA strains in culture was not impaired by addition
of H,0,, once again emphasizing that this fungal symbiont has a
robust oxidative stress protection system. In contrast, growth of
the M. oryzae Ahyrl mutant in culture was impaired by H,O, (35).
In S. cerevisiae, there are at least eight thiol peroxidases that appear
to have overlapping functions for protection from a range of dif-
ferent types of oxidative stress: five of the atypical 2-Cys family,
including Gpxl to -3, Dot5 (Bcp in S. pombe), and AHP1
(Pmp20); two of the typical 2-Cys family, including Tsal and Tsa2
(Tpx1); and one from the 1-Cys family (Prx1). The numbers of
thiol peroxidase family members in S. pombe and E. festucae are,
by comparison, reduced. S. pombe has a single Gpx homolog,
Gpx1, and three peroxiredoxin homologs, Tpx1, Bep, and Pmp20
(81). Similarly, E. festucae has a single Gpx1 homolog, a Tpxl
protein which groups more closely with S. cerevisiae Prx1 than
with S. pombe Tpx1, and Bep and Pmp20 homologs. The E. festu-
cae thiol peroxidases may also constitute a cellular signaling net-
work, but this remains to be tested.

Like the AyapA mutant, the E. festucae AgpxC, AtpxA, and
AgpxC AtpxA mutants were able to infect and colonize L. perenne
seedlings as effectively as the wild type and gave rise to mature
plants with the same phenotypes as those of the wild type, dem-
onstrating that the GpxC and TpxA thiol reductases are not cru-
cial for establishment and maintenance of this fungus-grass sym-
biosis. As discussed above, the need for mechanical wounding to
introduce the wild type and these mutants into the host grass
limits our screen to postinfection and host colonization pheno-
types. The only other filamentous fungal thiol peroxidase that has
been analyzed functionally is the Gpx3 homolog Hyrl from M.
oryzae. The Ahyr] mutant had reduced virulence on both suscep-
tible barley and rice leaves and was sensitive to ROS produced at
the infection sites (35), but the host phenotype observed was not
nearly as severe as that with the Ayapl mutant, which is com-
pletely blocked in host leaf infection (8).

Given that neither GpxC nor TpxA is required for YapA local-
ization to the nucleus, we conclude that H,O, oxidative stress
signaling in E. festucae occurs by a mechanism distinct from the
classic Gpx3 and Tpx1 redox relay systems that occur in S. cerevi-
siae and S. pombe. One possibility is that YapA is directly oxidized
by H,0,, as has been shown for OxyR, a positive regulator of
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hydrogen peroxide-inducible genes in Escherichia coli and Salmo-
nella enterica serovar Typhimurium (82, 83). Interestingly, nearly
all the Yapl homologs found in filamentous fungi have just a
single conserved Cys in the n-CRD, suggesting that formation of
just a single disulfide bond may be sufficient to induce the neces-
sary conformation change required for Yap to relocalize to the
nucleus. Alternatively, oxidation of the conserved cysteines in the
c-CRD alone may suffice. Whether there is an accessory protein
similar to Ybp1 in S. cerevisiae that promotes Yap1 nuclear local-
ization remains to be determined. A second possibility is that
YapA is activated by a thiol peroxidase other than GpxC or TpxA.
Although the genes for two additional atypical 2-Cys peroxiredox-
ins, homologs of yeast Dot5/Bcp and AHP1/Pmp20, were found
in the genomes of E. festucae and other filamentous fungi, neither
has been shown to function in redox signaling in yeast (81), and
inactivation of Tpx1 alone is sufficient to completely abolish the
transcriptional response to H,O, stress in S. pombe (84). Given
that peroxiredoxins have the most favorable kinetic and cell abun-
dance properties (69), a mechanism that involves an alternative
redox-active protein to activate YapA seems unlikely.

While our results do not support the hypothesis that a ho-
molog of either S. cerevisiae Gpx3 or S. pombe Tpx1 is required for
activation of E. festucae YapA in response to oxidative stress, we
have shown that YapA readily relocalizes from the cytoplasm to
the nucleus and is important in providing protection from ox-
idative stress in culture and in planta. Identifying the specific
structural changes that occur upon oxidation of YapA to bring
about the conformational change necessary to promote nuclear
retention will be crucial for understanding how YapA is activated
in filamentous fungi.
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