Eukaryoric CELL, Feb. 2005, p. 443-454
1535-9778/05/$08.00+0 doi:10.1128/EC.4.2.443-454.2005

Vol. 4, No. 2

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Activation of an AP1-Like Transcription Factor of the Maize Pathogen

Cochliobolus heterostrophus in Response to Oxidative
Stress and Plant Signals

Sophie Lev,' Ruthi Hadar,' Paolo Amedeo,*} Scott E. Baker,”} O. C. Yoder,*$
and Benjamin A. Horwitz'*

Department of Biology, Technion-Israel Institute of Technology, Haifa, Israel,* and
Torrey Mesa Research Institute, San Diego, California*

Received 27 September 2004/Accepted 3 December 2004

Redox sensing is a ubiquitous mechanism regulating cellular activity. Fungal pathogens face reactive oxygen
species produced by the host plant’s oxidative burst in addition to endogenous reactive oxygen species pro-
duced during aerobic metabolism. An array of preformed and induced detoxifying enzymes, including super-
oxide dismutase, catalases, and peroxidases, could allow fungi to infect plants despite the oxidative burst. We
isolated a gene (CHAPI) encoding a redox-regulated transcription factor in Cochliobolus heterostrophus, a fun-
gal pathogen of maize. CHAP1 is a bZIP protein that possesses two cysteine-rich domains structurally and func-
tionally related to Saccharomyces cerevisiae YAP1. Deletion of CHAPI in C. heterostrophus resulted in decreased
resistance to oxidative stress caused by hydrogen peroxide and menadione, but the virulence of chapl mutants
was unaffected. Upon activation by oxidizing agents or plant signals, a green fluorescent protein (GFP)-CHAP1
fusion protein became localized in the nucleus. Expression of genes encoding antioxidant proteins was induced
in the wild type but not in chapl mutants. Activation of CHAP1 occurred from the earliest stage of plant in-
fection, in conidial germ tubes on the leaf surface, and persisted during infection. Late in the course of in-
fection, after extensive necrotic lesions were formed, GFP-CHAP1 redistributed to the cytosol in hyphae growing
on the leaf surface. Localization of CHAP1 to the nucleus may, through changes in the redox state of the cell,
provide a mechanism linking extracellular cues to transcriptional regulation during the plant-pathogen interaction.

Aerobic organisms are exposed to reactive oxygen species
formed by incomplete reduction of molecular oxygen during
respiration and other metabolic processes. Fungal pathogens
of plants must, in addition, deal with the oxidative burst gene-
rated by the host upon exposure to pathogens (45). In some in-
teractions, the plant hypersensitive response is associated with
blockage of the infection process (30). In contrast, some necro-
trophic fungi may be insensitive to the hypersensitive response
and even exploit plant cell death resulting from this response
(20, 41).

It has been proposed that preformed and inducible detoxi-
fying enzymes, including superoxide dismutase, catalases, and
peroxidases, contribute to fungal reactive oxygen species tol-
erance (19, 23). The redox state of cells subjected to oxidative
stress is altered, leading to activation of three major oxidant sca-
venging systems: glutathione, thioredoxin, and NADPH. Glu-
tathione and thioredoxins are kept in their reduced state by
NADPH and used as cofactors by a number of enzymes in
various detoxification reactions. Altered redox potential also
affects the sulthydryl groups of cysteine residues. These groups
are oxidized to form intra- or intermolecular disulfide bonds or
produce protein-glutathione mixed disulfides. Oxidation of re-
dox-sensitive proteins, in the normally reductive intracellular
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environment, can result in either gain or loss of function, pro-
viding a mechanism for redox signaling (9). Many mammalian
proteins involved in signal transduction have critical thiols, and
their redox-dependent modifications contribute directly to gene
expression (12, 16).

The Saccharomyces cerevisiae transcription factor YAP1 was
identified as a functional homolog of mammalian AP-1 (acti-
vator protein 1) on the basis of its ability to bind an AP-1
recognition element. Upon exposure to oxidative stress, YAP1
becomes localized to the nucleus, where it induces the expres-
sion of antioxidant proteins (8, 10, 11, 25, 27). YAP1 contains
a basic leucine zipper (bZIP) domain similar to that of Jun,
which is a component of mammalian AP-1 transcription factor
complexes. Two cysteine-rich domains, carboxy terminal (c-
CRD) and amino terminal (n-CRD), are critical for YAP1-
mediated resistance to oxidative stress and for appropriate
subcellular YAP1 localization. The activity of YAP1 is con-
trolled by redox-sensitive nuclear export: redox signals cause
formation of intramolecular disulfide bonds, resulting in changes
in protein conformation that mask its nuclear export sequence
(8, 10, 11, 25, 27). S. cerevisiae YAP2, a homolog of YAPI, is
also activated during oxidative stress, inducing genes encoding
products that help to stabilize and fold proteins in an oxidative
environment (7).

Homologs of YAP1 have been found in Candida albicans
(CAP1) (2), Schizosaccharomyces pombe (PAP1) (42), and Kluy-
veromyces lactis (KLYAP1) (5). Genetic analyses indicate that
these proteins are involved in oxidative stress responses and
cadmium resistance, as found for YAP1. CAP1 and PAP1, like
YAPI, are involved in multidrug resistance (1, 2, 5, 34, 40, 42,



444 LEV ET AL.

EUKARYOT. CELL

1 499 551 1324 1425 1754 1804 1976
: i o L
El I1 E2 12 E3 I3 E4
1 166 218 394 418 513 589
' Y] =
bZIP CcC C c-CRD
Chapl CH 166 TKRKAQNRAAQRAFRERKEKHLKDLETKVQELEKASDATNHENGLLRAQVQRL 218
AN 158 SKRKAQNRAAQRAFRERKEKHLKDLERKVEELQKASDSANQENGLLKAQVERL 210
NC 150 SKRKAQNRARORAFRERKEKHLKDLETKVEELKKISETANHENEILRKKMEKM 202
Capl CA 44 SKRTAQNRAAQRAYRERKERKMKELEDKVRLLEDANVRALTETDFLRAQVDVL 96
Yapl_SC 68 QKRTAQNRAAQRAFRERKERKMKELEKKVQSLESIQQONEVEATFLRDQLITL 120
Papl_SP 80 SKRKAQNRAAQRAFRKRKEDHLKALETQVVTLKELHSSTTLENDQLRQKVRQL 132
Consensus sSKREAQNRAAQRAfReRKEkKh1KdALEtkV eLekas an En Lragv 1
¢-CRD
Chapl_CH 513 GDDEVVPGED-V----NSLLNCHKIWDKLSSRPDFKDGTIDIDSLCSELRAKARCSESGVVVDHKDVEEALKRLPKENKTLG 589
AN 511 --EEVVPGED-K----AQMLSCTKIWDRLQSMEKFRNGEIDVDNLCSELRTKARCSEGGVVVNQRDVDDIIGRV 577
NC 483 QIDEVNASDDGV----REQLDCSKIWDKLRSCSSVQNQEIDMDALCSDLOKKAKCSGYGAVVDEKEFKSVLKKHLSPEAMARCEKDCEEEKARKARATL 577

Capl_CA 426 NNNEEEDKDEVVPAP-PQTLKCSEIWDRITSHPKYT--ELDIDGLCNELKSKAKCSEKGVVINTADVNQLLERSIKH 499
Yapl SC 577 NGNDNDNDNDVVPSKEGSLLRCSEIWDRITTHPKYS--DIDVDGLCSELMAKAKCSERGVVINAEDVQLALNKHMN 650
Papl_SP 480 TSSQMPSENEIVPAKERAYLSCPKVWSKIINHPRFE--SFDIDDLCSKLKNKAKCSSSGVLLDERDVERALNQEN 552

Consensus ev d Vp L CskiWdri shpk

eiDiD LCseL KAkCSe Gvvvd dv aL

FIG. 1. Structural organization of CHAP1. A. Upper map, organization of the gene: E1 to E4 indicate exons; I1 to I3 indicate introns. Lower
map, predicted protein: bZIP, basic leucine zipper domain; c-CRD, C-terminal cysteine-rich domain; arrows indicate cysteine residues C394 and
C418 belonging to the n-CRD (N-terminal cysteine-rich domain). For full details of the gene structure and domains, see GenBank accession no.
AY486156. B. Alignment of bZIP and c-CRD domains of the YAP proteins. Consensus: uppercase letters indicate identity, lowercase letters
indicate 50% or more similar residues. Residues characteristic of the YAP protein family are underlined. Abbreviations: Ch (CHAP1), Coch-
liobolus heterostrophus; An (AP-1-like protein, EAA62093), Aspergillus nidulans; Nc (AP-1-like protein, CAB91681), Neurospora crassa; Sp (Pap1,
NP_593662), Schizosaccharomyces pombe; Ca (Capl, EAL02784), Candida albicans; Sc (Yapl, NP_013707), Saccharomyces cerevisiae.

44). All fungal YAP1-like proteins are distinctive due to char-
acteristic residues present in their basic DNA-binding domains
(Fig. 1) (15). YAP1, YAP2, CAP1, PAP1, KLYAPI, and two
uncharacterized genes from Neurospora crassa and Aspergillus
nidulans constitute a subgroup within the YAP family of tran-
scription factors that possess a conserved c-CRD.

A number of YAPI-regulated genes have been identified,
including GSHI, encoding vy-glutamylcysteine synthetase, cat-
alyzing the first, rate-limiting step of glutathione synthesis (38,
46); GSH2, encoding glutathione synthetase, the second en-
zyme involved in glutathione biosynthesis (39); GLRI, encod-
ing glutathione reductase (21); TRX2, encoding thioredoxin 2
(26, 33); TRR1, encoding thioredoxin reductase (28); FLRI, en-
coding a multidrug resistance transporter belonging to the major
facilitator superfamily (1, 34); and YCF1, encoding an ABC trans-
porter essential for cadmium tolerance (44). Numerous other
YAP1-activated genes have been identified with microarray hy-
bridization, genetic screens of target genes with a translational
fusion library, and high-density membrane hybridization (13, 18).

Cochliobolus heterostrophus is a foliar pathogen of maize, re-
sponsible for southern corn leaf blight (47). The conidia of the
pathogen germinate and form appressoria; emerging penetra-
tion pegs then breach the leaf surface and start invasive growth
inside the plant tissue. Spreading hyphae cause necrotic lesions,
and mycelium growing on the surface of damaged plant tissue

produces abundant conidia. We cloned a gene encoding the
C. heterostrophus homolog of YAP1, designated CHAP1 (Co-
chliobolus heterostrophus AP-1-like), and studied its function
with deletion mutants. We also isolated C. heterostrophus ho-
mologs of yeast YAP1 target genes and verified their regula-
tion by CHAP1 during oxidative stress. Finally, we followed
relocalization of a green fluorescent protein (GFP)-CHAP1
fusion protein into the nucleus upon exposure to oxidizing
agents and during plant infection.

MATERIALS AND METHODS

Identification of CHAPI. The degenerate oligonucleotide GCICKTTGAGCI
GCICKRTTYTGRGC (where I is inosine, K is G/T, R is A/G, and Y is C/T) was
end labeled and used to screen a cDNA library constructed in pADGALA (Strat-
agene) from a pool of RNA from fungus grown on synthetic media and infected
plants. Positive clones were transferred from phages to Escherichia coli by in vivo
excision and screened again. One of the second-round positive clones showed
limited homology to the AP-1-like protein of Neurospora crassa, and this se-
quence was used to search the assembled 5X coverage of the C. heterostrophus
genome (TMRI/Syngenta, San Diego, Calif.).

Fungal transformation vectors. Vectors for replacement of CHAPI by selec-
tion markers conferring resistance to hygromycin or bialaphos were constructed
by ligation of upstream and downstream flanking regions to the relevant resis-
tance cassette. Protoplasts of C. heterostrophus strain C4 (MATI-2 ToxI*, ATCC
48331) were transformed (31).

The following fragments were assembled to create the CHAPI disruption
vector conferring hygromycin resistance: a left 616-bp Eagl-Xhol flanking region
including the 5’ untranslated region and part of the CHAPI coding region;
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Sall-Xbal hygromycin resistance cassette from the vector pUC-ATPH (31);
798-bp Nhel-HindIII right flanking region, including part of the coding region
and 3’ untranslated region; and NotI-HindIII pBluescript cloning vector.

The GFP-CHAPI1 transformation vector was constructed by joining the fol-
lowing fragments: 1.5-kb CHAP1 Kpnl-Ncol promoter generated by PCR with
primers chapp-sKpnl (cagggtaCCTCGTTGTCGCCAGTGTCC [uppercase
letters indicate the gene homology region, and lowercase letters indicate the
nonhomologous region with introduced restriction site]) and chapp-asNcol
(gaggecatggTGCGAAAGCTGGGGTGAAT); Ncol-Ndel GFP coding se-
quence (GFP GenBank accession number U84737); 2.4-kb CHAP1 Ndel-BglIl
genomic sequence, which includes coding region and part of 3'untranslated
region generated by PCR with primers chap-sNdel (AGCTTTCcatATGGCCG
GCACAGGCAACGA) and chap-asBglII (ggaagaTCTGATAGCCAAGCACG
CC); BamHI-Xbal hygromycin resistance cassette, and Xbal-Kpnl pUC57-6D6
vector. The CHAPI disruption vector conferring glufosinate (bialaphos) resis-
tance was constructed from the following fragments: 955-bp EaglI-PstI left flank-
ing region including the 5" untranslated region and part of the CHAPI coding
region; PstI-Xbal phosphinothricin acetyltransferase encoding gene (BAR) un-
der regulation of the Aspergillus nidulans trpC promoter; 798-bp Nhel-HindIII
right flanking region including part of the CHAPI coding sequence and 3" un-
translated region; and the NotI-HindIII pBluescript cloning vector (Stratagene).
Hygromycin B (used at 50 pg/ml) was from Calbiochem, and bialaphos (used at
100 wg/ml, in minimal medium) was from Duchefa.

Reverse transcription-PCR with primers gfp-f (GGGATCACTCACGGCAT
GGA) and chap-s (CCAGTCAGATGAGAACAATTATCCAA) was applied to
detect the expression of the GFP-CHAPI coding sequence. Expression of the
native CHAPI copy was detected with primers chap-m (ACCCCAGCTTTCGC
AATGGC) and chap-s. The sequence corresponding to the primer chap-m is
present in the native CHAPI copy but not in GFP-CHAPI (see Fig. 6).

Transformant verification. Disruption of CHAPI was confirmed by PCR with
genomic DNA as the template. The following primer pairs were used for veri-
fication of fungal lines transformed with the CHAP! disruption vector carrying
the hygromycin phosphotransferase gene: chap5 (TATTCGTCCGCCCTCCGC
ACG) and chap3 (CGTCTGATAGCCAAGCACGCC), chap5—ptrp (GGTCG
TTCACTTACCTTGCTTG), and chap3-ttrp (GGTGTTCAGGATCTCGAT
AAG). To verify CHAPI disruption in lines transformed with the vector carrying
the phosphinothricin acetyltransferase gene (BAR), we used the following
primer pairs (see Fig. 8): chap5-bar-f (CGGCCGTCTGCACCATCG) and
chap3-bar-r (GGTACCGGCAGGCTGAAGTC).

Nucleic acid isolation and reverse transcription-PCR. Crude genomic DNA
for PCR analysis was isolated from mycelium ground in liquid nitrogen (14).
RNA was isolated from mycelia and leaf tissue ground in liquid nitrogen by a
modified phenol-sodium dodecyl sulfate method (4) and purified by lithium
acetate precipitation. For reverse transcription-PCR, 4 pg of total RNA was
treated with RNase-free DNase (Qiagen 79254) in restriction enzyme buffer 4
(New England Biolabs) for 20 min at 30°C in a total volume of 10 wl and
incubated 15 min at 65°C for DNase inactivation; 2 pl of the treated RNA was
used as the template for reverse transcription and amplification (Access reverse
transcription-PCR kit A1250; Promega).

Cloning of CHAPI target genes. The following primers were designed for
PCR amplification of putative CHAP1 target genes: ChGLRI, 2071-s, GCCG
AGACCAAGGAGTGTGATT, and 2071-as, CCGTGGGCTGCTTGTGCTCT;
ChGSHI, 1353-s, CCCCATATCCGCTTCCCAAG, and 1353-as, CCAGACGA
GGTTTGTTGCCC; ChTRXL, 4383-s, GCAAAATCATCGCCGTTACCTC,
and 4383-as, TATCGCTTCGCCTTCACGTTG; ChTRX1, 4350-s, CCACTC
TTCACCCCACGTTTCT, and 4350-as, CATGATTGCGGGAACGGTCC;
ChTRRI, 4742-s, CGGCATCGCAGCAGGTGGTC, and 4742-as, GGGTTAG
AGCGGTATTCGGGA; and ChGSH2, 4210-s, CCCAGTCTTTTCCCACGCT
CT, and 4210-as, CCCTCCTCGCTCTGGTCGCC. PCRs were performed with
C. heterostrophus genomic DNA as a template.

Assay of sensitivity to oxidizing agents, preparation of plant extracts, and host
infection. Hydrogen peroxide (0.5 to 2 mM) and menadione (2-methyl-1,4-naph-
thoquinone, Fluka) (20 to 50 wM, from a 100 mM ethanol stock) were incorpo-
rated into complete medium plates. Plates were inoculated with 1, 2, and 3 pl of
conidial suspension (=50 spores/p.l) and incubated for 2 days at 30°C in darkness.

To follow GFP-CHAP1 relocalization, hydrogen peroxide (50 mM), menadi-
one (1 mM prepared from a 100 mM stock in ethanol), diethyl maleate (10 mM),
and maize and Arabidopsis thaliana plant extracts (25 to 100%) were applied to
conidia germinated on glass slides. GFP-CHAP1 subcellular location was ob-
served by confocal microscopy after 10 min of incubation. Plant extracts were
prepared by grinding leaves in liquid nitrogen; leaf powder was defrosted imme-
diately before use and mixed with water (unless otherwise indicated) to achieve
the required percentage (100% is 1:1, wt/vol). The suspension was centrifuged at
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FIG. 2. Partial complementation of yeast Ayapl hydrogen peroxide
sensitivity by C. heterostrophus CHAP1 cDNA. Yeast strains were
tested for growth in the presence of 0.2 and 0.5 mM hydrogen perox-
ide. The Ayapl/pYES2 and Ayapl/CHAPI Ayapl mutant yeast strains
were transformed with empty expression vector pYES2 and a vector
containing CHAPI cDNA, respectively. BY4742/pYES2 and BY4742/
CHAPI are the parental wild-type yeast strain with the same genetic
background as the mutant transformed with empty pYES2 and pYES2
containing CHAPI, respectively.

14,000 rpm for 2 min, and the supernatant was used immediately. Hydrogen
peroxide in maize extract was assayed with PeroXOquant (Pierce). To further
fractionate the CHAP1 activating component, the 100% maize extract was
heated for 5 min at 95°C and centrifuged 5 min to remove denatured proteins.
The resulting supernatant was tested directly or further separated by phase
partition against ethyl acetate. To test the activity of this organic extract, a
sample was dried under vacuum and redissolved in water.

For CHAP1 activation in culture, fungal strains were grown in liquid complete
medium with shaking (230 rpm) for 48 h at 30°C. Hydrogen peroxide was added
to a final concentration of 20 mM, and samples were collected 30 and 60 min
later. For induction by maize leaf extract, mycelium was filtered and resuspended
in 25% plant extract. Samples were collected 1 h later.

To assay virulence, the first leaves of maize plants (Jubilee, 2 weeks old) were
inoculated with drops of conidial suspension containing 0.05% Tween 80. Plants
were incubated in moist chambers at 30°C with continuous illumination.

Microscopy. Confocal microscopy was performed as described (29). For DAPI
(4',6'-diamidino-2-phenylindole) staining, germinated spores adhering to glass
slides were fixed (6% paraformaldehyde in 100 mM piperazine ethanesulfonic
acid (PIPES buffer, pH 6.5) for 20 min and then washed twice with Tris-buffered
saline (TBS: 10 mM Tris, pH 7.5, 200 mM NaCl). Spores and germ tubes were
stained with DAPI solution (1 pg/ml in TBS) for 5 min and washed twice with TBS.

Yeast YAPI complementation. S. cerevisiae Ayapl strain BY4742-YMLOO7W
and the strain from which it was derived, BY4742 (MATo his3A1 leu2A0 lys2A0
ura3A0), were obtained from Euroscarf (Frankfurt, Germany). The full-length
CHAPI cDNA (1.8 kb) was amplified with primers chap-m and chap-s and cloned
into pTZ57R/T (Fermentas). The insert was reexcised with Kpnl and Sphl restric-
tion enzymes, cloned into the yeast expression vector pYES2 (Invitrogen), and
transformed into BY4742-YMLO07W and BY4742 strains, and colonies were se-
lected on synthetic complete medium lacking uracil. As a control, these strains were
also transformed with empty pYES?2 vector. To induce CHAP! expression under
control of the GAL1 promoter, transformed yeast cells were grown on synthetic
complete medium without uracil and with 1% galactose and 1% raffinose as a
carbon source instead of glucose. About 2,000 yeast cells in a 10-pl volume were
plated on peroxide-containing plates (see Fig. 2) and grown for 2 days at 30°C.

Nucleotide seq e accessi ber. The C. heterostrophus CHAPI se-
quence has been deposited in GenBank with accession number AY486156.

RESULTS

Identification of an AP-1 homolog in C. heterostrophus. A
cDNA library was screened with a degenerate oligonucleotide
corresponding to a region of basic amino acids that is the most
conserved motif in known fungal AP-1-like proteins. One of
the resulting clones, designated CHAPI, had limited homology
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FIG. 3. Sensitivity of the wild-type and chapl-deleted mutant to oxidizing agents. Hydrogen peroxide (B) and menadione (C) were incorporated
into complete medium at the indicated concentrations (A is complete medium alone). Plates were inoculated with, from left to right in each panel,
3,2, and 1 pl of conidial suspension (=50 spores/ul) and grown for 3 days at 30°C.

to the AP-1-like protein of Neurospora crassa (3), and this
sequence was used to search the C. heterostrophus genome.
The genomic sequence of CHAPI has a predicted 1,976-bp
coding region. A full-length cDNA clone was obtained by re-
verse transcription-PCR. The cDNA sequence confirmed the
locations of three introns (53, 102, and 51 bp) and encodes a
protein of 590 amino acids. The predicted CHAP1 protein has
a basic leucine zipper domain with residues characteristic of
the YAPI-like protein family: Q171, Q176, A178, and F179
(15) and two cysteine-rich domains, c-CRD and n-CRD (Fig.
1) (10, 43). The homology of CHAP1 to other YAP proteins is
low outside the bZIP and ¢-CRD regions. The BLAST search
of the C. heterostrophus genome with the amino acid sequence
corresponding to the bZIP domain of CHAPI revealed that
there are at least two additional proteins sharing the residues
that are a signature of the YAP protein family.

Complementation of a yeast yapl mutant. To determine
whether CHAPI could replace yeast YAPI in a deletion mu-
tant, we transformed a Ayap! strain with the expression vector
pYES2 harboring a full-length CHAPI ¢cDNA clone. In addi-
tion, pYES2-CHAPI was transformed into the parental wild-
type yeast strain BY4742. As a control, the Ayapl and BY4742
strains were transformed with empty pYES2 vector. All the
strains were grown on galactose medium to activate the GAL4
promoter of the expression vector. In the absence of oxidizing
agents, yeast strains harboring CHAPI were less viable than
those transformed with empty vector (Fig. 2). In the presence
of 0.2 mM hydrogen peroxide, growth of the Ayap/ mutant was
almost completely inhibited, whereas growth of the
Ayap1/CHAPI strain was only slightly affected compared to the
BY4742/CHAPI strain. At 0.5 mM hydrogen peroxide the
growth of the Ayapl/CHAPI strain was further inhibited, where-
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FIG. 4. Induction of putative CHAPI1 target genes in response to oxidative stress and plant extract in wild-type and chap! deletion strains. Gene
abbreviations: ChTRX1 and ChTRX2, thioredoxins 1 and 2, respectively; ChGSH1, y-glutamylcysteine synthetase; ChGSH2, glutathione synthetase
large chain; ChTRRI, thioredoxin reductase; ChGLRI, glutathione reductase. RNA loading was verified by ethidium bromide staining. Size
markers (in kilobases) at the left indicate the rRNA bands. C, control prior to treatment; 0.5 h and 1 h indicate the time after addition of hydrogen
peroxide or leaf extract.

as growth of the BY4742/CHAPI and BY4742/pYES?2 strains be observed when the strains were grown on glucose instead of
was unaffected (Fig. 2). These findings indicate that CHAPI is galactose (data not shown).

able to complement yeast Ayapl, at least partially. Neither the Deletion of CHAPI. To investigate the function of CHAPI,
toxic effect of CHAP1 expression nor complementation could the gene was deleted by double crossover integration, replac-
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ing the entire coding region with an expression cassette con-
ferring resistance to hygromycin B. The disruption construct
was transformed into C. heterostrophus. More than 20 hygro-
mycin-resistant transformants were obtained, and homologous
integration and loss of the wild-type copy were confirmed by
PCR amplification with primer pairs chap5 and chap3; chap5
and ptrp; and chap3 and ttrp (see Materials and Methods).
Deletion mutants were indistinguishable from the wild type
with respect to colony morphology, sporulation, and conidial
germination. Two independently isolated transformants were
selected for further characterization.

Drops of conidial suspension of the wild-type and Achapl
strains were inoculated on complete medium plates containing
different concentrations of hydrogen peroxide. Conidia of both
the mutant and the wild type began to germinate at the same
time on plates containing 0.5, 1, or 2 mM hydrogen peroxide
(not shown). Elongation of the germ tubes of the mutant, how-
ever, was inhibited shortly after germination. Subsequent colony
growth was markedly inhibited in the mutant (Fig. 3A and B).

We examined the resistance of a Achapl mutant to another
oxidizing agent, the superoxide-generating compound menadi-
one (2-methyl-1,4-naphthoquinone). Growth of the wild type
on complete medium with 20 or 50 uM menadione was inhib-
ited less than that of a Achap mutant (Fig. 3C).

CHAPI1 target genes. S. cerevisiae YAP1 is activated in re-
sponse to oxidative stress and then regulates the expression of
genes involved in detoxification. We cloned C. heterostrophus ho-
mologs of several YAP1-dependent genes in order to investigate
whether their expression is regulated by CHAP1 in response to
oxidative stress. Genes encoding the following proteins were iden-
tified, with the indicated similarity to their yeast homologs, in the
C. heterostrophus genome: thioredoxin reductase (ChTRR1, 77%),
v-glutamylcysteine synthetase (ChGSH1, 65%), glutathione re-
ductase (ChGLR1, 69%), glutathione synthetase (ChGSH2, 70%),
and two thioredoxins (ChTRX1 and ChTRX2). ChrTRX2 is high-
ly similar to both thioredoxins of S. cerevisiae (78% to TRX1
and 80% to TRX2), in contrast to ChTRX1, which is only 43%
similar to both TRX1 and TRX2. There is 42% similarity
between the two C. heterostrophus thioredoxins.

We used hydrogen peroxide (20 mM) as an oxidizing agent
to activate CHAP1 in mycelium grown in liquid culture; sam-
ples were collected 30 and 60 min after addition of hydrogen
peroxide. RNA blot analyses were performed with probes cor-
responding to putative CHAP1 target genes. All the genes
tested except ChTRXI are upregulated in response to hydro-
gen peroxide, and their expression depends on CHAP1 (Fig.
4). This implies that the same mechanism of oxidative stress
defense functions in S. cerevisiae and in C. heterostrophus and
that structurally similar members of the YAP family are re-
sponsible for it. The thioredoxin gene ChTRX1 was upregu-
lated upon exposure to hydrogen peroxide in a CHAP1-inde-
pendent manner. Its activation was delayed in comparison to
that of other genes tested and occurred to a lesser extent (Fig.
4). Perhaps an additional redox state sensor is involved in
ChTRXI activation, as in S. cerevisiae, whose two thioredoxins
are differentially regulated (17).

Despite the increased sensitivity of the chapl deletion mu-
tants to oxidizing agents, as well as the loss of induction of a set
of target genes, inoculation of maize leaves by drops of conidial
suspension (30 and 60 conidia per drop) of the wild-type and
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FIG. 5. Disease symptoms on maize leaves caused by wild-type and
Achapl fungal strains. A. First leaves of 2-week-old seedlings were
inoculated with drops containing 30 and 60 spores, and the plants were
incubated at 30°C for 2 days. B. The bar graph compares average lesion
size. Bars indicate standard deviation, and each sample includes 20 to
28 lesion spots.
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mutant strains resulted in similar disease symptoms. The av-
erage lesion size was the same within the variability for the wild
type and the mutant (Fig. 5).

Nuclear localization of the GFP-CHAP1 fusion protein upon
activation. To investigate the mode of CHAP1 activation, we
followed the intracellular response of CHAPI to oxidizing
conditions. A construct was designed encoding an N-terminal
fusion of GFP to the CHAPI coding sequence under regulation
of the CHAPI promoter (Fig. 6A). Fungal transformation was
performed, and integration of the CHAPI promoter-GFP-
CHAPI sequence was confirmed by PCR with genomic DNA
as the template (data not shown) and by reverse transcription-
PCR (Fig. 6B). An endogenous CHAPI was transcribed in the
transformants as well as the fused GFP-CHAPI coding se-
quence, indicating that the construct was not integrated into
the CHAPI coding region but elsewhere in the genome.

Conidia of GFP-CHAPI transformants were placed on glass
slides and allowed to germinate (4 h at 30°C). Germ tubes and
conidia were uniformly fluorescent during germination and
appressorium formation on glass slides (Fig. 7, panel 1). Hy-
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FIG. 6. Construction of strains expressing the GFP-CHAP1 fusion protein. A. Construct map. GFP, GFP gene; Ptrp, constitutive promoter;
HPH, hygromycin phosphotransferase gene; chap-m, chap-s, and gfp-f, primers used for transformant verification. Upper drawing: transformant;
lower drawing: wild type. B. Confirmation of CHAPI-GFP expression by reverse transcription-PCR. The following reactions were performed with
RNA of the wild type and transformants gfp-chap1 and gfp-chap2. Lanes 1, gfp-f and chap-s; lanes 2, chap-m and chap-s. Control reactions without
reverse transcriptase (—RT) were performed with primers gfp-f and chap-s for transformants and chap-m and chap-s for the wild type. The
predicted product size, 1.8 kb, is indicated at the left of the gel; note that this is smaller than the size indicated in A, 1,976 bp, due to splicing of introns.

drogen peroxide (50 mM) was added, and conidia were ob-
served by confocal microscopy 15 min later. Fluorescence was
restricted to subcellular compartments in treated conidia and
germ tubes. GFP fluorescence and DAPI staining colocalized
to the same compartment, the nucleus (Fig. 7). Upon addition
of hydrogen peroxide, bubbling was observed almost immedi-
ately, indicating catalase activity. Bubbling and CHAP1 acti-
vation occur almost simultaneously, perhaps a manifestation of
two strategies to cope with stress caused by hydrogen peroxide.
Catalase activity makes the effective concentration of hydrogen
peroxide available at the surface of the fungal cell unstable.
Consistent and widespread activation of CHAP1 was observed
only upon application of at least 15 mM hydrogen peroxide.
About 10-fold lower hydrogen peroxide concentrations were
inhibitory when conidia were plated on solid medium (Fig. 3).
It is likely that conidia germinating on agar plates containing
hydrogen peroxide encounter a continuous supply of H,O,, in
contrast to the mycelium growing on a glass slide to which 20-
to 30-pl drops of H,O,-containing solution were added. It seems
that catalase secreted from the growing hyphae was sufficient to
partially degrade H,O, in the first moments after addition.
To test the function of the GFP-CHAP1 fusion protein in
the absence of the native protein, we disrupted the endogenous
CHAPI copy in a GFP-CHAPI-expressing strain with resis-

tance to bialaphos as the selection marker. Double-crossover
integration was confirmed by PCR on genomic DNA of the
transformants, and reverse transcription-PCR confirmed the
absence of wild-type CHAPI transcripts in these bialaphos-
resistant lines (Fig. 8A and B). The growth of these transfor-
mants (GFP-CHAPI Achapl) on plates containing 1.5 mM
hydrogen peroxide was indistinguishable from that of the
parental strain expressing both GFP-CHAPI and wild-type
CHAPI (Fig. 8D). CHAP1 activation by hydrogen peroxide
was tested with a GFP-CHAP1 Achapl transformant (Fig. 8E),
and similar results were obtained, indicating that the fusion
protein becomes localized to the nucleus under oxidative stress
in the absence of a wild-type copy.

Activation of CHAP1 by oxidizing agents and plant extracts.
CHAPI1 activation (nuclear localization) was examined in re-
sponse to other oxidizing agents: the superoxide-generating
compound menadione (2-methyl-1,4-naphthoquinone) and the
glutathione-depleting compound diethyl maleate. Both mena-
dione (1 mM) and diethyl maleate (10 mM) caused rapid
CHAPI1 activation in treated hyphae at a rate comparable to
the response to hydrogen peroxide. Maize leaf extract (25, 50,
and 100%) was added to conidia germinated on glass slides.
Within a few minutes after application of the 100% extract,
nearly all GFP fluorescence relocalized into nuclei (the rate of
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FIG. 7. Nuclear localization of CHAP1-GFP fusion protein upon activation. 1. Conidia germinating on glass surface prior to hydrogen peroxide
treatment; 2 and 3, germinated conidia treated with 50 mM hydrogen peroxide after 15 min of incubation. 2a and 3a, visualization of GFP-CHAP1
fusion protein by GFP fluorescence; 2b and 3b, DAPI staining of fungal nuclei; 2¢ and 3c, light microscope image. GFP fluorescence was visualized
with an MRC-1024 laser confocal scanning microscope (Bio-Rad, Hempstead, United Kingdom) with a Nikon Plan Fluor 40/1.30 objective (Tokyo,
Japan). Image processing was performed with Confocal Assistant 4.02 software (Bio-Rad, Hampstead, United Kingdom). DAPI fluorescence was
visualized with a Zeiss Axioskop fluorescence microscope.

EUKARYOT. CELL

response was similar to that observed in activation by hydrogen
peroxide); 50% extract was less effective than 100%, and 25%
extract caused only slight activation. Plant extract induced ex-
pression of CHAPI1-dependent genes encoding antioxidant
proteins in the wild type but not in a Achapl mutant (Fig. 4).

To test whether hydrogen peroxide is the inductive factor in
plant extracts, catalase (5,000 U/ml) was added to 100% plant
extract prepared in 50 mM potassium phosphate buffer, pH 7.
As a control, the same quantity of catalase was added to 50
mM hydrogen peroxide. Both reaction mixtures were allowed
to stand 10 min and then added to germinated conidia. Neither
buffer alone nor catalase-treated hydrogen peroxide activated

CHAPI1, whereas CHAP1 was activated by catalase-treated
and untreated leaf extract as well as by hydrogen peroxide
without catalase treatment. Independent evidence that hydro-
gen peroxide is not the major inductive factor present in plant
extract comes from measurement of the hydrogen peroxide
content. The hydrogen peroxide concentration in 100% plant
extract, determined by spectrophotometric assay, was about
160 pM. This concentration was completely ineffective in ac-
tivating CHAP1 nuclear localization. Furthermore, catalase treat-
ment of the extract reduced the measured hydrogen peroxide
content to nearly background levels. Thus, it appears that plant
extracts contain CHAP1-activating factors other than hydro-

FIG. 8. A GFP-CHAPI1 fusion protein is functional in the absence of the resident CHAPI copy. A. Deletion of the wild-type copy of CHAPI
in a GFP-CHAPI reporter strain. BAR, phosphinothricin acetyltransferase gene; Ptrp, constitutive promoter; bar-r, bar-f, chap5, and chap3 are
the primers used to confirm double-crossover integration. B. PCR verification of double-crossover integration at the CHAPI locus in two
transformants, 3 (each left lane) and 5 (each right lane). The primer pairs used for PCR were chap5 and bar-f and chap3 and bar-r. These primer
pairs did not yield any product in reactions with template DNA from the wild type or the parent GFP-CHAPI strain. Predicted product sizes are
indicated at the left of the gel photo. C. Reverse transcription-PCR detection of GFP-CHAPI but not native CHAP] transcripts in transformants
3 and 5. Lanes 1 and 2 show reaction products with primer pairs chap-m and chap-s, and gfp-f and chap-s, respectively (described in Fig. 6A).
Primer chap-m crosses the junction between genomic sequence and gfp and therefore can give a product only if the wild-type transcript is present
(Fig. 6). Control reactions without reverse transcriptase (—RT) were done with primers gfp-f and chap-s. The 1.8-kb band present in lanes 2 is of
the predicted size and corresponds to the transcript encoding the fusion protein (as in Fig. 6B). The lower-molecular-weight bands are nonspecific
products. D. Complementation of the hydrogen peroxide-sensitive phenotype by the GFP-CHAP]1 fusion protein. Left panel, control plate; right
panel, 1.5 mM H,O,. The genotypes of the three strains tested are indicated at left. All strains grew equally well on both media. E. Nuclear
localization of GFP-CHAP1 upon exposure to 50 mM H,O, in the absence of native CHAPI. Panels: 1, conidia and germ tubes growing on a glass
slide prior to hydrogen peroxide treatment; 2, 5 min after addition of 50 mM H,O,.
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FIG. 9. Subcellular localization of CHAP1 during plant infection. Numbers indicate time after inoculation: 1 h, conidia start germination,
CHAPI1 is activated in emerging germ tubes, and germ tubes elongate (2.5 h) and form appressoria (3.5 h); 24 h and 26 h, extensive mycelial
network interlaces plant tissue, necrotic lesion is formed at the site of inoculation, fluorescence is localized in the nucleus in most of the hyphae;
30 h-a, hyphae found in the outermost layers of the infected leaf: GFP fluorescence is distributed in the cytosol; 30 h-b, hyphae found inside the
plant tissue: in these hyphae CHAP1 is still activated. Confocal image acquisition was done as described for Fig. 7; the autofluorescence of the leaf,
contributed primarily by chlorophyll, was detected with the Cy5-optimized channel.

gen peroxide, the presence of which does not depend on active
plant defense. To determine whether the CHAP1-activating
substance is specific to maize, we tested a similar extract pre-
pared from Arabidopsis thaliana leaves. It caused a response
comparable to that of maize extract. Apparently, the activa-
tor(s) of CHAP1 is not plant species specific.

Initial characterization of active components in the plant
extract. To provide an initial characterization of the active
components in the plant extract, we used nuclear localization
of GFP-CHAPI for activity-guided fractionation. First, we fil-
tered the extract through an ultrafiltration membrane with a
cutoff of 10,000 Da. The active component was able to cross
the membrane. When the extract was heated for 5 min at 95°C
and centrifuged at 14,000 rpm for 2 min to precipitate dena-
tured proteins, the resulting supernatant contained the activa-
tor. The supernatant after heat treatment and centrifugation was
then extracted with an equal volume of ethyl acetate. Upon sep-

aration of the phases by centrifugation, the active compound(s)
partitioned into the organic phase. No detectable active com-
ponents were extracted from the leaf powder by chloroform-
methanol, while ethanol did efficiently extract the activator(s).

Activation of CHAP1 during plant infection. Two-week-old
maize plants were inoculated with suspensions of conidia from
GFP-CHAPI transformants. Germ tubes emerged from coni-
dia within an hour, and the fusion protein began migrating into
the nuclei of the germ tubes on the leaf surface prior to pene-
tration. This migration was specific to the plant surface, as germ
tubes on glass slides remained uniformly fluorescent. During
the subsequent 2 to 3 h, the germ tubes elongated and CHAP1
continued to be localized in nuclei. After about 3 h, the hyphal
tips formed appressoria, and CHAP1 became localized to their
nuclei. During hyphal penetration of the plant cuticle and
epidermis and development inside the leaf, CHAP1 remained
in the hyphal nuclei. After about 24 h, when well-developed
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necrotic lesions were visible at inoculation sites, bundles of
uniformly fluorescent hyphae appeared. During further pro-
gression of the disease, the pattern of CHAP1 inactivation (re-
appearance in the cytoplasm) became more discernible: hy-
phae on leaf surfaces were uniformly fluorescent, whereas
inside the leaf CHAP1 was localized in the nuclei (Fig. 9).

DISCUSSION

Redox regulation is a ubiquitous mechanism for controlling
cellular activity (16). Direct modification of transcription fac-
tors or signal transduction by redox-sensing proteins alters
gene expression in response to an oxidizing environment. We
isolated a C. heterostrophus homolog of the yeast YAP1 tran-
scription factor. CHAP1 has the same structural features as
YAP1, including a bZIP domain and two cysteine-rich regions.
An oxidizing environment causes activation of CHAP1 and its
relocalization into the nucleus. It then regulates a set of genes
encoding antioxidant proteins. We found that this set overlaps
the set of YAP1-dependent genes of S. cerevisiae.

Despite the marked homology of both AP-1-like proteins in
their DNA-binding domains, no YAP1 recognition sequence
could be identified in the promoters of the CHAP1-dependent
genes tested. Nevertheless, CHAP1 could partially comple-
ment the hydrogen peroxide-sensitive phenotype of a yeast
yapl mutant. It appears that there is sufficient structural ho-
mology to allow at least partial replacement of YAP1 function
in S. cerevisiae. It is possible that in C. heterostrophus, CHAP1
forms a heterodimer with another bZIP protein and the re-
sulting complex has a different DNA binding specificity, as was
shown for the mammalian bZIP protein family (24). Expres-
sion of CHAP1 under the strong GAL4 promoter in S. cerevi-
siae led to reduced growth. The reason for this toxicity is not
clear, but it was independent of oxidative stress and of the
presence of the resident yeast YAP! copy (Fig. 2). CHAP1
overexpression might have allowed binding to nonspecific se-
quences, interfering with metabolism and growth.

Activation of CHAP1 nuclear relocalization during plant
infection might be induced by penetration of the activator into
the cell directly or through membrane channels. Another route
of activation could be interaction of the activating substance
with the extracellular domains of membrane receptor proteins,
followed by transduction of the redox signal into the cell by
thiol-disulfide exchange (6, 16, 36). Several lines of evidence
indicate that existing molecules other than reactive oxygen
species are involved in CHAP1 activation on the plant. First,
plant extracts prepared from maize leaves that have never been
in contact with the pathogen caused intense CHAP1 activation.
As the extract was made from quickly frozen plant tissue, it is
unlikely that any wounding or defense responses were acti-
vated during its preparation. Second, pretreatment of the plant
extract with catalase did not affect its activating property. The
activator(s) is not plant species specific and activates CHAP1
as rapidly as hydrogen peroxide does.

Our initial fractionation experiments revealed that the active
component is heat stable and has a relatively low molecular
weight. The active molecule is sufficiently polar to dissolve in
water or in ethanol, and it partitions from water into ethyl
acetate. In view of the recent report (35) that indole-3-acetic
acid activates downstream targets of the yeast CHAP1 ortholog,
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YAP1, indole-3-acetic acid might be a candidate inducer. We
therefore tested whether indole-3-acetic acid activates CHAP1
nuclear relocalization. Up to the highest concentration tested,
500 wM, indole-3-acetic acid did not activate CHAP1. Meth-
ylglyoxal, a toxic by-product of glycolyis, was recently shown to
activate yeast YAP1 (32). Methylglyoxal could be produced
intracellularly in the fungus and also by the plant; its activity as
a plant-derived inducer can be tested with CHAP1 nuclear re-
localization as an assay. Oxidizing agents, cadmium, indole-3-
acetic acid, and methylglyoxal, are unrelated compounds, all of
which activate yeast YAP1. This raises the possibility that YAPI,
characterized as a redox-responsive transcription factor, may
have a more general sensory role than initially thought. In C. het-
erostrophus, it seems likely that a novel plant compound is
responsible for the induction of CHAP1 relocalization, and
its full chemical characterization is currently in progress.

Activation of CHAP1 on the plant (Fig. 9) suggests a role in
infection. Nevertheless, deletion of CHAPI had no significant
effect on virulence. Apparently, other C. heterostrophus YAP-
like proteins are not able to compensate for the defect caused
by CHAPI disruption: transcription of the CHAP1-dependent
antioxidant genes is not induced in absence of CHAP1. The
ability of the fungus to overcome the absence of CHAP1 dur-
ing plant infection might therefore result from alternative pro-
tective systems that compensate for the loss of CHAPL. In
S. cerevisiae, glutathione and catalase provide overlapping de-
fenses against hydrogen peroxide (22). The genome of C. het-
erostrophus encodes three catalase-encoding (CAT) genes
(37). Mutants deficient in CAT3 had enhanced sensitivity to
hydrogen peroxide compared with the wild type and with mu-
tants deficient in CAT1, CAT2, or both. Nevertheless, all the
catalase-deficient mutants had normal virulence on maize.

One interpretation of normal virulence in both CHAP1 mu-
tants (this study) and catalase mutants (37) is that either of
these distinct mechanisms of defense against oxidative stress is
sufficient. Another possibility is that C. heterostrophus does not
encounter damaging levels of reactive oxygen species during
infection under the conditions that have been tested. CHAP1
relocalization was induced before penetration into the leaf and
certainly before massive death of host cells. This suggests that
the activation of CHAP1 may act as an “early warning” system,
relaying a signal for impending exposure to oxidative stress.
The antioxidant transcriptional program would be induced and
ready, even if this stress does not actually occur. Some defense
mechanisms, particularly against as universal a challenge as
oxidative stress, may have evolved before specialization of
fungi to their hosts. The homologs of CHAP! as well as of the
catalase genes might have essential roles in the virulence of
other plant pathogens.

Transcriptional regulation mediated by nuclear localization
is well known in animals and plants and in S. cerevisiae. Nuclear
relocalization of CHAPI1 at the earliest stages of infection
is among the most rapid known molecular consequences of
growth of a plant pathogen on its host. Further study should
uncover both the protective and signaling roles of redox-sen-
sitive transcription factors in fungus-plant interactions.
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