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High temperature and nitrate supported gene expression for sterigmatocystin biosynthesis in Aspergillus
nidulans; ammonium did not. Homologous genes for aflatoxin biosynthesis in A. parasiticus showed the opposite
transcript expression pattern, suggesting that the two mycotoxins are regulated differently. The afIR gene is
postulated to require additional genetic elements to effect its own activation by the different culture conditions.
A patulin polyketide synthase (PKS) gene was found to be regulated differently than the aflatoxin PKS. Thus,
the biosyntheses of structurally similar compounds in these two fungi appear to be regulated very differently.

Aflatoxins (AF) are produced by Aspergillus flavus and A.
parasiticus, while sterigmatocystin (ST) is produced by A. nidu-
lans. AF and ST biosyntheses have similar multiple-step path-
ways except that the ST pathway lacks the last few biochemical
steps (3, 12). These mycotoxins, commonly found as contami-
nants in corn, peanuts, and cottonseeds, are potent toxic and
carcinogenic compounds. Neither ST nor AF and their path-
way intermediates are essential for growth and development
under laboratory conditions (7, 13). A number of highly con-
served genes involved in AF and ST biosynthesis in A. para-
siticus (12), A. flavus (12), and A. nidulans (3) have been char-
acterized. All of these genes are tightly clustered in the three
species, suggesting a common origin. These genes are ex-
pressed when primary growth slows or stops (7, 13). Expression
of the AF biosynthetis genes in A. parasiticus is influenced by
factors such as the carbon source and culture temperature (6,
7,9). Less is known about the effects of similar environmental
factors on ST biosynthesis genes. The environmental cue that
leads to AF and ST biosynthesis is presumably manifested by
activating afIR, which in turn activates transcription of the AF
and ST genes (5, 11, 14). The nature of any genetic connection
between various environmental stimuli and afIR activation has
not been reported. In the present study we examined the ef-
fects of culture temperature and nitrogen source on the acti-
vation of ST and AF transcripts. While only a few transcripts
were analyzed, they were assumed to reflect the activation of
the entire ST and AF biosynthetic pathways. Our objective was
to determine if ST and AF transcripts in A. nidulans and A.
parasiticus are differentially transcribed.

Effects of culture temperature. A. parasiticus NRRL2999 is a
wild-type strain known to produce AF (1). A. nidulans FGSC
A89 (biAl argB2) is auxotrophic for biotin and arginine and
produces ST (13). To test AF and ST production, we inocu-
lated fresh conidia of the two strains onto the surface of 3 ml
of supplemented minimal liquid medium (13) in 8-ml vials and
incubated them in darkness. AF or ST was extracted and de-
tected by thin-layer chromatography (7, 13). As reported pre-
viously (6, 7), no AF was detected when A. parasiticus was
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cultured at 37°C, but high levels (peak amount, >500 pg/vial)
were produced at 27°C and only marginal amounts (peak
amount, <20 pg/vial) were produced at 33°C. In 4. nidulans,
however, similar peak amounts of ST (30 to 45 pg/vial) were
detected at all three temperatures, but the time of ST appear-
ance varied: the 4th day peak was at 37°C, the 5th day peak was
at 33°C, and the 6th day peak was at 30°C. At 27°C, ST was
produced later and in smaller amounts (<5 pg/vial). Northern
blot analysis revealed that the temperature effects on AF and
ST production resulted from differential gene expression in the
two species. The 6.8-kb transcript of the AF polyketide syn-
thase (PKS) gene, pks4 (4), also known as pksLI (7), was
expressed at 27°C but not at 37°C (Fig. 1). In A. nidulans (Fig.
1), however, three transcripts (7.0, 1.0, and 0.6 kb) for the ST
biosynthetic genes stcA (pksA), stcE, and stcD (3) and another
(1.6 kb) for the regulatory gene afIR were expressed earlier and
more strongly at higher temperatures (33 and 37°C) than at
lower temperatures (27 and 30°C).

Effects of nitrogen source. In A. parasiticus, nitrate represses
synthesis of the AF intermediate, versicolorin, while ammo-
nium supports it (8). In the present study, we observed that the
effect was the opposite in A. nidulans; i.e., nitrate supported ST
production (peak amount, 30 to 45 pg/vial) while ammonium
did not. When ammonium was used as a sole nitrogen source
for A. nidulans, the initial mycelial growth was slower and
stopped after 2 days. No ST was detected (<1 pg/vial). North-
ern blot analysis showed that the effects of nitrogen sources on
AF and ST production may result from their effects on AF and
ST gene expression (Fig. 2). Three nitrogen sources (ammo-
nium, nitrate, and peptone) were tested, individually or in
combination, for their effects on transcript accumulation. In A4.
parasiticus, ammonium and peptone both supported AF gene
expression, while nitrate had strong negative effects. The genes
pksA and nor-1 (10) were expressed when strain NRRL2999
was grown in media with either ammonium, peptone, or both
(Fig. 2, lanes cl to ¢3, c¢7 to ¢9, and ¢c10 to c12) but were not
expressed when nitrate alone was used as the nitrogen source
(Fig. 2, lanes c4 to c6. The expression pattern of these two
genes changed in media where nitrate was combined with
either peptone (Fig. 2, lanes c13 to c¢15) or ammonium (Fig. 2,
lanes c16 to c18). In these media, the levels of transcripts were
comparable to ammonium or peptone alone by day 2 but were
significantly weaker or absent on days 3 and 4.

In contrast to A. parasiticus, nitrate supported ST gene ex-
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FIG. 1. Influence of culture temperature on expression of genes for AF and
ST biosynthesis. Supplemented minimal medium was used with 3.7 g of NH,Cl
per liter for A. parasiticus and 6 g of NaNOj per liter for A. nidulans. Each of the
above probes was from the relevant cloned gene in A. nidulans and A. parasiticus.
The A. parasiticus probes were a 4.5-kb Kpnl fragment for pksA and a cloned
B-tub gene (6a) as an internal control. The A. nidulans probes were a 5.4-kb Kpnl
fragment for stcA (3, 13) and a 5.6-kb Kpnl fragment for afIR, stcE, and stcD (3).
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pression in A. nidulans (Fig. 2). Four genes were tested: stcA,
afiR, stcE, and stcD (3). The genes stcA and stcE in A. nidulans
are homologous to the genes pksA and nor-1 in A. parasiticus.
Consistent with higher yields of ST, the transcripts of the four
genes in A. nidulans were present mostly at high levels when
nitrate was used as a sole nitrogen source (Fig. 2, lanes d4 and
d5) or with a combined nitrogen source (Fig. 2, lanes d13 and
d14 and lanes d16 and d17). Also, in contrast to A. parasiticus,
ammonium reduced ST production and ST gene expression in
A. nidulans (Fig. 2). Transcripts of the four genes were not
detectable whether ammonium was used alone (Fig. 2, lanes d1
and d2) or in combination with peptone (Fig. 2, lanes d10 and
d11). Interestingly, when ammonium was combined with ni-
trate, the transcripts were barely detectable by day 2 but were
readily detected by day 3 (Fig. 2, lanes d16 and d17).

The effects of nitrogen sources in the experiment described
above were apparently not related to other compounds in the
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FIG. 2. Influence of nitrogen sources in the culture medium on transcription
of genes for AF and ST biosynthesis. The medium background was supple-
mented minimal medium. The sole nitrogen source was either 3.7 g of NH,Cl per
liter for (NH,4) ™", 6 g of NaNOj per liter for (NOs) ™, or 20 g of peptone per liter.
When used in combination, each was reduced to half strength. The media for 4.
nidulans were appropriately supplemented. The respective temperatures em-
ployed were 27°C for A. parasiticus and 33°C for A. nidulans. A PCR-amplified
0.8-kb fragment was used for nor-1 (10); other probes were the same as described
for Fig. 1.
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FIG. 3. Influence of nitrogen sources in the culture media (GMS and mini-
mal medium [MM]) on expression of the two PKS genes in A. parasiticus.
Nitrogen sources were the same as described for Fig. 2. The culture temperature
was 27°C. The A. parasiticus pksA probe was as described for Fig. 1. The probe
for A. parasiticus pksPI was a 2.6-kb fragment from the cloned pksPI gene (6a).

medium, because similar results were obtained when these
nitrogen sources were tested in another chemically defined
medium, GMS (1) (data not shown).

The nitrogen source also affected the expression of a second
PKS gene in A. parasiticus (Fig. 3). In addition to the pksA4 gene
(7), we have cloned another PKS gene, pksPI. The pksP1 gene
is probably involved in the biosynthesis of patulin-related sec-
ondary compounds, since the putative PKSP1 polypeptide
showed 56% identity at the amino acid sequence level and can
be lined up throughout its entire length with a known patulin
PKS (6-methylsalicylic acid synthase) in Penicillium patulun
(2). To determine whether these two PKS genes are controlled
by a common regulatory mechanism, we studied their expres-
sion in media with different nitrogen sources (Fig. 3). For pksA,
Northern blot analysis of the poly(A)" RNA was similar to
that for the total RNA Northern blot in Fig. 2. Expression was
favored by ammonium (Fig. 3, lanes al, a2, and a7) and pep-
tone (lane all) but inhibited by nitrate (lanes a3, a4, and a9).
For pksPI, however, nitrate had a positive effect, which is
clearly seen by comparing lanes a3, a4, and a9 to lanes b3, b4,
and b9 (Fig. 3). The transcript level of pksPI in nitrate-sup-
plemented media was higher than in ammonium-supple-
mented media. For example, samples b3 and b4 showed stron-
ger hybridization than b1 and b2, and b9 was stronger than b7.
These results suggest that the two PKS genes in 4. parasiticus
are controlled differently, although little can be said about the
nature of pksPI transcript regulation.

The results presented show differential expression of the
homologous AF and ST genes caused by both culture temper-
ature (Fig. 1) and nitrate as a nitrogen source (Fig. 2). While
ammonium showed similar results, the growth problems with
A. nidulans when ammonium was used as a sole nitrogen
source rendered these experiments less convincing. Neverthe-
less, the differential gene expression observed with tempera-



VoL. 64, 1998

ture and nitrate was presumably manifested through the com-
mon regulatory gene aflR. There is persuasive evidence that
aflR is a major ST and AF pathway regulator. It encodes a
putative peptide with a zinc binuclear cluster DNA-binding
domain (11, 14). When afiR was mutated (11) in 4. flavus or
knocked out in A. nidulans (14), expression of all of the AF and
ST clustered genes was turned off or significantly reduced.
When aflR was overexpressed, the nitrate inhibition of AF
biosynthesis was relieved in A. parasiticus (5) and expression of
the controlled pathway genes was activated in A. nidulans (5a).
Forced expression of the A. flavus aflR gene in A. nidulans
induced expression of genes in the ST cluster (14), suggesting
that afIR is functionally conserved in the two species. Notwith-
standing the important regulatory role of aflR, the differential
transcription of the ST and AF pathways in response to similar
environmental factors is difficult to explain if afIR is the sole
regulatory gene. A testable hypothesis to explain differential
transcription of ST and AF genes is that other genetic regula-
tory factors, located externally to the ST and AF gene clusters,
regulate the activation of afIR. Presumably these external reg-
ulatory elements respond to the environmental cues. Analysis
of mutations induced in a strain with an appropriate genetic
background should lead to the identification of these addi-
tional regulatory elements.

Nucleotide sequence accession number. The DNA sequence
of pksP1 has been deposited in the GenBank database under
accession no. U52151.
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