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We studied the role of the regulatory gene afiR and its product, AflR, in the biosynthesis of aflatoxin in
Aspergillus. Western blot and enzyme-linked immunosorbent assay analyses revealed that aflatoxin B, accu-
mulation was directly related to AfIR expression and was regulated by various environmental and nutritional
conditions, including temperature, air supply, carbon source, nitrogen source, and zinc availability. Expression
of an aflatoxin biosynthetic pathway structural gene, omtA, was regulated by the presence of AfiR. Induction
patterns for affR mRNA and AfIR were correlated with that for omt4 mRNA in an aflatoxin-producing strain
of Aspergillus parasiticus. Analysis of non-aflatoxin-producing strains of A. flavus, A. sojae, and A. oryzae grown
in medium suitable for aflatoxin B, production showed that both affR mRNA and AfR production were present;
however, omtA mRNA production was not detected in any of these examined strains. AflR in the 4. oryzae strain
was regulated by carbon source and temperature in a manner similar to that seen with A. parasiticus.

Aflatoxin B, (AFB,) is one of the most potent naturally oc-
curring carcinogens and mutagens and is produced primarily
by Aspergillus flavus and A. parasiticus (26). Several genes and
enzymes involved in aflatoxin biosynthesis have been identi-
fied, cloned, and purified (2); they include a regulatory gene
locus, afiR, from A. flavus and A. parasiticus (4, 25). Metabolite
feeding studies suggest that afIR regulates gene expression and
the activity of other enzymes in the aflatoxin biosynthetic path-
way (4, 25). Northern hybridization analysis with A. parasiticus
has indicated that aflR mRNA is required for the transcrip-
tional expression of several aflatoxin biosynthetic structural
genes, including nor-1, ver-1, and omtA (6). The aflR gene en-
codes a 47-kDa protein, AflR, which has a putative DNA-bind-
ing domain of the GALA4-type binuclear zinc finger motif (20,
32). Southern analyses have shown that genomic DNA from
species in Aspergillus section Flavi, e.g., A. flavus, A. parasiticus,
A. oryzae, and A. sojae, hybridizes with genomic DNA probes
derived from afiR and omtA (18, 32). Because A. oryzae and
A. sojae are widely used in the food industry, it is important to
know whether afiR and omitA can be expressed in the nonafla-
toxigenic Aspergillus species under conditions that support af-
latoxin production. Recently, Klich et al. (19) found that RNA
from some A. sojae isolates hybridizes to afiR but not to omtA.

The production of aflatoxin by toxigenic aspergilli is regu-
lated by environmental and nutritional factors, such as tem-
perature, oxygen availability, carbon source, and nitrogen
source (21). Our objective was to determine whether aflR
expression is regulated by these factors. We used polyclonal
antibodies specific for AfIR protein (20) to examine the rela-
tionship between AflR level and aflatoxin formation. In addi-
tion, we also examined the relationship between aflR expres-
sion and the appearance of omtA, a gene that encodes the 42-
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kDa sterigmatocystin (ST) O-methyltransferase (O-MTase),
an enzyme involved in the final stages of the aflatoxin biosyn-
thetic pathway (17, 34).

MATERIALS AND METHODS

Materials. A. parasiticus NRRL 2999 and NRRL 3386; A. flavus NRRL 3357,
NRRL 5565, NRRL 6341, and NRRL 482; 4. oryzae NRRL 451 and NRRL
1911; A. sojae NRRL 5596 and NRRL 6271; and A. nomius NRRL 3161 were
obtained from the National Center for Agricultural Utilization Research, U.S.
Department of Agriculture, Peoria, Ill. A. flavus SRRC 2111 and A. versicolor
SRRC 111 were provided by the Southern Regional Research Center, U.S.
Department of Agriculture, New Orleans, La. A. nidulans FGSC 26 and Coch-
liobolus sativus ATCC 24081 were provided by Nancy Keller, Texas A & M
University, College Station. All strains were maintained on potato dextrose agar
at 4°C. Tween 20, Ponceau S, 4-chloro-1-naphthol, proteinase K, and RNase A
were obtained from Sigma, St. Louis, Mo. Goat anti-rabbit immunoglobulin
G-horseradish peroxidase conjugate was obtained from Boehringer Mannheim
Biochemicals, Indianapolis, Ind. Acrylamide, N,N’'-methylene-bis-acrylamide,
ammonium persulfate, and nitrocellulose membranes were from BioRad, Rich-
mond, Calif. Prestained broad-range protein molecular weight markers were
purchased from New England Biolabs, Beverly, Mass. Except as otherwise de-
scribed, all restriction enzymes and plasmid DNAs were obtained from Promega,
Madison, Wis. T7 RNA polymerase and pT7 18S RNA antisense control tem-
plate were purchased from Ambion, Austin, Tex. All other chemicals and organic
solvents used were of reagent grade or better.

Culture medium. Peptone-mineral salts (PMS) medium served as the non-
aflatoxin-supporting medium (1). Glucose-mineral salts (GMS) medium (pep-
tone was replaced by glucose in PMS medium) and sucrose-low-salt (SLS)
medium (12) were used as the aflatoxin-supporting media. Zinc-deficient me-
dium (GMS—Zn) had the same composition as GMS medium except that the
concentration of ZnSO, - 7H,O was 0.25 mg liter of medium ™! (11). Experi-
ments on the nitrogen source were conducted with GMS medium containing
either 4 g of ammonium nitrate liter™' (GMS+NH,NOj3) or 4 g of sodium
nitrate liter ' (GMS+NaNOs) instead of 4 g of (NH,),SO,. The nitrogen levels
with GMS+NH,NO;3;, GMS+NaNO3, and (NH,),SO, were 1.4, 0.66, and 0.8 g
liter !, respectively.

Culture method. To perform the nutritional and temperature shift assays (9),
frozen spores (kept at —20°C in 15% glycerol for up to 1 month) were inoculated
into PMS medium and grown at 29°C for 48 or 64 h on a rotatory shaker (150
rpm). The resulting mycelia were filtered through two layers of cheesecloth and
washed with sterile 0.85% NaCl. The wet weight of the mycelia was determined
after they were squeezed and blotted with paper towels. A portion of the mycelia
(0.8 to 1 g [wet weight]) was transferred to a flask containing 100 ml of fresh PMS
or GMS medium and cultured on a rotatory shaker (150 rpm) at 29 or 37°C.
Duplicate flasks were removed at each harvest, and mycelia were collected by
filtration through cheesecloth and then immediately frozen in liquid nitrogen.
Culture filtrates were used in a direct competitive enzyme-linked immunosor-
bent assay for the determination of AFB,; concentrations (8). For the batch
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FIG. 1. Effects of temperature (A) and agitation (B) on AfIR (AFLR) ex-
pression. (A) A. parasiticus NRRL 2999 was first grown in PMS medium at 29°C
for 64 h and then transferred to fresh GMS medium and grown at either 29 or
37°C for another 24 h. Duplicate fungal mycelial samples were harvested at time
zero and after being transferred. Fungal extracts were prepared, subjected to
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (50 pg of pro-
tein/lane), and tested by Western blot analysis with anti-AfIR antibodies. AfiIR
levels in cultures grown under different conditions, as measured by Western
blotting, are shown in the top panel. The accumulation of AFB; (milligrams of
AFB, per gram of mycelial wet weight) in culture filtrates and the relative AflR
levels in Western blots are shown in the bottom panel. The intensity of the AfIR
signal for the 29°C GMS medium culture was assigned as 100%. (B) A. parasiticus
NRRL 2999 was first grown in PMS medium for 64 h with shaking. The harvested
mycelia were then (i) transferred to PMS medium with continued shaking for
24 h (lane 1), (ii) transferred to GMS medium with continued shaking for 24 h
(lane 2), or (iii) transferred to GMS medium with 12 h of shaking and 12 h of no
shaking (lane 3). The intensity of the AfIR signal for the 24-h shaking GMS
medium culture was assigned as 100%. Lane M represents protein markers.

fermentation culture, fungal spores were inoculated into 250-ml Erlenmeyer
flasks, each containing 100 ml of GMS medium, GMS—Zn, GMS+NaNO3, or
GMS+NH,NO;. All flasks were incubated at 29°C on a rotatory shaker (150
rpm). Mycelia and filtrates from duplicate flasks were collected and analyzed as
described above. All studies were conducted with multiple flasks and were re-
peated at least once.

Analysis of the AfIR protein in fungal cell extracts. Preparation of cell protein
extracts and Western blotting analysis of AfIR were conducted as described by
Liu et al. (20). The relative AfIR levels in each sample on the filter membrane of
a Western blot were determined by densitometry (SI personal densitometer;
Molecular Dynamics Inc.).

Enzymatic assay of O-MTase. O-MTase activity for conversion of ST to O-
methyl-ST was determined as described by Keller et al. (17).

Generation of riboprobes. To construct a plasmid for the generation of an
aflR-specific cRNA probe, aflR ¢cDNA from A. flavus (4) was digested with
Smal-BssHIL, and the resulting 185-bp fragment was subcloned into the Smal-
digested pGEM-7Zf(+) vector. The plasmid was linearized with BamHI and
transcribed in vitro by use of T7 RNA polymerase with [a->*P]rCTP (800 Ci/
mmol; Dupont) as a 272-nucleotide RNA riboprobe. This probe was used to
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protect a 189-nucleotide fragment corresponding to the zinc finger motif in the
putative AfIR protein. To construct a plasmid for the generation of omtA4-specific
cRNA, omtA DNA from A. parasiticus (35) was digested with EcoRI-Xbal, and
the resulting 1,754-bp fragment was subcloned into the EcoRI-Xbal-digested
pGEM-11Z£(+) vector. The plasmid was linearized with Ncol and transcribed as
described above to generate a 178-nucleotide riboprobe. This probe was used to
protect a 150-nucleotide fragment corresponding to a highly conserved region of
the omtA gene in which differences in only 2 nucleotides are present between
A. parasiticus and A. flavus (35). The sizes of the riboprobes and their protected
fragments were confirmed on a denaturing sequencing gel along with a known
DNA sequence. An 18S rRNA riboprobe generated from plasmid pT7 18S RNA
(Ambion) was used as an internal control.

Isolation and analysis of fungal RNA. Mycelia were collected by filtration
through cheesecloth and quickly frozen in liquid nitrogen. Total RNA was
isolated and purified by a single-step method (7) with RNA STAT-60 isolation
reagents (TEL-TEST “B” Inc., Friendswood, Tex.). An RNase protection assay
(RPA) was performed as described by Kaestner et al. (16) with a slight modifi-
cation. Total RNA samples were hybridized with 5 X 10° cpm of 3?P-labeled afiR
cRNA or omtA cRNA probes in a solution containing 80% formamide, 100 mM
Tris-HCI (pH 7.4), 2.5 N NaCl, and 10 mM EDTA at 45°C for 16 to 18 h. Each
hybridized sample was digested with RNase A at 37°C for 60 min, treated with
proteinase K at 37°C for 20 min, extracted with phenol-chloroform, and precip-
itated with isopropanol at —20°C. After centrifugation, the pellets were resus-
pended in sequencing gel loading buffer (27). Protected fragments were resolved
on a 6% polyacrylamide-8 M urea denaturing gel. The gel was autoradiographed
on Kodak BIOMAX MS film at —70°C for 40 h (aflR) or 16 h (omtA). The
hybridized mRNA levels for aflR and omtA were estimated by densitometry.

RESULTS

Effect of temperature on AfR expression. We grew A. para-
siticus NRRL 2999 in PMS medium at 29°C and then trans-
ferred it to GMS medium and incubated it at either 29 or 37°C.
Neither AFB, nor AflR was detected in the 29°C culture in
PMS medium (Fig. 1A). However, after transfer to GMS me-
dium, AFB, production occurred at 29°C but not at 37°C.
Western blot analysis with anti-AflR antibodies showed that
the level of AfIR in the 37°C GMS medium culture was four
times lower than that in the 29°C GMS medium culture.

Effect of agitation on AfIR accumulation. A. parasiticus NRRL
2999 was grown in PMS medium with shaking, and the harvest-
ed mycelia were (i) transferred to fresh PMS medium and
grown for 24 h with shaking; (ii) transferred to GMS medium
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FIG. 2. Effect of nutritional factors on AflR (AFLR) expression. A. parasiti-
cus NRRL 2999 was grown in various media (PMS, GMS, GMS—Zn, GMS+
NH,NO3;, and GMS+NaNO3) for 70 h. Duplicate samples in each group were
collected, subjected to sodium dodecyl sulfate-10% polyacrylamide gel electro-
phoresis (50 g of protein/lane), and tested by Western blot analysis with anti-
AflR antibodies. Results of the Western blot analysis for AfiR are shown in the
top panel. The accumulation of AFB; and relative AflR levels in Western blots
are shown in the bottom panel. The intensity of the AfIR signal for the GMS
medium culture was considered 100%.
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FIG. 3. Kinetics of aflR and omtA expression in A. parasiticus following a
nutritional shift. A. parasiticus NRRL 3386 was first grown in PMS medium for
48 h and then transferred to GMS medium and grown for another 4 to 42 h under
the same incubation conditions. Fungal extracts and RNA of duplicate samples
were isolated before transfer (0 h) and at the indicated times following transfer.
Fungal extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (60 wg of protein/lane) and then Western blot analysis with
anti-AflR (AFLR) antibodies. RNA samples at 25 and 8 g were subjected to
RPA with either aflR cRNA and an 18S rRNA riboprobe or omtA cRNA and an
18S rRNA riboprobe as the probes, respectively. The results are shown in the top
panel. The accumulation of AFB, is shown in the bottom panel.

and grown for 24 h with shaking; and (iii) transferred to GMS
medium and grown for 12 h with shaking and then for another
12 h without shaking. More mycelia were obtained from the
cultures agitated for 24 h than from those agitated for 12 h (4
versus 2.8 g). No AFB, was detected in 24-h shaking PMS
medium cultures (Fig. 1B), even though trace amounts of AflIR
were found. The AFB, concentration in the GMS medium
cultures with 12 h of shaking and 12 h of static incubation (66
wg/g of mycelial wet weight) was eight times lower than that in
the 24-h shaking GMS medium cultures (550 pg/g). Western
blot analysis revealed that the amount of AflR in the GMS
medium cultures with 12 h of shaking and 12 h of static incu-
bation was half that in the 24-h shaking GMS medium cultures.

r 1 2 ¥ 3
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Effect of nutritional factors on AfIR accumulation. We used
batch fermentation to determine the effects of nutritional fac-
tors, such as trace metals, zinc, and nitrogen source, on the
accumulation of AflR in 4. parasiticus. PMS medium, GMS
medium, GMS—Zn, GMS+NH,NO;, and GMS+NaNO; were
used as the culture media. The average wet weights of the my-
celial mass harvested from these media were 2.0, 2.7, 1.5, 2.8,
and 2.4 g/100 ml of medium, respectively. AFB, formation in
GMS—Zn and GMS+NaNOj cultures was reduced 85 and
93%, respectively (Fig. 2), compared to that in GMS medium.
Western blot analysis revealed that AflR levels in GMS—Zn
and GMS+NaNOj cultures were 25 and 12% that in GMS me-
dium, respectively. However, the AFB, concentration and the
AflR level in GMS+NH,NO; cultures were slightly higher
(<5%) than those in GMS medium.

Kinetic expression of the afiR and omtA genes in A. parasiti-
cus. The nutritional shift assay was used to study the kinetic
expression of the afIR regulatory gene and the omtA structural
gene. AFB; was not detected in PMS medium, but the con-
centration of the toxin increased with time after the shift to
GMS medium (Fig. 3). The maximum accumulation of AFB,
occurred 32 h after the shift and then declined gradually. aflR
mRNA appeared 4 h after the shift to GMS medium, peaked
at approximately 20 h, and decreased dramatically after 32 h.
The AfIR protein was clearly detected at 20 h, reached its max-
imum at about 26 to 32 h, and then decreased. omt4A mRNA
was clearly detected at 14 h, peaked at 26 h, and decreased
thereafter. In all of these analyses, the accumulation of afiR
transcripts correlated with omtA expression and AFB, forma-
tion.

Expression of aflR and omtA in selected species in Aspergillus
section Flavi. Cell protein extracts and total RNA samples ob-
tained from several fungal species, including aflatoxigenic
A. parasiticus and A. flavus and nonaflatoxigenic A. flavus,
A. sojae, and A. oryzae, were subjected to Western blot analysis
and RPAs, respectively. affR mRNA and AflIR were found in
all eight strains grown in GMS medium for 24 h (Fig. 4).
However, omtA transcripts and O-MTase activity were detect-
ed only in the aflatoxigenic strains A. parasiticus NRRL 3386
and A. flavus NRRL 3357. We confirmed, by Southern hybrid-
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FIG. 4. Expression of aflR and omtA in selected nonaflatoxigenic species. Eight fungal species were first grown in PMS medium for 64 h and then distributed to
GMS medium and grown for another 24 h. Levels of AfIR (AFLR) and of afIR and omtA transcripts were determined as described in the legend to Fig. 3. Lanes 1’
and 1, A. parasiticus NRRL 3386; lane 2, A. sojae NRRL 5596; lanes 3" and 3, A. flavus NRRL 3357; lane 4, A. flavus SRRC 2111; lane 5, A. flavus NRRL 6341; lane
6, A. flavus NRRL 482; lane 7, A. oryzae NRRL 451; lane 8, A. oryzae NRRL 1911. Samples in lanes 1’ and 3’ were collected at transfer; others were collected after
being transferred to GMS medium and grown for 24 h. The results are shown in the top panel. The accumulation of AFB, in the culture filtrate and O-MTase activity

are shown in the bottom panel.
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FIG. 5. Regulated expression of aflR and omtA in A. parasiticus (A) and
A. oryzae (B). A. parasiticus NRRL 3386 (A) and A. oryzae NRRL 451 (B) grown
at 29°C in PMS medium for 48 h were transferred to GMS medium and grown
at 29 or 37°C for another 24 h. Fungal mycelia were harvested at the time of
transfer (0 h) and after transfer (24 h). Western blot analysis and RPA were
conducted as described in the legend to Fig. 3. The results are shown in the top
panels. The accumulation of AFB; is shown in the bottom panels.

ization, that omtA was present in all tested strains (data not
shown).

Regulated expression of the aflR and omtA genes in A. ory-
zae. We used a nutritional shift assay to investigate the regu-
lated expression of afiR and omtA in A. oryzae NRRL 451 and
A. parasiticus NRRL 3386. Both aflR and omtA genes in
A. parasiticus grown at 29°C in GMS medium were transcribed,
and AFB, accumulated (Fig. 5A). Neither AFB, nor omtA
transcripts were detected in cultures after a transfer to 37°C,
even though low levels of afIR transcripts and AflR were found.
The expression of the afIR gene in A. oryzae was regulated by
carbon source and temperature, as it was in A. parasiticus (Fig.
5B). AfIR was almost undetectable in 4. oryzae grown in PMS
medium; AfIR accumulated in the 29°C GMS medium culture
but not in the 37°C culture. However, despite the presence of
AfIR, neither omt4A mRNA nor AFB, was detected in A. oryzae
cultures.

Expression of AfIR in various fungal species. We grew six
additional fungal species in SLS medium for 70 h by using the
batch fermentation approach to determine if AflR or related
proteins were present. Anti-AflR antibodies recognized a sin-
gle band in extracts obtained from species in Aspergillus section
Flavi, including A. nomius and nonaflatoxigenic A. flavus and
A. sojae (Fig. 6). The size of the detected protein from A. no-
mius was approximately 58 kDa, which is larger than the ex-
pected size of AflIR (47 kDa). No AflR was detected in the
protein preparations from A. nidulans, A. versicolor, and C. sa-
tivus. The appearance of AflR in non-aflatoxin-producing spe-
cies was not limited to aflatoxin-supporting culture media, such
as GMS and SLS media, or dependent on culture conditions.

DISCUSSION

Although intensive studies of the factors affecting aflatoxin
formation have been carried out in the last three decades, the
mechanism that regulates aflatoxin formation remains poor-
ly understood. The availability of readily utilizable carbohy-
drates, levels of certain intermediates in primary metabolism,
and the cytoplasmic anabolic reduction charge ratio of NADPH
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to NADP are all important (24, 29). More recently, most of the
genes involved in the biosynthesis of aflatoxin were identified,
and evidence for a complex interaction between environmental
and nutritional factors and the genetic characteristics of the
fungi was obtained (21). In the present study, we found that the
expression of aflR was regulated by environmental and nutri-
tional factors that have long been known to affect aflatoxin
formation.

Our results suggest that a high temperature (i.e., 37°C) sup-
presses the formation of aflatoxin through the down regulation
of AflR formation. Temperatures above 35°C are known to be
unsuitable for aflatoxin formation in A. flavus (28). Feng et
al. (9) suggested that the failure of aflatoxin production in
A. parasiticus at 37°C is due to the inhibition of transcription of
certain aflatoxin biosynthetic genes. Our results also indicate
that AfIR repression at a nonpermissive temperature may be
responsible for the inhibition of transcription of structural
genes, including omtA4. However, as shown in Fig. 1A and 5A,
the presence of low levels of AflR at 37°C cannot induce
aflatoxin production and omtA transcription. Chang et al. (6)
found that a transformant of A. parasiticus containing an extra
copy of the afIR gene did not overcome the inhibitory effect of
a high temperature on aflatoxin formation. Thus, although our
data suggest that a high temperature suppresses aflatoxin for-
mation by down regulating AflR, it is likely that, in addition to
AfIR, another factor(s) may also play a critical role in the
temperature-induced regulation of aflatoxin biosynthesis.

Our results suggest that nitrate negatively regulates the ex-
pression of AflR, leading to the suppression of aflatoxin pro-
duction. Previous studies showed that nitrate exerted a sup-
pressive effect on aflatoxin biosynthesis (15) and inhibited the
transcription of the afIR gene (6). We have demonstrated that
there is a direct correlation among nitrate, AflR level, and
aflatoxin formation. Chang et al. (6) demonstrated that a trans-
formant of A. parasiticus containing an additional copy of the
aflR gene restored the nitrate-induced repression of the tran-
scription of afIR and several pathway genes. Likewise, Flaherty
and Payne (10) showed that the overexpression of afIR acti-
vated all related pathway genes that were inhibited by nitrate,
although it did not alleviate nitrate inhibition on aflatoxin
production. Thus, the mechanism of nitrate repression of af-
latoxin production is more complex than previously envisaged
and is not solely dependent on afiR.
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FIG. 6. Western blot analysis of AflR in fungal extracts of various species.
Various fungal species were grown in SLS medium at 29°C for 70 h. Protein
extracts from these cultures were prepared, subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (60 pg of protein/lane), and tested by West-
ern blot analysis with anti-AflR antibodies. Lane 1, A. flavus NRRL 5565; lane 2,
A. nomius NRRL 3161; lane 3, A. versicolor SRRC 111; lane 4, A. nidulans FGSC
26; lane S5, A. sojae NRRL 6271; lane 6, C. sativus ATCC 24081. Molecular
masses for the marker proteins are indicated.
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Zinc is essential for aflatoxin biosynthesis (23, 31), and we
found that the failure of aflatoxin production in Zn-deficient
medium was also due to the repression of AflR formation.
While Zn serves as a prosthetic group of many enzymes (33)
and affects both the primary metabolism and the secondary
metabolism of many fungi (30), Johnston (13) found that zinc
is required for the structural integrity and DNA-binding activ-
ity of the zinc finger motif of the GAL4 regulatory protein.

AflR was found in all of the nonaflatoxigenic strains in
Aspergillus section Flavi examined; however, omtA was not
expressed, even though it was present in all of the strains. Thus,
AflR in the nonaflatoxigenic aspergilli is insufficient to activate
omtA, and the presence of AfIR in these strains is not corre-
lated with aflatoxin formation. The role of AflR in the nonaf-
latoxigenic aspergilli is not clear. It is possible that a repressor
in nonaflatoxigenic strains interacts with AflR to suppress af-
latoxin formation. Some fungal regulatory proteins interact
with a repressor(s) to regulate gene expression (14). For ex-
ample, in the absence of galactose, the GALS0 protein binds to
the acidic C-terminal end of the GALA4 protein, preventing it
from transcriptionally activating the expression of several
genes responsible for the conversion of galactose (22). Because
of the similarity of the C-terminal regions of AflR and GAL4
(6), they may be regulated by a similar mechanism.

No AflR homolog was found in ST-producing strains when
polyclonal antibodies raised against the recombinant AfR pro-
tein were used (Fig. 6). However, Brown et al. (3) identified an
aflR gene homolog in the ST gene cluster in A. nidulans. Be-
cause the putative A. nidulans aflaR gene product is only 33%
identical to AfR in amino acid sequence (36), it is likely that
they do not have similar epitopes for antibody recognition. On
the other hand, due to the different growth characteristics of
various species, we cannot rule out the possibility that growing
conditions and time points for harvesting the mycelia of exam-
ined isolates were not suitable for accumulating an AfIR ho-
molog.

Solution hybridization-RPA was developed for efficiently
detecting trace amounts of aflR mRNA. Because only a specific
nucleotide transition (C in A. flavus and A. oryzae and T in
A. parasiticus and A. sojae at position 102) occurs in the zinc
finger motif (5) in these four species, riboprobes complemen-
tary to the motif and its downstream region were generated
and successfully used to detect affR mRNA. However, due to
the slight mismatch of riboprobes, afflR mRNA levels in various
isolates could not be quantitatively compared with each oth-
er. This mismatch also led to the inconsistency between afIR
mRNA levels and AflIR protein amounts in some examined
isolates (Fig. 4). Likewise, riboprobes complementary to the
omtA gene of A. parasiticus did not hybridize perfectly with
omtA transcripts from other species. In addition to the absence
of omt4A mRNA determined by RPA, Western blot analysis
(data not shown) and methyltransferase activity assays con-
firmed the lack of the omtA4 gene product, ST O-MTase, in the
nonaflatoxigenic isolates.

In conclusion, our data indicate that environmental and
nutritional factors exert their effect on aflatoxin formation
through the presence of AflR. This report is the first to show
that the regulated expression of afIR also occurs in nonafla-
toxigenic species, including A. oryzae, which is widely used in
the food industry. An understanding of the regulation of AflR
formation and the role of this protein in aflatoxigenic and
nonaflatoxigenic strains could lead to novel approaches to re-
duce aflatoxin levels in food supplies. The immunochemical
method and riboprobes that we have developed could be used
in the identification of these regulatory mechanisms.
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