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ABSTRACT

Polarized cell growth requires a polarized organization of the actin cytoskeleton. Small GTP-binding
proteins of the Rho-family have been shown to be involved in the regulation of actin polarization as well
as other processes. Hyphal growth in filamentous fungi represents an ideal model to investigate mechanisms
involved in generating cell polarity and establishing polarized cell growth. Since a potential role of Rho-
proteins has not been studied so far in filamentous fungi we isolated and characterized the Ashbya gossypii
homologs of the Saccharomyces cerevisiae CDC42, CDC24, RHOI, and RHO3 genes. The AgCDC42 and
AgCDC24 genes can both complement conditional mutations in the S. cerevisiae CDC42 and CDC24 genes
and both proteins are required for the establishment of actin polarization in A. gossypii germ cells. Agrhol
mutants show a cell lysis phenotype. Null mutant strains of Agrho3 show periodic swelling of hyphal tips
that is overcome by repolarization and polar hyphal growth in a manner resembling the germination
pattern of spores. Thus different Rho-protein modules are required for distinct steps during polarized

hyphal growth of A. gossypii.

HE establishment of cell polarity and the mainte-
nance of cellular asymmetry are essential cellular
properties that govern morphogenesis and develop-
ment of unicellular and multicellular organisms. One
of the most pronounced forms of cellular asymmetry
coupled to growth is the unipolar hyphal growth of
filamentous fungi (Harr1s 1997). In filamentous fungi
growth is restricted to cell apices, the hyphal tips, to
which the actin cytoskeleton is polarized, organizing the
delivery of vesicles carrying enzymes and precursors for
cell membranes and the cell wall. Unicellular yeast-like
fungi are different from filamentous fungi in that polar-
ized growth is limited to that phase of the cell cycle in
which the bud is formed (LEw and Reep 1993, 1995;
KroN and Gow 1995; CHANT 1999). Rho-type GTPases
regulate various aspects of cell growth, e.g., through
the reorganization of the actin cytoskeleton as well as
through pathways leading to gene expression (BOGUSKI
and McCormick 1993; Symons 1996; CABIB et al. 1998;
EBY et al. 1998; HaLL 1998; NoBEs and HarLL 1999).
GTPases can be viewed as molecular modulators cycling
between an inactive GDP-bound and an active GTP-
bound form. Switching of a Rho-protein between both
states is controlled by guanine nucleotide exchange fac-
tors (GEFs) and GTPase-activating proteins (GAPs;
TanakA and Takar 1998).
In Saccharomyces cerevisiae five Rho-like GTPases have
been characterized, CDC42and RHOI-4 (ScHMIDT and
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Harr 1998). ScCdc42p, and its GEF ScCdc24p are re-
quired for the establishment of a polarized actin cy-
toskeleton that is a prerequisite of bud emergence
(Jounson 1999). ScRholp is required to stimulate (3
(1-3) glucan synthase activity, which catalyzes the synthe-
sis of the main structural compound of the yeast cell
wall and is partially redundant in function with the
nonessential ScCRho2p (CaBiB et al. 1998). ScRho3p and
ScRho4p have been implicated in maintaining bud
growth by coordinating polarization of the actin cy-
toskeleton and the secretory apparatus (MaTsur and
Ton-£E 1992; IMAT1 et al. 1996; AbAMO et al. 1999).

Very little is known about the molecular mechanisms
responsible for the establishment of cell polarity and
the maintenance of hyphal growth in filamentous fungi.
The influence of the small GTPase Ras on cell growth
and development has been studied in Aspergillus nidu-
lans (Som and KovrArArTHI 1994). In Phycomyces blakes-
leeanus antibodies against RhoA showed the expression
of a Rho-homolog during spore germination of this
zygomycete (RAMIREZ-RAMIREZ et al. 1999). In screens
of a temperature-sensitive mutant library of A. nidulans
several mutant strains were isolated that showed defects
in polarity establishment, polarity maintenance, and hy-
phal morphogenesis (KaMmiNsky] and HAMER 1998;
HARRIS et al. 1999; MoMANY et al. 1999). However, char-
acterization of these mutants on the molecular level is
yet to be done.

The filamentous ascomycete Ashbya gossypii belongs to
the family of Saccharomycetaceae on the basis of 18S
rDNA comparisons (WENDLAND et al. 1999). The ge-
nome of A. gossypii is exceptionally small and encom-



602 J. Wendland and P. Philippsen

TABLE 1

Strains used in this study

Strain Genotype Source

A. gossypii
Wild type ATCC10895
A g Alt leu2 thrd P. Philippsen
AWE2 rho3A1::GEN3 RHO3 This study
AWE2b rho3A 1::GEN3 This study
AWE3 rhol::GEN3 RHOI This study
AWE18 1ho3A2::GEN3 RHO3 leu?2 thr4 This study
AWE18b 1ho3A2::GEN3 leu2 thr4 This study
AWE20 cdc42A1::GEN3 CDC42 This study
AWE21 cdc24::GEN3 CDC24 leu?2 thrd This study
AWE26 cdc42A2::GEN3 CDCA2 leu2 thrd This study

S. cerevisiae
YEF1201 MATa leu2 his3 lys2 trpl ura3 cdc24::HIS3 pMGF5 (Gall-CDC24) Erfei Bi
DJTD2-16D MATa leu2 trpl hist ura3 gal2 cdc42-1 Erfei Bi

passes only 8.85 Mb (S. STEINER, K. GAUDENZ, J. WEND-
LAND, C. MoHR, R. POHLMANN and P. PHILIPPSEN,
unpublished results). On the basis of the very efficient
homologous recombination in A. gossypii, one-step gene
replacement via PCR-based gene targeting has been es-
tablished in A. gossypii, allowing the facile functional
analysis of genes (STEINER et al. 1995; WENDLAND et al.
2000). Recently, a tho-GAP homolog, encoded by the
A. gossypii BEMZ2 gene, has been shown to be involved
in the determination and maintenance of cell polarity
during distinct stages of germination and polar hyphal
growth in A. gossypii (WENDLAND and PHILIPPSEN 2000).
This analysis suggested that Rho-like GTPase modules
are an important part of the regulatory network that
controls polarized hyphal growth in filamentous fungi.

Therefore, we investigated the roles of three RHO-
genes, CDC42, RHOI, and RHO3, and a gene coding
for the guanine nucleotide exchange factor of Cdc42p,
CDC24, during the establishment of cell polarity and
maintenance of unipolar hyphal growth of A. gossypii.

MATERIALS AND METHODS

Strains and media: The A. gossypii and S. cerevisiae strains
used are listed in Table 1. Rich medium (AFM) was used as
described (WENDLAND and PuILIPPSEN 2000). G418/genet-
icin was added to rich media for selection of antibiotic-resistant
transformants at a final concentration of 200 wg/ml. Yeast
media were prepared as described by GuTHRIE and FINK
(1991). The Escherichia coli strains DHba and XL.1-Blue were
used as hosts for plasmids.

Isolation of genes: DNA hybridization, colony screening,
and standard recombinant DNA techniques were done as de-
scribed (SAMBROOK et al. 1989). pAG-plasmids were derived
from a plasmid library constructed by cloning genomic A.
gossypii DNA into pRS416 (C. MoHR and P. PHILIPPSEN, un-
published results). Sequence information was generated as
described previously (WENDLAND and PHILIPPSEN 2000).
AgRHO3 was isolated from a Yep352-based plasmid library

(MAETING et al. 1999) using insert DNA from pAG1025 as a
probe. AgRHOI was subcloned from a BAC library (provided
by Rod Wing, Clemson University, Clemson, SC) using
PAG2832 as a probe. The complete sequence of CDC42 was
determined by using the plasmids pAG12814 and pAG12854,
which contain overlapping inserts. AgCDC24, initially identi-
fied on pAG1822, which contains only part of the gene, was
completely sequenced using plasmid clones pAG13101 and
PAG18216, which also contained overlapping inserts. Plasmid
clones containing the complete AgCDC42 (pAgCDC42) and
AgCDC24 (pAgCDC24) genes were constructed by ligating
BamHI-cleaved PCR fragments carrying these genes into the
BamH]I-site of pRS415 (S1korskr and HIETER 1989). The fol-
lowing primers were used in the amplification of genomic
A. gossypii DNA: to obtain AgCDC42, primer-1, 5'-CGAGGA
TCCGGGCGACGACTCGGGCGACGACTCCGATG-3" and
primer-2, 5-"TCAGGATCCGTGCCCACCAGTTACCCGGTCT
CTTCTTTG-3'; and to obtain AgCDC24, primer-3, 5'-CTTGG
ATCCCGTCACCTACCACACGCAGCGTACTCITATG-3" and
primer4, 5-GAAGGATCCGACGGTCCCAAATACACATTG
ACATAGCCC-3" (BamHI restriction sites are in boldface).
PCR was done using VENT-polymerase (New England Bio-
Labs, Allschwil, Switzerland). Cloning of the correct gene se-
quences was verified by sequencing. All sequencing was done
on ABI377 automated sequencers. Complete double-strand
sequence contigs were assembled from overlapping fragments
using the DNA-STAR software package. Sequence compari-
sons were done by BLAST searches (ALTSCHUL et al. 1990)
and using Genetics Computer Group software from the Uni-
versity of Wisconsin. Profile searches were done on the ISREC
profile server. GenBank accession numbers for the newly ob-
tained A. gossypii sequences are AF210626-9; swiss-prot acces-
sion numbers for the S. cerevisiae proteins used for protein
comparisons are Cdc42p, P19073; Rholp, P06780; Rho3p,
Q00245; and ScCdc24p, AAC04990.

Gene disruption: Insertion deletions or deletions of the
complete open reading frames (ORFs) of AgCDC42, AgRHOI,
AgRHO3, and AgCDC24 were performed by PCR-generated
GEN3 disruption cassettes as described previously (WENDLAND
et al. 2000). Primers used for the generation of the cassettes
and for verification of the deletions are listed in Tables 2 and
3, respectively. A. gossypiiand S. cerevisiae transformations were
carried out as described (BECKER and GUARENTE 1991; WEND-
LAND and PaiLippsEN 2000). Disruptions were verified by PCR.
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TABLE 2

Oligonucleotide primers used for gene deletions

Name of primer

Sequence of primer”

S1-RHO3A 1
S2-RHO3A1
S1-RHO3A2
S2-RHO3A2
S1-RHO1
S2-RHO1
S1-CDC42A 1
gctagggataacagggtaat
S2-CDC42A1
aggcatgcaagcttagatct
S1-CDC42A2
S2-CDC42A2
S1-CDC24
S2-CDC24

ACATCCATGACATCTTCGTGGACAACCAGCACATCACGCTGAGCCCgctagggataacagggtaat
CAAGTCGCACTTCAGCGCCACTAGCACCAGCTTCACGCCCTCGCAaggcatgcaagcttagatct
CTGGCATCAGAGGAAGCTCCCACCACCAAGCTCTACAAACACAAgctagggataacagggtaat
ATTATATTAGTATAGTCTAAAGTTGCAGGCAGTGGGTATTAAAGTaggcatgcaagcttagatct
GTCGGAGATGGTGCATGCGGGAAAACATGTCTTTTGATTGTGTTTgctagggataacagggtaat
GCAGATCAACACAACATTGGAGTCTGGGTACGATAACGGCCGTAGaggcatgcaagcttagatct
GAGGACTACGACAGGTTGCGGCCGTTGTCGTACCCGTCGACGGACGTGTTTCTCGTGTGCTTCAGCG

GCAGGGTACGCCCGGGCAGTGGTGATGTACCTCGGGGAACCACTTCTCCTTGACGTTCTCGAACGAC

GCAGACATTGAAGTGCGTGGTCGTTGGGGACGGAGCTGTCGGCAAGgctagggataacagggtaatacag
CACAAGATGGTGCACTTCTTGCTCTTCTTGATGACCGGCGGTTCGACtgcaggcatgcaagcettagatc
ACTTCTTCAAGCTTTATGAGCCGTGGTCTATTGGGCAAAATGCCGCAAgctagggataacagggtaat
CACAAGATGGTGCACTTCTTGCTCTTCTTGATGACCGGCGGTTCGACtgcaggcatgcaagcettagatc

“ Uppercase sequences correspond to those immediately upstream or downstream of the target locus. Lowercase sequences
correspond to terminal regions of the GEN3 selectable marker used in the PCR to generate the disruption cassettes. All sequences

are written from 5’ to 3'.

Primary transformants of A. gossypii are heterokaryotic; i.e.,
mycelia with multinucleate hyphal segments carry two kinds
of nuclei with either wild-type or mutant alleles. Sporulation
yielded homokaryotic null mutants, which allowed phenotypic
analyses of the mutant strains. Specifically, spores were ob-
tained from primary heterokaryotic transformants or in the
case of Agrho3 from null mutant strains after incubation and
growth of mycelia for 1 wk on full medium selective plates
supplemented with G418. Mycelial fragments could be de-
stroyed by incubation with cell wall lytic enzymes (Zymolyase,
Seikagaku, Japan). Spore preparations were incubated in se-

TABLE 3

Oligonucleotide primers used for the
verification of gene deletions

Name of primer Sequence of primer*

GI-RHO3A 1 CACGCGAGGGTACTTTCCG
G4-RHO3A 1 GGCGTGATGGCGCTCTCGTT
GI1-RHO3A2 GTCCGTGATCACCAGTGGTG
G4-RHO3A2 CGCCAACCAGTGAACGTTGGCAGC
GI1-RHOI GTATCAGGAGAAAATTGGTG
G4-RHO1 CAAGATGATCGGAACACCC
11-RHO1 ATGCCCAGCCGTATCCCAAAGCG
G1-CDC42A1 GTCAGCCGTACACGTTGGGC
G4-CDC42A1 GGTCAAGGCCGAGCACTCC
G1-CDC42A2 GTTTCATTCAGAGCAGTAGAGTG
G4-CDC42A2 GGTCTCGCGCGGGTCCTGG
G1-CDC24 CGGATTGGTGCTCTTTTTATGC
G4-CDC24 CAGAGCAGTTTGTAACTCCTTAGT
G2 gtttagtctgaccatctcatctg

G3 tcgcagaccgataccaggatc

p .
Uppercase sequences correspond to regions upstream

(G1-) and downstream (G4-) or within (I1-RHOI) the loci
targeted for disruption. Lowercase sequences (G2 and G3)
correspond to internal sites of GEN3 used for verification PCR
of the 5" and 3’ novel joints generated upon integration.

lective full medium that restricts the germination of wild-type
spores. Mutant spores of Agcdc42and Agedc24were germinated
for 24-36 hr, which in wild type results in the formation of
small colonies. Spores together with remnants of heterokaryo-
tic cell material of Agrhol strains were plated on selective full
medium plates and incubated for 2—4 days to analyze Agrhol
minicolonies. To analyze the effect of osmo-stabilizing media,
spores of primary heterkaryotic Agriol strains were isolated
(since the homokaryotic Agrhol minicolonies lyse prior to the
initiation of spore development) and appropriate dilutions
were plated on selective full medium plates either with or
without the addition of 1 M sorbitol and incubated for 3 days
at 30°. For AgCDC42 and AgRHO3 two different disruption
alleles were constructed using two sets of primer combinations
resulting in either insertion deletion (AI) or complete ORF
deletion (A2) generating the disruption alleles Agcdc42A1,
Agedc42A2, Agrho3A1, and Agrho3A2, respectively (see Table
1). Both disruption alleles of Agcdc#2 and Agrho3 behaved
phenotypically identically. For AgCDC24 and AgRHOI inde-
pendent transformants were analyzed carrying the respective
gene deletion. Although the transformation frequency is
rather low when using PCR-based gene targeting (resulting
in 0-40 transformants/10 ng of disruption cassette produced
by PCR and used in one transformation experiment; see also
WENDLAND et al. 2000), in all cases the obtained primary trans-
formants carried the correct deletion, which is due to the
very high efficiency of homologous integration in A. gossypii
(STEINER et al. 1995). Therefore, as a standard procedure two
independent transformants of each strain were characterized.

Cytological techniques: Staining of septa and nuclei was
done by calcofluor (0.1 wg/ml) and 4'6,-diamidino-2-phenyl-
indole (DAPI; 1.0 pg/ml), respectively, with cells either grown
in liquid rich medium or on slides covered with thin layers
of rich medium as described (WENDLAND and PHILIPPSEN
2000). Actin staining was done with logarithmically growing
cultures. Cells were fixed in formaldehyde (3.7%) and phos-
phate-buffered PBS. Cells were permeabilized with 0.2%
Triton X-100 for 5 min, washed with PBS, and stained with
rhodamine-phalloidin (Molecular Probes, Eugene, OR). Fluor-
escence microscopy was done on Zeiss (Thornwood, NY) Ax-
ioskop microscopes with the appropriate filter combinations.
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Images were taken using digital video imaging systems
(Princeton Instruments, Princeton, NJ; Optronics; Diagnostic
instruments).

RESULTS

Isolation of Rho-GTPases and CDC24 of A. gossypii:
Using initial sequence information provided by random
sequencing of an A. gossypii plasmid library, four loci
containing the CDC42, CDC24, RHOI, and RHO3 genes
were isolated and completely sequenced (Figure 1). Six

additional genes were found in the flanking regions of
the Rho-genes and AgCDC24 that share homologies to
known genes of S. cerevisiae (Figure 1). Two of the gene
pairs isolated, AgRHOI-AgMRP2 and AgFtUN9-AgCDC24,
show synteny, i.e., conserved gene order, to the corre-
sponding homologs of S. cerevisiae. Within the AgCDC42
locus, interestingly, synteny between the homologous
genes GCD6 and TCPI of A. gossypii and S. cerevisiae is
disrupted by CDC42 in A. gossypii. Sequence identity
between the A. gossypii and S. cerevisiae proteins ranged
from 52 to 94% (Figure 1). Alignment of the A. gossypii

1 ‘ V A.g.Cdc42
1 YVPT‘\JF-\TY‘LEL DTAGQEIN S.c.Cdc4z2
1 NV ISIRVDING ADVEVDGRRVE [RARR A.g.Rhol
1 S.c.Rhol
1 A.g.Rho3
1 S.c.Rho3
68 PSTDVFLVE NEKMVMEKLQRQRLRPITPEQG A.g.Cdc4d2
68 I PSTDVFLV@ DRKVIMEKLQRQRLRPITSEQG S.c.Cdc42
76 PDSNVVLI@® DPQVHMEQLRQQGQQPVSQAQA A.g.Rhol
75 R PDSNVVLI@ DPQTHMEQLRQEGQQPVTSQEG S.c.Rhol
80 S SDTHTIML@ LKCIBRSSDEYGNESAMTPGSIQONQK~--—-—--- A.g.Rho3
81 S| SDTQCIML@ EN--ESNANMTPNNIQQDNSVSNDNG S.c.Rho3
143 EKF---------—~-—————~ LK IVAARR - ————-—-—-—— EPPVIKKSKK IL A.g.Cdcd?2
143 SRL-=-—-—=-=-=-=——===—-—-==-~ LK IVAAMe-————-—————— EPPVIKKSKK IL S.c.Cdc4?2
151 QEV---———---———==—-=——-— FIEVREVIIEAVATRA SPMGK - - - QGKSKAK SDKKKKKK L A.g.Rhol
150 QSV~~---rmmmm e RDQI REVIJEAINTRA SEEMGK SKTNGKAKKNTTEKKKKK LL S.c.Rhol
153 ———YNGGGGNGLIPYDEGLAMRKQI E RC ATPKG---ARDSAPEAESSS M A.g.Rho3
159 NNINSTSNGKNLISYEEGLAM&KKI LR E RV. AGPVA---T--EVKSDSGSS M S.c.Rho3

F1GURE 2.—Alignment of Rho-proteins from A. gossypii and S. cerevisiae. Identical amino acids residues in the A. gossypii (Ag)

and S. cerevisiae (Sc) Rho-proteins are shaded.
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TABLE 4

Percentage amino acid sequence identity of Rho-GTPases

ScCdc42 AgRhol ScRhol AgRho3 ScRho3

AgCdc42 93.7 48.7 48.7 37.7 37.7
ScCdc42 48.7 49.7 37.7 37.7
AgRhol 81.6 43.0 44.9
ScRhol 44.0 45.0
AgRho3 72.3

and S. cerevisiae Rho-protein sequences revealed the
most conserved regions to be those involved in GTP
binding and hydrolysis [amino acids (aa) 5-20, 53-62,
and 154-160 of ScCdc42p], effector protein interaction
(aa 26-50 of ScCdc42p), and the isoprenylation consen-
sus motif at the very C-terminal part of Rho-proteins
(Figure 2; see JoHnsoN 1999 for review). Pairwise com-
parisons were performed with the A. gossypii and S. cere-
visiae Rho-proteins. This revealed highest sequence
identity between A. gossypii and S. cerevisiae Cdc42 pro-
teins and decreasing identity between the Rhol and
Rho3 proteins, respectively (Table 4). Comparison of
the lengths of the homologous Rho-protein pairs
showed that both Cdc42p proteins are 191 amino acids
in length, whereas the AgRholp (207 aa) is 2 and the
AgRho3p (224 aa) is 7 aa shorter than its yeast homolog.
The A. gossypii CDC24 gene codes for a protein of 761
amino acids, which is 93 aa shorter than ScCdc24p. Both
proteins contain GEF domains in their central parts
followed by pleckstrin homology (PH) domains and
share an overall sequence identity of 54% (Figures 1A
and 3A). A dot-matrix comparison between AgCdc24p
and ScCdc24p revealed that this homology is distributed
over the entire lengths of the proteins except for a
region encompassing the PH domains, which is 50 aa
shorter in AgCdc24p compared to ScCdc24p (Figure
3B). Three lines of evidence indicated the correct isola-
tion of the A. gossypiihomologs of the S. cerevisiae CDC42,
RHOI, RHO3, and CDC24 genes: (i) the degree of amino
acids sequence identity indicated that the correspond-
ing S. cerevisiae proteins were the most closely related
sequences in the databases; (ii) syntenic relationships
of gene pairs suggested some evolutionary conservation
of loci between A. gossypii and S. cerevisiae; and (iii)
analyses of the protein sequences showed the presence
of conserved domains, i.e., GTP-binding/hydrolysis do-
mains, effector domains, and membrane localization
domains for the Rho-proteins, and PH and GEF do-
mains for the CDC24 proteins. Additionally, the ability
of the AgCDC42 and AgCDC24 genes to complement
mutations in the corresponding S. cerevisiae genes was
examined. To this end S. cerevisiaestrains carrying either
the ¢dc42-1 temperature-sensitive allele or a deletion of
the CDC24 gene together with a ScCDC24 gene under
control of the GALI-promoter were transformed with

A
GEF PH
f V777 7 7TRSNaeaesy ]
I 270 444463 605 761
AgCdc24p
Earlp) pH Bud1pBem|p
. gzt 2 Guoiglenip
1 285 459478 668 854
ScCdc24p
B
800
g‘é - 800
S
3 - 600
&
Q
£
g )
« - 400
[=% .
<t
N
©
o
9
2 - 200
. "0

AgCdc24p: amino acids 1 to 761

F1GURE 3.—Protein comparison of Cdc24p of A. gossypiiand
S. cerevisiae. (A) Schematic representation of the homologous
Cdc24 proteins of A. gossypii (top) and S. cerevisiae (bottom).
Guanine-nucleotide exchange factor (GEF) and pleckstrin-
homology (PH) domains are shown as hatched boxes. Num-
bering corresponds to amino acids residues of the proteins and
the length of the individual domains. In ScCdc24p protein-
protein interactions with ScFarlp, ScBudlp, and ScBem1p to
specific regions of ScCdc24p are indicated. (B) Dot-matrix
comparison of AgCdc24p and ScCdc24p.

plasmids containing the AgCDC42 or AgCDC24 genes,
respectively. A shift to the restrictive temperature in the
case of cde42-1 or to media containing glucose only,
which represses expression of the CDC24 gene under
GALIl-promoter control, indicated that both vyeast
strains continued to proliferate only when carrying the
complementing A. gossypii gene (Figure 4).

Deletion of AgCDC42 and AgCDC24: Using one-step
gene replacement via PCR-generated disruption cas-
settes, primary heterokaryotic Agedc42/AgCDC42 and
Agedc24/ AgCDC24 strains were created. However, we
were unable to generate homokaryotic mutants from
spores of these strains germinated under selective condi-
tions. To determine at which stage development is
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Ficure 4.—Complementation of conditional Scedc24 and
Scede42 mutants. (A) YEF1201 carries a genomic deletion of
ScCDC24 and a plasmid with ScCDC24 under GALI promoter
control. This strain was transformed with either a plasmid
carrying AgCDC24 (a and c) or a vector control (pRS415, b
and d), and transformants were streaked onto full medium
plates containing either 2% glucose and 2% galactose (a and
b) or 2% glucose (c and d) and incubated for 3 days at 30°
before photography. (B) DJTD2-16D harboring the tempera-
ture-sensitive cdc42-1 allele carrying either pAgCdc42 (a and
c) or a vector control (pRS415, b and d) were streaked on
full medium plates and incubated for 3 days at 30° (a and b)
or 37° (c and d) before photography.

blocked in Agede42and Agede24 mutants we reexamined
spores germinated under selective conditions and com-
pared these with germinated wild-type spores (Figure
5, a and b). Germination of wild-type spores is initiated
by an isotropic growth phase generating spherical germ
cells. After an incubation period of 7-8 hr in full me-
dium at 30°, germ cells (containing 2 to maximally 8
nuclei) switch from isotropic to polar growth, which
leads to the formation of the first hyphal tube (Figure
5a, 1 and 2). Later a second hypha is generated opposite
of the first hypha producing the characteristic bipolar
branching pattern of germ cells (Figure 5a, 3). Septation
usually occurs at the bases of newly formed hyphae in
A. gossypii, marking, e.g., the transition between germ
cell and hypha (Figure 5a, 3). Cortical actin in filamen-
tous fungi were shown to be localized at the hyphal tips
and at sites of developing septa (TORRALBA et al. 1998).
We used rhodamine-phalloidin to stain cortical actin
patches in germ cells of wild-type cells (Figure 5a, 4-6).
Prior to the emergence of the first hyphal tube, cortical
patches were found to cluster at the incipient branch
site (Figure b5a, 4). At later stages actin patches were
found to be localized within the hyphal tips (Figure 5a,
5and 6). Agedc42and Agedc24spores were able to induce
the isotropic growth phase (Figure 5b, 1 and 5), which
was marked by uniform distribution of chitin through-
out the cell wall (Figure 5b, 2 and 6). This isotropic
growth phase continued beyond the wild-type size of
germ cells (8 wm), resulting in Agedc42 or Agedc24 germ
cells with diameters of up to twice that size (Figure 5b).
Within the mutant germ cells nuclear cycles continued
generating multinucleate cells containing >16 nuclei
(Figure 5b, 3 and 7). Actin staining revealed delocalized

FIGURE 5.—(a) Germination of wild-type A. gossypii spores.
(1) Phase contrast image of a germinated spore that switched
from isotropic germ-cell to polarized hyphal growth. (2) DAPI
staining of all nuclei of the cell shown in 1. (3) Chitin staining
of a germ cell displaying the characteristic bipolar germ-cell
branching pattern. (4-6) Actin staining of germ cells at various
stages during the establishment of polar hyphal growth. (b)
Photomicrographs of germ cells of A. gossypii CDC42 and
CDC24 mutants. Micrographs show different spores imaged
under phase contrast (1 and 5), after staining for chitin (2
and 6), after staining of nuclei (3 and 7), and after staining
of cortical actin (4 and 8). Bar, 10 pm for a and b.

cortical patches and Agedc42 and Agcdc24 germ cells
failed to induce the isotropic-polar switch, and thus did
not produce hyphal branches (Figure 5b, 4 and 8).
Deletion of AgRHOI results in colony lysis: An
AgRHO1/rhol deletion strain was constructed via PCR-
based gene targeting and homokaryotic Agrhol myce-
lium could be obtained via clonal selection of spores,
which was verified by PCR directly using these mycelial
fragments (not shown). Agriol null mutants formed
colonies that showed a severely reduced growth rate
compared to heterokaryotic strains that grew like the
wild type (Figure 6A). The Agrhol colonies exhibited a
high rate of cell lysis, which resulted in the death of
these colonies within 4 days after germination (500/
500 inspected colonies; Figure 6, B and C). This cell
lysis phenotype could only partially be remedied by the
addition of 1 M sorbitol to the medium. Germination
on selective complete medium containing 1 m sorbitol
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F1GURE 6.—Slow growth and lysis phenotype of Agrhol mu-
tants. (A) Minicolony formation of Agrhol strains in compari-
son to heterokaryotic, wild-type-like growth. (B and C) Micro-
graphs of 2- (B) and 4- (C) day-old Agrkol minicolonies. Bar
for B and C, 100 pm.

resulted in a 10-fold increase of minicolony formation
compared to the colony formation frequency on com-
plete selective medium without sorbitol. However, lysis
of the cells of these minicolonies was not prevented on
osmo-stabilized medium (not shown).

Deletion of AgRHO?3 results in a swollen tip pheno-
type: Viable Agrio3 null mutant strains could be ob-
tained after clonal selection of primary transformants.
In growth assays at temperatures varying between 16°
and 37° mycelia of Agrho3 null strains were found to
grow slower than wild type at all temperatures and
reached only 35% of the diameters of wild-type colonies
after 1 wk of growth (notshown). Interestingly, germina-
tion of spores at elevated temperatures, i.e., 37°, totally
abolished colony formation due to early lysis of emerg-
ing germ tubes. However, once a mycelium was estab-
lished growth occurred also at elevated temperatures
(notshown). Agrho3 hyphae showed characteristic swell-

FIGURE 7.—Micrograph of a 2-day-old Agrho3 colony incu-
bated at 30°. Bar, 50 pm.

ings at their hyphal tips (Figure 7). Isotropic growth
phases in Agrho3 tip cells could be overcome by the emer-
gence of new hyphal tubes that continued growth in the
direction established by the hyphae prior to the swelling
(Figure 7).

Comparison of wild-type with Agrhol and Agrho3 hy-
phae: Wild-type hyphae show chitin accumulation at
sites of septation and at growing hyphal tips (Figure
8A). Actin cortical patches are clustered at hyphal tips
and a network of actin filaments extends along the hy-
phae (Figure 8B). Nuclei are distributed with regular
intervals in wild-type hyphae (Figure 8C). Calcofluor
stained Agrhol hyphal tips with varying intensities and
although sites of septation could be observed rather
few septa were found along the hyphae of minicolonies
(Figure 8E). During the growth phase of Agriol hyphae
actin cortical patches were found to localize at the hy-
phal tip (Figure 8G). However, within a minicolony
some hyphae were observed that did not show a concen-
tration of cortical actin at the tips (Figure 8D). The
even distribution of nuclei was disturbed in Agrhol cor-
responding to the enlarged hyphae and irregular cell
shape (Figure 8, F and H). Chitin staining of Agrho3
hyphae revealed sites of septation within the hyphae
(Figure 8I). Interestingly, hyphal tubes emerging from
swollen tips were also found to be separated from areas
of isotropic growth by septa (100/100 observed cases;
Figure 8I). This phenotype bears a similarity to the
germination process of spores in which the boundaries
between germ cells and the emerging hyphal tubes are
also marked by septa (Figure 5a, 3). Cortical actin distri-
bution showed tip-localization during periods of polar
growth and was found to be delocalized in swollen hy-
phal tips (Figure 8]). Accumulation of nuclei could be
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FIGURE 8.—Micrographs showing cytological features of the wild-type (A-C), Agrhol (D-H), and Agrho3 (I-K) strains. Stainings
show the distribution of chitin (A, E, and I), nuclei (C, F, H, and K), and the localization of actin (B, D, G, and J). Bar, 10 um,

except for B, 5 pm and C, 15 pm.

observed in swollen Agrho3 tip cells (Figure 8K) as is
generally the case in wild-type germ cells and was also
observed in the Agede42 and Agede24 mutants (Figure
5b, 3 and 7).

DISCUSSION

We chose the filamentous ascomycete A. gossypii to
investigate the role of rho-like GTPase modules in the
regulation of polarized hyphal growth. The attrac-
tiveness of this system is based on the regularity of fila-
mentous growth and hyphal branching and the experi-
mental accessibility of A. gossypiz in combination with

its small genome (STEINER el al. 1995; WENDLAND et al.
2000; S. STEINER, K. GAUDENZ, J]. WENDLAND, C. MOHR,
R. POHLMANN and P. PHILIPPSEN, unpublished results).
In this study we have presented the characterization of
a set of Rho-proteins, including AgCdc42p, AgRholp,
and AgRho3p, and AgCDC24, which encodes the GEF for
AgCdc42p, and demonstrated their importance at dis-
tinct stages during development of cell polarity and the
maintenance of hyphal growth. Deletion of AgCDC42 and
AgCDC24 resulted in nondistinguishable phenotypes.
Germ cells of Agedc42 and Agedc24 spores were unable
to perform the isotropic-polar switch and thus did not
induce hyphal growth. These mutant phenotypes in A.
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gosyypii are strikingly similar to those observed in condi-
tional mutants of the S. cerevisiae CDC42 and CDC24
genes in which cells at the restrictive conditions become
enlarged, multinucleate, and do not polarize their actin
cytoskeleton (SLOAT et al. 1981; Apams et al. 1990).
Additional evidence that the CDC42-Rho-module fulfills
very similar functions in both organisms is derived from
analyses that indicate that the AgCDC42 and AgCDC24
genes can complement the corresponding S. cerevisiae
mutants without resulting in morphologically aberrant
yeast cells. We can therefore conclude that (i)
AgCdc24p acts as GEF for AgCdc42p, (ii) due to the
similarity of the deletion phenotypes of Agcde42 and
Agede24 mutants AgCDC24 is most likely the only
Cdc42p-GEF present in the A. gossypii genome, (iii) the
inability to induce polar growth in A. gossypii cdc42 and
cdc24 mutants is likely to be the consequence of the
failure to polarize the actin cytoskeleton, and (iv) the
CDC42module is not required to induce or maintain
the isotropic growth phase during spore germination.
Interestingly, it was shown that ScCdc24p is sequestered
in the nucleus in a ScFarlp-dependent manner and is
exported to the cytoplasm in G1 upon degradation of
ScFarlp (TOENJES et al. 1999; NERN and ARkow1TZ 2000;
SHIMADA et al. 2000). A similar nucleocytoplasmic shut-
tling has been shown for human ECT2, which is also a
Rho-GEF (TaTsuMoTO et al. 1999), suggesting that this
feature might be a more common theme and might
also play a role in polarized hyphal morphogenesis.

We observed interesting similarities between the bipo-
lar germ-cell branching pattern and the repolarization
of swollen hyphal tips of Agrho3 mutants. Isotropic
growth of Agrho3 hyphal tips could be overcome by
generating a site of renewed polarized hyphal growth
followed by growth in the same direction as was main-
tained prior to the swelling. Septation at the border
between isotropic and polar growth in Agrio3 mutants
is indicative of a polarity establishment event. This is
contrasted by the Agbem2 mutant phenotype in which
isotropic growth of tip cells resulted in the formation
of multiple new cell polarities at random positions indi-
cating (i) a loss of cell polarity in Agbem2 mutants and
(ii) a function of the RHOI-module in the preparation
of the site at which a new cell polarity is to be established
(WenDLAND and PHiLIPPSEN 2000). The occurrence of
tip swellings after certain periods of polar cell growth
in Agrho3 mutants indicates that the RHO3module in
A. gossypii plays a critical role for the maintenance of
hyphal growth. In S. cerevisiae overexpression of CDC42
suppresses defects in Scrho3 indicating a genetic interac-
tion between both Rho-modules (MaTsul and ToH-E
1992).

Deletion of AgRHOI resulted in a penetrant pheno-
type of cell/colony lysis. Many conditional S. cerevisiae
rhol mutants show defects in cell wall integrity resulting
in the formation of cells with small buds that lyse at
their tips (CABIB et al. 1998; PRUYNE and BRETSCHER

2000). Growth on osmotically stabilized complete me-
dium resulted in a 10-fold increase in the rate of colony
formation from spores; however, lysis of these minico-
lonies was not prevented. Deletion of the putative
AgRholp-GAP, encoded by AgBEM?2, generated viable
mutants with severe defects in the determination of cell
polarity during germination and hyphal growth (WEND-
LAND and PHiLippseN 2000). Hyphae of Agrhol mutants
showed polarized localization of the actin cytoskeleton
during their growth phase prior to lysis. Slow growth
and the bulgy cell shape, however, indicated defects in
the maintenance of polar hyphal growth. Therefore,
deletion of AgRHOI or AgBEM2, which functionally
should increase Rholp signaling, might have provided
some of the most extreme effects of the RHOI-module
on polar hyphal growth in A. gossypii. In the zygomycete
P. blakesleeanus antibodies against human RhoA indi-
cated expression of a Rholp-homolog during spore ger-
mination. This indicates a function of the RHOI-module
during the isotropic growth phase of spore germination
and is in line with our observation that cell lysis was
observed already in Agrhol germ cells. This also suggests
that signaling via RHO-modules is not following a linear
hierarchy since the CDC42-module seems not to be re-
quired during the isotropic growth phase of spore ger-
mination.

Taken together, the distinct events of establishing
cellular polarity (CDC42-module), the determination
and maintenance of cell polarity and polarized hyphal
growth (RHOI-module), and the regulation of growth at
the hyphal tip (RHO3module) appear to be controlled
each by a set of rho-GTPase modules. This allows us,
for the first time, to compare hyphal growth with cellular
yeast-like growth on a mechanistic basis. Additionally,
some of the A. nidulans morphogenetic mutants in the
swo, pod, and hyp loci might turn out to be components
of RHO-modules or accessory regulatory elements. A
molecular and biochemical comparison of the morpho-
genetic networks of yeast-like and filamentous fungi will
need to address the differences in both growth modes
that might reside, e.g:, in distinct localization patterns of
homologous proteins or in the molecular mechanisms
involved in keeping the hyphal tip intact.
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