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The filamentous fungusAspergillus nidulanscontains
a cluster of 25 genes that encode enzymes required to
synthesize a toxic and carcinogenic secondary metabol-
ite called sterigmatocystin (ST), a precursor of the
better known fungal toxin aflatoxin (AF). One ST
Cluster (sto gene,aflR, functions as a pathway-specific
transcriptional regulator for activation of other genes
in the ST pathway. However, the mechanisms con-
trolling activation of aflR and synthesis of ST and AF
are not understood. Here we show that one important
level for control of stc gene expression requires genes
that were first identified as early acting regulators of
asexual sporulation. Specifically, we found that loss-
of-function mutations in flbA, which encodes a RGS
domain protein, or dominant activating mutations in
fadA, which encodes thay, subunit of a heterotrimeric

G protein, block both ST production and asexual
sporulation. Moreover, overexpression of flbA or
dominant interfering fadA mutations cause precocious
stc gene expression and ST accumulation, as well as
unscheduled sporulation. The requirement forflbA in
sporulation and ST production could be suppressed by
loss-of-function fadA mutations. The ability of flbA to
activate stc gene expression was dependent upon
another early acting developmental regulator, fluG,
and AfIR, the stc gene-specific transcription factor.
These results are consistent with a model in which
both asexual sporulation and ST production require
inactivation of proliferative growth through inhibition

of FadA-dependent signaling. This regulatory mechan-
ism is conserved in AF-producing fungi and could
therefore provide a means of controlling AF contamin-
ation.
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Introduction

Several species of the fungal gerspergillus including
the genetically well studiedspergillus nidulansproduce

carcinogenic and mutagenic compounds produced in
nature and contamination of agricultural crops by these
toxins has significant health and economic costs. We
have been interested in understanding the mechanisms
regulating ST/AF gene expression with the long-term goal
of providing potential means of eliminating production of
these toxic secondary metabolites. Examination of the
A.nidulansST pathway has led to identification of a 60 kb
gene cluster (the ST Clustestg that includes 25 co-
regulated genes, many of which have been shown to
function in ST biosynthesis (Browst al, 1996). Tran-
scription of all of these genes is dependent upon the
activity of aflR a pathway-specific regulatory gene found
within the ST cluster that encodes a zinc binuclear cluster-
type DNA binding protein (Woloshulet al., 1994; Yu
et al, 1996a).aflR expression is regulated during the life
cycle such thaaflR mMRNA begins to accumulate early in
the stationary phase and activation of other genes required
for ST biosynthesis quickly follows (Yet al, 1996a).
Numerous observations have supported the hypothesis
that microbial secondary metabolite production and sporul-
ation are intimately associated. The best known example
is found inStreptomycespp., in which there are common
elements that regulate sporulation and antibiotic produc-
tion (for a review see Hopwood, 1988). Similarly, earlier
observations suggested that the ability to complete wild-
type asexual sporulation could be a prerequisite for ST/AF
biosynthesis in the filamentous fungus gerspergillus
(Kale et al, 1994, 1996). To study the genetic basis
of the relationship between asexual development and
secondary metabolism and the possible common elements
in regulation of these two processes, we decided to
examine the effects of various early acting developmental
mutations on ST production iA.nidulans We previously
proposed that there are two antagonistic signaling path-
ways regulatingA.nidulansgrowth and development (see
Figure 1; Yuet al, 1996b). In this model, growth signaling
is mediated byfadA (Fluffy Autolytic Dominant), which
encodes thea subunit of a heterotrimeric G protein.
Mutations infadA that are predicted to interfere with its
intrinsic GTPase activity and therefore lock FadA in its
active, GTP bound state result in a proliferative phenotype
and block sporulation. Developmental activation requires
that this FadA signaling pathway be at least partially
inactivated and this requires the product of another gene,
called fIbA (Fluffy Low brlA; Lee and Adams, 1994b).
The FIbA protein has a 120 amino acid C-terminal region
termed an RGS domain (for Regulator of G protein
Signaling) that is shared by a family of proteins found in
organisms ranging from yeast to man. These proteins are

the mycotoxin sterigmatocystin (ST), which also serves as all implicated in negatively regulating G protein-mediated
the penultimate precursor in the aflatoxin (AF) biosynthetic signaling pathways (Dietzel and Kurjan, 1987; De Vries
pathway (Aucamp and Holzapfel, 1970; Cole and Cox, et al, 1995; Dohlmanet al, 1995; Drueyet al, 1996;

1981). Both AF and ST are among the most toxic,
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Flug Other Genes . N Asexual
Signal ;MA Sporulation Table I. Developmental mutations affestc gene transcript
_ - accumulation and ST production
FIbA ~
\/ Relevant genotype stc transcript ST productiof
AflbA - -
Receptor Proliferative floB™ + +
LT FadA-GTP+ Gy > Growth flbC- + +
'gan floD- + +
floE~ + +
AfluG - -
_ i i AbrlA + +
9 afiR  ——p»- ST Biosynthesis fadAS#2R T N
Wild-type + +

Fig. 1. Proposed model foilbA andfadA control of A.nidulans

growth, development and secondary metabolism. As described in the o . .
text, we propose that two antagonistic signaling pathways regulate A + indicates that transcripts were detected by 62 h growth in
development and secondary metabolism (Lee and Adams, 1996; standard liquid minimal mediunA — indicates thastctranscnpts

Yu et al, 1996b). When FadA is GTP bound it regulates downstream  Were not detected even after 86 h growth. Relative levelsiof
effectors to activate proliferation and repress both sporulation and ST E{a”SC_”P‘_ accumulation were apprOX|mater' equal in all cases.
biosynthesis. The RGS domain protein FIbA responds to .A + |.nd|cate_s that ST could be‘detected via TLC by 7 (_jays growth
FluG-dependent developmental signals to inactivate FadA and allow [N Stationary liquid culture. Relative levels of ST production were

activation of both sporulation and ST biosynthesis. appr_oximately equal in all cases. . )
P 4 CLysis of mutant hyphae prevented isolation of RNA after more than

. . .36 h growth in liquid shake culture. Nsic transcript was detected at
Thorner, 1997). The mechanisms of RGS domain protein this time.

action are not fully understood, but apparently include
activation of the intrinsic GTPase activity of specific

heterotrimeric G proteilt subunits (Bermaet al, 1996; of flIbA (but notfluG) or dominant interfering mutations
Watsonet al, 1996). Strains withflbA loss-of-function in fadA caused inappropriate sporulation (Lee and Adams,
mutations have a proliferative phenotype resembiaubf 1996; Yuet al,, 1996b), precocioustcgene activation and
activating mutations, as expected if FIbA functions by ST biosynthesis. FinallyfadA loss-of-function mutations
inactivating FadA (Lee and Adams, 1994b). This hypo- suppressed the need forflbither fluG in activating

thesis is further supported by the finding that mutations ST production but only suppressed tfieA requirement

which inactivatefadA can suppresfibA loss-of-function for sporulation. These results are consistent with a model
mutations, resulting in a nearly wild-type developmental inwhich the proposed FluG factor stimulates both develop-
phenotype. However, it is also apparent that FIbA has ment-specific events and activation of FIbA, which in
additional functions, because overexpressiotillmh has turn inactivates FadA-dependent signaling. Because FadA
been shown to cause inappropriate activation of asexual signaling antagonizes both sporulation and ST production,
development in both wild-type anfddA deletion mutant ~ FadA inactivation by FIbA is a prerequisite for both
strains (Lee and Adams, 1994b, 1996; &ual., 1996b). processes.

Development-specific signaling requires &G gene
product, which is apparently necessary for synthesis of aResults
small diffusible factor that functions extracellularly to
signal developmental initiation (Lee and Adams, 1994a, fIbA and fluG are necessary for ST production
1996). As with flbA, overexpression ofluG can cause  Our genetic analysis of asexual sporulation has led to the
vegetative cells to differentiate sporulating structures, even identification of numerous genes that are required at early
under conditions that do not favor wild-type sporulation. steps in activation of the asexual sporulation pathway
This FluG-induced sporulation requires the wild-type (Lee and Adams, 1996; Watsak, 1994). We first
activities of other early acting developmental regulatory examined the possibility thah.nidulansshared controls

genes, includinglbA (Lee and Adams, 1996). Because for ST production and for activation of asexual sporulation
flbA-activated sporulation also requires wild-tyfleiG by determining whether various early acting develop-
activity, we have proposed that there are two primary mental mutant strains could astivgene expression

consequences of responding to FluG factor: (i) activation and produce ST. As summarized in TableflbB, flbC,
of FIbA, which then interferes with FadA signaling of flbD, flbE and brlA mutant strains all produced ST and
proliferation; (ii) activation of development-specific func- expressed thestc genes similarly to the wild-type. In
tions that require the products of other genes, including contrast, strains with loss-of-function mutatilbA®im
flbB, flbC, flbD, flbE andbrlA (Adamset al,, 1988; Wieser  fluG or dominant activating mutations fiadA (fadAG*2R
et al, 1994; Lee and Adams, 1996). Both of these eYal., 1996b) completely eliminatestcgene expression
processes must occur if development is to proceed. and ST accumulation and blocked sporulation.

In this manuscript we present evidence that inactivation
of the FadA signal transduction pathway is required for Overexpression of flbA induces stc gene
ST biosynthesis, as well as asexual sporulation. We found expression
that loss-of-function mutations fituG or flbA or dominant Earlier experiments demonstrated that while deletion of
activating mutations irfadA block both sporulation and  flbAorfluGresulted in a loss of sporulation, overexpression
stc gene activation. In thélbA loss-of-function mutants of either gene in vegetative hyphae was sufficient to
the block onstc gene activation was due to the absence induce conidiophore development inappropriately (Lee
of aflRtranscript accumulation. In contrast, overexpression and Adams, 1994b, 1996). B#u&uaad flbA were
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TTAll TBN54.10 RJH003

0121824 0121824 0 12 18 24

Fig. 2. Induced expression dfbA activatesstc gene expression. RNA
from TTA11 (wild-type), TBN54.10 &lcAp]::flbA) and RJHO03
(alcAlp]::flbA, AaflR) was isolated from cultures 0, 12, 18 and 24 h
after shifting toalcA-inducing medium and analyzed fstcU gene
expression. A 0.75 ki$stl-Sma fragment from plasmid pRB7 (Yu

et al, 1996a) was used asstcU-specific probeA); a 2.5 kbEcaRlI
fragment from pBN30 (Lee and Adams, 1994b) was used as a
floA-specific probe B); plasmid pJAl (Adams and Timberlake, 1990)
was used as aalcA-specific probe €). Equal loading of total RNA
was evaluated by ethidium bromide stainiri).(stcU was only
detected following activation dibA overexpression in the wild-type
strain. TheflbA transcript observed in TTA11 results from constitutive
expression of the wild-typébA gene.

apparently required fostc gene expression, we tested to
see if overexpression dibA or fluG could also cause
early activation oktcgene transcription and ST accumula-
tion. As shown in Figure 2, forced activation @bA
caused accumulation of trstcU (Keller et al,, 1994) and
otherstctranscripts (not shown) within 12 h, at least 24 h
beforestctranscripts normally appear in wild-type cultures
grown under the same conditions. TéteU gene encodes

a ketoreductase responsible for converting versicolorin A
to demethylsterigmatocystin (for details of the ST/AF
pathway genes see Browat al, 1996). To see whether
early stc gene activation caused HbA overexpression
results in precocious ST production, we also examined
organic extracts fronfibA-induced cultures. As shown in
Figure 3,flbA overexpression caused ST accumulation by
24 h post-induction. This is at least 24 h before ST begins
to accumulate in the wild-type strain (as indicated by the
lack of ST in the wild-type lanes even at 36 h post-
induction; Figure 3). Perhaps surprisingly, whifeiG
overexpression did activate sporulation, it did not cause
prematurestc transcript accumulation (Table Il). Finally,

S 122436 122436 122436 12 24 36 122436 S

?g ;@aﬁ
3

Fig. 3. InducedflbA expression activates ST biosynthesis. Organic
extracts from TTA11 (wild-type), TBN54.1GalcAlp]::flbA), RIY918.6
(AfadA), RIYA21 @IcAlp]:flbA, AfadA) and RJY115.4fadAG203R

were obtained from cultures 12, 24 and 36 h after shifting to
alcA-inducing medium and separated by TLC as described in
Materials and methods. Samples labeled S represent sterigmatocystin
standards (Sigma). ST was detected only at 24 and 36 h in TBN54.10,
RJYA21 and RJY115.4 (see text). Compounds with diffeRRntalues
from ST (e.g. inAfadA lanes) are not ST but uncharacterized
substances.

Table Il. Overexpression oflbA activates ST gene expression

Relevant genotype stc transcript8 Submerged

conidiatior?

0h 12 h 24 h

flbA

floD

brlA

fluG

flbA, floB~
flbA, floC™
flbA, floD~
flbA, floE~
flbA, AfluG
flbA, AfadA
flbA, AaflR

+

alcAlp]:
alcAlp]:
alcAlp]:
alcAlp]:
alcAlp]:
alcAlp]:
alcAlp]:
alcAlp]:
alcAlp]::
alcAlp]:
alcAlp]:
AfadA®

fad AG203R
Wild-type®

+
[

+
P+ ++ 1 +++ 1 ++++

3A + indicates thastc transcripts accumulated by the time indicated
after transfer talcA-inducing mediumstc transcripts were never
observed in the wild-type strain earlier than 36 h after transfer to
alcA-inducing medium.

bSubmerged conidiation is defined as conidiation occurring in liquid

because we had previously observed that two later actingshake culture and does not normally occur in wild-type strains. This

developmental regulatorbrlA andflbD, could also activ-
ate sporulation when overexpressed (Adahal., 1988;
Wieser and Adams, 1995), we tested to see if develop-
mental activation by these genes was coupled with ST
gene activation. As shown in Table I, neithierlA nor
floD overexpression caussttgene activation, as expected

if these genes have only sporulation-specific functions.

Genetic requirements for fIbA activation of stc

gene expression

The ability of flbA overexpression to cause inappropriate
activation of sporulation has been shown to require the
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differs from aerial conidiation, which occurs in wild-type strains

grown on solid medium exposed to air. For more information
regarding submerged sporulation phenotypes refer to Adsrab

(1988), Lee and Adams (1996), Wieser and Adams (1995) and Yu

et al (1996b).

Cstc transcripts cannot be observed in these strains prior to 48 h post-
shift.

activities of other developmental regulators, including
brlA, flbB and fluG (Lee and Adams, 1996). Table Il
summarizes the genetic requirements fifA-induced
activation ofstc gene expression. We found that, as with
developfhebtyas required foflbA-induced activation



Wild-type  AflbA AafiR
days1 2 3 4 1 2 3 4 1 2 3 4
A
B
C
D

Fig. 4. Loss offlbA function results in lack o&fIR transcription. Total
RNA was isolated from 1-4-day-old liquid stationary cultures of
FGSC26 (wild-type), TBN39.5AflbA) and TMF4.12 AaflR) and the
resulting blots were hybridized withA] aflR-, (B) stcU- and

(C) argB-specific probes (see Materials and methodflR (~1.6 kb)
andstcU (~0.9 kb) transcripts only accumulated in the wild-type strain
after 2 days, whereaargB transcript was present in all strains at all
time points. The minor signal observed in (A) for th8bA mutant
appears to be due to non-specific hybridization corresponding to the
15S rRNA (~1.8 kb) band, which migrates just ab@ftR mRNA.

This minor non-specific signal was observed at the same position with
all three probes. Equal loading of total RNA was evaluated by
ethidium bromide stainingD).

of stctranscript accumulation, supporting the hypothesis
that FIuG is required for FIbA activity. All the other
mutants still responded titbA overexpression by activat-

ing stcgene expression, although the response was some-

what delayed irfloB and flbE mutants. Finally, we tested
to see if the ST cluster-specific transcription factiR
(Yu et al, 1996a) was required fdtbA-induced activation

of otherstcgenes. As shown in Figure 2 and summarized
in Table Il, we found that overexpression fA in the
afIR deletion mutant did not inducstc gene expression
but did cause sporulation, indicating tHitA-inducedstc

gene expression requires AflR. Based on our model (Figure

1), we hypothesized that FIbA relieves FadA-mediated

repression of events leading to transcriptional activation

of aflR Therefore, we predicted that loss-of-function
mutations inflbAwould result in loss o&fIR transcription.
To test this prediction, we examinedIR transcript accu-
mulation in anflbA loss-of-function mutant. As expected
if FIbA function is required foraflR expression,aflR
mMRNA was not detected in th&flbA mutant strain (see
Figure 4 and its legend).

FIbA inactivates FadA-mediated repression of stc
gene expression

The results presented above support a model in which

FIbA functions in activating ST biosynthesis in a manner
similar to how it functions in activating sporulation, by
negatively controlling the FadA signaling pathway that
blocks sporulation (Ytet al., 1996b). To further test this
proposed FIbA function, we examined the effects of
various combinations of activating and inactivatifigA
andfadA alleles on ST biosynthesis. As shown in Table
I, unlike fadA-activating mutations (seéadA®*2R in
Table 1), fadA deletion AfadA; Table 11l) and dominant
interfering mutationsfadAG2%3R Table Il and Figure 3)
did not prevent ST production iflbA" strains. In fact,
we observed early activation efcgene expression (Table

Sporulation and mycotoxin production regulation

Table Ill. Genetic interaction ofadA flobAandfadA fluGfor ST
production

Relevant genotype Relative ST Relative conididtion
productior?
Aerial Submerged
Wild-type ++ ++ -
AfIbA - - -
AfadA + ++ -
fadAG203R + +++ +
fadAG42R _ _ _
AfadA AflbA + ++ -
fadAC203R AflbA + +++ +
AfadA AfluG ++ - -
fadAC203RAfluG + - -

3A + indicates that ST was detected via TLC by 7 days growth in
stationary liquid culture.
bSubmerged and aerial conidiation are defined in Table II.

I) and ST production in thead AS2°3Rmutant strain (at 24 h
post-shift; Figure 3), even withoutbA overexpression.
Moreover, theAfadA andfadAS203R mutations suppressed
both the conidiation (Yet al, 1996b) and ST biosynthesis
defects observed for #bA deletion mutant (Table 1ll), as
expected if the primary role of FIbA in activating ST
biosynthesis is to negatively control FadA signaling.
However,flbA overexpression in thAfadA mutant strain

caused sporulation @ftual, 1996b), early induction
of stc gene expression (Table II) and precocious ST
biosynthesis (at 24 h post-induction; Figure 3), suggesting
some additional role for FIbA in controlling these events
(see Discussion). It is important to note that under the
growth conditions examined neither the wild-type nor the
AfadA strains accumulateskc transcripts (Table 1) or ST
(Figure 3) until 48 h post-shift.

The inability 886G overexpression to cause premature
stcgene activation raises the possibility that FluG signaling
has a specific function in developmental activation and
that its only role in activating ST biosynthesis is in
determining an uncharacterized post-transcriptional activ-
ation of FIbA (Lee and Adams, 1996). We tested this
hypothesis by examining the ability fafdAS293R and

AfadA mutations to suppress the loss of ST production

phenotype observedd@ deletion mutants. As shown
in Table 111, bothfad AG?93RAfluG andAfadAAfluG double

mutant strains produced ST but were developmentally
defective.

FadA function is conserved in Aspergillus
parasiticus
The demonstration that the FadA proliferation pathway
blocks both sporulation and ST biosynthesiginidulans
coupled with the strong conservation between FadA and
Ga proteins from other filamentous fungi (Turner and
Borkovich, 1993; Clebil., 1995), might indicate that the
need to regulate FadA-associated signaling is a common
requirement for activating development and ST/AF pro-
duction in other aspergilli. To test this hypothesis, we
introduced thefadA®*2R dominant activating allele from
A.nidulansinto an Aspergillus parasiticusstrain (B62,
niaD~; br; nor-1-; Trail et al, 1994) that accumulates
a colored precursor of AF (norsolorinic acid, NOR).
Transformants were examined visually for sporulation and
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A 5 B trimeric G protein, encoded BgdA leading to inactivation
of FadA-dependent signaling.

This model is supported by the finding that loss-of-
function mutations in flboA or dominant activating
mutations infadA lead to a coordinate block in both
sporulation (Yuet al, 1996b) and ST production. More-
over, the requirement for FIbA in both processes can be
overcome by mutations that eliminate FadA function,
indicating that the primary role for FIbA in activating
sporulation and ST biosynthesis is through inactivation of
FadA. However, as described previously @fal., 1996b),

2 } 4 5 6 7 R . . .
¥ 1 : this model must have further complications in that FIbA
Fig. 5. Aspergillus nidulans fadActivating mutations function in must have some EadA-lndependent fUﬂCtIQn- ThIS follows
A.parasiticusto block sporulation and AF productiorA) A from the observation thatbA overexpression in &adA
developmentally wild-typeiaD™ transformant ofA.parasiticusstrain deletion mutant activatestc gene expression, ST produc-

B62 (niaD~, br-, nor-1) lacking fadA®42R (1) and fluffy autolytic . P S -
fadA®*?RcontainingniaD* transformants of B62, TIYP1-22 (2), tion and sporulation just as well as it did in a wild-type

TJYP1-23 (3) and TJYP1-28 (4), were point inoculated on complete  Strain. Because a dominant interfefiﬁQdA mb_'tation
medium and incubated for 3 days at 30°8) [The A.parasiticus (fadAG203R) that is proposed to prevent dissociation of the
strains shown in (A) were grown in liquid complete medium for GPy subunits from @&-GTP (Rens-Domiano and Hamm,
7 days at 30°C (stationary culture) and organic extracts were separated i ;
by TLC as described previously (Yu and Leonard, 1995). Lane 1, ST 1?95|) i%%‘céebd bOtCT sporulatlon QTSUbr?jergt.Ed Cu“urﬁ (Yu
standard; lane 2, extract from @nidulanswild-type strain producing et al, ) and precocious produc |on,. We, ave
ST; lane 3, NOR standard; lane 4, extract from a developmentally proposed that a second target for FIbA action is the
wild-type niaD* transformant ofA.parasiticusB62; lanes 5-7, extracts Gy subunits of the heterotrimeric G protein. However,
133“;?0'2/;64” A-parasiticusiransformants TJvP1-22, TIYPL-23and  potential roles for FIbA in directly activating development

-28 respectively. Four times as much extract was loaded in ; ; i ;
lanes 5-7 as compared with lane 4 to determine if trace amounts of and ST biosynthesis or in I.nhlbltmg a Se.cond. Subunit
NOR could be detected. or downstream effector(s) in the FadA signaling pathway

cannot be excluded.
While regulation of secondary metabolite production is

production of NOR and by Southern blot analysis to poorly understood, these compounds are often produced

determine if they had acquired thenidulansgene. Three during the stationary phase of growth and in several
A.parasiticus transformants (TJYP1-22, TJYP1-23 and organisms a connection between secondary metabolite
TJYP1-28) were identified that had fluffy autolytic pheno- production and the ability to reproduce by sporulation has

types similar to theA.nidulans fad&*°R mutant and were  been observed (Demain, 1992; Kade al, 1994, 1996;

each found to have one to three copies of Aridulans Betina, 1995). The best characterized relationship between
fadAG4?R allele, while none of the developmentally wild- microbial secondary metabolite production and develop-
type transformants had obtained thsnidulans fadAgene ment is inStreptomyces griseuswhere A-factor, a

(data not shown). As shown in Figure 5, none of the three y-butyrolactone molecule, has been shown to function as
fluffy transformants produced detectable NOR, while the a signal that activates both antibiotic production and
developmentally wild-type transformants did. This result sporulation during stationary phase (Horinouchi, 1996).
indicates that FadA-associated proliferation signaling and In this case A-factor has been shown to bind to the ArpA
its relationship with development and ST/AF biosynthesis DNA binding protein, blocking its ability to function as

is conserved in other species A$pergillus a negative regulator of genes required for sporulation and
antibiotic production. The interaction between ArpA and
A-factor is proposed to result in derepression of an
unknown gene whose product activates pathways leading
Many microorganisms produce compounds described asto both aerial mycelia production (leading to sporulation)
secondary metabolites that are apparently not required by and streptomycin production and resistance (Horinouchi,
the producing organism but, like the antibiotics and 1996). However, A-factor is only able to stimulate sporul-
mycotoxins, can have either beneficial or detrimental ation and streptomycin production following entry into
effects for humans. The results presented in this paperstationary phase resulting from starvation of Sigriseus
demonstrate that in the filamentous fung@sidulans colony (Beppu, 1992). In contrast, the ability of FIbA to
asexual sporulation and biosynthesis of a toxic and carcino-activate sporulation and ST biosynthesis is apparently

Discussion

genic polyketide secondary metabolite called sterigmato- independent of growth phase. Instead, we propose that
cystin (ST) requires inactivation of a heterotrimeric G FIbA is normally activated when FluG factor accumulates
protein signaling pathway. As summarized in Figure 1, to a sufficient level and that activation of FIbA leads

we propose that this negative control is mediated by the primarily to inactivation of the FadA-dependent prolifer-
FIbA RGS domain protein, apparently in response to a ation pathwayetyal, 1996b). Thus, FlbA-directed
specific developmental signal produced through the inhibition of FadA provides an endogenous growth control
activity of FluG (Lee and Adams, 1996; ¥at al,, 1996b). mechanism that is necessary for both sporulation and ST
FIbA presumably functions as a GAP, like other RGS production.

domain proteins (Bermaet al, 1996; Dohlmanet al., Although ST/AF production typically accompanies
1996; Dohlman and Thorner, 1997), to stimulate the sporulation in manyAspergillusspp. (Kaleet al., 1994,
endogenous GTPase activity of tbiesubunit of a hetero- 1996), the converse is not true in that ST/AF production
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Table IV. Strains used in this study

Strain Relevant genotype Source

FGSC26 biA1, veAl FGSC

FGSC237 pabaAl trpC801, veAl FGSC&

h1FAD4 biA1; fadAC42R veAl Yu et al. (1996)

PW1 biAL;, argB2 methG1 veAl Weglenski

RBNO51 biAL; AfluG:trpC; veAl Lee and Adams (1994a)

RBN138 WAS3 pyroA4 alcAlp]::flbA:trpC, veAl Lee and Adams (1996)

RBN145 pabaAl yA2 AfluG::argB; alcAp]::floA:trpC, veAl Lee and Adams (1996)

RBN149 pabaAl yA2 flbD14 alcAlp]flbA:trpC, veAl Lee and Adams (1996)

RBN151 pabaAl wA3 alcAp]::flbA:trpC, veAl flbC8 Lee and Adams (1996)

RBN155 pabaAl yA2 flbE58 alcAlp]::flbA:trpC, veAl Lee and Adams (1996)

RBN180 biA1; flbB1, pyroA4 alcAlp]::flbA:trpC, veAl Lee and Adams (1996)

RBN197 pyroA4 brlA::argB, alcAlp]::floA:trpC, veAl Lee and Adams (1996)

RJF009 biAl, methG1 veAl fIbC8 J.Fondon and T.Adams

RJH003 WA3 methG1 pyroA4 AaflR:argB; alcAp]::floA:trpC, veAl this study

RJWO012 biAL; flbB7 veAl Wieseret al. (1994)

RJW120 flbE58 methG1 veAl Wieseret al. (1994)

RJYA21 biAl, wA3 AfadA:argB, alcAlp]::flbA:trpC, veAl Yu et al. (1996)

RJYB27 pabaAl yA2 AfluG:trpC; AfadA:argB, veAl Yu et al. (1996)

RJYC28 pabaAl yA2 AfluG:trpC; fadAC203R veAl Yu et al. (1996)

RJYFO1 biA1, AflbA:argB; fadAS203R veAl Yu et al. (1996)

RJY115.4 yAZ fadAG203R yeAl Yu et al. (1996)

RJY918.6 argB2 methG1 AfadA:argB, veAl Yu et al. (1996)

TA046 biAl;, argB2 pyroA4 AbrlA::argB, veAl Hanet al. (1993)

TBN39.5 biAl, AflbA::argB; methG1 veAl Lee and Adams (1994b)

TBN54.10 pabaAl yA2 alcAp)::floA:trpC, veAl Lee and Adams (1996)

TBN57.8 pabaAl yA2 alcAp]:fluG:trpC, veAl Lee and Adams (1996)

TIW29.2 pabaAl yA2 alcAp]:flbD::trpC, veAl Wieser and Adams (1995)

TIJW30 pabaAl yA2 AflbD::trpC, veAl Wieser and Adams (1995)

TJYEO7.1 pabaAl biAl, AflbA:argB; AfadA:argB, veAl this study

TMF4.12 biAl; methG] AaflR:argB; veAl M.Fernandes, N.P.Keller and T.H.Adams
TTAll pabaAl yA2; veAl Adams and Timberlake (1990)

B62° niaD™; br~; nor1~ Trail et al. (1994)

TIYP1-2® brn~ norl~; fadAG42R this study

TIYP1-28 brn~; nor1—; fadAS42R this study

TIYP1-24 brn~; norl; fadAG42R this study

3Fungal Genetics Stock Center.

bAspergillus parasiticustrains

can readily occur under conditions where no sporulation is lates both sporulation and streptomycin production in
observed (i.e. submerged culture). This finding presumably S.griseus (Chater et al., 1989; Horinouchi, 1996), it
reflects some fundamental difference in the regulation of has been shown that overexpressioStadptioenyces
development versus ST biosynthesis. In this respect it is coelicolor sporulation genewhiG induces sporulation
interesting to note the differing requirements for FluG. but inhibits actinorhodin biosynthesis. Thus, the intricate
While fluG deletion mutants are defective in both ST interactions between growth, development and secondary
biosynthesis and sporulation, the requirement for FluG in metabolite production will likely require specific know-

ST production can be suppressed by mutations that inactiv-ledge of each pathway.
atefadA However, inactivation ofadA does not suppress Finally, it is interesting to consider whether or not there
the need for FIuG in activating sporulation. This implies is any biological significance to the common regulatory
that the primary role of FIuG in activating ST biosynthesis link observed between ST/AF production and asexual
is to activate FIbA, so that it can inactivate FadA. While sporulation inAspergillusspp. Unfortunately, the import-
this function of FluG is also required for sporulation, there ance of this link is difficult to establish because the
is a second, pathway-specific role for FluG that leads to biological role of ST/AF in the fungus is not known.
activation of genes needed for sporulation. It is not yet Although existing evidence is not convincing, Wicklow
clear if a similar FluG-like signaling pathway is also (Wicklow, 1990; Wicklowet al,, 1994) and others (Janzen,
required to activataflR andstc gene expression. 1977) have speculated that ST and AF could serve a
It is important to realize that the model presented to protective role in the fungus as a means of defending

explain the relationship between conidiation and ST/ against insects. The finding that asexual development is
AF production does not necessarily encompass all of usually accompanied by ST productionAmidulansand
secondary metabolism. For instance, it is clear from the that AF and ST are frequently found in spores and other
many unidentified compounds separated by the TLC assayddifferentiated tissues as well as the mycelium lends support
presented in Figures 3 and 5 that the various developmental to the hypothesis that there is some as yet undetermined
mutants produce a variety of unigue compounds. Theseevolutionary significance in the linkage of ST/AF biosyn-
molecules may represent additional secondary metabolites thesis with sporulation. In any case, the finding that FadA
that, in contrast to ST/AF, are positively controlled by activation blocks both ST and AF biosynthesis raises
FadA-mediated signaling. Similarly, while A-factor stimu- the possibility of designing specific control measures to
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prevent AF contamination of commercial food crops. As
more is learned about the mechanism of action of FluG,
FIbA and FadA, it should be possible to identify molecules
that either antagonize the effects of FIuG or lead to direct
stimulation of FadA, prolonging proliferative growth while
inhibiting both sporulation and secondary metabolism.

Materials and methods

Aspergillus strains, growth conditions and genetics

The Aspergillusstrains used in this study are described in Table IV.
StandardA.nidulansgenetic and transformation techniques were used
(Pontecorveet al,, 1953; Yeltoret al, 1984). When appropriate, relevant

Nucleic acid manipulations
Total RNA was isolated from lyophilized mycelia using Trizol according
to the manufacturer’s instructions (Gibco BRL) and 2§ each RNA
were separated on formaldehyde gels. RNA blots were hybridized with
appropriate probes: a 0.75 K®stl-Sma stcU-specific fragment from
plasmid pRB7 (Yuet al, 1996a); a 2.5 kiiecaRl flbA-specific fragment
from pBN30 (Lee and Adams, 1994b); a 1.3 BzcaRV-Xhd aflR
specific fragment from pAHK25 (Browet al, 1996); a 1.8 kiBanH|
argB-specific fragment from pSalArgB (Bersat al, 1983); thealcA-
containing plasmid pJA1 (Adams and Timberlake, 1990).
TheaflRdisruption vector was generated by first eliminating Smead
site in the multiple cloning site of pAHK25 (Browst al, 1996) by
cutting with EcoRl and BanHI in the vector, filling in the ends with
Klenow fragment and religating. The resulting plasmid, pMF3, was
digested withSma to remove a 0.85 kb fragment from ttaIR coding

genotypes of strains generated for this study were confirmed by genomic region. pSalArgB (Berset al, 1983) was digested witBanHI and the

DNA Southern blot analyses. ThéA.nidulans aflRdeletion strain
TMF4.12 was created by transforming PW1 with pMF4 (M.Fernandes,
N.P.Keller and T.H.Adams). RJH003 is the meiotic progeny of a cross
between RBN138 and TMF4.12. RJF009 is the meiotic progeny of a
cross between RBN026 (Wieser al, 1994) and PW1. RIYEODIAL,
AflbA::argB; AfadA:argB, trpC801, veA) was transformed with pSH96
(Wieser and Adams, 1995) to give thipC* strain TIYEQ7.1Aspergillus
parasiticustransformants containing th&.nidulans fad&*2R mutation
were generated by co-transformiAgparasiticusstrain B62 (Trailet al.,
1994) with pGAPN-2 ifiaD-containing vector; kindly provided by Dr
G.Payne, North Carolina State University) and pJYSMS3nidulans
fadA®*?R Yu et al, 1996b). Aspergillus parasiticusvas transformed
following the standardh.nidulansprotocol (Yeltonet al, 1984) except
that the time required for protoplast formation was increased to 3 h.
All A.nidulansstrains were grown in and maintained on appropriately
supplemented minimal medium (Fa, 1977).Aspergillus parasiticus
strain B62 was maintained on modified minimal medium with 88 mM

resulting 1.8 kb fragment containing the wild-typgB gene was treated
with Klenow fragment to generate blunt ends that were in turn ligated
with pMF3 digested wittBma, creating pMF4 (M.Fernades, N.P.Keller
and T.H.Adams), which was then used to transform PWL1 to arginine
prototrophy. aflR deletion mutants were identified through Southern
blot analysis.
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