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Microbial secondary metabolite production is frequently
associated with developmental processes such as sporulation,
but there are few cases where this correlation is understood.
Recent work with the filamentous fungus Aspergillus nidulans
has provided new insights into the mechanisms coordinating
production of the toxic secondary metabolite sterigmatocystin
with asexual sporulation. These processes have been shown to
be linked through a common need to inactivate a heterotrimeric
G protein dependent signaling pathway that, when active,
serves to stimulate growth while blocking both sporulation and
sterigmatocystin biosynthesis.
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Abbreviations
AF aflatoxin
RGS regulator of G protein signaling
ST sterigmatocystin

Introduction 
Many microorganisms including fungi and bacteria pro-
duce compounds described as secondary metabolites
(e.g. pigments, alkaloids, toxins, antibiotics, gibberellins,
and carotenoids) that are apparently not required for the
life of organisms [1–3]. In some cases, as with antibiotics,
bacterial toxins, and mycotoxins, these secondary metabo-
lites take on primary importance because of their
beneficial or detrimental effects to humans [3]. Although
numerous fungal and bacterial secondary metabolites have
been extensively characterized, the mechanisms regulat-
ing secondary metabolite biosynthesis are poorly
understood. There are many exceptions but as a general
rule secondary metabolites are made during the stationary
phase of growth [2,4,5]. This link to stationary phase can
also be associated with sporulation and this has led to the
suggestion that control of secondary metabolism and
development are intimately associated [4,5]. An excellent
example of this phenomenon comes from Streptomyces
griseus in which A-factor, a γ-butyrolactone molecule, has
been shown to act as a signal that initates both sporulation
and production of streptomycin [6–9]. In this case, A-factor
interacts with a DNA-binding protein called ArpA that
binds to DNA in the absence of A-factor to act as a tran-
scriptional repressor [7,8]. When S. griseus enters stationary
phase, A-factor accumulates to sufficient levels to interact
with ArpA. This interaction is proposed to result in

derepression of an as yet uncharacterized gene whose
product activates pathways required for aerial hyphae for-
mation leading to sporulation and for streptomycin
production and resistance [7,8]. 

This review focuses on another example of secondary
metabolism that is in some way coordinated with sporula-
tion. This example occurs in the filamentous fungus
Aspergillus nidulans which is known to produce several sec-
ondary metabolites including the peptide antibiotic
penicillin G and the carcinogenic polyketide mycotoxin
sterigmatocystin (ST), a precursor of the better known
fungal metabolite, aflatoxin (AF) [10–12]. Although the
mechanisms controlling penicillin biosynthesis have been
shown to be complex, with major controls involving
response to alkalinization of the medium, there is no indi-
cation that this regulation is in any way coordinated with
developmental processes [12–14]. By contrast, numerous
observations have suggested that the ability to complete
asexual sporulation may be a prerequisite for ST/AF
biosynthesis in Aspergillus spp. [4,15,16]; however, this link
is not absolute. Although sporulation is typically accompa-
nied by ST/AF production, the converse is not always true
because ST/AF can be produced at high levels in growth
conditions where sporulation is inhibited (i.e. sub-
merged culture).

Controlled initiation of asexual sporulation
Asexual sporulation in A. nidulans involves formation of
complex multicellular structures called conidiophores that
produce chains of uninucleate mitotically derived spores
called conidia. The asexual reproductive cycle can be sim-
plistically divided into three stages that begin with a
growth phase, which is required for cells to become com-
petent to respond to unknown induction signals
[17•,18,19]. Growth continues indefinitely in the absence
of sporulation as long as cells are maintained in submerged
culture with nutritionally sufficient medium. Next comes
the initiation phase, which begins when cells that have
acquired the ability to respond to unknown inducing sig-
nals are exposed to air. Finally, the execution phase occurs,
involving activation of developmentally specific events
and culminating in conidiophore and conidium develop-
ment [17•]. Within the context of a developing colony all
three of these phases occur simultaneously with vegeta-
tively growing hyphae at the leading edge of the colony
and developmental initiation and execution of conidio-
phores bearing conidia beginning 1–2 mm behind the
margin. Our genetic studies of early events leading to
sporulation have led us to propose that a major determi-
nant in the transition from growth to sporulation involves
coordination of two antagonistic signal transduction path-
ways, one for growth and one for sporulation [17•,20].
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In our model describing control of growth and sporulation
(Figure 1) we propose that growth signaling is mediated
through the activity of fadA (fluffy autolytic dominant) and
sfaD (suppressor of flbA) that encode the α and β subunits
of a heterotrimeric G protein, respectively ([20,21];
S Rosen, J-H Yu, TH Adams, unpublished data). Mutations
in fadA, which are predicted to interfere with the intrinsic
GTPase activity of the α subunit of this G protein and,
therefore, lock it in a constitutively active, GTP-bound
state, cause a block in sporulation and result in a prolifera-
tive growth phenotype described as fluffy [20]. For
developmental activation to occur it is necessary to at least
partially inhibit this FadA-dependent signaling pathway
and this requires the activity of another gene called flbA
(fluffy low brlA) [20,22]. The FlbA protein belongs to the
RGS (regulator of G protein signaling) domain family of
proteins found in all eukaryotes [23–25]. RGS domain pro-
teins have been implicated in negatively regulating
G-protein mediated signaling pathways by activating the
intrinsic GTPase activity of specific G protein α subunits
[26]. Strains with flbA loss-of-function mutations have pro-
liferative growth phenotypes like the fadA-activation
mutants (i.e. loss of GTPase), as would be predicted if
FlbA inactivates FadA signaling by converting FadA–GTP
to FadA–GDP [20,22]. The proliferative growth pheno-
type of FlbA loss-of-function mutants can be suppressed
by loss-of-function mutations in either fadA or sfaD, as
expected if the major role of FlbA is inactivation of the
FadA-dependent signaling pathway ([20,21]; S Rosen,
J-H Yu, TH Adams, unpublished data). Although this
model explains most of the activities of FlbA, it is likely
that FlbA has additional functions. This realization stems

from the observation that overexpression of flbA can acti-
vate inappropriate asexual sporulation in both wild-type
strains and fadA-deletion mutants [20].

Development-specific signaling apparently requires the
fluG gene product [27]. fluG mutants result in a fluffy pro-
liferative growth phenotype like that seen with flbA and
fadA mutants but differ in that wild type and other fluffy
mutants are able to rescue this defect extracellularly [27].
We have proposed that FluG is required for production of
an extracellular sporulation-specific signal and that other
gene products are required for responding to this sig-
nal [27]. This hypothesis is supported by the finding that
fluG overexpression can cause inappropriate developmen-
tal activation and that this activity requires wild-type
functions of other early-acting developmental regulators
including flbA [27,28]. Because flbA-induced sporulation
also requires wild-type fluG function, we have proposed
that there are two distinct effects of responding to the
FluG sporulation-inducing factor [28]. First, FlbA is acti-
vated which interferes with the FadA-dependent
signaling of proliferation [28]. Second, a development-
specific pathway is activated that requires numerous other
genes including flbB, flbC, flbD, flbE, and brlA to result in
elaboration of conidiophores [28–31]. Because the sporu-
lation defects of flbA-null mutants are suppressed by fadA
(or sfaD) loss-of-function mutations but the defects in fluG
mutants are not, we have concluded that the develop-
ment-specific role of FluG is FadA independent ([20]; S
Rosen, J-H Yu, TH Adams, unpublished data). Both
FluG-dependent functions, however, must occur if devel-
opment is to proceed. 

Figure 1

Genetic interactions controlling Aspergillus
growth, asexual sporulation, and
sterigmatocystin (ST) biosynthesis. Two
antagonistic signaling pathways control A.
nidulans growth, asexual development, and
production [20,36••]. One pathway requires
the product of FluG activity, which is
proposed to work as an extracellular signal to
activate a sporulation-specific pathway that
requires flbB, flbC, flbD, flbE, and brlA
[27–31]. When the FadA Gα protein is GTP
bound (active) it is expected to be dissociated
from the SfaD(Gβ)–Gγ heterodimer ([20]; S
Rosen, JH Yu, TH Adams, unpublished data).
Then, both FadA and SfaD–Gγ control
downstream effectors to enhance proliferation
and repress both asexual sporulation and ST
production (controlled by afIR) [20,36••]. This
FadA (and SfaD) dependent growth signaling
pathway is modulated by FlbA and FluG
activities [20]. The FluG signal causes
inactivation of FadA by activating FlbA which
functions as a GTPase activating protein to
turn off FadA-dependent signaling [20].
Inactivation of FadA allows both asexual
sporulation and ST biosynthesis to occur
[20,36••]. It is important to note that the main

role of FluG in controlling ST biosynthesis is
not direct but instead works through
activation of FlbA [36••]. Finally, brlA
activation has also been shown to cause
growth inhibition [30,38]. The dashed arrows

describe possible Gα (FadA)-independent
FlbA functions that can activate ST production
and asexual sporulation [20,36••].
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Coordination of ST production with growth
control and sporulation
Examination of the genetic mechanisms underlying ST
production in A. nidulans led to identification of a 60 kb
cluster of 25 co-regulated genes (called stc genes), many of
which are known to function in ST biosynthesis [32–34].
Whereas most of these genes encode enzymes in the com-
plex biosynthetic pathway, one ST cluster gene, aflR,
encodes a zinc binuclear cluster DNA-binding protein that
acts as a pathway specific transcriptional activator of other
genes in the ST pathway [34,35•]. aflR mRNA accumula-
tion is regulated during the lifecycle such that
accumulation begins in early stationary phase with activa-
tion of the other genes needed for ST production quickly
following [34]. The activity of aflR is required for expres-
sion of stc genes and misexpression of aflR during growth is
sufficient to activate stc gene expression under inappropri-
ate conditions [34]. These aflR mutants, however,
sporulate normally and misexpression of aflR has no devel-
opmental consequences.

To begin to address the mechanistic aspects of the rela-
tionship between asexual sporulation and ST production,
we examined the consequences of early acting develop-
mental mutations on regulation of ST biosynthesis. We
found that null mutations in flbA or fluG, or dominant acti-
vating mutations in fadA, blocked stc gene activation and
ST production just as they had blocked asexual sporula-
tion [36••]. Moreover, overexpression of flbA (but not fluG)
or dominant inactivating fadA mutations caused early acti-
vation of stc genes and ST biosynthesis [36••]. Finally, fadA
loss-of-function mutations suppressed the need for either
flbA or fluG in ST production [36••]. This is an important
contrast to observations with sporulation where fadA
loss-of-function suppressed flbA but not fluG mutants [20]. 

These results are consistent with a model in which asexu-
al sporulation and ST biosynthesis are linked by a common
need to slow growth by inactivation of a growth signaling
pathway (Figure 1). FluG is required for both ST produc-
tion and development only because of its dual role in
stimulating development-specific events and activating
FlbA, which then inactivates FadA [36••]. Because active
FadA signals events that antagonize both sporulation and
ST biosynthesis, FadA inactivation is essential for both
processes. As with sporulation, however, it is important to
recognize that FlbA must have additional abilities in that
forced overexpression of flbA in a fadA deletion strain stim-
ulates both sporulation and ST production just as in the
wild type [36]. An important question remaining to resolve
is whether this role for FlbA is distinct from its activity
with FadA or whether it stems from stimulating GTPase
activity of another G α protein.

Although the model presented above explains why many
Aspergillus mutants defective in sporulation have also lost the
ability to produce ST/AF, it in no way encompasses all of sec-
ondary metabolism. Although flbA and fluG loss-of-function

mutants and fadA dominant-activating mutants fail to pro-
duce ST, they produce a variety of unique compounds in
its place [36••,37] and have not lost the ability to make
penicillin G (JK Hicks, NP Keller, TH Adams, unpub-
lished data). It is possible that these other metabolites
represent molecules that in contrast to ST/AF are stimu-
lated by FadA-mediated signaling. Similar results have
been observed in Streptomyces where A-factor stimulates
both sporulation and streptomycin production but overex-
pression of the developmental regulatory gene whiG in
Streptomyces coelicolor causes sporulation while blocking
production of the antibiotic actinorhodin [6,7]. These
results would seem to indicate that a general rule will not
define the intricate interactions between growth, develop-
ment, and secondary metabolism.

Conclusions
The finding that activation of ST/AF production and asex-
ual sporulation is coordinated through a common need to
control growth raises some important questions. For
instance, it would be interesting to know if coordination of
these apparently dissimilar pathways provides any biologi-
cal advantage to Aspergillus. Given that no biological role
for ST/AF has been determined this is a difficult question
to resolve. It is known that ST and AF are frequently
found in spores and other differentiated tissues of the pro-
ducing fungi lending some support to the idea that there is
an as yet undetermined significance to coordinating these
processes but this could as easily be a coincidence. Of
greater practical importance is the question of whether the
finding that active FadA blocks ST production in A. nidu-
lans could be exploited in designing strategies to control
AF contamination of crops. The observation that dominant
activating A. nidulans fadA alleles cause a block in AF pro-
duction when stably transformed into Aspergillus parasiticus
indicates that this is a broadly conserved regulatory strate-
gy and not simply an oddity of A. nidulans [36••].
Identifying ligands, receptors, and effector molecules
involved in FluG and FadA dependent signaling pathways
could provide means of prolonging stimulation of FadA to
extend proliferative growth phases while blocking conidia-
tion and AF/ST accumulation. 

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
•• of outstanding interest

1. Bennett JW: From molecular genetics and secondary metabolism
to molecular metabolites and secondary genetics. Can J Bot
1995, 73(suppl 1):S917-S924.

2. Demain AL: Regulation of secondary metabolism. In Biotechnology
of Filamentous Fungi — Technology and Products. Edited by
Finkelstein DB, Ball C. Boston: Butterworth-Heinemann;
1991:89-112.

3. Demain AL: Microbial secondary metabolism: a new theoretical
frontier for academia, a new opportunity for industry. In Secondary
Metabolites: Their Function and Evolution (Ciba foundation
symposium 171). Chinchester: Wiley; 1992:3-23. 

4. Bennett JW: Secondary metabolism and differentiation in fungi.
In Secondary Metabolism and Differentiation in Fungi. Edited by
Bennett JW, Ciegler A. New York: Marcel Dekker; 1983:1-32.



Aspergillus sporulation and secondary metabolism Adams and Yu    677

5. Betina V: Differentiation and secondary metabolism in some
prokaryotes and fungi. Folia Microbiol 1995, 40:51-67.

6. Chater KF, Bruton CJ, Plaskitt KA, Buttner MJ, Mendez C, Helman JD:
The developmental fate of S. coelicolor hyphae depends upon a
gene product homologous with the motility s factor of B. subtilis.
Cell 1989, 59:133-143.

7. Horinouchi S: Streptomyces genes involved in aerial mycelium
formation. FEMS Microbiol Lett 1996, 141:1-9.

8. Onaka H, Horinouchi S: DNA-binding activity of the A-factor
receptor protein and its recognition DNA sequences. Mol Microbiol
1997, 24:991-1000.

9. Onaka H, Nakagawa T, Horinouchi S: Involvement of two A-factor
homologues in Streptomyces coelicolor A3(2) in the regulation of
secondary metabolism and morphogenesis. Mol Microbiol 1998,
28:743-753.

10. Cole RJ, Cox RH: Sterigmatocystins. In Handbook of Toxic Fungal
Metabolites. Edited by Cole RJ, Cox RH. New York: Academic Press;
1981:67-93.

11. Davis ND: Sterigmatocystin and other mycotoxins produced by
Aspergillus species. J Food Prot 1981, 44:711-714.

12. Brakhage AA: Molecular regulation of penicillin biosynthesis in
Aspergillus (Emericella) nidulans. FEMS Microbiol Lett 1997,
148:1-10. 

13. Espeso EA, Tilburn J, Arst HN Jr, Penalva MA: pH regulation is a
major determinant in expression of a fungal penicillin biosynthetic
gene. EMBO J 1993, 12:3947-3956. 

14. Then Bergh K, Brakhage AA: Regulation of the Aspergillus nidulans
penicillin biosynthesis gene acvA (pcbAB) by amino acids:
implication for involvement of transcription factor PACC.
Appl Environ Microbiol 1998, 64:843-849. 

15. Kale SP, Bhatnagar D, Bennett JW: Isolation and characterization of
morphological variants of Aspergillus parasiticus deficient in
secondary metabolite production. Mycol Res 1994, 98:645-652.

16. Kale SP, Cary JW, Bhatnagar D, Bennett JW: Characterization of
experimentally induced, nonaflatoxigenic variant strains of
Aspergillus parasiticus. Appl Environ Microbiol 1996,
62:3399-3404.

17. Adams TH, Wieser JK, Yu J-H: Asexual sporulation in Aspergillus
• nidulans. Microbiol Mol Biol Rev 1998, 62:35-54.
This review describes most aspects of asexual sporulation in A. nidulans.
Broadly, morphogenesis and sporulation, physiological requirements for
conidiation, and genetic control of sporulation are described. 

18. Axelrod DE, Gealt M, Pastushok M: Gene control of developmental
competence in Aspergillus nidulans. Dev Biol 1973, 34:9-15.

19. Champe SP, Kurtz MB, Yager LN, Butnick NJ, Axelrod DE:
Spore formation in Aspergillus nidulans: competence and other
developmental processes. In The Fungal Spore: Morphogenetic
Controls. Edited by Turian G, Hohl HR. New York: Academic Press;
1981:63-91.

20. Yu J-H, Wieser J, Adams TH: The Aspergillus FlbA RGS domain
protein antagonizes G-protein signaling to block proliferation and
allow development. EMBO J 1996, 15:5184-5190.

21. Yu J-H, Rosén S, Adams TH: Extragenic suppressors of loss-of-
function mutations in the Aspergillus FlbA RGS domain protein.
Genetics 1998, in press.

22. Lee BN, Adams TH: Overexpression of flbA, an early regulator of
Aspergillus asexual sporulation leads to activation of brlA and
premature initiation of development. Mol Microbiol 1994,
14:323-334.

23. Druey KM, Blumer KJ, Kang VH, Kehrl JH: Inhibition of G-protein
mediated MAP kinase activation by a new mammalian gene
family. Nature 1996, 379:742-746.

24. DeVries L, Mousli M, Wurmser A, Farquar MG: GAIP, a protein that
specifically interacts with the trimeric G protein Gai3, is a member
of a protein family with a highly conserved core domain. Proc Natl
Acad Sci USA 1995, 92:11926-11920.

25. Koelle MR, Horvitz RH: Egl10 regulates G-protein signalling in
C. elegans nervous system and shares a conserved domain with
many mammalian genes. Cell 1996, 84:115-125.

26. Berman DM, Wilkie TM, Gilman AG: GAIP and RGS4 are GTPase
activating proteins (GAPs) for the Gi subfamily of G protein a
subunits. Cell 1996, 86:445-452.

27. Lee BN, Adams TH: The Aspergillus nidulans fluG gene is required
for production of an extracellular developmental signal. Genes
Dev 1994, 8:641-651.

28. Lee BN, Adams TH: fluG and flbA function interdependently to
initiate conidiophore development in Aspergillus nidulans through
brlAb activation. EMBO J 1996, 15:299-309.

29. Wieser J, Lee BN, Fondon JW, Adams TH: Genetic requirements for
initiating asexual development in Aspergillus nidulans. Curr
Genetics 1994, 27:62-69.

30. Wieser J, Adams TH: flbD encodes a myb-like DNA binding protein
that controls initiation of Aspergillus nidulans conidiophore
development. Genes Dev 1995, 9:491-502.

31. Adams TH, Boylan MT, Timberlake WE: brlA is necessary and
sufficient to direct conidiophore development in
Aspergillus nidulans. Cell 1988, 54:353-362.

32. Brown DW, Yu J-H, Kelkar HS, Fernandes M, Nesbitt TC, Keller NP,
Adams TH, Leonard TJ: Twenty-five coregulated transcripts define
a sterigmatocystin gene cluster in Aspergillus nidulans. Proc Natl
Acad Sci USA 1996, 93:1418-1422.

33. Brown DW, Adams TH, Keller NP: Aspergillus has distinct fatty acid
synthases for primary and secondary metabolism. Proc Natl Acad
Sci USA 1996, 93:14873-14877.

34. Yu J-H, Butchko RAE, Fernandes M, Keller NP, Leonard TJ, Adams TH:
Conservation of structure and function of the aflatoxin regulatory
gene aflR from Aspergillus nidulans and A. flavus. Curr Genet
1996, 29:549-555.

35. Fernandes M, Keller NP, Adams TH: Sequence-specific binding by
• Aspergillus nidulans AflR, a C6 zinc cluster protein regulating

mycotoxin biosynthesis. Mol Microbiol 1998, 28:1355-1365. 
This manuscript presents evidence that A. nidulans AflR (AnAflR) is a 45 kDa
protein that binds to the palindromic sequence 5′-TCG(N5)CGA-3′ found in
the promoter regions of several aflatoxin and sterigmatocystin cluster genes.
The in vivo relevance of AnAflR binding site was assessed and described.

36. Hicks JK, Yu J-H, Keller NP, Adams TH: Aspergillus sporulation and
•• mycotoxin production both require inactivation of the FadA Ga

protein- dependent signaling pathway. EMBO J 1997,
16:4916-4923.

Results shown in this report support a model in which both asexual sporula-
tion and sterigmatocystin production require inactivation of proliferative
growth through inhibition of FadA-dependent signaling. Moreover, it was
shown that this regulatory mechanism is conserved in aflatoxin-producing
fungi and could therefore provide a means of controlling aflatoxin contami-
nation. 

37. Wieser J, Yu J-H, Adams TH: Dominant mutations affecting both
sporulation and sterigmatocystin biosynthesis in Aspergillus
nidulans. Curr Genet 1997, 32:218-224.

38. Adams TH, Timberlake WE: Developmental repression of growth
and gene expression in Aspergillus. Proc Natl Acad Sci USA 1990,
87:5405-5409.


	Coordinate control of secondary metabolite production and asexual sporulation in Aspergillus nidulans
	Introduction  
	Controlled initiation of asexual sporulation
	Coordination of ST production with growth control and sporulation
	Conclusions
	References and recommended reading

	Figures
	Figure 1


