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Fungal conidia contain chemicals that inhibit germination and appressorium formation until they are well
dispersed in a favorable environment. Recently, such self-inhibitors were found to be present on the conidia of
Magnaporthe grisea, and plant surface waxes were found to relieve this self-inhibition. To determine whether the
self-inhibitors suppress the expression of early genes involved in the germination and differentiation of conidia,
the calmodulin gene was chosen as a representative early gene, because it was found to be expressed early in
Colletotrichum gloeosporioides and Colletotrichum trifolii differentiation. After calmodulin cDNA and genomic
DNA from M. grisea were cloned, the promoter of the calmodulin gene was fused to a reporter gene, that for
green fluorescent protein (GFP), and transformed into the M. grisea genome. Confocal microscopic examination and quantitation of expression of GFP green fluorescence showed (i) that the expression of the calmodulin
gene decreased significantly when self-inhibition of M. grisea appressorium formation occurred because of high
conidial density or addition of exogenous self-inhibitors and (ii) that the expression level of this gene was
restored when self-inhibition was relieved by the addition of plant surface waxes. The increase in fluorescence
correlated with the percentage of conidia that formed appressoria. The induction of calmodulin was also
confirmed by RNA blotting. Concanavalin A inhibited surface attachment of conidia, GFP expression, and
appressorium formation without affecting germination. The high correlation between GFP expression and
appressorium formation strongly suggests that calmodulin gene expression and appressorium formation
require surface attachment.
differentiation of conidia of both C. gloeosporioides (15) and
Colletotrichum trifolii (3).
Since the experimental investigation of the effects of selfinhibitors involves measurement of gene expression in a small
number of conidia, quantitation of the expression of a readily
measurable reporter gene would be a convenient approach.
Therefore, to measure the expression of the calmodulin (cam)
gene, the promoter of this gene from M. grisea was cloned and
fused to a reporter gene, that for green fluorescent protein
(GFP), and incorporated into the M. grisea genome. Confocal
microscopic quantitation of expression of GFP showed that
expression of the cam gene decreased significantly when selfinhibition of M. grisea appressorium formation occurred because of high conidial density or addition of exogenous
self-inhibitors, and expression of this gene was restored when
self-inhibition was relieved by lowering the conidial density or
by the addition of plant surface waxes. The enhanced fluorescence correlated with the percentage of conidia that formed
appressoria. The induction of calmodulin was also confirmed
by RNA blotting. Furthermore, we tested whether conidial
attachment to a surface was necessary for early gene expression and used concanavalin A (ConA) to block conidial attachment. The results showed that ConA inhibited surface attachment of conidia, GFP expression, and appressorium formation
without affecting germination. The high correlation between
GFP expression and appressorium formation strongly suggests
that cam gene expression and appressorium formation require
surface attachment.

Conidia of many fungal species contain chemicals that prevent germination and appressorium formation until they are
well dispersed in a favorable environment for colonization of
plant hosts (16, 19). These chemicals, called self-inhibitors, are
often lipophilic molecules. Recent evidence suggests that the
self-inhibitors diffuse into the lipophilic plant cuticle upon contact of the conidia with the host and thus relieve self-inhibition
(12). Contact with the host surface induces expression of a set
of early genes that are required for the conidia to respond to
further host signals. One of the early genes is the calmodulin
gene, whose transcription in Colletotrichum gloeosporioides was
found to be induced by hard-surface contact maximally at 2 h
and then to decline (15). Seven unique genes were found to be
induced early during hard-surface treatment of C. gloeosporioides conidia (18). Subsequently, the conidia responded to host
signals that caused the transcriptional activation of another set
of genes, leading to the induction of germination and appressorium formation (13). At which stage in this chain of events
the self-inhibitors exert their effect is not known. How the
self-inhibitors affect conidial differentiation is also not known.
Recently, self-inhibitors were found to be present on the
conidia of Magnaporthe grisea, and plant surface waxes were
found to relieve this self-inhibition (12). To determine whether
the self-inhibitors suppress the expression of early genes involved in conidium differentiation, calmodulin was chosen as a
representative of the early genes, because the calmodulin gene
was found to be expressed early during the germination and
* Corresponding author. Mailing address: Neurobiotechnology Center, The Ohio State University, 206 Rightmire Hall, 1060 Carmack
Rd., Columbus, OH 43210. Phone: (614) 292-5682. Fax: (614) 2925379. E-mail: Kolattukudy.2@osu.edu.

MATERIALS AND METHODS
Fungal and bacterial cultures and reagents. M. grisea was cultured on V8
plates and grown at 24°C for ;10 days. The conidia, harvested by gently scraping
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maintained by wrapping the petri dish with parafilm. After ;18 h, the effects of
conidial density, conidial surface lipids, plant surface wax (cabbage leaf surface
wax isolated by dipping mature leaves in chloroform for 30 s), cycloheximide, and
ConA on appressorium formation were determined by examining 40 to 50
conidia per sample for appressorium formation. The results from three experiments were averaged.
Confocal microscopy. M. grisea conidia of GFP transformants were placed on
a polystyrene petri dish surface in 100 ml of water or water containing various
additions for 2 h or for the periods of time indicated in the figures for the time
course experiments. Then the solution was removed, and the conidia attached to
the surface were fixed with 7 ml of 3% paraformaldehyde in 50 mM phosphate
buffer (pH 7.4) and covered with a glass coverslip for confocal microscopic
analysis. Untreated conidia were collected by centrifugation, resuspended in
fixer, and placed on a polystyrene petri dish surface for confocal microscopic
analysis. The GFP fluorescence of the untreated conidia was regarded as the
level at zero time in the time course experiments and as the basal level in other
experiments.
GFP fluorescence images were collected with a Bio-Rad model MRC-600
confocal microscope equipped with a Nikon 203 lens objective (aperture, 0.75)
and fluorescein isothiocyanate filters (excitation/emission, 488/510 nm). Quantitation of the fluorescence intensity of each cell was done by measuring the
histogram of a rectangle surrounding each cell. Usually the fluorescence of 10
conidia was quantitated except as otherwise noted below, and statistical analysis
(means and standard deviations) was performed with CA-Cricket graph III.
Experiments were repeated at least twice, and typical results are shown. The
digitized images were stored as red-green-blue tagged-image-format files. The
final images were prepared with Adobe Photoshop 3.0 (Adobe Systems, Mountain View, Calif.).
The increase (D) in fluorescence per conidium arising from attachment in the
ConA experiments was calculated as follows: DF 5 na 3 DFa 1 nu 3 DFu 2 nA
3 DFA, where na is the fraction of attached conidia, nu is the fraction of
unattached conidia, DFa and DFu are the increase in fluorescence (after subtraction of the fluorescence of untreated conidia) per attached and unattached
conidia, respectively, nA is the fraction of attached conidia even at high concentrations of ConA, and DFA is the increase in fluorescence for these attached
conidia. Finally, percentages of enhanced fluorescence per conidium with different concentrations of ConA were calculated, with the percentage of enhanced
fluorescence per conidium without ConA being considered 100.

RESULTS
Cloning and sequencing of calmodulin cDNA and genomic
DNA from M. grisea. To determine at what stage self-inhibitors
exert their effect on sequential gene expression events that
occur during conidial germination and appressorium formation, we chose to examine the expression of the calmodulin
gene, one of the early genes expressed during fungal conidial
differentiation. Since calmodulin cDNA and genomic DNA
from M. grisea had not been cloned, we first cloned calmodulin
cDNA and genomic DNA from M. grisea. As the calmodulin
gene is very conserved, degenerate primers corresponding to 7
N-terminal amino acids and 6 C-terminal amino acids plus the
stop codon were used to clone M. grisea calmodulin cDNA by
reverse transcription-PCR as was previously done for cam
from C. gloeosporioides (15). The 450-bp cDNA reverse transcription-PCR product along with an 856-bp genomic DNA
amplified with the same two primers and with M. grisea
genomic DNA as the template were cloned into the pCR2.1
vector (Invitrogen) and sequenced. At the amino acid level, M.
grisea calmodulin is identical to calmodulins of Neurospora
crassa (20), Aspergillus oryzae (30), C. gloeosporioides (15), and
C. trifolii (GenBank accession no. U15993 [6]). The cloned
856-bp genomic DNA contains the entire open reading frame
interrupted by four introns. The first intron, later found in the
gene, is missing in this PCR product because the primer used
for PCR amplification linked exons 1 and 2 together. To obtain
the promoter region, the 450-bp cDNA was used to screen a
Lambda Fix II (9- to 23-kb) genomic library. Lambda DNA
from a genomic clone that contains the cam gene was subjected
to restriction analysis and Southern blotting by hybridization
with an ;400-bp SstI fragment from the 59 end of the genomic
DNA obtained by PCR. A 1.9-kb SstI fragment that hybridized
with the probe was subcloned into the Bluescript pKS(1) vec-
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cultures in petri dishes flooded with sterilized distilled water, were filtered
through Miracloth (Calbiochem) and recovered by centrifugation. Cycloheximide and ConA were purchased from Sigma. Escherichia coli DH5a was used for
propagating all plasmids. Restriction and modification enzymes and Taq DNA
polymerase were from Life Technologies, Inc. (BRL).
Preparation of genomic DNA. To prepare genomic DNA of M. grisea, a
previously described method (7) was followed with some modifications. Mycelia
(1 g) were ground in liquid nitrogen with a mortar and pestle. After the powder
was resuspended in a solution containing 10 ml of 7 M urea, 2% sodium dodecyl
sulfate (SDS), and 5 mM EDTA (pH 8.0), the suspension was extracted with a
phenol-chloroform (1:1 [vol/vol] mixture) and chloroform. Then the DNA was
precipitated with an equal volume of isopropanol and recovered by centrifugation at a low speed to pellet the high-molecular-weight DNA. The pellet was then
resuspended in a solution containing 0.75 ml of 150 mM NaCl, 5 mM EDTA, and
50 mM Tris-HCl (pH 8.0) and treated with RNase A and proteinase K. Finally,
after extraction with phenol-chloroform and chloroform, the genomic DNA was
precipitated with 2.5 volumes of ethanol and resuspended in TE (10 mM TrisHCl [pH 8.0] containing 1 mM EDTA).
Northern blots. Total RNA, isolated from conidia by the LiCl method as
described previously (18), was dissolved in a solution containing 50% formamide,
16% formaldehyde, 20 mM MOPS [3-(N-morpholino)propanesulfonic acid], 5
mM sodium acetate, and 1 mM EDTA (pH 7.0); incubated for 15 min at 65°C;
and chilled on ice. These denatured RNA samples were subjected to electrophoresis on a 1% agarose gel containing 2.2 M formaldehyde and blotted onto
Nytran membranes. The blots were prehybridized for ;4 h at 65°C in 63 SSC
(13 SSC is 0.15 M NaCl and 0.015 M sodium citrate [pH 7.6])–23 Denhardt’s
solution–0.1% SDS–100 mg of sheared salmon sperm DNA per ml and hybridized for ;16 h in the same solution with 106 cpm of a 32P-labeled cam cDNA
probe per ml. The cDNA probe had been prepared by randomly primed labeling.
The membranes were washed twice for 10 min each time at room temperature in
23 SSC–0.1% SDS, briefly washed at 65°C with 0.23 SSC–0.1% SDS, and
exposed to X-ray film at 280°C in the presence of an intensifying screen.
Southern and dot blots. Genomic DNA was isolated as described above from
mycelium grown in liquid culture. The genomic DNA was digested to completion
with restriction enzymes, subjected to electrophoresis on a 1% agarose gel, and
transferred to Nytran membranes. The conditions for prehybridization, hybridization, and washing were the same as those described above for RNA blots.
GFP fusion with the calmodulin gene (camMg) promoter. The GFP expression
vector pTEFEGFP (29) was kindly provided by John H. Andrews, University of
Wisconsin, Madison. A segment containing an engineered form (EGFP) of the
Aspergillus victoria GFP cDNA (4) and a 200-bp terminator region derived from
the Aspergillus awamori glucoamylase gene (9, 22) was cut out of pTEFEGFP by
HincII digestion and ligated to pKS-pcamMg [calmodulin gene promoter in the
Bluescript pKS(1) vector] at the HincII site, yielding an in-frame fusion with 33
amino acids of N-terminal CAMMg and a 27-amino-acid linker. This pcamEGFP
expression vector was then inserted at the SalI site with a hygromycin cassette
containing the E. coli hph gene, which conferred resistance to the antibiotic
hygromycin B, and with the promoter and the terminator of Aspergillus trpC from
plasmid pCSN43 (Fungal Genetic Stock Center) (27).
M. grisea protoplast transformation. M. grisea protoplast transformation was
done as described previously (1, 21) with some modifications. Conidia from a
7-day-old M. grisea culture were grown in potato dextrose broth at room temperature overnight with vigorous shaking; mycelia were harvested with Miracloth
(Calbiochem) and washed with 2 volumes of 0.6 M MgSO4. The mycelial mat (1
g) was then digested with 75 mg of Novozyme (InterSpex Products, Inc., Foster
City, Calif.) in 20 ml of freshly prepared osmotic medium (1.2 M MgSO4, 10 mM
NaH2PO4 [pH 5.8]). After 2 to 3 h of gentle shaking at room temperature,
protoplasts were filtered through nylon mesh, overlaid with ST buffer (0.6 M
sorbitol, 100 mM Tris [pH 7.0]) and collected at the interface of the osmotic
medium after centrifugation. The protoplasts were washed in STC buffer (1.2 M
sorbitol, 10 mM Tris [pH 7.5], 10 mM CaCl2) three times. Transformation was
carried out by placing 3 3 106 protoplasts with 3 to 10 mg of DNA on ice for 10
min before 1 ml of PTC (60% polyethelene glycol 4000, 10 mM Tris [pH 7.5], 10
mM CaCl2) was added. After 20 min, 3 ml of TB3 (3 g of yeast extract, 3 g of
Casamino Acids hydrolysate, 10 g of glucose, 200 g of sucrose per liter) was
added and the mixture was incubated for 6 h at room temperature. Molten TB3
with agar (40 ml) containing 200 mg of hygromycin B per ml was then added and
poured into two plates. After ;7 days, hygromycin-resistant colonies were transferred to V8 plates containing 200 mg of hygromycin B per ml.
M. grisea conidial surface lipid extraction. M. grisea conidial surface lipid
extraction was done as described previously (12). Conidia from 10- to 15-day-old
cultures were harvested in sterile water by filtering them through Miracloth.
Spores (5 3 108) were then collected on Whatman 1 paper in a Buchner funnel,
and 50 ml of a 2:1 (vol/vol) mixture of chloroform-methanol was added. The
spores resting in the funnel were stirred for 10 s and quickly filtered by application of vacuum suction to collect the conidial surface lipid extract, and the
lipids were recovered as described previously (12). The surface lipids were finally
dispersed in water with a model 250 sonifier equipped with a microprobe (Branson Ultrasonic, Danbury, Conn.).
Appressorium formation. M. grisea conidia were placed on a polystyrene petri
dish surface in 100 ml of water or water containing various additions. The
polystyrene petri dish lid contained wet filter paper, and high humidity was
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tor, yielding pKS-pcamMg, and sequenced. This sequence together with the sequence of the genomic DNA obtained by
PCR revealed the total sequence of the cam gene of M. grisea
and showed the presence of five introns, including the first one
that was found immediately after the first codon of the open
reading frame (GenBank accession no. AF 103729). Southern
blots of the M. grisea genomic DNA showed two bands in the
PstI digest and two bands in the HindIII digest (data not
shown). The restriction map of camMg genomic DNA showed
that there is one HindIII and one PstI site within the genomic
DNA. Thus, the Southern blot analysis indicates that the genome of M. grisea contains one copy of the camMg gene.
Incorporation of a camMg promoter fusion with the GFP
reporter into the M. grisea genome. Calmodulin gene expression in a few conidia had to be measured in order to determine
at what stage of sequential gene expression the self-inhibitors
exert their effect. Direct measurement of transcription in the
few conidia that would be encountered under conditions of low
conidial density would be extremely difficult. Measurement of
the expression of a marker gene that can readily be examined
might be a practical way to approach the problem. For this
purpose, we fused the promoter of camMg to EGFP, with a
hygromycin cassette attached for selection, and incorporated
the construct into the M. grisea genome. To confirm the integration of EGFP into the M. grisea genome in the transformant
[cam(p)::EGFP::Hph] and determine the number of EGFP
copies integrated, one hygromycin B-resistant transformant
was selected for genomic DNA preparation. DNA dot blotting
was carried out, and the levels of hybridization of EGFP to
aliquots of the genomic DNA and to known amounts of EGFP
DNA were compared (data not shown). Quantitative comparison, in which a genome size of 38 Mb (11) was assumed,
indicated that one copy of the cam gene was present per
genome. This result indicated that a single copy of EGFP was
incorporated into the genome.
GFP fluorescence as a measure of cam gene expression. To
determine whether GFP expression driven by the cam promoter reflects cam gene expression, which occurs early in fungal differentiation, we established a time course of the increase
in GFP fluorescence that occurred during a 4-h period of
surface attachment of conidia (Fig. 1). GFP fluorescence increased for up to 2 to 3 h of surface attachment and reached its

FIG. 2. Levels of GFP fluorescence of M. grisea conidia affected by conidial
density, conidial surface lipids as self-inhibitors, and plant surface wax. Conidia
were placed on a polystyrene surface for 2 h at a high density (105/ml) (A), at a
high density (105/ml) with plant surface wax (0.2 mg/ml) (B), without wax (C), at
a low density (104/ml) (D), at a low density (104/ml) with conidial surface lipids
(0.2 mg/ml) (E), and at a low density (104/ml) with conidial surface lipids (0.2
mg/ml) plus plant surface wax (0.3 mg/ml) (F). The fluorescence images were
collected by confocal microscopy as described in Materials and Methods.

maximum at a fourfold level. Therefore, for further study, a 2-h
treatment was routinely used. In addition, in the presence of
0.3 mM cycloheximide (a protein synthesis inhibitor), GFP
fluorescence at 2 h was close to the basal level observed at zero
time (Fig. 2), indicating that cycloheximide blocked the enhancement of GFP fluorescence and that the enhanced green
fluorescence observed under our experimental conditions was
due to newly synthesized GFP. Statistical analysis of results
obtained by measuring the fluorescence of 10 conidia gave an
average value that represented the relative level of cam gene
expression, with an average standard deviation of 11%, although the absolute value of GFP fluorescence may vary
among different batches of conidia. These results suggested
that GFP fluorescence was suitable for measuring cam gene
expression.
Inhibition of cam gene expression by self-inhibitors and
restoration by plant surface wax. The effects of self-inhibitors
are often manifested by inhibition of germination and appressorium formation with increasing conidial density. Therefore,
to test whether self-inhibitors block the expression of the cam
gene, the fluorescence of conidia attached to the surface at low
(104/ml) and high (105/ml) densities was examined. Since inhibition caused by self-inhibitors is known to be reversed by plant
surface wax, we also tested the effect of the addition of plant
surface wax. Typical confocal images showing the levels of
fluorescence are shown in Fig. 2A, B, and D. GFP fluorescence
was much lower at the higher conidial density (Fig. 2A and D).
Quantitation of the fluorescence data showed that at 105
conidia per ml, the increase in GFP fluorescence resulting
from a 2-h hard-surface treatment was less than 25% of that
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FIG. 1. Time course of development of GFP fluorescence by conidia at a low
density. Conidia from the cam(p)::EGFP::Hph transformant were placed on a
polystyrene surface at a low density (104/ml) for a 4-h period. Then the GFP
fluorescence images were collected by confocal microscopy as described in Materials and Methods. The GFP fluorescence of six conidia observed at 2 h in the
presence of 0.3 mM cycloheximide (CH) is shown at the right.

3574

LIU AND KOLATTUKUDY

J. BACTERIOL.

observed for 104 conidia per ml. The level of appressorium
formation was also much less at the higher conidial density
(Fig. 3). The inhibition of the development of GFP fluorescence by a high conidial density could be prevented by plant
surface wax (Fig. 2A and B). Quantitation of the data showed
that the inhibition of development of GFP fluorescence by a
high density of conidia was fully restored by plant surface wax.
Inhibition of appressorium formation by a high density of
conidia was also fully reversed by plant surface wax (Fig. 3).
With conidia at high density, a direct measurement of the
transcript level could also be done to test whether the change
in GFP expression was reflected in changes in the transcript
level. Total RNA was prepared from M. grisea conidia spread
into polystyrene petri dishes at a high density with or without
0.25 mg of cabbage wax per ml for 1 and 2 h. RNA blots
confirmed the enhancement of the level of calmodulin mRNA
by plant surface wax, consistent with the notions that plant

0

H1

H2

W1 W2

1.2 kb

FIG. 4. Northern blot showing reversal of inhibition of cam gene expression
caused by a high conidial density and plant surface wax. The number of hours on
a polystyrene surface without (lanes with H prefix) or with (lanes with W prefix)
cabbage leaf surface wax (0.25 mg/ml) are indicated (conidial density, ;105/ml).
Lane 0 contains nontreated conidia as a control. Total RNA (10 mg/lane) was
loaded, and the ethidium bromide staining of 28S and 18S rRNAs was the same
for all lanes. The probe was a 32P-labeled, 450-bp cDNA. Experimental details
are noted in the text.

FIG. 5. (Left) Inhibition of development of GFP fluorescence in M. grisea
conidia at a low conidial density by conidial surface lipids and reversal of this
inhibition by plant surface wax. (Right) Percentages of appressorium formation
under the same conditions as in the left panel. Shown are results with a low
conidial density (104/ml) (A), a low conidial density (104/ml) with conidial surface lipids (0.2 mg/ml) (B), a low conidial density (104/ml) with conidial surface
lipids (0.2 mg/ml) plus plant surface wax (0.3 mg/ml) (C), and untreated conidia
(D).

surface wax relieves self-inhibition and causes restoration of
cam gene expression in M. grisea (Fig. 4).
A direct test for the effects of self-inhibitors was made by
adding self-inhibitors isolated from the surfaces of the conidia
to fresh conidia attached to the surface at a low density (104/
ml). Inhibition of the development of fluorescence by the
added self-inhibitors was obvious in the confocal images (Fig.
2D and E). Quantitation of the fluorescence showed that the
increase in GFP fluorescence with 104 conidia per ml with the
added self-inhibitors was only near 20% of that observed without the self-inhibitors (Fig. 5). The addition of plant surface
wax to the conidia with exogenous self-inhibitors caused the
recovery of the development of fluorescence (Fig. 2E and F).
Quantitation of the data showed that the inhibition of the
development of GFP fluorescence by the addition of self-inhibitors was prevented by plant surface wax (Fig. 5). Inhibition
of appressorium formation by the addition of self-inhibitors
was also fully reversed by plant surface wax (Fig. 5). The
self-inhibitors at a higher concentration blocked appressorium
formation completely, inhibited more strongly the development of GFP fluorescence, and required a higher concentration of plant cuticular wax to reverse the effect (data not
shown).
All of these results suggested that cam gene expression involved in the early stage of conidial appressorium formation
was inhibited by self-inhibitors and that this inhibition was fully
reversed by plant surface wax.
Attachment to the surface is necessary for the early expression of the calmodulin gene and appressorium formation. The
mucilage from M. grisea conidia is thought to be used to attach
the conidia to a surface (11). We tested whether such an
attachment is necessary for early expression of the calmodulin
gene and differentiation into appressoria. The lectin ConA is
known to block the attachment of M. grisea conidia to the
surface by binding to the mucilage of conidia. Experiments
were carried out with a high conidial density (105/ml) and
added cabbage wax (0.25 mg/ml) to relieve self-inhibition of
expression of calmodulin and differentiation into appressoria.
A high conidial density (105/ml) was used in these experiments
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FIG. 3. Levels of GFP fluorescence of M. grisea conidia (left) and percentages of appressorium formation (right) at a low conidial density and at a high
density with or without plant surface wax. Conidia were subjected to hard-surface
treatment for 2 h at a low density (104/ml) (A), at a high density (105/ml) (B) and
at a high density (105/ml) with cabbage leaf surface wax (0.2 mg/ml) (C) and to no
treatment (D).
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DISCUSSION

FIG. 6. (A) Effects of ConA on conidial attachment (}), fluorescence increase (F), and appressorium formation (h). (B) Correlation between fluorescence increase and percentages of appressorium formation. Conidia at 105/ml
were placed on a polystyrene surface in 100 ml of phosphate buffer with plant
surface wax (0.25 mg/ml) in the presence of different concentrations of ConA.
Two sets of duplicate samples were prepared for each concentration of ConA.
Two samples were left overnight for observation of appressorium formation.
After 2 h, the unattached conidia of the other two samples were removed by
pipetting and the volume was adjusted to 200 ml. Conidial density was determined under a microscope with a hemacytometer. The removed conidia in 100
ml were recovered by centrifugation, resuspended in 10 ml of fixer, and placed on
a polystyrene surface for confocal microscopic analysis along with the attached
conidia. Values are averages of results from three experiments.

because the fluorescence of a small fraction of the conidial
population had to be determined and this would have been
difficult to do with a low conidial density. An increase in the
concentration of ConA from 0 to 0.2 mg/ml caused inhibition of
conidial attachment to the surface and of appressorium formation and led to a virtually complete inhibition of appressorium formation at 0.2 mg/ml (Fig. 6A). In the presence of
ConA, a fraction of the conidia were resting on but not attached to the hard surface. When the unattached conidia were
recovered by pipetting, we found that the fluorescence of the
unattached conidia was not as high as that of the conidia
attached to the surface. As the ConA concentration increased
from 0 to 0.2 mg/ml, the fluorescence of the attached conidia
decreased. However, even at a very high concentration of
ConA (1 mg/ml), a small fraction (;20%) of the conidia attached to the surface and showed relatively high fluorescence.
This fraction of conidia was unable to form appressoria because
the high concentration of ConA inhibited appressorium for-

Inhibition of germination and differentiation of fungal
conidia by chemicals present on their surfaces (self-inhibition)
has been known for a long time (19). Self-inhibitors have been
found in more than 60 fungal species and are an ecological
adaptation to ensure spatial and temporal distribution of the
fungal species (28). They are also often lipophilic. Plant surface waxes or other hydrophobic materials were found to relieve self-inhibition in the conidia of M. grisea. Thus, it was
suggested that when conidia land on a plant cuticle, self-inhibition might be relieved by the diffusion of the self-inhibitors
into the plant cuticles (12). However, how the self-inhibitors
exert their effect is not known.
The contact of conidia with a host surface induces expression of a set of early genes that is required for the conidia to
respond to further host signals. Among the early genes is the
cam gene, whose transcription was found to be induced by
hard-surface contact maximally in a few hours and then to
decline in C. gloeosporioides (15) and in C. trifolii (3). Subsequently, the conidia respond to host signals that cause the
transcriptional activation of another set of genes, leading to the
induction of germination and appressorium formation (13). At
what stage in this progression of events the self-inhibitors exert
their effects is not known. To test whether self-inhibitors suppress the expression of the early genes involved in conidium
differentiation, cam was chosen as a representative, as it is the
earliest gene yet found to be expressed during the process.
Since the cam gene from M. grisea had not been studied previously, we first cloned calmodulin cDNA and genomic DNA
from M. grisea. At the amino acid level, CAMMg is identical to
other fungal calmodulins and highly homologous (.90%) to
plant and animal calmodulins. Plants and animals have multiple calmodulins in their genomes with distinct patterns of expression in different organs (2). In the genome of M. grisea,
camMg is present as a single-copy gene, and the positions of the
five introns in this fungal gene are also highly conserved.
Therefore, the cloned cam gene is suitable for testing if selfinhibitors inhibit early gene expression. Since direct measurement of the level of cam transcripts in a few conidia would be
difficult, the cam promoter was fused to a GFP reporter gene
whose expression can readily be measured (26, 29). GFP fluorescence reached a maximum at a fourfold level in 2 to 3 h of
surface contact, just as cam expression was found to be an early
event in the germination and differentiation processes of
M. grisea, C. gloeosporioides (15), and C. trifolii (3). Thus, the
increase in GFP fluorescence was found to be suitable for
measuring cam gene expression.
Our results showed that cam gene expression as indicated by
GFP fluorescence was much lower when the conidial density
was high than when the conidial density was low and that the
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mation completely but not germination. Since the fluorescence
from the fraction of conidia that were unable to form appressoria still contributed to the total fluorescence increase, this
portion of the increase was subtracted from the total increase
before we tested for the correlation of the increase in fluorescence with the percentage of appressorium formation. This
subtracted fluorescence value for conidia (attached and unattached), which can be affected by ConA at 2 h (DF), is shown
in Fig. 6A, and the correlation between DF and the percentage
of appressorium formation is shown in Fig. 6B. The result
showed a strong correlation between the fluorescence increase
indicative of cam gene expression and appressorium formation, suggesting that calmodulin gene expression may be
needed for appressorium formation.
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(23). As a calcium-binding protein, calmodulin is a primary
transducer of intracellular calcium signals. For example, by
activating calmodulin-dependent kinases, calmodulin can affect transcription factors and regulate the transcription of
many genes (25). Through the signal transduction cascade,
slight changes in calmodulin level can have significant effects
on cell growth and cell cycle progression. Calmodulin is required for the polar movement of chromosomes during mitosis
as it regulates microtubule disassembly (or depolymerization);
it is known to interact with microtubule-associated proteins
(24). Appressorium formation may require cytoskeleton reorganization (5). It was reported that microtubules and actin
filaments become depolymerized during appressorium formation in Uromyces appendiculatus (17). Calmodulin may be required for nuclear division in the conidium and the subsequent
migration of the nucleus and cytoplasm into the appressorium
since these processes involve microtubule function. As we
demonstrate in this paper, the self-inhibition of fungal conidial
differentiation involves early events in plant-pathogen interaction. Prevention of conidial germination and differentiation by
interfering with an early event in this process would be an
effective way for a self-inhibitor to ensure that the conidium
embarks on further development only in a favorable environment. Such early events may also be very effective targets of
antifungal strategies to protect plants.
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