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The pathway oxoaverantin (OAVN) — averufin (AVR) — hydroxyversicolorone (HVN) — versiconal hemi-
acetal acetate (VHA) is involved in aflatoxin biosynthesis, and the cypX and moxY genes, which are present in
the aflatoxin gene cluster, have been previously suggested to be involved in this pathway. To clarify the function
of these two genes in more detail, we disrupted the genes in aflatoxigenic Aspergillus parasiticus NRRL 2999. The
cypX-deleted mutant lost aflatoxin productivity and accumulated AVR in the mycelia. Although this mutant
converted HVN, versicolorone (VONE), VHA, and versiconol acetate (VOAc) to aflatoxins in feeding experi-
ments, it could not produce aflatoxins from either OAVN or AVR. The moxY-deleted mutant also lost aflatoxin
productivity, whereas it newly accumulated HVN and VONE. In feeding experiments, this mutant converted
either VHA or VOACc to aflatoxins but did not convert OAVN, AVR, HVN, or VONE to aflatoxins. These results
demonstrated that cypX encodes AVR monooxygenase, catalyzing the reaction from AVR to HVN, and moxY
encodes HVN monooxygenase, catalyzing a Baeyer-Villiger reaction from HVN to VHA as well as from VONE
to VOAC. In this work, we devised a simple and rapid method to extract DNA from many fungi for PCR analyses

in which cell disruption with a shaker and phenol extraction were combined.

Aflatoxins (AF) are a group of polyketide-derived secondary
metabolites produced mainly by certain strains of the common
molds Aspergillus flavus and Aspergillus parasiticus (16). Some
other strains of Aspergillus nomius (13), Aspergillus pseudota-
marii (8), Aspergillus bombycis (17), and Aspergillus ochraceo-
roseus (12) have also been reported to produce aflatoxins.
These toxins are highly toxic and carcinogenic in animals and
humans, leading to hepatotoxicity, teratogenicity, immunotox-
icity, and even death (3). Among the naturally occurring afla-
toxins, the four major ones are aflatoxin B, (AFB,), AFB,,
AFG,, and AFG,, of which AFB, is the most toxic and carci-
nogenic compound. Contamination of food and feed crops,
such as wheat, corn, cotton, peanuts, and tree nuts, with AFB,
presents not only a very serious health hazard but also an
economic problem all over the world (9).

A. parasiticus generally produces both B-group (AFB, and
AFB,) and G-group (AFG, and AFG,) aflatoxins, whereas A.
flavus produces only B-group aflatoxins. The biosynthetic path-
way of aflatoxins has been extensively studied, and most of the
enzymes and corresponding genes involved in aflatoxin biosyn-
thesis have been identified (14, 22, 27, 29). More than 18
enzymatic reactions are required for the conversion of acetyl
coenzyme A to the final products, AFB,, AFB,, AFG,, and
AFG,. It had been demonstrated that 25 genes are clustered
within a 70-kb DNA region in the chromosomes of 4. parasiti-
cus and A. flavus and that the expression of most of these genes
is regulated by the positive regulatory gene, afIR, and another
regulatory gene, aflJ (31, 32). Sterigmatocystin (ST), produced
by Aspergillus nidulans and many other species, is the penulti-
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mate precursor of aflatoxins. The ST pathway genes form a
gene cluster of about 60 kb in A. nidulans, and the functions of
the genes encoding enzymes in the ST cluster are similar to
those of the genes in A. parasiticus and A. flavus (1, 10). How-
ever, the positions of individual genes are different from those
of the homologous genes in the aflatoxin gene cluster. Al-
though the AF/ST gene clusters have already been sequenced,
the functions of several genes have not yet been clarified.

Several oxidative steps are required for AF/ST biosynthesis
(11). In the early step, the conversion from averufin (AVR) to
versiconal hemiacetal acetate (VHA) involves at least two
monooxygenase reactions. Recently, we demonstrated that the
conversion from AVR to hydroxyversicolorone (HVN) is
catalyzed by a microsome monooxygenase which requires
NADPH for its activity (26) (Fig. 1). This enzyme shows strict
stereospecificity for the configuration of (1'S, 5'S)-AVR be-
cause (1'R, 5'R)-AVR does not serve as a substrate (26). The
resulting HVN is converted to VHA by a cytosol monooxygen-
ase which also requires NADPH as a cofactor (26). Further-
more, HVN and VHA commonly function as substrates for the
VHA reductase enzyme to yield versicolorone (VONE) and
versiconol acetate (VOAC), respectively. Finally, VONE, VOAc,
HVN, and VHA comprise a metabolic grid in aflatoxin bio-
synthesis. VONE produced from HVN can be converted to
versicolorol (VOROL) in the presence of NADPH (26).

Yu et al. cloned a gene, avfA, from A. parasiticus, A. flavus,
and Aspergillus sojae (33). Gene complementation experiments
using an AVR-accumulating mutant of A. parasiticus suggested
that the avf4 gene encodes an enzyme that is necessary for the
conversion of AVR to VHA (18, 33). On the other hand, in the
sterigmatocystin gene cluster of A. nidulans, it was suggested
that the genes stcB and stcW encode a putative P450 monoox-
ygenase and a putative flavin adenine dinucleotide-requiring
monooxygenase, respectively (11). Disruption of either stcB or
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FIG. 1. Pathways and metabolites discussed in this work. The func-
tions of the cypX and moxY genes determined in this work are also
indicated.

stcW led to the accumulation of AVR, suggesting that these
genes are involved in the reaction from AVR to VHA. Also,
the mutant A42355-OC-1 of A. nidulans, which had a translo-
cation in the stcW gene and was blocked in ST biosynthesis,
converted either VHA or versicolorin A to sterigmatocystin
(6). In the aflatoxin gene cluster of A. parasiticus, the genes
cypX and moxY were isolated as homologs of stcB and stcW,
respectively, by Yu et al. (30). In spite of these extensive
studies, the function of each gene has not been clarified.

In this work, we disrupted either cypX or moxY and then
characterized both disruptants in order to clarify their func-
tions in the aflatoxin biosynthetic pathway. We finally demon-
strated that the cypX gene is involved in the reaction from
AVR to HVN and that the moxY gene is involved in the
reaction from HVN to VHA as well as that from VONE to
VOAc.

MATERIALS AND METHODS

Microorganisms. A. parasiticus SYS-4 (NRRL-2999), the wild-type aflatoxin-
producing strain, was used as a recipient strain for gene disruption experiments.
A. parasiticus NIAH-26, a mutant from SYS-4, was used in feeding experiments.
NIAH-26 induced all enzymes during the conversion of norsolorinic acid to
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aflatoxins in an aflatoxin-inducing medium, although it produced neither afla-
toxins nor anthraquinone or xanthone precursors (28).

Standard samples. HVN and VONE were isolated from mycelia of A. para-
siticus mutant WE-47 (hvn-1) (20). VHA and VOAc were purified from mycelia
of the mutant A. parasiticus strain NIAH-9, which had been cultured in YES
liquid medium (2% yeast extract, 20% sucrose) supplemented with dichlorvos
(24). AVR was prepared from mycelia of A. versicolor (Vuillemin) Tiraboschi (5).
Oxoaverantin (OAVN) was purified from hydroxyaverantin (HAVN) (19). The
concentrations of these metabolites were determined based on the UV absorp-
tion spectra in methanol with the following absorption coefficients (\,,,,): for
OAVN, 8,500 M~ ! cm™"! (466 nm); AVR, 10,500 M~' cm™! (454 nm); HVN,
5,300 M~ em™! (476 nm); VONE, 6,000 M~! cm ™! (468 nm); VHA, 7,250 M~
cm ™! (480 nm); and VOAc, 8,500 M~ ' cm ™! (453 nm).

Construction of the cypX double-crossover gene disruption vector. A 3-kb
fragment containing a 1.65-kb cypX coding region and 5’- and 3'-flanking regions
was amplified with KOD-plus-enzyme (Toyobo Co., Osaka, Japan) using cypX-
HindIII-F (no. 377, CCCCAAGCTTCTCACTGCCGCCAACG) and cypX-
BglII-R (no. 376, GAAGATCTGCGTTGCATACCCTTCCC) as primers and
using genomic DNA of the strain SYS-4, prepared with Nucleon PhytoPure
(Amersham Life Science), as the template. The resultant HindIII/BgIII PCR
fragment was then ligated into the corresponding sites in the pSP72 vector
(Promega). The inside 920-bp PstI/Kpnl fragment of the cypX gene was excised
from the resultant vector and then replaced with the 2-kb pyrithiamine-resistant
gene ptrA, which had been amplified by PCR with a KOD enzyme and primers
PTRI-KpnI-F (no. 311, GGGGTACCGGGCAATTGATTACGGGATCCCA)
and PTRI-PstI-R2 (no. 322, AAAACTGCAGTGACGATGAGCCGCTCT
TGC) from the vector pPTRI (Takara). The resulting cypX double-crossover
disruption vector, pCYPX-DD, was linearized by Eam1105T (Fig. 2A). The final
linear replacement construct, which contained the 2-kb selectable marker ptrA
flanked by a 910-bp fragment containing the cypX 3’'-flanking region and a 570-bp
3’-coding region and a 1.14-kb fragment containing the cypX 5’-flanking region
and a 150-bp 5'-coding region, was then used to transform A. parasiticus SYS-4.

Construction of the moxY disruption vector pMOXY-DD. The moxY disruption
vector was constructed by a three-step procedure. First, the 2-kb PstI/Kpnl PCR
fragment of selectable marker gene ptr4 was inserted into the corresponding
sites in the pSP72 vector. Second, the 1.24-kb Kpnl fragment containing a moxY
3’-flanking region and a 132-bp moxY 3'-coding region, which had been amplified
with a KOD enzyme and primers moxYR-KpnI-F (no. 380, GGGGTACCCCG
TAGTTTCGTGCCGC) and moxYR-KpnI-R (no. 382, GGGGTACCGCCACA
CTGTACCATCGC) from the genomic DNA of SYS-4, was inserted into the
KpnlI site of the resultant vector. The desired insertion direction of the moxY
3’-region in the vector was then selected by either restriction enzyme digestion or
PCR analysis. Finally, the resultant vector was ligated with a 1.26-kb HindIII/PstI
fragment containing a moxY 5'-flanking region and a 278-bp moxY 5'-coding
region, which had been amplified with KOD-plus-enzyme using moxYL-Hin-
dIII-F (no. 378, CCCCAAGCTTCCACGGGATCGGCAATG) and moxYL-
PstI-R (no. 379, AAAACTGCAGGCATACCCGGTCGAGG) as primers and
the genomic DNA of SYS-4 as the template, to obtain the moxY disruption
vector pMOXY-DD (Fig. 4A). The linear replacement construct containing the
2-kb ptrA gene flanked by a 1.2-kb segment containing the moxY 5’-region and a
1.13-kb segment containing the moxY 3'-region was excised from pMOXY-DD
using Xcml and Nhel and then used to transform A. parasiticus SYS-4.

Fungal transformation. The transformation of fungal protoplasts with plasmid
DNAs was performed as described by Gomi et al. (4) and Horng et al. (7) with
some modifications. For the preparation of the protoplast, approximately 10°
conidia of SYS-4 were inoculated into 100 ml Czapek-Dox (CD) liquid medium
and incubated for 18 to 20 h at 28°C in a stationary culture. Then, 0.6-cm glass
beads were added to a shaking flask and incubated for another 24 h at 30°C with
shaking at 130 rpm. Mycelia were harvested, washed two to three times with 0.8
M NacCl, resuspended in 10 ml freshly prepared protoplast medium (15 mg/ml
Yatalase [Takara], 5 mg/ml cellulase Onozuka R-10 [Yakult Honsha], 0.8 M
NaCl, 10 mM phosphate buffer [pH 6.0], and 1 mM dithiothreitol), and then
incubated for 3 to 4 h at 30°C with gentle shaking at 130 rpm. After incubation,
the residual mycelia were removed by filtration through Miracloth (Calbiochem).
Protoplasts were harvested by centrifugation at 4°C and 2,500 X g for 5 min and
gently washed in ice-cold solution 1 (0.8 M NaCl, 10 mM CaCl,, and 10 mM
Tris-HCI [pH 8.0]). The pellet was resuspended in solution 1 at a concentration
of 2 X 10%/ml; then, 0.2 volume of solution 2 (40% polyethylene glycol 4000, 50
mM CaCl,, 10 mM Tris-HCI [pH 8.0]) was added with gentle mixing. For
transformation, 0.1 ml protoplast suspension was transferred to a new 15-ml
polypropylene tube. DNA was added in a volume of less than 15 wl (approxi-
mately 4 to 7 ug), and each mixture was placed on ice for 30 min. Then, 0.5 ml
of solution 2 was added with gentle mixing, followed by incubation for 20 min at
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room temperature. The suspensions were diluted with 5 ml solution 1 and
centrifuged at 4°C and 2,500 X g for 5 min. The pellet was resuspended in 0.1 ml
solution 1, plated on CD regeneration medium containing 0.8 M NaCl and 2%
agar, and then overlaid with CD soft agar (0.5% low-melting-point agar, 30°C).
The plates were incubated at 28°C for 4 to 7 days. Pyrithiamine-resistant trans-
formants were selected on CD medium plates containing 0.1 mg/liter pyrithia-
mine.

Rapid and simple DNA extraction for PCR analysis. Conidia of transformants
were inoculated into 300 wl YES medium in a 2-ml tube (USA/Scientific Plastics,
Milton Keynes, England) with a sterile toothpick. After 2 days of incubation at
28°C, the medium was removed and discarded, and then 150 pl Tris-EDTA
buffer, 150 wl Tris-EDTA-saturated phenol, and zirconium beads (diameter, 0.5
mm; Nikkato) were added to the remaining mycelia in the tube. The mycelia
with/without spores in the tube were completely disrupted with FastPrep FP100A
(Q-BIO 101) at a speed of 6.5 m s~ ! for 45 s. After cooling on ice, the whole tube
was centrifuged at 15,000 X g for 15 min at 4°C. The aqueous upper layer
containing DNA was transferred to a new microcentrifuge tube, followed by a
fourfold dilution with sterile water. The resulting DNA solution was used for
PCR analysis.

Screening for cypX or moxY gene disruptants by PCR analyses and detection
of pigments in their mycelia. PCRs were performed using DNA from the result-
ing pyrithiamine-resistant transformants with moxY primers P9 (no. 432, moxY-
F1, GAAGACCGCGGAGAATGG) and P10 (no. 433, moxY-R1, GGCCCAA
TGACACTGCC) or with cypX primers P1 (no. 434, cypX-F1, CGCAAGATTC
CTGGTCCC) and P2 (no. 435, cypX-R1, CCAGCTAGGAGCAACGC). The
transformants showing a faint band or no band corresponding to the expected
product from the recipient strain SYS-4 were selected as candidates for gene-
deleted mutants. At the same time, the conidia of each pyrithiamine-resistant
transformant were inoculated onto aflatoxin-inducible GY agar medium (2%
glucose, 0.5% yeast extract, and 2% agar) to check for pigment production. After
2 to 4 days of incubation at 28°C, mutants accumulating pigments in the mycelia
were selected as candidate disruptants. After comparison with the results of PCR
analyses, the possible mutants were then purified three times by single-colony
isolation on GY medium, and the spores of the resulting colonies were stored at
—80°C. The pigments that accumulated in the mycelia of the mutants were
extracted and analyzed by thin-layer chromatography (TLC) as described below.

Confirmation of gene disruption by PCR analyses. Gene disruption events
were confirmed by PCR analyses using different combinations of primers, de-
pending on the different gene constructs in the genome between the mutants and
the recipient strain SYS-4. In most assays, a 0.5-ul diluted DNA sample in an
8-l PCR volume resulted in good amplification even if the PCR products were
larger than 3 kb. The primers used for PCR analyses were as follows: P1 (no. 434,
coypX-F1), CGCAAGATTCCTGGTCCC; P2 (no. 435, cypX-R1), CCAGCTAG
GAGCAACGG; P3 (no. 212, cypX-Xhol-F), CCGCTCGAGATGACCAACAC
TGCGCCAAG; P4 (no. 257, cypX-HindIII-R), CCCCAAGCTTCTACAGCTG
AATGGCACAACG; P5 (no. 456, cypX-F2), CTTGGTAGTCGTCGGGC; P6
(no. 457, cypX-R2), CAGGTCGCATCAGGAGC; P7 (no. 311, PTRI-KpnI-F),
GGGGTACCGGGCAATTGATTACGGGATCCCA; P8 (no. 322, PTRI-PstI-
R2), AAAACTGCAGTGACGATGAGCCGCTCTTGC; P9 (no. 432, moxY-
F1), GAAGACCGCGGAGAATGG; P10 (no. 433, moxY-R1), GGCCCAATG
ACACTGCC; P11 (no. 213, moxY-Xhol-F), CCGCTCGAGATGGACCCAGC
CAACCGC; P12 (no. 256, moxY-HindIII-R), CCCCAAGCTTCAAGTTAGAC
GTGGCCGTC; P13 (no. 454, moxYL-F), CGTACAGCTTGCGTCGG; and P14
(no. 455, moxYR-R), CGCTGGAGGATGTCTCG. An 8-pl reaction mixture
consisted of 0.5 pl of the diluted fungal DNA extract, 4 pl of 2X PCR Master
Mix (Promega), 2.5 pl of nuclease-free water, and 0.5 pl of each primer (each
12.5 pmol/ul). PCR cycling depended on the size of the target fragment. PCR
conditions for amplifying fragments shorter than 2.5 kb were (i) 94°C for 5 min;
(ii) 35 cycles of 94°C for 40 s, 56°C for 40 s, 72°C for n min (determined by the
size of the target fragment); and (iii) 72°C for 10 min. For fragments larger than
2.5 kb, PCR conditions were (i) 94°C for 5 min; (ii) 40 cycles of 94°C for 1 min,
56°C for 1 min, 72°C for n min; and (iii) 72°C for 10 min. PCR products were
visualized by performing electrophoresis on a 1% agarose gel.

Characterization of the accumulating pigments in the mycelia of cypX or moxY
disruptants. A spore suspension (about 2 X 10° spores) of the disruptants or
SYS-4 was inoculated into 100 ml YES medium in a bottle (10 cm in length, 4.5
cm in width, and 15 cm in depth), and the bottle was laid on its side to maximize
the surface area of the medium. After a 3-day stationary culture at 28°C, the
medium was removed and partially saved, and the remaining wet mycelia were
extracted with 30 ml acetone. The acetone extract was collected, and the pig-
ments in the extract were analyzed by TLC. The medium or resultant acetone
extract (10 pl each) was then spotted onto silica gel TLC plates (Kieselgel 60, no.
5721; Merck & Co., Rahway, N.J.), and then each plate was developed with
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FIG. 2. Disruption of cypX via double-crossover recombination.
(A) Strategy for the disruption of the cypX gene. The gene disruption
vector pCYPX-DD was constructed as described in the text. The vec-
tor was linearized and then transformed into wild-type strain SYS-4.
The double-crossover recombination events resulted in the replace-
ment of most of the internal section of the target gene cypX with the
selectable marker ptr4 gene. Long arrows, gene direction; short ar-
rows, positions of primers used for confirmation of gene disruptions;
vertical arrow, gene replacement. (B) PCR analysis using different
combinations of primers was done to confirm that the cypX gene was
deleted in the cypX disruptant CYPX-DD-55. Lanes: a, cypX dis-
ruptant CYPX-DD-55; b, the recipient strain SYS-4; M, 1-kb molec-
ular marker. The expected lengths of the PCR products are shown at
the bottom of panel B.

benzene:ethyl acetate (7:3, vol/vol) equilibrated with 10% aqueous acetic acid.
The pigments were detected as visible yellow spots or fluorescent spots under
UV light (365 nm). The fluorescence pictures were taken using a Fluor-S MAX
Multilmager (Bio-Rad Laboratories, CA). To recover the pigments from each
spot, the acetone extract was spotted onto the TLC plate in a line. After devel-
opment with the same solution, the part corresponding to each spot was scraped,
and pigments on the silica gel were extracted with acetone. The acetone extract
was supplemented with 0.05 volume of water and then kept at —20°C until use.
To identify the pigments, the resulting acetone extract was injected into a high-
performance liquid chromatography (HPLC) apparatus (Shimadzu HPLC
LC-6A system) equipped with an octyldecyl silane column (150 by 4.6 mm, S
type; STR ODS-II; Sinwa Chemical Industries Ltd.). The flow solution was
acetonitrile:tetrahydrofuran:water:acetic acid (25:25:50:1, vol/vol/vol/vol). The
flow rate and column temperature were 1 ml min~' and 35°C, respectively. The
retention times of AVR, HVN, and VONE were compared with those of stan-
dard samples. Typical retention times were as follows: VONE, 3.4 min; HVN, 3.9
min; and AVR, 20.2 min.
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FIG. 3. Accumulation of AVR in the cypX disruptant. Metabolites
produced by the cypX-deleted mutant or the recipient strain were
analyzed by TLC. Lanes 1, 4, and 5, standard for AVR; lane 2, culture
medium of the cypX-deleted mutant CYPX-DD-55; lane 3, acetone
extract of the same mutant; lane 6, acetone extract of the recipient
strain SYS-4; lane 7, standards for aflatoxins as indicated in the figure.
Aflatoxins showed blue or green fluorescence (lanes 6 and 7), and
other substances showed orange or yellow fluorescence under UV
light.

Feeding experiments. Each of the mutants—cypX-deleted CYPX-DD-55,
moxY-deleted MOXY-DD-90, and NIAH-26—was cultured in 200 pl YES me-
dium supplemented with 10 uM OAVN, 2.8 uM AVR, 10 pM HVN, 20 pM
VONE, 10 uM VHA, or 19 uM VOAC or with the same volume of methanol as
a solvent at 28°C for 4 days using the tip culture method (23, 28). Aflatoxin
formation was measured by HPLC analysis with a silica gel HPLC column
following the extraction of the medium with chloroform as described previously
(25).

RESULTS

Isolation of the cypX disruptants. After the transformation
of SYS-4 with the linear replacement construct of pCYPX-
DD in three separate experiments, 136 pyrithiamine-resistant
transformants were obtained. Since other researchers have
previously suggested that the disruption of the cypX gene did
not show obvious changes of the phenotype (32), we did a PCR
analysis using DNA extract from 115 transformants and the
cypX internal primers P1 and P2 to select for the deleted cypX
gene as a first screening. One transformant, transformant 55,
showed a drastic decrease of the amount of the PCR product,
suggesting that it was the desired mutant. We also inoculated
the spores of each transformant on GY plates and cultured
them to detect the accumulation of pigments in the mycelia.
After culture for more than 2 days, only transformant 55 made
an orange colony. The other 21 of the 136 transformants were
similarly investigated, and another mutant, transformant 127,
was also isolated as a candidate.

To confirm cypX deletion in these two mutants, we per-
formed PCR analysis using a variety of primers (Fig. 2A).
When combinations of primers P4/P7 and P3/P8 were used for
PCR analysis of the purified mutant 55, a 2.57-kb band and a
2.15-kb band appeared, respectively, whereas the same bands
were not detected when the genomic DNA of the wild-type
strain SYS-4 was used as the template (Fig. 2B). In contrast,
when primer pair P1/P2 located within the deletion region of
the cypX gene was used, only SYS-4 produced the 8§10-bp PCR
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FIG. 4. Disruption of the moxY gene via double-crossover recom-
bination. (A) To disrupt the moxY gene, gene disruption vector
pMOXY-DD was constructed as described in the text. The vector was
linearized and then transformed into the wild-type strain SYS-4. The
double-crossover recombination resulted in the replacement of most
of the internal section of the target gene moxY with the ptr4 gene.
(B) PCR analysis of the moxY disruptant was conducted with genomic
DNA of MOXY-DD-69 and the recipient strain SYS-4 by using dif-
ferent combinations of primers. Lanes: a, the moxY disruptant MOXY-
DD-69; b, the recipient strain SYS-4; M, 1-kb molecular marker. The
expected lengths of the PCR products are shown at the bottom of
panel B.

fragment as predicted. On the other hand, the mutant 55
produced a 2.72-kb band with primers P3/P4, whereas SYS-4
produced a 1.65-kb band with the same primers. Also, only
mutant 55 generated a 3.15-kb band and a 3.33-kb band with
primers P6/P7 and P5/P§, respectively, indicating that the cypX
replacement construct was inserted into the desired position in
the chromosome of the mutant. These results confirmed that
transformant 55 is a cypX double-crossover gene disruptant in
which the cypX gene is mostly deleted and replaced with the
selectable marker ptrA by double-crossover recombination.
The same results were obtained when transformant 127 was
used (data not shown). We named mutants 55 and 127 CYPX-
DD-55 and CYPX-DD-127, respectively.
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Characterization of the cypX disruptants. The culture me-
dium and acetone extract of the mycelia of the CYPX-DD-55
mutant were analyzed by TLC (Fig. 3, lanes 2 and 3). The
cypX-deleted mutant CYPX-DD-55 did not form aflatoxin, in
contrast to results with the recipient strain SYS-4 (lane 6).
Instead, it accumulated three kinds of pigments in the mycelia,
the primary pigment of which has an R, corresponding to that
of AVR (Fig. 3, lane 3). Another pigment corresponding to the
higher spot visible in Fig. 3 did not convert to aflatoxins in the
preliminary feeding experiment, suggesting that this substance
may not be related to aflatoxin production (data not shown).
Its identity is still unknown. The third pigment was present very
close to the origin on the TLC plate, indicating that it is a very
polar substance. The R, of this substance was different from
that of OAVN and HAVN. When this pigment was analyzed
again by TLC or HPLC following the extraction from the spot,
AVR newly appeared. Although it may be related to AVR, the
function of this substance still remains unclear. The accumu-
lation of AVR in the mutant CYPX-DD-127 was also con-
firmed by TLC and HPLC analyses after the extraction of the
major substance (data not shown).

Isolation of the moxY disruptants. The transformation of A.
parasiticus SYS-4 with the linear replacement construct of
pMOXY-DD (Fig. 4A) in two separate experiments generated
128 pyrithiamine-resistant transformants. We checked the de-
letion of moxY in the genome by using PCR with primers P9
and P10 and found that 12 transformants lost the 910-bp PCR
band. When all 128 transformants were separately inoculated
onto GY plates, two transformants, transformants 69 and 90,
which were included in the 12 transformants mentioned above,
accumulated bright yellow pigments in the mycelia.

When the purified mutant 69 was also analyzed by PCR
using primers P11/P7, P12/P§, and P11/P12, PCR products of
2.28,2.13, and 2.41 kb, respectively, which were specific for the
replacement of the moxY gene with the ptr4 gene, were formed
(Fig. 4B). When primer pair P9/P10 was used, only SYS-4
produced the 910-bp PCR product. All PCR results indicated
that the moxY replacement construct was inserted into the
desired position in the chromosome of the mutant. Transfor-
mant 90 showed the same results as those of mutant 69 (data
not shown). These results demonstrated that these two mu-
tants were the moxY disruptants; we named them MOXY-
DD-69 and MOXY-DD-90.

Characterization of the moxY disruptants. When MOXY-
DD-90 was cultured in YES medium, two kinds of pigments
accumulated mainly in the mycelia (Fig. 5, lane 3), correspond-
ing to HVN (lane 4) and VONE (lane 5). These results were
further confirmed using HPLC analyses (data not shown). The
medium as well as the acetone extract of this mutant did not
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FIG. 5. Accumulation of HVN and VONE in the moxY disruptant.
Metabolites produced by the moxY disruptant or the recipient strain
were analyzed by TLC. Lanes 1 and 6, standard samples of AVR; lane
2, culture medium of the moxY disruptant MOXY-DD-90; lane 3,
acetone extract of the same mutant; lane 4, standard of HVN; lane 5,
standard for VONE; lane 7, acetone extract of the recipient strain,
SYS-4; lane 8, standards for aflatoxins as indicated in the figure. Af-
latoxins (lanes 7 and 8) showed blue or green fluorescence, and other
substances showed orange or yellow fluorescence under UV light.

contain any aflatoxins, indicating that a step catalyzed by the
moxY gene product was completely blocked. Small amounts of
HVN and VONE were observed in the medium (Fig. 5, lane
2), indicating that these substances were partially excreted
from the mycelia due to their high polarities. The same results
were obtained with MOXY-DD-69 (data not shown).
Feeding experiments of the deleted mutants. We performed
feeding experiments using precursors related to the pathway
reaction from OAVN to VHA in aflatoxin biosynthesis.
CYPX-DD-55 could not convert either OAVN or AVR to
aflatoxins. In contrast, it converted HVN, VONE, VHA, and
VOAC to aflatoxins (Table 1), indicating that cypX is involved
in the reaction from AVR to HVN. In contrast, MOXY-
DD-90 could not convert OAVN, AVR, HVN, or VONE to
aflatoxins, whereas it converted either VHA or VOAC to afla-
toxins. These results indicated that the moxY gene is involved
in the reaction from HVN to VHA or from VONE to VOAc.

DISCUSSION

This work showed that the cypX gene encodes AVR mono-
oxygenase, which catalyzes the reaction from AVR to HVN
(Fig. 1). Since the cypX gene is a homolog of stcB in the
sterigmatocystin gene cluster of A. nidulans (11), StcB may
catalyze the same reaction in sterigmatocystin biosynthesis.
Based on amino acid homology, the cypX gene codes for a

TABLE 1. Aflatoxin formation of mutants in feeding experiments

Total concn of aflatoxin formed (pg/250 pl culture medium)”

Strain
OAVN AVR HVN VONE VHA VOACc
CYPX-DD-55 ND? ND 172 £0.9 0.9 x£0.2 6.9 = 1.0 43*04
MOXY-DD-90 ND ND ND ND 84+ 1.1 3.7%0.6
NIAH-26 535+0.7 14113 21203 35202 439 £ 6.4 6.1 £3.1

“ Values are means = standard deviations.
> ND, not detected.
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cytochrome P450 monooxygenase (30). We previously re-
ported that the reaction from AVR to HVN is catalyzed by a
microsomal AVR monooxygenase enzyme (26). The accumu-
lation of AVR in the mycelia of the cypX-deleted mutant
matches these biochemical data well (Fig. 3). Characterization
of the other two unknown substances that accumulated along
with AVR in the cypX disruptant is now in progress in our
laboratory.

We also demonstrated that the moxY gene encodes the
HVN monooxygenase catalyzing the reaction from HVN to
VHA as well as from VONE to VOAc (Fig. 1). The moxY gene
is a homolog of stcW in the sterigmatocystin gene cluster of 4.
nidulans (11), indicating that the enzyme encoded by the stcW
gene may catalyze the same reactions in sterigmatocystin bio-
synthesis. moxY is commonly involved in the two reactions,
from HVN to VHA and from VONE to VOACc, because the
moxY-deleted mutant accumulated both HVN and VONE
(Fig. 5). Both reactions are Baeyer-Villiger reactions, in which
an oxygen atom is inserted into a C—C bond adjacent to the
carbonyl group of an aliphatic or alicyclic ketone. Microbial
enzymes carrying Baeyer-Villiger reactions are known to con-
tain flavin adenine dinucleotide in their molecules (15). There-
fore, moxY as well as stcWW encodes the HVN monooxygenase
in aflatoxin/sterigmatocystin biosynthesis. Although VOROL
can be produced from VONE in the aflatoxin biosynthetic
pathway (26), the accumulation of VOROL was not detected,
which may be due to the short (3-day) culture time.

The pathway following VHA or VOAc was intact in the
moxY-deleted mutant, because VHA as well as VOAc could be
converted to aflatoxins in the feeding experiments (Table 1).
Keller et al. reported that the disruption of stcW caused the
accumulation of AVR and that a stcW-inactivated mutant did
not change '*C-labeled norsolorinic acid to HVN. However, if
stcW is a homolog of moxY, the stcW-inactivated mutant should
have changed '*C-labeled norsolorinic acid to HVN because
only the next step after HVN should have been blocked. The
discrepancies among these results should be studied in more
detail.

The avfA gene was suggested above to be involved in the
step from AVR to VHA by a complementation experiment
with the AVR-accumulating mutant. When the AVR-accumu-
lating mutant was transformed by cosmid clones containing the
avfA gene and different lengths of its flanking regions, its af-
latoxin-producing ability was restored (33). However, avfAd
does not have a sequence similar to either cypX or moxY.
Furthermore, involvement of avfA4 in aflatoxin biosynthesis has
not been directly determined by gene disruption or other
methods. The relationship among these genes still remains to
be studied.

The production of multinucleate conidia by A. parasiticus
makes screening the mutant by PCR somewhat difficult. The
transformants generated just after transformation are gener-
ally heterokaryotic, and untransformed or intact nuclei can
coexist with transformed or mutant nuclei even in a conidium,
which results in the generation of undesired PCR products
even from desired mutants. Therefore, the selected mutant
candidates with slight or no undesired PCR bands should be
purified at least three times by single-colony isolation and then
be analyzed by PCR again to confirm the mutation events.

Gene disruption followed by the characterization of the mu-
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tant usually provides useful information in determining the
function of the gene. If we can anticipate the possible function
of the target gene, the screening of the desired disruptant is
relatively easy. However, if no such projection can be made,
the selection of the desired transformants from many transfor-
mants is always difficult. Such was the case in this work because
other groups have failed in the isolation of the cypX- or moxY-
deleted mutants (32). Therefore, we decided to check for the
deletion of the target gene in all obtained transformants by
using PCR. For this examination, a simple, effective, and stable
method for extracting genomic DNA from many (at least 100)
fungi at the same time was required. Although some methods
have already been reported, such as heating of the mycelia (2)
and the protoplast formation method (21), we needed a much
simpler and more stable method applicable for long as well as
short PCR. We thus devised a simple method to extract
genomic DNA from fungal mycelia, in which cell disruption
with a shaker and phenol extraction were combined. This
method was useful for even a slight amount of mycelia col-
lected from a fungal colony on an agar plate. Any type of
shaker was useful if it could effectively disrupt the mycelia as
well as the conidia. A Vortex mixer did not seem to be enough
for this purpose. We ultimately obtained genomic DNA from
more than 100 transformants at the same time within 2 h. The
resulting DNA could be used to detect PCR products of at
least 4 kb. In this study, we found that 2 of 136 transformants,
transformants 55 and 127, deleted the cypX gene; we also
found that only these two mutants among all of the 136 trans-
formants accumulated pigments in their mycelia. Furthermore,
we found that two of 128 transformants, transformants 69 and
90, deleted the moxY gene; only these two mutants among all
of the 128 transformants accumulated pigments in their myce-
lia. These results showed that PCR analysis data of the desired
mutants were consistent with their phenotype changes. There-
fore, this extraction method makes it possible to do so-called
colony PCR of fungi, and it will certainly be useful for gene
analyses of a number of organisms containing rigid cell walls
like fungi and plants.
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