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Abstract

Filamentous fungi grow by the polar extension of hyphae. This polar growth requires the specification of sites of germ tube or
branch emergence, followed by the recruitment of the morphogenetic machinery to those sites for localized cell wall deposition.
Researchers attempting to understand hyphal morphogenesis have relied upon the powerful paradigm of bud emergence in the yeast
Saccharomyces cerevisiae. The yeast paradigm has provided a useful framework, however several features of hyphal morphogenesis,
such as the ability to maintain multiple axes of polarity and an extremely rapid extension rate, cannot be explained by simple
extrapolation from yeast models. We discuss recent polarity research from filamentous fungi focusing on the position of germ tube
emergence, the relaying of positional information via RhoGTPase modules, and the recruitment of morphogenetic machinery
components including cytoskeleton, polarisome and ARP2/3 complexes, and the vesicle trafficking system.
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1. Introduction

The formation of polarized hyphae is the defining
feature of filamentous fungi, allowing them to efficiently
colonize and exploit new substrates. Polarity establish-
ment occurs at two distinct points in the vegetative
growth of most filamentous fungi: primary germ tube
emergence from the spore and branch emergence from
the hypha. Polarity establishment presumably requires
the specification of sites, followed by the recruitment
of the morphogenetic machinery for localized cell wall
deposition. Once established, polarity must be main-
tained during hyphal extension. Polarity maintenance is
dependent upon the sustained localization of the mor-
phogenetic machinery at the tips of extending hyphae.
For many years, researchers attempting to understand
hyphal morphogenesis have relied upon the powerful
paradigm of bud emergence in the yeast Saccharomyces
cerevisiae. While this paradigm provides a useful
framework, several features of hyphal morphogenesis
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cannot be explained by simple extrapolation from yeast
models. Unique features of hyphal organization and
growth, such as the ability to maintain multiple axes of
polarity and an extremely rapid extension rate, imply
the existence of novel regulatory modes. In addition,
recent genetic screens in Aspergillus nidulans and Neu-
rospora crassa have uncovered several “pioneer’ polar-
ity proteins along with others whose importance in
polarity would not have been predicted based on char-
acterization of their yeast orthologs. Accordingly, this is
an appropriate time to summarize our current under-
standing of how filamentous fungi establish and main-
tain hyphal polarity. Besides providing a context for
future studies, our goal is to highlight important differ-
ences between filamentous fungi and the well-known
yeast models.

1.1. The yeast paradigm

The mechanisms underlying polarized morphogenesis
have been extensively characterized in the yeasts S. ce-
revisiae and Schizosaccharomyces pombe. A summary
of these mechanisms highlights several important fea-
tures that are likely to apply to filamentous fungi as well.
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In S. cerevisiae, cortical markers working with a Ras-
related GTPase module specify bud site position (Pru-
yne and Bretscher, 2000b). Mating site position is
specified by an occupied mating receptor complexed
with a heterotrimeric G-protein. In both cases, the
conserved Cdc42 GTPase module transduces positional
information to several effectors that promote localized
organization of the morphogenetic machinery. Simi-
larly, in S. pombe, cell ends are thought to be specified
by cortical markers working with a Ras GTPase, and
positional information is transduced through the Cdc42
GTPase module to the morphogenetic machinery
(Chang and Peter, 2003). In both S. cerevisiae and S.
pombe, the morphogenetic machinery includes the actin
cytoskeleton and the secretory apparatus; however, in S.
pombe, microtubules also play an essential role in
transporting cortical markers to cell ends (Snaith and
Sawin, 2003). Finally, although there are distinct dif-
ferences in the mechanisms that specify the septation
site, both budding and fission yeast cells re-localize the
morphogenetic apparatus from the poles to this site in
order to undergo cytokinesis.

Several relevant concepts have emerged from the
yeast models. First, unique cortical markers specify sites
of polarized morphogenesis. The uniqueness of the
markers is underscored by the apparent absence of the
S. cerevisiae bud site markers Bud3p, Bud8p, and Bud9p
in the proteome of S. pombe. Second, the conserved
Cdc42p signaling module relays positional information
to the morphogenetic machinery. Third, scaffolding
proteins, such as formins and septins, play an important
role in organizing the morphogenetic machinery at sites
of polarized growth.

2. Positional information: choosing the spot

In S. cerevisiae, the cortical landmark proteins that
generate the positional signal are well characterized
(Pringle et al., 1995). These include markers that define
the axial budding pattern (Bud3p, Bud4p, and Ax12p) or

the bipolar budding pattern (Bud8p, Bud9p, and
Rax2p). Several of these markers (Ax12p, Bud8p, and
Bud9p) are cell wall proteins whose delivery to the cell
surface is tightly coordinated with cell cycle progression
and changes in the pattern of localized secretion (Lord
et al., 2000; Schenkman et al., 2002). Strikingly, the re-
cent release of several complete fungal genome se-
quences shows that these markers are poorly conserved
in A. nidulans and other filamentous fungi (AxI2p,
Bud4p, and Rax2p) or completely absent (Bud3p,
Bud8p, and Bud9p) (Table 1). One exception is the re-
cent identification of a Bud3p homologue in the fila-
mentous ascomycete A. gossypii (Wendland, 2003).
However, it should be noted that A. gossypii is thought
to have recently diverged from S. cerevisiae, and the two
fungi share large stretches of chromosomal synteny
(Brachat et al., 2003). The lack of strong positional
marker homologues might indicate that filamentous
fungi do not use landmark proteins, however several
observations suggest that germ tube and branch emer-
gence are subject to spatial regulation. In both
A. nidulans and A. gossypii, spore germination occurs in
a bipolar fashion (Harris, 1999; Wendland and Phil-
ippsen, 2001) that, at least in 4. nidulans, depends on the
integrity of the cytoskeleton. Temperature shift experi-
ments with the A. nidulans swoAl mutant suggest that
only certain regions of the spore surface are competent
for germ tube emergence (Momany et al., 1999). The
selection of branch sites is clearly non-random in
A. gossypii (Knechtle et al., 2003), and perhaps also in
other filamentous fungi (Walther and Wendland, 2003).
How, then, might filamentous fungi generate positional
information? Below, we consider three models for
specifying the sites of polarized growth: polarization
directed by cortical landmarks, activated receptors, or
stochastic fluctuations.

2.1. Model 1: cortical landmarks

Filamentous fungi might simply use a unique set of
cortical markers to specify positional information in a

Table 1
Homologues of S. cerevisiae positional landmarks in 4. nidulans
Landmark protein® A. nidulans homologue® Comments
Bud3p No hit
Bud4p AN6150.1
Ax12p AN1359.1
Bud8p No hit
Bud9p No hit
Rax2p AN6658.1

Homology confined to C-terminal Pleckstrin homology (PH) domain
Homology confined to N-terminal CADG domains, which are reported to bind Ca**

Homology distributed across entire protein; homologues present in other filamentous fungi

#Query sequences are from S. cerevisiaze and were obtained from Saccharomyces Genome Database (http://www.yeastgenome.org) using the

Global Gene Hunter search option.

®BLASTp searches were performed against the A. nidulans database (http://www-genome.wi.mit.edu/annotation/fungi/aspergillus/index.html)
using default parameters. The top hit with an e value lower than le? is indicated.
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system analogous to that of yeast. Spore production
potentially furnishes asymmetric marks that could be
exploited for this purpose. For example, conidiation in
A. nidulans produces chains of spores from a single
phialide by budding (Timberlake, 1980). Accordingly,
each spore possesses a birth scar capable of marking the
subsequent polarization site. Moreover, as recently de-
scribed in A. gossypii (Knechtle et al., 2003), markers
originally deposited at the hyphal tip could ultimately
specify sites of branch emergence. In molecular terms,
what could serve as a cortical landmark in filamentous
fungi? Remnants of the morphogenetic machinery, such
as the septins or plasma membrane microdomains,
could serve this function, as was suggested for 4. gos-
sypii Bud3p (Knechtle et al., 2003). Alternatively, a
species-specific cell wall protein could mark polarization
sites as Bud8p and Bud9p do in S. cerevisiae.

2.2. Model 2: activated receptors

Yeast cells mate via a polarized projection formed in
response to a pheromone gradient secreted from a
partner of opposite mating type (Chang and Peter,
2003). Pheromone receptors cluster at the point on the
cell surface experiencing the highest level of pheromone,
and trigger activation of an associated heterotrimeric G
protein that provides a positional landmark for the
recruitment of the Cdc42 signal transduction module
(Jackson et al., 1991). A necessary prerequisite for
this chemotropic response is the ability to override the
positional signals from landmark proteins, thereby
allowing activated receptors to commandeer the mor-
phogenetic machinery. In S. cerevisiae, pheromone-
dependent stabilization of an adaptor protein that in-
teracts with the free GPB subunit and the Cdc42 GTPase
module appears to override the cortical bud site markers
(Shimada et al., 2000).

In filamentous fungi, it is possible that sites of germ
tube and branch emergence could be specified by posi-
tional signals emanating from occupied receptors. Fila-
mentous fungi are clearly capable of responding to
pheromones during mating (Coppin and Debuchy,
2000). Further, genomic analyses suggest that much of
the machinery needed for the pheromone response in
mating yeast cells is present in filamentous fungi (Dyer
et al., 2003). Filamentous fungi might also mark polar-
ization sites by receptor clustering in response to signals
other than pheromones. For example, saprophytic fungi
might use nutrient receptors to specify the polarization
site, while plant pathogens might use receptors that bind
to specific plant surface components.

2.3. Model 3: spontaneous polarization

Many cell types are capable of establishing an axis of
polarity in the complete absence of any cortical land-

mark (Wedlich-Soldner and Li, 2003). Saccharomyces
cerevisiae cells lacking cortical landmarks and mating
pheromone gradients still undergo polarized morpho-
genesis (Wedlich-Soldner et al., 2003). Mathematical
models predict that such spontaneous polarization could
be achieved if a local positive feedback loop amplifies a
stochastic fluctuation in Cdc42p signaling and a long-
range inhibitor blocks signaling from adjacent sites.
Positive feedback requires the assembly of actin cables,
which transport additional Cdc42 module components
to the polarization site and so reinforce the original
signal. Long-range inhibition of the signal appears to
involve endocytic retrieval of signaling components
from regions flanking the polarization site. As suggested
by Wedlich-Soldner et al. (2003), the role of cortical
landmarks may be simply to impose a bias on a polarity
axis that was initially established in response to random
signal variation.

In filamentous fungi, stochastic signal fluctuation
might specify the site of first germ tube emergence from
the spore. This random polarization event might then
trigger spatial regulatory mechanisms that direct the
second germ tube emergence from a site on the opposite
side of the spore, thereby generating the observed bi-
polar pattern (Harris, 1999; Wendland, 2001; Wendland
and Philippsen, 2000). Similarly, sites for branch emer-
gence could be chosen by random variation in signal
intensity. For both germ tube and branch emergence,
amplification of the initial stochastic GTPase signal
might require the localized assembly of actin cables, as is
true for bud emergence in yeast. However, microtubules
have a critical role in regulating the direction of hyphal
extension (Riquelme et al., 1998), suggesting that they
might also be involved in generating the positive feed-
back loop.

3. Rho GTPase modules: relaying the signal

In S. cerevisiae, once positional information is es-
tablished, it is transduced via the Cdc42 Rho GTPase
module to the morphogenetic machinery (Pruyne and
Bretscher, 2000b). Like other Rho GTPases, Cdc42p
functions as a molecular on/off switch, relaying signals
in its active GTP-bound form, but not in its inactive
GDP-bound form. Consistent with this central role in
transducing polarity information, Cdc42p accumulates
at the plasma membrane in areas of polar growth
(Richman et al., 2002; Ziman et al., 1993), and specific
mutations of CDC42 prevent polarization and bud
emergence (Adams et al., 1990), while other mutations
cause the emergence of multiple buds (Richman and
Johnson, 2000). The guanine-nucleotide exchange factor
(GEF) Cdc24p promotes the exchange of GDP for
GTP, thus stimulating the formation of active Cdc42-
GTP. It is the Cdc24p GEF that is first recruited to the
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site of polar growth specified by cortical markers
(Bender, 1993; Zheng et al., 1995). Once in position,
Cdc24p recruits Cdc42-GDP and promotes the ex-
change of GDP for GTP. Active Cdc42-GTP in turn
recruits the Bemlp adaptor protein that appears to
stabilize Cdc24p at the polarization site (Butty et al.,
2002; Gulli et al., 2000; Sohrmann and Peter, 2003). The
GTPase activating proteins (GAPs) Rgalp, Bem2p, and
Bem3p stimulate the hydrolysis of GTP to GDP, thus
inactivating Cdc42p and ending polar growth. Because
yeast cells with mutated GAPs do not efficiently shut
down Cdc42p, they form dramatically elongated, hy-
perpolarized buds (Smith et al., 2002; Ziman et al.,
1991). Cdc42-GTP transduces signals to multiple
downstream effectors that in turn signal to the actin
cytoskeleton. Among the best-characterized effectors are
the p2l-activated kinases (PAKs) Ste20p and Cladp,
which amongst other functions may control actin cyto-
skeletal organization by regulating the polarisome
(Goehring et al., 2003).

Unlike the positional landmarks, Cdc42 module
proteins are highly conserved in A4. nidulans (Table 2)
and other filamentous fungi. Recently, homologues of
Cdc42p and Cdc24p have been cloned from several di-
morphic and filamentous fungi (Table 3). In A. gossypii,
deletion of CDC42 or CDC24 is lethal, however it is
possible to observe the early growth phenotype of
AAgedc42 and AAgedc24 conidia from heterokaryons
(Wendland and Philippsen, 2001). In both cases null
mutants show only isotropic growth and no germ tube
emergence. Similarly CDC42 and CDC24 are essential in
Candida albicans, but in null mutants with either CDC42
or CD(C24 expressed behind inducible promoters, yeast
cells cannot transition to hyphae and are avirulent in
mice (Bassilana et al., 2003; Ushinsky et al., 2002). In
contrast, strains possessing a dominant negative allele of
the Penicillium marneffei CDC42 homologue cflA are
viable (Boyce et al., 2001). Similarly, deletion of CDC42

Table 2
Homologues of S. cerevisiae Cdc42 module proteins in A. nidulans

Protein® A. nidulans homologue®
Cdc42p AN7487.1
YIRacl AN4743.1
Cdc24p ANS5592.1
Rgalp AN1025.1
Bem2p AN4745.1
Bem3p ANS5787.1
Ste20p AN2067.1
Cladp ANS836.1

#Query sequences are from S. cerevisiae and were obtained from
Saccharomyces Genome Database (http://www.yeastgenome.org) us-
ing the Global Gene Hunter search option except for Racl, where the
query sequence is Y. lipolytica Raclp obtained from GenBank.

®BLASTYp searches were performed against the A. nidulans data-
base (http://www-genome.wi.mit.edu/annotation/fungi/aspergillus/index.
html) using default parameters. The top hit with an e value lower than
le~?* is indicated.

in the polymorphic pathogen Wangiella dermatitidis is
not lethal, and AWdcdc42 strains make hyphae and
yeast with only slight morphological abnormalities (Ye
and Szaniszlo, 2000). In the rice pathogen Magnaporthe
grisea, mutants deleted for CDC42 are viable and dis-
play no obvious defects in hyphal growth (S. Wu, per-
sonal comunication; Zhao et al., 2001). In the maize
pathogen Ustilago maydis deletion of the CDC24 GEF
don3 causes no defect in filamentous growth and only
subtle defects in yeast growth (Weinzierl et al., 2002).

P. marneffei, W. dermatitidis, and M. grisea possess a
second Rho GTPase, Rac. Rac appears to be especially
important in filamentous fungi; there are no Racp ho-
mologues in the yeasts S. cerevisiae or S. pombe and Rac
clearly plays a role in hyphal growth that Cdc42 does
not. P. marneffei strains deleted for the Rac homologue
¢flB make conidiophores and hyphae that do not po-
larize properly (Boyce et al., 2003) and strains of the
dimorphic yeast Yarrowia lipolytica deleted for RACI
lose the ability to make true hyphae (Hurtado et al.,
2000).

The only Cdc42 GAP studied thus far from a
dimorphic or filamentous fungus is Aghem?2 from A.
gossypii (Wendland and Philippsen, 2000). Because
GAPs stimulate GTP hydrolysis and thus stop signal
transduction by the Cdc42 module, they are thought to
be especially important in regulating the timing and
position of polar growth. In the 4A4gbem2 mutant extra
germ tube initials emerge from the germ cell and di-
chotomous tip branching increases consistent with a role
for the AgBem2 GAP in temporal and spatial regulation
of polarization. The only downstream effector of Cdc42
that has been characterized in filamentous or dimorphic
fungi is the PAK Ste20. Deletion of both copies of the
C. albicans STE20, cst20, causes a reduction in hyphal
formation on some media and reduced virulence (Koh-
ler and Fink, 1996; Leberer et al., 1996). On the other
hand, deletion of the U. maydis STE20, don3, does not
affect filamentous growth of the dikaryon, but does
cause cell separation defects in the yeast (Weinzierl
et al., 2002).

Based on this limited data, a few trends are emerging.
The Cdc42 GTPase module is needed for germ tube
emergence and is essential in those dimorphic and fila-
mentous fungi most closely related to S. cerevisiae
(A. gossyippi and C. albicans). However, in more dis-
tantly related fungi (4. nidulans, M. grisea, P. marneffei,
U. maydis, and W. dermatitidis), CDC42 does not ap-
pear to be essential. The Rac GTPase, which is non-
essential in all filamentous fungi so far examined, might
partially compensate for loss of Cdc42 in these cases,
though there is no experimental evidence to support
redundancy between Cdc42 and Rac in filamentous
fungi. The phenotypes displayed by rac mutants and its
notable absence from monomorphic yeasts argue that
Rac’s major role is in hyphal growth.
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Table 3

Homologues of Cdc42 module proteins from filamentous and dimorphic fungi

Fungus Gene name Comments®

Reference

Rho GTPase: CDC42
Ashbya gossypii AgCDC42
actin patches, no GTE
Aspergillus nidulans modA
Candida albicans CaCDC42

Complements S. cerevisiae cdc42; AAgedcd2:® isotropic, delocalized

OE dom hyperactive modA: delayed GTE, swollen hyphae, no conidia
AACaCDC42 +inducible CaCDC42 in repressing conditions. Yeast:

(Wendland and Philippsen, 2001)

(Harris and Lee, unpublished)
(Ushinsky et al., 2002)

arrest large, round, unbudded, and no transition to hyphae; OE:
no effect; OE Dom hyperactive: multibud; Hyphae: GTE, but short;

Dom mutants: tip branching

ACaCDC42/pMetCDC4. no invasive hyphae, yeast normal; avirulent

in mice
Magnaporthe grisea
MgCDC42
Penicillium marneffei cflA

AMgCDC42 viable; conidial shape abnormal; saprophytic filamentous
hyphae normal, infection hyphae bulbous, less virulent
OE: no phenotype; Dom-negative: slow growth, decreased rate GTE,

(Bassilana et al., 2003)

(Zhao et al., 2001; S.Wu,
pers. comm.)
(Boyce et al., 2001)

curled, swollen hyphae; Dom-active: slow growth, increased GTE,
short, swollen cells. Needed for polarization of yeast and hyphae

Suillus bovines SbCDC42

RNA and protein expressed in vegetative and ectomycorrhiza-forming

(Gorfer et al., 2001)

hyphae; co-localized with actin at hyphal tips

Wangiella dermatitidis
WdCDC42
represses hyphae

Rho GTPase: RAC
Aspergillus niger racA

P. marneffei cfiB

Complements S. cerevisiae cdc42-1; AWdCDC42: viable, yeast slim,
hyphal microcolonies; Dom active: induces isotropic growth,

AracA: viable, accelerated 2°GTE and increased apical branching,
compact, reduced conidiation, actin localization normal
AcfiB: yeast cells normal, hyphae and conidiophores defective

(Ye and Szaniszlo, 2000)

(Ram et al., 2001;
A.F.Ram pers. comm)
(Boyce et al., 2003)

polarization, hyperbranch and tip branch. GFP::CfIB co-localized

with actin at septa and hyphal tips
RNA expressed in vegetative and ectomycorrhiza-forming hyphae
AYlracl: yeast round, pseudohyphae, no true hyphae; actin

S. bovines SbRACI
Yarrowia lipolytica YIRACI

(Gorfer et al., 2001)
(Hurtado et al., 2000)

polarized; YIRACI RNA increases in yeast to hyphae transition

GEF: CDC24
A. gossypii AgCDC24
C. albicans CaCDC24
normal; avirulent in mice
Ustilago maydis donl

Complements S. cerevisiae cdc24; AAgcdc24® identical to AAgcdc4?2
ACaCDC24/ pMetCDC24 cannot form invasive hyphae, yeast

donl mutant and Adonl: yeast separation and bud site selection

(Wendland and Philippsen, 2000)
(Bassilana et al., 2003)

(Weinzierl et al., 2002)

defects; normal filamentous growth of dikaryon; interacts with

UmCDC42 in 2 hybrid

GAP
A. gossypii AgBEM?2
increased tip branching

PAK: STE20
C. albicans CST20

U. maydis don3

AAgbem2: swollen germ cells, possible extra GTE from germ cell,

AAcst20 reduced hyphae on some media; reduced virulence.

don3 mutant and Adon3: yeast separation defect; normal filamentous

(Wendland and Philippsen, 2000)

(Kohler and Fink, 1996;
Leberer et al., 1996)
(Weinzierl et al., 2002)

growth of dikaryon; Interacts with UmCDC42 in 2 hybrid

& Abbreviations: Dom, dominant allele; GTE, germ tube emergence; OE, Overexpression.
®Essential gene, deletion early phenotype was observed in conidia from heterokaryons.

4. The morphogenetic machinery: generating polarity

Positional information is relayed by the GTPase
signaling modules to the morphogenetic machinery that
remodels the cell surface. Undoubtedly, the bulk of the
morphogenetic machinery involved in the establish-
ment and maintenance of hyphal polarity awaits dis-
covery. Nonetheless, those elements that have been
described offer significant insight into the mechanics of
polarized morphogenesis. These elements include the

cytoskeleton and associated proteins, as well as the
vesicle trafficking complexes that direct the formation,
transport, and fusion of secretory vesicles with target
membranes.

4.1. Actin
In yeast, actin is absolutely required for polarized

morphogenesis. During bud growth, actin cables extend
from the mother cell into the bud, and actin patches
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localize to growth sites on the bud surface (Adams and
Pringle, 1984). In almost all cases, mutations that disrupt
organization of the actin cytoskeleton prevent the for-
mation of buds and mating projections (Pruyne and
Bretscher, 2000a). The use of actin-depolymerizing
agents has shown that actin filaments are also required
for the establishment and maintenance of hyphal polar-
ity in filamentous fungi (Heath, 1994; Torralba et al.,
1998). In addition, 4. nidulans mutations that affect actin
organization or its utilization as a “vesicle highway”
display dramatic polarity defects (Harris, 1999;
McGoldrick et al., 1995). Localization experiments have
revealed the presence of actin patches and filaments at
the presumptive site of germ tube emergence from spores
and at hyphal tips, as well as actin rings at forming septa
(Harris et al., 1994; Momany and Hamer, 1997). The
most likely role for actin filaments in polarized mor-
phogenesis is to serve as tracks for the myosin-based
transport of vesicles to polarization sites. Actin filaments
presumably direct localized vesicle transport from the
apical vesicle cluster (the Spitzenkorper) to the hyphal tip
(Bourett and Howard, 1991; Roberson, 1991).

4.2. Polarisome and ARP2/3 complexes

In yeast, two distinct multi-protein complexes, the
polarisome and the Arp2/3 complex, function down-
stream of the Cdc42 GTPase module to direct the lo-
calized assembly of actin filaments at polarization sites.
The polarisome regulates the formation of linear, un-
branched actin filaments (actin cables). The key com-
ponent of the polarisome is the formin Bnilp, which
binds to the barbed ends of actin filaments and nucleates
microfilament assembly (Pruyne et al., 2002; Sagot et al.,
2002a; Sagot et al., 2002b). The remaining polarisome
components appear to regulate the timing and location
of Bnilp activity (Sagot et al., 2002b). The Arp2/3
complex regulates the formation of branched actin fila-
ments, which, unlike linear cables, form a fine meshwork
that typically underlies the cell surface. In yeast, where
this complex regulates actin patch formation, key com-
ponents include the WASP homologue Lasl7p/Beelp,
the actin-related proteins Arp2 and Arp3, and the class |
myosin Myo3p (Lechler et al., 2001).

The polarisome seems likely to direct the formation
of actin cables at polar growth sites in filamentous fungi
as well. Most polarisome components are conserved in
A. nidulans (Table 3), and the formin SepA controls the
assembly of actin cables at hyphal tips and septation
sites (Sharpless and Harris, 2002). Similarly, the Arp2/3
components are conserved in A. nidulans (Table 3).
Moreover, the A. nidulans class I myosin MyoA is re-
quired for polarity establishment and organization of
the actin cytoskeleton (McGoldrick et al., 1995). Taken
together, these observations suggest that signals ema-
nating from Cdc42 GTPase modules trigger local orga-

nization of actin filaments via similar mechanisms in
filamentous fungi and yeast.

In contrast, the role of actin patches in the estab-
lishment and maintenance of hyphal polarity is less
clear. In yeast, actin patches are required for endocy-
tosis, which promotes polar bud growth by retrieving
and recycling positional landmarks and components of
the morphogenetic machinery (Engqvist-Goldstein and
Drubin, 2003). It seems likely that endocytosis also
plays a crucial role in promoting polarized hyphal
growth (Read and Kalkman, 2003; Torralba and Heath,
2002), though this view is not universal (Torralba and
Heath, 2002). Indeed, the A. nidulans swoC polarity
mutant possesses a defect in endocytosis (Lin and
Momany, 2003).

4.3. Microtubules

Although microtubules have no apparent role in po-
larity establishment in S. cerevisiae, they are required to
position cell end markers in S. pombe (Chang and Peter,
2003). Elegant genetic studies in A. nidulans and other
filamentous fungi have established that the essential
function of microtubules is to enable chromosome seg-
regation during mitosis, as is also true in S. cerevisiae
(Aist and Morris, 1999). However, several observations
suggest that cytoplasmic microtubules also have a cru-
cial, but non-essential role in polarized hyphal growth.
Disruption of microtubule organization does not pre-
vent polarity establishment, but does cause the forma-
tion of morphologically aberrant hyphae (Doshi et al.,
1991; That et al., 1988). Live cell imaging studies have
shown that cytoplasmic microtubules are required to
maintain the position of the Spitzenkorper at hyphal
tips (Riquelme et al., 1998). Mutations affecting the
microtubule motors dynein and kinesin cause defects in
long-range vesicle transport to and from the tip region
(Seiler et al., 1999). Finally, a unique temperature sen-
sitive allele of the A. nidulans y-tubulin gene causes a
complete defect in polarity establishment (Jung et al.,
2001).

What are the potential roles of cytoplasmic micro-
tubules in polarized morphogenesis? One obvious
function is to facilitate vesicle transport to the tip from
distal regions of hyphae. Accordingly, mutations af-
fecting microtubules or their associated motor proteins
would lead to distorted hyphal morphology because of
failure to supply the growing tip with sufficient levels of
precursors. However, cytoplasmic microtubules may
have a previously unrecognized function in the spatial
regulation of polarized morphogenesis. Intriguing re-
sults from S. pombe show that the plus ends of cyto-
plasmic microtubules transport polarity determinants to
the cell tip (Mata and Nurse, 1997) where they subse-
quently appear to specify sites of actin filament assembly
by recruiting components of the polarisome (Glynn
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et al.,, 2001). By analogy, microtubules might locally
modulate actin dynamics at germination or branch sites
by delivering signaling proteins or polarisome compo-
nents. In this manner, they would play a key role in
specifying polarization sites in filamentous fungi.

4.4. Septins

Though not considered cytoskeletal elements in the
strictest sense (Field and Kellogg, 1999), septins do have
many features of cytoskeletal proteins—they form fila-
ments in vitro, bind GTP and appear to organize regions
of the cell’s interior (Longtine and Bi, 2003; Longtine
et al., 1996). In S. cerevisiae septins have many roles
including organization of the division site. After cyto-
kinesis, septins remain at the division site where they
recruit the cortical landmarks that specify the bud
emergence site in the next cell cycle. Though the mech-
anism is not yet clear, Cdc42-GTP has a direct role in
recruiting and/or organizing septins at the site of bud
emergence. In cdc42 mutants, septins do not localize
properly to the bud site (Gladfelter et al., 2001; Jeong
et al., 2001; Pringle et al., 1995). Cdc42p and septins co-
localize to a cap in schmoos and mutations in the Cdc42
GAP proteins perturb the timing of septin organization
(Caviston et al., 2003).

Septins have been cloned from the filamentous fungus
A. nidulans (Momany et al., 2001) and the dimorphic

pathogen C. albicans (Sudbery, 2001; Warenda and
Konopka, 2002). In both fungi, localization studies and
mutant phenotypes support roles in polarity establish-
ment of germ tubes and branches in addition to the
expected role in septation. In A. nidulans, the septin
AspB localizes to emerging secondary germ tubes,
branches, and conidiophore layers. Strains carrying a
temperature-sensitive mutation in aspB show hyper-
branching as well as conidiophore defects (Westfall and
Momany, 2002). In C. albicans, septins localize to the
necks of yeast and the emerging germ tubes of devel-
oping pseudohyphae and true hyphae (Sudbery, 2001;
Warenda and Konopka, 2002). Mutations in certain
C. albicans septins are lethal while mutation of other
septins gives rise to abnormally curved hyphae with
perturbed hyphal site selection (Warenda and Konopka,
2002).

4.5. Vesicles

The rapid rate of hyphal extension—as high as 1 pm/s
for N. crassa (Seiler and Plamann, 2003)—places ex-
treme demands on the vesicle trafficking machinery that
delivers precursors to the tip. It is not surprising that
mutations affecting vesicle transport are turning up with
increasing frequency in genetic screens for polarity
mutants. A comprehensive screen for morphogenetic
mutants in N. crassa identified homologues of several

Table 4
Homologues of morphogenetic machinery multi-protein complex members in A. nidulans
Protein® A. nidulans Comments
homologue®
Polarisome
Bnilp/Bnrlp Required for septation and polarized morphogenesis (Sharpless and Harris, 2002)
(formin) SepA
Spa2p SepG Required for septation (Harris et al., 1994); role in polarized morphogenesis not yet tested
Bud6p AN1324.1
Pea2p No hit

Arp2/3 WASP complex

Las17p (WASP) ANBS8715.1
Arp2p ANO0673.1
Arp3p ANO0140.1
Vrplp AN1120.1
Myo3p/MyoSp MyoA
Exocyst

Sec3p ANO0462.1
Sec5p AN1002.1
Sec6p AN1988.1
Sec8p AN7730.1
Secl0p ANS8879.1
Secl5p AN6493.1
Exo70p ANG6210.1
Exo84p ANO0560.1

Weak homology to other WASPs, but does possess characteristic WH1 domain

Weak homology to Vrpl, but does possess consensus WH1-binding motif
Required for polarized morphogenesis (McGoldrick et al., 1995)

#Query sequences are from S. cerevisiaze and were obtained from Saccharomyces Genome Database (http://www.yeastgenome.org) using the

Global Gene Hunter search option.

®BLASTp searches were performed against the Aspergillus nidulans database (http://www-genome.wi.mit.edu/annotation/fungi/aspergillus/
index.html) using default parameters. The top hit with an e value lower than le~? is indicated.
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yeast SEC genes, as well as a subunit of the coatomer
complex that mediates vesicle formation (Seiler and
Plamann, 2003). Similarly, the coatomer complex is re-
quired for polarity establishment in A. nidulans (Whit-
taker et al., 1999) as are components of two distinct
protein complexes that regulate intra-Golgi vesicle
transport, TRAPP and COG (Shi et al., 2003). These
results distinguish filamentous fungi from yeast, where
mutations affecting apparent orthologues of these same
genes have no obvious morphogenetic defect (Seiler and
Plamann, 2003). Similarly, the chemical brefeldin A
disrupts polarized morphogenesis in filamentous fungi,
largely through the inhibition of post-Golgi vesicle
transport to the hyphal tip (Cole et al., 2000).

Despite the importance of vesicle trafficking for the
establishment of hyphal polarity, several questions
regarding the localization of secretory organelles and the
regulation of trafficking remain unanswered. In fila-
mentous fungi, the endomembrane system consists of
the endoplasmic reticulum and Golgi equivalents. Un-
like animal cells, fungi do not possess discrete Golgi
stacks (Satiat-Jeunemaitre et al., 1996). The localization
of Golgi equivalents relative to sites of germ tube
emergence or branch formation has not yet been es-
tablished. Do Golgi equivalents accumulate at polari-
zation sites, as they do at budding sites in yeast (Preuss
et al., 1992)? Also, do accumulated Golgi equivalents
contribute to the subsequent formation of a Spit-
zenkorper at these sites?

The precise spatial regulation of vesicle exocytosis is
undoubtedly crucial for polarized morphogenesis. Key
regulators of exocytosis include SNARESs, conserved
proteins that mediate fusion between vesicles and their
target membranes. In N. crassa plasma membrane
SNARE:s localize in a tip-high gradient and are inti-
mately involved in the establishment and maintenance
of hyphal polarity (Gupta et al., 2003). Another im-
portant regulator is the multi-protein exocyst complex,
which ensures that vesicles dock at the correct location
on the cell surface in yeast and animal cells. As expected,
the entire exocyst is conserved in A. nidulans (Table 4),
though its role in polarized morphogenesis awaits in-
vestigation. Accordingly, the Rab GTPase that regulates
the exocyst, Secd4, should be required for polarity es-
tablishment, as it is in yeast. However, as shown in
Aspergillus niger, polarized morphogenesis is largely
unaffected by disruption of the putative SEC4 homo-
logue (Punt et al., 2001). This result suggests that the
regulation of post-Golgi vesicle trafficking is more
complex in filamentous fungi than in yeast.

5. Future directions: moving beyond the paradigm

There are clearly crucial differences between the brief,
sporadic polar growth of the monomorphic yeasts and

the sustained, multi-axis polar growth of filamentous
fungi. The yeast paradigm for establishing positional
information, relaying the signal and organizing the
morphogenetic machinery offers a good starting frame-
work for understanding polarity in filamentous fungi,
but many questions remain to be answered. Perhaps the
most intriguing question is how is positional informa-
tion generated at sites of germ tube and branch emer-
gence. Answering this question is likely to require the
identification of putative cortical landmarks using ge-
netic screens for mutants with altered patterns of po-
larized morphogenesis and bioinformatic approaches.
Other important questions include how extensive is the
role of the Rac GTPase and is there crosstalk between
the Rac and Cdc42 GTPase modules. To address these
questions, regulators of Rac activity as well as down-
stream effectors of both modules must be identified and
characterized. A final crucial question is how has the
morphogenetic machinery been adapted to permit con-
tinuous polarized growth over long distances. These
adaptations are likely to involve a greater role for mi-
crotubules along with other modifications. Future in-
vestigations answering these questions in filamentous
fungi will yield fundamental insights into polarized
morphogenesis of higher eukaryotes.

Acknowledgments

We are grateful to N. Ron Morris for encouragement
and most importantly, scientific inspiration. SH is sup-
ported by the American Cancer Society (RPG-99-214-
01-MBC) and the University of Nebraska Research
Foundation. Research in MM’s lab on polarity and
septins is supported by DOE Biosciences (DE-FGO02-
97ER20275) and NSF (MCB9904629).

References

Adams, A.E.M., Johnson, D.I., Longnecker, R.M., Sloat, B.F.,
Pringle, J.R., 1990. CDC42 and CDC43, two additional genes
involved in budding and the establishment of cell polarity in the
yeast Saccharomyces cerevisiae. J. Cell Biol. 111, 131-142.

Adams, A.E.M., Pringle, J.R., 1984. Relationship of actin and tubulin
distribution to bud growth in wild-type and morphogenetic-mutant
Saccharomyces cerevisiae. J. Cell Biol. 98, 934-945.

Aist, J.R., Morris, N.R., 1999. Mitosis in filamentous fungi: how we
got where we are. Fungal Genet. Biol. 27, 1-25.

Bassilana, M., Blyth, J., Arkowitz, R.A., 2003. Cdc24, the GDP-GTP
exchange factor for Cdc42, is required for invasive hyphal growth
of Candida albicans. Eukaryot. Cell. 2, 9-18.

Bender, A., 1993. Genetic evidence for the roles of the bud-site-
selection genes BUDS and BUD2 in control of the Rsrlp (Budlp)
GTPase in yeast. Proc. Natl. Acad. Sci. USA 90, 9926-9929.

Bourett, T.M., Howard, R.J., 1991. Ultrastructural immunolocaliza-
tion of actin in a fungus. Protoplasma 163, 199-202.

Boyce, K.J., Hynes, M.J., Andrianopoulos, A., 2001. The CDC42
homolog of the dimorphic fungus Penicillium marneffei is required



S.D. Harris, M. Momany | Fungal Genetics and Biology 41 (2004) 391-400 399

for correct cell polarization during growth but not development. J.
Bacteriol. 183, 3447-3457.

Boyce, K.J., Hynes, M.J., Andrianopoulos, A., 2003. Control of
morphogenesis and actin localization by the Penicillium marneffei
RAC homolog. J. Cell Sci. 116, 1249-1260.

Brachat, S., Dietrich, F.S., Voegeli, S., Zhang, Z., Stuart, L., Lerch,
A., Gates, K., Gaffney, T., Philippsen, P., 2003. Reinvestigation of
the Saccharomyces cerevisiae genome annotation by comparison to
the genome of a related fungus: Ashbya gossypii. Genome Biol. 4,
R45.

Butty, A.C., Perrinjaquet, N., Petit, A., Jaquenoud, M., Segall, J.E.,
Hofmann, K., Zwahlen, C., Peter, M., 2002. A positive feedback
loop stabilizes the guanine-nucleotide exchange factor Cdc24 at
sites of polarization. EMBO J. 21, 1565-1576.

Caviston, J.P., Longtine, M., Pringle, J.R., Bi, E., 2003. The role of
Cdc42p GTPase-activating proteins in assembly of the septin ring
in yeast. Mol. Biol. Cell 14, 4051-4066.

Chang, F., Peter, M., 2003. Yeasts make their mark. Nat. Cell. Biol. 5,
294-299.

Cole, L., Davies, D., Hyde, G.J., Ashford, A.E., 2000. Brefeldin A
affects growth, endoplasmic reticulum, Golgi bodies, tubular
vacuole system, and secretory pathway in Pisolithus tinctorius.
Fungal Genet. Biol. 29, 95-106.

Coppin, E., Debuchy, R., 2000. Co-expression of the mating-type
genes involved in internuclear recognition is lethal in Podospora
anserina. Genetics 155, 657-669.

Doshi, P., Bossie, C.A., Doonan, J.H., May, G.S., Morris, N.R., 1991.
Two oa-tubulin genes of Aspergillus nidulans encode divergent
proteins. Mol. Gen. Genet. 225, 129-141.

Dyer, P.S., Paoletti, M., Archer, D.B., 2003. Genomics reveals sexual
secrets of Aspergillus. Microbiology 149, 2301-2303.

Engqvist-Goldstein, A.E., Drubin, D.G., 2003. Actin assembly and
endocytosis: from yeast to mammals. Annu. Rev. Cell. Dev. Biol.
19, 287-332.

Field, C.M., Kellogg, D., 1999. Septins: cytoskeletal polymers or
signalling GTPases. Trends Cell. Biol. 9, 387-394.

Gladfelter, A.S., Pringle, J.R., Lew, D.J., 2001. The septin cortex at the
yeast mother-bud neck. Curr. Opin. Microbiol. 4, 681-689.

Glynn, J.M., Lustig, R.J., Berlin, A., Chang, F., 2001. Role of bud6p
and tealp in the interaction between actin and microtubules for the
establishment of cell polarity in fission yeast. Curr. Biol. 11, 836-
845.

Goehring, A.S., Mitchell, D.A., Tong, A.H., Keniry, M.E., Boone, C.,
Sprague Jr., G.F., 2003. Synthetic lethal analysis implicates Ste20p,
a p2l-activated protein kinase, in polarisome activation. Mol. Biol.
Cell 14, 1501-1516.

Gorfer, M., Tarkka, M.T., Hanif, M., Pardo, A.G., Laitiainen, E.,
Raudaskoski, M., 2001. Characterization of small GTPases Cdc42
and Rac and the relationship between Cdc42 and actin cytoskel-
eton in vegetative and ectomycorrhizal hyphae of Suillus bovinus.
Mol. Plant Microbe Interact. 14, 135-144.

Gulli, M.P., Jaquenoud, M., Shimada, Y., Niederhauser, G., Wiget,
P., Peter, M., 2000. Phosphorylation of the Cdc42 exchange factor
Cdc24 by the PAK-like kinase Cla4 may regulate polarized growth
in yeast. Mol. Cell 6, 1155-1167.

Gupta, G.D., Free, S., Levina, N., Keranen, S., Heath, 1., 2003. Two
divergent plasma membrane syntaxin-like SNAREs, nsynl and
nsyn2, contribute to hyphal tip growth and other developmental
processes in Neurospora crassa. Fungal Genet. Biol. 40, 271-286.

Harris, S.D., 1999. Morphogenesis is coordinated with nuclear division
in germinating Aspergillus nidulans conidiospores. Microbiology
145, 2747-2756.

Harris, S.D., Morrell, J.L., Hamer, J.E., 1994. Identification and
characterization of Aspergillus nidulans mutants defective in
cytokinesis. Genetics 136, 517-532.

Heath, 1.B. 1994. The cytoskeleton in hyphal growth, organelle
movements, and mitosis. In: Meinhardt, F., JJG.H, W., (Ed.),

Growth, Differentiation and Sexuality. Springer-Verlag, Berlin
Heidelberg, pp. 43-65.

Hurtado, C.A., Beckerich, J.M., Gaillardin, C., Rachubinski, R.A.,
2000. A rachomologis required for induction of hyphal growth in the
dimorphic yeast Yarrowia lipolytica. J. Bacteriol. 182, 2376-2386.

Jackson, C.L., Konopka, J.B., Hartwell, L.H., 1991. S. cerevisiae
alpha pheromone receptors activate a novel signal transduction
pathway for mating partner discrimination. Cell 67, 389-402.

Jeong, J.W., Kim, D.H., Choi, S.Y., Kim, H.B., 2001. Characteriza-
tion of the CDCI10 product and the timing of events of the budding
site of Saccharomyces cerevisiae. Mol. Cells. 12, 77-83.

Jung, M K., Prigozhina, N., Oakley, C.E., Nogales, E., Oakley, B.R.,
2001. Alanine-scanning mutagenesis of Aspergillus gamma-tubulin
yields diverse and novel phenotypes. Mol. Biol. Cell 12, 2119-2136.

Knechtle, P., Dietrich, F., Philippsen, P., 2003. Maximal polar growth
potential depends on the polarisome component AgSpa2 in the
filamentous fungus Ashbya gossypii. Mol. Biol. Cell 14, 4140-4154.

Kohler, J.R., Fink, G.R., 1996. Candida albicans strains heterozygous
and homozygous for mutations in mitogen-activated protein kinase
signaling components have defects in hyphal development. Proc.
Natl. Acad. Sci. USA 93, 13223-13228.

Leberer, E., Harcus, D., Broadbent, I.D., Clark, K.L., Dignard, D.,
Ziegelbauer, K., Schmidt, A., Gow, N.A., Brown, A.J., Thomas,
D.Y., 1996. Signal transduction through homologs of the Ste20p
and Ste7p protein kinases can trigger hyphal formation in the
pathogenic fungus Candida albicans. Proc. Natl. Acad. Sci. USA
93, 13217-13222.

Lechler, T., Jonsdottir, G.A., Klee, S.K., Pellman, D., Li, R., 2001. A
two-tiered mechanism by which Cdc42 controls the localization
and activation of an Arp2/3-activating motor complex in yeast. J.
Cell Biol. 155, 261-270.

Lin, X., Momany, M., 2003. The Aspergillus nidulans swoCl mutant
shows defects in growth and development. Genetics 165, 543-554.

Longtine, M.S., Bi, E., 2003. Regulation of septin organization and
function in yeast. Trends. Cell. Biol. 13, 403-409.

Longtine, M.S., De Marini, D.J., Valencik, M.L., Al-Awar, O.S.,
Fares, H., De Virgilio, C., Pringle, J.R., 1996. The septins: roles in
cytokinesis and other processes. Curr. Opin. Cell Biol. 8, 106-119.

Lord, M., Yang, M.C., Mischke, M., Chant, J., 2000. Cell cycle
programs of gene expression control morphogenetic protein
localization. J. Cell Biol. 151, 1501-1512.

Mata, J., Nurse, P., 1997. teal and the microtubular cytoskeleton are
important for generating global spatial order within the fission
yeast cell. Cell 89, 939-949.

McGoldrick, C.A., Gruver, C., May, G.S., 1995. myoA of Aspergillus
nidulans encodes an essential myosin I required for secretion and
polarized growth. J. Cell Biol. 128, 577-587.

Momany, M., Hamer, J.E., 1997. Relationship of actin, microtubules,
and crosswall synthesis during septation in Aspergillus nidulans.
Cell Motil. Cytoskeleton 38, 373-384.

Momany, M., Westfall, P.J., Abramowsky, G., 1999. Aspergillus
nidulans swo mutants show defects in polarity establishment,
maintenance and hyphal morphogenesis. Genetics 151, 557-567.

Momany, M., Zhao, J., Lindsey, R., Westfall, P.J., 2001. Character-
ization of the Aspergillus nidulans septin (asp) gene family. Genetics
157, 969-977.

Preuss, D., Mulholland, J., Franzusoff, A., Segev, N., Botstein, D.,
1992. Characterization of the Saccharomyces golgi complex
through the cell cycle by immunoelectron microscopy. Mol. Biol.
Cell 3, 789-803.

Pringle, J.R., Bi, E., Harkins, H.A., Zahner, J.E., DeVirglio, C.,
Chant, J., Corrado, K., Fares, H., 1995. Estabishment of cell
polarity in yeast. Cold Spring Harbor Symposia on Quantitative
Biology LX, pp. 729-744.

Pruyne, D., Bretscher, A., 2000a. Polarization of cell growth in yeast
I1. The role of the cortical actin cytoskeleton. J. Cell Sci. 113, 571—
585.



400 S.D. Harris, M. Momany | Fungal Genetics and Biology 41 (2004) 391-400

Pruyne, D., Bretscher, A., 2000b. Polarization of cell growth in yeast.
1. Establishment and maintenance of polarity states. J. Cell Sci.
113, 365-375.

Pruyne, D., Evangelista, M., Yang, C., Bi, E., Zigmond, S., Bretscher,
A., Boone, C., 2002. Role of formins in actin assembly: nucleation
and barbed-end association. Science 297, 612-615.

Punt, P.J., Seiboth, B., Weenink, X.0., van Zeijl, C., Lenders, M.,
Konetschny, C., Ram, A.F., Montijn, R., Kubicek, C.P., van den
Hondel, C.A., 2001. Identification and characterization of a family
of secretion-related small GTPase-encoding genes from the fila-
mentous fungus Aspergillus niger: a putative SEC4 homologue is
not essential for growth. Mol. Microbiol. 41, 513-525.

Ram, A.F., Arentshorst, M., Damveld, R.A., Punt, P.J., van den
Hondel, C.A.M.J.J., 2001. Characterization of the racA gene in
Aspergillus niger. Fungal Genet. Newslett. 48, Abs443.

Read, N.D., Kalkman, E.R., 2003. Does endocytosis occur in fungal
hyphae? Fungal Genet. Biol. 39, 199-203.

Richman, T.J., Johnson, D.I., 2000. Saccharomyces cerevisiae cdc42p
GTPase is involved in preventing the recurrence of bud emergence
during the cell cycle. Mol. Cell. Biol. 20, 8548-8559.

Richman, T.J., Sawyer, M.M., Johnson, D.I., 2002. Saccharomyces
cerevisiae Cdc42p localizes to cellular membranes and clusters at
sites of polarized growth. Eukaryot. Cell 1, 458-468.

Riquelme, M., Reynaga-Pena, C.G., Gierz, G., Bartnicki-Garcia, S.,
1998. What determines growth direction in fungal hyphae? Fungal
Genet. Biol. 24, 101-109.

Roberson, R.W., 1991. The hyphal tip cell of Sclerotium rolfsii:
cytological observations. In: Latge, J.P., Boucias, D. (Eds.), Fungal
Cell Wall and Immune Response. Springer-Verlag, Berlin, pp. 27—
37.

Sagot, 1., Klee, S.K., Pellman, D., 2002a. Yeast formins regulate cell
polarity by controlling the assembly of actin cables. Nat. Cell. Biol.
4, 42-50.

Sagot, 1., Rodal, A.A., Moseley, J., Goode, B.L., Pellman, D., 2002b.
An actin nucleation mechanism mediated by Bnil and profilin.
Nat. Cell. Biol. 4, 626-631.

Satiat-Jeunemaitre, B., Cole, L., Bourett, T., Howard, R., Hawes, C.,
1996. Brefeldin A effects in plant and fungal cells: something new
about vesicle trafficking? J. Microsc. 181 (Pt 2), 162-177.

Schenkman, L.R., Caruso, C., Page, N., Pringle, J.R., 2002. The role
of cell cycle-regulated expression in the localization of spatial
landmark proteins in yeast. J. Cell Biol. 156, 829-841.

Seiler, S., Plamann, M., 2003. Genetic basis of cellular morphogenesis
in the filamentous fungus Neurospora crassa. Mol. Biol. Cell 14,
4352-4364.

Seiler, S., Plamann, M., Schliwa, M., 1999. Kinesin and dynein
mutants provide novel insights into the roles of vesicle traffic
during cell morphogenesis in Neurospora. Curr. Biol. 9, 779-785.

Sharpless, K.E., Harris, S.D., 2002. Functional characterization and
localization of the Aspergillus nidulans formin SEPA. Mol. Biol.
Cell 13, 469-479.

Shi, X., Sha, Y., Kaminskyj, S.G., 2003. Aspergillus nidulans hypA
regulates morphogenesis through the secretion pathway. Fungal
Genet. Biol. 41, 75-88.

Shimada, Y., Gulli, M.P., Peter, M., 2000. Nuclear sequestration of
the exchange factor Cdc24 by Farl regulates cell polarity during
yeast mating. Nat. Cell. Biol. 2, 117-124.

Smith, G.R., Givan, S.A., Cullen, P., Sprague Jr., G.F., 2002. GTPase-
activating proteins for Cdc42. Eukaryot. Cell 1, 469-480.

Snaith, H.A., Sawin, K.E., 2003. Fission yeast mod5p regulates
polarized growth through anchoring of tealp at cell tips. Nature
423, 647-651.

Sohrmann, M., Peter, M., 2003. Polarizing without a c(l)ue. Trends
Cell. Biol. 13, 526-533.

Sudbery, P.E., 2001. The germ tubes of Candida albicans hyphae and
pseudohyphae show different patterns of septin ring localization.
Mol. Microbiol. 41, 19-31.

That, T.C., Rossier, C., Barja, F., Turian, G., Roos, U.P., 1988.
Induction of multiple germ tubes in Neurospora crassa by antitub-
ulin agents. Eur. J. Cell Biol. 46, 68-79.

Timberlake, W.E., 1980. Developmental gene regulation in Aspergillus
nidulans. Dev. Biol. 78, 497-510.

Torralba, S., Heath, 1.B., 2002. Analysis of three separate probes
suggests the absence of endocytosis in Neurospora crassa hyphae.
Fungal Genet. Biol. 37, 221-232.

Torralba, S., Raudaskoski, M., Pedregosa, A.M., Laborda, F., 1998.
Effect of cytochalasin A on apical growth, actin cytoskeleton
organization and enzyme secretion in Aspergillus nidulans. Micro-
biology 144 (Pt 1), 45-53.

Ushinsky, S.C., Harcus, D., Ash, J., Dignard, D., Marcil, A.,
Morchhauser, J., Thomas, D.Y., Whiteway, M., Leberer, E.,
2002. CDC42 is required for polarized growth in human pathogen
Candida albicans. Eukaryot. Cell. 1, 95-104.

Walther, A., Wendland, J., 2003. An improved transformation
protocol for the human fungal pathogen Candida albicans. Curr.
Genet. 42, 339-343.

Warenda, A.J., Konopka, J.B., 2002. Septin function in Candida
albicans morphogenesis. Mol. Biol. Cell. 13, 2732-2746.

Wedlich-Soldner, R., Altschuler, S., Wu, L., Li, R., 2003. Spontaneous
cell polarization through actomyosin-based delivery of the Cdc42
GTPase. Science 299, 1231-1235.

Wedlich-Soldner, R., Li, R., 2003. Spontaneous cell polarization:
undermining determinism. Nat. Cell. Biol. 5, 267-270.

Weinzierl, G., Leveleki, L., Hassel, A., Kost, G., Wanner, G., Bolker,
M., 2002. Regulation of cell separation in the dimorphic fungus
Ustilago maydis. Mol. Microbiol. 45, 219-231.

Wendland, J., 2001. Comparison of morphogenetic networks of
filamentous fungi and yeast. Fungal Genet. Biol. 34, 63-82.

Wendland, J., 2003. Analysis of the landmark protein Bud3 of Ashbya
gossypii reveals a novel role in septum construction. EMBO Rep. 4,
200-204.

Wendland, J., Philippsen, P., 2000. Determination of cell polarity in
germinated spores and hyphal tips of the filamentous ascomycete
Ashbya gossypii requires a thoGAP homolog. J. Cell Sci. 113,
1611-1621.

Wendland, J., Philippsen, P., 2001. Cell polarity and hyphal morpho-
genesis are controlled by multiple rho-protein modules in the
filamentous ascomycete Ashbya gossypii. Genetics 157, 601-610.

Westfall, P.J., Momany, M., 2002. Aspergillus nidulans septin AspB
plays pre- and postmitotic roles in septum, branch, and conidio-
phore development. Mol. Biol. Cell 13, 110-118.

Whittaker, S.L., Lunness, P., Milward, K.J., Doonan, J.H., Assinder,
S.J., 1999. sodVIC is an alpha-COP-related gene which is essential
for establishing and maintaining polarized growth in Aspergillus
nidulans. Fungal Genet. Biol. 26, 236-252.

Ye, X., Szaniszlo, P.J., 2000. Expression of a constitutively active
Cdc42 homologue promotes development of sclerotic bodies but
represses hyphal growth in the zoopathogenic fungus Wangiella
(Exophiala) dermatitidis. J. Bacteriol. 182, 4941-4950.

Zhao, Z., Wang, Z., Albersheim, P., Darvill, A., Yang, Z., Wu, S.,
2001. Functional analysis of a Cdc42 ortholog from Magnaporthe
grisea. Fungal Genet. Newslett. 48, Abs502.

Zheng, Y., Bender, A., Cerione, R.A., 1995. Interactions among
proteins involved in bud-site selection and bud-site assembly in
Saccharomyces cerevisiae. J. Biol. Chem. 270, 626-630.

Ziman, M., O’Brien, J.M., Ouellette, L.A., Church, W.R., Johnson,
D.I., 1991. Mutational analysis of CDC42Sc, a Saccharomyces
cerevisiae gene that encodes a putative GTP-binding protein
involved in the control of cell polarity. Mol. Cell. Biol. 11, 3537-
3544.

Ziman, M., Preuss, D., Mulholland, J., O’Brien, J.M., Botstein, D.,
Johnson, D.I., 1993. Subcellular localization of Cdc42p, a Saccha-
romyces cerevisiae GTP-binding protein involved in the control of
cell polarity. Mol. Biol. Cell. 4, 1307-1316.



	Polarity in filamentous fungi: moving beyond the yeast paradigm
	Introduction
	The yeast paradigm

	Positional information: choosing the spot
	Model 1: cortical landmarks
	Model 2: activated receptors
	Model 3: spontaneous polarization

	Rho GTPase modules: relaying the signal
	The morphogenetic machinery: generating polarity
	Actin
	Polarisome and ARP2/3 complexes
	Microtubules
	Septins
	Vesicles

	Future directions: moving beyond the paradigm
	Acknowledgements
	References


