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Patulin is an acetate-derived tetraketide mycotoxin produced by several fungal species, especially
Aspergillus, Penicillium and Byssochlamys species. The health risks due to patulin consumption
by humans have led many countries to regulate it in human food. Previous studies have shown the
involvement of cytochrome P450 monooxygenases in the hydroxylation of two precursors of
patulin, m-cresol and m-hydroxybenzylalcohol. In the present study, two cytochrome P450 genes
were identified in the genome sequence of Aspergillus clavatus, a patulin-producing species.
Both mRNAs were strongly co-expressed during patulin production. CYP619C2, encoded by the
first gene, consists of 529 aa, while the second cytochrome, CYP619C3, consists of 524 aa. The
coding sequences were used to perform the heterologous expression of functional enzymes in
Saccharomyces cerevisiae. The bioconversion assays showed that CYP619C3 catalysed the
hydroxylation of m-cresol to yield m-hydroxybenzyl alcohol. CYP619C2 catalysed the
hydroxylation of m-hydroxybenzyl alcohol and m-cresol to gentisyl alcohol and 2,5-
dihydroxytoluene (toluquinol), respectively. Except for the last compound, all enzyme products are
known precursors of patulin. Taken together, these data strongly suggest the involvement of
CYP619C2 and CYP619C3 in the biosynthesis of patulin. CYP619C2 and CYP619C3 are
located near to two other genes involved in patulin biosynthesis, namely the 6-methylsalicylic acid
synthase (6msas) and isoepoxydon dehydrogenase (idh) genes. The current data associated with
an analysis of the sequence of A. clavatus suggest the presence of a cluster of 15 genes involved

Accepted 15 January 2009 in patulin biosynthesis.

INTRODUCTION

Patulin is a toxic fungal secondary metabolite that induces
immunological, neurological and gastrointestinal effects.
Assessment of the health risks due to patulin consumption
by humans has led many countries to regulate its amounts
in food. In Europe, a maximum level has been established
of 50 ug kg~' for apple juice and cider, while the
maximum level has been reduced to 10 pg kg™' for all
products intended for infants and young children.

The genus Penicillium is the most prolific genus with
respect to the ability to synthesize patulin (Frisvad et al,
2004). In this genus, Penicillium expansum is the species
most commonly linked to patulin production and the one

Abbreviations: DAD, diode-array detection; IDH, isoepoxydon dehydro-
genase; 6MSAS, 6-methylsalicylic acid synthase; qRT-PCR, real-time
quantitative RT-PCR; RACE, rapid amplification of cDNA ends; UTR,
untranslated region.

The GenBank/EMBL/DDBJ accession numbers for the nucleotide
sequences reported in this paper are EU678353-EU678354.

most often found on apples. In the past, a considerable
number of Aspergillus and Byssochlamys species have also
been reported as patulin-producing species (Moake et al.,
2005). However, recent studies have limited the number
of patulin-producing species, other than species of
Penicillium, to Aspergillus clavatus, Aspergillus giganteus,
Aspergillus longivesica and Byssochlamys nivea (Varga et al.,
2007; Houbraken et al., 2006; Puel et al., 2007).

Patulin is a polyketide metabolite, like several other major
mycotoxins, e.g. aflatoxins, fumonisins and ochratoxins.
The biosynthetic pathway consists of about 10 steps (Fig. 1),
as suggested by several biochemical studies and by the
identification of several mutants which are blocked at
various steps in the patulin biosynthetic pathway
(Sekiguchi & Gaucher, 1977). Fungal genes encoding
enzymes involved in the production of secondary metabo-
lites are usually contained in clusters on chromosomes. The
existence of a gene cluster related to mycotoxin synthesis
has been demonstrated for aflatoxins, fumonisins, tri-
chothecenes and ergot alkaloids (Yu et al., 2004; Seo et al.,
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Fig. 1. Putative biosynthetic pathways of patulin. Adapted from Fedeshko (1992) and Priest & Light (1989).

2001; Proctor et al., 2003; Kimura et al., 2007; Panaccione,
2005). By contrast, a gene cluster related to patulin
biosynthesis has not been described. Only a few genes
implicated in patulin biosynthesis have been identified,
such as 6-methylsalicylic acid synthase (6MSAS) from
Penicillium griseofulvum (Beck et al., 1990; Wang et al,
1991) and the isoepoxydon dehydrogenase (IDH) gene
from several Penicillium species (Fedeshko, 1992; White
et al., 2006; Dombrink-Kurtzman, 2007). Recently, a gene
encoding a protein with strong homology to isoamyl-
alcohol oxidase has also been suggested to belong to this
pathway (Dombrink-Kurtzman, 2008). Although the genes
encoding cytochrome P450 monooxygenases have not been
isolated, the involvement of cytochrome P450s in several
steps of the patulin biosynthesis pathway has been
established (Murphy et al., 1974; Murphy & Lynen, 1975).

Recently, the whole genome of the patulin-producing
fungus A. clavatus was sequenced by The Institute for
Genomic Research (Fedorova et al., 2008). When com-
pared with genome sequences from A. clavatus, genes
orthologous to 6msas and idh were found in the A. clavatus
genome. Like all genes involved in secondary metabolite
biosynthesis in filamentous fungi, these genes were located
in a single cluster which contains 15 genes putatively
involved in patulin biosynthesis. Among these genes, two
cytochrome P450 genes were located near the 6msas gene.
The average number of cytochrome P450 genes in genomes
of fungal species is large, and about half of these are located

in clusters of genes required for secondary metabolite
synthesis.

In the current paper, we report the cloning and
heterologous expression of two genes encoding cytochrome
P450s and demonstrate their biochemical roles in patulin
biosynthesis.

METHODS

Chemicals. Gentisaldehyde, m-cresol, m-hydroxybenzyl alcohol, m-
hydroxybenzaldehyde, toluquinol and patulin were purchased from
Sigma-Aldrich. Gentisyl alcohol was kindly provided by Dr M. Blanco
(Universidad Politécnica, Valencia, Spain). All solvents used in
extraction, HPLC with diode-array detection (HPLC-DAD), and
liquid chromatography-MS (LC-MS/MS) were analytical grade.
Water for HPLC-DAD and molecular biology procedures was
purified by using a Millipore MilliQ purification system. Taqg DNA
polymerase, SuperScript transcriptase and a GeneRacer kit were
purchased from Invitrogen.

Organisms and growth conditions. Escherichia coli ToplOF’
(Invitrogen) was used for cloning experiments. This strain was grown
at 37 °C on solid Luria—Bertani (LB) medium or in liquid LB
medium. Saccharomyces cerevisiae InvSC1 (Invitrogen) was used for
heterologous expression experiments. The patulin-producing A.
clavatus strain NRRL 1980 was chosen instead of strain NRRL 1,
whose complete genome has been sequenced, because Varga et al.
(2003) have shown that strain IMI 015949 (NRRL 1) is not able to
produce patulin. This strain was provided by S. Peterson, ARS
Culture Collection, Northern Regional Research Laboratory, Peoria,

http://mic.sgmjournals.org

1739



M. P. Artigot and others

IL, USA. The strain was cultured on Potato Dextrose Agar (PDA)
medium (Sigma-Aldrich) at 25 °C for 7 days in the dark. To
determine the transcription kinetics and patulin production of
CYP619C2 and CYP619C3, 5 x 10° conidia from a spore suspension
from a late culture were used to inoculate, in triplicate, 1 1 Roux flasks
containing 100 ml sterile Czapek-glucose broth [35 g Czapek medium
(Difco), 2 g yeast extract (Sigma-Aldrich), 8 g glucose, 11 distilled
water]. This culture was placed in an incubator in the dark at 25 °C
for 1-5 days, without shaking. Then, the supernatants were extracted
and analysed by HPLC-DAD, and total RNAs were extracted from
harvested mycelia. The fungus was grown on Eagle’s minimal essential
medium (MEM; Sigma-Aldrich) supplemented with 5% sterile fetal
calf serum, with shaking (180 r.p.m.) for 5 days, for restrictive
growth, i.e. the production of only traces of patulin.

cDNA cloning. The procedures used in this study are standard
molecular biology techniques. Total RNA was isolated from a 4-day-old
A. clavatus culture as previously described (Puel et al, 2007). The
specific primers were designed from preliminary sequence data obtained
from The Institute for Genomic Research website at http://www.tigr.org
and deposited in GenBank (XM_001273089 and XM_001273090).
These primers are listed in Table 1. Total RNA was used as the template
to generate first-strand cDNAs in 20 pl reaction mixtures containing
5 pg total RNA, 820 ng GeneRacer Oligo dT primer (Invitrogen), 1 x
RT buffer, 40 U RNAsin RNase inhibitor (Promega), 0.1 M DTT and
200 U SuperScript reverse transcriptase (Invitrogen). By using the
GeneRacer kit as specified by the manufacturer, the 5 and 3’
untranslated regions (UTRs) of cytochrome P450 genes were amplified
by the rapid amplification of cDNA ends (RACE)-PCR method, as
described elsewhere (Shen et al., 2004). The obtained products were
ligated in the pCR2.1-TOPO vector for amplification in a TOP10F
host. Nucleotide sequences of both DNA strands were determined via
ABI Prism dye (Applied Biosystems) terminator cycle sequencing of
templates consisting of maxiprep-purified (Qiagen) plasmids.

Kinetics of CYP619C2 and CYP619C3 expression in A.
clavatus. After assessment of concentration, purity and quality,

5 pg total RNA was used as the template to generate first-strand
¢DNA in 20 pl reaction mixture, as described above. The amount of
RNA transcripts from genes encoding cytochrome P450s was
measured in triplicate by real-time quantitative RT-PCR (qRT-
PCR). Briefly, 8 ng cDNA was mixed with the Power SYBR Green
PCR Master Mix (Applied Biosystems), specific A. clavatus primers
for a housekeeping gene (f-tubulin), and genes encoding cytochrome
P450s CYP619C2 and CYP619C3. The optimal primers used in the
reaction were identified by Primer Express 1.0 software (Applied
Biosystems) and are listed in Table 1. Special care was taken to design
or choose sets of primers that spanned exon—exon conjunctions to
exclude amplification of genomic DNA. The reactions were denatured
at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min, in an ABI Prism 7000 Sequence Detection System (Applied
Biosystems). A dissociation curve analysis was performed to confirm
the specificity of the amplified target nucleic acid sequence. Data were
analysed using the method of Peirson et al. (2003), and individual
values for cytochrome P450 expression were obtained after normal-
ization to f-tubulin (relative quantification).

Heterologous expression of cytochrome P450 genes in yeasts.
The entire coding sequences of CYP genes were amplified by RT-PCR
using, respectively, P450IexpF/R and P450IlexpF/R primer pairs. The
cDNA devoid of PCR errors was inserted into a yeast expression
vector, pYES2.1/V5/His-Topo (Invitrogen). The expression vectors
were purified from overnight culture and were introduced into strain
InvScl of S. cerevisiae by the lithium acetate procedure.

Preparation of yeast microsomes and Western blotting. First,
yeast were grown at 29 °C in 500 ml YPGE (yeast extract, peptone,
glucose, ethanol) for 24 h, as described by Pompon et al. (1996). Cells
were induced by addition of 10 % (v/v) of a sterile aqueous solution
of 20 g galactose 17! and grown for 16 h. Cells were harvested by
centrifugation, resuspended in TEK buffer (50 mM Tris/HCI, pH 7.4,
1 mM EDTA, 0.1 M KCl) and left at room temperature for 5 min.
Cells were recovered by centrifugation and resuspended in 0.5 ml TE
buffer (50 mM Tris/HCl, 1 mM EDTA, pH 7.4) containing 0.6 M

Table 1. Primers used in this study

Primer* Sequence (5-3’) Annealing temperature
P450Text5'1 GGGTAGCTCAGGTGGCCGATATCCTGAGCGCA 60 °C
P450Iext5'2 TCAGCAGCACCCCGAGGATGTACGATGGCGG 60 °C
P4501lext5'1 CCAGTCGGCGATCCGTGACGACGGCC 60 °C
P4501Text5'2 GCCATTCCCAACTTTGAGCATGTAGAGGCCGCCG 60 °C
P450Iext3’1 CGTCTGGGGCATGCACCACGACCCCGACC 60 °C
P4501ext3'2 CGCTGGTCCGAACCGGAGCACTTCCAGCCC 60 °C
P4501Text3'1 GTGGGACGGCGCATCTGCCCGGGG 60 °C
P4501Text3'2 GGCGTTCGAGTTCCAGCGCGGGGAGG 60 °C
P4501expF AAGATGGATTTCACACAAGTACCGCCATCG 55 °C
P450IexpR ATCAAACCGGCTAAACACCCCCTGG 55 °C
P4501IexpF ACCATGGAACCAATGCTGCTCCTGATATTG 55 °C
P450IIexpR GCCCTCCGTAAACTGCGAAAACACC 55 °C
CYP619C2F3 ACCTGAGCTACCCAGCGGA 60 °C
CYP619C2R3 GCCCATTTGGTGAACTGAAAA 60 °C
CYP619C3F2 TCAGTAACAGTATCACCAACTCAATCGTA 60 °C
CYP619C3R2 GGCGCCGGTTTCCATAAT 60 °C
TubACF3 GCCCTACAACGCCACTCTCTC 60 °C
TubACR3 GCATGCAGATATCGTACAGAGCC 60 °C

*P4501 (CYP619C2) and P450I1 (CYP619C3) are equivalent, respectively, to sequences submitted under GenBank

accession numbers XM_001273090 and XM_001273089.
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sorbitol. Cells were then broken by mechanical disruption using glass
beads and a BeadBeater apparatus, according to the method described
by Chung et al. (2004). Microsomal protein concentration was
determined using the method of Schaffner & Weissmann (1973). The
proteins (15 pug per lane) were separated by 12% SDS-PAGE
(Laemmli, 1970) and transferred to a nitrocellulose membrane.
Detection of overexpressed proteins was performed by Western
blotting with mouse monoclonal anti-V5-HRP antibody (Invitrogen)
and developed using ECL chemiluminescence technology
(Amersham).

Bioconversion assays. For induction of candidate CYP genes, the
transgenic yeasts were inoculated into SC minimal medium broth
plus 2% glucose and incubated for 3 days at 30 °C. Then, the yeast
cells were harvested and transferred to SC minimal medium
containing 2 % galactose as the sole carbon source. The ODgyy was
adjusted to 0.4. After 24 h of induction, 1 mM of substrate (m-cresol,
m-hydroxybenzyl alcohol, m-hydroxybenzaldehyde, toluquinol) was
added to the cultures. After 6 and 24 h, the medium was analysed by
HPLC-DAD and LC-MS/MS.

HPLC and MS analysis. After centrifugation, 100 ml medium was
extracted with 70 ml ethyl acetate. The organic phase was evaporated
in vacuo at 50 °C on a rotary evaporator. The residue was taken up in
200 pl methanol, and this suspension was filtered through a 0.45 pm
pore-size filter before injection (20 pl) into the chromatograph
apparatus. Mycotoxin analysis was performed by HPLC-DAD
(Kontron Instruments) with a 250 mm x 4.6 mm Kromasil 5 um
C18 column (Interchim). For the determination of patulin produc-
tion, HPLC analysis was performed according to the method
previously described (Puel et al., 2005). For bioconversion assays,
HPLC analysis was performed with a linear elution gradient using
33 mM acetic acid (solvent A) and methanol (solvent B) with a flow
rate of 0.6 ml min~'. The compounds were eluted by starting from
18 % of solvent B for 15 min, followed by a step to 30 % solvent B,
then a linear gradient up to 75 % within 10 min. After an isocratic
elution for 20 min, the gradient was decreased to the initial value
within 10 min, and remained at this value for the last 10 min.

The HPLC-MS/MS instrument used was an LCQ Deca XP Ion Trap
coupled with an HPLC system from Thermo Finnigan. HPLC was
performed on a reverse-phase 125x2.0 mm LiChrospher C18
column (Phenomenex). Methanol suspension (20 pl) was injected
directly into the HPLC system. Gradient chromatography (run of
33 min) was performed with 33 mM acetic acid in water (eluent A)/
methanol (eluent B) as the mobile phases at a flow rate of 0.2 ml
min~". The program initiated with 95/5 % eluent A/B for 5 min, then
eluent B was increased to 10 % within 5 min, increased to 60 % in
10 min, held constant for 10 min, and then increased to 70% in
10 min. The mobile phases remained constant for 6 min and finally
returned to 90/10% eluent A/B within 1 min and were allowed to
reequilibrate for 5 min. HPLC-MS measurements were performed
using the electrospray ionization mode (ESI). ESI was performed at
room temperature in a negative mode; the tension was maintained at
4.5 kV with the capillary temperature at 300 °C. MS and MS-MS
adjustments were made using m-hydroxybenzyl alcohol as chemical
standard. The collision energy was set at 35 %.

Computer-assisted sequence analysis. Sequence similarities
were obtained by alignments of amino acid sequences using the
BLAST 2 sequence program (http://www.ncbi.nih.gov/blast/bl2seq/
wblast2.cgi).

The different domains of the P450 conserved core were identified
from alignments performed using MultAlin (http://bioinfo.genopole-
toulouse.prd.fr/multalin). The membrane-targeting hydrophobic
segment was located in both cytochrome P450s using the TMpred
program (http://www.ch.embnet.org/software/TMPRED_form.html).

RESULTS

Sequence analysis of the putative cytochrome
P450s from A. clavatus

First, patulin production by A. clavatus NRRL 1980 strain
was determined by HPLC-DAD after 2, 3, 4 and 5 days of
culture. Patulin appeared on chromatograms from the
third day, and RNA was extracted from mycelium
harvested from this 3-day-old culture.

In order to determine the location of the start and stop
codons of the two putative cytochrome P450 genes
involved in patulin biosynthesis, we used RACE-PCR to
isolate, clone and sequence the 5’ and 3" UTR extremities
from A. clavatus strain NRRL 1980. Then, the whole coding
sequences of these genes were sequenced. For the first
putative cytochrome P450 gene, AcP450I (ACLA_093640),
the transcript sequence began only 3 bp upstream of a start
codon predicted by TIGR bioinformatics tools (http://
www.tigr.org/tdb/e2k1/aclal/). It is surprising that the 5’
UTR sequence is so short, but another ATG codon is
present at the +40 position (Fig. 2). The sequences
upstream and downstream of the second ATG were
searched with the Kozak sequence consensus in
Neurospora crassa; these results suggested that this new
ATG could be the real start codon. The sequencing of the

(a)
I—PTranscription initiation point

EUG78354 ARCATGGGAGCATCCGLCGTCCTACTGCTGETT
ACLA_033640 TGCTGGAGGTGCACCCGTCATGARGCCARCATGGGAGCATCCGLCGTCCTACTGETGETT
CONSENSUE L ,ehvesereasvrrrrersrsenrene ARCATGGGAGCATCCGCCGTCCTACTGCTGETT

EU678354 GARAAGATGGATTTCACACARGTACCGCCATCGTACATCCTCAEGGGTGCTGCTGAGCAGT
ACLA_093640 GARAAGATGGATTTCACACARGTRACCGCCATCGTACATCCTCGGGGTGCTGCTGAGCAGT
Consensus GARARGATGGATTTCACACARGTACCGCCATCGTACATCCTCGGGGTGCTGCTGAGCAGT

(b) ,—}Transcription initiation point

EU678353 GAARATCARCGGTAGTAACATACACTATTCCTGTACA
RACLA_093630 CTGCCTCTGCTTGCCTTGGTGATTTCCATCAACGGTAGTAACATACACTATTCCTGTACA
CONSENSUS  evsvisvnssnscsssesanns 2aaaRTCARCGGTAGTAACATACACTATTCCTGTACA

EU678353 CCTGATCGACTACTATCCCGCAGTTCTATCGTTACGCCGGACTTCGCTCTGGGCCCAGTT
ACLA_093630 CCTGATCGACTACTATCCCGCAGTTCTATCGTTACGCCGGACTTCGCTCTGGGCCCAGTT
Consensue  CCTGATCGACTACTATCCCGCAGTTCTATCGTTACGCCGGACTTCGCTCTGGGCCCAGTT

EU678353 GGCAGGACCATGGAACCAATGCTGCTCCTGATATTGGTGRCGGLCGTCGTCCTACTGTTC
ACLA_093630 GGCAGGACCATGGAACCAATGCTGCTCCTGATATTGGTGGCGGCCGTCGTCCTACTGTTC
Consensus GGCAGGACCATGGAACCARTGCTGCTCCTGATATTGGTGGCGGCCGTCGTCCTACTGTTC

Fig. 2. Sequences of 3’ UTR extremities of genes encoding
cytochrome P450s. (a) Alignment of the gene encoding
CYP619C2 (GenBank accession no. EU678354) with gene
ACLA_093640. (b) Alignment of the gene encoding CYP619C3
(EU678353) with gene ACLA_093630. Arrows show the first
nucleotide of the respective mRNAs determined by RACE-PCR.
Underlined are the start codons determined experimentally.
Underlined with dashed lines are the start codons determined by
an ORF finder automatic algorithm.

http://mic.sgmjournals.org
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whole ¢cDNA of AcP450I confirmed the presence of four
introns of 55, 73, 81 and 91 bp in ACP450I. The sequence
obtained from A. clavatus NRRL 1980 (GenBank accession
no. EU678354) and those from A. clavatus NRRL 1 differed
in only two transition mutations. However, after trans-
lation, these differences did not change the amino acid
sequence. With the shift of the start codon, the predicted
gene product comprised only 529 aa instead of the 541 aa
initially predicted. Concerning the second putative cyto-
chrome P450 gene, AcP4501I (ACLA_093630), the whole
transcript sequence began 107 bp upstream of the
predicted start codon and ended 130 bp downstream of
the predicted stop codon. The gene consists of five exons of
206, 64, 380, 573 and 588 bp interrupted by four introns.
The sequence of A. clavatus strain NRRL 1980 (GenBank
accession no. EU678353) differs from that of strain NRRL
1 by only six modifications (five transition and one
tranversion mutations). Among these, only the transition
mutation (A changed to G) located at position 1791
modifies the 524 aa amino acid sequence, by a change of
glycine to glutamic acid at position 468. This sequence
displays, respectively, 54 % identity with AcP4501, 55 %
identity with CYP619C1 (EAU32821) of Aspergillus terreus,
and 53% identity with a putative cytochrome P450
(CAP71842) of Podospora anserina. On other hand, the
AcP4501 sequence is 65 % identical to CYP619C1 and 51 %
to CAP71842 of Podospora anserina. Two sequences are
close enough to both be in the CYP619C subfamily. On the
basis of homology (a minimum 40 % amino acid sequence
identity for family and 55 % for subfamily) (Nelson et al.,
1996), the P450 Nomenclature Committee assigned
AcP4501 to CYP619C2 and AcP4501I to CYP619C3.

For both cytochrome P450s, the transmembrane prediction
method (TMpred) detected in the N-terminal region a
35 aa hydrophobic segment that forms a membrane anchor
indispensable to most eukaryotic P450s associated with
microsomal membranes. This segment is followed by a
P450-characteristic cluster of basic residues and prolines.
Also, certain sequence motifs corresponding to the
conserved tertiary structures were identifiable, and the
sequences displayed several domains considered to be P450
signatures (Werck-Reichhart & Feyereisen, 2000): the
central part of helix I containing the consensus sequence
(Ala/Gly-Gly-X-Asp/Glu-Thr-Thr/Ser); the absolutely con-
served (Glu-X-X-Arg) motif important for locking the
haem pocket and stabilizing the core structure; and the
haem-binding loop (Phe-X-X-Gly-X-Arg-X-Cys-X-Gly),
although Phe was replaced by Tyr.

Kinetics of AcP450l1 and AcP450ll expression
under permissive and restrictive conditions

A. clavatus was inoculated in Czapek-glucose medium,
without shaking. This medium supports patulin produc-
tion. At certain time intervals (1, 2, 3 and 5 days), the
expression of AcP450I and AcP45011 encoding, respectively,
CYP619C2 and CYP619C3 was quantified by qRT-PCR,

whereas the patulin produced was quantified by HPLC.
The results are shown in Fig. 3. The expression of AcP4501
and AcP450II genes increased with a pattern similar to the
increase in patulin concentration in the medium. In
contrast, when A. clavatus was grown under restrictive
conditions (MEM medium+5% fetal calf serum, with
shaking), which do not support patulin production, the
expression of AcP450I and AcP450I1 genes remained at a
basal level, and only traces of patulin were detected in the
medium (0.7 ug 100 ml™'). After 5 days incubation, the
expression levels of both genes were higher under patulin-
permissive conditions, indicating a putative link between
these genes and patulin biosynthesis in the fungus.

Heterologous expression of CYP619C2 and
CYP619C3

The coding regions of these genes were amplified by PCR
from c¢cDNA of A. clavatus strain NRRL 1980. For
CYP619C2, the forward primer was designed to consider
the ATG located at the +40 position as the new start
codon. For expression, the coding sequences were cloned
into vector pYES2.1/V5/His-Topo. After galactose induc-
tion, the proteins were extracted and analysed by SDS-
PAGE. The overexpressed proteins were detected by
Western blotting using anti-V5 antibody. For each P450
protein, the observed molecular mass was 60 kDa, in good
accordance with the calculated value of 64 kDa for V5
Hise-tagged proteins (Fig. 4).

The galactose-induced yeast cells transformed with
CYP619C2 were incubated with candidate phenolic
compounds, and the supernatant was analysed by
reverse-phase HPLC. When m-hydroxybenzyl alcohol was
the substrate, a new peak of the reaction product appeared
(Fig. 5). This product was characterized as gentisyl alcohol
according to its retention time, UV spectrum and mass
spectrum compared with an authentic standard. When m-
cresol was the substrate, this compound was converted to a
product which shared chromatographic features with
toluquinol. The negative control for the transformed yeast
was obtained using the same plasmid vector, including the
reverse gene sequence. No conversion was observed in the
negative controls. Another patulin precursor, m-hydroxy-
benzaldehyde, was tested for the reaction. Only m-
hydroxybenzyl alcohol appeared on the chromatogram of
yeasts overexpressing CYP619C2 and of control yeasts. For
CYP619C2 yeast, gentisyl alcohol was detected by HPLC,
but we did not observe any new peaks on the chromato-
gram. These last results show that S. cerevisige Scl cells
transformed with CYP619C2 were able to reduce m-
hydroxybenzaldehyde to m-hydroxybenzyl alcohol but
were unable to convert m-hydroxybenzaldehyde to gentis-
aldehyde.

For CYP619C3, m-cresol, m-hydroxybenzyl alcohol and
toluquinol were tested. We did not observe any new peaks
when m-hydroxybenzyl alcohol and toluquinol were used
as substrates. On the other hand, m-cresol yielded a new
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Fig. 4. Analysis of the transformants after induction with
galactose. (a) Electrophoresis on a 12% SDS-polyacrylamide
gel stained with Ponceau red. (b) Western immunoblots performed
with anti-V5 antibody. Lanes: 1, total proteins from yeast cells
expressing CYP619C2; 2, from yeast cells expressing
CYP619C3; 3, from CYP619C2 control; 4, from CYP619C3
control. For both controls, each gene was inserted in the non-
coding direction into the pYES vector with which the yeast cells
were transformed.

product which displayed retention times and a UV
spectrum similar to those of m-hydroxybenzyl alcohol.
This last metabolite was identified as m-hydroxybenzyl
alcohol on the basis of MS and MS? spectra. Indeed, it
showed a base peak at m/z 123, and the MS® peaks were
observed at m/z 105 and 93. Control yeasts transformed
with vector containing reverse-inserted AcP450II failed to
convert m-cresol to m-hydroxybenzyl alcohol.

DISCUSSION

In this study, we cloned and overexpressed two cytochrome
P450 genes from the patulin-producing species A. clavatus
in a heterologous host. Our aim was to determine their
functions and to demonstrate that these genes are involved
in the patulin biosynthesis pathway. Several enzymes
involved in patulin biosynthesis have previously been
characterized from P. griseofulvum, such as 6-methylsa-
licylic acid carboxylase, IDH, m-cresol hydroxylase and m-
hydroxybenzyl alcohol hydroxylase (Light, 1969; Murphy
et al., 1974; Murphy & Lynen, 1975; Sekiguchi & Gaucher,
1979), but among these enzymes, only the gene encoding
IDH has been isolated (Fedeshko, 1992).

The early studies showed that all hydroxylase reactions are
inhibited in a reversible manner by carbon monoxide, and
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Fig. 5. (a) HPLC analysis of biotransformation assays. Chromatograms at 270 nm of extracts from yeast cultures, after 24 h
substrate introduction: (i) biotransformation of cresol by yeasts overexpressing CYP619C3; (i) biotransformation of m-
hydroxybenzyl alcohol by yeasts overexpressing CYP619C2; and (iii) biotransformation of cresol by yeasts overexpressing
CYP619C2. For both controls, genes were inserted in the non-coding direction into the pYES vector and transformed yeast
cells were reacted with each substrate for 24 h. M-HyBzOH, m-hydroxybenzyl alcohol; G-OH, gentisyl alcohol; T-OH,
toluquinol; mABs, milliabsorbance units. (b) Enzymic reactions catalysed by CYP619C2 and CYP619C3, and their involvement
in the hydroxylation steps of the patulin biosynthesis pathway. Dashed arrows represent the steps which occur upstream and
downstream of steps catalysed by CYP619C2 and CYP619C83.

require molecular oxygen and NADPH, suggesting cyto-
chrome P450 activities. The use of radiolabelled m-cresol
showed that methyl hydroxylation of m-cresol constitutes a
key step in patulin biosynthetic pathways (Scott & Yalpani,
1967). Here, we report that CYP619C3 catalyses the
hydroxylation of m-cresol to yield m-hydroxybenzyl
alcohol, while CYP619C2 transforms m-hydroxybenzyl
alcohol to gentisyl alcohol and m-cresol to 2,5-dihydroxy-
toluene (toluquinol). The importance of gentisyl alcohol as
a direct precursor of patulin was controversial for a long
time, although this compound has been isolated from
several patulin-producing fungal species: P. expansum, P.
griseofulvum and Penicillium novae-zeelandiae (Abo-Dahab
et al., 1996; Alfaro et al., 2003; Birkinshaw et al, 1943).

lijima et al. (1986) have determined that patulin is formed
after incubation with microsomal preparations only when
gentisyl alcohol is added and not from gentisaldehyde. The
importance of m-hydroxybenzaldehyde as a patulin
precursor remains uncertain, since CYP619C2 did not
display in wvivo m-hydroxybenzaldehyde-2-hydroxylase
activity. This result is consistent with earlier studies, in
which ring-hydroxylation of m-hydroxybenzyl alcohol to
gentisyl alcohol in cell-free preparations of P. griseofulvum
could be demonstrated, but ring-hydroxylation of m-
hydroxybenzaldehyde to gentisaldehyde could not
(Murphy & Lynen, 1975). This questions whether m-
hydroxybenzaldehyde and gentisaldehyde are direct patulin
precursors. One hypothesis is that these last compounds
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(b) Gene . clavatus ORF or putative function References
Patd ACLA 093560 Acetate transporter
PatB ACLA_093570 Carboxylesterase
Pear(C ACLA_093580 MFS transporter
PatD ACLA 093590 Zn-dependent alcohol dehydrogenase
Patli ACLA_093600 GMC oxidoreductase
Patl ACLA_093610 Hypothetical protein
Par(s ACLA (093620 Amido hydroxylase (decarboxylase)
PatlH ACLA_093630 m-Cresol hydroxylase This study
EU678354 {CYP619C3)
Patl ACLA 093640 m-Hydroxybenzyl alcohol hydroxylase This study
EU678353 (CYP619C2)

Patd ACLA_093650 Hypothetical protein
Patk ACLA 093660 6-Methylsalicylic acid synthase Beck et al. (1990);

Wang ef al. (1991)
Pl ACLA_093670 C6 transcription activator
ParM ACLA (093680 ABC transporter White ef al . (2006)
PatN ACLA_ 093690 Isoepoxydon dehydrogenase Sekiguchi & Gaucher (1979);

Fedeshko (1992)
Pat() ACLA 093700 Ispamyl alcohol oxidase Dombrink-Kurtzman {2008)

Fig. 6. (a) Putative patulin gene cluster of A. clavatus. Grey arrows represent genes of the cluster, white arrows the genes
adjacent to the patulin cluster. Both arrow types show the direction of transcription. The genes encoding cytochrome P450s are
in bold type, PatH for CYP619C3 and Pat/ for CYP619C2. (b) Characteristics of genes identified as belonging to the patulin

gene cluster.

are the products of an alcohol dehydrogenase unrelated to
the patulin pathway.

In earlier studies, the role of toluquinol, a metabolite
isolated from patulin-producing species, was discussed.
Initially, based on a demonstration that P. griseofulvum
could convert deuterio-labelled m-cresol into toluquinol,
gentisyl alcohol, gentisaldehyde and patulin, a major route
for patulin biosynthesis via m-cresol, toluquinol and gentisyl
alcohol was proposed (Scott & Yalpani, 1967). Use of a
pulse—chase radiolabelling technique or a culture force-fed
deuterated toluquinol has shown that toluquinol is not
incorporated into either gentisyl alcohol or patulin, but is
metabolized to deoxyepoxidon (Forrester & Gaucher, 1972;
Scott et al, 1973). In the present experiments, we
demonstrated that CYP619C2 catalyses the hydroxylation
of m-cresol to toluquinol, but CYP619C3 is not able to
convert toluquinol into gentisyl alcohol. In addition, the
conversion of m-cresol to both the hydroxylated products
previously reported, toluquinol and m-hydroxybenzyl
alcohol (Murphy et al., 1974), has been confirmed.

Partial sequences of two putative cytochrome P450
monooxygenase genes, p450-1 and p450-2, were recently

described for the patulin-producing species P. expansum
(White et al., 2006). These authors show that the genes are
expressed only in patulin production-permissive condi-
tions, not in restrictive conditions, and conclude that they
have a potential role in patulin biosynthesis. Except for a
weak identity (28 %) between CYP619C3 and P450-2,
BLAST analysis failed to find a significant similarity among
CYP619C2, CYP619C3 and proteins predicted from these
genes, indicating that these genes are not orthologous.

In A. clavatus, the genes encoding both cytochrome P450s
are located in a 40 kb cluster (Fig. 6) consisting of
approximately 15 genes: one putative transcription factor
gene (PatL); three transporter (one ABC transporter, one
MES transporter and one acetate transporter) genes (PatM,
PatC and PatA); two genes with unknown function (PatF
and Pat]); and nine biosynthetic genes, i.e. the 6MSAS gene
(PatK) isolated from P. griseofulvum (Beck et al., 1990), the
genes encoding cytochrome P450s CYP619C2 and
CYP619C3 described in this study (Patl and PatH), the
IDH gene isolated from P. griseofulvum (PatN) (Fedeshko,
1992), a putative isoamyl alcohol oxidase described from P.
griseofulvum (PatO) (Dombrink-Kurtzman, 2008), a gene
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encoding a putative decarboxylase displaying an amido
hydrolase conserved domain (PatG), a putative carbox-
ylesterase gene (PatB), and two genes encoding, respect-
ively, a putative Zn-dependent alcohol dehydrogenase and
a glucose-methanol choline oxidoreductase (PatD and
PatE). Among these genes, two encode proteins known to
be involved in patulin biosynthesis: 6MSAS, responsible for
synthesis of 6-methylsalicylic acid from one acetate unit
and three malonate units; and IDH, which converts
isoepoxydon to phyllostine. Therefore, the proximity of
four genes involved in patulin biosynthesis strongly
suggests that the organization of patulin genes follows
the general fungal law of secondary metabolite biosynthetic
gene clustering. The distal extremity of this cluster has been
described elsewhere for P. griseofulvum and P. expansum
(Dombrink-Kurtzman, 2008; White et al., 2006). This part
of the cluster is highly conserved, since the direction of
transcription and the order of the last three genes (PatM,
PatN and PatO) remain unchanged for the three species A.
clavatus, P. griseofulvum and P. expansum.

The role of the genes included in the cluster can be
discussed with regard to the steps identified biochemically
in the synthesis of patulin (Fig. 1). PatG possesses the
signature sequence motifs of the amidohydroxylase super-
family, which contains y-resorcylate decarboxylase involved
in the biodegradation of hydroxybenzoates, and 5-carboxy-
vanillic acid decarboxylase involved in the metabolism of
lignin (Liu & Zhang, 2006). PatG is most likely responsible
for the decarboxylation of 6-methylsalicylic acid, pro-
ducing m-cresol. PatE shares 59 % similarity with versico-
lorin B synthase (VBS), which catalyses a step of the
aflatoxin biosynthetic pathway: the closing of the fifth ring
of versiconal to yield versicolorin B. On the basis of
similarity of chemical structures, it can be speculated that
PatE is responsible for the final step of the pathway, the
transformation of ascladiol into patulin. The presence of
other enzymes remains obscure, and their involvement in
the opening of the final aromatic intermediate ring, which
has been a matter of speculation, cannot be determined
without further research. Disruption analysis of PatE and
PatG is under way in order to confirm the hypotheses
proposed above.

In conclusion, the results clarify two steps of the patulin
biosynthesis pathway. The identification of the patulin
cluster will help to define strategies to reduce patulin con-
tamination in apples and other food/feed products.
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