
Copyright  2001 by the Genetics Society of America

Genetic Involvement of a cAMP-Dependent Protein Kinase in a
G Protein Signaling Pathway Regulating Morphological and

Chemical Transitions in Aspergillus nidulans

Kiminori Shimizu and Nancy P. Keller

Department of Plant Pathology and Microbiology, Texas A&M University, College Station, Texas 77843-2132

Manuscript received August 8, 2000
Accepted for publication October 24, 2000

ABSTRACT
In the filamentous fungus Aspergillus nidulans, a heterotrimeric G protein a-subunit and an RGS domain

protein, encoded by fadA and flbA, respectively, regulate production of the carcinogenic metabolite
sterigmatocystin (ST) and asexual spores (i.e., conidia). We investigated the genetic involvement of the
cAMP-dependent protein kinase catalytic subunit (PkaA), a potential downstream target of FadA activity,
in ST production and conidiation. Relative to wild type, sporulation was decreased in the pkaA overexpres-
sion strain but was not totally absent, as occurs in DflbA or fadAG42R ( fadA-dominant active) strains. Deletion
of pkaA resulted in a hyper-conidiating strain with limited radial growth. This phenotype was epistatic to
mutation in flbA or fadA; the double mutants DpkaA; DflbA and DpkaA; fadAG42R recovered sporulation and
their radial growth was severely restricted. PkaA overexpression also negatively regulated AflR, the ST
biosynthesis-specific transcription factor, both transcriptionally and post-transcriptionally. Deletion of pkaA
restored ST production in the DflbA background but not in the fadAG42R background. These data provide
genetic evidence that the FlbA/FadA signaling pathway regulating ST production and morphological
development is partially mediated through PkaA.

THE polyketide sterigmatocystin (ST) is a carcino- and subsequent ST production and conidiation are in-
hibited (Yu et al. 1996b; Hicks et al. 1997). On thegenic secondary metabolite produced by Aspergillus

nidulans. The biosynthetic genes and the gene encoding other hand, overexpression of flbA or the presence of
a dominant negative allele of fadA ( fadAd2) allows un-the pathway-specific transcription factor of this meta-

bolic pathway have been cloned and functionally ana- scheduled and early expression of these transcription
factors and subsequent ST and conidia productionlyzed (Brown et al. 1996; Fernandes et al. 1998). Inter-

estingly, ST biosynthesis is genetically linked with (Hicks et al. 1997). However, the genetic pathway con-
necting these four genes (or their products) has notasexual development (i.e., conidiation) in this fungus

(Hicks et al. 1997). Two of the genes required for ST been elucidated.
A candidate pathway genetically linking FadA activityproduction and conidiation, flbA and fadA, are involved

in a G protein signaling pathway. FlbA contains an RGS to regulation of BrlA and AflR would be the adenylyl
cyclase/cAMP/cAMP-dependent protein kinase (PKA)(regulator of G protein signaling) domain in its C-termi-

nal region, a conserved domain that is implicated in cascade. Activity of adenylyl cyclase, which synthesizes
the intracellular messenger cAMP, has been shown tonegatively regulating G protein-mediated signaling

pathways through enhancing the endogenous GTPase be regulated by a-subunits of heterotrimeric G proteins
(Ga), which either stimulate (G(s)a) or inhibit (G(i)a)activity in a-subunits of G proteins (de Vries and Gist

Farquhar 1999). FadA, which is similar to the inhibi- adenylyl cyclase activity in a number of diverse organ-
isms (Dohlman et al. 1991; Quan et al. 1991; Isshiki ettory a-subunit of heterotrimeric G proteins (G(i)a) of

other organisms, appears to be a target of FlbA (Yu al. 1992; Chen et al. 1996; Korswagen et al. 1998; Ivey
et al. 1999). When adenylyl cyclase is active, the intracel-et al. 1996b). aflR, a gene encoding a ST biosynthesis

pathway-specific transcription factor, and brlA, encoding lular concentration of the second messenger cAMP is
elevated. cAMP activates PKA, which is composed of twoa conidiation-specific transcription factor, require FlbA

and FadA for their normal expression. When flbA is catalytic subunits (PKAC) and two regulatory subunits,
by binding to the regulatory subunits, which results ineliminated, or FadA is activated, aflR and brlA expression
release of the active catalytic subunits. A connection
between Ga-proteins, adenylyl cyclase, and PKA activa-
tion has been genetically characterized in Saccharomyces
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MATERIALS AND METHODSstad et al. 1998) and the rice blast fungus Magnaporthe
grisea (Adachi and Hamer 1998). Fungal strains and media: Fungal strains used in this study

Multiple PKAC genes have been characterized for two are listed in Table 1. All strains were maintained on Aspergillus
minimal agar medium (MMG: 6.0 g NaNO3, 0.52 g KCl, 0.52 gfungi, U. maydis and S. cerevisiae. U. maydis contains two
MgSO4 · 7H2O, 1.52 g KH2PO4, 1 ml trace elements [2.2 gPKAC genes, adr1 and uka1. Inactivation of adr1 resulted
ZnSO4 · 7H2O, 1.1 g H3BO3, 0.5 g MnCl2 · 4H2O, 0.5 g FeSO4 ·in constitutive filamentous growth and avirulence
7H2O, 0.16 g CoCl2 · 5H2O, 0.16 g CuSO4 · 5H2O,

whereas deletion of uka1 did not affect fungal morphol- (NH4)6Mo7O24 · 4H2O, 5.0 g Na4 EDTA in 100 ml distilled
ogy or pathogenicity (Dürrenberger et al. 1998). S. H2O], 10 g glucose, 12.5 g agar, pH 6.5, in 1 liter distilled
cerevisiae contains three PKAC proteins, encoded by H2O) with appropriate supplements (Käfer 1977). Glucose

was replaced with 100 mm threonine (MMT) as indicated.TPK1, TPK2, and TPK3, with overlapping roles for viabil-
Agar was not added for liquid medium. For genomic DNAity (Toda et al. 1987), but recent studies showed that
extraction and protoplast preparation, strains were grown oneach catalytic subunit has a distinctive function for pseu- appropriately supplemented liquid minimal medium, and

dohyphal growth, iron uptake, and respiration (Rob- 0.5% yeast extract was added when required. For RNA extrac-
ertson and Fink 1998; Robertson et al. 2000). In both tion from double mutant strains, complete medium (CM) was

used as described previously (Hicks et al. 1997).of these examples, environmental signals leading to de-
Cloning and sequencing of pkaA: The expressed sequencevelopmental processes were transduced through PKA

tag clone n8d03a1, whose nucleotide sequence was highlyvia upstream components including receptors, G pro- homologous to those of fungal genes encoding cAMP-depen-
teins, and/or adenylyl cyclase. dent protein kinase catalytic subunit, was used to screen an

The strongest evidence to support a genetic connec- A. nidulans cosmid library. Two overlapping cosmid clones,
pWE08C4 and pWE06A11, were selected. A 5.4-kb HindIIItion between PKA and other members of signaling path-
fragment of pWE08C4 was cloned into pK19 to produce pKIS1.ways in fungi has been through mutagenesis and path-
Restriction mapping and sequencing of pKIS1 revealed thatway studies detailed in S. cerevisiae and U. maydis
the catalytic core of PkaA lay in the middle of the insert within

(reviewed in Kronstad et al. 1998; Thevelein and de a 1.5-kb BamHI internal fragment. The nucleotide sequence
Winde 1999). However, biochemical experiments have of the pkaA gene was determined on both strands by the
also supported the existence of a G protein/adenylyl dideoxy chain termination method (Sanger et al. 1977).

Creation of pkaA deletion and pkaA overexpression strains:cyclase/cAMP/PKA signaling pathway in pathogenic
The 5.4-kb HindIII fragment from pKIS1 was placed into afungi. For example, inactivation of the adenylyl cyclase
modified pBluescript vector (pKIS16) in which the BamHIgene, which decreases the intracellular concentration site had been removed by ligating the blunt-ended BamHI/

of cAMP and presumably concomitant PKA activity, has SacII sites together. The resulting plasmid, pKIS17, was then
been associated with aberrations in sporulation, viru- digested with BamHI to release the 1.5-kb fragment, which

was replaced with a 1.8-kb BamHI fragment from pJYargB2lence, and mating (Gold et al. 1994; Choi and Dean
containing the A. nidulans argB gene. The resulting plasmid1997). The defects in adenylyl cyclase mutants resem-
pKIS18, which eliminated most of the deduced PkaA, wasbled those of PKA catalytic subunit mutants (Mitchell used to transform A. nidulans strain FGSC851 to arginine

and Dean 1995; Xu et al. 1997; Dürrenberger et al. prototrophy. The deletion in the transformant TKIS18.11 was
1998). Furthermore, exogenous cAMP partially restored confirmed by genomic Southern analysis (data not shown).

The 2.3-kb SphI fragment containing the entire coding regionwild-type phenotypes in M. grisea and U. maydis Ga or
of the pkaA gene was ligated into the SphI site of pBN55adenylyl cyclase mutants, thus suggesting that PKA is
(Lee and Adams 1994), which contains a 1.75-kb fragmentthe downstream target of G protein and/or adenylyl
containing the 59 portion of the trpC gene, which can comple-

cyclase (Gold et al. 1994; Choi and Dean 1997; Liu ment trpC801 mutation, and alcA(p), a promoter of the alcohol
and Dean 1997; Regenfelder et al. 1997). In the human dehydrogenase gene. The resulting plasmid, pKIS20, has the
pathogen Cryptococcus neoformens, production of the pkaA fragment fused to the alcA(p), which can be activated by

supplementing media with specific carbon sources such aspathogenicity factor melanin was affected by alterations
threonine or ethanol. pKIS20 was introduced into FGSC237,in cAMP levels (Alspaugh et al. 1997). This report im-
and a tryptophan prototroph containing the alcA(p)::pkaA con-plies but does not genetically analyze a role for PKA in struct was isolated and named TKIS20.1.

secondary metabolism. PKA activity assay: Two hundred and fifty milliliters of liquid
Considering this accruing evidence that PKA is a mem- minimal media was inoculated with 1 3 106 conidia/ml and

incubated for 14 hr at 378 and 300 rpm. The mycelium wasber of the G protein signaling pathway in fungi, and
collected, washed, divided into equal parts, and transferredfurthermore, that this protein plays vital roles in regulat-
to flasks with 50 ml minimal media with 100 mm l-threonineing such diverse processes as spore production and, as the sole carbon source or 50 ml minimal media with 1%

possibly, secondary metabolism in pathogenic fungi, we glucose as the sole carbon source. Samples were incubated
were interested in examining whether PKA is involved for an additional 12 hr at 300 rpm and 378 before harvesting,

washing with phosphate buffered saline (0.2 g/liter KCl, 8.0in linking FlbA and FadA activity to conidiation and ST
g/liter NaCl, 0.2 g/liter KH2PO4, 1.15 g/liter Na2HPO4), freez-production in the mycotoxigenic fungus A. nidulans.
ing in liquid nitrogen, and lyophilizing. The lyophilized myce-In this study, we demonstrate that a cAMP-dependent
lia were ground and mixed with phosphate buffer [50 mm

protein kinase catalytic subunit, PkaA, mediates FlbA Na2HPO4 (pH 7.0), 10 mm EDTA, 10 mm b-mercaptoethanol,
and FadA effects on both asexual development and sec- 0.1% sarcosyl, 0.1% Triton X-100, 0.1 mm phenylmethyl-sulfo-

nyl fluoride]. After centrifugation at 14,000 3 g for 20 min,ondary metabolism in A. nidulans.
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TABLE 1

Fungal strains used in this study

Strain Genotype Source

FGSC237 pabaA1, yA2; trpC801, veA1 FGSCa

FGSC851 pabaA1, yA2; DargB::trpC; trpC801, veA1 FGSC
PW1 biA1; argB2; methG1; veA1 P. Weglenski
RKIS1 pabaA1, yA2; veA1 This study
TKIS18.11 pabaA1, yA2, DpkaA::argB; DargB::trpC; trpC801, veA1 This study
RKIS3.6 pabaA1, yA2, DpkaA::argB, DflbA::argB; veA1 This study
RKIS3.11 pabaA1, yA2, DflbA::argB; veA1 This study
RKIS3.15 pabaA1, yA2, DpkaA::argB; pyroA4; veA1 This study
TKIS15.11 pabaA1, yA2, DpkaA::argB; fadAG42R::pyroA; veA1 This study
TKIS20.1 pabaA1, yA2; alcA(p)::pkaA::trpC, veA1 This study
RJH047 biA1, DflbA::argB; DstcE::argB; pyroA4; veA1 J. K. Hicks
RJH079 biA1; argB2; alcA(p)::aflR::trpC, veA1 J. K. Hicks
h1FAD4 biA1; fadAG42R Yu et al. (1996b)

DKIS2
pabaA1, yA2; 1; 1; alcA(p)::pkaA::trpC, veA1
1, 1, biA1; argB2; alcA(p)::aflR::trpC, veA1

This study

DKIS3
pabaA1, yA2, 1; 1; 1, veA1

1, 1, biA2; argB2; alcA(p)::aflR::trpC, veA1
This study

a Fungal Genetics Stock Center.

the supernatants were collected and used to determine protein (Hunter and Cooper 1985). A GenBank search showed
concentration (Bradford 1976) and were adjusted to 1.5 mg that PkaA is similar (z32% identity) to numerous eukar-
protein/ml. The assay for PKA activity was performed with

yotic genes, including those of yeast, which encodeSignaTECT cAMP-dependent protein kinase assay system
PKACs. This was particularly true in comparing A. nidu-(Promega, Madison, WI) according to the manufacturer’s di-

rections. lans PkaA to that of other filamentous fungi (52–70%
Creation of double mutant strains: RKIS3.6 (DpkaA; DflbA) identity). Alignment of the amino acid sequence showed

was obtained from a sexual cross between TKIS18.11 and that all the fungal species examined have a highly con-
RJH047 (Table 1). The DpkaA and DflbA alleles were con-

served catalytic core, but the N termini of PKACs isfirmed by genomic Southern hybridization. pKIS15 was
quite variable except for the first 15 amino acids (dataconstructed by introducing a 3.2-kb PstI fragment of pJY8P2

containing the fadA dominant activating allele, fadAG42R, into not shown).
pSM3, which contains pyroA as a selectable marker. A. nidulans PKA activity is increased in a pkaA overexpression
strain RKIS3.15, a progeny of the sexual cross between strain and is decreased but not eliminated in a pkaATKIS18.11 and RJH047, was transformed with pKIS15 to intro-

deletion strain: To assess the function of pkaA and itsduce fadAG42R into the DpkaA background. Diploid strains
protein product, strains were created in which the geneDKIS2 and DKIS3 were constructed with haploid strains

TKIS20.1 and RJH079 or RKIS1 and RJH079. was deleted and overexpressed. pkaA patterns are shown
in Figure 1A. In wild-type strains, pkaA appears to be
expressed at basal levels over the time points tested in

RESULTS both glucose and threonine media. The overexpression
strain TKIS20.1, which contains both a wild-type alleleThe A. nidulans pkaA gene encodes the catalytic sub-
and a copy of pkaA fused to the inducible promoterunit of a PKA protein: Sequence analysis of the putative
alcA(p), showed much higher accumulation of pkaA incAMP-dependent protein kinase catalytic subunit gene
alcA-inducing medium (MMT). In addition, even in glu-(pkaA) revealed a 1416-bp open reading frame encoding
cose media, slightly higher pkaA transcripts were de-a 472-amino-acid protein with a predicted molecular
tected in the overexpression strain as compared to themass of 53.8 kD interrupted by three introns, 58 bp,
wild-type strain. This result indicates that alcA(p) is acti-52 bp, and 51 bp in length (GenBank accession no.
vated to a low level in 1% glucose. This was confirmedAF262987). Southern analysis showed that A. nidulans
by probing the same RNA blot with the alcA gene (datahas only one copy of pkaA in the genome (data not
not shown). As expected, no transcript was observed inshown). The catalytic core of protein kinase, as defined
either medium in the pkaA deletion strain TKIS18.11.by Hanks and Hunter (1995), appears to be highly
Next we determined PKA activity in these three strainsconserved in this gene. From amino acids 168 to 173
(Figure 2). TKIS20.1 showed much higher PKA acti-there is a consensus sequence for an ATP-binding site,
vity in threonine medium compared to wild type. InGXGXXG, followed eight residues later by K (lysine),

a motif found in protein kinases of other organisms TKIS18.11, PKA activity in both glucose and threonine
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Figure 1.—pkaA mutants affect pkaA, stcU, and brlA expres-
sion. Total RNA was isolated from RKIS1 (wild type), TKIS20.1 Figure 3.—Growth of mutant strains on solid media. Fungal
(alcA(p)::pkaA), and TKIS18.11 (DpkaA) cultures 0, 12, 24, and strains, RKIS1 (wild type, left) and TKIS20.1 (alcA(p)::pkaA,
48 hr after transferring from MMG to MMG or from MMG right) were grown on either MMG or MMT solid media for
to MMT (an alcA-inducing medium). A 1.5-kb BamHI frag- 5 days at 378 after inoculation.
ment of pKIS17 was used as a pkaA-specific probe (A). A 4.5-
kb SalI fragment of pTA111 (Adams et al. 1988) was used as
a brlA-specific probe (B). A 1.3-kb EcoRV-XhoI fragment of tants. For example, if FadA is a G(i)a-subunit resulting
pAHK25 (Brown et al. 1996) was used as a aflR-specific probe

in decreased PKA activity, then the DpkaA might resem-(C). A 0.75-kb SstII-SmaI fragment of pRB7 (Yu et al. 1996a)
ble a FadA activating mutant such as represented by awas used as a stcU-specific probe (D). Equal loading of total
loss-of-function flbA allele or a fadAG42R allele. On theRNA was evaluated by ethidium bromide staining (E).
other hand, if FadA is a G(s)a-subunit, then one would
expect that the enhanced PkaA activity of the pkaA over-

was much lower than in the wild-type strain, but was expression strain would mimic the phenotype associated
still significantly greater than the negative control of with DflbA or fadAG42R. DflbA or fadAG42R mutants, which
boiled protein (data not shown). result in near-constitutive Ga-signaling, exhibit extreme

PkaA inactivation and overexpression alter morpho- aerial hyphal growth with a fluffy appearance and auto-
logical development in A. nidulans: To examine if PkaA lyse as colonies mature. They also are unable to produce
had an effect on differentiation in A. nidulans, morpho- conidia on MMG.
logical development of strains containing DpkaA and We examined the phenotype of the pkaA overexpres-
alcA(p)::pkaA alleles were compared and contrasted to sion strain by evaluating growth on glucose agar me-
wild type. If, as hypothesized, FadA signaling is mediated dium, MMG (non-inducing), and threonine agar me-
through PkaA, we would expect that the phenotype of dium, MMT (inducing), and by comparing growth
pkaA mutants would mimic certain fadA and flbA mu- habits to that of an isogenic wild-type strain grown in

the same conditions (Figure 3). There were consider-
ably more aerial mycelia produced by TKIS20.1 when
grown on MMT giving the colony a fluffy phenotype
(Figure 3). In addition, TKIS20.1 also showed a signifi-
cant reduction in the density of conidia per unit area
when grown on MMT as compared to wild type (z84%
reduction, Table 2). These growth and sporulation hab-
its, while not as severe as those seen in the DflbA or
fadAG42R phenotype, did nevertheless resemble this phe-
notype.

The growth habits of the DpkaA strain on MMG solid
medium also differed from the growth habits of the wild
type in two key aspects. First, radial growth rate was
reduced by z85% in TKIS18.11 (DpkaA) compared to
the wild-type strain (Table 3). Second, conidial produc-
tion per unit area of the DpkaA strain was significantly
higher than wild type (z1.5-fold increase). The pheno-

Figure 2.—PKA activity in pkaA mutant strains. Total pro- type of TKIS18.11 showed some similarities to that of A.
tein was prepared from RKIS1 (wild type), TKIS20.1 (alcA nidulans strains containing a fadAG203R allele, a dominant-
(p)::pkaA), and TKIS18.11 (DpkaA) from cultures 0 and 12 hr

interfering mutation that generates a Ga-protein con-after transferring from MMG to MMG or MMG to MMT (alcA-
stitutively bound to guanosine diphosphate (Yu et al.inducing condition). Standard error bars are shown for three

replicates. 1996b).
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TABLE 2

Comparison of conidiation and growth rate of overexpression pkaA to wild-type A. nidulans on solid media

No. of conidia/mm2 Growth rate (mm/day)
Relevant
genotype MMGa (3106) MMTb (3104) MMG MMT

alcA(p)::pkaA 1.31 ac 1.69 a 6.70 a 5.98 a
Wild type 1.52 a 10.9 b 6.63 a 5.98 a

Conidia (1 3 106) of each strain were spread on media plates and incubated at 378 for 5 days, and then a
plug of agar (1 cm2) was removed for spore calculation. For determination of growth rate, each strain was
inoculated on the center of media plates and grown at 378 for 5 days. Results shown above are average of
three replicates. The P value for each comparison of alcA(p)::pkaA vs. wild type for each growth condition was
calculated by two-sample t -test.

a MMG, minimal media with 1% glucose as a sole carbon source.
b MMT, minimal media with 100 mm threonine as a sole carbon source.
c The same letter per column indicates no significant difference (P , 0.01).

Morphological observations were also made on medium. Notably, the DpkaA strain sporulated with little
growth habits in submerged culture. Wild-type strains mycelial growth in contrast to wild type, which produced
of A. nidulans normally do not sporulate in submerged copious amounts of mycelia. Expression of brlA, which
glucose culture, and, as shown in Figure 4, DpkaA and is required for conidiophore development, was not de-
alcA(p)::pkaA strains also did not sporulate under these tected in the pkaA overexpression strain, but was de-
conditions at the time points tested. In this instance, tected both in the wild type and to a higher level in
the DpkaA strain did not resemble the fadAG203R strain the pkaA deletion strain grown in threonine medium
as the latter does sporulate in submerged culture (Hicks (Figure 1B). This was consistent with the results of obser-
et al. 1997). Microscopic examination revealed, how- vations shown in Figure 4, D–F. In addition to producing
ever, that the DpkaA strain had a thinner hyphal diame- conidiophores, the DpkaA strain also formed many large
ter than the other two strains (Figure 4C). When grown spherical cells in threonine medium (Figure 4F). The
in threonine media, TKIS20.1 did not develop conidia fact that the overexpression strain did not sporulate in
(Figure 4E) whereas both the wild type and TKIS18.11 submerged threonine-inducing media, unlike wild-type
produced conidia from conidiophores (Figure 4, D and and DpkaA strains, and that it exhibited reduced conid-
F). Both the wild type and the deletion strain sporulated iophore formation on MMT agar medium (Table 2 and
within 12 hr after shifting from glucose to threonine Figure 3) demonstrates that PKA activity inhibits asexual

development, a phenotype associated with constitutive
FadA signaling.

TABLE 3
PkaA mediates FadA and FlbA growth signaling: To

Conidiation and growth rates of pkaA mutants of A. nidulans determine genetically if PkaA was involved in mediating

No. of
conidia/ Growth rate

Relevant genotype mm2 (3105) (mm/day)

DpkaA 27.8 aa 0.97 c
DpkaA; DflbA 2.85 d 0.93 c
DpkaA; fadAG42R 7.45 c 0.88 c
DflbA 0.00 e 4.80 b
fadAG42R 0.00 e 6.59 a
Wild type 18.3 b 6.73 a
LSD (P 5 0.05) 2.58 0.20

Conidia (1 3 106) of each strain were spread on media
plates and incubated at 378 for 5 days, and then a plug of
agar (1 cm2) was removed for spore calculation. For determina-
tion of growth rate, each strain was inoculated on the center
of media plates and grown at 378 for 5 days. Results shown
above are average of three replicates. ANOVA was used to test Figure 4.—Growth of different pkaA mutant strains in sub-

merged cultures. RKIS1 (wild type, A and D), TKIS20.1 (alcAfor effects of phenotype on the numbers of conidia and growth
rate. Multiple comparison was performed with Fisher’s least (p)::pkaA, B and E), and TKIS18.11 (DpkaA, C and F) were

grown in MMG liquid shake cultures at 378 for 24 hr andsignificant difference (LSD) value.
a The different letters per column indicate significant differ- transferred to MMG (A–C) or MMT (D–F) for an additional

12 hr at 378. S, asexual spore.ences (P , 0.05).
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the FadA signal in asexual development, we introduced
flbA and fadA mutant alleles into the DpkaA background
to examine epistatic relationships among these genes.
Morphological characteristics of these strains are sum-
marized in Table 3. A striking phenotype of strains car-
rying either loss-of-function flbA (DflbA) or dominant
positive fadA alleles ( fadAG42R) is the inability to produce
conidiophores, abundant aerial mycelia, and autolysing
of the mature colony (Yu et al. 1996b). As described in
the previous section, the distinct phenotype of DpkaA
strains is the severe restriction of the radial growth rate
and an increase in the number of conidia/area. Both
double mutant strains, DpkaA; fadAG42R and DpkaA; DflbA,
exhibited the restricted radial growth phenotype of a
DpkaA strain and an intermediate sporulation pheno-
type compared to the single mutant strains (Table 3).
Thus in A. nidulans, colony expansion seems to be
largely contributed by PkaA activity, but normal asexual

Figure 5.—stc gene expression in the pkaA/aflR overexpres-sporulation may require not only inactivation of PkaA
sion strains. Fungal diploid strains, DKIS2 (alcA(p)::aflR/alcAbut also active FlbA and subsequent inactivation of
(p)::pkaA) and DKIS3 (alcA(p)::aflR), were grown in liquidFadA. Interestingly, the DpkaA; DflbA strain but not the
shaking MMG for 14 hr at 378, transferred to MMG or MMT,

DpkaA; fadAG42R strain developed aerial hyphae. Addi- and incubated for additional 12 or 24 hr at 378. (A) pkaA
tionally, unlike the DflbA or fadAG42R single mutant transcript, (B) aflR transcript, (C) stcU transcript; (D) staining

of total RNA with ethidium bromide.strains, neither the DpkaA; DflbA nor the DpkaA; fadAG42R

strain autolysed. Mycelial autolysis may require both
activated FadA and PkaA in A. nidulans.

significant expression of aflR was not observed in MMGaflR and stc gene expression and ST production is
medium but was observed in both diploid strains inrepressed in pkaA overexpression strains: Production
MMT (Figure 5). However, despite high aflR expression,of the mycotoxin ST has been genetically linked to co-
stcU expression in MMT was detected in only the wild-nidiation through FadA signaling (Hicks et al. 1997).
type pkaA diploid and not in the pkaA overexpressionIt was therefore of interest to determine whether the
diploid, suggesting that aflR activity is post-transcrip-pkaA mutant strains also were affected in ST production.
tionally regulated by PkaA. Taken together with theBecause ST production is heralded by the appearance
results shown in the previous section, we conclude thatof ST gene cluster transcripts (Butchko et al. 1999),
aflR is negatively regulated both transcriptionally andwe examined expression of aflR, the ST pathway-specific
post-transcriptionally by PkaA activity. At present, thetranscription factor, and stcU, one of the biosynthetic
mechanism by which PkaA regulates aflR is not known,genes involved in ST biosynthesis (Brown et al. 1996;
but it is interesting to note that the A. nidulans AflRFernandes et al. 1998), in pkaA mutant strains. In the
protein contains three putative PKA-specific phosphory-wild-type strain, both aflR and stcU transcripts were de-
lation motifs (data not shown).tected at 36 and 48 hr after shifting from MMG to MMG

Deletion of pkaA remediates the inhibitory effect ofand at 24 hr when shifted from MMG to MMT (Figure
a loss-of-function flbA allele on ST production: Because1, C and D). In the DpkaA strain, expression of both
of poor growth of the double mutant strains in liquidgenes was delayed in both media and decreased in inten-
minimal medium, fungal cultures were grown in CM tosity in MMG medium. Neither aflR nor stcU transcript
assay stc expression. In the wild-type strain, both aflRwas detected in the pkaA overexpression strain, whether
and stcU transcripts were observed at 48 hr and lowergrown in MMG or MMT media. This suggested that
expression was seen at 72 hr after inoculation (Figureeven the small increase of PkaA activity observed in 1%
6, lanes 1 and 2). In the DpkaA strain expression of bothglucose medium was sufficient to inhibit ST production.
genes was slightly less than that of the wild-type strainPkaA activity regulates aflR not only transcriptionally
at both time points (Figure 6, lanes 3 and 4). Both thebut also post-transcriptionally: Because the expression
DflbA and fadAG42R strains showed no expression of eitherof aflR was shown to be negatively regulated by PkaA
aflR or stcU (Figure 6, lanes 5–8). The DpkaA; DflbAactivity, we were interested to see if we could remediate
double mutant strain showed both aflR and stcU tran-this regulation by forced expression of aflR in the pkaA
scripts (Figure 6, lanes 9 and 10). In contrast, however,overexpression background. Thus, we constructed dip-
the DpkaA; fadAG42R strain did not show either aflR orloid strains carrying alcA(p)::aflR and alcA(p)::pkaA al-
stcU transcript in this growth condition (Figure 6, lanesleles or alcA(p)::aflR alone and grew these strains in alcA-

inducing and non-inducing conditions. As expected, 11 and 12). Analysis of extracts from these strains re-
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their function (Robertson and Fink 1998). We have
seen an inhibitory effect on ST production and altered
morphological development by adding an extra copy
of the A. nidulans N-terminal region (K. Shimizu and
N. P. Keller, unpublished results).

Expression of pkaA was detected at nearly the same
level in all the time points tested in this study in the
wild-type strain, suggesting that pkaA is expressed consti-
tutively. In other fungal species such as C. trifolii, Ct-
PKAC expression also has been detected at all time
points examined (Yang and Dickman 1999). Basal level
expression of a gene sometimes indicates an absolute
requirement for the activity of the gene product in theFigure 6.—aflR and stc gene expression in pkaA deletion
cell. However, we found that while deletion of pkaAstrains. Fungal strains were grown in liquid stationary culture
did exhibit a severe phenotype, it was not lethal in A.(CM) and harvested at 48 and 72 hr post-inoculation: lane 1,

wild type; lane 2, DpkaA; lane 3, DflbA; lane 4, fadAG42R; lane nidulans. This may be because A. nidulans possesses an-
5, DpkaA; DflbA; lane 6, DpkaA; fadAG42R. (A) aflR transcript, other PKAC protein as indicated by the low but measur-
(B) stcU transcript; (C) staining of total RNA with ethidium able level of PKA activity in the DpkaA strain. This wouldbromide.

not be without precedent because both U. maydis and
S. cerevisiae have more than one gene encoding PKAC
(Toda et al. 1987; Dürrenberger et al. 1998). In thesevealed a corresponding pattern of ST production (data

not shown). two fungi the different PKAC proteins appear to play
different but overlapping roles in the cell (Dürren-
berger et al. 1998; Robertson and Fink 1998; Robert-

DISCUSSION
son et al. 2000). In S. cerevisiae lethality is exhibited
only when all three genes encoding PKAC are disabledIn many fungi, a correlation between asexual develop-

ment (e.g., conidiation) and secondary metabolism has (Toda et al. 1987).
Examination of pkaA deletion and overexpressionbeen recognized, but the cellular machinery linking

these two processes is largely unclear. We have initiated strains indicated a role for PkaA in several aspects of
Aspergillus development. Consistent observations in-an investigation of the pathways connecting sporulation

and secondary metabolism in the genetic model system cluded the complete inhibition of stcU expression and
ST production and partial inhibition of asexual develop-A. nidulans. At least two genes, flbA and fadA, have been

identified as common factors in regulating conidiation ment in pkaA overexpression strains and the reduced
radial growth and increased sporulation of DpkaAand ST production by controlling expression of the

specific transcription factor genes brlA (conidiation) strains. Interestingly, the data shown here suggest that
the ST biosynthesis-specific transcription factor AflR isand aflR (ST production; Yu et al. 1996b; Hicks et al.

1997). FlbA and FadA are members of a G protein signal transcriptionally and post-transcriptionally regulated by
PkaA activity, a hypothesis we are presently examiningtransduction pathway and the molecular mechanisms

connecting these two proteins with aflR and brlA activity in our laboratory. These results strongly support a major
role of PkaA activity in regulating conidiation, vegetativeremain unknown. One logical candidate for transmit-

ting a signal from FlbA and FadA to aflR and brlA would growth, and secondary metabolism in this fungus. Nota-
bly, the phenotype of pkaA overexpression strains wasbe cAMP-dependent PKA.

To determine if PKA could be a component in this reminiscent of loss-of-function FlbA and FadA constitu-
tive activating mutants of A. nidulans and suggested that,transduction pathway, we cloned and characterized the

gene encoding the cAMP-dependent protein kinase ca- as in other organisms, RGS/G protein signaling is medi-
ated in part through the cAMP/PkaA cascade. This alsotalytic subunit, pkaA. Amino acid analysis of PkaA shows

it to contain the highly conserved catalytic core common implies that FadA may function as a G(s)a-subunit despite
its sequence similarity to mammalian G(i)a-subunits. In-to numerous eukaryote PKAC proteins. The N-terminal

domain shows little similarity to any of these proteins terestingly, most fungal Ga-genes cloned to date show
this same sequence similarity to G(i)a-subunits but havewith the exception of the first dozen amino acids, which

were similar to those of other filamentous fungal PKACs been found to more likely function as activators of ade-
nylyl cyclase, while that of Cryphonectria parasitica seems(data not shown). Little is known about the function of

the N-terminal region; in Dictyostelium discoideum, dele- to work as G(i)a (Isshiki et al. 1992; Chen et al. 1996;
Savinon-Tejeda et al. 1996; Alspaugh et al. 1997; Liution of this portion showed no phenotype (Etchebe-

here et al. 1997). Comparison of the three yeast PKAC and Dean 1997; Krüger et al. 1998; Ivey et al. 1999).
The conclusion that FadA activates PkaA is also sup-proteins, however, suggests that the variation in their

N-terminal domain contributes to the differences in ported by examining the phenotypes of double mutants
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alleles on aflR expression. This suggested that FlbA and
FadA regulation of ST production is mediated through
PkaA, leading therefore to the prediction that introduc-
ing DpkaA into DflbA and fadAG42R backgrounds would
restore ST production. Interestingly, this was the case
for the DpkaA; DflbA strain but not the DpkaA; fadAG42R

strain under the conditions tested. The inability to de-
tect ST or stc expression in the DpkaA; fadAG42R strain
suggests that FadA also has a PkaA-independent role in
inhibiting ST production (Figure 7).

PkaA activity also affected several aspects of Aspergil-
lus vegetative growth including radial expansion rate,
aerial mycelium formation, and mycelial autolysis.
Strains containing DflbA and fadAG42R alleles produceFigure 7.—Proposed model for a signal transduction path-

way regulating both ST production and asexual development. extensive aerial mycelium and have a habit of autolysing
The model is described in the text. Solid lines indicate geneti- as the colony matures. pkaA overexpression strains ex-
cally determined steps and dashed lines hypothesized steps. hibited the former characteristic but not the latter. ThePkaA may phosphorylate an unidentified transcription factor,

radial expansion rate appears tightly linked to PkaAwhich triggers transcription of aflR, and the transcribed aflR
activity because all strains carrying the DpkaA alleleis also regulated by PkaA activity. Regulation of morphological

development by FlbA and FadA is only partially mediated (DpkaA, DpkaA; DflbA, and DpkaA; fadAG42R) showed a
through PkaA. similarly restricted expansion rate. Aerial mycelium for-

mation, although enhanced by pkaA overexpression
(Figure 3), was not as prolific as seen in DflbA or fadAG42R

with regard to several key differentiation processes. One strains and, furthermore, was not fully dependent on
of the most dramatic effects of constitutive activation of PkaA activity as judged by the fact that aerial mycelium
G protein signaling in A. nidulans is the inhibition of formation was not eliminated in the DpkaA; DflbA strain.
asexual sporulation. We found that introduction of the Mycelial autolysis appears to require PkaA activity be-
DpkaA allele into DflbA and fadAG42R backgrounds re- cause deletion of pkaA eliminated the autolytic habit of
stored conidiation; this provides strong evidence that the DflbA and fadAG42R alleles as observed in DpkaA; DflbA
FadA inhibition of asexual development is mediated and DpkaA; fadAG42R strains. The fact that overexpression
through PkaA. However, remediation was not to wild- of pkaA did not result in mycelial autolysis suggests that
type levels (DpkaA; DflbA showing z15% and DpkaA; autolysis requires both activation of FadA and subse-
fadAG42R showing z40% sporulation levels of wild type). quent increased PkaA activity.
Previous studies (Yu et al. 1996b; Hicks et al. 1997) Consideration of all data presented in this article
suggested that FlbA has some additional function(s) in leads us to conclude that FlbA/FadA signaling of asexual
regulating sporulation other than through modification sporulation, ST production, and vegetative growth is
of FadA activity. Therefore, one explanation as to why mediated only in part through a cAMP/PkaA cascade
sporulation was not fully restored in the DpkaA; DflbA (Figure 7). Obviously there must be other cellular mech-
strain is that DpkaA cannot complement a FadA-inde- anisms impacting all of these differentiation processes.
pendent role for FlbA. Sporulation in the DpkaA; In other fungi, transduction pathways are complex and
fadAG42R strain was statistically greater than in the DpkaA; can involve interactions between b- and g-subunits of
DflbA strain but still less than that of wild type. This heterotrimeric G proteins, RAS proteins, MAPK cas-
indicates a PkaA-independent role for FadA in asexual cades, and protein kinase C pathways (Banuett 1998;
sporulation. As mentioned earlier, other fungi possess Rupp et al. 1999; Thevelein and de Winde 1999). Two
more than one PKAC protein and as our data provide other pertinent A. nidulans genes that have been shown
evidence for more than one PKAC in A. nidulans (Figure to be involved in sporulation and colony formation are
2), we speculate that FadA activity may also negatively rasA, encoding a RAS protein (Som and Kolaparthi
impact sporulation through another PKAC or, although 1994) and sfaD, encoding a b-subunit of a heterotri-
untested in this work, perhaps mitogen-activated pro- meric G protein (Gb; Rosén et al. 1999). In submerged
tein kinase (MAPK) cascade. A model for this complex culture conditions, deletion of sfaD exhibits conidiation,
regulation of asexual development is presented in Fig- a similar phenotype to a fadAG203R strain (Rosén et al.
ure 7. 1999), but unlike a fadAG203R strain, spore production is

The genetic linkage of asexual sporulation and ST decreased on agar growth medium (K. Shimizu and
production was evident from examination of the various N. P. Keller, unpublished results). Dominant-acting
pkaA mutants. The inhibitory effect of overexpression mutations in rasA (RAS) result in developmental defects
of pkaA on aflR expression and ST biosynthesis was similar to overexpression of pkaA (Som and Kolaparthi

1994; K. Shimizu and N. P. Keller, unpublished re-identical to the inhibitory effects of DflbA and fadAG42R
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Hicks, J. K., J.-H. Yu, N. P. Keller and T. H. Adams, 1997 Aspergillussults). In addition to these proteins, A. nidulans likely
sporulation and mycotoxin production both require inactivation

contains at least two additional Ga-subunits (J. Yu, per- of the FadA G a protein-dependent signaling pathway. EMBO J.
16: 4916–4923.sonal communication) as well as a possible additional

Hunter, T., and J. A. Cooper, 1985 Protein-tyrosine kinases. Annu.PkaA as suggested by the data in Figure 2. One current
Rev. Biochem. 54: 897–930.

goal in our laboratory is to determine if these different Isshiki, T., N. Mochizuki, T. Maeda and M. Yamamoto, 1992 Char-
acterization of a fission yeast gene, gpa2, that encodes a Ga sub-members of signal transduction pathways converge to
unit involved in the monitoring of nutrition. Genes Dev. 6: 2455–impact morphogenesis and ST production in A. nidu-
2462.
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