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A Mitogen-Activated Protein Kinase Pathway Modulates the
Expression of Two Cellulase Genes in Cochliobolus
heterostrophus during Plant Infection

Sophie Lev and Benjamin A. Horwitz!
Department of Biology, Technion-Israel Institute of Technology, Haifa, Israel

Conserved eukaryotic signaling elements play an important role in the development of fungal pathogens on their hosts.
Chk1, a mitogen-activated protein kinase (MAPK), functions in virulence, mating, and sporulation of the maize leaf patho-
gen Cochliobolus heterostrophus. Suppression subtractive hybridization was used to identify fungal genes whose expres-
sion on the host plant is affected in chk1 deletion mutants. Two of the genes isolated in this screen were predicted to en-
code cellulolytic enzymes: a cellobiohydrolase, CBH7, and an endoglucanase, EG6. Expression of EG6 and CBH7 was
followed by the fusion of their upstream regulatory regions to the coding sequence of the green fluorescent protein. Induc-
tion of both genes began at the onset of invasive growth and reached its maximal extent during leaf necrosis. Furthermore,
EG6 was induced preferentially within necrotic lesions. Disruption of MAPK CHK1 resulted in a delay in the penetration of
hyphae into the leaf and a concomitant delay in the induction of expression of both cellulase genes. In saprophytic culture,
the absence of Chk1 resulted in a marked delay in the induction of CBH7 expression by crystalline cellulose. EG6 was ex-
pressed at a basal level in culture, and this expression was found to depend strictly on Chk1. Thus, the Chk1 MAPK signal-
ing pathway is involved in the regulation of two cellulase-encoding genes and is necessary for their timely induction by en-

vironmental signals.

INTRODUCTION

A successful fungal pathogen must overcome the physical and
chemical barriers set up by the host plant to block infection.
Conserved eukaryotic signal transduction proteins participate
in a number of steps that lead to disease development. Fungal
mitogen-activated protein kinase (MAPK) homologs play im-
portant roles in regulating differentiation, survival, and patho-
genesis (Xu and Hamer, 1996; Csank et al., 1998; Xu et al.,
1998; Lev et al., 1999; Wang and Heitman, 1999; Takano et al.,
2000; Xu, 2000; Zheng et al., 2000; Di Pietro et al., 2001; Hou et
al., 2002; Mey et al., 2002; Zhang et al., 2002). Nevertheless, lit-
tle is known about the target genes regulated by fungal
MAPKs. The gene expression profiles of mutants blocked in a
particular signal transduction pathway, compared with the
wild-type profiles, provide a powerful tool to identify targets of
the pathway. Knowledge of these targets might provide a clue
to the mechanism by which the pathway affects development.
In the rice blast fungus, suppression subtractive hybridiza-
tion (SSH) was used to isolate genes underexpressed in a mu-
tant lacking the MAPK pmk1 at the appressorium formation
stage (Hou et al., 2002). Genome-wide transcriptional profiling
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was applied to determine how the Kss1 and Fus3 MAPK sig-
naling pathways control pheromone response and dimorphic
development in Saccharomyces cerevisiae (Madhani et al.,
1999; Roberts et al., 2000). One of the targets of Kss1 is PGU1,
a gene that encodes a secreted endopolygalacturonase that
may aid invasion of the natural plant substrate of S. cerevisiae.
A mutant of the vascular wilt fungus Fusarium oxysporum lack-
ing the MAPK Fmk1 is nonpathogenic on tomato roots. PL1T,
which encodes a pectate lyase, is underexpressed in this mu-
tant (Di Pietro et al., 2001). Loss of any particular hydrolytic en-
zyme, however, often has little or no effect on pathogenicity.
Degrading enzymes are present as families of multiple enzymes
with related activity. Because of such redundancy, the disrup-
tion of one or even several genes that encode hydrolytic en-
zymes can decrease the corresponding activity with no loss of
virulence (Scott-Craig et al., 1990, 1998; Schafer, 1993; Sposato
et al., 1995; Apel-Birkhold and Walton, 1996; Ahn et al., 2001).
Regulatory genes affect a broad set of targets, and their disrup-
tion results in a more severe loss of function. The transcrip-
tional regulator SNF1 of Cochliobolus carbonum is required for
the expression of several cell wall-degrading enzymes and for
full virulence on maize (Tonukari et al., 2000).

Deletion of the MAPK gene CHK1 in the southern maize leaf
blight pathogen Cochliobolus heterostrophus results in mutants
that do not form the small appressoria characteristic of this
species, are impaired in their mating ability, and lack asexual
sporulation (conidiation) (Lev et al., 1999). In maize infected
with MAPK deletion mutants, the development of disease symp-
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toms is decreased strikingly, although the mutant eventually
penetrates into the leaf. We constructed a SSH library to iden-
tify genes expressed in the wild type but not in the mutant dur-
ing plant infection. Two of the genes isolated were homologous
with cellulolytic enzymes. In this study, we characterized the
expression of these genes in saprophytic culture and on the
host, establishing the contribution of the MAPK Chk1 to their
regulation.

RESULTS

Construction and Screening of Differential Libraries

Disruption of MAPK CHK1 leads to the inability to produce
conidia and to a dramatic decrease in fungal virulence. Mutant
mycelium is viable on the plant epidermis, developing a dense
network, but penetration into the leaf and establishment of in-
vasive growth are delayed significantly. The appearance of
symptoms upon inoculation with fungal mycelium shows that
conidial germination and appressorium formation are not es-
sential for disease, which can be initiated by alternative modes
of penetration (Lev et al., 1999). This observation allowed us to
establish conditions to compare the gene expression of mutant
and wild-type fungi on the host (Figure 1). Inoculation of maize
leaves with homogenized wild-type mycelia led to complete ne-
crotic destruction of plant tissue within 24 h. After 24 h of incu-
bation, the Achk71 mutant did not cause any visible disease

symptoms; at 48 h after inoculation, the leaves became yellow
in a spotted pattern and scattered necrotic lesions appeared.
Even after prolonged incubation, complete necrosis usually
was not reached in infections by the mutant, except for the first
expanded leaf, which proved to be more sensitive to infection
(Figure 1).

Leaf and fungal material from the advanced pathogenic de-
velopment stage (after 24 h in the wild type and after 48 h in the
mutant) was collected for the SSH library preparation. The glyc-
eraldehyde 3-phosphate dehydrogenase gene GPD was used
as a probe to quantify the proportion of fungal RNA in total
RNA preparations from infected plant tissue. In preparations of
wild-type-infected leaves, fungal RNA was ~47%, whereas in
the RNA of mutant-infected plants, it was ~23%. We used
RNA of uninfected maize leaves to bring the fraction of fungal
RNA to 23% in both pools. SSH was performed using a mixture
of RNA from wild-type-infected and uninfected leaves as the
tester population and RNA from mutant-infected leaves as the
driver. A total of 192 SSH-derived clones were screened, and
77 of them were classified initially as differential between the
wild type and the mutant in planta. Of these 77 candidates, 52
clones represented different parts of an unknown gene. Of the
remaining 25 clones, candidates that appeared more than once
were tested by gel blot analysis of RNA from the mutant and
the wild type in saprophytic culture and on the plant. Three
SSH library clones showed homology with plant genes: Rac1
GTPase, ferredoxin, and a triose/phosphate translocator. Of
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Figure 1. Disease Symptoms Caused by Achk1 Mutant and Wild-Type Strains.

Leaves were photographed after incubation periods of 24 and 48 h. WT, wild type.



these, a chickpea Rac-type GTP binding protein is upregulated
in the defense response against the ascomycete Ascochyta ra-
biei (Ichinose et al., 1999). Isolation of relatively few maize genes
supports the validity of the method used to balance plant and
fungal RNA abundance.

Two SSH Library Clones Are Homologous with
Fungal Cellulases

The clone designated EG6 showed homology with endogluca-
nase IV of Trichoderma reesei. The coding sequence and trans-
lation initiation site of EG6 were determined using cDNA library
clones and homology. The predicted Eg6 protein consists of
319 amino acids, with a cleavable signal peptide 17 amino acids
long at the N terminus (identified by SignalP; Nielsen et al.,
1997). Two conserved domains were identified in Eg6: a glycosyl
hydrolase family 61 domain and a C-terminal fungal cellulose
binding domain. The clone designated CBH7 was found to be
highly similar to cellobiohydrolase Il of Acremonium cellulolyticus
Y-94. Isolation of the entire transcript revealed that CBH7 en-
codes a 389-amino acid protein with a cleavable signal peptide
of 18 amino acids. Cbh7 has a glycosyl hydrolase family 6 con-
served domain, but it lacks a cellulose binding domain.

Expression of EG6 and CBH7 in Planta

Significant expression of EG6 by the wild-type fungus was de-
tected starting with the early stages of plant infection (12 h after
inoculation). At this early stage, injury to the plant tissue was
barely visible, whereas in the subsequent 12 h of incubation,
the tissue became completely necrotic. At the necrotic stage,
EG6 expression was maximal; then it decreased during the
next 24 h. After 96 h of incubation, EG6 transcript levels were
almost undetectable. Expression of EG6 was detected in the
mutant strain after 48 and 96 h of incubation, but it did not reach
wild-type levels (Figure 2A). The results of five independent in-
oculation experiments are summarized in Figure 2B. The CBH7
transcript was detected in the wild type after 24 h of incubation.
The transcript level remained high after 48 h and decreased by
96 h after inoculation. In leaves infected with the chk1 deletion
mutant, the CBH7 transcript was detected at 48 h of incubation
in three of five experiments, and its abundance was consis-
tently lower than in the wild type (Figures 2A and 2B).

Expression of EG6 and CBH?7 in Culture

The development of maize leaf blight caused by the chk1 mu-
tant differs in both rate and severity of symptoms from those
caused by the wild-type strain. Delayed penetration of mutant
mycelium into the plant tissue, and its inability to cause exten-
sive necrotic lesions, might restrict the availability of inductive
signals. To evaluate the direct contribution of Chk1 to cellulase
gene regulation, we asked whether CHK1 deletion affects the
induction of EG6 and CBH?7 in the presence of their substrates
in vitro. We used microcrystalline cellulose (Sigmacell) to exam-
ine the induction in wild-type and Achk1 strains. The cellulose-
containing medium also included a small amount of maltose,
which was used by the fungus during its initial development.

MAPK-Dependent in Planta Gene Expression 837

After depletion of the maltose, growing mycelium gradually
formed aggregates with crystalline cellulose, resulting in com-
plete clearing of the medium. Maltose was depleted at a similar
rate by the wild-type and chk? deletion strains (data not
shown). A strong induction of CBH7 expression occurred in the
wild type after 36 h of incubation, and the transcript level did
not decrease during the course of the experiment (Figure 2C).
Induction in the mutant strain was delayed markedly: no CBH7
transcript was detected after 36 h of incubation, but after 52 h,
a high level of CBH7 transcript was detected in the mutant. The
induced levels of CBH7 at the later culture times were similar in
the mutant and the wild type (Figure 2C). Thus, rapid induction
of CBH7 on cellulose is strictly Chk1 dependent (Figure 2C, 36 h).
At later culture times, additional signals apparently overcome
the absence of Chk1 input (Figure 2C, 52 and 93 h).

The expression of EG6 increased between 36 and 52 h of
growth in cellulose-containing medium, but the level of expres-
sion was similar to that in complete medium (CM). This finding
indicates that the expression of EG6 is not restricted to cellu-
lose but rather occurs in the presence of various carbon
sources. A further indication comes from experiments in which
EG6 expression was tested on minimal medium with different
carbon sources: 21 of 23 sources tested did not affect EG6 ex-
pression (data not shown). In the chk1 deletion strain grown in
cellulose-containing medium, there was a slight upregulation of
EGS6 that was undetectable when the fungus was grown in CM.
Compared with that in the wild type, the expression of EG6 was
much lower in Achk1 in both cellulose-containing medium and
CM (Figure 2C). During growth in culture, EG6 expression ap-
peared to reach a certain basal level without the addition of any
obvious inductive factor. Similar behavior has been reported for
three cellulase genes of T. reesei (Ilmen et al., 1997). This basal
EG6 expression was strictly Chk1 dependent (Figure 2C).
Strong upregulation by crystalline cellulose of CBH7, but not of
EG6, implies that different combinations of signals are required
for the induction of these two cellulase genes.

Monitoring of EG6 Expression in Planta

The dramatic increase in the expression of cellulases in planta
allows them to be used as reporter genes for pathogenic devel-
opment. Microscopic examination of the infection process in
correlation with changes in reporter gene expression is very
helpful in understanding host-pathogen interactions. To pre-
serve the original regulation of EG6 for the green fluorescent
protein (GFP) reporter gene, we designed a reporter/disruption
construct according to the strategy of Basse et al. (2000). The
EG6 coding region was substituted by the GFP coding se-
quence. The construct included the hygromycin B resistance
gene as a selection marker (Figure 3A). EG6 was disrupted by
homologous integration of the hygromycin resistance marker
by double crossover. More than 20 transformants were ob-
tained, and all of them were indistinguishable from the wild type
with regard to growth and sporulation. eg6f transformants also
were fully pathogenic, apparently as a result of redundancy.
Two independently isolated mutants were chosen for micro-
scopic examination in planta. Maize plants were inoculated
evenly with homogenized mycelium of eg6f strains and exam-
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Figure 2. RNA Gel Blot Analysis of Cellulase Gene Expression.

(A) Lanes 1 to 4, RNA of leaves infected with the Achk1 mutant after 12,
24, 48, and 96 h of incubation, respectively; lanes 5 to 8, RNA of leaves
infected with the wild-type strain after 12, 24, 48, and 96 h of incuba-
tion, respectively.

(B) Expression of EG6 and CBH7 cellulase genes in the Achk1 mutant
versus the wild type during plant infection. RNA gel blot analyses were

ined by confocal microscopy. After 4 h of incubation, the my-
celium was visible on the leaf surface but was only weakly flu-
orescent (Figure 3C1). After ~12 h, fungal hyphae were
observed in mesophyll tissue, but the fluorescence of these hy-
phae was increased only slightly (Figure 3C2). After 27 h of in-
cubation, regions containing very intensely fluorescent mycelia
(Figure 3C3) were detected. The appearance of these regions
coincided with leaf necrosis. This observation suggests that the
induction of EG6 occurs during invasive growth and not during
growth on the surface.

To compare pathogenic development in the eg6f mutant and
the wild type, we used a wild-type strain containing the GFP-
encoding sequence under the regulation of the constitutive
promoter of GPD. No developmental differences were detected
between this control strain and the eg6f line. To follow EG6
promoter activity in germinating conidia, we inoculated maize
plants with drops of conidial suspension. After 4 to 6 h of incu-
bation, germ tubes formed appressoria, but no increase in fluo-
rescence was detected (Figure 3C4). Between 11 and 18 h of
incubation, regions of highly fluorescent hyphae appeared (Fig-
ure 3C5). When conidia were inoculated, the penetration pro-
cess occurred much faster than when homogenized mycelia
were inoculated. Upon spore germination, the fungus did not
grow far on the plant surface: the germ tubes rapidly formed
appressoria, and the infection peg breached the plant tissue.
Faster penetration of hyphae emerging from germinating
conidia suggests that the small appressoria of this species, al-
though dispensable for infection, confer an advantage for rapid
entry through the plant cuticle and epidermis. At the time of ap-
pressorium formation, the two cellulase-encoding genes were
not yet upregulated. This finding indicates, again, that the in-
duction of EG6 and CBH?7 occurs during invasive growth rather
than as an immediate response to leaf surface signals.

Influence of CHK1 Gene Disruption on Expression of the
Reporter Gene

To study the influence of Chk1 on the pattern of EG6 gene ex-
pression, we deleted the CHK1 gene from the eg6f disruption/
reporter strain. The disruption construct included the bialaphos
resistance gene (BAR) as a selection marker under the control

performed using Achk1 mutant-infected plants after 48 h of incubation
and wild-type-infected plants after 24 h of incubation. To correct for dif-
ferences in fungal biomass, the expression of cellulase genes in the mu-
tant and the wild type was normalized to the expression of “housekeep-
ing” genes (GPD or tubulin). EG6 and CBH7 expression in the mutant
then was estimated as a percentage of that in the wild type. Error bars
indicate standard errors of five independent experiments. wt, wild type.
(C) Cellulase gene expression in culture. Lanes 1 to 6 show fungal cul-
tures grown in the presence of crystalline cellulose. Lanes 1 to 3, RNA
of the chk1 deletion mutant grown for 36, 52, and 93 h, respectively; lanes
4 to 6, wild-type fungus grown for 36, 52, and 93 h, respectively. Lanes
7 and 8, chk1 deletion mutant and wild-type strains, respectively, grown
in CM for 52 h. Probes were as follows: EG6, coding for endoglucanase;
CBH?7, coding for cellobiohydrolase; RNA, ethidium bromide staining.
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Figure 3. Expression of the EG6 Cellulase Gene.

(A) EG6 disruption/reporter construct. ptrp, 2r, egb-m, eg6-s, and eg6-gsp1 indicate primers used for transformant verification. HPH, hygromycin
phosphotransferase—encoding gene; ORF, open reading frame; Ptrp, constitutive promoter; sGFP, GFP-encoding gene; Ttrp, terminator.
(B) Verification of the EG6 transformants eg6f-1 and eg6f-2. PCR procedures used the following primers: EG6-M and EG6-S (lane 1); Ptrp and EG6-

GSP1 (lane 2); 2R and EG6-S (lane 3); and Ptrp and EG6-S (lane 4).

(C) Confocal microscopy of a line expressing GFP under the control of the EG6 promoter. Panels 1 to 3 show micrographs from 4, 12, and 27 h, re-
spectively, after inoculation of leaf with mycelial suspension; panels 4 and 5 show micrographs from 4 and 11 h, respectively, after inoculation of leaf
with conidial suspension. Green indicates GFP fluorescence, and red indicates chlorophyll autofluorescence. Parameters for GFP fluorescence detec-

tion were as follows: iris, 2.6; gain, 1000.

of the constitutive promoter Ptrp and two flanking regions ho-
mologous with CHK1 genomic sequence (Figure 4A). The re-
sulting mutant was indistinguishable from previously isolated
chk1 deletion mutants: the aging central region of colonies
grown on solid medium developed an autolytic appearance,
and the mutant lacked conidia and showed decreased viru-
lence (Lev et al., 1999). Microscopic examination of eg6f and
eg6f/Achk1 mycelia grown in liquid culture revealed weaker
fluorescence of eg6f/Achk1 compared with that of eg6f. Maize
plants were infected with homogenized mycelia of either wild-
type or eg6f/Achk1 reporter lines. After 11 h of incubation, an
extensive hyphal network covered the leaf surface, and the
growth patterns of the two strains were indistinguishable. Indi-
vidual highly fluorescent hyphae were observed inside the plant

tissue at 11 h after inoculation by eg6f but not by eg6f/Achk1
(Figures 4C1 and 4C4). After 23 h of incubation of the eg6f-
infected plants, the leaf tissue in the lesions was completely ne-
crotic and interspersed with highly fluorescent hyphae (Figure
4C5), whereas eg6f/Achk1-infected plants showed no disease
symptoms. Hyphae of eg6f/Achk1 were found inside the plant
tissue at 23 h, and their fluorescence was increased slightly
compared with the low level observed at 11 h (Figure 4C5). After
46 h of incubation, eg6f produced abundant highly fluorescent
conidiophores and conidia on the leaf surface, whereas the fluo-
rescence of the internal mycelial network decreased. Scattered
necrotic lesions appeared on yellowing eg6f/Achk1-infected
leaves by 46 h, and the fluorescence of mycelia reached a level
similar to that of eg6f at the 24-h stage (Figure 4C3).
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Figure 4. Expression of EG6 in the MAPK chk1 Deletion Strain.

(A) CHK1 disruption construct. chk1-5'utr, chk1-mk2, bar-r, and chki-
map?2 indicate primers used for transformant verification. BAR, phosphi-
nothricin acetyltransferase—encoding gene; ORF, open reading frame;
Ptrp, constitutive promoter; UTR untranslated region.

(B) Verification of CHK1 disruption. Lanes 1 and 3, transformant DNA
was used as a template; lanes 2 and 4, wild-type DNA was used as a
template. In lanes 1 and 2, amplification was performed with primers
CHK1-MK2 and CHK1-MAP2; in lanes 3 and 4, amplification was per-
formed with primers CHK1-5'UTR and BARt.

(C) Influence of CHK1 disruption on EG6 promoter activity. Panels 1 to 3
show micrographs from the Achk1 strain at 11, 23, and 46 h, respec-
tively, after inoculation; panels 4 and 5 show micrographs from the pa-
rental eg6f strain at 11 and 23 h, respectively, after inoculation. White
arrows indicate hyphae found inside the plant tissue. Parameters for
GFP fluorescence detection were as follows: iris, 5.6; gain, 1100.

Expression of CBH7 during Plant Infection

To follow the expression of CBH7 during plant infection, we
used a disruption/reporter construct to substitute the CBH7
gene with the GFP coding sequence at the predicted transla-
tion initiation site (Figure 5A). The phenotype of cbh7f transfor-
mants was indistinguishable from that of the wild-type strain
with respect to growth, conidiation, and virulence. Two of six
transformants were used further for plant inoculation and con-
focal microscopy. We followed the expression of GFP driven by
the endogenous CBH7 promoter during plant infection. No in-
duction of GFP was detected during the first stages of infec-
tion, after inoculation with either conidia or mycelium. After
~14 h of incubation, hyphae became slightly fluorescent. The
fluorescence increased further during the next 10 h (Figures
5C1 and 5C2). Interestingly, no correlation was found between
the location of hyphae and the fluorescence level: superficial
hyphae covering still-living plant tissue at the late infection
stages were fluorescent to the same degree as those found in-
side necrotic areas.

DISCUSSION

Genetic loss-of-function experiments have shown that the
MAPK Chk1 is required for sporulation, mating, hyphal integ-
rity, and virulence. Using the SSH method, we isolated two cel-
lulase genes, EG6 and CBH?7, that are upregulated strongly in
planta during advanced stages of infection. The synchronized
induction of both cellulases suggests their synergistic action on
the cellulose-based plant cell wall. Both cellulases were under-
expressed in Achk1 mutants in planta, and their average tran-
script levels reached 27 and 33% of wild-type levels for EG6
and CBH7, respectively.

Fungal mycelium grows on the leaf surface before individual
hyphae successfully penetrate and establish invasive growth.
As observed by confocal microscopy, this process is much
slower in infection by the Achk1 mutant than by the wild type.
Moreover, Chk1-deficient mutants cause necrosis to a lesser
extent than the wild type, even when inside the plant tissue
(Figure 1). Observation of disease symptoms in concert with
microscopic examination of infected plant tissue revealed that
both EG6 and CBH?7 are expressed mostly during advanced in-
fection stages when necrotic lesions are formed: EG6 was up-
regulated chiefly in mycelia found inside necrotic areas, whereas
CBH?7 was induced in mycelia found inside and on the plant tis-
sue, with less direct correlation to necrotic areas. Depending
on how tightly cellulase induction is linked to plant cell necro-
sis, underexpression of both cellulases in the Achk? mutant
could result from its reduced ability to cause necrotic lesions.
However, we found evidence for a more direct correlation be-
tween cellulase expression and Chk1 activity: in saprophytic
culture, the expression of CBH7 was induced strongly by crys-
talline cellulose, and this induction was delayed markedly in the
Chk1-deficient mutant. During growth of the culture, induction
of CBH7 in the mutant overcame the absence of Chk1, and its
expression reached the wild-type level (Figure 2C). Expression
of EG6 in culture, where there is no obvious inducer, depended
strictly on Chk1. We speculate that Chk1 regulates the basal
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Figure 5. Expression of the Cellobiohydrolase Gene CBH?7.

(A) CBH7 disruption/reporter construct. ptrp, 2r, cbh7-m, cbh7-s, and
cbh7-gsp1 indicate primers used for transformant verification. HPH,
hygromycin phosphotransferase-encoding gene; ORF, open reading
frame; Ptrp, constitutive promoter; sGFP, GFP-encoding gene; Ttrp, ter-
minator.

(B) Verification of transformants cbh7f-1 and cbh7f-2. PCR procedures
used the following primers: CBH7-M and CBH7-S (lane 1); Ptrp and
CBH7-GSP1 (lane 2); 2R and CBH7-S (lane 3); and Ptrp and CBH7-S
(lane 4). wt, wild type.

(C) Confocal microscopy of the cbh7f line expressing GFP under the
control of the CBH7 promoter. Panels 1 and 2 show induction of CBH7
promoter activity at 14 and 24 h, respectively, after plant inoculation
with homogenized mycelial suspension. Green indicates GFP fluores-
cence, and red indicates chlorophyll autofluorescence. Parameters for
GFP fluorescence detection were as follows: iris, 4; gain, 1500.
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expression of EG6 and that plant signals (coupled to the necrotic
stage) gradually overcome Chk1 deficiency, as found for CBH7
expression (Figure 2C). An independent way to prevent the ne-
crotic stage (e.g., an incompatible plant-pathogen pair or addi-
tional mutations in the pathogen) would be needed to test the im-
portance of necrotic tissue for the induction of cellulase genes.

MAPK-dependent regulation of EG6 in saprophytic culture
(Figure 2C) implies either that there is a signal that activates the
MAPK pathway under these conditions or that the pathway is
“leaky,” transmitting a basal level of activation in the absence
of any specific extracellular signal. Mammalian ERK1/2 MAPKs
are able to self-catalyze autophosphorylation in vitro. Moreover,
it was shown that another MAPK, p38a, autophosphorylates af-
ter interaction with the scaffolding protein TAB1 (Wu et al,,
1991; Robbins et al., 1993; Ge et al., 2002; Johnson, 2002).
Such an autophosphorylation mechanism, if present in fungi,
could explain Chk1-dependent expression when there is no
obvious extracellular signal. It also is plausible that signals are
generated during saprophytic growth. Such signals could be
provided, for example, by relief of catabolite repression,
changes in the composition of the medium created by the
growth of the culture, oxidative stress, or internal signals re-
lated to cell wall deposition.

Many fungal genes expressed specifically in plant-pathogen
interactions have been identified, but relatively little is known
about the regulation of these genes (Hahn and Mendgen, 1997;
Perfect et al., 1999; Kahmann and Basse, 2001; Kim et al.,
2001). In this study, the combination of a MAPK disruption mu-
tant with SSH led to the isolation of MAPK-dependent genes
expressed in planta. We found several distinct regulatory pat-
terns: first, the Chk1 MAPK pathway was required for the ex-
pression of EG6 in culture. Second, the rapid induction of
CBH?7, and perhaps EG6 as well, was Chk1 dependent. Third,
some combinations of signals were able to overcome the lack
of Chk1, both on the plant and in culture. Elements to be found
in the upstream regulatory regions of these and other fungal
genes expressed in planta likely reflect these different regula-
tory patterns.

METHODS

Fungal Strains and Growth Media

Wild-type C4 and chk1 deletion strains of Cochliobolus heterostrophus,
and standard growth conditions, have been described previously (Leach
et al., 1982; Wirsel et al., 1996; Lev et al., 1999). For hygromycin B selec-
tion, standard complete medium (CM) was prepared without salts. For
bialaphos (Duchefa, Haarlem, The Netherlands) resistance selection, CM
was prepared without yeast extract and casein hydrolysate, to avoid
providing amino acids. The final bialaphos concentration was 100 wg/mL.
For induction by crystalline cellulose, fungal strains were grown in shake
culture, at 230 rpm and 29 to 30°C in the light, on medium containing
salts and trace elements (as in CM) with 1% maltose and 10% Sigmacell
cellulose (Sigma) for 36, 52, and 93 h.

Nucleic Acid Isolation

RNA was isolated from mycelia and leaf tissue ground in liquid nitrogen
by a modified phenol-SDS method (Ausubel et al., 1987) and purified by
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lithium acetate precipitation. Crude genomic DNA for PCR analysis was
isolated from mycelium ground in liquid nitrogen as described for plant
tissue (Edwards et al., 1991).

Plant Inoculation and Normalization of Fungal RNA Quantities

Sweet maize plants (Zea mays var Grand Jubilee) were grown for 15 to
16 days at 22 to 24°C. Wild-type and chk1 disrupted fungal strains were
grown in liquid culture in CM with shaking for 3 days. Mycelium was ho-
mogenized briefly and, after the addition of 0.05% Tween 80, used for
massive inoculation of plants. The plants then were incubated under
continuous illumination in moist chambers that provided total contain-
ment of the pathogen. Infected leaves were collected for RNA isolation.
A GPD gene fragment generated by PCR with primers 5’-CCCTCGCCT-
GACGCCCCCAT-3’ and 5'-CGAGGACACGGCGGGAGTAA-3" was used
to quantify fungal RNA. Total RNA of mutant and wild-type (with plant
RNA added) infected leaves was the starting material for mRNA isolation
using the polyATtract kit (Promega).

Construction and Verification of the Subtracted Library

A suppression subtractive library was prepared according to the manu-
facturer’s instructions (PCR-Select cDNA Subtraction Kit; Clontech,
Palo Alto, CA). Clones representing transcripts expressed differentially
in wild-type and mutant strains were ligated into vector pUC-57 using
the InsT/Aclone PCR Product Cloning Kit (MBI Fermentas, Vilnius,
Lithuania), transformed to Escherichia coli XL-1 Blue (Stratagene), and
amplified directly from bacterial colonies using primers 1 and 2R from
the subtraction kit (Clontech). PCR products were denatured by heating
at 95°C for 5 min and spotted onto 6 X SSC—pretreated (1X SSCis 0.15 M
NaCl and 0.015 M sodium citrate) and dried Nytran SuPerCharge nylon
membranes (Schleicher & Schuell). Dot blots were probed with radioac-
tively labeled first-strand cDNA generated by the following method: 0.5 g
of mRNA with 0.5 ng of oligo(dT) primer were incubated at 70°C for
5 min and iced, and 2 pL of reaction buffer, 20 units of RNase inhibitor,
1 pL of 10 mM deoxynucleotide triphosphates, 47 w.Ci of a-32P-dCTP,
and 40 units of reverse transcriptase from Moloney murine leukemia vi-
rus were added to a total volume of 20 pL (enzyme and reagents were
from Stratagene). After 1 h at 37°C, the reaction was stopped with 5 pL
of 0.5 M EDTA and 25 pL of 0.6 N NaOH, and the RNA was hydrolyzed
for 30 min at 70°C. The labeled probe was purified on a Sephadex G-100
columnin 10 mM Tris-Cl, 1 mM EDTA, pH 8.0. The membranes were hy-
bridized with cDNA pools representing tester populations (wild-type-
infected leaves with uninfected leaf mMRNA added), driver populations
(mutant-infected leaves), wild-type-infected leaves, and wild-type and
mutant grown in liquid culture.

Identification of Entire Open Reading Frames and Partial Promoter
Sequences of Selected Clones

Clones EG6 and CBH?7 derived from the suppression subtractive hybrid-
ization were used as probes to screen a cDNA library. Predicted transla-
tion initiation sites were identified by PCR screening of multiple positive
plaques using sense vector primer and antisense clone-specific primer.
PCR genome walking (Universal Genome Walker Kit; Clontech) was
used to obtain sequences upstream of the coding regions. The following
antisense primers were designed: EG6-GSP1, 5'-CAAGTAGACCAT-
CTCGGGACCAGGGTG-3'; EG6-GSP2, 5'-CGGCAGAGGAGAAAG-
CACCCTGGTTGC-3’; CBH7-GSP1, 5'-ATGGATGGGCAGGAGGAG-
ACGCGGAGA-3’; and CBH7-GSP2, 5'-ACGGGGAGAGCCAGCAGC-
CTTGTAGAC-3'. Genome walking library construction and PCR were
performed as recommended by the supplier.

Gene Replacement Constructs

The EG6 disruption/reporter vector was constructed from the following
DNA fragments, in order: a 621-bp EG6 promoter fragment, the sGFP
coding sequence, the hygromycin B resistance cassette including the
constitutive Ptrp promoter, the hygromycin phosphotransferase-encod-
ing gene, and terminator Ttrp, followed by a 482-bp fragment of the EG6
coding sequence. All fragments were assembled in pBluescript SK—
(Stratagene) (Figure 3A). The promoter fragment was generated as fol-
lows: the genome-walking product (see above) was used as a template
to amplify a region of the EG6 promoter ending at the first Met, with the
AP2 primer from the Genome Walker Kit and the gene-specific antisense
primer EG6-Hindlll (5'-gggcaagcTTCTGACTAGCAGTAACGATT-3'), which
is homologous (uppercase letters) with the sequence upstream of the start
codon, with the addition of a Hindlll restriction site. The PCR product was
digested with appropriate restriction enzymes and used for ligation.

A CHK1 disruption construct was created by ligation of the 823-bp left
flanking region, including part of the CHK1 5’ untranslated region and
part of the coding sequence, the phosphinothricin acetyltransferase—
encoding gene (BAR) under the regulation of the Ptrp promoter, a 656-bp
right flanking region corresponding to part of the CHK7 open reading
frame, and part of the 3’ untranslated region, into the pBluescript cloning
vector (Figure 4A).

The CBH7 disruption/reporter construct included a 420-bp CBH?7 pro-
moter fragment, the sGFP coding sequence, the hygromycin B resis-
tance cassette including the constitutive Ptrp promoter, the hygromycin
phosphotransferase-encoding gene, and terminator Ttrp followed by a
456-bp fragment of the CBH7 coding sequence (Figure 5A). The pro-
moter fragment was generated using the same strategy used for the EG6
disruption construct with primer CBH7-Hindlll (5'-gggcaagCTTTGAGA-
ACCAAGAAGGAA-3').

DNA for transformation was prepared by PCR amplification of each
complete disruption cassette with standard primers T3 and T7 using
high-fidelity BIO-X-ACT polymerase (Bioline, Toronto, Canada). Trans-
formation into fungal protoplasts was performed as described previously
(Turgeon et al., 1987, 1993).

Verification of Transformants

eg6f transformants were verified by four PCR primer sets: first, EG6-M
(5'-CAGAATGAAGTTCTCCGCTGCT-3') and EG6-S (5'-CCGCTTACT-
GGCACTGAGAGT-3’), which is expected to give no product if disrup-
tion occurred because the EG6-M sequence should be absent; second,
Ptrp (6'-GGTCGTTCACTTACCTTGCTTG-3’) and EG6-GSP1, both se-
quences present in the disruption vector; third, 2R (Genome Walker Kit
primer) and EG6-S (5'-CCGCTTACTGGCACTGAGAGT-3’). The 2R se-
quence was located in the disruption vector, whereas the EG6-S se-
quence was found outside of the region used for vector preparation.
Primers Ptrp and EG6-S were used in a fourth PCR procedure (Figures
3A and 3B).

To verify the disruption of the CHK1 gene in the eg6f/Achk1 strain, we
performed PCR with primers CHK1-5'UTR (5'-GAGACGCGGGCAGTC-
CCAGC-3’) and BARr (5'-GGTACCGGCAGGCTGAAGTC-3') through
the junction representing the insertion of the disruption construct by ho-
mologous recombination. PCR with primers CHK1-MK2 (5’'-CTGCTG-
AGCTCCTTCAACCACG-3') and CHK1-MAP2 (5'-CTGTTCCCGGGT-
CAGGTTGTCC-3’) was designed to prove the absence of the wild-type
CHKT1 copy (Figures 4A and 4B).

cbh7f transformants were verified with the following PCR primers:
CBH7-M (5'-CAAAGATGCTCTCCAACGTCTT-3’) and CBH7-S (5'-GCT-
TATTCAAAAGAACCAGACAC-3'); Ptrp and CBH7-GSP1 (5'-ATGGAT-
GGGCAGGAGGAGACGCGGAGA-3'); 2R and CBH7-S; and Ptrp and
CBH7-S (Figures 5A and 5B).



Confocal Microscopy

Infected leaves were visualized with a MRC-1024 laser confocal scan-
ning microscope (Bio-Rad, Hempstead, UK) with the objective Nikon
Plan Fluor x40/1.30 (Tokyo, Japan). For image acquisition, the “triple-
labeling” method was selected. GFP fluorescence was detected with the
fluorescein isothiocyanate—optimized channel, and the autofluorescence
of the leaf, contributed primarily by chlorophyll, was detected with the
Cy5-optimized channel. Image processing was performed with Confocal
Assistant 4.02 software (Bio-Rad, Hempstead, UK).

Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.

Accession Numbers

The accession numbers for the sequences mentioned in this article are
AY116306 (EG6), AY116307 (CBH7), Y11113 (endoglucanase IV of Tri-
choderma reesei), BAA74458 (cellobiohydrolase Il of Acremonium cellu-
lolyticus Y-94), and AF081380 (GPD).
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