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The opportunistic human pathogenic fungus Penicillium marneffei is dimorphic and is thereby capable of
growth either as filamentous multinucleate hyphae or as uninucleate yeast cells which divide by fission. The
dimorphic switch is temperature dependent and requires regulated changes in morphology and cell shape.
Cdc42p is a Rho family GTPase which in Saccharomyces cerevisiae is required for changes in polarized growth
during mating and pseudohyphal development. Cdc42p homologs in higher organisms are also associated with
changes in cell shape and polarity. We have cloned a highly conserved CDC42 homolog from P. marneffei named
cflA. By the generation of dominant-negative and dominant-activated cflA transformants, we have shown that
CflA initiates polarized growth and extension of the germ tube and subsequently maintains polarized growth
in the vegetative mycelium. CflA is also required for polarization and determination of correct cell shape
during yeast-like growth, and active CflA is required for the separation of yeast cells. However, correct cflA
function is not required for dimorphic switching and does not appear to play a role during the generation of
specialized structures during asexual development. In contrast, heterologous expression of cflA alleles in
Aspergillus nidulans prevented conidiation.

In a multicellular organism, the regulation of polarized
growth and division allows the development of morphologi-
cally varied cell types. Fungal growth and development are
characterized by regulated changes in polarized growth. Dur-
ing germination cells undergo a change from isotropic growth
to polarized growth (15). Polarized growth of a hypha, which
extends and branches, is achieved by the continual transport of
vesicles containing cell wall material along the cytoskeleton to
the hyphal apex (17). At a later stage of growth, hyphal cells
can differentiate to undergo asexual development. Specialized
cell structures are generated by the sequential budding of api-
cal cells, culminating in the production of conidiospores, a
process which also requires changes in polarized growth (28).
Although a number of studies of filamentous fungi have been
conducted, the molecular mechanisms of how polarity is gen-
erated and maintained are not fully understood (22, 29).

Hyphae are partitioned at regular intervals after mitosis into
multinucleate cellular compartments during septation, a pro-
cess analogous to cytokinesis in other organisms. Septation is
controlled by signals derived from the positioning of nuclei,
mitosis, and actin localization (19, 39). Aspergillus nidulans
temperature-sensitive mitotic and nuclear migration mutants
fail to form septa and can display hyphal cells with various
lengths (30, 39). Septation is inhibited when actin localization
is abolished by the actin polymerization inhibitor cytochalasin
A (19). In A. nidulans, temperature-sensitive screens have
identified three classes of septation mutants which are affected
during either early or late stages of septum formation (19).
One of these mutants, sepA, is also associated with morpho-

logical defects. Deletion of sepA results in abnormally wide
hyphae with excessive branching and abnormally branched
conidiophore stalks with split vesicles. sepA encodes a member
of the formin homology family, which comprises proteins
thought to facilitate actin localization by serving as molecular
scaffolds (21). Other sep genes, such as sepB, play a role in
monitoring chromosomal DNA metabolism (20). In the anal-
ogous process in the fission yeast Schizosaccharomyces pombe,
cytokinesis mutants (sid [septation initiation defective]) which
form an actinomysin contractile ring at the presumptive site of
septation but which fail to form a septum have been isolated.
The cells continue to grow and undergo nuclear division, giving
rise to elongated, multinucleate cells (9).

Saccharomyces cerevisiae cytokinesis mutants include several
cell division cycle (CDC) genes, and these mutants exhibit
unbudded and multinucleate phenotypes (1). This phenotype
can also be caused by mutations in genes which encode pro-
teins involved in organizing the actin cytoskeleton and linking
cytoskeletal organization with the mitotic cycle (BNI4, CLA4,
GIN4, and CDC42) (5, 16, 35). Cdc42p is a member of the Rho
family of GTPases, which in S. cerevisiae coordinate changes in
polarized growth and regulate cytokinesis, mitotic budding,
pseudohyphal growth, and polarized growth toward phero-
mones. These GTPases cycle between an active GTP-bound
state and an inactive GDP-bound state. The active state of the
protein is regulated by guanine exchange factors (GEFs) and
GTPase-activating proteins (reviewed in reference 10). Dom-
inant-negative mutations in the GDP-to-GTP exchange do-
main leading to an inactive protein which is unable to exchange
GDP for GTP but which can still interact with the GEF
(CDC24p) have been characterized. Dominance arises from
GEF sequestration by the mutant protein. A dominant-acti-
vated phenotype arises from a mutation in the GTP binding
domain, which results in the production of a constitutively
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activated protein (14). In S. cerevisiae, Cdc42p is proposed to
control polarized growth via the activation of mitogen-acti-
vated protein kinase (MAPK) cascades, in addition to localiz-
ing the MAPK components, actin, and actin-associated pro-
teins to the site of polarized growth. Cdc42p also localizes
proteins required for cytokinesis and links growth to the cell
cycle by activating cyclin-dependent kinase Clb2-Cdc28p and
localizing the Cla4p p21-activated kinase (reviewed in refer-
ences 4 and 37). Similarly in S. pombe, CDC42 is required for
polarized growth and cytokinesis (27). In other organisms,
CDC42 mutations result in a loss of polarized growth and
morphology (reviewed in references 18 and 25).

Fungal dimorphism provides an amenable model system for
the study of regulated changes in morphology and polarized
growth during development. Dimorphic fungi have the ability
to grow either as filamentous multinucleate hyphae or as
uninucleate yeast cells. The switch from one growth state to the
other requires regulated changes in cellular polarization and
morphology. Penicillium marneffei is a dimorphic ascomycete
which, like many other dimorphic fungi, is also an opportunis-
tic pathogen (12, 23). P. marneffei exhibits a temperature-de-
pendent dimorphic switch. At 25°C, P. marneffei grows as a
multinucleate, septate mycelium which produces asexual
conidia. At 37°C, the hyphae lay down double septa, which
consequently promote cell separation to produce single uninu-
cleate yeast cells (arthroconidia) which divide by fission. It is
this growth form which is pathogenic.

As Cdc42p is involved in cytokinesis and polarized growth,
we have investigated the role of the homologous protein in P.
marneffei growth and development. The cloning of the P.
marneffei CDC42 homolog named cflA (cdc42-like gene A) has
allowed the generation of dominant-activated and dominant-
negative mutations equivalent to those characterized in S. cer-
evisiae. We show that correct P. marneffei CflA function is
required for polarized growth of the vegetative mycelium at
25°C and for correct cellular morphology of yeast cells at 37°C.
Interestingly, CflA does not appear to be involved in develop-
ment or in dimorphic switching.

MATERIALS AND METHODS

Molecular techniques. Plasmid DNA was isolated using the Roche high-purity
plasmid kit. Genomic DNA from P. marneffei and A. nidulans was isolated as
previously described (7). RNA was prepared using the FastRNA kit from Bio101
as previously described (6). Southern and Northern blotting was performed with
Amersham Hybond N1 membranes according to the manufacturer’s instruc-
tions. Filters were hybridized using [a-32P]dATP-labeled probes by standard
methods (36).

A P. marneffei genomic library, constructed by ligating partially Sau3AI-di-
gested P. marneffei genomic DNA into BamHI-digested lGEM-11, was screened
at low stringency (50% formamide, 23 SSC [13 SSC is 0.15 M NaCl plus 0.015
M sodium citrate]; 37°C) for CDC42 homologs using A. nidulans modA (CDC42
homolog), supplied by S. Harris (pML5). Three positive clones were isolated
from the screen, and a 4.6-kb hybridizing genomic SacI fragment was cloned into
pBluescript II SK1, generating pKB4288. Subclones of pKB4288 were generated
for sequencing. Sequencing was performed by the Australian Genome Research
Facility and analyzed using Sequencher 3.1.1 (Gene Codes Corporation). Data-
base searches and a sequence comparison were performed using the Australian
National Genomic Information Service. A cDNA library, constructed using the
SMART cDNA library construction kit (Clontech Laboratories Inc.) and RNA
isolated from vegetative mycelia grown at 25°C (6) were probed with a 1.0-kb
HindIII fragment of cflA at high stringency (50% formamide, 0.13 SSC; 37°C) to
isolate cDNAs. Reverse transcriptase PCR was performed using the Superscript
II kit from Life Technologies, primers F66 (59 CTG GTA CCG ATT CGA GAG
AAA CGT TG 39) and F67 (59 TAG GAT CCT TAT AGA ACA ACG CAC 39),

and with mRNA isolated from a vegetative mycelium grown at 25°C using the
Qiagen Oligtex kit. Mutagenesis was performed using the GeneEditor in vitro
site-directed mutagenesis kit with mutagenic primers G14V (59 CGA CCG CAA
CGT CACA CAA C 39) and D120A (59 CTC GCA AAG CGG TCT GGG 39)
(base mismatches are underlined). This was performed on a cflA PstI/SacII
pBluescript II SK1 subclone (pKB4469) to generate pKB4478 (cflAG14V) and
pKB4479 (cflAD120A).

To make the cflA::gfp construct, PCR with the T7 universal primer and F33 (59
CAC CAT GGA TAG AAC AAC GCA CTT G 39) was used to amplify the
coding region of cflA and 946 bp of the promoter. The F33 primer incorporated
a unique NcoI site, removed the cflA stop codon, and added an additional base
to make an in-frame fusion. The NcoI- and PstI-digested PCR product was
ligated into the NcoI/PstI sites of gfp-containing vector pAA4110 (A. Andriano-
poulos, unpublished data). The PstI/SacII cflA::gfp fragment was then inserted
into pAA4707, which contains the A. nidulans pyrG gene in pBluescript II, to
generate pKB4705.

The alcA(p)::cflA, alcA(p)::cflAG14V, and alcA(p)::cflAD120A constructs were
made by ligating a KpnI/BamHI fragment from a PCR product using primers F66
(59 CTG GTA CCG ATT CGA GAG AAA CGT TG 39) and F67 (59 TAG GAT
CCT TAT AGA ACA ACG CAC 39), spanning 29 bases before the cflA start
codon to the stop codon, into KpnI- and BamHI-digested pAL3 [alcA(p)] (26) to
generate pKB4698.

Fungal strains and media. The P. marneffei type strain, FRR2161, was ob-
tained from J. Pitt (CSIRO Food Industries, Sydney, Australia). Strain SPM3
was isolated as a chlorate-resistant sector of FRR2161 and cannot grow on
nitrate as the sole nitrogen source (7). Strain SPM4 was isolated as an SPM3
sector resistant to 5-fluoroorotic acid and is unable to grow in the absence of
uridine (5 mM) and uracil (5 mM) (7). Transformation was carried out using the
previously described protoplast method (7). The cflAD120A and cflAG14V strains
(KBS086-089 and KBS090-093) were generated by cotransformation of strain
SPM4 with pAB4342 (pyrG in pBluescript II SK1) and pKB4478 (cflAG14V) or
pKB4479 (cflAD120A). The alcA(p)::cflA strains (KBS094-097) were produced by
transformation of SPM4 with pKB4698, selecting for pyrG1. The cflA::gfp strains
were generated by transformation of strain SPM4 with pKB4705 (KBS098-102),
selecting for pyrG1.

At 25°C strains were grown on yeast synthetic dextrose (SD) medium (2) or on
Aspergillus nidulans medium (ANM) supplemented with 10 mM g-amino butyric
acid (GABA) as the sole nitrogen source (13). At 37°C strains were grown on
brain heart infusion (BHI) medium or on yeast SD medium (2). Dimorphic-
switching experiments were performed in liquid SD medium. Strains were grown
in liquid medium for 2 days at 25°C and transferred to 37°C. Strains were also
grown for 10 days at 37°C and transferred to 25°C. Samples were obtained from
both cultures after 1, 2, 3, 5, and 7 days. alcA(p)::cflA, alcA(p)::cflAD120A, and
alcA(p)::cflAG14V strains were grown on carbon-free ANM(13)–GABA–fructose
(noninduced) or on carbon-free ANM–GABA–fructose–cyclopentanone (in-
duced).

Microscopy. P. marneffei strains were grown on slides covered with thin layers
of solid medium resting in liquid medium (6). cflA::gfp strains were grown at 25°C
on SD slides and grown in liquid SD at 37°C. alcA(p)::cflA overexpression strains
were grown in liquid ANM with 0.1% glucose plus GABA for 2 days at 25°C and
induced by replacement of the medium with cyclopentanone (0.1 M) and 0.1%
fructose for 2 days. alcA(p)::cflA overexpression strains were grown on BHI
slides in BHI liquid medium for 4 days at 37°C before replacement of the
medium with cyclopentanone (0.1 M) and 0.1% fructose for 2 days. Slides were
examined using differential interference contrast or epifluorescence optics for
green fluorescent protein fluorescence and staining with fluorescent brightener
28 (Calcofluor) and 49,6-diamidino-2-phenylindole (DAPI) and viewed on a
Reichart Jung Polyvar II microscope. Images were captured using a SPOT
charge-coupled device camera (Diagnostic Instruments Inc.) and processed in
Adobe Photoshop, version 4.0.

Nucleotide sequence accession number.The GenBank accession number of the
P. marneffei cflA gene is AF330694.

RESULTS

cflA encodes a highly conserved P. marneffei CDC42 ho-
molog. The P. marneffei CDC42 homolog was cloned by low-
stringency hybridization using the CDC42 homolog from A.
nidulans (modA) provided by S. Harris. The gene was named
cflA and encodes a highly conserved protein homologous to the
Rho family of small GTPases and specifically to the CDC42
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class (Fig. 1). cflA is predicted to encode a 192-amino-acid
protein containing the amino acid sequence TQXD at posi-
tions 114 to 117. This sequence is present in all Cdc42-like
proteins and is NKXD in other related non-CDC42 GTPase
proteins (11). This sequence is located in the domain required
for association of the protein with effectors and is proposed to
be required for interactor specificity (Fig. 1). The cflA gene
spans an open reading frame of 819 bp and, based on the
predicted amino acid sequence, consists of four exons and
three introns. To confirm the positions of the predicted in-
trons, reverse transcriptase PCR was performed on poly(A)
mRNA produced from a vegetative mycelium grown at 25°C
and the PCR product was sequenced. Database searches and
sequence comparisons show that the cflA gene is most closely
related to the homologous gene from Exophiala dermatitidis
(AF162788.1 [40]) which is 83% identical at the DNA level and
96% identical in predicted protein sequence (Fig. 1). The pre-
dicted protein sequence contains the conserved domains pre-
viously shown to be necessary for Cdc42p and Rho1p GTPase
function in S. cerevisiae. These include the GTP binding and
hydrolysis domains and the domain required for GDP-to-GTP
exchange and interaction with effector proteins (Fig. 1) (24).
The predicted protein also contains a CAAX motif (A indi-
cates an aliphatic amino acid) at the C terminus (positions 189
to 192), which in other related proteins allows prenylation and

subsequent association of the protein with the plasma mem-
brane (32).

cflA produces two differentially expressed transcripts. RNA
was isolated from vegetative hyphal cells grown in liquid me-
dium for 2 days at 25°C, from conidiating cultures grown on
solid medium at 25°C for 4 days, and also from yeast cells
grown at 37°C in liquid medium for 8 days. Northern blot
analysis showed that cflA is expressed under all conditions as
two differentially expressed transcripts, approximately 1.3 and
1.5 kb in size (Fig. 2A). Two cflA partial cDNA clones were
isolated from a vegetative-hyphal-cell library. Sequence anal-
ysis revealed two alternative polyadenylation sites 200 bp apart
in the 39 untranslated region, accounting for the two cflA tran-
scripts (Fig. 1A). Both cflA transcripts were expressed during
vegetative growth and development at 25°C and during yeast-
like growth at 37°C. However, the larger 1.5-kb transcript was
expressed at a higher level than the smaller 1.3-kb transcript
under all conditions tested (Fig. 2). The levels of cflA tran-
scripts did not significantly differ between cultures grown at 25
or 37°C, compared to that of the histone H3 control. RNA was
also isolated from P. marneffei during the yeast-to-hypha di-
morphic switch. Yeast cells grown at 37°C for 8 days were
transferred to 25°C in liquid culture and incubated for 6, 18,
and 24 h in order to determine if cflA expression is regulated
in response to the yeast-to-hyphal growth transition. cflA ex-
pression was upregulated during switching from yeast to hy-
phal growth, with the levels of both of the transcripts increas-
ing upon transfer (Fig. 2B).

Overexpression of cflA does not affect morphogenesis. De-
velopment depends on the accurate timing of polarized
growth. To investigate whether increased levels of CflA are
detrimental to P. marneffei development, cflA was overex-

FIG. 2. (A) Northern blot analysis of cflA expression. Total RNA
was isolated from asexually developing cultures at 25°C (dev.), vege-
tatively growing mycelia at 25°C (veg.), and yeast cells (37°C). North-
ern blots were probed with cflA and a histone H3 probe (H3) as an
RNA loading control. Arrowheads, the two cflA transcripts of 1.3 and
1.5 kb. (B) Northern blot analysis using total RNA isolated during the
dimorphic switching from 37 to 25°C. Yeast cells were transferred from
37 to 25°C, and total RNA was isolated at 6, 18, and 24 h posttransfer.
Northern blots were probed with cflA and a histone H3 probe as an
RNA loading control. Arrowheads, the two cflA transcripts of 1.3 and
1.5 kb.

FIG. 1. (A) Gene structure of cflA. The gene is composed of four
exons (filled boxes) and three introns. Arrow, direction of transcrip-
tion. The two alternative polyadenylation sites and restriction enzyme
recognition sites are also indicated. (B) Protein sequence alignment of
the Cdc42p homologs from E. dermatitidis (Ed; AF162788.1), P.
marneffei (Pm), D. melanogaster (Dm; P40793), Homo sapiens (Hs;
P21181), and S. cerevisiae (Sc; Q01112). Identical amino acids are
shaded black, similar amino acids are shaded grey, and nonconserved
amino acids are unshaded. Amino acids mutated in these studies are
indicated (asterisk, G14V; hash sign, D120A). The domains important
for function are indicated as follows: GTP binding, 1; interaction with
effectors, 2; GTP hydrolysis, 3; GDP-to-GTP exchange, 4; targeting to
the plasma membrane, 5.
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pressed by placing it under the control of the alcohol-inducible
A. nidulans alcA promoter (26). The alcA(p)::cflA overexpres-
sion construct (pKB4698) was transformed into strain SPM4,
and transformants were isolated by direct selection for pyrG1.
Transformants containing the pKB4698 construct were con-
firmed by Southern blot analysis of genomic DNA and probing
with cflA (data not shown). alcA(p)::cflA strains (KBS094-097),
which ranged in plasmid copy number from three to six copies,
were grown on medium which induced expression of cflA and
examined at the colonial level during vegetative growth at
25°C, during asexual development at 25°C, and during yeast
growth at 37°C. The colonies of the alcA(p)::cflA strains dis-
played no change in phenotype on inducing medium at either
25 (Fig. 3B) or 37°C (data not shown). alcA(p)::cflA strains
were also grown on slides for 2 days at 25°C or for 4 days at
37°C and then induced for an additional 2 days (see Materials
and Methods). Microscopic examination of these cultures
stained for nuclei (DAPI) or cell walls (Calcofluor) showed
that the morphology, septation, and nuclear distribution of the
alcA(p)::cflA strains were the same as those of the SPM4 con-
trol strain (data not shown).

cflA mutant transformants display defects at the colonial
level. Dominant-negative cflAD120A and dominant-activated
cflAG14V mutant alleles were generated to examine the role of
CflA during growth and development. The cflAD120A mutation

was located in the position equivalent to that of the
CDC42D118A allele of S. cerevisiae, which leads to a tempera-
ture-sensitive dominant-negative phenotype. Likewise, the
cflAG14V mutation was located in the position equivalent to
that of the CDC42G12V allele of S. cerevisiae, which results in a
dominant-activated phenotype (14). SPM4 was cotransformed
with the mutated cflA constructs, cflAD120A and cflAG14V

(pKB4479 and pKB4478), and the pAB4342 (pyrG) selectable
plasmid. Cotransformants were isolated, and the presence of
the nonselected plasmids was confirmed and the copy number
was determined by Southern blot analysis of genomic DNA
using a cflA probe (data not shown). Four representative co-
transformants of each mutant cflA construct, ranging in copy
number from four to eight, were analyzed further. Comparison
of the growth rates of transformants with the determined copy
numbers showed that high-copy-number transformants had a
severely decreased growth rate. Colonial growth at 25°C for
the dominant-negative cflAD120A and dominant-activated
cflAG14V transformants was slower than that of the wild-type
SPM4 control strain (Fig. 3A). cflAD120A transformants exhib-
ited a more compact colony morphology than the wild type,
and cflAG14V transformants displayed fewer aerial hyphae.
Both kinds of transformants conidiated at the same stage as
the control strain. At 37°C, both transformants formed yeast-

FIG. 3. Colonial morphology of the P. marneffei and A. nidulans dominant-activated cflAG14V and dominant-negative cflAD120A transformants.
(A) Colonial morphology of the P. marneffei cflAG14V and cflAD120A transformants compared to that of the parental SPM4 control strain (cflA1).
Strains were grown on ANM-GABA-uridine-uracil (5 mM) medium at 25°C for 8 (25°C vegetative) or 12 days (25°C developmental) or on
SD-uridine-uracil (5 mM) medium for 6 days at 37°C (37°C vegetative). (B) Colonial morphology of the P. marneffei and A. nidulans alcA(p)::cflA,
alcA(p)::cflAD120A, and alcA(p)::cflAG14V transformants. Strains were grown at 25°C for 12 days on noninducing medium (carbon-free medium
[CF]-GABA-fructose medium [noninduced]) or on inducing medium (CF-GABA-fructose-cyclopentanone [induced]).
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like colonies which were identical to that of the wild type (Fig.
3A).

CflA affects the rate of conidial germination. One hypothesis
for the reduced growth rate observed in the cflA mutant trans-
formants is a decrease in the rate of conidial germination. To
investigate this further, the cflA mutant transformants were
analyzed at different time points during germination for polar-
ity and growth defects. Conidia were germinated on slides,
stained for nuclei (DAPI) and cell walls (Calcofluor), and
observed microscopically. The rates of germination were mea-
sured by counting the numbers of nonpolarized (spherical
spores 10 6 1 mm in diameter), polarized (ellipsoidal cells
10 6 1 mm in diameter), and germinated conidia (polarized
conidia with a visible germ tube) in a population of 100 at a
number of different time points.

Wild-type P. marneffei asexual conidia were activated after
6 h of incubation at 25°C and began isotropic cell growth. After
8 h the conidia became polarized, and a germ tube emerged
after approximately 12 h. The first septum was laid down after
15 h of growth, and the second germ tube emerged after 18 h
of growth. After 12 h in the SPM4 control strain 14% of spores
showed isotropic growth, 36% were polarized, and 50% had
extended the primary germ tube. The cflAD120A transformants
exhibited a severe decrease in germination rates, and the mu-
tant conidia required a longer time to become polarized and
consequently extend a germ tube. After 12 h, 52% of the
conidia were still growing isotropically, only 28% had become
polarized, and only 20% had extended a primary germ tube.
Despite the germination delay, the spore volume failed to
increase, suggesting that the delay in germination was caused
by a growth rather than morphogenetic defect. In contrast, the
cflAG14V transformants germinated at a faster rate than wild-
type conidia. Only 6% of conidia showed isotropic growth,
24% were polarized, and 70% had extended a primary germ
tube after 12 h. The morphology and nuclear distribution of
both of the cflAD120A and cflAG14V transformant germlings
were normal compared to those of the SPM4 control strain.

To investigate whether the cflA mutant transformants pos-
sessed polarity defects during germination, the polarity of
germ tube emergence was measured. The angles of secondary
germ tube emergence (relative to the primary germ tube) were
measured by classifying whether the secondary germ tube had
emerged proximal (#90°) or distal (.90°) to the primary germ
tube in a population of 100 germinating conidia grown on
slides for 18 h. In the wild type, the second germ tubes exhib-
ited random emergence, with germ tubes extended either prox-
imally or distally at roughly equal proportions. The polarity of
germ tube emergence in the cflAD120A and cflAG14V transfor-
mants did not significantly differ from that in the SPM4 control
strain (data not shown).

cflA is required for correct cellular polarization during veg-
etative growth. Early during postgermination stages (1 to 2
days), the SPM4 control strain grows as polarized hyphae
which branch and are septate at regular intervals. Hyphal cells
are approximately 40 6 5 mm in length and contain a single
nucleus. Tip cells contain multiple nuclei and can range from
50 to 100 mm in length. To further investigate the role CflA
plays during vegetative growth, the cflA mutant transformants
were grown on a solid surface at 25°C and stained for nuclei
(DAPI) and cell walls (Calcofluor), viewed microscopically,

and observed for nuclear distribution, growth, and septation
defects.

During early hyphal growth, the cflAD120A transformants
possessed hyphae displaying misdirectional growth. The hy-
phae were curled in both anticlockwise and clockwise direc-
tions (Fig. 4A). The nuclear distribution, septation, and cell
length did not differ from those for the SPM4 control strain.
Unlike the cflAD120A transformants, the cflAG14V transfor-
mants did not show misdirectional growth. Although the nu-
cleus-to-cell ratio did not differ from that for the SPM4 control
strain (data not shown), the cell size was smaller, suggesting an
increase in septation. The lengths of cells varied along a hypha,
with some cells reduced in length to 20 mm (Fig. 4A). This is in
contrast to the wild type, in which septa are regularly spaced
along a hypha.

Later during hyphal growth (5 days) the basal mycelium in
the wild type shows increased septation and hyphal cells are
reduced in length to approximately 20 6 2 mm. Both mutant
transformants displayed aberrant hyphal morphology when an-
alyzed at a later stage of growth at 25°C (Fig. 4B). The hyphal
cells of the cflAD120A transformants became swollen and con-
sequently appeared greatly reduced in length (10 6 5 mm).
Cell wall staining showed that septa appeared to be more
numerous than in the wild type. Also observed were multiple
subapical and apical hyphal cells, which were clumped together
to produce a mass of deformed hyphae, which were occasion-
ally fused. Random patches of depolarization were observed
within cells along a hypha. Similar to what was found for the
wild type, the older hyphal cells remained uninucleate and
branched and newer cells were multinucleate (data not
shown).

The cflAG14V transformants also had morphological defects
after 5 days at 25°C (Fig. 4B). The hyphal cells were also
swollen but to a greater degree than the cflAD120A transfor-
mants and appeared greatly reduced in length (7 6 5 mm). In
addition, unlike what was found for the cflAD120A transfor-
mants, uniform depolarization of entire cells was observed.
The hyphal cells were also frequently lysed, releasing cellular
contents, and consequently appeared anucleate. Multiple sub-
apical and apical cells were clumped together and occasionally
fused. The older hyphal cells remained uninucleate and
branched, and newer cells were multinucleate (data not
shown).

Asexual development in P. marneffei does not require correct
cflA function. The cflAD120A and cflAG14V transformants dis-
played wild-type conidiation patterns at the colonial level (Fig.
3A). In order to examine whether the conidiophores were also
normal in morphology, the cflAD120A and cflAG14V transfor-
mants were grown on a solid surface for 5 days and the nuclei
(DAPI) and cell walls (Calcofluor) were stained. When ob-
served microscopically, all conidiophore structures, including
the metulae, phialides, and conidia, were present in the mutant
strains and appeared wild type in morphology and arrange-
ment compared with those for the SPM4 control strain (Fig.
4C). Furthermore, the onset of conidiation was not affected by
mutations in cflA.

To investigate whether the apparent lack of function of CflA
during asexual development was conserved in other fungi, the
mutant cflA alleles were placed behind the alcohol-inducible
alcA promoter and transformed into both A. nidulans and P.
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FIG. 4. cflA mutant transformants at 25°C show numerous morphological defects. (A) Early vegetative hyphae. Strains were grown for 2 days
at 25°C on SD solid medium. The cflAG14V transformants showed increased septation compared to the wild-type strain. The cflAD120A transformants
possessed curled hyphal tip cells. Scale bars, 50 mm. (B) Vegetative hyphae at a later stage. Strains were grown for 5 days at 25°C on SD solid
medium. The cflAG14V and cflAD120A transformants displayed a variety of morphological abnormalities including branched and swollen hyphae,
which also exhibited increased septation. Apical cells show significant loss of polarization leading to fused, lysed, and aberrant cells. Scale bars,
50 mm. (C) Conidiation. Strains were grown at 25°C for 5 days on ANM-GABA solid medium. Conidiation proceeds normally in the cflA mutant
transformants. Scale bars, 20 mm. Arrowheads, conidiophore structures (s, stalk; m, metulae; p, phialides; c, conidia). Images were captured using
differential interference contrast (DIC) or under epifluorescence to observe Calcofluor-stained cell walls (CAL).
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marneffei and transformants were isolated by direct selection
for pyrG1 (see Materials and Methods). At 25°C, the P.
marneffei transformants containing the alcA(p)::cflAD120A and
alcA(p)::cflAG14V alleles displayed no change in phenotype on
both noninducing and inducing medium (Fig. 3B). Both the
alcA(p)::cflAD120A and alcA(p)::cflAG14V P. marneffei transfor-
mants were capable of undergoing asexual conidiation. The A.
nidulans transformants, containing alcA(p)::cflAD120A and
alcA(p)::cflAG14V alleles, displayed no change in phenotype on
noninducing medium. Interestingly, A. nidulans alcA(p)::cflA
transformants exhibited a decrease in conidiation under induc-
ing conditions and alcA(p)::cflAD120A and alcA(p)::cflAG14V

transformants displayed a complete lack of conidiation under
inducing conditions (Fig. 3B). To investigate this further, the
alcA(p)::cflAD120A and alcA(p)::cflAG14V P. marneffei and A.
nidulans strains were grown at 25°C on agar-coated slides for 2
days and then induced for an additional 2 days (see Materials
and Methods). Microscopic examination of the P. marneffei
strains showed that, upon induction, the vegetative morpho-
logical defects were the same as previously described for the
cflAD120A and cflAD120A pyrG1 cotransformants. Conidiophore
structures (metulae, phialides, and conidia) were observed in
the P. marneffei transformants (data not shown). Microscopic
examination of both the alcA(p)::cflAD120A and alcA(p)::
cflAG14V A. nidulans transformants revealed hyphae with mor-
phological abnormalities under inducing conditions, including
uniformly depolarized hyphal cells. However, in contrast to
those of the P. marneffei transformants, the tip cells of the A.

nidulans transformants appeared normal in morphology and a
complete lack of conidiation was observed (data not shown).

cflA mutants produce yeast cells with aberrant morphology.
To examine the role of CflA during yeast growth, the cflAD120A

and cflAG14V transformants were grown on a solid surface for
4 days at 37°C, stained, and viewed microscopically (see Ma-
terials and Methods). In wild-type P. marneffei, yeast cells are
produced at 37°C from an arthroconidiating mycelium after 4
days and are uninucleate, are approximately 20 6 3 mm in
length, and divide by fission. In a 37°C culture, two kinds of
yeast cells were observed: short chains of cells (two to five
cells) which break away from the arthroconidiating mycelium
and true uninucleate yeast cells dividing by fission. After 6
days, true yeast cells are predominantly observed.

The cflAD120A transformants were capable of producing
yeast cells at 37°C (Fig. 5). Yeast cells detached from the
arthroconidiating mycelium but possessed a variety of morpho-
logical defects and failed to separate. True yeast cells produced
by fission could not be identified. Yeast cells produced by the
cflAD120A transformants had the overall appearance of yeast-
like cells which had broken away from the arthroconidiating
mycelium. The cells could be branched, unseparated, and ir-
regularly shaped or swollen and ranged in size from 40 to 100
mm. The nucleus-to-septum ratio (one nucleus per cell) re-
mained identical to that for vegetative mycelia (data not
shown).

Yeast cells produced by the cflAG14V transformants were
also aberrant in morphology (Fig. 5). The cells detached from

FIG. 5. cflAG14V and cflAD120A transformants produce yeast cells with aberrant morphology. Cultures were incubated at 37°C for 4 days in BHI
medium. The yeast cells produced by the cflAG14V transformants were swollen and septate. Some septa appeared thicker than those of dividing
SPM4 control yeast cells (arrowhead), and some cells did not contain a nucleus. The cflAD120A transformants produced yeast cells which were
branched, swollen, and septate. Scale bars, 20 mm. Images were captured using differential interference contrast (DIC) or under epifluorescence
to observe Calcofluor cell wall stain (CAL).

VOL. 183, 2001 P. MARNEFFEI CDC42 DOES NOT CONTROL DEVELOPMENT 3453



the arthroconidiating mycelium, but unlike the cflAD120A trans-
formants true yeast cells were observed. The yeast cells were
approximately 30 6 10 mm in size. The yeast cells were swollen
but to a greater extent than the cflAD120A transformants, and
random patches of depolarization were observed within cells.
The yeast cells appeared bumpy, misshapen, and swollen but
were not branched like the cflAD120A transformants. The
cflAG14V cells were also septate (unseparated), and some septa
appeared thicker than those for the SPM4 control strain (Fig.
5). Anuclear cells were also observed; however, the majority
(94%) of cells contained a single nucleus (data not shown).

Correct cflA function is not required for dimorphic switch-
ing. The role of cflA during the dimorphic transition was in-
vestigated by examining the cflAD120A and cflAG14V transfor-
mants when switched from 37 to 25°C and vice versa.

In the wild-type SPM4 control, a liquid culture at 25°C
consisted of septate hyphal filaments which were less branched
than when grown on solid medium. Hyphal cells were approx-
imately 40 6 2 mm in length and uninucleate. After being
transferred to 37°C for 1 day, the hyphae became highly sep-
tate and cells decreased to approximately 20 6 5 mm in length
(data not shown). After 3 days, chains of yeast cells broke away
from the arthroconidiating mycelium. The culture produced
consisted of cells which clump together and which were com-
posed of chains of two or three uninucleate cells (10 6 2 mm
in length) (Fig. 6A).

When transferred from 25 to 37°C, liquid cultures of both
cflAD120A and cflAG14V transformants showed dimorphic
switching. Like those of the wild type, the hyphae became more
septate within 1 day. After 3 days both cultures were composed
of chains of uninucleate cells; however, these cells exhibited
uniform depolarization and could be swollen, fat, or misshapen
and appeared shorter in length (10 6 5 mm) than those of the
control strain (Fig. 6A). The cells did not separate to produce
the two- or three-cell hyphal fragments observed in the wild
type, even at a later time point.

In the reciprocal experiment, wild-type yeast cells trans-
ferred from 37 to 25°C for 1 day elongated and became
multinucleate to produce hyphae. The new hyphae did not
become septate at regular intervals until day 3, after which cells
became uninucleate (40 6 2 mm in length) and branching
occurred (Fig. 6B).

After 1 day, the yeast cells of the cflAD120A and cflAG14V

transformants had begun to grow hyphally. Unlike that of the
wild type, where new hyphal growth is identical in cell width to
the yeast cells from which it has extended, the hyphal growth of
the cflAD120A and cflAG14V transformants was substantially
thinner. After 3 days, the extension of new hyphal growth was
more apparent (Fig. 6B). The cultures were a mixture of mor-
phologically normal hyphae and a small number of swollen
yeast cells. After 5 days the cultures were predominantly hy-
phal.

DISCUSSION

The P. marneffei cflA gene encodes a highly conserved
Cdc42p-like protein containing all of the predicted domains
previously shown to be necessary for GTPase function. cflA is
highly conserved not only with CDC42 homologs in other
closely related fungal species but also with genes in more

distantly related organisms such as mammals. The high level of
structural conservation indicates that the general function of
cflA is also likely to be conserved. For example, one of the
human Cdc42 isoforms has been shown to complement the S.
cerevisiae dominant-negative CDC42 mutation (CDC42D118A )
(34). Cdc42p homologs from other organisms play diverse
roles during development, but all characteristically regulate
changes in morphology by initiating signal transduction path-
ways and by mediating changes in the organization of the actin
cytoskeleton (reviewed in references 18 and 25).

The cflA gene produces two transcripts, differing in polyad-
enylation sites, which are expressed at all stages of growth. It is
possible that the two transcripts differ in stability or result in
different cellular localizations, but their role remains to be
determined. A transitory increase in the level of the cflA tran-
scripts was observed when cells were switched from 37 to 25°C,
indicating a possible requirement for higher levels of CflA
during the onset of vegetative hyphal growth.

The dominant-negative cflAD120A and dominant-activated
cflAG14V transformants resulted in morphologically defective
phenotypes. This indicates that CflA cycles from the inactive
GDP-bound state to the active GTP-bound state. In addition,
overexpression of wild-type cflA has no morphological conse-
quences. This result is in concordance with the proposed mech-
anism in which CDC42-like proteins act as molecular switches
(8). Similar results were generated by overexpression of the
wild-type homologs in S. cerevisiae and S. pombe (27).

Attempts to obtain a cflA deletion strain were not successful,
possibly because deletion of cflA confers a lethal phenotype. A
CDC42 deletion results in a lethal phenotype in both S. cerevi-
siae and S. pombe (1, 27). The null mutation in S. pombe gives
rise to small cells in which the cell cycle has been blocked (27).
A CDC42 deletion in S. cerevisiae results in large, multinucle-
ate cells which are unable to bud (1). However, unlike CDC42
in S. cerevisiae and S. pombe, P. marneffei cflA does not appear
to be associated with the cell cycle, as nuclear division proceeds
in the dominant-negative cflA transformants. It is likely that P.
marneffei cflA deletion transformants cannot be recovered due
to a loss of vegetative polarized growth, which was seen in the
dominant-negative transformants but which would be expected
to be more severe in a deletion strain.

The generation of the dominant-negative (cflAD120A) and
dominant-activated (cflAG14V) cflA mutant transformants al-
lowed us to examine the function of CflA in P. marneffei. These
mutant transformants showed pleiotropic effects in several
processes involving polarized growth. The cflAD120A and
cflAG14V transformants showed a decrease and increase in the
rate of germination, respectively. Germination requires a
switch from isotropic spore growth to polarized growth and the
emergence of the primary germ tube. In A. nidulans rasA
functions to switch isotropic growth to polarized growth in a
nutrient-dependent manner (33, 38). It is as yet unknown how
the A. nidulans CDC42 homolog, modA, functions during ger-
mination. However, it may be activated by rasA after the switch
from isotropic growth to polarized growth in order to extend
the primary germ tube. The RasA homolog in S. cerevisiae,
Ras2p, has been shown to activate Cdc42p during pseudohy-
phal growth, a process which requires the elongation of cells,
similar to hyphal extension. The dominant-negative CDC42D118A

mutation blocks Ras2G19Vp activation, placing Cdc42p down-
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stream of Ras2p (31). This model is supported by the proposed
function of P. marneffei cflA, which is involved in the extension
of the germ tube, possibly after activation by a RAS2 homolog
in P. marneffei.

Hyphal extension requires the transport of secretory vesicles
along the polarized cytoskeleton to the hyphal tip and the
deposition of new cell wall material in a narrow zone at the

hyphal apex. Cylindrical yeast cells also require polarized
growth, directing cell wall material toward one or both ends of
the cell, in addition to the cell center, during division. In other
organisms Cdc42 functions during polarized growth to localize
actin and other proteins required for polarized growth to the
correct location (3); therefore it was proposed that, in addition
to germination, CflA would be involved in other processes in P.

FIG. 6. cflAG14V and cflAD120A dominant-negative and dominant-activated transformants are able to undergo the dimorphic temperature-
dependent switch, but resulting cell types display aberrant morphology. (A) cflA mutant transformants grown at 25°C for 2 days and transferred
to 37°C are able to produce chains of yeast-like cells after 3 days; however, these cells are swollen, highly septate, and unseparated. Scale bars, 20
mm. (B) cflAG14V and cflAD120A transformants extend narrow hyphae from swollen yeast cells when grown at 37°C for 10 days and transferred to
25°C for 3 days (arrowheads). Scale bars, 20 mm. Images were captured using differential interference contrast (DIC) or under epifluorescence to
observe Calcofluor cell wall stain (CAL).
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marneffei requiring changes in polarization, such as vegetative
hyphal growth at 25°C and yeast-like growth at 37°C. The P.
marneffei cflAD120A and cflAG14V transformants exhibit cell
growth which extends in all directions, not just at the hyphal
tip, and this results in swollen and misshapen hyphal cells
which appear reduced in length. The P. marneffei cflAD120A and
cflAG14V transformants also exhibit abnormal hyphal tips, con-
sistent with a loss of polarized growth. The role of CflA during
polarized hyphal growth is also supported by preliminary lo-
calization experiments which have shown that a CflA::GFP
fusion protein was localized to hyphal tips (data not shown).
The nucleus-to-septum ratio remains the same, indicating that,
in P. marneffei, septation may be controlled by a mechanism
similar to that of A. nidulans, by nuclear division and position-
ing, in addition to cell volume (30, 39). This also supports the
proposal that the cells appear reduced in size due to isotropic
growth rather than a septation defect. The cell remains the
same size but has an altered shape.

The cflA gene is most closely related to the homologous
gene from E. dermatitidis. The equivalent CDC42G14V muta-
tion in E. dermatitidis results in a phenotype similar to that of
P. marneffei, resulting in nonpolarized growth that leads to cell
enlargement, multiple nucleation, and repressed hyphal
growth. However, unlike what was found for P. marneffei, the
dominant-negative mutation (cdc42D120A) was not found to
affect fungal cell polarization (40). The phenotypes of the P.
marneffei dominant-activated and -negative mutations are also
similar to those produced by the equivalent mutations in S.
pombe, which both give rise to enlarged, round, or misshapen
cells which, in addition, can be abnormally elongated (27). The
equivalent CDC42G12V and CDC42D118A mutations in S. cer-
evisiae CDC42 also lead to a loss of polarized growth and to
growth defects during the pheromone response and mitotic
budding. The lethal S. cerevisiae CDC42G12V mutation gener-
ates large, multibudded cells, and the temperature-sensitive
CDC42D118A mutation generates small, unbudded cells at 23°C
but not at 30°C (14). The equivalent mutations in higher eu-
karyotes are also associated with a loss of actin localization and
polarized growth (18, 25).

In S. cerevisiae and S. pombe, Cdc42p is linked to the cell
cycle. In S. cerevisiae, Cdc42p activates Clb2p-Cdc28p and
Cla4p, two cell cycle proteins. However, in S. cerevisiae loss of
correct Cdc42p function does not lead to a block in the cell
cycle unlike in S. pombe (27). P. marneffei cflA does not appear
to be linked to the cell cycle since, in the cflAD120A mutant,
nuclear division can proceed. Both cflAD120A and cflAG14V mu-
tations result in similar phenotypes, suggesting that correct
hyphal growth requires the continual cycling between the in-
active GDP-bound and active GTP-bound forms of CflA. This
may not be the case in other fungi. The dominant-negative and
-activated mutations in S. cerevisiae and E. dermatitidis result in
different phenotypes, whereas in S. pombe the mutants display
identical phenotypes (14, 27, 40). Our results suggest that P.
marneffei CflA plays a role during the initiation of polarized
growth, the extension of germ tubes, and the maintenance of
this polarized growth in the vegetative hyphae at 25°C.

CflA is also involved in yeast-like growth at 37°C and seems
to function to control cell shape and morphology. The
cflAD120A transformants produce branched yeast cells which
are septate, and true yeast cells dividing by fission could not be

identified, indicating that active GTP-bound CflA is required
for correct separation of yeast cells. P. marneffei cflA may play
a role during the separation of cells, as it has been previously
shown to be necessary for cytokinesis in S. cerevisiae (35). It is
expected that the polarization of P. marneffei yeast cells would
be similar to that of S. pombe, where growth is specifically
directed to both ends of the cylindrical yeast cell (27). Both the
cflAG14V and cflAD120A transformants produce yeast cells which
are swollen and misshapen. This suggests that CflA acts to
polarize the yeast cell and hence determines correct cell shape.
Both mutants have similar phenotypes, and therefore, yeast-
like growth may be similar to hyphal growth in requiring con-
tinual cycling of GTP- and GDP-bound CflA.

Asexual development in fungi is a conserved developmental
program which requires a change in polarized growth and
morphology. Conidiophores are produced from the differenti-
ation of hyphal cells. A stalk extends from a hyphal foot cell,
and from this structure uninucleate cells are produced in a
mechanism similar to S. cerevisiae budding. The stalk produces
metulae, which subsequently produce phialides, which sequen-
tially bud off multiple conidia. If CflA plays a global role in
polarization, then it could be expected that CflA would be
involved during asexual development. In addition, S. cerevisiae
Cdc42p is essential for budding (14). Surprisingly, the cflA
mutations did not affect either the timing of conidiation or the
structure of conidiophores during asexual development, de-
spite CflA playing a role during polarized growth in the basal
mycelium. It is likely therefore that the process of polarized
growth in asexual development may be controlled by another
related GTPase.

However, when the P. marneffei cflA mutant constructs were
introduced into A. nidulans, conidiation was completely
blocked. This suggests that, unlike what was found for P.
marneffei, correct Cdc42 function is required for conidiation in
A. nidulans, indicating that the mechanisms and GTPases con-
trolling development may differ among fungal species. Other
members of the Rho GTPase family, such as Rac and Rho, also
play roles in organizing the actin cytoskeleton and conse-
quently in polarized growth and cell morphology. For example,
in mammalian fibroblast cells, Cdc42 induces actin-rich surface
protrusions called filopodia, whereas Rac induces formation of
actin-rich lamellipodia and Rho activation leads to the assem-
bly of actin stress fibers (reviewed in reference 18). Likewise, in
Drosophila melanogaster, the five Rho GTPases, Rho1, Rac1,
Rac2, Cdc42, and RhoL, all play unique and specific roles
during polarized growth in oogenesis, gastrulation, dorsal clo-
sure, and muscle, eye, and neuronal development (reviewed in
reference 25). Therefore differences in specialized functions of
Rho type GTPases among fungal species are suggested by our
results.

In addition to a lack of effect of the cflAG14V and cflAD120A

mutations during conidiation, CflA does not appear to be in-
volved in determining dimorphic switching in response to tem-
perature shift. The role of CflA is to regulate the changes in
morphology which occur throughout the switch. Both kinds of
mutant transformants were able to undergo the growth tran-
sition from hyphal to yeast cells and vice versa, with the re-
sultant cell types displaying abnormal morphology.

It will be of considerable interest to isolate other Rho type
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GTPases and determine their role in specific developmental
processes in P. marneffei.
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