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ns; Zn(II)2cys6 binuclear cluster DNA binding motif.

The aflatoxin biosynthetic pathway represents one of the
est studied pathways of fungal secondary metabolism. Its
lucidation is the result of over 30 years of study by
cientists in many disciplines. For recent reviews on the
hemistry of the pathway see articles by Bhatnagar et al.
1992) Minto and Townsend (1997), and Woloshuk and
rieto (1997). Concern over the toxicity and carcinogenic-

ty of aflatoxin has been the prime force driving research in
his area. Aflatoxin B1 (AFB1) is the most potent naturally
ccurring carcinogen known (Squire, 1989), and epidemio-
ogical data implicate aflatoxin as a component of liver
ancer in humans in certain parts of the world (Hall and
ild, 1994). Although aflatoxins are not extremely toxic,

onsumption of aflatoxin contaminated food by animals can
ead to decreased weight gain, hemorrhaging, and suppression
f the immune system (Miller and Wilson, 1994).

Aflatoxins are produced by four species of Aspergillus:
. flavus, A. parasiticus, A. nomius, and A. tamarii (Payne,
998; Kurtzman et al., 1986; Goto et al., 1996). From an
gricultural standpoint, the two most significant fungi are

1 To whom correspondence and reprint requests should be addressed.

pax: (919) 515-7716. E-mail: gary_payne@ncsu.edu.
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. flavus and A. parasiticus. These two fungi have only
imited parasitic abilities, yet they can successfully colonize
nd produce aflatoxin in developing host tissue in the field.
. flavus is the more aggressive and by far the more
redominant of the two species on corn, peanuts, cotton-
eed, and tree nuts (Payne, 1992, 1998). Although aflatoxin
ontamination can be a problem in storage, preharvest
ontamination is the major concern.

Certainly one goal for studying aflatoxin biosynthesis is
o obtain information needed to devise novel control
trategies to prevent aflatoxin contamination of food.
ortunately, these studies also have led to a better under-

tanding of fungal secondary metabolism. The well-
haracterized biosynthetic scheme for aflatoxin biosynthe-
is (Fig. 1) and genetically characterized strains of the
ungus have been important tools for understanding the

olecular biology of the pathway. Recent studies with A.
idulans have aided our understanding of aflatoxin biosyn-
hesis and the link between secondary metabolism and
evelopment. A. nidulans does not produce aflatoxin, but it and
everal other fungal species produce the penultimate com-
ound, sterigmatocystin (Cole and Cox, 1981; Barnes et al.,
994). Current evidence shows that the sterigmatocystin path-
ay (ST) in A. nidulans and the aflatoxin pathway (AF) share a
ommon biosynthetic scheme (Brown et al., 1996a; Keller and
ohn, 1997). Studies on both of these pathways have allowed

s to elucidate the complexity of the biosynthesis of these
elated polyketides. Therefore, the term AF/ST will be
sed to represent our knowledge of both these pathways.
The object of this review is to cover recent data on the

enetics and molecular biology of AF/ST biosynthesis. To

ut the research in perspective, however, the review also
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Review of Aflatoxin Biosynthesis 83
ill cover some of the early studies on the genetics of A.
lavus and A. parasiticus. Studies with these species
rovided the first information on the pathway, and they

ikely will become more important as we begin to under-
tand the fine regulation of aflatoxin biosynthesis. Al-
hough A. nidulans provides a powerful genetic system to
tudy the AF/ST pathway, there is some evidence that the
wo pathways may be regulated differently (Feng and
eonard, 1998). Fine details on the regulation of aflatoxin
iosynthesis and its possible role in the ecology of A. flavus
nd A. parasiticus will require molecular and classical
enetic analysis of these fungi.

. MAPPING OF THE AFLATOXIN
LUSTER

. Classical Genetic Analysis

Aspergillus flavus and A. parasiticus are anamorphic
ungi with no known sexual stage. This, along with the
resence of multinucleate conidia, has hampered genetic
nalyses within these fungi. Despite these drawbacks,
ignificant information has been derived from genetic
nalyses of these organisms. Both A. flavus (Papa, 1973)
nd A. parasiticus (Papa, 1978; Bennett et al., 1980a) have
well characterized parasexual cycle, and a prodigious

mount of research has led to the mapping of several genes
n these fungi (for reviews see Bennett and Papa, 1988;
eller et al., 1992a). Bennett and Papa (1988) defined

hree types of mutants in A. parasiticus: (1) anthraquinone-
ccumulating mutants blocked in the aflatoxin pathway; (2)
pore color and auxotrophic mutants used as markers in
lucidating the parasexual cycle and generating linkage
aps; and (3) two classes of morphological mutants named

an and fluff with either attenuated or complete loss of
flatoxin biosynthesis. The latter class of mutants will be
iscussed later in the section on regulation. Probably the
ost important contribution of the A. parasiticus genetic

tudies was the development of the anthraquinone-
ccumulating mutants. Mutants in A. parasiticus that

IG. 1. Proposed biosynthetic pathway for aflatoxin B1 and B2. Inter
HAVN), averufanin (AVNN), averufin (AVF), versiconal hemiacetal aceta
he aflatoxin B1 (AFB1) pathway includes demethylsterigmatocystin
flatoxin B2 (AFB2) branch includes demethyldihydrosterigmatocystin (D

nd dihydro-O-methylsterigmatocystin (DHOMST).
ccumulate norsolorinic acid (NA), averantin (AVN), aver-
fin (AVF), hydroxyversicolorone (HVN), and versicolorin

(VERA) have been used in elucidating steps in the
flatoxin biosynthetic pathway (Bennett and Christensen,
983; Bennett and Papa, 1988; Bennett et al., 1980b;
hatnager et al., 1992; Billington and Hsieh, 1989; Steyn,
980; Townsend et al., 1988). Further, two of these
utants, nor-1 and ver-1, were used to clone aflatoxin

iosynthetic genes by genetic complementation (Chang et
l., 1992; Skory et al., 1992).

The formal genetics of A. flavus is more developed than
hat of A. parasiticus and over 36 genes have been mapped
o eight linkage groups. Papa (1976) generated 23 strains
ith auxotrophic and conidial color mutations and 23
onallelic aflatoxin biosynthesis variants (Papa, 1979, 1984).
en aflatoxin nonproducing mutations map to linkage
roup (LG) VII: afl-1, afl-15, afl-16, afl-17, afl-19, afl-20/afl-
2, afl-21, afl-25, nor-1, and aflR(afl-2) (Papa, 1984). Two
enes, aflR (Payne et al., 1993; Woloshuk et al., 1994) and
or-1 were isolated from A. flavus by genetic complemen-
ation of the respective mutants. Two other mutations,
fl-4 and aflB2 map to LG II and VIII, respectively. All of
he mutations reported by Papa are recessive except for
fl-1 (Papa, 1980). Woloshuk et al. (1995) characterized
his mutation in strain 649 as a deletion of over 120 kb,
ncluding the AF cluster, and proposed a trans-sensing

echanism for the dominant nature of this mutation.
lthough parasexual analysis is laborious, it has been an

mportant method for characterizing mutants of A. flavus
nd is still being used to determine gene action (Woloshuk
t al., 1995) and to move selectable markers among strains
Payne et al., 1993).

Because A. nidulans has a well-developed classical and
olecular genetics system, Wunch and Bennett (1992)

roposed that A. nidulans may be a useful model system to
tudy the biosynthesis of aflatoxin. Based on findings of
ajjar et al. (1989), who showed that the Glasglow strain of
. nidulans produced ST, Wunch and Bennett (1992)
utagenized A. nidulans and looked for anthraquinone-

ccumulating mutants. They were able to isolate an
verufin-accumulating strain, KW38, which produced no

es include: norsolorinic acid (NA), averantin (AVN), 58hydroxyaverantin
A), versiconal (VAL), versicolorin B (VERB), and versicolorin A (VERA).
), sterigmatocystin (ST), and O-methylsterigmatocystin (OMST). The

ST), dihydrosterigmatocystin (DHST), dihydrosterigmatocystin (DHST),
mediat
te (VH

(DMST
MDH
Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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etectable levels of ST. Averufin (AVF) production by this
train was found to be comparable to, but less than that of
n AVF-accumulating strain of A. parasiticus. The use of A.
idulans developmental mutants to study aflatoxin biosyn-
hesis will be discussed later.

. Pulsed-Field Gel Electrophoresis of the
hromosomes with the Aflatoxin Pathway
enes

Electrophoretic karyotypes have been established for
oth A. flavus and A. parasiticus (Foutz et al., 1995; Keller

IG. 2. Diagram of karyotypes of two A. flavus strains comparing chro
inkage group makers (Bold) and unmapped genes (underlined) is present
ata from strain SRRC 285 is modified from Keller et al. (1992). The unm
he A. flavus benA, and adh1 genes, the A. parasiticus trpC, niaD, and p
pecific markers for A. flavus include thi1, arg2, lys4, pdx6, arg7, leu7, an

sed and were previously mapped to linkage group VII.

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
t al., 1992b). Keller et al. (1992b) were able to resolve 5–8
hromosomes in A. flavus and 5–7 chromosomes in A.
arasiticus. With the exception of small chromosomes in
ome isolates, the chromosomes of the two fungi ranged in
ize from 3.0 to approximately 7.0 Mb. The respective sizes
f the chromosomes separated from A. flavus strain SRRC
85 were 7.0, 6.5, 5.0, 4.8, 4.3, 4.0, 3.1, and ,1.5 Mb (Fig.
). These sizes are very similar to those found by Foutz
t al. (1995) for A. flavus strain 656-2 (Fig. 2). Both Keller
t al. (1992b) and Foutz et al. (1995) assigned genetic
arkers to chromosomes in Aspergillus species. Keller et

l. (1992b) assigned markers to five chromosomes each in

e sizes determined by CHEF separation. The chromosomal location of
data for strain NRRL 3357 is modified from Foutz et al. (1995), while the
enes used for localization include the A. nidulans argB and rDNA genes,
nes, and the Cochliobolus heterostrohus GPD1 gene. The linkage group
The aflatoxin biosynthetic cluster-specific nor-1 and aflR genes were also
mosom
ed. The
apped g
yrG ge
d his8.
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. flavus and A. parasiticus. Foutz et al. (1995) used
inkage group-specific probes to assign six linkage groups
o five chromosomes in A. flavus. The aflatoxin biosynthe-
ic genes, nor-1 and aflR, hybridized to the 4.9 Mb
hromosome along with two LG VII markers identified by
. E. Papa. Thus, aflatoxin biosynthetic genes in A. flavus

eside on a 4.9-Mb chromosome and are clustered within
G VII. The 7.0-Mb chromosome of A. flavus hybridizes
ith genes mapped to both LG IV and LG VIII, suggesting

hat the 7.0-Mb band is composed of two chromosomes.
ssuming that the 7.0-Mb band is two chromosomes, the
stimated genome size for A. flavus is 36 Mb (Foutz et al.,
995; Keller et al., 1992b).

I. MOLECULAR ELUCIDATION
F THE AFLATOXIN PATHWAY

. Cloning Strategies

A variety of cloning strategies was employed to identify
nd clone genes from the AF/ST pathways. These include:
enetic complementation, DNA sequence homology, re-

ABLE 1

spergillus sp. Strains Blocked in Aflatoxin/Sterigmatocystin Biosynthesis

spergillus
species Strain

Metabolit
accumulate

A.p. ATCC 24690 NA
B62 (niaD) NA

A.f. ATCC 60041 NA
A.p. ATCC 56774 AVN

NIAH-204 AVN
A.p. ATCC 24551 AVF
A.n. KW38 AVF
A.p. ATCC 36537 VERA

CS10 (pyrG) VERA
NIAH-9 VERA

A.p. WE-47 HVN
A.p. SRRC 2043 OMST
A.f. SRRC 141 AFB2
A.f. FGSC A1010 None

649 None
A.p. LY3–4 None

UVM8 None
NIAH-26 None
NIAH-1 None

Note. Aspergillus species include A. parasiticus (A.p); A. flavus (A.f.)
iosynthetic cluster and is estimated to be greater than 120 kb. The dele

everal cluster genes.
erse genetics, and physical and transcript mapping. Other
enes not described in this section were obtained by a
ombination of these strategies. The cloning of genes
atalyzing 12 enzymatic conversions required for AF
iosynthesis has provided insights into the chemistry of this
omplex pathway and made this one of the best character-
zed secondary metabolic pathways.

1. Genetic complementation. The first two genes
haracterized from the pathway were identified by genetic
omplementation of well-characterized A. parasiticus mu-
ants blocked in aflatoxin production (Table 1). The nor-1
ene (Chang et al., 1992) was identified by complementa-
ion of the norsolorinic acid (NA) accumulating A. parasiti-
us mutant B62 (Table 1). The ver-1 gene (Skory et al.,
992) was likewise identified by complementation of the
ERA accumulating strain CS10. The roles of these genes

n AF biosynthesis were subsequently confirmed by recom-
inational inactivation (nor-1, Trail et al., 1994; ver-1,
iang and Linz, 1994).
Genetic complementation of the loss of function muta-

ion in A. flavus strain 650-33 led to the identification of
he pathway-specific transcriptional regulator for the AF
iosynthetic pathway (Payne et al., 1993; Woloshuk et al.,

Gene mutated Reference

nor-1 Watanabe et al., 1996
nor-1 Chang et al., 1992

Papa, 1982
avnA Yu et al., 1997

Yabe et al., 1988
avf-1 Bhatnagar et al., 1992

Wunch et al., 1992
ver-1 Skory et al., 1992
ver-1 Skory et al., 1992

Yabe et al., 1988
hvn-1 Townsend et al., 1988
ord-1 Bhatnagar et al., 1992
stcL? Papa, 1977
aflR Flaherty and Payne, 1997
Deletion Papa, 1980
Deletion Yu and Leonard, 1995
fas-1A, nor-1 Mahanti et al., 1996

Yabe et al., 1988
Yabe et al., 1988

. nidulans (A.n.). The deletion in strain 649 encompasses the aflatoxin
strain LY3–4 is estimated to be approximately 55 kb in size and include
e
d

; and A
tion in
Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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994). Chang et al. (1993) cloned a gene from A. parasiti-
us, apa-2, that when transformed into A. parasiticus toxin
roducing strains resulted in overproduction of pathway

ntermediates. This gene is 95% identical to the afl-2 gene
Chang et al., 1993) and complements the afl-2 mutation in
train 650-33 (Woloshuk et al., 1994). This led to the
enaming of these two genes to aflR, to reflect the
egulatory nature of these two functional homologues.

hen a similar gene was cloned from the A. nidulans ST
luster, it too retained the aflR designation (Yu et al., 1996).

The availability of an A. flavus strain with an AF cluster
eletion led to a novel strategy for identifying and cloning
athway genes using genetic complementation. Strain 649
ontains such a deletion, and transformation of this strain
ith the overlapping cosmids 5E6, 8B9 or 20B11, and
3B9 restores AF production (Prieto et al., 1996). Transfor-
ants of strain 649 containing cosmids 5E6 and 20B11

ccumulated AVNN, while transformants containing cos-
ids 5E6 and 8B9 accumulated AVF. In this way, the avf-1

ene required for the conversion of AVF to VHA was
ocalized to the 13B9 cosmid. The avf-1 gene was subse-
uently subcloned to a 7-kb fragment of the 13B9 cosmid.
his work, in conjunction with the characterization of vbs

Silva et al., 1996a), expanded the predicted size of the AF
luster to greater than 75-kb. Transformants of 649 contain-
ng the 8B9 cosmid are capable of converting OMST to AF,
ndicating that the oxidoreductase gene required for this
onversion was localized to the 8B9 cosmid. The ord-1
ene was subsequently subcloned to a 3.3-kb 8B9 fragment
Prieto et al., 1996) and characterized as a novel P-450
onooxygenase (Prieto et al., 1997).
2. Sequence homology. Several genes in the pathway

ave been cloned from cDNA or genomic DNA libraries
sing probes based on conserved regions of the candidate
enes. The verA gene from A. nidulans was cloned from a
enomic cosmid library in this manner, using as a probe
NA from the ver-1 gene of A. parasiticus (Keller et al.,

994). The verA gene was subsequently renamed stcU
pon its localization within the ST cluster (Brown et al.,
996b). The pksL1 gene from A. parasiticus was identified
sing primers for conserved regions of the ACP and KS
omains of polyketide synthases (Feng and Leonard,
995). The gene was identified from a group of 19 clones
hat were positively correlated with aflatoxin biosynthesis
y differential screening (Feng et al., 1992). A similar
echnique was also used to clone the stcJ and stcK FAS
ubunits from A. nidulans (Brown et al., 1996b).

3. Reverse genetics. The omtA and vbs genes from A.

arasiticus were cloned by reverse genetics. Polyclonal r

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
ntibodies made to the O-methyl transferase enzyme were
sed to isolate the omtA gene from a cDNA expression

ibrary constructed from RNA isolated from aflatoxin
roducing mycelium (Yu et al., 1993). The vbs gene was
loned using probes made from nondegenerate primers
erived from amino acid sequence obtained from peptide
ragments of the purified enzyme (Silva et al., 1996a). At
east two other pathway enzymes have been purified to
omogeneity, the NA reductase (nor-1; Bhatnagar and
leveland, 1990; Chuturgoon and Dutton, 1991), and two

ersiconal hemiacetal acetate (VHA) reductase genes (Mat-
ushima et al., 1994). The successful cloning of omtA and
bs using strategies based on enzyme purification, suggests
hat a similar approach for identifying the VHA reductase
enes should be successful. It should be noted however,
hat Brown et al. (1996a) proposed stcI as the pathway
HA reductase gene based on the presence of esterase
otifs in the predicted gene product. Gene disruption

xperiments on this gene are ongoing.
4. Physical and transcript mapping. Once the AF

nd ST pathways were localized to gene clusters (Payne et
l., 1995; Brown et al., 1996a), a new strategy for cloning
as developed. Regions adjacent to known pathway genes
ere sequenced and transcriptionally mapped. Putative
pen reading frames were characterized as to gene func-
ion based on the analysis of the predicted primary amino
cid sequence. These regions were disrupted, and the
dentification of accumulating metabolites determined. In
his manner pksA, fas-1A, avnA, and aflJ were confirmed
o be essential for AF biosynthesis and stcA, stcL, stcS, and
tcP for ST production in A. nidulans. This strategy was
reatly aided by the physical and transcriptional mapping
f the AF and ST clusters (Trail et al., 1995a,b; Yu et al.,
995; and Brown et al., 1996a).

. Aflatoxin Biosynthetic Pathway

It is estimated that at least 19 gene products are
equired for aflatoxin biosynthesis. Since 1992, 17 genes
atalyzing 12 enzymatic steps in the pathway have been
loned and characterized. Additionally, the aflR and aflJ
enes are known to be required. Each of these genes and
he conversions they catalyze are reviewed.

1. Acetate to noranthrone (Fig. 1 (I, II)). Fatty acid
ynthases (FASs) and polyketide synthases (PKSs) are
nzymes that contain similar catalytic domains catalyzing
ondensation reactions, but produce structurally dissimilar
olecules. Both have been demonstrated to be involved in
F/ST biosynthesis in Aspergillus species. FASs incorpo-
ate acetate starter units with malonate extender units by
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uccessive decarboxylative Claisen condensation reactions
Watanabe et al., 1996). The b-keto group formed is fully
educed to an alkyl group by keto reduction, dehydration,
nd enoyl reduction prior to subsequent condensation
eactions. All fungal FASs characterized to date contain an
-subunit with acyl carrier protein (ACP), keto reductase

KR), and ketosynthase (KS) domains, and a b-subunit
ith acetyltransferase (AT), enoyl reductase (ER), dehydra-

ase (DH), and malonyl/palmityl transferase (MPT) do-
ains (Fig. 3A). Polyketide synthases (PKSs) can use

rimers other than acetate and can catalyze extensions
ith malonate and a variety of a-alkylated derivatives. All

ungal PKSs contain the KS, AT, and ACP domains
equired for polyketide chain extension (Fig. 3B). How-
ver, only PKS1 from Cochliobolus heterostrophus con-
ains all the domains required for complete processing of
-carbons (Fig. 3B) (Yang et al., 1996). Incomplete process-

ng of b-carbons contributes to the complexity and diver-
ity of fungal polyketides.

(a) Acetate to hexanoic acid: fatty acid synthase (Fig. 1
I)). The first stable intermediate in the biosynthesis of the
olyketide aflatoxin is the decaketide norsolorinic acid
NA) (Dutton, 1988). Norsolorinic acid was originally
hought to be produced by reiterative condensation of an
cetyl CoA starter unit and nine malonyl-CoA extender
nits catalyzed by a polyketide synthase (PKS) via 10
ondensation and two reduction cycles (Bhatnagar et al.,
992). This hypothesis visualized the aflatoxin PKS as
nalogous to an FAS and may have been influenced by the
nowledge that some fungal polyketide synthases, such as
he 6-methylsalicylic acid synthase required for the biosyn-
hesis of the antibiotic tetraketide patulin by Penicillium
atulum (Beck et al., 1990), catalyze all the initial reactions

n the biosynthetic pathway. Since all fungal PKSs charac-
erized to date are type I multifunctional enzymes, conser-
ation of the previously described polyketide biosynthetic
cheme was hypothesized. However, Townsend et al.
1984) identified an aliphatic moiety adjacent to a keto
roup in the tail of NA (Fig. 4) and proposed the
roduction of a 6-carbon hexanoyl-CoA starter unit by an
AS. This starter unit would theoretically be extended by a
KS to generate the decaketide noranthrone (Fig. 4). This
ypothesis is supported by the observation that exog-
nously supplied labeled C6 hexanoic acid can be incorpo-
ated intact into pathway intermediates (Brobst and
ownsend, 1994).
Further evidence for the role of a novel short-chained

atty acid starter unit in aflatoxin biosynthesis came from

he work of Mahanti et al. (1996). These workers were able
IG. 3. Organization of fungal fatty acid synthase (FAS) and polyketide
PKS) genes. (A) The colinear order of domains comprising the FAS a

nd b subunits found conserved in all characterized filamentous fungi.
hese domains include: acyl carrier protein (ACP), keto reductase (KR),
eto synthase (KS), acetyltransferase (AT), enoyl reductase (ER), dehy-
ratase (DH), and malonyl/palmityl transferases (MT/PT). (B) The order
f domains in fungal PKS genes. The top diagram represents a theoretical
KS containing all described PKS domains, including the thioesterase

TE) domain. The remaining diagrams represent the order of domains for
ublished PKSs. Polyketide chain extension requires the KS, AT, and
CP domains, while complete processing of b-carbons requires the DH,
Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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o demonstrate the requirement for a putative FAS in
flatoxin biosynthesis at a point prior to the synthesis of
A. The putative FAS b-subunit, fas-1A, was cloned and

hown to restore NA biosynthesis in Aspergillus parasiticus
train UVM8, which is blocked in both fas-1A and nor-1
unction. Further, gene disruption of fas-1A in the NA
ccumulating strain B62, resulted in loss of NA biosynthe-
is. Two extensive regions of fas-1A demonstrated signifi-
ant levels of predicted amino acid sequence similarity to
he enoyl reductase and the malonyl/palmityl transferase
omains of the FAS b-subunit encoded by FAS1 of
accharomyces cerevisiae (Mahanti et al., 1996). The
as-1A gene had previously been shown to reside in the
flatoxin biosynthesis cluster (Yu et al., 1995), and encode a
.5-kb transcript (Trail et al., 1995b).
Biochemical evidence for the physical association of

ype I FAS and PKS in the biosynthesis of aflatoxin was
rovided by Watanabe et al. (1996) who demonstrated that
he N-acetylcysteamine thioester of hexanoic acid could be
ncorporated into NA biosynthesis in fas-1 disruptants. The
ow rate of incorporation was suggested to be due to
nefficient transfer of the hexanoate starter unit from the

utated FAS to the functional PKS.
The role of an FAS in ST biosynthesis was confirmed by

rown et al. (1996b) who demonstrated the presence of
wo distinctive FAS complexes in A. nidulans, one for
rimary fatty acid metabolism and another required for
etabolism of the secondary polyketide ST. Four genes
ere identified by PCR amplification of conserved FAS a

nd b subunit domains, and subsequent screening of an A.
idulans cosmid library. Two of these genes, stcJ and stcK,
ave been shown to reside in the ST cluster and encode
olypeptides with homologies to fatty acid synthases (Brown
t al., 1996a). Transcripts for these two genes have been
hown to be induced under ST producing conditions and
ollow the ST biosynthetic profile (Brown et al., 1996a).

isruption of stcJ or stcK results in morphologically
ormal strains capable of growth without the addition of

IG. 4. Biosynthesis of the first stable intermediate in the aflatoxin path
iosynthesis of the hexanoyl starter unit, which is then extended with m
roposed via oxidation either by a putative noranthrone oxidase or by a no
ong chain fatty acids, but deficient in ST biosynthesis. 3

opyright r 1999 by Academic Press
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iosynthesis of ST is restored in these strains by the
ddition of hexanoic acid, although at a 20-fold reduction
n quantity. Disruption of the fasA or fasB genes results in
trains requiring the addition of long chain fatty acids for
rowth. When grown under permissive conditions, these
trains are capable of ST production. The incorporation of
cetate into NA in Aspergillus species utilizes a novel
iosynthetic pathway whereby an FAS derived short chain
atty acid primes a Type I multienzyme PKS. This may not,
owever, be unique as a FAS with significant identities to
AS1 is required for production of HC toxin by Cochliobo-

us carbonum (Ahn and Walton, 1997; Nikolskaya et al.,
995).
(b) Hexanyl CoA to noranthrone: Polyketide synthase

Fig. 1 (II)). In type I PKSs, the condensation reaction is
atalyzed by a single multienzyme polypeptide. The first
ungal PKS described was 6-MSAS, which catalyzes the
iosynthesis of 6-methylsalicylic acid from one acetyl CoA
nd three malonyl CoAs in Penicillium patulum (Beck et
l., 1990). The next PKS characterized was the wA gene
rom A. nidulans that is required for synthesis of an
ncharacterized green pigment present in the walls of
ature conidia (Mayorga and Timberlake, 1992). The wA

ene contains conserved motifs for b-ketoacyl synthase
KS), acyltransferase (AT), and acyl carrier protein (ACP)
Fig. 3B). Unlike the previously characterized MSASs from
enicillium species, wA does not contain a b-ketoacyl
eductase (KR) domain, suggesting that the starter unit for
onidial pigment biosynthesis is extended by wA without
urther ketoreduction to generate the naphthapyranone
arasperone A (Brown et al., 1993). This biosynthetic
cheme is similar to that proposed for aflatoxin, and the
irst stable intermediates in these two polyketide pathways
re chemically similar (Brown et al., 1993). Such observa-
ions have led to speculation of a common ancestral
olyketide pathway between aflatoxin and the green co-
idial pigments of Aspergilli. The wA gene also contains
wo ACP motifs, but the significance of this is unclear (Fig.

rsolorinic acid (NA). It has been demonstrated that an FAS is required for
units by a PKS to produce noranthrone. Biosynthesis of NA has been
atic process.
way, no
alonlyl

nenzym
B). The expression of wA has some interesting features.
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irst, the gene is under very strict developmental control,
ost directly by the wetA regulatory gene (Marshall and
imberlake, 1991). Second, wA is proposed to be ex-
ressed within the phialide cells, and the pigment interme-
iate is proposed to be secreted into the nascent conidial
all (Mayorga and Timberlake, 1992). These observations
re intriguing, because it has been proposed that interme-
iates in the aflatoxin pathway may be produced both in
he cytosol and in organelles (Miller et al., 1996), as has
een demonstrated for penicillin biosynthesis in Penicil-

ium chrysogenum (Muller et al., 1991; Lendenfeld et al.,
993). This would require an organized movement of
recursors, perhaps in a similar fashion to the movement of
onidial pigment precursors from phialide cells to conidia.
he first isolated PKS associated with aflatoxin biosynthe-

is, pksA, was identified by physical mapping and con-
irmed by gene disruption in A. parasiticus (Chang et al.,
995b). This gene contains conserved KS, AT, and ACP
omains. The green pigmented, nontoxigenic transfor-
ants containing disrupted copies of pksA, produced no

flatoxin intermediates, but were capable of converting
xogenously supplied NA to aflatoxin. The pksA gene is
ocalized to the 58-terminal region of the identified afla-
oxin biosynthetic cluster and is adjacent to nor-1 (Yu et al.,
995). Feng and Leonard (1995) isolated a PKS from A.
arasiticus by sequence homology, and gene disruption of
he gene pksL1 resulted in transformants, which did not
roduce any aflatoxin intermediates. In contrast to pksA,
he primary sequence of the putative pksL1 polypeptide
evealed four conserved domains; KS, AT, ACP, and TE.
he expression pattern of the 6.6-kb pksL1 transcript was
onsistent with aflatoxin biosynthesis. Further, this tran-
cript was undetected in tissue grown under aflatoxin
onconducive temperature and media conditions. Yu and
eonard (1995) isolated a PKS from A. nidulans by
hysical and transcript mapping, and a 7.2-kb transcript
as identified for the pks ST gene. This gene contains

equential motifs for KS, AT, two ACPs, and TE. The pks
T gene was subsequently renamed stcA upon its localiza-
ion within the ST cluster (Brown et al., 1996b). The
resence of two ACP domains in wA and pksA suggests a
ommon ancestor for the PKSs from A. nidulans. It would
e intriguing to determine if these duplicate copies of ACP
re both functional, and if so, if they provide this enzyme
reater tolerance to the ACP-specific inhibitor cerulenin
Ohno et al., 1975).

2. Noranthrone to norsolorinic acid (NA): Noran-
hrone oxidase (Fig. 1. (III)). Vederas et al. (1980)

roposed the oxidation of noranthrone to NA by a putative
oranthrone oxidase (Fig. 4). No noranthrone oxidase has
een reported from A. flavus, A. parasiticus, or A. nidu-

ans. However, the stcC gene in the sequenced A. nidulans
T cluster contains motifs consistent with oxidase activity
nd shares 29% identity with a chloroperoxidase from
aldariomyces fumago, including conservation of a heme
inding site (Brown et al., 1996a). Bhatnagar et al. (1992)
roposed that a monooxygenase would be required to
xidize noranthrone to NA. Four P-450 monooxygenases
nd a putative FAD monooxygenase have been reported
rom the A. nidulans ST cluster. Of these monooxygenases,
nly stcB and stcW have not been placed in the pathway.
3. Alternate pathways of NA to averantin: Reduc-

ase nor-1 and norA (Fig. 1 (IV)). Norsolorinic acid is
right orange, therefore, mutants blocked in the conver-
ion of NA are readily identifiable. NA-accumulating
utants have been identified in both A. flavus (Papa, 1979,

982; Payne et al., 1993) and in A. parasiticus (Detroy et
l., 1973; Bennett, 1979). These mutants are not com-
letely blocked in aflatoxin biosynthesis, but in all cases
roduce less aflatoxin than wild-type strains. The lack of a
omplete block in aflatoxin biosynthesis in NA-accumulat-
ng mutants suggests that there may be more than one
nzyme involved in the conversion of NA.

Yabe et al. (1991) identified three enzymatic steps
nvolved in the conversion of NA to the pathway intermedi-
te AVF: (1) a dehydrogenase catalyzed step converting
A to AVN; (2) a monooxygenase step converting AVN to
AVN; and (3) a second dehydrogenase activity converting
AVN to AVF. Chuturgoon and Dutton (1991) purified a

40-kDa dehydrogenase from cell free extracts of a VERA
ccumulating mutant of A. parasiticus capable of convert-
ng NA to AVN. Yabe et al. (1991) determined this
onversion to be reversible and that NADP(H) is the
referred nicotinamide nucleotide cofactor. A second
eductase, with a molecular mass of 40 kDa, capable of
onverting NA to AVF was purified by Bhatnagar and
leveland (1990).
Chang et al. (1992) isolated the gene that complements

he nor-1 mutation in A. parasiticus. The gene, nor-1, was
he first aflatoxin biosynthetic gene cloned. The putative
eptide encoded by this gene has a predicted molecular
ass of 29 kDa. Thus, this gene does not appear to encode

he enzymes isolated by Bhatnagar and Cleveland (1990)
r Chuturgoon and Dutton (1991). The protein encoded
y nor-1 has not been purified, but database analysis of the
redicted peptide suggests that it functions as a ketoreduc-
ase (Trail et al., 1994).
Another enzyme with NA reductase activity is NorA.
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his 43-kDa protein was purified from A. parasiticus and
hown to be capable of converting NA to AVN (Cary et al.,
996). The norA cDNA was isolated and monoclonal
ntibodies were raised against NorA. These antisera signifi-
antly inhibit the enzymatic conversion of NA to AVN, but
o not react with the 29-kDa product of nor-1. Sequence
nalysis of norA predict a putative protein of 43.7 kDa with
high degree of homology to an aryl alcohol dehydroge-

ase of Phanerochaete chrysosporium. The norA gene
esides in the AF cluster, just upstream of ver-1, and is
ocated a significant distance from nor-1. The actual
unction of this gene in aflatoxin biosynthesis is unknown.
owever, it has been suggested from these data that more

han one step is involved in the conversion of NA to AVF in
flatoxin biosynthesis (Cary et al., 1996).
4. Averantin to 58-hydroxaverantin: Monooxygen-

se avnA (Fig. 1. (V)). Bennett et al. (1980a) isolated an
verantin (AVN) accumulating mutant of A. parasiticus
nd utilized radiotracer experiments to demonstrate that
14C]averantin was incorporated into aflatoxin B1 biosynthe-
is after NA and before AVF. McCormick et al. (1987) used
imilar radiotracer experiments to place AVNN between
VN and AVF. The gene associated with the conversion of
verantin to HAVN, has been designated avnA (Yu et al.,
997). Disruption of this gene results in a loss of aflatoxin
roduction. Aflatoxin production is restored in disrupted
trains fed exogenous HAVN and AVNN, but not AVN,
ndicating that avnA is involved in the conversion of AVN
o HAVN. This gene resides in the aflatoxin cluster
djacent to omtA and was originally assigned the name
rd-1 (Yu et al., 1993). The designation ord-1 is now used
or the gene involved in the conversion of OMST to AFB1
Prieto et al., 1996). Gene avnA has high sequence
imilarity to the stcF gene from the A. nidulans ST cluster.
he predicted peptide sequence also has high homology to
ukaryotic cytochrome P-450 monooxygenases.
5. Versiconal to versicolorinB: Cyclase vbs (Fig. 1.

X)). The versicolorin B synthase catalyzes the side chain
yclodehydration of racemic VHA to optically active VERB
McGuire et al., 1996). This enzyme is responsible for
roviding the absolute stereochemistry of the bisfuran ring
orm that is present in all members of the aflatoxin family
f mycotoxins. This synthase was purified from cell-free
xtracts and peptide fragments of the enzyme were se-
uenced. The protein sequence has similarity to flavin-
ependent oxidases and dehydrogenases. Knowledge of
he protein sequence provided probes for cloning the vbs
ene from the cDNA and genomic libraries from A.

arasiticus. The gene resides within the aflatoxin gene w

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
luster (Silva et al., 1996a; Yu et al., 1995), approximately
.3 kb upstream of the omtA gene, separated from omtA by
n open reading frame encoding an additional putative
ytochrome P450 monooxygenase of unknown function.
ilva et al. (1996b) further characterized the versicolorin B
ynthase by overexpression of the enzyme in yeast and
onfirmed its role in converting VHA to VERB.
6. Versicolorin B to versicolorin A: Monooxygenase

tcL (Fig. 1. (XI)). Versicolorin B is situated at a branch
oint in aflatoxin biosynthesis. The conversion of VERB to
T leads to the production of AFB1, while the conversion
f VERB to DHST leads to the production of AFB2. The
onversion of VERB to VERA is proposed to require a
esaturation of the bisfuran ring, presumably by an oxida-
ion step (Yabe et al., 1991). The ST biosynthetic cluster
rom A. nidulans contains four genes with homology to
ytochrome P450 monooxygenases (Brown et al., 1996a).
elkar et al. (1997) disrupted a predicted P450, the stcL
ene from A. nidulans, and found that disruptants failed to
roduce ST and accumulated DHST. Disruptants fed
ERA were restored in ST production, suggesting that the
T pathway may branch at VERB, as reported for the AF
athway. Disruptants fed with NA produced only DHST,

ndicating that the block in the pathway occurs at the
onversion of VERB to VERA.
7. Versicolorin A to DMST/versicolorin B to DH-
MST (Fig. 1 (XII)). The conversion of VERA to
MST has been proposed to require oxidation, keto-

eduction, and decarboxylation steps. This is an excellent
xample of the complexity of the aflatoxin biosynthetic
athway, as at least two gene products have now been

dentified to be required for these modifications. Comple-
entation of the VERA accumulating mutation in A.

arasiticus showed that the ver-1 is required for this
onversion (Skory et al., 1992). The ver-1 gene has greatest
omology to the Streptomyces coelicolor actIII gene that
ncodes a ketoreductase required for the biosynthesis of
he polyketide actinorhodin (Hallam et al., 1988). A motif
or an adenine nucleotide binding domain was also identi-
ied for ver-1 (Skory et al., 1992). Liang et al. (1996)
roposed that ver-1 deoxygenated VERA, and that an
dditional dehydratase activity of ver-1 yielded a 6-deoxy-
ersicolorin A intermediate. Keller et al. (1994) identified
n A. nidulans ver-1 homolog, verA. Analysis of the verA
equence demonstrated close sequence similarity to A.
arasiticus ver-1 and homology to several genes encoding
ADPH-dependent reductase activities involved in

olyketide biosynthesis. When the ST biosynthetic cluster

as identified (Brown et al., 1996a), verA was renamed
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Review of Aflatoxin Biosynthesis 91
tcU. Adjacent to stcU is the gene stcS, which has sequence
omology to P-450 monooxygenases (Keller et al., 1995).
isruption of this gene also resulted in the accumulation of
ERA, confirming that both keto-reduction (stcU) and
xidation (stcS) are required for the conversion of VERA to
MST.
8. DMST to ST/DMDHST TO DHST: Methyltransfer-

se stcP (Fig. 1 (XIII)). Yabe et al. (1989) identified a
equirement for two distinct O-methyltransferase activities
n aflatoxin biosynthesis. The first methyltransferase activ-
ty was associated with the conversion of DMST and

HDMST to ST and DHST, respectively (O-methyltrans-
erase I). The second activity, presumably absent in A.
idulans, was associated with the conversion of ST to
MST and DHST to DHOMST (O-methyltransferase II)

Yabe et al., 1989). The stcP gene from the ST cluster is
redicted to be a putative O-methyltransferase (Brown et
l., 1996a). The predicted amino acid sequence of the stcP
ene product is only 30% identical to the previously
haracterized O-methyltransferase II omtA from A. para-
iticus; however, the putative S-adenosylmethionine bind-
ng site is conserved in both methyltransferases. Disrup-
ants of stcP accumulate DMST, confirming that stcP
ncodes an O-methyltransferase I (Kelkar et al., 1996).
9. ST to OMST/DHST to DHOMST: O-Methyltrans-

erase omtA (Fig. 1 (XIV)). Jeenah and Dutton (1983)
irst reported the conversion of ST to OMST in A.
arasiticus. Cleveland et al. (1987) were able to resolve a
ostmicrosomal fraction catalyzing the conversion of ST to
MST and a microsomal fraction catalyzing the conversion

f OMST to AFB1 from cell-free extracts of A. parasiticus.
hey postulated that a methyltransferase was responsible

or the ST to OMST conversion and an oxido-reductase
as responsible for the OMST to AFB1 conversion.
everal O-methyltransferases have subsequently been re-
orted to convert ST to OMST (Bhatnagar et al., 1988;
eller et al., 1993; Yabe et al., 1989). The prevailing
vidence is that the 40-kDa O-methyltransferase purified
y Keller et al. (1993) is required for these two conversions
Fig. 1 (XIV)). Antiserum prepared against the 40-kDa
ethyltransferase was used to identify a clone from a

DNA expression library for A. parasiticus (Yu et al.,
993). This clone was used to isolate the omtA gene;
owever, this gene has not been disrupted.
10. OMST to AFB1/DHOMST to AFB2: Oxidoreduc-

ase ord1 (Fig. 1 (XV)). Complementation of the AF
luster deletion in A. flavus strain 649 requires the addition
f three sequential overlapping cosmids, 5E6, 8B9, and

3B9 (Prieto et al., 1996). However, the addition of only S
he 8B9 cosmid allows this strain to convert exogenous
MST to AFB1. The oxidoreductase required for this

onversion was subcloned from the 8B9 cosmid. The
utative ord-1 peptide has homology to cytochrome P-450
onooxygenases (Prieto and Woloshuk, 1997). Expression

f the ord-1 gene in S. cerevisiae conveyed the ability to
onvert OMST to AFB1 in yeast (Prieto and Woloshuk,
997).
11. Other genes required for AF/ST biosynthesis.

he only gene product other than the preceding enzymatic
nd regulatory polypeptides known to be required for
F/ST biosynthesis is AflJ from A. flavus (Meyers et al.,
998). The aflJ gene lies adjacent to aflR, but is divergently
ranscribed from a shared 737-bp promoter region. Disrup-
ion of this gene abolishes aflatoxin production, but has no
mpact on the transcription of several pathway genes. The
ene encodes no known enzymatic or regulatory domains,
ut contains regions predicted to encode 3 membrane
panning regions. The function of the aflJ gene product is
nknown at this time.
12. Other pathway conversions. A number of clon-

ng strategies have been utilized to clone genes from the
F/ST biosynthetic pathways. Genes required for 12
nzymatic steps in AF/ST biosynthesis have been cloned
nd characterized. In addition, the regulatory gene aflR
nd the presumably nonenzymatic gene product of aflJ
ave been shown to be required for AF biosynthesis.
owever, no genes have been identified for five additional

utative conversions: anthrone to NA, HAVN to AVNN,
VNN to AVF, VHA to VAL and the predicted decarboxyl-
tion function associated with the conversion of VERA to
MST and VERB to DHDMST. Additionally, a number of

enes have been implicated in these biosynthetic pathways
ue to their sequence homology with predicted pathway
nzymatic functions and their preferential expression un-
er pathway inductive conditions. These include adh1,
dhA, and norA from A. parasiticus and A. flavus, and
tcB, stcC, stcG, stcI, stcN, stcV, and stcW from A.
idulans. Thus, it appears that in excess of 20 genes will be
equired for the conversion of acetate to AF, and the
athway-specific regulation of this pathway.

II. REGULATION OF AFLATOXIN
IOSYNTHESIS

Aflatoxin biosynthesis is inducible, and in culture its
iosynthesis is induced by simple sugars (Buchanan and

tahl, 1984). Induction likely involves a complex interac-
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ion of several factors including transcriptional regulatory
actors and physiological cues within the fungus. Transcrip-
ional regulation of the genes involved in aflatoxin biosyn-
hesis by A. flavus and A. parasiticus and sterigmatocystin
iosynthesis in A. nidulans appears to be controlled by aflR
s evidence, A. flavus mutant 650, which contains a
utated copy of aflR does not accumulate aflatoxin path-
ay intermediates and will not convert exogenously sup-
lied intermediates to aflatoxin. Transformation of this
train with a functional copy of aflR restores aflatoxin
iosynthesis and pathway gene transcription (Payne et al.,
992). Additional copies of aflR in A. parasiticus has been
hown to lead to increased aflatoxin production and
levated transcript accumulation of nor-1, ver-1, and pksA
Chang et al., 1995b). Flaherty and Payne (1997) demon-
trated that altered and elevated transcription of aflR leads
o elevated and altered transcription of the pathway genes,
s well as higher levels of aflatoxin production. Yu et al.
1996) demonstrated that the A. nidulans aflR is required
or the transcription of the sterigmatocystin pathway genes
n A. nidulans and ST production. Further, forced expres-
ion of A. flavus aflR in A. nidulans induced expression of
erA (stcU) transcript (Yu et al., 1996), indicating that the
athway regulatory gene for A. flavus is functional in A.
idulans. Finally, the expression of aflR and a 3.3-kb DNA
ragment containing the ord-1 gene in A. flavus strain 649
as sufficient to enable conversion of exogenous OMST to
F by a strain deficient in the aflatoxin biosynthetic cluster

Prieto and Woloshuk, 1997).

. Pathway-Specific Regulation

The putative 47-kDa protein encoded by aflR is a zinc
inucleate cluster DNA-binding protein (Chang et al.,
993, Woloshuk et al., 1994; Yu et al., 1996). This class of
egulatory proteins has been placed in a single protein
amily designated Zn(II)2Cys6 (Todd and Andrianopoulos,
997). This motif has been identified in more than 80
roteins and these proteins appear to be unique to fungi
Todd and Andrianopoulos, 1997). Such proteins are
nown to be involved in a diverse array of cellular
rocesses, including primary and secondary metabolism,
rug resistance, and meiotic development. The type pro-
ein for this class is the Gal4 gene from S. cereviseae.

The aflR genes of A. flavus and A. parasiticus share
reater than 95% DNA homology, and the apa-2 gene
omplements the afl-2 mutation in A. flavus strain 650-33.
n contrast, the A. nidulans aflR is only 33% identical to the
. flavus aflR. In the zinc cluster region, however, A.

idulans aflR is 71% identical to aflR in A. flavus and A. T

opyright r 1999 by Academic Press
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arasiticus, and two regions near the C-terminus also show
igh identity between the three species (Yu et al., 1996.
he A. flavus aflR is functional in A. nidulans (Yu et al.,
996).
Zn(II)2Cys6 proteins are known to have specific cogni-

ive binding sites. No AflR binding sites have been
dentified from the promoter region of AF pathway genes.
n(II)2Cys6 binding sites consists of conserved terminal

rinucleotides, usually in a symmetrical configuration,
paced by an internal variable sequence of defined length
Todd and Andrianopoulos, 1997). GAL4, for example,
inds to CGGN11CCG, while the Uay of A. nidulans binds
o CGG6XCCG (Suarez et al., 1995). Recently, Fernandez
t al. (1998) found a binding site for A. nidulans AflR in the
romoter of the stcU gene. The binding site they reported

s TCGN5CGA. By deletion analysis, we have located a
imilar sequence that is required for the regulated transcrip-
ion of the nor-1 gene in A. flavus (Brown-Jenco and
ayne, unpublished data).
Chang et al. (1995a) reported binding of AflR to a

TAGGCCTAA palindromic sequence in the promoter of
he A. parasiticus aflR. Such autoregulation has been
eported for some members of this gene family. A similar
equence to the one in A. parasiticus is present in A. flavus.
owever, such a binding site is completely absent in the

romoter of the A. nidulans aflR, indicating that either the
inding site differs in A. nidulans or there is some
egenerate binding.

. Interaction of Aflatoxin Biosynthesis
nd Development

Aflatoxin biosynthesis and fungal development appear to
hare regulatory elements or their regulatory elements
nteract with one another. Bennett and her coworkers
Bennett, 1981; Bennett and Papa, 1988; Bennett et al.,
986) observed that serial transfers of macerated myce-
ium of A. flavus or A. parasiticus led to the appearance of

orphological variants which also lacked the ability to
roduce aflatoxin. Kale et al. (1994, 1996) further exam-

ned morphological variants of A. parasiticus. They re-
eated the continuous culturing experiments of Bennett et
l. (1986) and observed morphologies, which included an
bundance of vegetative mycelia, reduced numbers of
ondiophores and conidia, and abnormal metulae. These
utants lacked transcripts for aflR, nor-1, and omtA, and

ailed to accumulate any of the pathway intermediates.
uzman-de-Pena and Ruiz-Herrera (1997) also associated

he loss of sporulation with loss of aflatoxin production.

hey demonstrated that the addition of diaminobutanone
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DAB) to cultures of A. parasiticus prior to 30 h of culture
nhibited both sporulation and AF biosynthesis. The addi-
ion of putrescine partially reversed the effect of DAB on
F biosynthesis and accumulation.
The genetics of development and sporulation in A.

idulans is much better characterized than that for the
flatoxin producing fungi. Timberlake (1990) observed
imilar morphological mutants in A. nidulans to those
escribed above by Bennett and Kale. A series of muta-
ions resulting in a similar fluffy phenotype to that previ-
usly described in A. parasiticus was recently described by
ieser et al. (1997). Recessive mutations in the genes

nown to regulate sporulation in A. nidulans, such as in
luG, flbA, flbB, flbC, flbD, and flbE result in a fluffy
henotype. However, fluffy phenotypes also accompany
ominant mutations in fadA and a dominant interfering
utation in the sporulation transcriptional regulator, brlA.
he availability of well-characterized developmental mu-

ants in A. nidulans allowed Hicks et al. (1997) to study the
nterrelationship between development and biosynthesis
f ST. Strains with mutations in the early activators of
sexual sporulation such as fluG and flbA, failed to
ccumulate ST, leading Hicks et al. (1997) to propose that
rowth, development, and ST production in A. nidulans
nd aflatoxin production in A. parasiticus is regulated by a
eterotrimeric G-protein-mediated signaling pathway. The
ypothesis they have proposed is that vegetative growth is
ediated by the Gai-protein fadA, and that sporulation

nd ST production require the partial inactivation of fadA.
n this model, fadA is proposed to be partially inactivated
y the product of flbA, which presumably interferes with
he GTPase activity of one of the heterotrimeric subunits.
owever, flbA must also have some other function as

verexpression of flbA in a fadA deletion mutant also
ctivates ST production and sporulation.

. Other Regulatory Elements

From the work of Prieto and Woloshuk (1997) it is clear
hat aflR is the only gene in the biosynthetic cluster
equired for transcriptional activation of pathway genes.
owever, evidence for additional regulatory controls was

learly established in the work of Flaherty and Payne
1997). They found constitutive expression of aflR, leading
o constitutive expression of the pathway genes, did not
hange the profile of aflatoxin accumulation. That is, after
esuspension of the aflR overexpression strain into condu-
ive media, aflatoxin first appeared after 6 h and peaked at
8 h, just as in a wild-type strain. Further, several research-

rs have detected aflR or pathway gene transcripts in t
dvance of aflatoxin biosynthesis (Feng and Leonard,
995; Liu and Chu, 1996). Thus, transcription of pathway
enes is required but not sufficient for aflatoxin biosynthe-
is, suggesting that there may be physiological conditions
ontrolling the onset of aflatoxin biosynthesis. Given the
arge number of physiological parameters previously dem-
nstrated to impact the timing and level of aflatoxin
iosynthesis (Joffe and Lisker, 1969; Bhatnagar et al.,
986a,b; Wiseman and Buchanan, 1987; Buchanan et al.,
987), these physiological controls may be quite subtle.
revious attempts to discern the physiological determi-
ants of aflatoxin biosynthesis, and their genetic controls,
ave been thwarted by the complexity of fungal responses
o changes in media composition (see Maggon et al., 1997,
nd Luchese and Harrigan, 1993, for general review of the
hysiology of aflatoxin biosynthesis). However, specific
hysiological inducers which impact aflatoxin biosynthesis
ave been identified (Payne and Brown, 1998). These

nclude simple sugars as carbon source (Wiseman and
uchanan, 1987), exogenous NADPH levels (Tyagi and
enkitasubramanian, 1981), nitrate as sole nitrogen source
Kachholz and Demain, 1983), and external pH (Maggon
t al., 1977). An additional important factor, adenylate
oncentration within subcellular compartments (Buchanan
t al., 1987), now can be manipulated experimentally using
ystatin to selectively permeabilize the plasma membranes
Roos et al., 1997). This technique has been used to study
he effects of directed and subtle changes in cytosolic
denylate charges on vacuolar amino acid uptake and
fflux. So where does this lead us? With current genomics
echnology, it should be possible to identify the genes
esponsible for subtle physiological control of secondary
etabolism. For example, using DNA array technology

Marshall and Hodgson, 1998), the transcript levels of the
redicted 6200 genes of Saccharomyces cerevisea can be
etermined simultaneously (Brown et al., 1998). Using
otal RNA from control cultures of S. cerevisea or cultures
erturbed by the presence of experimental compounds,
enes, which are upregulated or down regulated due to the
resence of an active compound can be determined. Such
ranscript profiling is currently being utilized to identify
ew targets for drug discovery. Given the knowledge of
xogenously supplied media additives which effect afla-
oxin biosynthesis, could we not artificially perturb the
iosynthesis of aflatoxin using these compounds and use
imilar techniques to look for novel genes which are
ltered in their regulation? There is some evidence that
uch a protocol will work. Keller et al. (1997) demonstrated

hat external pH effected expression of both the global pH

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.



r
s
l
N
a
s
r
a
D
f
t
B
p
i
s
w
a
l

I

b
f
e
r
m
f
i
t
d
p
1
c
A
t
n
h
p
h
c

t
t
d
r
e
t

e
B
k
A
o
t
p
t
a
S
t
t
d
t

R

A

B

B

B

B

B

B

B

B

B

94 Brown, Brown-Jenco, and Payne

C
A

egulator PacC and the expression of ST pathway gene
tcU. What genes might demonstrate altered transcript
evels due solely to the addition of exogenous 100 mM

ADPH to a growing culture, or 300 nmol of nitrate to an
mmonia depleting culture? To address such questions a
ufficient library representing the fungal genome will be
equired. Currently, an EST library for A. nidulans is
vailable; however, the availability of an ordered ORF
NA library would be optimal. A similar library for A.

lavus is also warranted, due to the possible differences in
he physiological control of these two pathways (Payne and
rown, 1998). Using these types of experiments, subtle
hysiological controls of aflatoxin could be elucidated,

nitiating a new era in the study of aflatoxin biosynthesis,
uch that the synergy of genomics technology and the vast
ealth of physiological data leads to the identification of
dditional levels of genetic control of secondary metabo-
ism.

V. CONCLUSIONS

The aflatoxin biosynthetic pathway represents one of the
est-characterized pathways of secondary metabolism in
ungi. Its elucidation has resulted from the combined
fforts of researchers in many disciplines. Early seminal
esearch on the chemistry of the pathway and the place-
ent of intermediates in the biosynthetic scheme allowed

or the ensuing genetic analysis of the pathway. It is
nteresting that most of the knowledge of this pathway and
he molecular biology of aflatoxin biosynthesis has been
erived from studies on two asexual fungi, A. flavus and A.
arasiticus. Studies with these fungi led to the isolation of
0 genes in the aflatoxin pathway and the elucidation or
onfirmation of nine enzymatic conversions. Studies with
. flavus and A. parasiticus provided the genetic material

o identify the sterigmatocystin biosynthetic cluster in A.
idulans. The well-characterized genetics of A. nidulans
as clearly allowed the field to advance at a more rapid
ace. Research from several labs working on all three fungi
as led to the identification of 17 genes and 12 enzymatic
onversions in less than 10 years.

Given the similarities between the AF and ST pathways
o date, one would predict similar regulator circuits for the
wo pathways. However, if these two compounds serve
iffer roles, there may be significant differences in the
egulation of each pathway. At this point we have little
vidence for the role of either AF or ST in the ecology of

he fungus. The production of these two compounds is very

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
nergy dependent and comes at a cost to the fungus.
ecause ST is found in several genera of fungi, but AF is
nown to be produced by only four species within the
spergillus Section Flavi, one could speculate that the role
f aflatoxin may be more specific than that of sterigmatocys-
in. If this is true one may predict that the timing of
roduction or the localization of the two compounds within
he fungi may differ. Indeed, there is some evidence that
flatoxin biosynthesis may be more tightly regulated than
T biosynthesis (Feng and Leonard, 1998). New DNA
echnologies should allow for further characterization of
hese two pathways, help elucidate their interaction with
evelopment, and provide clues as to their importance to
he producing organisms.
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