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Cdc42 is a highly conserved small GTP-binding protein that is involved in regulating morphogenesis in
eukaryotes. In this study, we isolated and characterized a highly conserved Cdc42 gene from Colletotrichum
trifolii (CtCdc42), a fungal pathogen of alfalfa. CtCdc42 is, at least in part, functionally equivalent to Saccha-
romyces cerevisiae Cdc42p, since it restores the temperature-sensitive phenotype of a yeast Cdc42p mutant.
Inhibition of CtCdc42 by expression of an antisense CtCdc42 or a dominant negative form of CtCdc42 (DN
Cdc42) resulted in appressorium differentiation under noninductive conditions, suggesting that CtCdc42
negatively regulates pathogenic development in this fungus. We also examined the possible linkage between
CtCdc42 and Ras signaling. Expression of a dominant active Cdc42 (DA Cdc42) in C. trifolii leads to aberrant
hyphal growth under nutrient-limiting conditions. This phenotype was similar to that of our previously
reported dominant active Ras (DA Ras) mutant. Also consistent with our observations of the DA Ras mutant,
high levels of reactive oxygen species (ROS) were observed in the DA Cdc42 mutant, and proline restored the
wild-type phenotype. Moreover, overexpression of DN Cdc42 resulted in a significant decrease in spore
germination, virtually no hyphal branching, and earlier sporulation, again similar to what we observed in a
dominant negative Ras (DN Ras) mutant strain. Interestingly, coexpression of DA Cdc42 with DN Ras resulted
in germination rates close to wild-type levels, while coexpression of DN Cdc42 with the DA Ras mutant restored
the wild-type phenotype. These data suggest that CtCdc42 is positioned as a downstream effector of CtRas to
regulate spore germination and pathogenic development.

The regulation of growth and development in eukaryotes
generally involves members of the small G protein family of
GTPases (18). Accumulating evidence has shown that, in par-
ticular, the Rho family of GTPases, including Rho, Rac, and
Cdc42, are key downstream effectors in Ras-mediated signal-
ing pathways that control organization of the actin cytoskele-
ton, activate kinase cascades, modulate gene expression, reg-
ulate membrane trafficking, promote growth transformation,
and induce apoptosis (45, 53). Cycling between active GTP-
and inactive GDP-bound states, these small G proteins act as
molecular switches to integrate numerous environmental cues
that regulate cellular activities. Their regulation is achieved
through three classes of regulatory molecules, including gua-
nine exchange factors, GTPase-activating proteins, and gua-
nine nucleotide dissociation inhibitors. Guanine exchange fac-
tors facilitate the exchange of GDP, GTPase-activating
proteins catalyze the intrinsic GTPase activity, and guanine
nucleotide dissociation inhibitors inhibit the release of GDP
from the GTPase (6, 17). Among the Rho family members,
Cdc42, which is found in all eukaryotes, has garnered particu-
lar interest due to its important role in cytoskeletal reorgani-
zation (21, 31). In mammals, Cdc42p plays a key role in the
formation of actin-dependent subcellular structures, such as
filopodia and vinculin-containing focal complexes, in cell cycle
progression, and in apoptosis (21). Cdc42p also mediates an-
chorage-independent growth and is necessary for Ras trans-
formation (1, 21). In Saccharomyces cerevisiae, actin cytoskel-

eton rearrangement regulated by Cdc42p is required for
morphological changes, including bud emergence and enlarge-
ment during the mitotic cell cycle, mating projection forma-
tion, and pseudohyphal growth (21). Recently, it has been
shown that filamentous growth of S. cerevisiae is controlled by
Ras2 via Cdc42p, which triggers a stress response via a mito-
gen-activated protein kinase (MAPK) cascade (15, 19). Over-
expression of a dominant negative form of Cdc42 (DN Cdc42)
inhibited Ras2-dependent filamentous growth, but expression
of a dominant active form of Cdc42 (DA Cdc42) induced
filamentous growth, confirming that pseudohyphal growth in S.
cerevisiae is regulated by activation of Ras2 via Cdc42p (52).
Similarly, polarized cell growth in Schizosaccharomyces pombe
is also controlled by Ras1 through the proper function of
Cdc42p (5, 35).

To date, Cdc42 homologs in several filamentous and dimor-
phic fungi have been isolated and characterized. The role of
the Cdc42 protein in these organisms appears to be associated
with growth, development, and in some cases pathogenicity,
although its relative significance in actin cytoskeleton organi-
zation has varied depending on the organism. For example, in
Claviceps purpurea, a biotrophic pathogen of cereals, a Cdc42
homolog (Cpcdc42) has been found to be involved in vegeta-
tive differentiation and is required for pathogenicity (41). Stud-
ies of Ashbya gossypii also showed that disruption of AgCdc42
abolished the ability to switch from isotropic to polar growth,
resulting in the failure of germ tube production (47). In addi-
tion, it was found that activation of WdCdc42 in Wangiella
dermatitidis induced a morphological transition of yeast-like
cells to produce sclerotic bodies while repressing hyphal de-
velopment (51). Moreover, CflA, a Cdc42 homolog from Pen-
icillium marneffei, is required for proper cell shape and hyphal
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growth but not for dimorphic switching or asexual development
(3). Comparatively, Cdc42 in Candida albicans (CaCdc42) is
important for polarized growth of both the yeast and hyphal
growth stages of C. albicans (33, 44), and it was suggested that
the function of CaCdc42p in the dimorphic switch to bud
emergence may be connected to Ras, since mRNA levels of
CaCdc42p transiently increase in these processes in accordance
with Ras activation (25). However, the exogenous or endoge-
nous signals that regulate Cdc42 proteins in these fungi have
not been addressed, and there is no direct evidence indicating
that Cdc42 acts as a downstream filamentous fungal effector in
Ras-mediated signaling pathways in a manner similar to its role
in mammals and yeasts.

Colletotrichum trifolii is a fungal pathogen causing alfalfa
anthracnose (13). Previous studies of this fungus have shown
that the unique gene that encodes C. trifolii Ras (CtRas) plays
a pivotal role in regulating fungal growth and development (8,
43). Ectopic expression of a dominant active form of CtRas
(DA Ras) exhibited pleiotropic phenotypes, including rapid
vegetative growth, aberrant hyphal morphology, and the inabil-
ity to undergo normal development under nutrient-limiting
conditions (43). Aberrant hyphal morphology of the DA Ras
mutant includes curled and highly distorted hyphal tips, indi-
cating a defect in orientation of apical growth (e.g., polarized
growth), whereas wild-type C. trifolii displayed polarized linear
extension of hyphal tips and branching. Moreover, this mutant
forms smaller and more compact colonies than does the wild
type on minimal medium, suggesting a defect in radial growth.
Staining of DA Ras mutant strains with the cell wall dye cal-
cofluor indicated that the distorted hyphal tips are more
heavily stained than in normal wild-type cells, suggesting alter-
ations in the cell wall and/or defects in cytoskeletal organiza-
tion. Thus, CtRas may act as a positive regulator for cytoskel-
etal organization. We are therefore interested in investigating
the role of Ras-coupled effector pathways in the hyphal growth
and development of C. trifolii.

In this study, a Cdc42 homolog (CtCdc42) was isolated from
C. trifolii and the cellular function of this small GTPase was
examined, particularly with respect to CtRas. We generated
several constructs, including DA Cdc42, a DN Cdc42, and an
antisense Cdc42, and transferred these constructs into wild-
type C. trifolii. The resulting phenotypes of these mutants were
analyzed and compared with those observed in CtRas mutants
(32, 43). Additionally, we created a series of double mutants of
the CtRas and CtCdc42 constructs. Phenotypes of these mu-
tants were investigated, and the contribution of Cdc42 to Ras

signaling is also described. Our results suggest that CtCdc42
negatively regulates pathogenic development (appressorial de-
velopment) but actively regulates spore germination and
proper hyphal growth by functioning at least in part as a down-
stream effector of CtRas.

MATERIALS AND METHODS

Fungal strains and growth conditions. The C. trifolii strains used in this study
are listed in Table 1. C. trifolii cultures were maintained on YPSS agar (0.4%
yeast extract, 2% soluble starch, 0.1% potassium phosphate, 0.05% magnesium
sulfate, 1.6% agar, pH 6.8). Vegetative cultures were grown in YPSS liquid
medium for 3 to 7 days with gentle agitation at room temperature (22 to 25°C),
spores were obtained from liquid YPSS cultures grown for 4 to 5 days and shaken
at 150 rpm, and protoplasts for fungal transformation were produced from
germinated conidia grown in stationary liquid YPSS cultured for 5 to 7 days. A
yeast cdc42 temperature-sensitive mutant strain (DJTD2-16A MATa cdc42-1
his4 leu2 trp1 ura3) was used as the recipient for complementation analysis. Yeast
strain EGY48 (Clontech, Mountain View, CA) was used to confirm the speci-
ficity of anti-Cdc42 antibody. Escherichia coli strain DH5� (Invitrogen, Carlsbad,
CA) was used for plasmid DNA transformation.

Molecular constructs and fungal transformation. For the yeast complemen-
tation assay, a 580-bp cDNA fragment of the CtCdc42 gene was digested by
BamHI and XhoI and cloned into the yeast vector pYES2 (Invitrogen, Carlsbad,
CA). Expression of CtCdc42 was driven by the conditional promoter GAL1.

Site-directed mutagenesis was used to generate mutant versions of C. trifolii
Cdc42 (DA Cdc42 and DN Cdc42) by Taq PCR-mediated DNA amplification.
Two primers, the forward primer 5�-GTTGTTGTTGGTGACGTTGCGGTC-3�
and the reverse primer 5�-TGTCTTTCCGACCGCAACGTCACC-3�, were used
to generate DA Cdc42 by replacing glycine 14 (G14) of CtCdc42 with valine. DN
Cdc42 mutant 1 (DN Cdc42-1) was generated by replacing threonine 19 (T19)
with asparagine; two primers, the forward primer 5�-GACGGTGCGGTCGGA
AAGAACTGCCTTCTT-3� and the reverse primer 5�-GAGCGGCCGCCAGT
GTGATGGATATCTGCA-3�, were used. DN Cdc42 mutant 2 (DN Cdc42-2)
was generated by replacing aspartic acid 120 (D120) with alanine; two primers,
the forward primer 5�-CTCATCGTCGGTACTCAGGTGGCCTTGAGA-3�
and the reverse primer 5�-CACGCTCGGATCCTCTCTCAAGGCCACCTG-3�,
were used. All mutagenized DNA fragments were amplified with Pfu polymerase
(Stratagene, La Jolla, CA) and sequenced. Expression of DA Cdc42 and DN
Cdc42 was driven by the constitutive Aspergillus nidulans glyceraldehyde-3-phos-
phate dehydrogenase (gpd) promoter from pNOM102 (39). To generate anti-
sense expression of CtCdc42, the coding region of the cDNA of CtCdc42, a
650-bp EcoRI fragment, was end filled and ligated to pNOM102 in the opposite
transcriptional direction. For selection, the hygromycin B phosphotransferase
gene expression cassette from a derivative of pHA1.3 (36) or the bleomycin
resistance gene expression cassette from pAMPH520 (2) was included. Polyeth-
ylene glycol-mediated fungal transformation was performed as previously de-
scribed (49).

Expression of CtCdc42 in S. cerevisiae. The pYES2 plasmid was used to express
the C. trifolii Cdc42 gene behind the Gal1/10 promoter, and this construct was
transformed into yeast strain DJTD2-16 by the alkali cation method (28). Syn-
thetic dropout (SD) medium consisted of 0.67% yeast nitrogen base (Difco) and
2% glucose or 2% galactose supplemented with appropriate amino acids and
nucleotide bases. Transformants expressing CtCdc42 were maintained in SD
medium lacking uracil at 30°C. For temperature sensitivity testing, transformed

TABLE 1. Fungal strains used in this study

C. trifolii strain Plasmid Description Reference

Wild type Wild-type C. trifolii race 1 13
DA Ras mutant Ct-RasVal2 Dominant active Ras mutant 43
DN Ras mutant Ct-RasT22N Dominant negative Ras mutant 16
DA Cdc42 mutant CtCdc42G14V Dominant active Cdc42 mutant This study
DN Cdc42-1 mutant CtCdc42T19N Dominant negative Cdc42 mutant 1 This study
DN Cdc42-2 mutant CtCdc42D120A Dominant negative Cdc42 mutant 2 This study
As Cdc42 mutant CtCdc42-reverse Antisense CtCdc42 mutant This study
DA Ras DN Cdc42-1 mutant Ct-RasVal2 � CtCdc42T19N Double mutant overexpressing DA Ras and DN Cdc42 This study
DA Ras DN Cdc42-2 mutant Ct-RasVal2 � CtCdc42D120A Double mutant overexpressing DA Ras and DN Cdc42 This study
DA Ras As Cdc42 mutant Ct-RasVal2 � CtCdc42-reverse Double mutant overexpressing DA Ras and As Cdc42 This study
DA Ras DA Cdc42 mutant Ct-RasVal2 � CtCdc42G14V Double mutant overexpressing DN Ras and DA Cdc42 This study
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cells were replica plated onto medium containing 2% galactose as the sole
carbon source and then incubated for 4 days at 30°C or 37°C.

Measurement of intracellular oxidation levels. Intracellular H2O2 levels in C.
trifolii were monitored with the oxidant-sensitive probe dihydrorhodamine-123
(Molecular Probes). Briefly, protoplasts were generated from C. trifolii strains
treated under the indicated conditions, as described previously (8). Aliquots of
protoplasts were incubated with 50 �M dihydrorhodamine-123 for 20 min at
room temperature, rinsed twice with phosphate-buffered saline, and then ob-
served under an epifluorescence microscope (Zeiss Axioskop).

Microscopy. Spore germination and hyphal morphological changes during
development were observed microscopically using a Zeiss Axioskop microscope
with differential inference contrast optics. Sterile microscope glass slides were
dipped in molten growth medium and placed under sterile glass petri dishes.
Spores of fungal strains were inoculated onto the slides, and the petri dishes were
incubated in a plastic box lined with water-saturated paper towels to maintain a
humid environment. Images were captured via a charge-coupled-device camera
and processed using AxioVision 3.1 for Windows (AxioCam HR, Thornwood,
NY).

Western analysis. Methods to prepare total fungal proteins from different
developmental stages were as described previously (7). Protein concentration
was determined by the method of Bradford (4), and 20 �g of protein per lane was
electrophoresed by 12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose membrane (Amersham Biosciences,
Piscataway, NJ). After the electroblotting, the membrane was incubated for 1 h
at room temperature in the blocking solution with Cdc42p primary antibodies
(Santa Cruz Biotechnology, Inc.) at a 1:1,000 dilution. The secondary antibody
(dilution, 1:10,000) was alkaline phosphatase conjugated anti-rabbit immuno-
globulin G (Invitrogen, Carlsbad, CA). Proteins were visualized by incubating
the membrane with alkaline phosphatase substrate mixture followed by a 5- to
10-min exposure to X-ray film.

Nucleotide sequence accession number. The GenBank accession number of
the CtCdc42 gene is AAK31624 (EMBL).

RESULTS

Cloning of the CtCdc42 gene and functional complementa-
tion analysis in an S. cerevisiae mutant. A Cdc42 homolog was
isolated from a wild-type strain of C. trifolii race 1 via a PCR-
based library screening strategy. BLAST searches of CtCdc42
showed that the deduced amino acid sequence is 92%, 80%,
and 79.5% identical to A. nidulans MODA (GenBank acces-
sion no. AAF24514), C. albicans Cdc42p (AAB69764), and S.
cerevisiae Cdc42p (NP013330), respectively. Importantly, the
putative CtCdc42 amino acid sequence contains all the con-
sensus domains characteristic of Cdc42 proteins, including the
GTP/GDP binding domains, effector binding site, Rho insert
domain, and membrane localization domain (CAAX box [C,
cysteine; A, an aliphatic amino acid; X, usually methionine or
serine]). Southern analysis revealed that CtCdc42 is a single-
copy gene in the C. trifolii genome (not shown).

Since the putative CtCdc42 amino acid sequence is 79.5%
identical to S. cerevisiae Cdc42p, we determined whether the
CtCdc42 gene could functionally replace the S. cerevisiae ho-
molog. Thus, CtCdc42 was cloned into pYES2 and condition-
ally expressed by a galactose-inducible promoter. A yeast
Cdc42 temperature-sensitive mutant (DJTD2-16A) was trans-
formed with the plasmid containing CtCdc42 or with an empty
vector, and transformants were screened for growth at the
restrictive temperature. The C. trifolii Cdc42 gene was able to
rescue the temperature-sensitive growth defects of the S. cer-
evisiae strain lacking a functional Cdc42 gene at the restrictive
temperature (Fig. 1A).

We then tested whether antibodies raised against the S.
cerevisiae Cdc42 protein can detect the homologous proteins in
C. trifolii cell lysates (the yeast antibody is derived from a
peptide sequence that is also highly conserved in the CtCdc42

protein). In Western blots the yeast-Cdc42p-specific antibody
detected a protein of similar size (�22 kDa) in tissues from all
developmental stages of C. trifolii, including spores, germinat-
ing spores, appressoria, and mycelia (Fig. 1B). Proteins iso-
lated from yeast strain EGY48 were used as a positive control
to confirm the specificity of this antibody. The S. cerevisiae
Cdc42 antibody detects C. trifolii Cdc42 in cell lysates. More-
over, we found that high levels of the CtCdc42 protein were
observed in germinating conidia and growing hyphae, but rel-
atively low levels of this protein were detected within spores
and appressoria, suggesting the possible role of CtCdc42 dur-
ing cell proliferation (Fig. 1B). Equal loadings of each sample
were verified by direct gel staining with Coomassie blue (not
shown).

Expression of DA Cdc42 in C. trifolii mimics the phenotypic
alterations observed in the DA Ras mutant. As with all GT-
Pases, Cdc42p cycles between the active GTP-bound form and

FIG. 1. CtCdc42 restores the wild-type phenotype to a yeast mu-
tant. (A) Complementation of the temperature-sensitive phenotype of
S. cerevisiae DJTD2-16A (Cdc42 disruptant) with CtCdc42. The
pYES2 vector or pYES2-CtCdc42 plasmid was transformed into S.
cerevisiae DJTD2-16A. Each clone was streaked on an SD Gal plate
lacking Ura and subsequently incubated at 30°C or 37°C for 3 days. a
and f, recipient strains; b and e, cells transformed with the empty
vector pYES2; c and d, cells transformed with pYES2-CtCdc42.
(B) Developmental Western blot analysis of CtCdc42. Total protein
(20 �g per lane) was isolated from spores, germinating spores, appres-
soria, and vegetatively growing hyphae, as described in Materials and
Methods. Protein extracts from yeast strain EGY48 and the antisense
Cdc42 (As-Cdc42) mutant were used as positive and negative controls,
respectively. A yeast-derived Cdc42p antibody (Santa Cruz Biotech-
nology) was used to detect the expression levels of the CtCdc42 protein
in different developmental stages.
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the inactive GDP-bound form. Single point mutations in the
GTP/GDP binding domain (e.g., glycine 12, threonine 17, or
aspartic acid 118) are known to result in a dominant active or
dominant negative form (11). To investigate the functional
role(s) of CtCdc42, we tested the effect of expressing DA
Cdc42 following introduction into C. trifolii cells. Transfor-
mants expressing DA Cdc42 exhibited no obvious morpholog-
ical changes when grown on rich medium (YPSS), and the rate
of conidial germination, hyphal growth, and conidiation was
similar to that of the wild type (not shown). However, after 3
to 6 days of growth on minimal medium, the DA Cdc42 mutant
exhibited heavily distorted hyphal growth, which is similar to
that of DA Ras (Fig. 2B and C) (43). Intriguingly, we found
that the spore germination rate in the DA Cdc42 mutant is as
normal as that of the wild type (Fig. 6A and B). However, like
the DA Ras mutant strain (43), the DA Cdc42 mutant also
failed to develop appressoria under inducing conditions in
which the wild-type strain differentiated (not shown).

The DA Cdc42 mutant, when grown on minimal medium,
expresses high levels of reactive oxygen species (ROS) that are
inhibited by proline. Previously, we have shown that C. trifolii
mutants expressing DA Ras exhibited severe defects in polar-
ized growth, aberrant hyphal morphology, and significantly
reduced conidiation under nutrient-limiting growth conditions
(43). Moreover, proline, when added to minimal medium at a
concentration of 1.6 mM, was sufficient to restore the wild-type
phenotype (32). Since the growth phenotypes of DA Cdc42
and DA Ras appear to be similar and are nutrient dependent,
we asked whether proline also could restore the phenotype of
DA Cdc42. Addition of proline (1.6 mM) to minimal medium
resulted in phenotypic restoration of the DA Cdc42 mutant,
and the wild-type hyphal phenotype was clearly observed (Fig.
2D). This finding suggests that CtCdc42 and CtRas may func-
tion in the same signaling cascade. Addition of the other 19
amino acids did not restore the phenotype of the DA Cdc42
mutant (not shown). Overexpression of wild-type CtCdc42

FIG. 2. Expression of DA Cdc42 in C. trifolii. Images depict hyphal morphology on minimal medium. As described in Materials and Methods,
a plasmid expressing DA Cdc42 was transformed into wild-type C. trifolii. Of 27 independent transformants, 23 transformants exhibited the same
phenotypes and were inoculated onto minimal medium for 6 days at room temperature. Hyphal morphology was assessed by microscopy, and the
picture shown is a representative of these 23 transformants. (A) Wild type. (B) DA Cdc42. (C) DA Ras. (D) DA Cdc42 mutant grown on minimal
medium containing 1.6 mM proline.
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showed no phenotypic alterations on rich medium or minimal
medium, indicating that increased levels of CtCdc42 are not
overtly detrimental.

Our recent studies have revealed that high levels of ROS
production contribute to the aberrant hyphal morphology ob-
served in the DA Ras mutant under nutrient-limiting condi-
tions and that proline restores the wild-type hyphal phenotype
by functioning as a potent antioxidant to scavenge ROS (9).
Since the DA Cdc42 mutant mimics phenotypic alterations
observed in the DA Ras mutant and the heavily distorted
hyphal phenotype is restored by proline treatment, it is rea-
sonable to hypothesize that proline-mediated phenotypic res-
toration also involves changes in ROS generation. To test this,
we examined intracellular ROS production in the DA Cdc42

mutant, using the ROS indicator dihydrorhodamine-123. As
shown in Fig. 3, the fluorescence emission was significantly
higher in DA Cdc42 mutant cells than in the wild-type strain.
The effect of proline on ROS generation in the DA Cdc42
mutant was also evaluated. We found that treatment of the DA
Cdc42 mutant with 1.6 mM proline dramatically reduced ROS
production. These results further establish the antioxidant role
of proline in removing intracellular ROS produced in fungal
cells and also suggest that the CtCdc42 and CtRas proteins
may operate in the same signal transduction pathway to regu-
late hyphal growth and development.

Expression of DN Cdc42 significantly decreases spore ger-
mination. Two independent DN Cdc42 mutant strains (DN
Cdc42-1 and DN Cdc42-2) were generated as described in

FIG. 3. Proline inhibits intracellular ROS generation in the DA Cdc42 mutant when grown on minimal medium. The wild type and the DA
Cdc42 mutant were grown at room temperature on minimal medium supplemented with or without proline (1.6 mM). After 6 days of incubation,
protoplasts were generated from each strain and aliquots of protoplast cells were incubated with 50 �M dihydrorhodamine-123 (DHR123) and
then photographed with an epifluorescence microscope. Pictures shown are representative of three independent experiments. DIC, differential
inference contrast optical image. Bar, 50 �m.
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FIG. 4. Phenotypic characterization of CtCdc42 mutants following inhibition of Cdc42 activity. (A) Morphological alterations of C. trifolii
transformants expressing dominant negative forms of CtCdc42 or the antisense CtCdc42. Transformants with the same phenotypes (8 of DN
Cdc42-1 mutants, 6 of DN Cdc42-2 mutants, and 11 of As Cdc42 mutants) were used for further studies. Pictures shown are representatives of those
transformants. Spores of the wild type (a), the DN Cdc42-1 mutant (b), the DN Cdc42-2 mutant (c), and the antisense CtCdc42 mutant (d) were
inoculated onto soft water agar medium (1.6%), and cell morphologies were observed with light microscopy after 24 h postinoculation. Note
appressorium formation in both the DN Cdc42 and As Cdc42 mutants (arrows). (B) Northern analysis of CtCdc42 expression in the wild type and
in the antisense mutant. Agar-mycelium plugs of the wild type or the As Cdc42 mutant were inoculated onto YPSS liquid medium and incubated
for 3 to 6 days with constant shaking. Mycelia were harvested by filtration and washed at least three times with sterilized water to completely
remove the rich medium. Cultures were then maintained in Czapek-Dox minimal medium (0.2% sodium nitrate, 0.1% potassium phosphate
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Materials and Methods. As shown in Fig. 4A, these mutants
displayed distinct hyphal phenotypes. When grown on minimal
medium, DN Cdc42-1 and DN Cdc42-2 showed reduced conid-
ial germination (30% and 33%, respectively) (Fig. 4C). Inter-
estingly, expression of a dominant negative form of Ras (DN
Ras) in minimal medium also decreased conidial germination
(�3%) (16). Moreover, we also found that conidial germina-
tion of these two mutants was decreased on rich medium (28%
and 31%, respectively). Thus, these data suggest that CtCdc42
plays a key role in regulating spore germination in C. trifolii.

Inhibition of CtCdc42 by antisense expression promotes
appressorium formation under noninducing conditions. We
attempted disruptions of the CtCdc42 gene, but viable trans-
formants were not obtained; presumably CtCdc42 is also an
essential gene in C. trifolii, similar to the CtRas gene. Thus, an
alternative strategy was employed to evaluate the role of
CtCdc42 in regulating cell differentiation in C. trifolii. We gen-
erated an antisense CtCdc42 mutant strain (As Cdc42) and
evaluated antisense expression with respect to spore germina-
tion and appressorium formation. Both Northern and Western
analyses indicated that the expression of CtCdc42 in this anti-
sense mutant was undetectable compared to expression in the
wild-type strain (Fig. 4B and 1B). Consistent with results ob-
served in the DN Cdc42 mutants, expression of an antisense
CtCdc42 in C. trifolii also decreased conidial germination by
approximately 50% on rich and minimal media. These data
further support the positive role of CtCdc42 in spore germi-
nation.

In C. trifolii, germinating spores develop appressoria under
conditions of nutrient starvation and hard surface contact.
Normally appressorium formation is not observed with fungi
grown on rich medium or soft surfaces (e.g., 1.6% agar). How-
ever, we found that approximately 20% of the germinating
spores in the As Cdc42 mutant developed appressoria even on
soft agar (Fig. 4A, panel d). We also observed appressorium
development in the DN Cdc42 mutants when the germinating
spores were incubated on the soft agar (Fig. 4A, panels b and
c). Appressorium formation in these mutants is as normal as
that of the wild type when grown under conditions of nutrient
starvation and hard surface contact (not shown). Collectively,
our findings indicate that CtCdc42 acts as a negative regulator
in appressorium development in C. trifolii.

Coexpression of DN Cdc42 or As Cdc42 in the DA Ras
background restores wild-type hyphal morphology in minimal
medium. These data suggest that CtCdc42 and CtRas may be
positioned in the same signal transduction pathway. To further
address this possibility, we examined the effect of DN Cdc42 in
the DA Ras mutant. Expression of the DN Cdc42 construct
was driven by the constitutively active A. nidulans gpd pro-
moter and confirmed by Northern analysis (not shown). Here,
two versions of DN Cdc42 constructs were transformed. We

examined 11 DA Ras DN Cdc42-1 double mutants from 20
drug-resistant transformants and 8 DA Ras DN Cdc42-2 dou-
ble mutants from 15 drug-resistant transformants. On rich me-
dia, the double mutants (DA Ras DN Cdc42) grew and devel-
oped as does the wild type. However, when grown on minimal
medium, where the DA Ras mutant displays aberrant hyphal
growth (Fig. 5B), the double mutant (Fig. 5C and D) produced
a wild-type hyphal phenotype, suggesting that DN Cdc42 sig-
nificantly inhibited the DA Ras-induced aberrant hyphal mor-
phogenesis. Moreover, in contrast to the DA Ras mutant, we
observed that these double mutants also restored the ability to
conidiate and develop appressoria (Fig. 5F).

To confirm the above observations, we also overexpressed
the antisense CtCdc42 construct (As Cdc42) in the DA Ras
mutant. Expression of antisense CtCdc42 was also verified by
Northern analysis. From 33 drug-resistant transformants, 25
transformants showed similar levels of hyphal growth and were
used for the next study. As shown in Fig. 5E, inhibition of
CtCdc42 expression in the DA Ras mutant also resulted in
normal conidiation and appressorium formation. This mutant
still displayed moderate hyphal distortion, suggesting that ex-
pression of As Cdc42 only partially suppressed the aberrant
hyphal phenotype of the DA Ras mutant. We observed that
overexpression of As Cdc42 in the DA Ras mutant also in-
duced appressorium formation on a soft agar (1.6%) surface
(Fig. 5E), further supporting the finding that CtCdc42 nega-
tively regulates appressorium formation. Overexpression of
wild-type CtCdc42 or DA Cdc42 in the DA Ras mutant failed
to suppress the distorted hyphal phenotype (data not shown).
Taken together, our results suggest that CtCdc42 and CtRas
are positioned in the same pathway and that CtCdc42 may act
as a downstream effector of CtRas.

CtCdc42 regulates spore germination and hyphal growth by
distinct pathways. To further confirm that CtCdc42 is a down-
stream effector of CtRas, we coexpressed DN Ras in wild-type
C. trifolii with DA Cdc42. In this case, expression of DA Cdc42
was driven by the constitutive A. nidulans glyceraldehyde-3-
phosphate dehydrogenase (gpd) promoter, but expression of
DN Ras was driven by the conditional Neurospora crassa qa-2
promoter. The N. crassa qa-2 promoter is activated by quinic
acid but repressed by glucose and other carbon sources.
Twelve positive transformants from 18 drug-resistant colonies
were investigated. As shown in Fig. 6A, when grown on mini-
mal medium containing 15 mM quinic acid, DA Cdc42 strains
have nearly normal spore germination rates (Fig. 6A, panel 2),
while DN Ras-expressing strains barely germinate (Fig. 6A,
panel 4). In the double mutant (DN Ras DA Cdc42), DN Ras
was not able to revert the DA Cdc42 phenotype, consistent
with CtCDC42 being downstream of CtRAS. A quantitative
assay of germination rates in the various genetic backgrounds
is consistent with this conclusion (Fig. 6B). However, we found

dibasic, 0.05% magnesium sulfate, 0.05% potassium chloride, 0.001% ferric sulfate, 2% agar) for 24 h prior to RNA extraction. Standard Northern
analysis was employed using the full-length CtCdc42 cDNA as a probe. For quantification, RNA on the agarose gel was directly stained with
ethidium bromide. (C) Relative spore germination rates in different strains. Spores from the wild type (WT) and the CtCdc42 mutants were plated
at about 100 spores per plate on minimal medium, and the numbers of germinating spores were recorded after 24 h postinoculation. The percent
germination rate represents the percentage of germinating spores compared to the total number of inoculated spores. Data are averages of three
separate measurements, and representative data are shown; error bars represent standard deviations. Similar results were observed in three
different experiments.
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that the distorted hyphal morphology shown in the DA Cdc42
mutant was restored to a wild-type-like hyphal phenotype
when DN Ras was coexpressed (Fig. 6C, panel 3), similar to
what we observe in the DN Ras background (Fig. 6C, panel 4).
Thus, in this case, DN Ras remediates hyphal growth in the
DA Cdc42 mutant. These data suggest that CtRas and
CtCdc42 may be linked in the same pathway (e.g., spore ger-

mination), may be independent in the same pathway, or may
be in parallel pathways (e.g., hyphal growth).

DISCUSSION

Numerous reports have shown that Cdc42p homologs play
diverse roles during growth and development in eukaryotes. In

FIG. 5. Coexpression of DN CtCdc42 (DN Cdc42-1 and DN Cdc42-2) or antisense CtCdc42 (As Cdc42) in a DA Ras mutant leads to
phenotypic restoration and appressorial formation under noninducible conditions. The double mutants were grown on minimal medium for 6 days,
and the morphologies of hyphae were observed with light microscopy. To detect appressorial development, spores of two double mutants (DA Ras
As Cdc42 and DA Ras DN Cdc42-1) were inoculated onto soft water agar medium (1.6%) and cell morphologies were observed with light
microscopy after 24 h postinoculation. (A to D) Hyphal phenotypes after 6 days of incubation. A, wild type; B, DA Ras; C, DA Ras DN Cdc42-1;
D, DA Ras DN Cdc42-2. (E and F) Development of appressoria on noninducible, soft water agar medium following 24 h of incubation. E, DA
Ras As Cdc42 (arrows show the generation of appressoria); F, DA Ras DN Cdc42-1.
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fungi, the Cdc42 protein has been found to regulate morpho-
logical changes, including organization of the actin cytoskele-
ton and polarized growth (18, 21, 37). C. trifolii Cdc42p
(CtCdc42) has significant sequence identity with other known
Cdc42p proteins and contains all of the predicted domains
necessary for GTPase function. Moreover, we found that
CtCdc42 functionally complements the S. cerevisiae tempera-
ture-sensitive Cdc42 mutation. Thus, the high level of struc-
tural conservation suggests the functional conservation of

CtCdc42 protein as well. In this study, we investigated the role
of Cdc42 in cell growth regulation of C. trifolii by examining the
consequences of altering the expression of CtCdc42. As a re-
sult, we found that CtCdc42 is involved in the positive regula-
tion of spore germination and negative regulation of appres-
sorium formation.

We observed that the inhibition of CtCdc42 by antisense
expression dramatically decreased spore germination rates. In
accordance with this observation, we also found that overex-

FIG. 6. Coexpression of DA Cdc42 in DN Ras mutants promotes spore germination. (A) Phenotypes of the double mutant expressing DA
Cdc42 and DN Ras. Spores of the wild type (panel 1), the DA Cdc42 mutant (panel 2), the DN Ras DA Cdc42 double mutant (panel 3), and the
DN Ras mutant (panel 4) were inoculated onto minimal medium supplemented with 15 mM quinic acid, and spore germination was observed by
light microscopy 24 h postinoculation. (B) Relative spore germination rates in different strains. Spores from the wild type, the DA Cdc42 mutant,
DN Ras mutant, and the double mutants (DN Ras DA Cdc42) were plated at about 100 spores per plate on minimal medium amended with 15
mM quinic acid, and the numbers of germinating spores were recorded after 24 h postinoculation. The percent germination rate represents the
percentage of germinating spores compared to the total number of inoculated spores. Error bars represent standard derivations. Experiments were
repeated three times, and representative data are shown. (C) Hyphal morphologies of different mutants. Spores of indicated strains were separately
inoculated onto minimal medium and grown at room temperature for 6 days. Images depict hyphal morphologies on minimal medium. 1, wild type;
2, DA Cdc42 mutant; 3, DN Ras DA Cdc42 double mutant; 4, DN Ras mutant.
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pression of DN Cdc42 in C. trifolii showed a significant de-
crease in the rate of spore germination. The involvement of
Cdc42 proteins in spore germination has also been described
for other fungi. For example, the C. trifolii DA Cdc42 con-
struct, when expressed in C. purpurea, completely inhibited
conidiation (41). Moreover, the Cdc42 homolog CflA in P.
marneffei was found to be required for proper cell polarization
and to affect the rate of conidial germination (3). Spore ger-
mination is a key step in the colonization process of a new
environment by filamentous fungi. Recent studies of C. trifolii
have revealed that various signaling molecules, including cal-
cium, cyclic AMP (cAMP), calmodulin, and protein kinases,
are important players in regulating spore germination (14, 46,
50). Here we described the involvement of the small GTPase
Cdc42 in this process; it will be of interest to examine the
relationship between Cdc42 and these other signaling compo-
nents.

We found that CtCdc42 negatively regulates appressorium
formation. Appressoria are structures that a number of fungal
pathogens employ for attachment to the plant surface in prep-
aration for infection of host tissue (12). The initiation, forma-
tion, and activity of the appressorium is an integral part of the
infection process. Appressoria facilitate the breaching of the
cuticular barrier of the plant and are essential for fungal pen-
etration (22). In C. trifolii, appressorium development is gen-
erally induced by starvation and hard surface contact (induc-
ible conditions) and suppressed by rich media and/or soft
surfaces (noninducing conditions). Unexpectedly, we found
that inhibition of Cdc42 activity by either antisense expression
or a dominant negative mutation promotes appressorium for-
mation under noninducing conditions, suggesting that CtCdc42
activity is critical for proper regulation of appressorium devel-
opment in C. trifolii. To our knowledge, this is the first report
of the involvement of the Cdc42 protein in appressorium de-
velopment. Previous studies using the DN Ras mutant have
shown that unlike under inductive conditions (hard surface),
where a slight decrease of appressorium formation was ob-
served, this mutant exhibited no appressorium formation on
soft agar. Thus, it appears that CtCdc42 is integrated with
other as-yet-uncharacterized pathways, in addition to the Ras
signaling pathway, to regulate appressorium development. Pre-
vious studies of C. trifolii have shown that an increase in en-
dogenous cAMP levels by using cAMP-elevating agents, such
as 8-Br-cAMP, sodium fluoride, and 3-isobutyl-1-methylxan-
thine, also results in induction of appressorial differentiation
on a noninductive surface, suggesting a possible linkage be-
tween CtCdc42 and the cAMP signaling pathway (50). More-
over, several signaling molecules in C. trifolii that are impor-
tant for appressorium development have been isolated and
characterized, including the catalytic subunit of PKA, calmod-
ulin, and lipid-induced protein kinase (14, 46, 49, 50). Molec-
ular analysis of the connection of CtCdc42 with these mole-
cules will improve the understanding of signaling pathways
involved in appressorium development in C. trifolii. The mech-
anism(s) of appressorium development has been intensively
studied in phytopathogenic fungi, including Magnaporthe grisea
and other Colletotrichum spp. The results of these studies in-
dicated that cAMP/PKA- and MAPK-mediated signaling path-
ways are operative during appressorium development (10, 46,
48–50). Interestingly, disruption of MAGB, encoding an inhib-

itory group I subunit of a heterotrimeric G protein (G�i),
affects the appressorium formation and pathogenicity of M.
grisea (26), suggesting the possibility that G protein may par-
ticipate in the process of appressorium formation.

Recent studies of diverse eukaryotes have demonstrated the
connection between Cdc42 and Ras signaling. In mammals,
Cdc42 is involved not only in cytoskeletal reorganization but
also in Ras-dependent transformation, anchorage-indepen-
dent growth in soft agar, and tumor formation (38, 40); in the
fission yeast S. pombe, Ras1 activates Cdc42p to regulate cell
polarity and the mating pathway (30); in the budding yeast S.
cerevisiae, Ras2 stimulates filamentous growth via activation of
Cdc42p through the Ste 20/MAPK module (34); and in C.
albicans, it was suggested that CaCdc42 may transduce the
signals from CaRas1p to control the dimorphic switch and
vegetative growth (20, 23). In this study, we also provided
evidence to establish the linkage between Cdc42 and Ras sig-
naling in C. trifolii. By generating DA Ras, we showed previ-
ously that Ras plays a pivotal role in regulating proper growth
and development in C. trifolii, especially hyphal morphology,
conidiation, and appressorium differentiation (8, 16, 43). Like
the DA Ras mutant, morphological alterations, including ab-
errant hyphal growth and failure in conidiation and appresso-
rium formation, were also observed in the DA Cdc42 mutant
under nutrient-limiting conditions. Expression of DN Cdc42 in
C. trifolii inhibits spore germination, as does DN Ras. In ad-
dition, coexpression of dominant negative CtCdc42 in the DA
Ras mutant leads to suppression of aberrant hyphal morphol-
ogy and also to restoration of normal conidiation. Antisense
expression of CtCdc42 in DA Ras partially restored the wild-
type phenotype, and coexpression of DA Cdc42 in the DN Ras
mutant increased sporulation. Thus, these data suggest that
CtCdc42 and CtRas may function in the same signaling cas-
cade to control proper fungal development. Our data, how-
ever, also indicate that Cdc42 is not always downstream of Ras
in this fungus, since the abnormal hyphal growth phenotype
observed in DA Cdc42 was restored to that of the wild type
when coexpressed with DN Ras.

The positioning of CtCDC42 downstream of CtRAS was
further supported by phenotypic remediation with proline. We
have previously shown that proline (1.6 mM), when added to
minimal medium, is sufficient to restore the wild-type hyphal
phenotype of the DA Ras mutant (32). When proline was
supplied to the DA Cdc42 mutant, the wild-type phenotype
was also fully restored. Recently, we proposed that proline
functions, at least in part, to scavenge intracellular ROS gen-
eration induced by DA Ras and therefore inhibits the apopto-
sis-like programmed cell death in C. trifolii (9). Thus, we con-
sidered whether proline could restore the wild-type
phenotypes of DA Cdc42 via the inhibition of intracellular
ROS generation. We found that expression of dominant active
Cdc42 in C. trifolii induces large amounts of ROS and that this
ROS production is effectively quenched by proline. To date,
the relationship between Cdc42 and ROS production in fila-
mentous fungi has not been described.

Specific gene expression in response to nutrient deprivation
is a common theme in microbial development. In fungi, nutri-
ent starvation is a major environmental cue leading to changes
in invasiveness, nutrient foraging, cell-cell interaction, and im-
portant morphological transitions (24, 29). As demonstrated in
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this study, we found that Cdc42, together with Ras, may be
involved in sensing nutritional signals to regulate hyphal
growth and development. DA Cdc42 and DA Ras, when ex-
pressed in C. trifolii, both yield similar nutrient-dependent re-
sponses. When grown on nutrient-rich medium, the growth
and development of these two mutants are indistinguishable
from that of the wild type. However, under nutrient depriva-
tion conditions, both of these mutants exhibit distorted hyphal
growth, virtually no sporulation, and a failure in appressorial
formation. Recent studies have shown a direct association be-
tween ROS generation and nutrient sensing. For example, in
plants, ROS, notably hydrogen peroxide, mediate an early root
response to nutrient deficiency, suggesting a link between ROS
generation and nutrient deprivation (42). Moreover, nutrient
deprivation, which is associated with ischemia, a complex phys-
iological process in the inflammatory response, involves
NADPH oxidase activation and subsequent ROS generation
(27). To understand how nutrient deficiency alters fungal
growth and development, we measured intracellular ROS gen-
eration in these two mutants. As expected, extremely low levels
of ROS production were observed in these two mutants when
grown on nutrition-rich medium, as was observed with the
wild-type strain. However, significant amounts of ROS were
produced when these strains were transferred to nutrient de-
privation conditions. Thus, ROS may play an important role in
modulating the induction of gene expression in C. trifolii in
response to nutrient deficiency. Our results suggest that ROS
production in C. trifolii, at least in part, is regulated by the
activities of small GTP-binding proteins. More importantly,
ROS generation is involved in a nutrient signaling cascade, and
we propose that these signals regulate changes in fungal
growth and development.

Our previous data have also shown that the small GTPase
Rac is involved in Ras-regulated hyphal morphogenesis in C.
trifolii (8). Like CtCdc42, CtRac1 acts as a downstream effector
of Ras, and its activity contributes to proper hyphal growth and
development. Interestingly, coexpression of DA Rac in the DA
Ras mutant fully restored the wild-type phenotype under nu-
trient-limiting conditions via the activation of the MAPK path-
way. Since coexpression of dominant negative Cdc42 in a DA
Ras mutant resulted in the same phenotype, it is possible that
an antagonistic role between Rac and Cdc42 exists in C. trifolii;
the balance between Rac and Cdc42 activity may be a major
determinant of hyphal growth and development in this fungus.
To support this hypothesis, future studies will focus on how
Ras regulates Cdc42 activity and how Cdc42 affects Rac and
MAPK activities.
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ADDENDUM

Inoculation of alfalfa plants with either dominant negative
or antisense Cdc42 strains resulted in levels of disease that
were similar to wild-type strain infection.
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