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INTRODUCTION FILAMENTOUS GROWTH IN

Fungi are eukaryotic organisms that diverged from a com-
mon ancestor with multicellular eukaryotic animals some 800
to 1,000 million years ago. Despite this evolutionary diver-
gence, fungi are more closely related to animals than to plants,
algae, bacteria, or archea and thus share important features
with mammalian cells. This is perhaps most apparent in the
signaling cascades that regulate cell function. The yeast Sac-
charomyces cerevisiae expresses at least three members of the
G protein-coupled family of serpentine receptors, which are in
turn coupled to a heterotrimeric G protein and a G protein
alpha subunit homolog. Mating in yeast cells is regulated by a
mitogen-activated protein (MAP) kinase cascade that is highly
conserved with MAP kinase cascades in mammalian cells. Fi-
nally, the signal transduction components that are targeted by
the immunosuppressive drugs cyclosporin A, FK506, and rapa-
mycin are remarkably conserved from yeasts to humans. Thus,
studies on signal transduction in S. cerevisiae and other genet-
ically tractable fungi promise to reveal common conserved
mechanisms of signal transduction.

Recent studies have revealed that the model yeast S. cerevi-
siae undergoes a dimorphic transition to filamentous growth in
response to nutritional signals in the environment, particularly
nitrogen limitation. Filamentous growth occurs in both haploid
and diploid cells in different environments and may play novel
roles in the life cycle of this organism. At least two conserved
signal transduction cascades that regulate filamentous growth
have been defined, and remarkably related signaling pathways
also operate during differentiation of other fungi, including
pathogens of both plants and animals. These recent findings
suggest that S. cerevisiae is also an excellent model system with
great potential to provide insights into signaling in other fungi.
We review here studies on the signal transduction cascades
that regulate yeast filamentous growth and the related signal-
ing pathways that operate in the fission yeast Schizosaccharo-
myces pombe, in human fungal pathogens (Candida albicans
and Cryptococcus neoformans), in plant fungal pathogens (Us-
tilago maydis, Magnaporthe grisea, and Cryphonectria para-
sitica), and in model filamentous fungi (Aspergillus nidulans
and Neurospora crassa). Taken together, these studies reveal a
high degree of conservation between divergent organisms and
illustrate conserved basic principles in the molecular determi-
nants of life. Several other excellent reviews on yeast signal
transduction have been published recently and also cover some
additional topics in fungal development (5, 8, 10, 17, 18, 30,
139, 140, 177, 178, 263, 276, 289, 290).

SACCHAROMYCES CEREVISIAE

In response to nitrogen limitation and abundant ferment-
able carbon source, diploid cells of S. cerevisiae undergo di-
morphic transition to a filamentous growth form referred to as
pseudohyphal differentiation (93) (Fig. 1 and 2). Filamentous
growth represents a dramatic change in the normal pattern of
cell growth in which the cells become elongated, switch to a
unipolar budding pattern, remain physically attached to each
other, and invade the growth substrate (Fig. 2). This alterna-
tive growth form may enable this nonmotile species to forage
for nutrients under adverse conditions.

Conserved MAP Kinase Cascade

At least two conserved signaling pathways regulate yeast
filamentous growth (Fig. 3). The first cascade involves compo-
nents of the MAP kinase pathway that is also required for
mating in haploid yeast cells in response to pheromones (56,
161, 180). The components of this MAP kinase cascade re-
quired for filamentous growth include the Ste20, Stell, Ste7,
and Kss1 kinases and the Stel2 transcription factor. In addi-
tion, another transcription factor, Tecl, forms a heterodimer
with Stel2 that regulates expression of Tecl itself and addi-
tional targets, such as the cell surface flocculin Flo11 required
for agar invasion and filamentation (90, 165, 176). The pher-
omones, pheromone receptors, and subunits of the phero-
mone-activated heterotrimeric G protein are dispensable for
filamentous growth and are not expressed in diploid cells
(161).

Thus, S. cerevisiae is able to use common components and
yet couple them into two different pathways that sense two
different environmental signals and give rise to two completely
different developmental fates: mating in haploid cells in re-
sponse to pheromone, and filamentous growth in diploid cells
in response to nitrogen limitation and other environmental
signals (Fig. 1). Signaling specificity is achieved by at least four
different specializations in this signaling pathway (Fig. 4). First,
the MAP kinase cascade is activated by the By subunits of the
pheromone-activated heterotrimeric G protein during mating
of haploid cells. During filamentous growth, the MAP kinase
pathway is activated by a different mechanism involving the
Cdc42, Ras2, and 14-3-3 proteins Bmh1 and Bmh2 (201, 203,
236). Second, the components of the MAP kinase cascade are
tethered together by the scaffold protein Ste5 during mating,
whereas Ste5 is not required during filamentous growth, and
another protein may serve this scaffolding function. It has been
suggested that the Spa2 protein, which physically interacts with

0T0Z ‘¢ Arenigad uo @17 @3N AINN NYMIVL T¥NOILYN ¥e B10°a1mybiy iquiw woy papeojumoq


http://mmbr.asm.org

748 LENGELER ET AL. MICROBIOL. MOL. BIOL. REV.

® vegetative growth

x

pseudohyphal growth

©)
0, 2.9

GO CJ

FIG. 1. Life cycle of S. cerevisiae. Haploid yeast cells mate on rich medium. Diploid yeast cells adopt alternative fates depending on the availability of nutrients.
N + C, abundant nitrogen and fermentable carbon source; n + C, limiting nitrogen and abundent fermentable carbon source; n + c, limiting nitrogen and
nonfermentable carbon source; —, no nutrients.
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many of the MAP kinase cascade components, might function invasive growth, whereas Kssl is specialized to regulate inva-
as the scaffold during filamentous growth (239). The third level sive and filamentous growth (56, 180). In addition, Kss1 has
of specialization is at the level of the MAP kinase itself. In S. both positive and negative regulatory roles during filamentous
cerevisiae, the Fus3 and Kssl kinases have diverged, so that growth (21, 22, 176, 178), in part by relieving repression of
Fus3 is specialized to regulate mating and actually inhibits Stel2 by the Digl and Dig2 proteins (55). Finally, during

invasive growth filamentous growth
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FIG. 2. Filamentous and invasive growth of S. cerevisiae. On the left, invasive growth of haploid and diploid wild-type (wt) and fpk2 mutant yeast colonies is shown.
On the right, the typical morphology of yeast pseudohyphal colonies is depicted, and a pk2/tpk2 mutant with a filamentous growth defect is shown for comparison.
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FIG. 3. Signal transduction cascades regulating pseudohyphal differentiation in S. cerevisae. Two parallel signaling cascades regulating filamentous growth are
depicted: a nutrient-sensing cCAMP-PKA pathway, and the MAP kinase cascade. AC, adenylylcyclase.

mating Stel2 interacts with the Mcm1 protein to activate tran-
scription of genes containing pheromone response elements,
whereas in diploid cells Ste12 forms a heterodimer with Tecl
that activates transcription of genes with filamentation re-
sponse elements (176). In this way, one common protein,
Ste12, can yield two different patterns of appropriate transcrip-
tional responses in haploid and diploid cells.

Nutrient-Sensing cAMP Pathway

A second signaling pathway functions in parallel with the
MAP kinase pathway to regulate pseudohyphal differentiation
(Fig. 3). This second pathway is a nutrient-sensing pathway and
involves a novel G protein-coupled receptor, Gprl, the G pro-
teins Gpa2 and Ras2, adenylyl cyclase, cyclic AMP (cAMP),
and cAMP-dependent protein kinase (12, 143, 171, 172, 223,
238, 276, 314). In S. cerevisiae, three genes encode the catalytic
subunits of cAMP-dependent protein kinase, which play re-
dundant roles in vegetative growth but specialized roles in
filamentous growth. The Tpk?2 catalytic subunit positively reg-
ulates filamentous growth by regulating the transcription factor
Flo8, which in turn regulates Flo11 expression (223). Flo11 is
a glycosyl-phosphatidylinositol (GPI)-linked cell surface pro-
tein that is required for pseudohyphal and haploid invasive
growth. In particular, Flo11 plays a role in mother-daughter
cell adhesion, which is required for the integrity of pseudohy-
phal filaments (150, 165). Flo8 was previously shown to be
required for pseudohyphal differentiation, and the common
lab strain S288C harbors a naturally occurring flo8 mutation
that prevents filamentous differentiation (162). Tpk2 also in-
hibits a transcriptional repressor, Sfll, which also regulates
Flo11 expression (238). The Tpkl and Tpk3 catalytic subunits
play a negative role in regulating filamentous growth, possibly
by a feedback loop that inhibits cAMP production (212).

Yeast cells express only two heterotrimeric Ga protein sub-
units: Gpal, which plays a well-established role in mating, and
Gpa2, which was discovered in 1988 by low-stringency hybrid-
ization with a mammalian Ga subunit but whose physiological

function was unknown for many years (207). Gpa2 was subse-
quently discovered to be required for yeast filamentous growth,
but it signals in a pathway distinct from the MAP kinase cas-
cade (143, 171). Filamentous growth of gpa2 mutant strains is
restored by exogenous cAMP, suggesting that Gpa2 regulates
a cAMP signaling pathway regulating filamentous growth. In
fact, earlier studies had suggested that Gpa2 might play a role
in regulating cAMP production in response to extracellular
glucose (207).

The Gprl G protein-coupled receptor was subsequently
identified by a two-hybrid screen with the Ga protein Gpa2
(314, 322). This is one of only a few examples in which integral
membrane proteins have been studied in the two-hybrid sys-
tem; in this case, the C-terminal soluble tail of Gprl was found
to interact with the coupled Ga protein Gpa2. The Gprl re-
ceptor was found to play a role important for vegetative
growth, and gprl mutations are nearly synthetically lethal with
ras2 mutations (314). Recent evidence suggests that the ligand
of the Gprl receptor may be glucose and other structurally
related fermentable sugars. When yeast cells are starved for
glucose, readdition of glucose triggers a rapid and transient
increase in intracellular cAMP levels (reviewed in reference
276). Most interestingly, both the Gprl receptor and the Ga
protein Gpa2 are required for cAMP production in response to
glucose readdition (54, 137, 172, 321). The Gprl receptor is
coupled to the heterotrimeric G protein « subunit Gpa2 and is
also required for pseudohyphal differentiation and plays a role
in nutrient sensing (12, 172, 223, 271). Early studies suggested
Gpa2 might stimulate cAMP production by adenylyl cyclase.
Consistent with this, CAMP stimulates pseudohyphal differen-
tiation and suppresses the filamentation defects of both gpr!
and gpa2 mutant strains (143, 171, 172, 223). Dominant acti-
vated Gpa2 mutations also suppress the pseudohyphal defect
of mutant strains lacking the Gprl receptor, supporting the
hypothesis that Gpa2 signals downstream of Gprl.

Interestingly, several observations suggest that the Gprl-
Gpa?2 receptor system plays a dual role in sensing both fer-
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FIG. 4. Signaling specificity during mating and pseudohyphal growth in S. cerevisiae. Two related MAP kinase signaling cascades allow haploid and diploid yeast
cells to respond to two different environmental signs, pheromone and nitrogen limitation, and give rise to two completely different developmental fates, mating in
haploid cells and filamentous growth in diploid cells. Signaling specificity is achieved by at least four mechanisms. First, pheromone activates a G protein whose By
subunits activate the MAP kinase cascade, and these components are not expressed in diploid yeast cells and do not regulate filamentous growth. Second, the Ste5
scaffold tethers the components during mating but does not play a role in diploid filamentous growth. Third, the MAP kinase has diverged and specialized: Fus3 to
regulate mating and Kss1 to regulate filamentous growth. Finally, Ste12 homodimers or heterodimers with Mcm1 activate pheromone response element-regulated genes
in mating or with Tecl to regulate filamentation response element-driven genes during diploid filamentous growth.

mentable carbon sources and limiting nitrogen source. First,
expression of the GPRI receptor gene is dramatically induced
by nitrogen starvation (314). Second, cAMP or dominant ac-
tive alleles of Gpa2 signal filamentous growth even when ni-
trogen levels are increased to levels that repress differentiation
of wild-type strains (171). Third, Gpa2 has been shown to bind
to and inhibit the meiotic regulatory kinase Ime2 specifically
under nitrogen-limiting conditions (74). These findings suggest
that the sensitivity of this carbon-sensing mechanism is en-
hanced under nitrogen starvation conditions and that Gpa2
may receive input from other sources that sense nitrogen lev-
els.

Interestingly, a recent report has suggested that the yeast
phospholipase C homolog is in a physical complex with the
Gprl receptor and is required for association of the Ga sub-
unit Gpa2 with the receptor and for pseudohyphal differenti-
ation (12). Plcl cleaves PIP, to produce inositol 1,4,5-triphos-
phate (IP;) and diacylglycerol (DAG) (83). Recent studies
have revealed two inositol kinases, Ipk1 and Ipk2, which phos-
phorylate IP; and its products (245, 246, 318). IP, is phosphor-
ylated to IP, and IP; by the dual-specificity kinase Ipk2, which
regulates transcription (219), and the Ipkl kinase then phos-
phorylates IP5 to produce IP4, which regulates mRNA export

from the nucleus (318). Some studies have suggested that glu-
cose regulates a pathway involving Ras and Plcl in phospha-
tidylinositol metabolism and regulation of the plasma mem-
brane H"-ATPase (32, 53, 124). Further studies will be
required to eludicate the role of Plcl in yeast filamentous
growth. In summary, a second signaling pathway comprising
the Gprl receptor, the Gpa2 Ga protein, and cAMP regulates
pseudohyphal growth in parallel to and independently of the
MAP kinase pathway (Figure 3).

The target of cCAMP in S. cerevisiae is the cAMP-dependent
protein kinase PKA. Yeast and mammalian PKA are similar,
and both enzymes consist of a regulatory and a catalytic sub-
unit. In yeast cells, the PKA regulatory subunit is encoded by
a single gene, BCY1, and three catalytic subunits are encoded
by the TPKI, TPK2 and TPK3 genes (39, 279, 280). In both S.
cerevisine and mammals, PKA in resting cells is an inactive
tetramer composed of two regulatory subunits bound to two
catalytic subunits. In response to external signals that increase
intracellular cAMP levels, cAMP binds to the regulatory sub-
unit and triggers conformational changes that release the ac-
tive catalytic subunits. The yeast cAMP-dependent protein ki-
nase is required for vegetative growth. Triple mutants lacking
the Tpkl, Tpk2, and Tpk3 catalytic subunits are inviable,
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whereas mutant strains expressing any one of the three Tpk
subunits are viable. These findings led to the model that the
three PKA catalytic subunits are largely redundant for func-
tion.

Recent studies reveal that cAMP-dependent protein kinase
plays a central role in regulating yeast pseudohyphal differen-
tiation (223, 238). First, mutations of the PKA regulatory sub-
unit Beyl dramatically enhance filamentous growth (223). Sec-
ond, the PKA catalytic subunits play distinct roles in regulating
filamentous growth: the Tpk2 subunit activates filamentous
growth (Fig. 2), whereas the Tpk1l and Tpk3 subunits primarily
inhibit filamentous growth (223, 238). The unique activating
function of the Tpk2 subunit is linked to structural differences
in the catalytic region of the kinase and not to differences in
gene regulation or the unique amino-terminal region of the
protein (223). Genetic epistasis experiments support a model
in which Tpk2 functions downstream of the Gprl receptor and
the Ga protein Gpa2 (172, 223). Importantly, activation of
PKA by mutation of the Bcyl regulatory subunit restores
pseudohyphal growth in mutants lacking elements of the MAP
kinase pathway, including stel2, tecl, and stel2 tecl mutants
(223, 243). Thus, the MAP kinase and PKA pathways indepen-
dently regulate filamentous growth. Further analysis reveals
that the PKA pathway regulates the switch to unipolar budding
and invasion, whereas the MAP kinase pathway is required for
cell elongation and invasion (Fig. 3).

Recent studies have defined a role for the PKA pathway in
activating pseudohyphal growth via transcriptional regulation
of the cell surface flocculin Flo11 by the Flo§8 transcription
factor (223, 243). The transcriptional repressor Sfll was also
found to interact with the Tpk2 catalytic subunit in a two-
hybrid screen (238). Tpk2 appears to enhance Flo11 expression
by inhibiting the repression activity of Sfll. How PKA regulates
either Flo8 or Sfll is not yet understood in molecular detail.
The FLOI1 gene promoter is extremely large, ~3,000 bp, and
is regulated by a complex set of transcription factors that in-
cludes Stel12/Tecl, Flo8, Sfil, Msn1/Mss10/Phd2, and Mss11
(87, 243). Taken together, these findings reveal an intimate
role for the cAMP-dependent kinase in the regulation of yeast
dimorphism.

Two other proteins that appear to regulate the Gprl-Gpa2-
cAMP signaling pathway under certain physiological condi-
tions have recently been identified. One is the low-affinity
cAMP phosphodiesterase Pdel (175). Yeast cells express two
different cAMP phosphodiesterases: a high-affinity form called
Pde2, and a low-affinity form called Pdel. Interestingly, pde!
mutations dramatically enhance production of cAMP in re-
sponse to glucose readdition, whereas pde2 mutations have
little effect (175). This is in contrast to pseudohyphal differen-
tiation, where pde2 mutations enhance filamentous growth
(143, 171, 223). The effects of pdel mutations on filamentous
growth are not yet known. The Pdel enzyme has a single PKA
consensus phosphorylation site and is a phosphoprotein in
vivo, and phosphorylation in crude extracts leads to modest
increases in enzyme activity (175). These findings suggest that
Pdel could be part of the feedback loop that limits cAMP
excursions in response to glucose signaling. A second novel
regulator of the pathway is a regulator of G protein signaling
(RGS) protein homolog, Rgs2, which binds to the Gpa2-GTP
complex and stimulates GTP hydrolysis (288). rgs2 mutations
enhance cAMP production in response to glucose, whereas
overexpression of Rgs2 attenuates this response. In this regard,
Rgs2 functions analogously to the RGS protein Sst2, which
stimulates GTP hydrolysis of the Gpal-GTP complex to atten-
uate the pheromone response in haploid yeast cells. A role for
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Rgs2 in pseudohyphal differentiation has not yet been estab-
lished.

In summary, studies on pseudohyphal differentiation have
resulted in the elucidation of several novel signaling features of
the PKA pathway. First is the identification of a novel G
protein-coupled receptor, Gprl, which may be the first known
G protein-coupled receptor whose ligand is a nutrient. Inter-
estingly, Gprl1 is conserved in C. albicans and S. pombe, and the
coupled G protein is known to be present in many different
fungi. Second, the Ga protein Gpa2 has sequence identity with
other Ga subunits of heterotrimeric G proteins, and it appears
to be coupled to a classic G protein-coupled receptor. How-
ever, no associated By subunits have been identified. A num-
ber of candidate B and -y subunits have been mutated, but none
conferred phenotypes related to pseudohyphal growth (171).
We propose that Gpa2 may function either as a solo Ga sub-
unit or in complex with other proteins such as Plcl and Ras2.
In either case, this represents a new paradigm for signaling
from a G protein-coupled receptor via a very unusual type of
G protein. Finally, a very interesting finding is the specialized
role of the PKA catalytic subunits in regulating filamentous
growth. The three catalytic subunits of PKA were thought to be
functionally redundant because the essential vegetative func-
tion can be satisfied by expression of any one of the three. In
contrast, Tpk2 plays a specialized role to activate filamentous
growth, whereas Tpkl and Tpk3 play an inhibitory role. The
positive function of Tpk2 involves regulation of the Flo8 and
Sfl1 transcription factors. The negative role of Tpkl and Tpk3
may involve the known role of PKA in a feedback loop that
inhibits cCAMP production (212). Studies to localize the cata-
lytic and regulatory subunits of PKA under different nutri-
tional conditions have just begun (98) and may provide insights
into the unique and specialized roles of Tpk2 compared to
Tpkl and Tpk3.

Cross Talk between MAP Kinase
and cAMP Pathways

Recent studies have revealed several examples of cross talk
between the MAP kinase and cAMP signaling pathways in the
regulation of filamentous growth. First, the small G protein
Ras2 plays a dual signaling role, activating both the MAP
kinase signaling pathway and adenylyl cyclase (171, 201-203).
Second, both the MAP kinase and the PKA signaling pathways
converge to regulate the large, complex promoter of the
FLOI1 gene (223, 243), which encodes a cell surface protein
required for pseudohyphal growth (150, 165). Third, cAMP
inhibits the expression of MAP kinase-regulated reporter
genes (171), and high levels of cAMP or PKA activity enhance
filamentous growth but give rise to filaments comprised of
round rather than elongated cells (223). Because the MAP
kinase pathway regulates cell elongation, these observations
suggest that the PKA pathway may antagonize signaling by the
MAP kinase pathway at some level. Recent findings have sug-
gested that during haploid invasive growth, PKA may also
positively regulate signaling by the MAP kinase cascade at a
level downstream of the Ste20 kinase (202). The Stel2 tran-
scription factor has several consensus PKA phosphorylation
sites, and overexpression of Stel2 can in some cases suppress
pseudohyphal defects, whereas the constitutive active Stell-4
mutant does not (170), suggesting that Ste12 could represent a
target of the PKA pathway that is both positively and nega-
tively regulated depending on cell type.
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Haploid Invasive Growth

Pseudohyphal growth occurs in diploid cells in response to
the presence of an abundant fermentable carbon source and
limiting nitrogen source. A related morphological process,
termed haploid invasive growth, has also been described, which
shares some features with diploid pseudohyphal growth (237)
(see Fig. 2). During diploid filamentous growth, some cells
invade the agar to produce chains of cells that cannot be
removed by vigorous washing. Although haploid strains do not
undergo pseudohyphal differentiation under standard condi-
tions, haploid strains derived from the X1278b background can
invade the agar when grown on rich medium for an extended
period of time. Many of the same signaling components that
regulate diploid filamentous growth are also required for hap-
loid invasive growth, including several components of the MAP
kinase pathway (Ste20, Stell, Ste7, Stel2, and Tecl) (237).
The two related MAP kinases play opposing roles, and fus3
mutants are hyperinvasive whereas kss/ mutants have a defect
in agar invasion. Components of the PKA pathway also regu-
late filamentous growth, including Gprl, Gpa2, Ras2, Tpk2,
Flo8, and Flo11 (165, 172, 202, 223). Taken together, these
findings suggest that haploid invasive growth shares many fea-
tures with diploid filamentous growth.

In contrast to diploid filamentous growth, which occurs on
nitrogen-limiting medium, haploid invasive growth normally
occurs on rich growth media, including YPD (yeast extract-
peptone-dextrose) medium. It has been suggested that nutri-
tional limitation might occur beneath colonies and stimulate
haploid invasive growth, even on rich medium. When yeast
cells begin to exhaust nutrients in rich medium, cellular pro-
teins and amino acids are catabolized to produce nitrogen,
resulting in the production of short-chain alcohols derived
from amino acids, which are called fusel oils. Recent studies
reveal that several short-chain alcohols, including isoamyl al-
cohol and butanol, dramatically stimulate pseudohyphal differ-
entiation of haploid yeast strains (72, 168). How these alcohols
are sensed is not yet known, but these or other metabolic
products could regulate differentiation under certain culture
conditions.

Other recent findings reveal that mating pheromones regu-
late invasive and filamentous growth of haploid S. cerevisiae
strains (see Fig. 11). In the wild, most strains of S. cerevisiae are
diploid, and the haploid state of the life cycle essentially rep-
resents gametes that are short-lived in nature. An elaborate
pattern of axial budding has evolved in haploid yeast cells and
is thought to promote more rapid mating and diploidization
following meiosis. Thus, the main activity of haploid yeast
strains would appear to be locating a mating partner. Recent
studies using genome arrays reveal that pheromone induces
several genes that are known to be induced during filamentous
growth, including a hydrolytic enzyme encoded by the PGUI
gene (179, 235).

Remarkably, low concentrations of mating pheromones
were found to increase agar-invasive growth (235) (see also
Fig. 11). These observations suggest that haploid invasive
growth may be a mechanism by which yeast cells can locate
mating partners at a distance, and yeast cells are known to be
responsive to gradients of mating pheromone. During invasive
growth, the haploid cells become elongated, switch from an
axial pattern of budding to bipolar and unipolar budding, and
invade the agar (235, 237). Thus, while the role of filamentous
growth in diploids may be to forage for nutrients, the role in
haploid cells may be to forage for mating partners. Haploid
invasive growth can occur to some extent in the absence of a
mating partner. This may be attributable to a basal level of
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signaling in the absence of ligand. Alternatively, low concen-
trations of pheromone may result from cells that have switched
mating type in the culture or in which repression of the silent
mating type cassettes is inefficient, as is known to be the case
in older yeast cells. The finding that the pheromone receptors
and coupled G protein are not required for standard haploid
invasive growth indicates that pheromones may not normally
be involved. Pheromone-induced invasive growth requires
Stel2 but is independent of Tecl (235), whereas haploid inva-
sive growth in the absence of pheromone requires both Stel2
and Tecl (237). Interestingly, filamentous differentiation of
haploid S. cerevisiae cells that occurs in response to mating
pheromones is analogous to the recent discovery that filamen-
tation and sporulation (haploid fruiting) of MATa cells of the
human fungal pathogen C. neoformans are dramatically in-
duced by factors secreted by MATa mating partner cells (293)
(see Fig. 11). Taken together, these studies illustrate that mat-
ing and filamentous growth are linked, which is perhaps most
apparent in the basidiomycetes in which mating results in a
filamentous dikaryon.

These observations on the activation of filamentous growth
by pheromone may be related to the previous finding that
filamentation reporter genes are inappropriately activated by
basal signaling of the pheromone response pathway in fus3
mutant haploid cells (177). This example of cross talk requires
the pheromone-activated G subunit Ste4, occurs via misacti-
vation of Kssl on the Ste5 scaffold, and can be further en-
hanced by mating pheromone.

Another example of cross talk between the MAP kinase and
cAMP signaling pathways occurs in haploid cells responding to
pheromone. Normally, when glucose is readded to yeast cells
that have been starved for glucose, cCAMP levels increase (re-
viewed in reference 276). In contrast, in haploid cells that have
first been exposed to mating pheromone, readdition of glucose
fails to stimulate cAMP production (13). The pheromone re-
ceptor Ste2 and the B subunit of the heterotrimeric G protein
(Ste4) are required for inhibition of cAMP production by pher-
omone, but further-downstream components of the phero-
mone signaling pathway are not. Expression of a constitutively
activated Ras2 mutant (Val-19) restored cAMP production in
the presence of pheromone, and pheromone failed to inhibit
the modest increase in cAMP in response to glucose that still
occurs in a gpa2 mutant strain (225). Taken together, these
findings support a model in which pheromone-stimulated re-
lease of the By subunit of the heterotrimeric G protein inhibits
activation of adenylyl cyclase by the Ga subunit Gpa2. Al-
though Gpa2 does not appear to have its own dedicated By
subunit, this cross talk between the pheromone-regulated G
protein and Gpa2 could serve to inhibit signaling via the PKA
pathway under certain conditions, such as high levels of pher-
omone, to promote mating and inhibit filamentous growth.
This pathway can only operate in haploid cells, and not during
diploid filamentous growth, because the pheromones, phero-
mone receptors, and By subunits are only expressed in haploid
cells.

Other Signaling Pathways

Other proteins that regulate yeast filamentous growth have
been identified that do not appear to be components of either
the MAP kinase or the cAMP signaling pathway. These include
the ammonium transporter Mep2, which is required for fila-
mentous differentiation in response to ammonium-limiting
conditions (169), and the transcription factors Phdl, Sok2, and
Ashl (43, 92, 224, 296). How limiting nitrogen sources are
sensed during pseudohyphal differentiation is not understood
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FIG. 5. Signaling pathways regulating mating of S. pombe. Similar to S. cerevisiae diploid pseudohyphal growth, mating in S. pombe is regulated by two parallel
signaling pathways. One responds to pheromones and involves a conserved MAP kinase (MAPK) signaling pathway. The second is a nutrient-sensing pathway that, in
the presence of abundant nutrients, stimulates CAMP production to repress stel expression and inhibit mating. CAP, cyclase-associated protein.

in detail. Map 2 ammonium permease is required for filamen-
tous differentiation and plays a unique role not shared with the
related Mep1 and Mep3 ammonium permeases (169, 170. mep/
mep2 mutant strains fail to differentiate but have no growth
defect on medium limiting for ammonium, leading to the hy-
pothesis that the Mep2 protein may function to both transport
and sense ammonium ions (169). The GIn3 transcriptional
activator and the GIn3 repressor Ure2 that regulate the nitro-
gen catabolite response (NCR) are also required for pseudohy-
phal growth. Both g/n3 mutants unable to induce the NCR
response and wure2 mutants in which the NCR response is
constitutive fail to differentiate, suggesting that the ability both
to induce and to repress the NCR genes involved in nitrogen
source utilization is required for filamentous differentiation
(169). The GATA family transcription factor Ashl represses
HO endonuclease expression in haploid daughter cells, re-
stricting mating type switching to haploid mother cells. Ash1 is
also required for pseudohyphal differentiation and is localized
to daughter cell nuclei in filament cells (43), where it may
function to regulate Flo11 expression (224). The transcription
factor Sok2 was recently found to regulate a transcription
factor cascade involving Phdl, Swi5, and Ashl, which in turn
regulates expression of proteins and enzymes (Flo11, Egt2, and
Ctsl) involved in mother-daughter cell adhesion and separa-
tion (224). Several additional proteins also appear to inhibit
filamentous growth, including the Elml protein kinase ho-
molog and the B subunit of protein phosphatase 2A (Cdc55)
(28). Recent studies suggest that these proteins regulate Cdc28
via the Hsl1-Hsl7-Swel regulatory cascade and that the Cdc28-
cyclin complexes regulate filamentous growth (76).

In addition, several recent studies indicate that both the G,
cyclins Clnl, CIn2, and CIn3 and the CIb2 mitotic cyclin may
play roles in filamentous growth (6, 167). c/nl and cln2 muta-
tions inhibit filamentous growth, whereas c/n3 mutations en-
hance filamentation. Mutations in the F-box component of the
Skp1-Cdc53-F box protein (SCF) ubiquitin ligase complex,
Grrl, dramatically enhance the stability of Clnl and CIn2 and
enhance filamentous growth. Epistasis analysis suggests that
Cdc28-CIn1/2 may act at an early step in the MAP kinase

cascade (167). In addition, the Cdc28-Clnl/2 complex can
phosphorylate Ste20, and c/nl and c/n2 mutations are synthet-
ically lethal with mutations in the CLA4 gene, which encodes
an Ste20 homolog (220, 307). These findings imply that the
MAP kinase cascade may be regulated at the level of Ste20 by
Cdc28 in complex with G, cyclins. Further studies will be
required to understand these additional regulatory elements in
molecular detail.

MATING IN FISSION YEAST
SCHIZOSACCHAROMYCES POMBE

Like budding yeast, the fission yeast S. pombe is homothallic
and has a defined sexual cycle involving mating between hap-
loid cells of opposite mating types; in S. pombe, the mating
partners are called h™ and h™ cells (reviewed in reference
315). In contrast to S. cerevisiae, mating in S. pombe is regu-
lated by both pheromones and nutrients. Nitrogen limitation
induces many of the components of the pheromone response
pathway and is required for mating (reviewed in references 78
and 211). Also in contrast to S. cerevisiae, the diploid state of
S. pombe is relatively unstable, and meiosis and sporulation
usually occur immediately following cell fusion during mating.
The difference in life style between these two yeasts is thought
to have arisen because S. cerevisiae has evolved primarily to be
diploid in the wild, whereas S. pombe occurs predominantly as
a haploid in nature. As a consequence, the diploid yeast S.
cerevisiae responds to nutrient limitation by undergoing either
pseudohyphal differentiation or meiosis and sporulation, whereas
when the haploid yeast S. pombe encounters adverse nutri-
tional conditions, it must first mate and can then undergo
meiosis and sporulate.

This difference in life cycle has led to an interesting differ-
ence in the signaling pathways regulating mating in the two
yeasts. In S. cerevisiae, mating is primarily regulated by a linear
signaling pathway composed of the pheromone-activated MAP
kinase cascade. In S. pombe, two signaling pathways coordi-
nately regulate mating (Fig. 5). One is a pheromone-activated
MAP kinase signaling pathway similar to the one that operates

0T0Z ‘¢ Arenigad uo @17 @3N AINN NYMIVL T¥NOILYN ¥e B10°a1mybiy iquiw woy papeojumoq


http://mmbr.asm.org

754 LENGELER ET AL.

S. cerevisiae

Pheromone l

mating

Nutrient

\|/

cAMP

|

filamentous
growth

C. neoformans

MICROBIOL. MOL. BIOL. REV.

S. pombe

\/

mating mating

cAMP cAMP
mating, mating
virulence

FIG. 6. Role of G proteins in pheromone response in budding and fission yeasts and the human fungal pathogen C. neoformans. The G protein subunits regulating
pheromone and nutrient responses in these organisms are depicted. Dashed arrows depict weaker signaling.

during mating in S. cerevisiae. The second is a nutrient-regu-
lated, G protein-cAMP-PKA signaling pathway quite similar
to the nutrient-sensing Gprl-Gpa2-PKA pathway that reg-
ulates pseudohyphal differentiation in S. cerevisiae. Thus, in
one organism (S. cerevisiae), these two signaling pathways have
evolved cell type specificity, so that one functions in response
to pheromone during mating and both function to detect nu-
trients in diploid cells for filamentous growth (Fig. 3 and 6). In
contrast, in the other organism (S. pombe), these two pathways
function coordinately in the same cell type to regulate mating
under adverse nutrient conditions and in response to phero-
mone (Fig. 5).

Nutrient-Sensing
G Protein-cAMP-PKA Pathway

A conserved nutrient-sensing signaling pathway has been
defined that regulates mating and gene repression in S. pombe
(Fig. 5). The components of this pathway were identified by
two different approaches. In the first, Yamamoto and col-
leagues defined a role for cAMP in repressing mating and then
set out to identify components of the cAMP signaling pathway
(195, 315). In the second, Hoffman and Winston discovered
that glucose dramatically repressed expression of the fbpl!
gene, encoding fructose-1, 6-bisphosphatase, and by using lacZ
reporter fusions isolated mutations in 10 complementation
groups that block repression by glucose to identify the git genes
(glucose-insensitive transcription) (38, 109, 110).

By these two different approaches, the elements of a con-
served signaling pathway that senses nutrients and regulates
cAMP production were defined. This pathway is remarkably
similar to the Gprl-Gpa2-cAMP-PKA pathway discussed
above that regulates pseudohyphal differentiation in S. cerevi-
siae. As in budding yeast, glucose stimulates cAMP production
in S. pombe, and classic studies revealed that either glucose
limitation or nitrogen limitation results in a reduction in cAMP
levels in S. pombe (195). cAMP levels decline rapidly in re-
sponse to glucose starvation, whereas cAMP levels decline
more gradually in response to nitrogen limitation, suggesting
that there are different levels of control for carbon compared

to nitrogen source sensing. S. pombe expresses git3, which is a
homolog of the S. cerevisiae Gprl receptor (298). Interestingly,
git3 lacks the asparagine-rich third intracellular loop found in
Gprl, indicating that this unusual region does not play an
obligate role in signaling. The git3 G protein-coupled receptor
homolog is required for glucose-induced repression of the fbp1
gene, and gir3 mutants mate on nutrient-rich medium (38, 298).
Genetic studies support a model in which the git3 receptor is
coupled to the Ga subunit gpa2 (118, 213, 298). gpa2 is most
homologous to the nutrient-sensing Gpa2 protein of S. cerevi-
siae that is required for pseudohyphal growth (143, 171). In
contrast to wild-type cells, gpa2 mutant cells mate under nu-
trient-rich conditions, indicating a defect in nutrient sensing.

Most interestingly, the single G subunit that has been iden-
tified in S. pombe is required for adenylyl cyclase activation in
response to glucose and repression of the fbp! gene by glucose
(151). Moreover, the phenotype of gpb! mutant cells is iden-
tical to that of gpa2 mutant strains, namely, mating under
nutrient-rich conditions. These findings suggest that gpb1/git5
is coupled to the gpa2 Ga protein and not to the pheromone-
activated gpal Ga protein, in contrast to an earlier report
(130) (Fig. 7). gpb1/git5 is not required for basal cAMP pro-
duction, whereas gpa2 is, suggesting some Gp-independent
action of gpa2 on adenylyl cyclase.

Additional git mutations that render transcription of the fbp1
gene insensitive to glucose are suppressed by cAMP and en-
code functions upstream of adenylyl cyclase (cyr1/git2), includ-
ing gitl, git7, and git10. These additional components may
represent the cyclase-associated protein, the Gy subunit, hex-
okinase, or Plcl, all of which are known or would be predicted
to regulate glucose signaling to adenylyl cyclase in other sys-
tems.

Several other components of the cAMP signaling pathway in
S. pombe have also been identified. They include adenylyl
cyclase itself, cyrl/git2. Quite interestingly, Hoffman and Win-
ston discovered examples of intragenic complementation be-
tween different alleles of adenylyl cyclase (109). This unusual
genetic behavior usually indicates that a protein has two func-
tional domains. Consistent with this notion, alleles of one class
of git2 mutations had no defect in cAMP production in vitro,
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FIG. 7. Role of G proteins in filamentous growth and mating in budding and fission yeasts. In both yeasts, two Ga proteins regulate cellular responses to pheromone
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whereas the other class failed to make cAMP in extracts. These
findings suggest that adenylyl cyclase may exist as a dimer in
which different domains of the protein have unique functions.
In addition to adenylyl cyclase, both the regulatory (cgs1) and
the catalytic subunits (pkal) of cAMP-dependent protein ki-
nase have been identified (69, 182). PKA represses the tran-
scription of both the ste/1 gene (266), a key regulator of many
mating-specific genes, and the fbpI gene.

To summarize (see also Fig. 15), when glucose levels are
high, cAMP is produced, PKA is active, and mating of S.
pombe is repressed. When glucose or nitrogen levels fall,
cAMP production is reduced, PKA is less active, and stel! is
induced. An important point is that because the role of PKA is
to mediate repression of stel/1, cCAMP has a negative effect on
mating in S. pombe. This is in contrast to the positive role that
cAMP plays in promoting filamentous growth in S. cerevisiae.
Because the pathways can be wired to have either positive or
negative regulatory effects, one can essentially achieve either
outcome with one common input to the signaling cascade.

By analogy with S. cerevisiae, the most likely ligand for the
git3 receptor is glucose. An important unsolved question, then,
is the role of nitrogen limitation in mating in S. pombe. Most
interestingly, mating and meiosis occur in response to either
nitrogen or glucose limitation. This suggests that nitrogen sig-
naling also impinges on the git3-gpa2 signaling pathway or that
overlapping signaling pathways sense glucose and nitrogen
sources. One very intriguing recent report is that the addition
of methionine can stimulate mating of S. pombe on nutrient-
rich medium, which normally represses mating (249). One pos-
sible model is that methionine biosynthesis is stimulated and
represses CAMP production in response to nitrogen source
limitation. cAMP levels were found to decline to lower levels in
cells cultured with methionine. However, methionine also re-
stored stel1 and fbpl expression in cells exposed to high levels
of exogenous cCAMP, suggesting that the effects of methionine
may occur downstream or independently of cAMP production
(249). We found no effect of methionine, cysteine, S-adenosyl-
methionine, S-adenosylhomocysteine, or biosynthetic interme-
diates of either amino acid on pseudohyphal growth in S.
cerevisiae (M. E. Cardenas and J. Heitman, unpublished re-
sults), suggesting that this aspect of nitrogen sensing may differ
in the two yeasts.

Pheromone-Regulated MAP Kinase Pathway

The components of a pheromone-regulated MAP kinase
signaling pathway that coordinately regulates mating in S.
pombe have also been identified (Fig. 5, 6, and 7). The P- and
M-pheromones have been identified and synthesized, and the
pheromone receptors (map3 and mam?2) have also been iden-
tified, sequenced, and mutated (reviewed in reference 315).
These components are required for mating in S. pombe and
serve to regulate the production of conjugation tubes and early
cell fusion steps. As discussed below, these components also
function later and are required for meiosis of the diploid cell.
The pheromone receptors are coupled to what appears to be
the « subunit of a heterotrimeric G protein, gpal (215). Im-
portantly, gpal plays an active role in mating (Fig. 6 and 7).
gpal mutants are sterile, and dominant active alleles trigger
conjugation tube formation in both mating types. The active
signaling role played by the Ga subunit gpal is in contrast to
budding yeast, in which the GB+y subunit signals mating and the
Ga subunit couples the Gf+y subunit to the receptor, inhibits
signaling by GBv in the absence of pheromone, and also func-
tions in adaptation. Only one G subunit has been identified,
and its function is clearly coupled to the nutrient sensor and
not to the pheromone receptor. This is similar to the situation
in budding yeast, in which the GB subunit Ste4 is coupled to
only one of the two Ga subunits, in that case to the phero-
mone-regulated Gpal protein (Fig. 6). These observations sug-
gest that, in contrast to mammals, in which GBvy subunits are
thought to interact with and regulate multiple Ga subunits, in
fungi GBvy subunits are coupled to only one of the two Ga
subunits. This implies either that the other Ga subunit, gpal in
S. pombe and Gpa2 in S. cerevisiae, functions with a nontradi-
tional type of subunit, or that these Ga proteins function as
solo Ga subunits, similar to other small GTP-binding proteins
such as Ras.

Most interestingly, the ras1 homolog that has been identified
in S. pombe functions in activating that MAP kinase pathway
during mating and does not appear to play a prominent role in
regulating cAMP production (85, 86, 206). In S. cerevisiae,
Rasl and Ras2 both regulate cAMP production by adenylyl
cyclase, and Ras2 also regulates activation of the MAP kinase
pathway during filamentous growth (202, 203). ras! mutants of
S. pombe have a mating defect, and dominant active ras! alleles
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render cells hypersensitive to pheromone. The exchange factor
that activates Rasl to the GTP-bound form is called ste6, and
ste6 expression is markedly induced by nitrogen starvation,
suggesting that rasl may be activated by regulated expression
of its GDP-GTP exchange factor (115).

These studies illustrate a very interesting parallel with the
signaling pathway regulating S. cerevisiae filamentous growth
(Fig. 6 and 7). In that case, the nutrient-sensing G protein-
coupled receptor (GPCR) Gprl is coupled to Gpa2, and Gpa2
in conjunction with Ras2 regulates cAMP production by ad-
enylyl cyclase. There are no known GB8 subunits for Gpa2. In
S. pombe, it is instead the pheromone receptors that are cou-
pled to a Ga subunit, gpal, with no apparent GB8 subunits,
and again there is a similar role for signaling by both the Ga
subunit gpal and the rasl protein. We propose that these
represent two examples of a novel class of GPCR-G protein
system which lacks a classic heterotrimeric G protein. In these
cases, the Ga subunit may be physically and functionally cou-
pled to either or both Ras and phospholipase C and would thus
represent very novel types of heterodimeric or heterotrimeric
(but not apry) G proteins. Clearly, further study of these very
interesting signaling modules is of significant interest.

The components of a conserved MAP kinase module have
also been found to regulate mating in S. pombe. These include
homologs of the MAP kinase kinase kinase (byr2/ste8), the
MAP kinase kinase (byrl/stel), and a single MAP kinase
(spkl). Interestingly, several of these components can function
when heterologously expressed in S. cerevisiae mutant strains,
suggesting that the pathway has been functionally conserved
during the divergence of budding and fission yeasts (210).

Pheromones Required for Meiosis

Interestingly, mating pheromone signaling is also required
for meiosis and sporulation of diploid S. pombe cells. This is in
stark contrast to S. cerevisiae, in which, following cell fusion,
the genes encoding pheromone receptors and pheromones are
repressed and no longer expressed in the diploid zygote (263).
This repression does not occur following fusion of haploid S.
pombe cells, and continued pheromone signaling is required
for meiosis and sporulation. Thus, diploid mutants lacking
either the M-factor or the P-factor receptor undergo meiosis
normally, but diploid mutants lacking both receptors are un-
able to undergo meiosis (272). Synthetic pheromones have also
been employed to demonstrate regulation of meiosis-regulat-
ing genes by pheromone signaling (305).

These findings further underscore the intimate link that ex-
ists between mating, meiosis, and sporulation in fission yeast,
which is similar to the life cycle of basidiomycetes, such as U.
maydis and C. neoformans, in which pheromones regulate cell
fusion and the heterokaryon then undergoes a dimorphic tran-
sition to filamentous growth. In the basidiomycetes, continued
pheromone signaling is required for filament formation and
may serve to signal clamp cell fusion during nuclear division
and migration.

SIGNAL TRANSDUCTION IN CANDIDA ALBICANS

C. albicans is the most common human fungal pathogen and
causes a wide range of superficial mucosal diseases as well as
life-threatening systemic infections in immunocompromised
patients (216). This fungus is dimorphic and can either grow as
a budding yeast (blastospores) or switch to a filamentous form
(either hyphae or pseudohyphae) under a variety of environ-
mental conditions (216). The ability to undergo these revers-
ible dimorphic switches is essential for the virulence of this
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FIG. 8. Signaling cascades regulating virulence of C. albicans. Two parallel
signaling cascades involving a MAP kinase and a cAMP-PKA signaling pathway
regulate filamentation and virulence of this human fungal pathogen. AC, adeny-
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pathogen (164). C. albicans is a diploid organism for which the
sexual cycle has only very recently been discovered (117, 183).
The characterization of a filamentous state in the baker’s yeast
S. cerevisiae has made it possible to use this as a model to
compare regulation of filamentation in C. albicans and S. cer-
evisiae (93).

MAP Kinase Signaling Pathway

Multiple pathways have been shown to regulate the morpho-
genic transition between budding and filamentous growth in C.
albicans (Fig. 8). A transcription factor, Cphl, which is homol-
ogous to the Stel2 transcription factor that regulates mating
and pseudohyphal growth in S. cerevisiae, has been identified.
(160, 184). In S. cerevisiae, Stel2 is regulated by a conserved
MAP kinase cascade. A related MAP kinase cascade has been
identified in C. albicans. The cascade consists of the kinases
Cst20 (homologous to the p21-activated kinase [PAK] kinase
Ste20), Hst7 (homologous to the MAP kinase kinase Ste7),
and Cekl (homologous to the Fus3 and Kssl MAP kinases)
(51, 132, 154, 299). Null mutations in any of the genes in the
MAP kinase cascade (Cst20, Hst7, or Cekl) or the transcrip-
tion factor Cphl confer a hyphal defect on solid medium in
response to many inducing conditions; however, all of these
mutants filament normally in response to serum (63, 132, 154).
Interestingly, although a cekl/cekl MAP kinase mutant strain
forms morphologically normal filaments in response to serum,
it has a minor growth defect on serum-containing medium
(63). The cekl/cek] mutant strain also has a virulence defect
that may be attributible to this growth defect (63, 100). This
indicates that the Cekl MAP kinase may function in more than
one pathway or that deletion of the gene causes aberrant cross
talk between distinct MAP kinase cascades, similar to the al-
tered signaling that occurs in a fus3 mutant of S. cerevisiae. The
other elements of the pathway have small but varied effects on
virulence. ¢st20/cst20 mutant strains have a modest virulence
defect in a mouse model of systemic candidiasis (154). How-
ever, hst7/hst7 and cphl/cphl mutant strains are able to cause
lethal infection in mice at rates comparable to wild-type strains
(154, 164).

In addition to these components, a MAP kinase phospha-
tase, Cppl, has been identified which regulates filamentous
growth in C. albicans (62). Disruption of both alleles of the
CPP] gene derepresses hyphal production and results in a
hyperfilamentous phenotype. This hyperfilamentation is sup-
pressed by deletion of the MAP kinase Cekl (62). cppl/cppl
mutant strains are also reduced for virulence in both systemic
and localized models of candidiasis (62, 99).
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EFG1 Transcription Factor

In addition to the transcription factor Cphl and the MAP
kinase module that regulates it, a second transcription factor,
Efgl, that regulates filamentous growth in C. albicans has been
identified (Fig. 8) (265). Efgl is a conserved basic helix-loop-
helix-type protein that is homologous to the Phd1 transcription
factor of S. cerevisiae. Similar to Phdl, heterologous overex-
pression of Efgl can induce pseudohyphal growth in S. cerevi-
siae (265). Overexpression of Efgl can also induce filamentous
growth in C. albicans (265). An efgl/efgl mutant strain has a
moderate but not complete defect in hyphal growth in re-
sponse to many environmental conditions (164). efgl/efgl mu-
tant strains also show an aberrant morphology in the presence
of serum, forming exclusively pseudohyphae instead of the true
hyphae that are produced by wild-type strains (164).

An efgl/efgl cphl/cphl double mutant strain has a much
more severe defect in filamentous growth and does not fila-
ment under almost any conditions tested, including the pres-
ence of serum (164). In addition, while the efgl/efg] mutant
strain has a minor reduction in virulence and the cphl/cphl
mutant has little or no defect, an efgl/efgl cphl/cphl double
mutant strain is essentially avirulent (164). Thus, Cphl and
Efgl define elements of two separate pathways that together
are essential for both filamentation and virulence in C. albi-
cans.

cAMP-PKA Pathway

A PKA-dependent pathway has been shown to regulate fil-
amentous growth of C. albicans under some conditions (Fig. 8).
An increase in cAMP levels accompanies the yeast to hyphal
transition, and inhibition of the cAMP phosphodiesterase in-
duces this transition (244). Moreover, two cell-permeating PKA
inhibitors, myristoylated protein kinase inhibitor (myrPKI)
(14-24)amide and the small-molecule PKA inhibitor H-89, both
block hyphal growth induced by N-acetylglucosamine, but not
in response to serum (42).

More recently, a PKA gene, TPK2, was identified and shown
to be required for hyphal differentiation in response to a num-
ber of conditions, including the presence of serum (260). Hy-
phal formation in the tpk2/tpk2 mutant strain was not com-
pletely eliminated, however, and the defect was less apparent
during growth at 37°C (260). Overexpression of the Tpk2 cat-
alytic subunit also induced hyphal growth under normally non-
inducing conditions both in liquid culture and on solid medium
(260). This is consistent with a model in which PKA acts
positively in one of two or more pathways regulating dimor-
phism.

The phenotypes of a tpk2/tpk2 mutant strain were sup-
pressed by overexpression of either the MAP kinase Cekl or
the transcription factor Efgl (260). On the other hand, over-
expression of Tpk2 could suppress the hyphal defect of a cek1/
cekl mutant strain but not that of an efgl/efg/ mutant strain
(260). Efgl has a single PKA consensus phosphorylation site,
which may be required for its transcriptional activation activity
(260). These findings suggest that the Efgl transcription factor
may lie downstream of cAMP and the PKA homolog Tpk2 in
one of two major pathways regulating hyphal morphogenesis in
C. albicans. Interestingly, while Efgl plays a prominent role in
regulating filamentation in C. albicans, mutation of the related
protein Phd1 confers only a minor defect in S. cerevisiae fila-
mentation (92, 164, 296).

SIGNAL TRANSDUCTION CASCADES IN FUNGI 757

Function of Ras

In §. cerevisiae, the Ras2 protein regulates pseudohyphal
growth and functions upstream of both the MAP kinase and
cAMP-PKA pathways and, in conjunction with Rasl1, is essen-
tial for viability. A single Ras homolog, Rasl, has been iden-
tified in C. albicans which is not essential for survival (81).
rasl/ras] mutant strains have a severe defect in hyphal growth
in response to serum and other conditions (81). In addition,
while a dominant negative Rasl mutation (Ras1*'®) caused
a defect in filamentation, a dominant active Rasl mutation
(Ras1V'?) enhanced the formation of hyphae (81). rasi/ras]
mutant strains exhibit a filamentation defect similar to that of
efgl/efgl cphl/cphl mutant strains, and evidence from S. cer-
evisiae indicates that Ras2 lies upstream of both the cAMP-
PKA and MAP kinase pathways regulating pseudohyphal
growth (171, 201, 223, 236). These findings are consistent with
a model in which Rasl lies upstream of the related pathways in
C. albicans and regulates hyphal morphogenesis. However,
these studies indicate that additional pathways may also con-
trol filamentation in C. albicans, because even the rasl/rasl and
efgl/efgl cphl/cphl mutant strains are able to form hyphae
under some conditions (81, 234).

Repression of Filamentation

Another signaling protein that regulates morphogenesis of
C. albicans is Tupl, a homolog of the general transcriptional
repressor in S. cerevisiae (33) (Fig. 8). S. cerevisiae tupl/tupl
mutant strains have multiple phenotypes, including increased
flocculence, temperature-sensitive growth, and inability to
sporulate. Heterologous expression of the C. albicans Tupl
protein can suppress these mutant phenotypes. S. cerevisiae
tupl/tupl mutant strains are also defective in pseudohypal
growth, but this is complicated by the fact that Tupl is required
for maintenance of the diploid state in S. cerevisiae (33). In
contrast, the fupl/tupl deletion in C. albicans results in a con-
stitutive hyphal growth phenotype under all conditions tested
(33). Therefore, although Tupl does seem to act as a general
transcriptional repressor in C. albicans as it does in S. cerevi-
siae, it seems to have a unique function in repressing the
induction of the hyphal phase in this fungus. In addition, al-
though the Tupl protein has been shown to be epistatic to the
transcription factor Cphl, recent genetic evidence indicates
that it does not lie downstream of either Cphl or Efgl (34,
252), but rather in an independent pathway that regulates
filamentation. Furthermore, a cphl/cphl efgl/efgl tupl/tupl tri-
ple mutant retains the ability to filament in response to envi-
ronmental signals, providing further evidence that additional
pathways regulating filamentous growth exist (34). In addition,
the hyperfilamentous tupl/tupl mutant strain has a virulence
defect, which is consistent with the finding that a cppl/cppl
mutant strain also exhibits enhanced hyphal formation and
impaired virulence. These findings support a model in which
both the yeast form and the filamentous form are required to
maintain a stable infection.

Downstream Effectors of Efgl

Although there seems to be a clear link between dimorphism
and virulence in C. albicans, it is difficult to unambiguously
establish this because it is possible that the signaling elements
also regulate other cellular processes. One of the ways to
dissect the relative contributions of these various components
to the virulence of the organism is to identify the downstream
effectors of these signaling molecules. One of the genes re-
cently shown to be regulated by Efgl is HWPI, which encodes
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a protein of unknown function that is homologous to GPI-
anchored proteins (252). An hwpl/hwpl mutant strain is re-
duced for hyphal growth under a variety of different environ-
mental conditions (252). Expression of Hwpl is reduced in an
efgl/efgl mutant and increased in a fupl/tupl mutant (252).
Thus, Efgl and Tupl regulate at least some of the same target
genes and may be acting coordinately to modulate dimorphism
in C. albicans. Ecel, which is expressed during cell elongation,
is also not expressed in an efgl/efgl mutant (252). However,
Ecel is not regulated by Tupl, and an ecel/ecel mutation does
not affect filamentous growth despite being regulated by Efgl
(252).

Efgl has also been shown to regulate other morphogenic
events, including chlamydospore production and phenotypic
switching (259, 261). Because Efgl is a complex signaling mol-
ecule that regulates a variety of morphogenic processes, it
cannot yet be determined to what degree each of these func-
tions of Efgl contributes to virulence. Recent studies of single
and multiple mutant strains lacking Tupl, Cphl, and Efgl
reveal that each makes a unique contribution to the regulation
of genes involved in filamentous growth, suggesting that mul-
tiple pathways rather than a single central regulatory pathway
are responsible (34). Further analysis of the downstream ef-
fectors of each of these transcription factors will be required to
determine the relative contribution of the processes controlled
by these proteins to the overall virulence of the organism.

Filamentation in Response to Serum

It has long been known that C. albicans filaments in response
to a variety of environmental conditions, including serum.
However, recent evidence has disputed the notion that the
active portion of serum that causes filamentation is albumin.
Feng and colleagues have shown that the active molecule in
serum is actually a serum filtrate <1 kDa in size (81). Because
this molecule could not be purified, they speculated that it may
be multiple small molecules that act coordinately to induce this
response. Several small molecules that regulate filamentous
growth of S. cerevisiae have recently been identified, including
glucose and other carbohydrates, nitrogen sources, short-chain
alcohols, and mating pheromone (168, 169, 172, 235).

Sexual Cycle in C. albicans!

Although C. albicans is diploid and was thought to be an
asexual organism, several lines of evidence suggested that a
cryptic sexual cycle could exist. First, it was shown some time
ago that DNA exchange could be forced between strains of C.
albicans following mild UV irradiation and that these events
involved recombination rather than merely the formation of
heterokaryons (268). Furthermore, more recently, Graser and
colleagues used population genetics to show that the popula-
tion structure of C. albicans suggests that some form of recom-
bination is occurring within this species (97). Several homologs
of genes regulating mating in S. cerevisiae have been identified
in C. albicans. In addition to a G protein a subunit homolog
and the MAP kinase cascade components, a homolog of the
Ste6 protein which transports a-factor pheromone in S. cerevi-
siae has been identified in C. albicans (230).

Recently, regions of the C. albicans genome resembling the
MATa and MATo mating type loci in S. cerevisiae have been
discovered and named the MTLa and MTLa loci (MTL stands
for mating type-like) (116). The two chromosomes are only
48% identical in this region but greater than 99% identical in
the rest of the genome, findings that are consistent with other
MAT loci that have been identified (116). In addition, this
locus contains homologs of the al, al, and o2 genes that
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regulate mating type in S. cerevisiae, and these genes are ar-
ranged in the same manner as in S. cerevisiae (116). In S.
cerevisiae, the diploid state is maintained by the action of the
al/a2 protein complex, which represses the expression of hap-
loid-specific genes. Evidence suggests that the al/a2 homolog
functions similarly in C. albicans. The heterotrimeric G protein
a subunit homolog gene CAG1 has a consensus binding site for
the al/a2 complex. Moreover, expression of the CAG1 gene in
either S. cerevisiae or C. albicans has been shown to be regu-
lated by the al and a2 proteins (116).

Recent studies by two independent groups have demon-
strated that mating can occur in C. albicans. Magee and Magee
engineered MTLa/MTLa and MTLo/MTLo homozygous
strains by inducing loss and reduplication of chromosome V by
selection for growth on sorbose (183). With appropriately
marked auxotrophic strains, they observed the production of
prototrophic tetraploid strains following coincubation. Inde-
pendently, Hull et al. engineered strains with mutations in the
al or a1 and a2 genes of the mating type-like loci (117). In this
case, mating was observed following coinfection of mice with
marked strains and again gave rise to prototrophic tetraploid
progeny. In these later studies, no mating has thus far been
detected in vitro, suggesting that strain differences may con-
tribute to the ability to detect mating in vitro. These studies
overturn the long-held dogma that C. albicans is asexual and
open the door to further genetic analysis in this important
human fungal pathogen. An important next step will be to
determine whether these tetraploid products of mating can be
induced to undergo meiosis and sporulate and to establish
where in vivo mating occurs and whether there is an impact on
virulence.

Conclusions and Perspectives

Proper regulation of dimorphism in C. albicans appears to
be important for the virulence of this human pathogen. Di-
morphism is regulated by two major pathways, a conserved
MAP kinase module culminating in the transcription factor
Cphl, and the cCAMP-PKA pathway that regulates the tran-
scription factor Efglp. Dimorphism is also regulated by the
transcriptional repressor Tupl. Disruption of signaling by de-
letion of Efgl and Cphl causes nearly complete abrogation of
hyphal growth. However, because the filamentation observed
in a cphl/cphl efgl/efgl tupl/tupl triple mutant is still environ-
mentally regulated, additional signaling elements may be im-
portant in the regulation of dimorphism. Finally, although C.
albicans has long been considered an asexual diploid, recent
evidence reveals that mating does occur. By comparison with
the signaling processes in similar fungi, many of the same
elements required for dimorphism may also be important for
this newly discovered sexual cycle.

SIGNAL TRANSDUCTION IN
CRYPTOCOCCUS NEOFORMANS

C. neoformans is a basidiomycetous fungus and a significant
human pathogen with worldwide distribution. Its importance
as an opportunistic pathogen has increased in the past two
decades, largely as a result of AIDS, cancer chemotherapy, and
immunosuppression for organ transplants (193). Infections be-
gin in the lung following inhalation of small, dessicated yeast
cells or spores, both of which are small enough to fit into the
alveoli of the lung (209, 267). The organism then spreads via
the blood to other organs, especially the central nervous sys-
tem (193). Survival in the central nervous system is enhanced,
possibly by the presence of abundant neurotransmitters that
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FIG. 9. Life cycle of C. neoformans. Mating begins with conjugation tube formation, leading to cell fusion, followed by formation of dikaryotic filaments with fused
clamp connections. Terminal basidia form from the tips of mating filaments, where nuclear fusion (karyogamy) occurs. Meiosis and sporulation follow, and long chains
of basidiospores are produced, which subsequently germinate into yeast cells. Filamentation independent of a mating partner (haploid fruiting) is observed in MAT«

strains in response to nitrogen limitation and dessication.

can be scavenged as the diphenolic precursors to synthesize the
virulence factor melanin. Cryptococcal infection is now the
leading cause of fungal meningoencephalitis, which is uni-
formly fatal if untreated (40).

Basic and Molecular Biology

C. neoformans exists predominantly as a haploid yeast. It is
heterothallic and has a bipolar mating system, with both MATa
and MATa mating types (8, 144, 145). Two signals regulate
mating, nutrient limitation and pheromones. Opposite mating
types form conjugation tubes and fuse to produce the filamen-
tous heterokaryon, which is also known in the teleomorphic
designation as Filobasidiella neoformans (Fig. 9). Following cell
fusion, dikaryotic filaments with fused clamp connections are
formed. The tips of these filaments differentiate to form ter-
minal basidia, where nuclear fusion (karyogamy) occurs. Mei-
osis and sporulation ensue, and four long chains of basidio-
spores are produced that can subsequently germinate into
yeast cells.

MATa cells can also filament and sporulate in response to
nitrogen starvation in the absence of MATa cells (80, 301).
This process, termed haploid or monokaryotic fruiting, has
been observed in MAT« strains in response to severe nitrogen
and water deprivation (301). MATa strains undergo robust
haploid fruiting in response to factors secreted by MATa cells
(293), likely MFa pheromone (see Fig. 11).

C. neoformans strains are classified into five serotypes (A, B,
C, D, and AD) and three varieties: C. neoformans var. grubii
(A), C. neoformans var. neoformans (D), and C. neoformans
var. gattii (B and C) (84, 146). C. neoformans var. gattii is
thought to be limited in nature to regions surrounding certain
eucalyptus trees, and most infections with this variety occur in

tropical and subtropical regions. C. neoformans var. neofor-
mans is not geographically limited and is associated with pi-
geon nests and soil contaminated with bird excreta. Recent
reports also suggest that serotype A strains are associated with
certain types of trees in South America (E. Castaneda, per-
sonal communication). Of the subtypes, C. neoformans var.
grubii serotype A is the most common cause of human disease.
Interestingly, mating type is linked to both prevalence in the
environment and virulence. In a survey of natural and clinical
isolates, the MATa mating type was 40-fold more abundant in
environmental isolates and 30-fold more abundant in clinical
isolates than its MATa counterpart (147). Furthermore, in a
direct comparison of congenic strains, MATa strains were
more virulent than MATa strains in a murine model of sys-
temic cryptococcal infection (148).

C. neoformans is an excellent model organism for the study
of biological processes in pathogenic fungi. First, a congenic
pair of serotype D C. neoformans isolates, differing only at the
mating type locus, were created by consecutive backcrossing
(105, 148). Auxotrophs have been derived from these strains,
facilitating classical genetic analysis. Furthermore, two trans-
formation techniques have been described. Biolistic transfor-
mation has been used successfully in both serotype A and D
strains (64, 282). With this technique, several genes have been
disrupted by homologous recombination at rates of 2 to 25%
(7, 9, 59, 166, 217, 293, 320). Electroporation and a positive-
negative selection method have been used to transform sero-
type D strains (77), and several genes have been disrupted by
this approach (44, 45, 247). Both the ADE2 and URAS genes
have been used commonly as selectable markers for transfor-
mation. Additionally, positive selection systems using resis-
tance to hygromycin B or nourseothricin have been described
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FIG. 10. Signal transduction pathways in C. neoformans. Lightly shaded proteins have been identified in C. neoformans. Darkly shaded proteins are mating type
specific. Two of the 24 proteins depicted here have not yet been identified in C. neoformans but are hypothesized from characterization of their roles in other fungi.
These are the vy subunit of the pheromone-regulated G protein and the Gprl receptor homolog, which are depicted with question marks and dashed symbols. CAM,

calmodulin.

that allow genes to be disrupted in wild-type or unmarked
strains (57, 189).

The pathophysiologic consequences of gene disruption can
be studied in animal models that mimic various stages of hu-
man infection. These models include the rabbit intracisternal
model of cryptococcal meningitis (227), the murine intrave-
nous model (149), and the rat and murine inhalation models
(96).

Signaling Pathways Regulating Differentiation
and Pathogenicity

Several different signaling pathways regulating morphogen-
esis and virulence have been investigated in C. neoformans,
including a cAMP-PKA pathway, a conserved MAP kinase
pathway, and a calcineurin-regulated pathway (Fig. 10) (290).

Elements of a cAMP-PKA pathway have been identified,
including the Ga protein GPAI, and this pathway has been
shown to be important for morphogenesis and virulence (9).
Additionally, a member of the RAS family of small GTP-
binding proteins, RAS1, has been identified (7). GPAL is a
component of a signaling cascade that transduces changes in
extracellular concentrations of nutrients via the cAMP path-
way (Fig. 6, 10, and 15). RASI has been implicated in control
of both the cAMP pathway and a MAP kinase cascade and may
mediate cross talk between MAP kinase and cAMP-dependent
signaling pathways. A heterotrimeric G protein 8 subunit,

GPBI, has also been identified and functions in response to
and activates a pheromone MAP kinase cascade during mat-
ing; Gpbl does not function in the nutrient-regulated Gpal
pathway (Fig. 10 and 15) (293).

The finding that MATa cells are innately more virulent than
MATa cells has motivated molecular analysis of the MAT«
mating type locus. One candidate downstream target of the
MAP kinase cascade, the STE12a homolog, is present only in
MATa cells and may play a role in the increased virulence of
this mating type in serotype D strains (47, 300, 320). Finally,
the role of calcineurin in both serotypes A and D has been
investigated, as well as the potential for calcineurin inhibitors
to serve as antifungal compounds (60, 61, 68, 217).

cAMP-Mediated Signaling Cascades

A cAMP-dependent pathway regulates several important
cellular processes in C. neoformans, including capsule produc-
tion, melanin formation, mating, and virulence (Fig. 10 and
15). GPAL, a G protein « subunit, was cloned (283), and a gpal
mutant strain was created by biolistic transformation and ho-
mologous recombination using the ADE?2 gene as a selectable
marker (9). Interestingly, this mutant strain failed to induce
two known virulence factors, melanin and capsule, and was
also defective in mating. Additionally, the gpal mutant strain
was avirulent in the rabbit model of cryptococcal meningitis.
Exogenous cAMP suppresses the gpal mutant phenotypes in
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MATa

FIG. 11. Pheromones stimulate filamentous growth of S. cerevisiae and C. neoformans. (A) Haploid MATa cells of S. cerevisiae are stimulated to invade the agar
by pheromone. The disk containing synthetic pheromone was placed on the surface of the lawn of cells, and following growth, the surface of the agar was washed. (B)
MATa cells of C. neoformans are stimulated to haploid fruit by confrontation with MATa cells (293). (Panel A was reprinted from reference 235 with permission of
the authors and publisher; © 2000, American Association for the Advancement of Science.)

vitro, suggesting that a cAMP cascade regulates mating and
melanin and capsule production.

Interestingly, while the GPA1 protein serves as a common
signaling element for these diverse environmental signals,
there is little cross-induction of cellular responses. For exam-
ple, capsule is induced in response to iron limitation but not in
response to glucose or nitrogen starvation. Importantly, the
cell surface or intracellular receptors that initiate these signal-
ing cascades have not yet been identified, and these as well as
other unidentified signaling components likely direct the ap-
propriate cellular response to nutrient starvation. The GPA1
homolog in S. cerevisiae is the Gpa2 Ga protein, which senses
nutrients and regulates pseudohyphal differentiation by an
analogous signaling cascade (143, 171, 223) (see Fig. 6 and 15).
Gpa2 physically interacts with the G protein-coupled receptor
Gprl that is also involved in sensing nutrients during
pseudohyphal growth (172, 314). By analogy with these find-
ings in S. cerevisiae, a Gprl receptor homolog may act up-
stream of the nutrient-sensing Ga protein GPAL1 in C. neofor-
mans.

Pheromone-Activated MAP Kinase Cascades

Elements of a C. neoformans MAP kinase cascade have been
identified that function in a pheromone response pathway dur-
ing mating (198, 293) (Fig. 10). In this organism, GPB1, the
subunit of a heterotrimeric G protein, has been shown to play
an active role in mediating responses to pheromones in the
early steps of mating via a MAP kinase cascade. Thus, the role
of GPBI1 in C. neoformans is analogous to the role of the
Ste4-Stel18 By subunits in activating mating in S. cerevisiae
(293) (Fig. 6). gpbl mutants are sterile and exhibit a severe
defect in a cell fusion assay. In contrast, GPBI gene overex-
pression stimulates conjugation tube formation. Furthermore,
overexpression of the conserved MAP kinase homolog CPK1
suppresses the mating defect of gpbl mutant strains, whereas
cAMP does not (293). This is in contrast to gpal mutants, in
which the mating defect is suppressed by exogenous cAMP but
not by overexpression of the CPKI gene. These findings sup-
port a model in which the GPA1 Ga and GPB1 G subunits
are components of two different signaling pathways, one that

senses nutrients and signals via a cAMP cascade, and another
that senses mating pheromones and signals via a MAP kinase
cascade.

Monokaryotic (haploid) fruiting in C. neoformans is also
regulated by GPB1 via a MAP kinase cascade (293). gpbl
mutant strains are defective in haploid fruiting. This defect is
suppressed by overexpression of the presumptive MAP kinase
target STE12a on galactose filament agar.

The finding that the pheromone-regulated GPB1 Gf sub-
unit regulates haploid fruiting came as a complete surprise,
because it had been thought that haploid fruiting in C. neofor-
mans was quite analogous to pseudohyphal differentiation in S.
cerevisiae cells (301). In S. cerevisiae, filamentous differentia-
tion occurs in diploid cells, which do not express pheromones,
pheromone receptors, or the coupled G protein, and these
components do not regulate pseudohyphal differentiation. The
finding that the pheromone-regulated GB protein GPBI1 is
required for haploid fruiting in C. neoformans caused us to
reevaluate the signals that normally trigger haploid fruiting.
Remarkably, we discovered (293) that confrontation of MAT«
cells with MATa cells dramatically enhanced haploid fruiting,
and robust filamentation and basidium and basidiospore pro-
duction was now observed in 2 to 4 days, as opposed to the
modest filamentation that occurs in 2 to 4 weeks with MATa
cells alone (Fig. 11). It was shown that this is haploid fruiting
and not mating because the filaments produced were mono-
karyotic, linked by unfused clamp connections, and basidia
were produced with short chains of basidiospores that were all
MATa mating type. In addition, the effects of MATa cells on
fruiting of adjacent MATa cells could occur through a dialysis
membrane, suggesting that a small factor such as MFa phero-
mone activates fruiting, explaining why a component of the
pheromone-sensing pathway might be involved.

These observations suggest that the normal function of hap-
loid fruiting may be during the early steps in mating, to allow
MATa cells to forage for MATa mating partners. Foraging
could occur via filamentation or dispersal of aerial spores by
wind currents. Pheromone-regulated haploid fruiting is quite
distinct from S. cerevisiae pseudohyphal differentiation, which
occurs in diploid cells, is not pheromone regulated, and likely
allows cells to forage for nutrients under adverse conditions.
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Interestingly, Charlie Boone’s and Mike Snyder’s laboratories
have recently discovered that low doses of mating pheromone
stimulate haploid S. cerevisiae cells to undergo filamentous
growth involving cell elongation, unipolar budding, and agar
invasion (235; S. Erdman and M. Snyder, personal communi-
cation). This form of yeast filamentous growth may enable
haploid yeast cells to forage for mating partners. In summary,
pheromones and mating partner cells stimulate filamentous
growth in divergent ascomycetous and basidiomycetous yeasts,
suggesting that filamentous growth is intimately linked with the
sexual cycle (Fig. 11). In diploid yeast cells and C. neoformans
MATa cells alone, these signaling cascades may have been
coopted to forage for nutrients or to produce infections basid-
iospores in response to adverse nutritional conditions.

Ras Signaling and Cross Talk between Signaling Cascades

A Ras homolog has recently been identified in C. neofor-
mans (7). Previous studies in S. cerevisiae have shown that two
Ras proteins, Ras1 and Ras2, sense changes in the extracellu-
lar environment and regulate cAMP synthesis and cell cycle
progression (122, 129, 281). The yeast Ras2 protein also reg-
ulates MAP kinase signaling and regulates filamentous and
invasive growth via both MAP kinase and cAMP pathways
(171, 202, 203).

A gene encoding a C. neoformans Ras homolog, RAS1, was
disrupted in a serotype A strain (M001) by homologous re-
combination using the ADE?2 gene as a selectable marker (7).
The resulting mutant strain was viable but unable to grow at
37°C, defective in mating and agar adherence, and avirulent in
a rabbit model of cryptococcal meningitis. The ras! mutant
strain showed no defect in melanin or capsule production, two
inducible cAMP-regulated phenotypes (9). A dominant active
RAS1 mutant allele, R4S19°7", induced haploid fruiting in the
serotype A strain H99 (7, 320). Haploid fruiting could not be
induced, however, when the RAS79°”F mutant allele was in-
troduced into several isogenic ste/2o mutant strains (320).
Interestingly, exogenous cAMP only partially suppressed the
ras] mating defect and fully suppressed the agar adherence
defect. The mating defect was fully suppressed in ras! strains
overexpressing GPBI, the gene encoding a G protein  subunit
that regulates a pheromone response MAP kinase pathway.
Conversely, introduction of the dominant active RAS19%7" al-
lele into a gpbl mutant strain did not restore mating compe-
tence. These results suggest that RAS1 functions upstream of
GPB1 in the mating process. Taken together, these data sug-
gest the potential for RAS-mediated cross talk between MAP
kinase and cAMP signaling pathways (Fig. 10). Finally, it is
significant that the high-temperature growth defect of the ras?/
mutant strain was not restored by exogenous cAMP, overex-
pression of MAP kinase signaling elements, or both. This sug-
gests the presence of another, as yet unidentified, RAS-specific
signaling cascade in C. neoformans.

Mating Type Locus and Virulence

As previously discussed, MATa strains are more prevalent
in nature and in clinical specimens. They are also capable of
haploid fruiting, while MATa strains are not. This has led to
the hypothesis that infectious spores resulting from haploid
fruiting may account for the increased prevalence of MATa in
clinical isolates (301). Spores are the correct size to fit into the
alveoli of the lung, the initial site of infection. However, even
in a murine model in which the cells are injected intravenously,
bypassing the lung entirely, MATa strains are inherently more
virulent than MATa strains (148).

This linkage of both virulence and monokaryotic fruiting to

MICROBIOL. MOL. BiOL. REV.

the MATa locus is unique among basidiomycetes and has mo-
tivated molecular analysis of the MATa mating type locus. An
approximately 40-kb region of the MATa locus was identified
and found to contain a gene encoding a small peptide phero-
mone homolog (198). Subsequently, an additional, distinct re-
gion of the MATa locus was found to encode the Stel2a
homolog (300). In S. cerevisiae, Stel2 is a transcriptional acti-
vator and the target of a MAP kinase cascade including the
proteins Ste20, Stell, and Ste7. Furthermore, the growth con-
ditions that lead to pseudohyphae are very similar to the con-
ditions that result in haploid fruiting in C. neoformans (301).
Overexpression of the C. neoformans STE120 homolog stim-
ulates haploid fruiting and production of the known virulence
factor melanin by inducing the expression of CNLACI, which
encodes diphenol oxidase (247, 300, 306). This finding led to
the hypothesis that STE12a, through activation of laccase, was
a molecular link between mating type and virulence in serotype
D strains of C. neoformans (300).

The STEI2a gene has been disrupted in both serotype A and
D strains of C. neoformans (47, 320). In both serotypes, Ste12a
plays only a very modest role in mating but is absolutely re-
quired for haploid fruiting in response to nitrogen starvation.

The role of STEI2« in regulating virulence has been further
characterized at the molecular level in the congenic serotype D
laboratory strain JEC21 (47). Promoters of the known viru-
lence-associated gene CNLACI and the capsule-associated
genes CAP59, CAP60, and CAP64 were individually fused with
the B-glucoronidase gene (GUS) in a URAS plasmid. These
reporter constructs were then transformed into ste/2« mutant
and wild-type strains. All four constructs produced significantly
lower GUS activity in the ste/2a mutant strain than in the wild
type. However, on visual inspection, no decrease in capsule or
melanin production could be appreciated. Conversely, a strain
in which STEI2a was placed under the control of the GAL7
promoter was subsequently transformed with the GUS re-
porter constructs. When transformants were grown in galac-
tose to stimulate overexpression of STE12a, GUS activity in-
creased. This increase was most dramatic with the CAP64
promoter. However, GUS activity also increased in the two
control constructs, one in which the ADE?2 promoter was fused
to the GUS gene and the other in a vector with a promoterless
GUS gene.

Virulence studies in animal models have been conducted in
both serotype A and D strains, with differing results (47, 320).
Mice were infected via injection in the lateral tail vein with the
wild-type serotype D MATa strain JEC21 (B-4500), a protro-
phic first-generation progeny of a mutant ste/2« strain, and a
protrophic first-generation offspring of an ste/2o mutant strain
reconstituted with the wild-type STE12« gene (47). The stel2a
mutant strain produced significantly lower mortality compared
to the wild type; virulence was nearly restored with the recon-
stituted strain compared to the wild type. Similar numbers of
CFU were observed in the brains of mice infected with the wild
type and the ste]2o mutant strain, suggesting no difference in
growth rate (47). Furthermore, the in vivo capsule size was
smaller in the ste/ 2« mutant strain, ranging from 0.5 to 3.0 um,
compared to the wild type and reconstituted strains, with cap-
sule sizes of 1 to 7 wm. Lastly, histopathologic comparisons of
the ste/2a mutant strain and wild-type strain show similar
disruption of mouse neural parenchyma, with large, multiloc-
ular lesions containing yeast cells and foamy macrophages.
However, more inflammatory cells were present in samples
obtained from the ste/2o mutant, suggesting that inoculation
of the mutant strain provoked a stronger immune response
than inoculation with the wild type.

The STE12a gene was similarly isolated from a pathogenic
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FIG. 12. Life cycle of U. maydis. The life cycle of U. maydis is characterized by a dimorphic switch from a saprophytic yeast form to a pathogenic filamentous growth
form. The maintenance of the pathogenic stage is dependent on the presence of the plant host Zea mays.

serotype A isolate of C. neoformans (H99) and disrupted by
homologous recombination (320). ste/2a mutant strains
showed only modest defects in mating. Importantly, stel2a
mutant strains were completely defective in monokaryotic
fruiting. However, stel 2o mutant strains were fully virulent in
both a rabbit model of cryptococcal meningitis and the murine
systemic tail vein injection model (320). STE12a thus does not
appear to play a primary role in either mating or virulence in
serotype A, but rather is specialized to regulate filamentous
growth during haploid fruiting (320). In summary, Ste12a may
not be required for virulence of pathogenic serotype A clinical
isolates, but may be required for virulence in the congenic
laboratory serotype D strain JEC21, either because strain
JEC21 is attenuated and separated by 12 backcrosses from a
clinical isolate or as a result of significant divergence of sero-
type A and D strains (105, 148).

Calcineurin Regulates Growth and Virulence

Calcineurin is a Ca®*-calmodulin-activated phosphatase
with catalytic and regulatory subunits (106). Calcineurin has
been identified in several fungi, including S. cerevisiae, in which
it regulates cation homeostasis, cell wall biosynthesis, and re-
covery from pheromone growth arrest. In C. neoformans, the
calcineurin A gene has been identified and disrupted by ho-
mologous recombination in both serotype A and D strains (61,
217). Calcineurin was found to be essential for growth at 37°C
and virulence in both the rabbit model of cryptococcal menin-
gitis and a murine inhalation model. Serotype A mutants are
hypersensitive to Na™ and Li" compared to the isogenic wild
type, suggesting a role for calcineurin analogous to that in S.
cerevisiae, in which calcineurin regulates expression of the Na™*

and Li* efflux pump Pmr2 (61). In serotype D, however, cal-
cineurin does not appear to regulate cation homeostasis (61).

Recently, it has been suggested that inhibitors of calcineurin
A may have potential as antifungal compounds. Cyclosporin A
(CsA) and FK506 are toxic to pathogenic fungi, including C.
neoformans (61, 131, 218, 284). CsA binds to cyclophilin A, and
FKS506 binds to the immunophilin FKBP12. The target of both
of these complexes is calcineurin. While the in vivo immuno-
suppressive activity of CsA and FK506 exacerbates cryptococ-
cal infections in a rabbit model of C. neoformans meningitis,
nonimmunosuppressive analogs of both CsA and FK506 that
retain antifungal activity have been identified (61, 218). The
CsA and FK506 analogs are toxic at 37°C but not at 24°C,
consistent with the temperature-dependent growth of cal-
cineurin mutant strains. Furthermore, mutations on the cyclo-
philin A-CsA binding surface of calcineurin (Val344Arg and
Val344Lys) confer resistance to CsA analogs, and two mutant
strains completely lacking the cyclophilin A protein are resis-
tant to CsA analogs. Interestingly, one of the nonimmunosup-
pressive analogs has a y-hydroxy substitution on the leucine 4
residue on the effector surface of CsA that appears to prevent
binding to mammalian calcineurin but increases affinity for
calcineurin relative to CsA-cyclophilin A in C. neoformans
(61).

The in vitro anticryptococcal activity of FK506 and its non-
immunosuppressive analog has also been evaluated in combi-
nation with other known antifungal agents (bafilomycin, cap-
sofungin, and fluconazole) (68). In these studies, FK506 and its
analog, L-685,818, exhibited marked synergistic effects with all
of these agents. Interestingly, the mechanism of action of these
drug combinations appears to be independent of calcineurin
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and the cAMP-dependent signaling pathway acting through PKA (Ubcl, Adrl, and Ukal) (right).

inhibition but requiring FKBP12 (FK506 plus bafilomycin);
dependent upon FKBP12-dependent inhibition of calcineurin
by FK506 (FK506 plus caspofungin); and independent of
FKBP12 and calcineurin but potentially involving the known
ability of FK506 to inhibit multidrug resistance pumps known
to export azoles from fungal cells (FK506 plus fluconazole).
These synergistic combinations have not yet been tested in
animal models of cryptococcal infection but suggest that sig-
naling pathways can be targeted by novel antifungal agents.

LIFE CYCLE OF USTILAGO MAYDIS

The phytopathogenic hemibasidiomycete U. maydis is the
causal agent of corn smut disease. The life cycle of U. maydis
is characterized by a dimorphic switch between a haploid yeast-
like cell form, known as sporidia, and an infectious filamentous
dikaryon (17, 19) (Fig. 12).

Sporidia, the asexual form of U. maydis, have a slightly
elongated cell shape and divide by budding, growing as sapro-
phytes on refuse and manure. Infectious dikaryotic hyphae are
formed following fusion of two sporidia with different alleles at
the mating type loci a and b. In response to a mating partner,
cells develop filament-like protrusions called conjugation tubes
(Fig. 12). Cell fusion occurs at the tips of the conjugation
tubes, and a dikaryotic filamentous mycelium is formed. The
resulting hyphae are pathogenic on maize and are able to
infect meristematic tissue in any above-ground part of the
plant. Hyphal proliferation in plant tissues induces neoplastic
growth and gall formation. Fungal cells inside these tumor-like
structures round up and karyogamy occurs, giving rise to
uninucleate diploid teliospores. When the tumors burst, mil-
lions of black spores are released and can be spread by wind
and rain. The resulting soot-like appearance gave this fungus
its common name of smut fungus. In response to proper envi-
ronmental conditions, meiosis occurs and the teliospores ger-

minate to form a promycelium consisting of four haploid cells,
including the original teliospore. Finally, basidiospores bud off
the promycelium and germinate to produce sporidia once
again.

Pheromone Response Pathway

Sexual development in U. maydis is regulated by the a and b
mating type loci (reviewed in references 41 and 141). Recog-
nition of the compatible mating partner, conjugation tube for-
mation, and fusion of the two sporidia are largely regulated by
the biallelic @ mating type locus. Both a/ and a2 contain two
tightly linked genes (mfa and pra) that encode a secreted pher-
omone and a G protein-coupled pheromone receptor. In ad-
dition to regulating the initial events during mating, the a locus
also contributes to the maintenance of filamentous growth of
U. maydis in planta (29, 262).

The establishment of the infectious dikaryotic filaments and
the pathogenicity of this stage are both regulated by the b
locus. This multiallelic locus encodes two divergently tran-
scribed homeodomain proteins termed bE and bW. Fused
sporidia that are heterozygous for the b locus form an active
bEx/bWy heterodimer, generating an active transcription fac-
tor that regulates filamentous growth and pathogenicity. There
is a functional linkage between the a and b mating type loci.
The activation of the receptor by pheromone binding induces
several genes, including the a- and b-specific genes. Following
cell fusion, the active bE/bW heterodimer represses a gene
transcription.

Pheromone binding to its cognate receptor is thought to
activate a MAP kinase signal transduction pathway similar to
the well-characterized pheromone response pathway in S. cer-
evisiae. Homologs for several components of this pathway have
recently been identified in U. maydis (Fig. 13).

Four « subunits for heterotrimeric G proteins (Gpal to

0T0Z ‘¢ Arenigad uo @17 @3N AINN NYMIVL T¥NOILYN ¥e B10°a1mybiy iquiw woy papeojumoq


http://mmbr.asm.org

VoL. 64, 2000

Um-Gpa4d

Cn-Gpa1

Cp-CPG-2 Ui pas Sc-Gpal
- - c-Gpa
MngagA m-Gpa P
Pa-MOD-D Ca-Cagl

KI-Gpa2

Sc-Gpa2
Cc-Gpat

Um-Gpal
An-FadA
Cp-CPG-1
Sp-Gpa2 g-maRB
Nc-GNA-1

Pc-Pegl

Um-Gpa2

Mg-magC Nc-GNA-2
Sp-Gpal
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© 1999, Genetics Society of America.) Um, U. maydis; Sc, S. cerevisiae; Ca, C.
albicans; An, A. nidulans; Cp, C. parasitica; Mg, M. grisea; Nc, N. crassa; Cn, C.
neoformans; Sp, S. pombe; Cc, Coprinus congregatus; Uh, Ustilago hordei; Pa,
Podospora anserina; K1, Kluyveromyces lactis; Pc, Pneumocystis carinii..

Gpa4) have been identified in U. maydis by a PCR-based ap-
proach (231). Each of the four gpa genes was disrupted, and
only gpa3 mutant strains exhibited a mating defect. Additional
experiments also revealed a role for gpa3 in filament formation
and pathogenicity. Furthermore, strains deleted for gpa3 fail to
induce specific genes (like mfa and the b genes) in response to
pheromone, whereas a constitutively active gpa3 mutant allele
induced expression of these genes 50-fold. These experiments
reveal that gpa3 plays a central role in pheromone response
and sexual development of U. maydis, and it was proposed that
this might represent the o subunit of the G protein coupled to
the pheromone receptor. However, a constitutive active form
of Gpa3 does not allow pheromone-independent mating, and
gpa3 mutants are elongated, similar to uac! mutants lacking
adenylyl cyclase. Budding yeast growth is restored in gpa3
mutants by cAMP, suggesting that gpa3 functions upstream of
adenylyl cyclase (142).

Quite interestingly, Gpa3 is closely related to Gpa2 from S.
cerevisiae, gpa2 from S. pombe, and GPA1 from C. neoformans,
which are all involved in a nutrient-regulated cAMP-depen-
dent signaling pathway (Fig. 14) (9, 118, 171). Gpa3 appears to
be involved in a similar pathway in U. maydis. The Ga subunit
in the pheromone response pathway remains to be identified.
In C. neoformans, the pheromone signal is transmitted by the
G protein By complex (293). If this is also the case in U.
maydis, then disruption of the a subunit responsible for the
pheromone response will not inhibit signal transmission but
activate it instead, increasing mating of the mutant strain.
Alternatively, the gpal to gpa4 genes could have redundant
functions, which could explain why the single mutant strains do
not show a mating defect. A third, less likely possibility would
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be a dual role for Gpa3 in both the pheromone-activated MAP
kinase and the cAMP-dependent signaling pathways.

Several putative components of a conserved MAP kinase
module have been identified in U. maydis (Fig. 13). Ubc4, a
MAP kinase kinase kinase (MAPKKK) homolog, and Ubc3, a
MAP kinase homolog, were identified in a screen for suppres-
sors of the filamentous uacl adenylyl cyclase mutation (187).
ubc3 was also identified by a degenerate PCR approach and
termed kpp2 (204). A similar approach identified Fuz7, a MAP
kinase kinase (MAPKK) homolog (20). The ubc3 and fuz7
genes have been characterized in more detail.

The analysis of fuz7 deletion strains showed that this
MAPKK homolog is involved in a-dependent processes as well
as a-independent processes (20). fuz7-deleted strains fail to
respond to mating pheromone and produce no conjugation
tubes. In addition, fuz7 mutant strains are unable to induce
conjugation tubes in a mating partner, likely due to reduced
production or secretion of pheromone. Interestingly, the in-
duction of mfa transcription by pheromone does not appear to
be affected (231). Filament formation in mating assays is re-
duced in a dosage-dependent manner. In addition, no hyphae
are formed if diploid strains homozygous for a fuz7 deletion
and bearing different a and b alleles are shifted from rich to
nitrogen starvation medium, whereas this dimorphic transition
is readily observed in wild-type diploid strains. Both in planta
tumor formation and teliospore formation are impaired by the
fuz7 mutation. Taken together, these results provide evidence
that Fuz7 might act in two different signal transduction path-
ways: an a-dependent pathway that is activated by pheromone,
and an a-independent pathway that may be stimulated by plant
signals (20). fuz7 deletion strains expressing the constitutive
active allele of gpa3 are indistinguishable from wild-type
strains bearing this allele, further suggesting that Gpa3 is not
directly involved in the pheromone response pathway (231).

Strains deleted for the MAP kinase homolog ubc3 (kpp2)
have several phenotypes in common with fuz7 mutant strains.
Both ubc3 (kpp2) and fuz7 mutants fail to produce conjugation
tubes in response to pheromone, exhibit defects in pheromone
production, and mate poorly (188, 204). In a solopathogenic
background, ubc3 deletion leads to defects in filamentation
and tumor formation. These findings indicate a role for Ubc3
in virulence of U. maydis, although the effect is less dramatic
compared to fuz7-deleted strains. One explanation for this
finding might be, by analogy to budding yeast, that a second
MAP kinase is present that partially compensates for loss of
ubc3. The reduced virulence can be partially overcome by
overexpressing an active bE/bW heterodimer, indicating that
Ubc3 is probably a component of the pheromone response
pathway and is needed for virulence in the plant host. Further
evidence that Ubc3 is part of the MAP kinase cascade is the
reduced basal-level expression of mfal and the loss of induc-
tion by the pheromone signal, which are not observed in fuz7
mutants. Whether Fuz7 and Ubc3 are components of the same
MAP kinase module remains to be determined.

A MAPKKK homolog, Ubc4, has also been identified but
still remains to be characterized in further detail. ubc3 and
ubc4 were identified in the same screen for suppressors of
adenylyl cyclase mutants, and the two have indistinguishable
phenotypes in this genetic background (187). Therefore, it
seems likely that Ubc4 is also a component of a MAP kinase
module that mediates pheromone response.

In budding yeast, the MAP kinase module activates a down-
stream transcription factor in response to pheromone. This is
also true in U. maydis, in which a transcription factor of the
HMG-box class, termed Prfl, has been identified (103). Inter-
estingly, the Prf1 protein contains several phosphorylation sites
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for both MAP kinases and cAMP-dependent PKA, and Prfl is
regulated posttranscriptionally by both pathways (104). prfl
mutant strains are completely sterile and nonpathogenic. The
same phenotypes are exhibited but are less dramatic in strains
expressing a prfl allele in which the MAP kinase phosphory-
lation sites have been removed by site-directed mutagenesis
(204). These mutant strains retain the ability to respond to
environmental signals at a reduced level, probably due to ac-
tivation by the cAMP-dependent signal transduction pathway.

Prfl activates transcription by binding to a promoter ele-
ment termed the pheromone response element, which is also
found in the promoter of the prfl gene (286). Beyond this
autoregulation, the main function of Prfl is proper regulation
of the mating type genes within the a and b loci during mating
and virulence. Overexpression of an active bE/bW heterodimer
restores virulence of prfl deletion strains (103). In addition to
transcriptional regulation in response to pheromone, prfl is
also regulated by nutritional signals (carbon source). A 40-bp
upstream activating sequence (UAS) was found to be impor-
tant for induction of prfl by carbon source, and this UAS also
mediates repression by increased cCAMP levels (104). A novel
protein that binds to this UAS, called Ncpl, has been identi-
fied. Ncpl is not required for prfl regulation by nutrients, likely
because redundant factors play an overlapping role. The PKA
pathway plays a similar role in S. cerevisiae in sensing ferment-
able carbon sources via the glucose receptor Gprl and the G
protein Gpa2. Because Gpa3 of U. maydis plays a similar func-
tion in the PKA pathway, it may also interact with a glucose
receptor homologous to Gprl and activate the cAMP-depen-
dent pathway in response to various fermentable carbon sources.

cAMP-Dependent Signaling

In addition to pheromone, other signals are also important
for mating in U. maydis (Fig. 13 and 15). The first evidence
that a cAMP-dependent signaling pathway plays a vital role in
differentiation of U. maydis came from the observation that
deletion mutants lacking adenylyl cyclase (uacl) exhibit con-
stitutive filamentous growth (23, 94). This phenotype is sup-
pressed by exogenous cAMP, which restores a yeast-like bud-
ding pattern. Interestingly, although gpa3 mutant strains do
not produce filaments, they do produce highly elongated cells.
This phenotype is suppressed by exogenous cAMP, providing
further evidence that Gpa3 is a component of the cAMP-
dependent signaling pathway (142). In addition, when either
uacl mutants or wild-type strains are exposed to exogenous
cAMP, they exhibit a multiple budding pattern with lateral
buds and clustering of cells (94, 142). This observation implies
that the cAMP signaling pathway might be important for both
sexual differentiation and proper progression through the cell
cycle. Haploid uac! deletion strains exhibit hyphal growth but
are not pathogenic, indicating that hyphal growth alone is not
sufficient for full virulence (23). Fully compatible crosses of
uacl deletion strains are unable to grow in planta and are not
pathogenic. Strains deleted for adenylyl cyclase show reduced
levels of basal pheromone expression. The transmission of the
pheromone signal is blocked in uacl deletion mutants, which
fail to induce pheromone expression in the presence of an
activating pheromone. The constitutive activation of Uacl in-
creases transcription of pheromone-inducible genes about 50-
fold (see above). These findings provide clear evidence for
cross talk between the MAP kinase and cAMP-dependent sig-
naling pathways (142).

Several components of the MAP kinase signaling pathway
were identified as suppressors of uacl-deleted strains (94, 187).
Another gene identified by this approach was ubcl, which
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encodes the regulatory subunit of cAMP-dependent PKA. De-
leting the regulatory subunit of PKA results in a constitutively
active protein kinase mimicking high intracellular levels of
cAMP. Strains deleted for ubcl show a multiple budding phe-
notype similar to cells treated with high levels of cAMP. In
addition, these strains are unable to form filaments in response
to changes in O, and CO, levels, like wild-type cells. Filament
formation was greatly reduced in compatible crosses homozy-
gous for the ubc/ mutation in vitro and in planta (94). Al-
though phytohormone production and initial pathogenicity
symptoms like chlorosis were present, no tumors formed. Dip-
loid strains homozygous for a ubc! deletion are also reduced
for virulence, indicating that postfusion events necessary for
pathogenicity are blocked (75, 95). The basal expression level
of pheromone-inducible genes in ubcl-deleted strains was in-
creased to levels similar to those in cells treated with exoge-
nous cAMP or expressing a constitutively activated adenylyl
cyclase (142). Strains deleted for both uac! and ubcl were
almost indistinguishable from ubc! single mutants, showing a
slightly elongated cell shape in addition to the multiple bud-
ding phenotype. Moreover, no difference between these two
mutants was observed in virulence studies, indicating that ac-
tivation of PKA (via a ubcI mutation) suppresses the loss of
adenylyl cyclase (uacl) (94).

In addition to the regulatory subunit, the genes encoding
two catalytic subunits of PKA were identified and named adr!
and ukal (75). adrl mutants resemble uacl adenylyl cyclase
mutant strains and undergo filamentous growth as haploid
strains and are impaired for virulence in planta in crosses or as
diploid strains. In contrast, ukal mutations deleting the second
catalytic subunit resulted in no obvious phenotype. adrl ukal
double mutants show slightly reduced filament formation in
comparison to an adrl single mutant. There are also prelimi-
nary data for the existence of a third catalytic subunit of PKA
in U. maydis, which may explain why these mutants are viable.
Alternatively, PKA may be dispensable for vegetative growth
in U. maydis. Taken together, these findings suggest that Ukal
and Adrl may have partially overlapping functions but Adrl is
the major catalytic subunit of PKA.

Conclusions and Perspectives

The pheromone response pathway and the cAMP-depen-
dent signal transduction pathway are crucial for the sexual
development and virulence of U. maydis (Fig. 13). Many of the
components of these pathways have been identified, revealing
remarkable conservation in the signaling cascades regulating
development, mating, and virulence of the model ascomyce-
tous yeasts S. cerevisiae and S. pombe and the pathogenic ba-
sidiomycetes C. neoformans and U. maydis. As depicted in Fig.
15, the conserved nutrient signaling pathway utilizes a con-
served G protein-coupled receptor, Ga protein (Gpa2, gpa2,
GPA1, Gpa3), cAMP, and PKA. Interestingly, how these path-
ways are wired differs; for example, cAMP activates filamen-
tous growth in S. cerevisiae and positively regulates virulence in
C. neoformans, whereas cAMP plays a negative role and inhib-
its mating in S. pombe and inhibits filamentous growth in U.
maydis. PKA is activated by cAMP, but can then play both
positive and negative roles. By activating or inhibiting tran-
scriptional activators and repressors (such as Flo8 and Sfl1),
one common pathway can promote or inhibit development in
different organisms.

Several interesting questions remain. Some data provide
evidence for cross talk between the MAP kinase and cAMP
pathways, but the level at which this occurs remains to be
resolved. One type of cross talk might be through the tran-
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scription factor Prfl, which has phosphorylation sites for both
MAP kinase and PKA. Furthermore, proper regulation of
PKA activity seems to be critical for the development and
virulence of U. maydis. High PKA activity in the fungus is
necessary for colonization of the host plant, whereas lower
PKA activity favors gall formation and sporulation. Additional
studies will be required to dissect processes activated by dif-
ferent levels of intracellular PKA activities, including the iden-
tification of targets of PKA. Probably the most interesting
question still to be answered is which signals are provided by
the host plant that enable the progression of U. maydis through
its sexual life cycle within the plant. Recently Ruiz-Herrera et
al. (242) succeeded in developing conditions that support the
complete life cycle of U. maydis, enabling growth of the fungus
on embryonic plant cell cultures. This should allow large-scale
screens to identify biologically active substances or fungal mu-
tants that fail to respond to plant signals.

RICE BLAST FUNGUS MAGNAPORTHE GRISEA

M. grisea causes a devasting fungal disease of rice plants
known as rice blast. The fungus can also cause a similar disease
in over 50 grasses, including economically important crops
such as barley, wheat, and millet. Detailed studies of the patho-
genesis of this fungus have established it as one of the model
organisms among plant-pathogenic fungi.

M. grisea is a heterothallic ascomycete, and it has two mating
types, MATI-1 and MATI-2. In addition, M. grisea, like Neu-
rospora crassa, produces nuclei that function as either male or
female gametes. Thus, the sexual cycle involves fusion of a
male and a female gamete, which must be of opposite mating
types. Under suitable environmental conditions, sexual repro-
duction initiates with the fusion of strains of opposite mating
types and concludes with the production of mature perithecia
with numerous eight-spored asci. M. grisea mating type genes
have been identified by genomic subtraction (126). Pairs of
nearly isogenic strains were created by switching the MAT
idiomorphs and used to demonstrate that the mating type locus
controls mating identity and responses. By using these strains,
pheromone precursor genes of M. grisea have been successfully
isolated (253). Gene deletion experiments suggest that M.
grisea pheromones play an important role in the initial step of
sexual development (W.-C. Shen, personal communication).
To further elucidate molecular signaling during sexual differ-
entiation, other components involved in the mating response
pathway need to be identified.

Appressorium Development

The infection cycle of M. grisea initiates when an asexual
spore lands on the host surface. Hydration of the conidium
triggers the release of spore tip mucilage, which attaches the
conidium tightly to the hydrophobic leaf surface (101). Once
attached, the spore germinates and then forms a short germ
tube which differentiates at the tip to produce the specialized
infectious structure, the appressorium (112). The cell wall of
the appressorium then thickens, and melanin is produced
(113). Newly synthesized melanin is layered around the appres-
sorial cell wall, and the increased accumulation of glycerol
inside the appressorium results in the build-up of enormous
internal turgor pressure (67). This increased pressure allows
the penetration peg to break through the cuticle and into the
underlying epidermal cell layers (111, 114). Infectious hyphae
ramify through the epidermal cells and differentiate into bul-
bous, branched secondary hyphae, which continue to spread
intercellularly and intracellularly. Finally, ellipsoidal lesions
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become visible on the infected tissues, and the fungus then
produces aerial conidiophores that sporulate to resume an-
other round of the disease cycle.

The appressorium is a unique fungal structure that is used by
a diverse group of fungi to penetrate host surfaces (66, 79).
Appressorium development is a complex morphogenetic pro-
cess, and multiple external signals, physical and chemical, ap-
pear to be involved (66, 133, 158, 308). In M. grisea, surface
hydrophobicity and hardness, adhesion, and other environ-
mental factors have all been reported to regulate appressorium
formation (121, 159, 309, 310). Lee and Dean demonstrated
that induction of appressorium formation correlates with the
hydrophobicity of the contact surface (159). Artificial sub-
strates, like wax paper, polystyrene, glass coverslips, and gel
bond (hydrophobic side), mimic the hydrophobicity of the rice
plant surface and support appressorium formation.

MPG]1 encodes a fungal hydrophobin that is abundantly
expressed during appressorium formation, symptom develop-
ment, and conidiation (270) (Fig. 16). mpgl deletion mutants
are severely impaired in their ability to cause disease on sus-
ceptible rice cultivars due to an inability to produce appresso-
ria. The evidence that purified fungal hydrophobins from
Schizophyllum commune can self-assemble at any hydrophilic-
hydrophobic interphase suggest that MPG1 could play a role in
attachment, infection site preparation, or topological signaling
(270).

A novel transmembrane protein, PTH11, has been identified
in a mutagenesis screen (71). pthll mutant strains are non-
pathogenic due to a failure in appressorium maturation. A low
level of appressorium formation in pthll mutant strains sug-
gests that PTH11 is not required for appressorium morpho-
genesis but is involved in surface recognition. Functional char-
acterization of PTH11 in multiple M. grisea strains indicates
that PTH11 can activate or repress appressorium differentia-
tion in response to different contact surfaces. Exogenous acti-
vation of cellular signaling suppressed pthll mutant pheno-
types. Taken together, these findings suggest that PTH11 may
function as an upstream effector of appressorium differentia-
tion in response to surface cues (71).
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cAMP Signaling Pathway

How external inductive signals are perceived by M. grisea is
not yet clear, but it is clear that a cAMP-dependent signal
transduction pathway is involved in appressorium formation
(159) (Fig. 16). Exogenous cAMP induces M. grisea germinat-
ing conidia or vegetative mycelia to produce appressoria on
noninductive surfaces (159). Following this initial finding, the
components involved in the cAMP signaling pathway were
identified and characterized in detail.

The gene encoding the catalytic subunit of the cAMP-de-
pendent protein kinase (CPKA) was independently identified
by three groups (194, 269, 313). Mitchell and Dean reported
that disruption of the CPKA gene resulted in mutants defective
in appressorium formation on onion epidermal tissue or Gel-
bond, an artificial hydrophobic surface. cpk4 mutants also
failed to cause lesions on a susceptible rice cultivar. The failure
of appressorium formation in cpk4 mutants was not rescued by
exogenous cAMP. cpkA mutants also exhibited no defects in
growth or asexual or sexual development.

Xu et al. subsequently conducted thorough, side-by-side
comparisons of different cpk4 mutants from three different
sources that further clarified the cpk4 mutant phenotype
(313). A wild-type level of appressoria was observed in all of
the mutants, but appressorium development was delayed and
the appressoria produced by the cpk4 mutants were smaller
than those produced by wild-type strains. In pathogenicity as-
says, all of the cpkA mutants were still capable of causing
disease symptoms on wounded hosts but not on healthy plants.
Penetration assays on onion epiderminal strips further con-
firmed that cpkA mutants are defective in penetration. These
results suggest that cAMP signaling plays a role in appressorial
penetration. Because cpkA mutants are delayed in appresso-
rium formation, it has been postulated that cAMP responsive-
ness in the cpkA mutants might also be delayed. Contrary to
the original report, Xu et al. found that all cpk4 mutants were
induced to form appressoria on hydrophilic surfaces after 24 h
of incubation by the addition of cAMP (313). These results
indicate that another PKA catalytic subunit may be present
and function in surface sensing in rice blast fungus (313).

In addition to CPKA, other genes involved in cAMP signal-
ing have also been cloned and characterized (Fig. 16). The
gene encoding adenylyl cyclase (MACI) was cloned by a de-
generate PCR approach (50). M. grisea adenylyl cyclase mu-
tants have pleiotropic phenotypes. They fail to form appresso-
ria on a hydrophobic surface of Gelbond film, onion skin, or
rice leaves. As a consequence, macl mutants are nonpatho-
genic in susceptible plants. The macl mutant strains also fail to
produce wild-type spreading lesions when artificially injected
into the host. The macl mutation significantly reduces vegeta-
tive growth and conidiation and confers a sterile phenotype in
which no perithecia are produced. Conidial germination is also
delayed in macl mutants. Appressorium formation and normal
conidial germination can be restored in the presence of exog-
enous cAMP derivatives, such as monobutyryl-cAMP (50).

Studies of the bypass suppressors of the macl (sum) muta-
tion revealed that sum mutations completely restore growth,
sexual and asexual morphogenesis, and appressorium forma-
tion on nonhydrophobic surfaces (1). One sum mutation has
been shown to alter the regulatory subunit of PKA. A single
amino acid change in the first cAMP-binding domain in the
sum mutant suppresses some but not all of the defects con-
ferred by the macl adenylyl cyclase mutation. This result sug-
gests that the mutant regulatory subunit retains some activity
or that an additional regulatory subunit gene exists.
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Ga Protein MAGB Required for Morphogenesis

Heterotrimeric guanine nucleotide-binding proteins (G pro-
teins) are involved in regulating a variety of cellular functions
in eukaryotic cells. They serve as critical transducers between
activated cell surface receptors and intracellular effectors (91,
255). In M. grisea, three G protein « subunit genes, MAGA,
MAGB, and MAGC, have been cloned and characterized
(163). Sequence comparison revealed that MAGA, -B, and -C
share sequence identity with other fungal G protein « subunits
(Fig. 14). Characterization of disruption mutants revealed that
MAGA has no role in the life cycle other than the production
of mature asci. Interestingly, MAGA is quite similar to the
Gpa2 and Gpal nutrient sensors of S. cerevisiae and C. neo-
formans (Fig. 14). MAGC appears to be involved in the pro-
duction of asexual and sexual propagules.

Disruption of MAGB significantly reduced vegetative growth,
conidiation, and, most importantly, appressorium formation
(163). The appressorium formation defect of magB mutant
strains can be restored by the addition of cAMP or 1,16-hexa-
decanediol, but the relationship between MAGB and adenylyl
cyclase and how 1,16-hexadecanediol is perceived through dif-
ferent pathways to regulate appressorium development in M.
grisea need to be further examined. In Fig. 16, MAGB is
depicted activating adenylyl cyclase. We note that MAGB is
quite divergent from the Ga proteins that regulate nutrient
sensing in S. cerevisiae and S. pombe (Fig. 14). Thus, MAGB is
likely coupled to a different type of receptor and likely re-
sponds to different signals to regulate development. One ad-
ditional interesting phenotype of magB mutant strains is the
inability to form perithecia, suggesting that MAGB has dual
functions in sexual development and pathogenesis.

Beckerman et al. reported that S. cerevisiae a-factor phero-
mone blocked appressorium formation in a mating type-spe-
cific manner. Furthermore, culture filtrates of a MAT1-1 strain
contained an activity that inhibited appressorium formation of
mating type MATI-2 strains. These findings suggest that acti-
vation of the pheromone response pathway may interfere with
the signals leading to appressorium formation (24). Following
this work, Shen et al. reported the isolation of pheromone
precursor genes in M. grisea. Interestingly, a gene structurally
similar to the S. cerevisiae o-factor precursor gene was isolated
from the MATI-2 strain, whereas a lipopeptide pheromone
precursor gene similar to S. cerevisiae a-factor was isolated
from the MATI-1 strain (253). Because MATI-2 strains were
inhibited by S. cerevisiae a-factor, an unmodified peptide, it
was surprising that MATI-2 cells actually respond to a lipid-
modified peptide produced by MATI-1 cells. This result makes
it unlikely that S. cerevisiae o-factor and the M. grisea MATI-1
pheromone act on the same receptor. In fact, new segregation
analysis of the progeny from a cross indicate that the a-factor
sensitivity-resistance trait segregates independently from the
mating type locus (253). In order to resolve this contradiction,
components involved in the pheromone response pathway of
M. grisea need to be further characterized.

Multiple MAP Kinases Regulate Appressorium
Formation and Function

In addition to the G protein o subunit and components
involved in the cAMP signaling pathway, MAP kinase genes
have also been isolated through degenerate PCR screens and
found to be required for appressorium development and func-
tion in M. grisea (311, 312) (Fig. 16). M. grisea pathogenicity
MAP kinase 1 protein (PMK1) has significant similarity with S.
cerevisiae Fus3 and Kssl and functionally complements the
mating defect of an S. cerevisiae fus3 kss1 double mutant strain.
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FIG. 17. Signaling pathways regulating virulence of the chestnut blight fun-
gus C. parasitica; current model of the G protein signaling pathways that affect
virulence and hypovirulence as a result of signal perturbation by HAV in C.
parasitica. The Ga protein CPG-1 negatively regulates a putative adenylyl cyclase
(AC), whereas the GB protein CPGB-1 and BDM-1 may function via a different
pathway to regulate gene expression. HAV is hypothesized to function on G
proteins or upstream targets.

More importantly, PMKI is essential for pathogenicity and is
also required for invasive growth and viability in the host. The
virulence defect of pmkl mutant strains is attributable to a
failure to complete the late stages of appressorium morpho-
genesis. pmk] mutant strains produce more germ tube hooking
and swelling structures on a hydrophilic surface in response to
cAMP, suggesting that PMKI1 functions in parallel with a
cAMP-dependent signal (311).

In the same degenerate PCR screen, another MAP kinase
gene, MPSI, was isolated (312). Mpsl is 64% identical and
85% similar to the S. cerevisiae Slt2 MAP kinase and comple-
ments the autolysis defect of s/t2 null mutants at 37°C. M. grisea
mps1 mutants have defects in cell wall integrity similar to yeast
slt2 mutants. In addition, mps] mutant strains are female ster-
ile (as noted above, M. grisea mating involves fusion of gametes
of opposite sex and mating type) and have reduced asexual
sporulation. Moreover, the appressoria produced by mps! mu-
tants fail to penetrate plant cell surfaces, and thus mps! mu-
tants are nonpathogenic. Interestingly, mps! mutants do not
penetrate but still induce the plant defense response (312).

To penetrate the plant cuticle, M. grisea generates turgor
pressures in excess of 8.0 MPa inside the appressorium (114).
Biochemical characterization of the contents extracted from
the appressoria indicates that glycerol accumulates inside the
appressoria and causes the turgor to increase (67). Osml, a
homolog of the S. cerevisiae Hogl MAP kinase, appears to
have a role in controlling turgor generation inside the appres-
soria, because osml mutants are sensitive to osmotic stress
(73). However, osm1 mutants still accumulate glycerol, gener-
ate turgor, and cause disease.

Conclusions and Perspectives

Studies of pathogenesis in the rice blast fungus M. grisea
have revealed that heterotrimeric GTP-binding proteins, MAP
kinases, and cAMP signaling elements all play essential roles in
pathogenic morphogenesis. A model of the signaling compo-
nents regulating pathogenesis and other aspects of the re-
sponses is shown in Fig. 16. Genetic experiments indicate that
these elements are involved in multiple pathways. For exam-
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ple, the MAP kinase Mpsl plays roles in both appressorium
formation and sexual development. The interesting questions
that remain are how the cell perceives the environmental sig-
nals and specifies the signaling responses. To address these
issues, upstream components such as receptor(s) and down-
stream targets of these pathways need to be identified and
characterized.

SIGNAL TRANSDUCTION IN
CRYPHONECTRIA PARASITICA

C. parasitica is an ascomycetous fungus that is responsible
for chestnut blight, which destroyed the American chestnut
(Castanea dentana) that once dominated the eastern United
States. Regulatory mechanisms mediated by GTP-binding pro-
teins, the inositol trisphosphate-Ca®"-calmodulin-calcineurin
pathway, and the general amino acid control response have
been all implicated as important regulators of growth, devel-
opment, and virulence in C. parasitica. The double-stranded
RNA viruses HAV1 and CHV1-713, which attenuate viru-
lence, have also provided a unique tool with which to examine
virulence mechanisms in this organism (214). G proteins in-
volved in signal transduction have been identified (49, 88, 127,
128, 292). Figure 17 depicts a model of C. parasitica G protein-
mediated signal transduction involved in gene expression, asex-
ual reproduction, and virulence.

Distinct Functions of G Protein «
Subunits CPG-1 and CPG-2

C. parasitica G proteins regulate growth and virulence in C.
parasitica. Two G protein o subunit homologs, CPG-1 and
CPG-2, have thus far been identified in C. parasitica. CPG-1
has the highest level of amino acid identity with the Go sub-
units GNA-1 from Neurospora crassa (285), FadA from As-
pergillus nidulans (319), and MAGB from the rice blast fungus
M. grisea (163) (Fig. 14). All of these fungal Ga subunits are
homologous to the mammalian Gia family. The Ga protein
CPG-2 is homologous to the Ga proteins MAGA of M. grisea
(163) and MOD-D of the filamentous ascomycete Podospora
anserina (174) and the nutrient-sensing Ga subunits (Gpa2,
gpa2, and GPA1) from budding and fission yeasts and C. neo-
formans (Fig. 14).

Functionally, CPG-1 plays a major role in regulating gene
expression in C. parasitica. Modulation of CPG-1 by either
suppression of CPG-1 expression or ¢pg-1 gene disruption re-
sults in pleiotropic phenotypes, including defects in pigment
production, asexual reproduction, female fertility, and viru-
lence. In addition, the expression of several genes, including
that for laccase (lac-1), is reduced (49, 88). In contrast, muta-
tion of the second Ga subunit gene ¢pg-2 causes only minor
effects on growth and asexual reproduction (88). This is similar
to the finding that mutation of the MAGA Ga protein confers
no readily identifiable phenotype in M. grisea. Given that the S.
cerevisiae Ga protein Gpa2 languished in obscurity for over 10
years following its initial discovery and was then found to be a
central component of a nutrient-sensing pathway regulating
pseudohyphal differentiation, it seems likely that equally im-
portant physiological functions remain to be discovered for the
highly related Ga proteins MAGA of M. grisea and CPG-2 of
C. parasitica.

The G; family of mammalian Ga proteins negatively regu-
late adenylyl cyclase and function to reduce intracellular
cAMP production. The C. parasitica Ga protein CPG-1 has a
similar role. In mutant strains in which the expression of
CPG-1 was suppressed to a nondetectable level by a mecha-
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nism called sense suppression (49), cCAMP levels were in-
creased four to fivefold. Interestingly, cAMP levels were also
increased three to fivefold in strains infected with the virus
HAV1 (48). The current model is that activation of CPG-1 by
an as yet unidentified ligand-receptor complex inhibits adenyl-
yl cyclase, lowers intracellular cAMP levels, and impairs acti-
vation of a cAMP-dependent protein kinase homolog that reg-
ulates downstream targets.

CPGB-1 and BDM-1 Positively Regulate Virulence

The importance of G protein function in C. parasitica has
been further illustrated by the characterization of two addi-
tional components of the G protein complex, the G subunit
CPGB-1 and a mammalian phosducin homolog BDM-1, which
has been proposed to be functionally associated with the GB
subunit CPGB-1 (Fig. 17) (128).

Both the GB subunit CPGB-1 and BDM-1 exhibit a positive
regulatory role similar to that of the Ga subunit CPG-1. How-
ever, CPGB-1 and BDM-1 also play a negative regulatory role
in fungal vegetative growth on synthetic medium. CPGB-1 is
the only GB subunit homolog identified from C. parasitica, and
cpgb-1-specific mutant strains exhibit defects in pigmentation,
asexual reproduction, female fertility, and virulence (127). Be-
cause of the similar role exhibited by both the Ga subunit
CPG-1 and G subunit CPGB-1, these two components may
be functionally coupled to each other. However, no physical
interaction has yet been demonstrated. CPG-1 protein levels
are reduced in cpgb-I mutant strains, suggesting that the Ga
subunit may be unstable in the absence of its GB partner (88).

The newly identified protein BDM-1 has provided further
insight into G protein signaling in C. parasitica. bdm-1 mutant
strains exhibit a phenotype strikingly similar to that of cpgb-1
mutant strains with respect to asexual reproduction, pigmen-
tation, and virulence as well as increased vegetative growth on
synthetic medium (128). The BDM-1 protein shows amino acid
identity in several key regions with the mammalian protein
phosducin, which sequesters the transducin GR+y subunits TR~y
and modulates the function of the transducin Ta subunit in the
retina. In contrast to mammalian phosducin, however, BDM-1
exhibits a positive regulatory function and is proposed to de-
stabilize the Ga subunit CPG-1 and assist the function of the
GB subunit CPGB-1 (128). Two additional phosducin ho-
mologs, Plpl and Plp2, have recently been identified in S.
cerevisiae (82). In this case, biochemical studies confirm that
both Plpl and Plp2 can interact with By subunits, but genetic
studies reveal no readily discernible phenotype with respect to
G protein signaling for either protein (82). That three phos-
ducin homologs have thus far been identified in microorgan-
isms further emphasizes the conservation in evolution between
mammals and fungi.

Virulence Attenuation

Disrupting or interfering with signal transduction modulates
fungal virulence. For example, cCAMP-dependent and MAP
kinase-mediated signaling pathways are both important for
formation of the infectious appressorium in the rice blast fun-
gus M. grisea (for a review, see reference 102). Similarly, the
signal transduction components CPG-1, CPGB-1, and BDM-1
regulate the ability of C. parasitica to infect chestnut trees. One
established link between the G protein a subunit CPG-1 and
virulence is that expression of the putative virulence factor
cellobiohydrolase (encoded by the cbh-1 gene) requires CPG-1
(292). G proteins are not the only regulatory mechanisms gov-
erning virulence in C. parasitica. Regulatory pathways, includ-
ing the IP,-Ca®*-calmodulin-calcineurin pathway and the gen-
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eral amino acid control pathway that is activated in response to
amino acid starvation, are also important in regulating pigment
production and virulence (152, 291).

Infection of C. parasitica by the virus HAV1 causes a broad
range of phenotypic changes, many of which mimic phenotypes
of mutant strains with defects in G protein signaling. This
suggests that the virus may interfere with signal transduction by
G proteins (214). Indeed, in a study using a differential display
technique to examine mRNA transcripts in C. parasitica, 65%
of the changes in mRNA observed in virus-infected cells were
also observed in mutant strains in which CPG-1 expression was
suppressed (48). Furthermore, cCAMP levels were three- to
fourfold higher in strains containing the virus, similar to cpg-1
mutant strains. Because phenotypic changes associated with
viral infection are more severe than those caused by the cpg-1
mutation, signal transduction mediated by pathways other than
G proteins likely also plays an important role.

ASEXUAL DEVELOPMENT OF
ASPERGILLUS NIDULANS

The signal transduction cascades regulating asexual sporu-
lation in the ascomycetous filamentous fungi A. nidulans and
N. crassa have been well studied. These fungi are amenable to
genetic analysis and serve as model organisms for the study of
eukaryotic multicellular development. We note that some of
the signaling cascades elucidated thus far, especially in A. nidu-
lans, appear somewhat divergent from those discussed up to
this point. They may represent unique specializations that have
occurred during the development and evolution of the filamen-
tous fungi. On the other hand, given the prominent role of
filamentation in the life cycles of S. cerevisiae, C. neoformans,
C. albicans, and U. maydis, it seems likely that conserved reg-
ulatory cascades will emerge in A. nidulans and N. crassa as
their genomes are sequenced and analyzed, as has already
become apparent with the PKA pathway in N. crassa.

A. nidulans is homothallic (self-fertile), and sexual conjuga-
tion can occur when spores of genetically distinct, vegetatively
compatible homokaryotic strains are mixed (278). A hetero-
karyon is formed when hyphae of these strains anastomose,
followed by nuclear division and movement. Heterokaryons of
this fungus contain both haploid and diploid nuclei and, fol-
lowing asexual development, can give rise to both haploid and
diploid conidia.

Asexual Sporulation Cycle

The asexual sporulation cycle of A. nidulans can be divided
into two phases: a growth phase, in which cells become com-
petent to respond to sporulation-inducing signals, and an asex-
ual reproduction phase, including initiation of the sporulation
pathway and formation of spore-bearing structures (Fig. 18).
This fungus grows by forming an ordered network of filaments
or hyphae that form a mycelium. Each hypha is a linear array
of vegetative cells that are haploid, multinucleate, and sepa-
rated by perforated septa to allow nuclear migration. The hy-
phae grow by apical extension and multiply by branching, giv-
ing rise to a radially symmetrical colony that expands at a
constant rate. One of the functions of hyphae is to absorb
nutrients from the growth medium, facilitated by the secretion
of degradative enzymes. After a fixed period of time following
vegetative growth, some hyphal cells within the center of the
mycelium produce aerial branches that initiate asexual sporu-
lation. This involves the formation of multicellular structures
called conidiophores that bear chains of spores called conidia
(reviewed in reference 5). Development requires a shift from
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FIG. 18. Asexual sporulation cycle of A. nidulans. Asexual sporulation of A. nidulans involves two phases: a vegetative growth phase, in which spore germlings give
rise to hyphae and the mycelium, and an asexual reproductive phase, in which specialized hyphal cells called foot cells give rise to aerial stalks that produce
spore-bearing structures called conidiophores. Stalks produce a vesicle that buds to produce branching cells called sterigmata. Further mitotic divisions of secondary
sterigmata called phialides give rise to chains of conidia which germinate on an appropriate medium to complete the cycle.

highly polarized hyphal growth to growth by budding and tran-
sition from a multinucleate to a uninucleate state. These
changes are directed by an interplay between cell cycle regu-
lators and the developmental pathway (317). Conidia germi-
nate when they contact a nutrient-rich medium, giving rise to
hyphae and completing the cycle.

Physiological Requirements for Asexual Sporulation

A number of physiological criteria regulate A. nidulans asex-
ual development. The initiation of conidiation is contingent
upon cells having undergone a defined period of growth (20 h)
to reach developmental competence (15). Developmental
competence is an intrinsically programmed process that is in-
dependent of external changes in growth medium; continuous
transfer to fresh growth medium and growth of cells at low
densities have no effect on the timing of conidiation (226). In
fact, while sporulation in many microorganisms occurs in re-
sponse to adverse environmental conditions, the signals that
induce A. nidulans differentiation are not well defined. Under
normal growth conditions, the only environmental require-
ment is exposure to air (15, 200). This requirement for air does

not appear to involve O, or CO, levels, but rather results from
changes in the cell surface induced by the abrupt formation of
an air-water interface.

Although sporulation largely occurs in a medium-indepen-
dent manner, it can be induced in hyphae grown in submerged
culture by nutrient (carbon or nitrogen)-limiting conditions
(256). However, nutritional stress must play a secondary role in
induction of sporulation, because nutrient limitation reduces
conidiation of surface-grown colonies and continuous replace-
ment of growth medium beneath a surface-grown colony does
not repress conidiation (226). A fraction of hyphal cells may be
nutrient limited and thereby induced to develop. Conidiation
in confluent cultures of A. nidulans depends upon inoculum
density, and higher initial cell densities promote sporulation
(37). However, it is not known whether this promotes sporu-
lation by depleting nutrients.

Conidiation is also dependent upon exposure of hyphae to
red light. Light sensing is regulated by the velvet gene (veA),
which is proposed to be a negative regulator of development
because a veA " strain does not conidiate as well in the dark as
a veAl mutant does, even when the colony is exposed to air
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FIG. 19. Model for the signal transduction pathways regulating asexual sporulation in A. nidulans. Initiation of asexual sporulation in A. nidulans is governed by
two parallel antagonistic pathways. Initial mycelial growth is driven by activation of the Ga protein FadA to its GTP-bound form. This pathway represses sporulation
until the fungus gains developmental competence. FluG is necessary for the synthesis of an extracellular factor (ECF) that initiates the asexual sporulation pathway
by inducing the activities of FIbA, FIbB, FIbC, FIbD, and FIbE, resulting in expression of the brl4, abaA, and wetA genes. Additionally, stimulation of FIbA causes
inactivation of FadA, releasing the inhibition of sporulation. The progression of sporulation is also influenced by bri4-dependent induction of the activities of cell cycle
kinases NimX°4“? and NimA, promoting morphogenesis from the multinucleate, filamentous form to a uninucleate, budding form.

(196). The relief of repression by red light exposure can be
partially reversed by exposure to far-red light, similar to re-
sponses mediated by phytochrome, the red light photoreceptor
in higher plants, suggesting that a phytochrome-like molecule
may regulate development of A. nidulans.

Genetic Requirements for Asexual Sporulation

Induction of morphogenesis involves temporal and spatial
regulation of several hundred genes, many of which function in
conidiophore assembly or conidiospore differentiation (31,
186, 277, 303, 323). The sequential expression of bristle (brlA),
abacus (abaA), and wet-white conidia (wetA4) establishes a cen-
tral regulatory pathway (brlA — abaA — wetA) required for
the transition from vegetative growth to asexual reproduction
(2, 185). brlA encodes a C,H, zinc finger DNA-binding protein
that functions as a primary transcriptional activator of sporu-
lation-specific gene expression (2, 4, 46). brlA activity is re-
quired at the time of conidiophore vesicle formation. brl4 null
mutants form bristle-like aerial stalks due to a block in tran-
sition from polar growth of the conidiophore stalk to swelling
of the conidiophore vesicle (52). brlA mutants fail to differen-
tiate vesicles, metulae, phialides, or spores, and genes in the
central regulatory pathway, such as abaA and wetA, are not
expressed (31). The activity of this central regulatory pathway

is required for the normal expression of most conidiation-
specific genes and is influenced by the products of other genes,
including stuA and medA, which act as developmental modifi-
ers (36, 52, 192).

The activation of the central pathway is dependent upon at
least six early regulatory genes, fluG, flbA, flbB, flbC, fIbD, and
fIbE, which were identified as recessive mutations that result in
a predominantly “fluffy” colony morphology, impaired conidia-
tion, and reduced brlA4 expression (3, 155, 157, 302, 303). Dom-
inant mutations that confer a fluffy phenotype have also been
isolated and characterized (303, 304); among these, mutations
in the fadA gene, which encodes a Ga protein (Fig. 14), have
shed light on the influence of vegetative growth on sporulation
(319).

The role of the fluG and flbA genes in the initiation of
conidiation has been studied in detail (Fig. 19). The aconidial
phenotype of fluG mutants is partially rescued by growth on
solid minimal medium, suggesting that sporulation can occur in
response to nutrient limitation in the absence of FluG (3). fluG
mutants can also be induced to conidiate when grown in prox-
imity to either a wild-type strain or strains with mutations in
different fluffy genes. Rescue of the aconidial phenotype of
fluG mutants also occurs when two juxtaposed strains are sep-
arated by a dialysis membrane with a pore size of 6 to 8 kDa,
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suggesting that fluG is required for the biosynthesis of a small,
diffusible, extracellular molecule that initiates asexual devel-
opment (155). Overexpression of fluG can overcome a devel-
opmental block normally imposed when hyphae are grown in
submerged culture and results in the production of complex
conidiophores (156). FluG-induced sporulation requires the
activities of other early-acting developmental regulators, in-
cluding flbA, fibB, flbC, flbD, and fIbE. Although the isolation
of the extracellular factor and the exact function of fluG re-
main elusive, the C-terminal region of FluG has significant
similarity to prokaryotic glutamine synthetases and is required
to induce sporulation (155; C. A. D’Souza, B. N. Lee, and T. H.
Adams, submitted for publication). FluG does not synthesize
glutamine but may have a related enzymatic activity.

To gain further insight into the role of FluG in development,
a genetic screen for dominant suppressors of fluG (dsg) was
undertaken to identify components acting downstream of FluG
in the asexual sporulation pathway (D’Souza et al., submitted).
This screen identified an interesting mutation in the dsg4 gene.
Conidiophores of dsg4I mutants grown on solid medium are
abnormal and possess long branched sterigmata that produce
conidia and occasionally bear secondary conidiophores. dsgA1
mutants also produce conidiophores when grown in liquid cul-
tures, indicating that the requirement for air to induce sporu-
lation has been bypassed. DsgA could be the receptor for the
FluG-dependent extracellular factor (Fig. 19).

Among other early regulatory genes required for initiation
of conidiation, flbA is the best candidate to be part of the signal
transduction pathway regulated by the extracellular factor (Fig.
19). FIbA has a C-terminal RGS domain that is shared by a
family of proteins found in evolutionarily diverse organisms
(70, 107). RGS proteins negatively regulate G protein-medi-
ated signaling pathways by activating the intrinsic GTPase ac-
tivity of heterotrimeric G protein a subunits (27, 297). Colo-
nies of flbA mutants are described as fluffy autolytic because
undifferentiated masses of hyphae autolyse as the colonies
mature (157). In contrast, overexpression of flbA in vegetative
cells inhibits hyphal growth and induces conidiophore devel-
opment in liquid culture (156, 157). The ability of flbA over-
expression to modulate growth and activate sporulation is de-
pendent on the activities of other genes, including fluG (155,
156). Because fluG-dependent activation of development re-
quires flIbA, flbA may regulate a signal transduction pathway
that responds to the FluG signal.

The dependence of fluG- and flbA-induced sporulation on
the activities of fIbB, fIbC, flbD, and fIbE indicates that they
function downstream of fluG and flbA. fibB, flbC, flbD, and fIbE
mutants still produce the extracellular conidiation factor, res-
cue the fluG aconidial mutant phenotype (155), and conidiate
following prolonged growth. Additionally, genetic analysis re-
vealed that fluG and flbA are both epistatic to fIbB, flbC, flbD,
and fIbE (303). flbB, flbC, and flbD are predicted to encode
DNA-binding proteins and may regulate transcriptional acti-
vation of developmental regulators such as brl4 in response to
fluG- and flbA-generated signals (5). FIbE shows no similarity
with other proteins.

Antagonistic Mycelial Proliferation Pathway

In addition to the sporulation pathway described above, a
parallel pathway involving a heterotrimeric G protein «
subunit encoded by the fadA gene (fluffy autolytic domi-
nant) regulates mycelium proliferation and antagonizes con-
idiophore development (319) (Fig. 19). Dominant active
fadA mutations cause uncoordinated growth, autolysis, and
inhibition of sporulation, similar to the flbA mutant pheno-
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type, indicating that activation of the mycelial growth path-
way inhibits sporulation. The flbA mutant phenotype can
also be suppressed by either dominant negative fad4?*3R
or fadAA mutations. These observations suggest that the
primary role of the RGS domain protein FIbA in sporula-
tion is to prevent activation of FadA by stimulating GTPase
activity. FIbA, following activation by FluG, may promote
asexual sporulation by inactivating FadA-dependent growth
signaling (108, 319). However, overexpression of flbA acti-
vates asexual development in both wild-type and fadAA
strains, suggesting that FIbA may have additional targets.
Dominant or recessive loss-of-function fadA mutations sup-
press the requirement for fIbA but not fluG in sporulation,
indicating that FluG has a FadA-independent, develop-
ment-specific role in addition to its proposed role in repress-
ing growth through FIbA. Initiation of development may
require both functions of FluG. dsgA1, isolated as a domi-
nant suppressor of fluG, also bypasses the flbA requirement
for sporulation and suppresses inhibition imposed by dom-
inant activating fad4 mutations, suggesting that DsgA may
function downstream of FadA (D’Souza et al., submitted).
Alternatively, suppression of flbA and fadA by dsgAl could
result from hyperactivation of the asexual developmental path-
way.

Cross talk occurs between the two parallel antagonistic path-
ways signaling mycelial growth and sporulation, and asexual
development is directed by the dominant pathway (Fig. 19).
Growth signal transduction mediated by FadA is thought to
involve its activation by GDP-to-GTP exchange, presumably
initiated by the binding of a growth factor ligand to a putative
G protein-coupled receptor (208). In addition to the Ga pro-
tein FadA, mycelial proliferation is also in part regulated by
the GBvy subunit, because deletion of the sfaD gene encoding
the G subunit retards growth (240). The sfaDA mutation also
causes sporulation under normally repressive conditions and
suppresses all defects of null mutations in flbA, suggesting that
GpB may also be a target of FIbA. The FadA-independent
activity of FIbA may involve interaction with GBvy subunits,
based on the observation that a dominant negative fadAS2°3®R
mutation causes sporulation in submerged culture but a fadAA
mutation does not (319). The sfaDA mutation does not sup-
press mycelial proliferation caused by dominant active fadA
mutations, indicating that constitutively active FadA promotes
growth independently of SfaD. Although the data suggest that
FadA and SfaD are part of the same G protein, a definitive
interaction between these proteins has not yet been demon-
strated.

The asexual development pathway does not initiate until the
fungus progresses through a defined period of growth (20 h
postgermination). The fluG gene plays a pivotal role in the
switch from vegetative growth to initiation of sporulation (3,
155, 156). In the model shown in Fig. 19, FluG positively
regulates the production and secretion of an extracellular fac-
tor(s) that binds to a cell surface receptor and induces the
asexual sporulation pathway depending on the occurrence of
two events: first, activation of FIbA by FluG to inhibit FadA-
mediated growth signaling (108, 319), and second, activation
by FluG of sporulation-specific functions dependent on the
products of the fIbB, flbC, flbD, flbE, and brlA genes. DsgA is
the most likely link between FluG and the two downstream
events. DsgA may encode the receptor for the extracellular
conidiation factor or a signal transduction component such as
a conidiation pathway-specific G protein (D’Souza et al., sub-
mitted).
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protoperithecium is fertilized with a male organ, sexual development ensues and ascospores are produced.

PKA Signaling Pathway

Given the involvement of a Ga subunit (FadA) in the reg-
ulation of sporulation in A. nidulans, it will not be surprising to
find a cAMP-dependent protein kinase involved in a G pro-
tein-mediated signaling pathway. Indeed, the pkaC gene, en-
coding the catalytic subunit of PKA, has been isolated from A.
nidulans, but its involvement in asexual sporulation remains to
be investigated (N. P. Keller, personal communication). The
possible involvement of a cAMP-dependent protein kinase,
PkaC, in sporulation has been studied in the related fungus
Aspergillus niger. Overexpression of pkaC resulted in alter-
ations in growth and development, but transformants varied in
phenotype ranging from dense to no sporulation (26). A Ras

homolog may regulate cAMP signaling and morphogenesis in
A. nidulans (257). Differentiation from vegetative growth to
asexual sporulation may be regulated by different concentra-
tions of Ras, and progression of asexual sporulation is depen-
dent upon an initially high level of active Ras followed by a
gradual decrease (257).

Perspectives

The precise mechanisms by which extracellular signals are
transduced to activate asexual development in A. nidulans still
remain to be elucidated. Many components of the signal trans-
duction cascade regulating asexual sporulation of A. nidulans
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FIG. 21. Model for signal transduction pathways in N. crassa. A cAMP signaling pathway consisting of G protein a subunits (GNA1 and GNAZ2), adenylyl cyclase
(CR1), and a PKA regulatory subunit (MCB) is involved in conidiation, morphogenesis, mating, and stress tolerance. Ras-, MAP kinase (MAPK)-, and PKA-related
kinase-mediated signaling pathways also regulate conidiation. How signaling is coordinated between these pathways remains to be elucidated.

have been isolated by complementation of the aconidial phe-
notype of developmental mutants. Surprisingly, few kinases
and no receptors specific for asexual sporulation have thus far
been identified. These components may be either redundant in
function or essential for viability. The proposal that dsg4 en-
codes the receptor for the FluG-dependent extracellular factor
remains to be verified by isolation and characterization of the
dsgA gene. Recent sequencing of the A. nidulans genome is
expected to provide an invaluable resource for identifying ad-
ditional components of the asexual sporulation pathway that
may have been missed by conventional genetic screens for
aconidial mutants. The identification of a Ste12-like transcrip-
tion factor, SteA, required for sexual development suggests
that a MAP kinase cascade may be involved in sexual morpho-
genesis (287). While MAP kinase cascades have not been im-
plicated in asexual sporulation of A. nidulans, identification of
the Ras and FadA G proteins suggests that a cAMP-dependent
signaling cascade may be involved.

SIGNAL TRANSDUCTION IN NEUROSPORA CRASSA

Life Cycle

The ascomycete N. crassa has defined asexual and sexual
cycles (Fig. 20). Under nutrient-rich conditions, N. crassa pro-
liferates by the extension and branching of multinucleate veg-
etative hyphal cells to form a multicellular mycelium. During
the vegetative cycle, N. crassa produces two types of vegetative
spores, macroconidia and microconidia (reviewed in refer-
ences 65 and 264). Macroconidia are multinucleate and differ-
entiate from specific organs called conidiophores that arise
from aerial hyphae. Microconidia differentiate from vegetative
mycelia, are smaller and uninucleate, and germinate poorly.

N. crassa is heterothallic and has two mating types, A and a.
The sexual cycle initiates in response to nitrogen starvation
(191). Either A4 or a cells of vegetative hyphae produce fruiting-

body precursors called protoperithecia. Specialized hyphae
called trichogynes grow directionally from the protoperithe-
cium toward an opposite mating type cell such as a conidium or
a hyphal fragment, which functions as a male gamete. Once a
nucleus from a male gamete enters a protoperithecium, the
protoperithecium becomes a perithecium. The male and fe-
male nuclei divide as a dikaryon in ascogenous hyphae. Dikary-
otic cells at the crest of hook-shaped structures, croziers, un-
dergo premeiotic DNA synthesis and nuclear fusion (karyogamy)
to produce the only diploid cells in the life cycle of N. crassa.
Meiosis and one round of mitosis immediately follow to pro-
duce eight-spored asci. The mature ascospores are ejected and
can be induced to germinate by heat shock or exposure to
ethers, producing cells that reenter the vegetative phase of the
life cycle.

In response to nutrient deprivation, desiccation, and light, N.
crassa initiates asexual conidiation (65, 264). The major deter-
minants regulating the onset of conidiation are the availability
of carbon source (181, 233) and light (153). In response to
light, N. crassa cultures produce conidia faster and in greater
numbers compared to cultures grown in complete darkness. In
addition to these environmental factors, the endogenous clock
of the organism affects the conidiation process: conidiation
occurs during the subjective morning. Clock-controlled genes
expressed during the subjective morning have been found to
encode proteins expressed during conidiation (25). Therefore,
to complete fungal development in response to various extra-
cellular and intracellular stimuli, signal transduction pathways
sensing these stimuli must function coordinately.

cAMP Signaling Pathway

In N. crassa, two Ga subunit genes, gna-1 and gna-2, have
been identified (285) (Fig. 14 and 21). The deduced amino acid
sequence of GNA1 has homology with members of the Gai
family; for example, it is 55.2% identical to rat G;,. GNA1 also
possesses consensus sequences for addition of myristic acid
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and labeling by pertussis toxin, which are diagnostic of the Gi
family (285). GNA2 is most similar to S. pombe Gpal (47.7%
identity), which is involved in pheromone sensing.

Disruption of the gna-1 gene causes pleiotropic defects in
asexual and sexual development (119, 120, 316). During vege-
tative growth, Agna-1 strains exhibit slower apical extension of
hyphae and slower growth, and hyperbranching of the myce-
lium occurs on solid minimal medium (119). Addition of NaCl,
KCl, or sorbitol exacerbates the growth defect of Agna-I mu-
tants on solid medium. Furthermore, Agna-1I strains have de-
fects in forming aerial hyphae and macroconidia. In addition to
defects in morphogenesis, Agna-I mutants show a higher ca-
rotenoid content than wild-type strains (316). Carotenoids
have been shown to provide resistance to oxidative stress
through quenching of free radicals (197, 248). Furthermore,
resistance to oxidative stress is often linked to heat tolerance.
Consistent with this, the Agna-1 strain is more resistant to heat
and oxidative stress by hydrogen peroxide (316). During sexual
development, Agna-1 mutants differentiate small and infertile
protoperithecia and produce fewer protoperithecia than wild-
type strains (119).

Strains expressing activated alleles of the gna-1 gene (R178C
and Q204L) exhibit opposite phenotypes with respect to de-
fects observed in Agna-1 strains (316). In contrast to Agna-/
strains, gna-1%'""¢ and gna-1°?°*" mutant strains produce
longer, more abundant aerial hyphae than the wild type. In
spite of the presence of more aerial hyphae, the activated-
allele-containing strains produce almost the same amount of
conidia as the wild type. Although Agna-I strains produce
fewer aerial hyphae, they also make the same amount of
conidia as the wild type. Both activated gnal alleles comple-
ment the sensitivity of Agna-1 mutant strains to NaCl, KCl, and
sorbitol (316). gna-1%'7%C and gna-1°%°*" mutant strains pro-
duce less carotenoids than the wild type and are more sensitive
to heat and hydrogen peroxide. In sexual development, the
Q204L and R178C strains are female fertile but produce fewer
perithecia than the wild type (316).

Some of the phenotypes observed in the Agna-1, gna-
and gna-1°9%°*" strains are consistent with their effects on
cAMP production. As described below, adenylyl cyclase-defec-
tive ¢r-1 mutants exhibit morphological aberrations, defective
conidium formation, and thermotolerance. Moreover, previ-
ous studies suggest that aerial hyphal development is positively
regulated by cAMP (205, 273, 316). Carotenoid accumulation
has been shown to be negatively correlated with cAMP levels
(138). In accord with these findings, cCAMP levels in the Agna-1
mutants are lower than those in the wild type, and levels of
cAMP in the gna-17'78C and gna-1°?°*" mutant strains are
higher (120, 316). In vitro experiments have demonstrated that
GNAL positively regulates adenylyl cyclase activity, possibly via
direct interactions with adenylyl cyclase (120). Interestingly, a
mutation in the gna-1 locus affects both phosphodiesterase and
adenylyl cyclase activities (120).

Deletion of gna-2 or introduction of an activated allele (gna-
2RIT9C or gna-2°2%") does not result in major abnormalities
during vegetative growth or sexual development (16). How-
ever, combination of the Agna-2 and Agna-I mutations exac-
erbates Agna-1 mutant phenotypes (16, 120). Agna-1 Agna-2
double mutants show a slower rate of hyphal apical extension
than Agna-1 strains on hyperosmotic solid medium containing
sorbitol, KCI, or NaCl (16). Adenylyl cyclase and phosphodi-
esterase activities in the Agna-1 Agna-2 strains are lower than
those in the Agna-1 single mutant strains (120). During the
sexual cycle, Agna-1 Agna-2 mutant strains produce fewer pro-
toperithecia, which fail to differentiate ascospores (16). These
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data indicate that GNA1 and GNA2 have overlapping roles in
both the asexual and sexual cycles.

Adenylyl Cyclase

Two mutations of N. crassa that cause defects in cAMP
metabolism have been isolated (241): one is frost (fr) (250,
251), and the other is crisp-1 (cr-1) (274). Originally, these
mutations were characterized as morphological, causing a co-
lonial morphology due to hyperbranching of hyphae (89, 228).
Both mutants exhibit reduced adenylyl cyclase activity and low
endogenous levels of cCAMP (274). The abnormal morphology
of fr mutants is not corrected by exogenous cAMP or phos-
phodiesterase inhibitors, indicating that the morphology of fr
mutants is not caused by low endogenous cCAMP levels (241).
Very recently, the fr gene was isolated and found to encode a
homolog of the S. cerevisiae Cdcl protein (258), which regu-
lates Mn*" homeostasis in S. cerevisiae (221, 222). The fr gene
product may also be involved in Mn*>* homeostasis and regu-
lation of hyphal morphology (258).

cr-1 mutant strains exhibit colonial growth with few or no
aerial hyphae and undergo a characteristic uniform, dense, and
premature conidiogenesis. Even in liquid culture, germ tubes
emerging from conidia differentiate early into branched con-
idiophores (123). Another characteristic of the c¢r-I mutant is
an inability to use glycerol and other carbon sources (275).
Exogenous cAMP or dibutyryl-cAMP stimulates the rate of
mycelial elongation and formation of aerial hyphae in cr-/
mutants (273, 274). These observations suggest that a defect in
cAMP production is the primary cause of the cr-1 phenotype.
Consistent with this, the c¢r-1 gene was found to encode aden-
ylyl cyclase (134, 135). As observed in S. cerevisiae, adenylyl
cyclase-deficient mutant strains exhibit increased thermotoler-
ance (58, 254). In summary, in N. crassa adenylyl cyclase is
involved in hyphal tip growth, formation of aerial hyphae,
conidiation, and thermotolerance.

Regulatory Subunit of cAMP-Dependent Protein Kinase

N. crassa mcb mutant strains lacking the PKA regulatory
subunit exhibit temperature-sensitive morphological abnor-
malities (35). mcb mutant strains also show a complete loss of
growth polarity, which is restricted to the apical cell of hyphal
filaments when strains are cultured at 37°C (35). The isotropic
mutant hyphae are distended at the restrictive temperature,
resulting in an increase in hyphal length as well as hyphal
diameter. This phenotype is not suppressed by osmotic stabi-
lization, indicating that cell wall integrity is not compromised
in the mcb mutant at 37°C.

Cytological studies on the mcb mutants revealed that these
strains have defects in cytoskeleton organization (35). In wild-
type hyphae, actin patches are concentrated at the hyphal tip
and associated with the cell cortex. When mcb mutant hyphae
are incubated at 37°C, actin patches are uniformly distributed
over the surface of hyphae but are still concentrated at sites of
septation. Calcofluor white staining revealed septal abnormal-
ities in mcb mutants at 37°C. Some septa were immediately
adjacent to each other, and most septa were asymmetric. Cy-
toplasmic microtubule tracks in wild-type cells are located in
regions of hyphae and extend from distal to apical regions of
hyphae. In the mcb mutant, the hyphae themselves are shorter
and organized in overlapping and concentrated networks at
37°C.

The predicted amino acid sequence of the MCB protein has
similarity to regulatory subunits of cAMP-dependent protein
kinase (PKA), including S. cerevisiae Beyl (62%) and S. pombe
Cgsl (57%) (35). Thus, it is most likely that N. crassa PKA
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regulates hyphal growth polarity, possibly through organization
of the cytoskeleton. As mentioned above, components of the
cAMP-mediated signaling pathway, including GNA1, GNA2,
and adenylyl cyclase (CR1), are involved in morphology and
conidiation. Morphogenesis depends on polarized hyphal
growth, which is governed by hyphal extension. Conidiation
requires polarized growth of hyphae. Therefore, growth polar-
ity and cytoskeletal organization regulated by PKA must be
important for conidiation as well as morphology.
Surprisingly, the cytological defects observed in mcb mutant
strains with constitutive PKA activity were suppressed by ad-
enylyl cyclase (cr-1) mutations, and it was concluded that the
cr-1 mutation is epistatic to the mcb mutation (35). This is
surprising because a mutant lacking the regulatory subunit of
PKA should have constitutive PKA activity that is no longer
regulated by cAMP. Possible explanations are that there is a
second PKA regulatory subunit in N. crassa, that there is a
second target of cCAMP in N. crassa, or that the mcb mutation
is a hypomorphic allele that could retain residual regulation by
cAMP. Further studies will be required to resolve this issue.

Ras Homologs NC-ras and NC-ras2

Two ras homologs, NC-ras and smco7/NC-ras2, have been
identified in N. crassa (11, 125). NC-ras was isolated from an N.
crassa cDNA library using the S. cerevisiae RAS2 gene as the
probe (11). NC-ras2 was isolated from an N. crassa genomic
library using the mammalian v-H-ras gene as the probe (125).
Although the roles of the N. crassa ras genes are largely un-
known, the NC-ras2 gene has been deleted in N. crassa (125).
The NC-ras2 gene is not essential for growth, but mutation
confers slow growth and an abnormal morphology during veg-
etative culture on solid medium. The growth rate of the mu-
tants is about one-tenth that of wild-type cells. The NC-ras2
mutants produce more branching hyphae at peripheral regions
of the colony. In addition, the apical compartment in these
mutants is shorter and thinner than in the wild type. Because
growth rate and morphology depend on hyphal growth, which
is limited to the apex of the hyphae in filamentous fungi, the
NC-RAS2 protein appears to regulate apical growth of hyphae.
Moreover, the NC-ras2 mutants produce fewer aerial hyphae
and conidia than the wild type, suggesting that NC-RAS2 pro-
tein also controls formation of aerial hyphae and conidia (125).

The morphological characteristics of the NC-ras2 mutant are
very similar to those of a morphological mutation, smco7
(semicolonial-7), which had been mapped on the same linkage
group as NC-ras2 (89, 199). In fact, the smco7 mutation is an
allele of NC-ras2 (125).

MAPKKK homolog and cAMP-Dependent Protein
Kinase-Related Kinase

To isolate N. crassa mutations affecting the regulation of the
clock-controlled gene 1 (ccg-1) (173), the nrc-1 and nrc-2 mu-
tants were isolated by insertional mutagenesis (136). The ccg-1
gene is one of the earliest genes expressed during conidiation,
and its expression is regulated by extracellular glucose levels,
circadian rhythm, and light (14, 173, 190). ccg-1 is induced
greater than 500-fold in response to glucose limitation (190,
295) and regulated 5- to 10-fold by the circadian clock, with the
highest level of expression in the morning, when conidiation
occurs (173). ccg-1 expression is also induced by blue light (14).
Because expression of the ccg-1 gene is regulated by three
distinct stimuli which induce conidiation, it was anticipated
that mutants defective in conidiation could be isolated with
ccg-1 as a reporter gene. In fact, in both the nrc-1 and nrc-2
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mutants, ccg-1 is constitutively expressed and conidiation is
defective (136).

Although exposure to air and glucose limitation are neces-
sary for conidiation, the nrc-I mutant can produce conidio-
phores in glucose-rich solid and liquid medium. Even in con-
stant darkness, the nrc-1 mutant can differentiate and produce
conidia more efficiently than the wild-type strain. Therefore, in
the nrc-1 mutant, conidiation occurs constitutively and the
asexual developmental program is no longer regulated by glu-
cose and light levels, suggesting that the nrc-1 gene is necessary
to repress asexual development. In the sexual cycle, the nrc-1
mutant exhibits a female sterile phenotype and fails to produce
protoperithecia because of constitutive entry into the conidia-
tion program and failure to produce vegetative hyphae from
which protoperithecia arise. The nrc-1 mutant also shows an
ascospore-lethal phenotype when crossed with a wild-type
strain as the male partner. Thus, the nrc-1 gene has roles in
ascospore development and asexual development.

The deduced amino acid sequence of the nrc-1 gene reveals
homology to the S. cerevisiae STE11 and S. pombe byr2 gene
products, both of which are MAPKKKs (136, 232, 294). The
carboxy-terminal region containing the protein kinase catalytic
domain is the most highly conserved. The Stell and byr2
kinases are necessary for pheromone-induced sexual differen-
tiation in budding and fission yeasts. Moreover, the S. cerevi-
siae MAP kinase signaling pathways in which Stell functions
are also involved in haploid invasive growth and diploid
pseudohyphal growth (see section on S. cerevisiae). Interest-
ingly, inactivation of the nrc-1 gene results in enhanced inva-
sive growth in N. crassa (136).

On the other hand, a mutation in the nrc-2 gene results in a
complete loss of vegetative hyphae (136). The nrc-2 mutant
strain produces thin and meandering hyphae that closely re-
semble wild-type aerial hyphae. Although some of the mutant
hyphae generate chains of proconidia, these conidia do not
mature fully and the conidia remain attached together (136).
During sexual development, the nrc-2 mutant fails to produce
protoperithecia, resulting in female sterility. This may be at-
tributable to derepression of conidial differentiation (136).

The predicted amino acid sequence of NRC2 has the highest
level of amino acid sequence identity with putative serine/
threonine protein kinases encoded by the KINS2 and YNRO47w
genes in S. cerevisiae and the kad5" gene in S. pombe (136).
These kinases are closely related to cAMP-dependent protein
kinases, but their cellular functions are unknown. Although
both nrc-2 and nrc-1 mutant strains were isolated as mutants
that fail to repress ccg-1 expression and are unable to regulate
conidiation, it is unclear whether the NRC2 kinase acts in the
same signaling cascade as the NRC1 MAPKKK.

Conclusions

In summary, a cAMP signaling pathway regulates morphol-
ogy, conidiation, mating, and responses to heat shock and
oxidative stress in N. crassa. The mcb mutant phenotypes sug-
gest that regulation of morphology and conidiation may in-
volve integrity of cellular growth polarity and cytoskeletal or-
ganization. The similarity in phenotypes between mutations
affecting adenylyl cyclase (cr-1), the MAPKKK (nrc-1), and the
PKA homolog (nrc-2) suggests that they coordinately regulate
development, possibly in two parallel signaling pathways
(MAP kinase and cAMP-PKA), as is the case in S. cerevisiae, S.
pombe, C. albicans, U. maydis, and C. neoformans. Further
studies are required to establish the relationships among these
signaling pathways. In addition to the mutants discussed here,
more than 100 mutants of V. crassa exhibiting abnormal mor-

0T0Z ‘¢ Arenigad uo @17 @3N AINN NYMIVL T¥NOILYN ¥e B10°a1mybiy iquiw woy papeojumoq


http://mmbr.asm.org

VoL. 64, 2000

phology have been isolated (229). N. crassa is genetically trac-
table, and the genome sequencing project for this organism is
in progress. Thus, N. crassa is an excellent model organism for
the study of signaling cascades regulating morphogenesis and
differentiation in filamentous fungi.

FINAL OVERVIEW

Studies in different fungi, including both ascomycetes and
basidiomycetes, have converged to define two broadly con-
served signal transduction cascades that regulate fungal devel-
opment and virulence. One is a MAP kinase cascade that
mediates responses to pheromone. The second is a nutrient-
sensing GPCR, Ga protein-cAMP-PKA cascade. These path-
ways function coordinately to regulate mating, filamentation,
and virulence. How these pathways are organized differs in
detail, likely as organisms have evolved to live predominantly
as haploid or diploid, to mate under nutrient-rich or -poor
conditions, or to respond to host signals as they infect plants or
animals. What is most striking is how the general mechanisms
of signal sensing are conserved. For example, a highly con-
served Ga protein (Gpa2, gpa2, GPA1, and Gpa3) functions in
a nutrient-sensing pathway to regulate cAMP production dur-
ing pseudohyphal growth in S. cerevisiae, mating in S. pombe,
mating and virulence in the human fungal pathogen C. neofor-
mans, and mating and virulence of the maize pathogen U.
maydis, respectively. These studies illustrate how flexible reg-
ulatory networks can be adopted by divergent organisms as
they adapt to unique environmental challenges. These signal-
ing cascades have much to teach us about conserved principles
of signal transduction that are likely also applicable to more
complex multicellular eukaryotes such as vertebrates and
mammals. These signaling cascades also represent excellent
targets for novel antifungal drugs.

ADDENDUM IN PROOF

A Ga subunit closely related to the nutrient-sensing Ga proteins
Gpa2 from S. cerevisiae and gpa2 from S. pombe has recently been
identified from A. nidulans and named GNA-3 (A. M. Kays, P. S.
Rowley, R. A. Baasiri, and K. A. Borkovich, Mol. Cell. Biol. 20:7693—
7705, 2000). Both the intracellular levels of cAMP and the protein
levels of adenylyl cyclase were found to be reduced in gna-3 mutant
strains, leading to the proposal that this Ga subunit might function by
regulating the stability, rather than the activity, of adenylyl cyclase.
Further studies will be required to test if GNA-3 plays a role in glucose
sensing similar to that of the related Ga subunits in budding and fission
yeast.

A recent elegant study has examined in detail the cellular functions
of the flocculin proteins Flo11, Flo10, Flo1, and Fig2 in S. cerevisiae,
revealing that these proteins can substitute for each other if they are
appropriately expressed (B. Guo, C. A. Styles, Q. Feng, and G. R.
Fink, Proc. Natl. Acad. Sci. USA 97:12158-12163, 2000). In addition,
the cell surface flocculin Flo11 that is required for pseudohyphal dif-
ferentiation was found to be expressed in filamentous diploid cells at
the distal tips but not in nonfilamentous vegetative diploid cells. These
experiments suggest that additional levels of regulation of Flo11 ex-
pression are involved in differentiation into the filamentous state in S.
cerevisiae.

A report on the regulation of haploid filamentous growth by mating
pheromone in S. cerevisiae is now in press (S. Erdman and M. Snyder,
Genetics, in press). Finally, an excellent review on signal transduction
in S. pombe has recently appeared (J. Davey, Yeast 14:1529-1566,
1998).
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