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Ochratoxin A (OTA), a mycotoxin produced by Aspergillus and Penicillium species, is composed of a dihydroisocoumarin ring
linked to phenylalanine, and its biosynthetic pathway has not yet been completely elucidated. Most of the knowledge regarding
the genetic and enzymatic aspects of OTA biosynthesis has been elucidated in Penicillium species. In Aspergillus species, only pks
genes involved in the initial steps of the pathway have been partially characterized. In our study, the inactivation of a gene en-
coding a nonribosomal peptide synthetase (NRPS) in OTA-producing A. carbonarius ITEM 5010 has eliminated the ability of
this fungus to produce OTA. This is the first report on the involvement of an nrps gene product in OTA biosynthetic pathway in
an Aspergillus species. The absence of OTA and ochratoxin �, the isocoumaric derivative of OTA, and the concomitant increase
of ochratoxin �, the dechloro analog of ochratoxin �, were observed in the liquid culture of transformed strain. The data pro-
vide the first evidence that the enzymatic step adding phenylalanine to polyketide dihydroisocoumarin precedes the chlorination
step to form OTA in A. carbonarius and that ochratoxin � is a product of hydrolysis of OTA, giving an interesting new insight
into the biosynthetic pathway of the toxin.

Ochratoxin A (OTA), initially described as a toxic metabolite
of Aspergillus ochraceus (53), is a secondary metabolite pro-

duced by Aspergillus and Penicillium species. The economic im-
pact of this mycotoxin is significant due to the fact that it is found
as a contaminant in a wide variety of food commodities. In par-
ticular, Penicillium verrucosum is mainly responsible for OTA con-
tamination of cereal-based products, Penicillium nordicum is re-
sponsible for contamination of some dry-cured foods, Aspergillus
ochraceus, Aspergillus carbonarius, Aspergillus westerdijkiae, and
Aspergillus steynii are responsible for contamination of coffee, co-
coa, spices, and dried fruits, while contamination of grapes, grape
juice, dried vine fruits, must, and wine is due mainly to A. carbon-
arius and, to a lesser extent, to Aspergillus niger “aggregate” species
(21, 35, 36, 44, 48, 52). Ochratoxin A contamination of grapes
constitutes a serious health and economic problem not only in
southern European countries, but also in other areas of the world
with Mediterranean-type climates (7, 9, 38, 44). Ochratoxin A is a
potent nephrotoxin that also displays hepatotoxic, teratogenic,
immunosuppressive, and carcinogenic effects (1, 17, 18, 19, 46,
47); it has been classified as a class 2B human carcinogen by the
International Agency for Research on Cancer (IARC) (30). At
present, wine is considered, after cereals, the second major source
of OTA, and strict European Union regulation has been estab-
lished, setting maximum levels for OTA of 2 �g kg�1 in wine,
musts, and grape juice and 10 �g kg�1 for dried vine fruits (Com-
mission regulation no. 1881/2006). Structurally, OTA comprises a
dihydrocoumarin moiety linked to a molecule of L-�-phenylala-
nine (Phe), derived from the shikimic acid pathway, by an amide
bond. Several related compounds were also reported to occur in
OTA-producing organism cultures, such as the dechlorinated an-
alog ochratoxin B (OTB), the isocoumarin nucleus of OTA ochra-
toxin � (���) and its dechlorinated analogue ochratoxin �
(���)—which are not linked to phenylalanine, methyl and ethyl
esters, including ochratoxin C (OTC), which is an ethyl ester de-

rivative of OTA—and several amino acid analogues (39, 40, 57).
Unlike other important mycotoxins, the biosynthesis pathway of
OTA has not yet been completely elucidated in detail. However, it
is clear that the pathway involves some crucial steps, such as the
biosynthesis of the isocoumarin group through the catalyzing ac-
tion of a polyketide synthase (PKS), its ligation with the amino
acid phenylalanine through the carboxyl group in a reaction cat-
alyzed by a peptide synthetase, and the chlorination step, but the
order of the reactions is not yet well defined. In this regard, several
schemes have been proposed that have resulted from different
studies. Huff and Hamilton (29) suggested a role in the polyketide
synthesis for mellein, which would be carboxylated to OT� and
then transformed through a chloroperoxidase to OT�. According
to their hypothesis, in the subsequent step, OT� would be phos-
phorylated and linked to the ethyl ester of phenylalanine to gen-
erate OTC, and then a deesterification would lead to the final
product OTA (Fig. 1). Precursor feeding experiments with A.
ochraceus, carried out by Harris and Mantle (27), suggested that
one, possibly dominant, biosynthetic pathway involves the pas-
sage from OT� to OT� and then to OTA, with a chlorinating step
prior to the ligation of the polyketide (OT�) to phenylalanine,
without OTC and phenylalanine ethyl ester intermediates. Since
they could not rule out the role of OTB, they also maintain a
possible alternative pathway in which the formation of OTA goes
through the synthesis from OT� to OTB, but in this case, a bio-

Received 13 August 2012 Accepted 10 September 2012

Published ahead of print 14 September 2012

Address correspondence to Antonia Gallo, antonia.gallo@ispa.cnr.it.

Supplemental material for this article may be found at http://aem.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.02508-12

8208 aem.asm.org Applied and Environmental Microbiology p. 8208–8218 December 2012 Volume 78 Number 23

http://aem.asm.org/
http://dx.doi.org/10.1128/AEM.02508-12
http://aem.asm.org


FIG 1 Scheme showing all the different hypotheses of the OTA biosynthesis pathway according to the literature data available so far (27, 29). *, hypothetical
intermediary compounds.
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synthetic role for OT�, which occurs naturally, could not be ex-
plained. All of the hypothetical pathways for OTA biosynthesis are
summarized in Fig. 1, in which the esterification or not of phenyl-
alanine and the consequent presence of OTB ethyl ester with an
intermediary role are also contemplated.

Most of the molecular aspects of OTA biosynthesis have been
elucidated in Penicillium species. In P. nordicum, a putative OTA
biosynthetic cluster has been identified containing biosynthetic
genes encoding (i) a PKS (otapksPN), (ii) a nonribosomal peptide
synthetase (NRPS) (otanpsPN) putatively responsible for the for-
mation of the peptide bond between the polyketide and the phe-
nylalanine, (iii) a gene (otachlPN) with some homology to chlori-
nating enzymes, thought to be involved in the chlorination step,
and (iv) a gene (otatraPN) with high homology to a transporter
protein hypothesized to be involved in OTA export (25, 31). The
orthologs of these genes have also been identified for the closely
related species P. verrucosum, but have not yet been identified in
the major OTA-producing aspergilli. So far, in Aspergillus spp.,
specifically in A. ochraceus (41) and in A. westerdijkiae (6), only the
pks genes involved in the initial steps of the pathway have been
characterized. In A. carbonarius, an economically and scientifi-
cally interesting species due to its predominant role in the con-
tamination of grapes, the presence of different pks genes was in-
vestigated (5). In our previous work, we identified an additional
pks gene in the same species whose expression pattern showed a
correlation to OTA production under permissive conditions (22).
In order to identify genes and proteins related to OTA biosynthe-
sis in A. carbonarius, other studies were performed based on dif-
ferential expression profiles, but no OTA homologous genes were
found (10, 13, 14).

Recently, the genome sequence of A. carbonarius strain ITEM
5010, which is capable of producing up to 7.5 mg of OTA per liter of
inductive culture medium (43), was generated by the United States
Department of Energy’s Joint Genome Institute (http://jgi.doe.gov
/carbonarius/). Similar to many other ascomycetes so far se-
quenced, the A. carbonarius genome contains a large number of
pks and nrps genes. These genes encode complex and multifunc-
tional proteins involved in the biosynthesis of most of the fungal
secondary metabolites (11, 12, 32). In particular, a new pks gene
(protein identification [PI] no. 173482) was identified which
showed a similarity of about 70% at the nucleotide level and 74%
at the amino acid level to the predicted OTA cluster pks gene
(XP001397313) of the OTA-producing A. niger strain CBS 513.88
(42). The percentages of identity to A. ochraceus (AY272043) and
A. westerdijkiae (AY583209) OTA PKS partial sequences were
63.7% and 37%, respectively, whereas an amino acid identity of
38.7% was observed to the PKS sequence previously identified in
A. carbonarius (22). Furthermore, it showed an identity of 30.4%
to the partial sequence of P. nordicum OTA PKS (AY557343).

Interestingly, A. niger strain ATCC 1015, which does not pro-
duce OTA, has a 21-kb deletion in this predicted biosynthetic
cluster (4). Similar to most characterized mycotoxins, OTA bio-
synthetic genes in A. carbonarius are expected to be arranged in a
cluster. The genomic region, located by the OTA putative pks gene
in this fungus, was investigated, leading to the identification of a
gene encoding an NRPS hypothesized to catalyze the ligation of
phenylalanine to the polyketide group. The gene arrangement of
putative OTA clusters in different fungal species is shown in Fig.
S1 in the supplemental material.

In this work, we present the inactivation of the gene in A. car-

bonarius designated AcOTAnrps, which completely inhibited the
production of OTA, OTB, and OT�. The principal secondary me-
tabolites involved in OTA biosynthetic pathway were identified in
wild-type and transformant strains by high-resolution mass spec-
trometry (HRMS). This result indicates for the first time the in-
volvement of an NRPS in the OTA biosynthetic pathway of an
Aspergillus species. The absence of OTA, OTB, and OT� and the
concomitant increase of OT� concentration in the culture of
�AcOTAnrps strain confirm the hypothesis that the bond between
the phenylalanine and the polyketide dihydroisocoumarin, cata-
lyzed by the synthetase, precedes the chlorination step, clarifying
the order of reactions in the OTA biosynthetic pathway. More-
over, we present evidence that the non-OTA-producing
�AcOTAnrps strain keeps the capability to degrade OTA in OT�.

MATERIALS AND METHODS
Fungal strains and growth conditions. The A. carbonarius strain used in
this study is the wild-type strain ITEM 5010 from the Agri-Food Toxi-
genic Fungi Culture Collection of the Institute of Sciences of Food Pro-
duction, CNR, Bari, Italy (www.ispa.cnr.it/Collection). The other two
strains used in this study were generated by the wild-type strain and are
indicated as KB1039 (�kusA) and KB1041 (�kusA �AcOTAnrps). The
mutant strains were grown on minimal medium supplemented with hy-
gromycin (100 �g ml�1) and/or glufosinate (Basta; bioWorld, Dublin,
OH) (1 mg ml�1) for selection of transformants.

To check the production of OTA and other secondary metabolites,
conidia (105 spores in 100 �l of water) were inoculated into Erlenmeyer
flasks containing 20 ml of minimal medium (6 g/liter NaNO3, 0.52 g/liter
KCl, 0.52 g/liter MgSO4 · 7H2O, 1.52 g/liter KH2PO4 [pH 6.5], 10 g/liter
glucose, 2 ml/liter Hutner’s trace elements). Incubation was carried out at
25°C in the dark under stationary conditions for 14 days. After 7 and 14
days, the fungal biomass was collected, filtered on Whatman paper no. 4
(Whatman International, Ltd., Maidstone, United Kingdom), and
weighed. Sporulation and pigmentation of fungal colonies were evaluated
by visual observation. Liquid cultures were collected and analyzed for
OTA and OT� content by high-pressure liquid chromatography with
fluorescence detection (HPLC-FLD). Liquid cultures of transformants
KB1039 and KB1041 were analyzed by HPLC-HRMS to confirm the re-
sults of HPLC-FLD and to identify other metabolites belonging to the
OTA biosynthetic pathway.

For kinetic studies, the KB1041 strain was grown for 25 days at 25°C in
100 ml of minimal medium supplemented with OTA (1.2 �g ml�1 [3
�M]). As a control, the same amount of OTA was added to minimal
medium not inoculated with the fungus. Every day, 1 ml of liquid culture
was collected from each replicate and stored at �20°C until the HPLC-
FLD determination of OTA and OT� content. Triplicate cultures were
prepared and analyzed for each experiment.

Deletion of the AcOTAnrps gene in A. carbonarius. A deletion cas-
sette for AcOTAnrps was designed and transformed into strain KB1039 of
A. carbonarius ITEM 5010 lacking the kusA gene, which is required for
nonhomologous end joining (NHEJ) double-strand-break repair of
DNA, to facilitate homologous integration (M. Praseuth, A. Gallo, S. E.
Baker, J. R. Collett, C. C. C. Wang, and K. S. Bruno, submitted for publi-
cation). The deletion cassette was generated by a commonly used PCR
approach (58) in which sequences flanking the coding region of the
AcOTAnrps gene were fused to the bar gene encoding glufosinate resis-
tance. The primers used to create the deletion cassette are listed in Table 1.
In particular, two �1,200-bp fragments, one upstream and one down-
stream of the targeted gene, were amplified from the genomic A. carbon-
arius DNA with the primer pairs OTAnrpsR6/OTAnrpsF4 and
OTAnrpsR3/OTAnrpsF1, respectively. A fusion PCR attached the two
fragments to the bar resistance marker, which was amplified from the
plasmid pCB1530 (Fungal Genetics Stock Center, Kansas City, MO) by
using the primer pair uBarR/uBarF, which have extension sequences over-
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lapping extension sequences of primers OTAnrpsF4 and OTAnrpsR3.
The joined product was amplified with the nested primers OTAnrpsR5
and OTAnrpsF2 to obtain the construct, which was transformed into
protoplasts prepared from strain KB1039 (Fig. 2A). Colonies were se-

lected for stable integration of the cassette on minimal medium supple-
mented with 1 mg/ml glufosinate (bioWorld, Dublin, OH). The transfor-
mants were first screened for correct integration by diagnostic PCR using
the primers uBarR and OTAnrpsF1. This pair of primers can only amplify
a fragment from transformants that have integrated the bar gene at the
targeted locus. All three of the obtained transformants tested positive for
proper integration. To further screen for the deletion, we amplified the
entire locus using primer OTAnrpsR6 and OTAnrpsF1. These primers are
outside the construct that was used to transform the parent strain. The
�kusA parental strain had an amplicon larger than 8 kb, and the transfor-
mants had an amplicon of about 3.4 kb (see Fig. S2 in the supplemental
material). These matched the predicted sizes and were consistent with the
predicted changes that should have occurred at that locus. A final confir-
mation of the gene deletion was made by Southern blotting, by using
standard methods for DNA electrophoresis and blotting (37). Southern
analysis was performed by digesting the genomic DNA of the strains with
BamHI and PstI and by hybridization with a 1,586-bp probe, amplified
with primers AcNRPS-2rev and OTAnrpsF1. The probe was labeled and
developed using a North2South chemiluminescent detection kit (Thermo
Fisher Scientific). The blot was imaged using a Kodak MR2000 equipped
with a charge-coupled device (CCD) camera. Markers were visualized for
size determination on the blot by loading either the Invitrogen 1-kb-plus

TABLE 1 Primers used in this study

Primer name Primer sequence (5=¡3=)
OTAnrpsF1 5=-AATCTCCGACAGCTGGAAAA-3=
OTAnrpsF2 5=-CTTTGGGCAGAGGTTTGAAG-3=
OTAnrpsR3 5=-TGACCTCCACTAGCTCCAGCGCAAT

CCGGCTTTACTTTCA-3=
OTAnrpsF4 5=-AATAGAGTAGATGCCGACCGGTGG

AAAGTGGGAAATGGTG-3=
OTAnrps5R 5=-GGGAATGTCTTCTGCCTTGA-3=
OTAnrps6R 5=-CTGACTGCGTAGCCTCTCCT-3=
uBarF 5=-GCTGGAGCTAGTGGAGGTCAGTC

GACAGAAGATGATATTG-3=
uBarR 5=-CGGTCGGCATCTACTCTATTGTC

GACCTAAATCTCGGTGA-3=
AcNRPS-1for 5=-TCATCTCCGACGAGGAAC-3=
AcNRPS-2rev 5=-CAAAGGAATCCTCGTCACT-3=

FIG 2 (A) Schematic representation of the AcOTAnrps gene deletion construct. (B) RT-PCR profile of AcOTAnrps gene expression in the wild-type, �kusA, and
�AcOTAnrps strains grown on a medium permissive for OTA. �-Tubulin was used as a control. (C) Map of the AcOTAnrps locus in parental and �AcOTAnrps
strains of A. carbonarius and Southern blot hybridizations from genomic DNA digested with BamHI and PstI. The restriction sites BamHI and PstI are indicated
with B and P, respectively.
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DNA size marker or HindIII-digested lambda DNA into the outside lanes.
These bands were detected using labeled lambda DNA.

Nucleic acid extraction, cDNA synthesis, and RT-PCR. DNA was
isolated using the Fungal DNA miniprep kit (E.Z.N.A., Omega Bio-Tek,
Inc., Doraville, GA) according to the manufacturer’s protocol. Total RNA
was extracted from frozen mycelium pulverized in liquid nitrogen using
the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer’s
protocol. RNA samples were treated with RNase-free DNase I (Qiagen) to
eliminate possible trace amounts of contaminating DNA. RNA aliquots
were preserved at �80°C. First-strand cDNA was synthesized using about
1.5 �g of total RNA, oligo(dT)18 primer, and SuperScript III reverse trans-
criptase (Invitrogen, San Diego, CA) according to the manufacturer’s
protocol.

Reverse transcription (RT)-PCR was used to analyze the presence of
nrps transcript in the mycelium of wild-type strain ITEM 5010 and the
mutant strains KB1039 and KB1041. The primer pair AcNRPS-1for/2rev
(Table 1) was used under the following conditions: 94°C for 5 min, fol-
lowed by 35 cycles of 94°C for 30 s, 55°C for 50 s, and 72°C for 50 s, and
then a final extension step of 72°C for 5 min. The primers Bt2a/Bt2b (26)
were used to monitor �-tubulin gene expression as endogenous control.
These primers span three introns, which also allowed checking for DNA
contamination.

Chemical analyses of liquid cultures by HPLC-FLD and HPLC-
HRMS. For OTA and OT� determination in liquid cultures of the three
strains of A. carbonarius ITEM 5010 (wild type, KB1039, and KB1041),
aliquots of liquid cultures were filtered through a 0.22-�m-pore filter
(Sartorius AG, Goettingen, Germany), and 100 �l was injected into the
HPLC-FLD apparatus. Direct injection of liquid culture was possible since
no interfering peaks eluted at retention times of OT� and OTA. The limit
of detection of this method for OTA and OT� was 0.1 ng/ml. This meth-
odology was also used to measure OTA and OT� in liquid cultures for the
kinetics study of OTA degradation by the �AcOTAnrps strain. Samples
containing high OTA concentrations exceeding the calibration range of
the OTA standard were appropriately diluted with the HPLC mobile
phase and reanalyzed.

To confirm the lack of OTA production by A. carbonarius KB1041 at
low concentration, aliquots of liquid cultures were purified and concen-
trated through OchraTest immunoaffinity (IMA) columns (Vicam L.P.,
Watertown, MA) prior to HPLC-FLD determination. In particular, 5 ml
of liquid culture was diluted with a solution containing 1% polyethylene
glycol–5% NaHCO3 and loaded onto the IMA column, which was eluted
at 1 ml/min by discarding the eluate. The column was then washed with 5
ml washing solution containing 2.5% NaCl, 0.5% NaHCO3, and 5 ml pure
water. The column was eluted with 2 ml methanol that was collected in a
vial, evaporated to dryness at 50°C under a nitrogen stream, and recon-
stituted with 250 �l of the HPLC mobile phase. Fifty microliters of puri-
fied extract, equivalent to 1 ml of liquid culture, was injected into the
HPLC-FLD apparatus. The limit of detection of this method for OTA was
0.005 ng/ml. OT� could not be measured by this method because the IMA
column has a poor retention for this compound, which is lost during
sample loading on the column.

The HPLC-FLD apparatus was an 1100 series liquid chromatography
(LC) system comprising a binary pump, an autosampler, a fluorescence
detector (excitation wavelength, 333 nm; emission wavelength, 460 nm)
from Agilent Technologies (Waldbronn, Germany). The column was a
Waters Symmetry C18 column (150 mm by 4.6 mm, 5-�m particles) (Wa-
ters, Milford, MA), preceded by a 0.5-�m Rheodyne guard filter. The
mobile phase was an isocratic mixture of acetonitrile and water (45:55)
containing 1% acetic acid. The flow rate of the mobile phase was 1 ml/min.

Standard solutions of OTA and OT� were purchased from Romer
Labs Diagnostic GmbH (Tulln, Austria), calibration solutions were pre-
pared in HPLC mobile phase, and calibration curves were prepared in the
range of 0.1 to 100 ng/ml.

Twenty microliters of filtered liquid cultures of A. carbonarius KB1039
(�kusA) and KB1041 (�kusA �AcOTAnrps) were also analyzed by HPLC-

HRMS for the identification of 7-methylmellein (7-MM), OT�, OT�,
phenylalanine (Phe), ethyl ester of Phe, ethyl ester of OTB, OTB, OTC,
and OTA. HPLC-HRMS retention times and HR mass data of the metab-
olites are shown in Table 2. The column was a Kinetex C18 column (100
mm by 2.10 mm, 2.6 �m). The mobile phase was a multistep gradient of
water (eluent A) and methanol (eluent B), both containing 0.5% acetic
acid and 1 mM ammonium acetate. A gradient elution was performed by
changing the mobile phase composition as follows. After 3 min at 20%
eluent B, the proportion was set at 40% and then linearly increased to 63%
in 35 min and kept constant for 11 min. The column was reequilibrated
with 20% eluent B for 10 min prior to the successive injection (34). HPLC-
HRMS analyses were performed on a benchtop single-stage mass spec-
trometer (Exactive) equipped with a heated electrospray ion source (HESI
II) (Thermo Fisher Scientific, Bremen, Germany), coupled to an Accela
HPLC system (Thermo Fisher Scientific, San Jose, CA). The HESI II in-
terface was used in the positive-ion mode, and the scan range was 50.2 to
1,003.0 m/z, with a resolution power of 100,000 FWHM (full width at half
maximum). Other settings were as follows: sheath and auxiliary gas flow
rates, 30 and 10 arbitrary units, respectively; sweep gas, 0 arbitrary units;
capillary temperature, 300°C; capillary voltage, 4 kV. The Xcalibur soft-
ware (version 2.1.0, Thermo Fisher Scientific) was used for data acquisi-
tion and processing.

Statistical analysis. Statistical analysis was performed by using the
GraphPad Instat software (Instat, San Diego, CA). Data were subjected to
the paired t test (two-tailed P value) to determine the statistical differences
when two groups of data were compared. One-way analysis of variance
(ANOVA) with posttest (standard parametric methods) was used when
three groups of data were compared.

RESULTS
Identification and inactivation of the AcOTAnrps gene in A. car-
bonarius. In the genome of A. carbonarius ITEM 5010, we identi-
fied a 5,691-bp gene, designated AcOTAnrps, encoding a nonribo-
somal peptide synthetase (PI no. 132610), and located at about
900 nucleotides (nt) upstream of a pks gene. The NRPS protein is
predicted to contain 1,875 amino acid (aa) residues and is charac-
terized by one module with the typical three core domains and an
additional last adenylation domain. The predicted amino acid se-
quence displays �60% identity to the nrps gene product of the
predicted OTA cluster in A. niger (42) and a low similarity (11%
identity) to the OTA NRPS in P. nordicum (AY534879).

A deletion cassette for AcOTAnrps was designed and trans-
formed into strain KB1039 of A. carbonarius ITEM 5010, lacking
the kusA gene, which is required for NHEJ double-strand-break

TABLE 2 Summary of HPLC-HRMS retention times and HR mass data
of OTA and other metabolites identified in cultures of wild-type and
�AcOTAnrps strains

Compound

Retention
time
(min)

Mass (Da)
Error
(mDa) FormulaMeasured Monoisotopic

Phe 2.64 165.0782 165.0789 �0.7 C9H11NO2

OTB ethyl
ester

—a — 399.1682 — C22H25NO6

OT� 5.89 222.0516 222.0528 �1.2 C11H10O5

Phe ethyl
ester

6.11 193.1093 193.1103 �1.0 C11H15NO2

7-MM 7.61 192.0777 192.0786 �0.9 C11H12O3

OT� 8.00 256.0132 256.0138 �0.6 C11H9ClO5

OTC — — 431.1136 — C22H22ClNO6

OTB 18.98 369.1201 369.1212 �1.1 C20H19NO6

OTA 25.27 403.0807 403.0823 �1.6 C20H18ClNO6

a —, OTB ethyl ester and OTC were not present in cultures of either wild-type or
�AcOTAnrps strains.
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repair of DNA. Many species of filamentous fungi lacking the
NHEJ process show a much higher percentage of targeted gene
deletion, and the �kusA mutant strain was created for this aim in
a previous study (Praseuth et al., submitted). Three transformants
positive by PCR screening for the integration of the bar resistance
marker at the AcOTAnrps locus were obtained (see Fig. S2 in the
supplemental material). One of them was chosen for subsequent
analyses and was designated KB1041. A Southern blot hybridiza-
tion, performed on the genomic DNA of the wild-type and mutant
strains digested with BamHI and PstI, confirmed the complete
deletion of AcOTAnrps gene in KB1041: hybridizing bands of 1.75
kb and 3.0 kb with BamHI and PstI digestions, respectively, indi-
cated the endogenous gene, whereas a homologous integration of
the deletion cassette resulted in a band of �7.1 kb when DNA was
digested with BamHI and of 6.7 kb when DNA was digested with
PstI (Fig. 2C). The RT-PCR analysis shown in Fig. 2B confirmed
the lack of expression of the AcOTAnrps gene in mutant strain
KB1041, when the wild type and the two mutant strains were
grown in an OTA permissive medium.

Production of OTA, OT�, and other secondary metabolites
in mutant and wild-type strains of A. carbonarius. Both A. car-
bonarius mutant strains KB1039 (�kusA) and KB1041 (�kusA
�AcOTAnrps) and wild-type strain ITEM 5010 were inoculated
into minimal medium and incubated for 7 and 14 days at 25°C in
the dark. During the incubation period, no difference in fungal
growth, sporulation, and pigment production was observed. In
particular, at 7 days the mean biomass weights (triplicate mea-
surements) were 0.94 	 0.13, 0.82 	 0.14, and 0.94 	 0.21 g for
the wild-type, �kusA, and �AcOTAnrps strains, respectively, and
no statistical difference was observed between them (P 
 0.6295).
Similar results were obtained at 14 days (P 
 0.6815). Cultures
were analyzed for the presence of OTA and OT� by HPLC-FLD.
Cultures of A. carbonarius ITEM 5010 and mutant strains KB1039
and KB1041 were also analyzed for 7-MM, OT�, the OTB ethyl
ester, Phe, Phe ethyl ester, OT�, OTB, OTC, and OTA by HPLC-
HRMS. The simultaneous identification of these metabolites in
liquid cultures was possible through use of the Orbitrap mass
analyzer, which enables high mass resolution (up to 150,000),
high mass accuracy, large dynamic range, and a high mass/charge
range (28).

HPLC-FLD analyses showed that OTA and OT� were detected
in the cultures of wild-type and KB1039 strains, the latter with the
kusA gene deleted (Fig. 3A and B). In particular, after 7 days, mean
values of OTA and OT� in the wild-type strain culture were 66.7
and 3.2 ng/ml, respectively. In the strain KB1039 lacking in the
kusA gene, after 7 days, the mean concentrations of OTA and OT�
were 54.7 and 2.8 ng/ml, respectively. No statistically significant
differences were observed for OTA (P 
 0.1103) and OT� (P 

0.2245) among the wild-type and �kusA strains. No statistically
significant differences were also observed between the two strains
after 14 days of growth (OTA, 79.3 and 62.6 ng/ml, P 
 0.1594,
and OT�, 5.1 and 4.1 ng/ml, P 
 0.4663, in the wild-type and
�kusA strains, respectively). The HPLC-FLD analyses showed the
same metabolite profile for cultures of wild-type strain ITEM 5010
and mutant strain KB1039 (�kusA), both producing OTA and
OT�. In cultures of mutant strain KB1041, lacking the kusA and
AcOTAnrps genes, neither OTA nor OT� was detected, with a
limit of detection (LOD) of 0.1 ng/ml. The lack of OTA produc-
tion by the mutant strain KB1041 was also confirmed when liquid
cultures were purified and concentrated with IMA columns,

which permitted the lowering of the LOD from 0.1 ng/ml to 0.005
ng/ml (Fig. 3C). The absence of OTA and OT� in liquid cultures
of KB1041 was further confirmed by HPLC-HRMS. Comparison
of HPLC-HRMS metabolite profiles between mutant strains
KB1039 and KB1041 in triplicate experiments showed the follow-
ing major differences among these strains: OTA, OTB, and OT�
which occurred in relevant amounts in the culture of mutant
strain KB1039, lacking the kusA gene, were not present in mutant
strain KB1041, lacking the kusA and AcOTAnrps genes. Other
pieces of evidence from HRMS analysis were a clear and signifi-
cant increase of OT� (P 
 0.0018) in the culture of mutant strain
KB1041 compared to mutant strain KB1039 and the presence of
7-MM, Phe, and ethyl ester of Phe in cultures of both strains.
Neither ethyl ester of OTA (OTC), nor ethyl ester of OTB, a hy-
pothetical intermediary before OTB formation, was detected in
either cultures (Fig. 4).

Kinetics of OTA degradation by wild-type and �AcOTAnrps
mutant strains of A. carbonarius. The A. carbonarius strain lack-
ing in functional AcOTAnrps was tested for its ability to degrade
OTA. To examine the kinetics of OTA degradation, toxin was
added in 100 ml of MM culture (3 �M) prior to inoculum of the
fungus, and the presence of OTA and OT� was monitored for 25
days in a 1-ml sample taken every day.

As shown in Fig. 5, the measured concentrations of OTA in
control medium (no fungus) and at time zero of medium inocu-
lated with fungus were the same (about 3 �M), and no OT� was
detected in either culture. The initial amount of OTA measured in
the medium was degraded almost completely (�99%) after 2 days
of incubation. As a result of OTA degradation, OT� appeared in
the medium already 1 day after the addition of OTA. The forma-
tion of OT� could be the result of OTA hydrolysis produced by the
mutant strain. In particular, the OT� concentration rose from
0.09 �M after 1 day to a maximum of about 0.8 �M (27% of the
OTA concentration measured at time zero) already after 7 days
and was constant until the end of the experiment. In the uninocu-
lated control, the concentration of OTA remained constant over
the time course.

DISCUSSION

Ochratoxin A is a chlorinated polyketide molecule containing the
amino acid phenylalanine. According to the molecular structure
of OTA, several enzymatic activities are required for the biosyn-
thetic process, such as a polyketide synthase for the synthesis of the
polyketide dihydroisocoumarin, a chlorinating enzyme, and also a
peptide synthetase, which is necessary to link the phenylalanine to
the dihydroisocoumarin ring. However, the order in which these
enzymes act in the biosynthetic pathway has, until this study, not
yet been clarified. Most studies of OTA biosynthetic genes have
been focused on pks genes, which are involved in the first steps of
the pathway. These pks genes have been shown experimentally to
have a role in OTA biosynthesis of different fungal species of the
genera Aspergillus and Penicillium (24). In Penicillium, other OTA
production genes have been identified and investigated; an nrps
gene, encoding a nonribosomal peptide synthetase, was identified
to be responsible for the formation of the peptide bond between
the polyketide dihydroisocoumarin and the amino acid phenylal-
anine (31).

Nonribosomal peptide synthetases are multimodular enzymes
present in large numbers in the genomes of filamentous fungi.
Both PKSs and NRPSs constitute a class of multifunctional pro-
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teins involved in the synthesis of a multitude of secondary metab-
olites with a wide range of biological activities. A great number of
natural products of microbial origin are biosynthetically derived
from amino acids and carboxylic acid moieties. The synthesis of

these mixed peptide-polyketide natural products may be catalyzed
by a hybrid NRPS-PKS system involving direct interactions be-
tween NRPS and PKS modules, or the peptide-polyketide back-
bone is assembled without a direct functional hybridization be-

FIG 3 HPLC-FLD chromatograms of OTA and OT�. (A) Culture medium of wild-type A. carbonarius; (B) culture medium of �kusA mutant KB1039; (C)
culture medium of �AcOTAnrps mutant KB1041 purified by IMA column before HPLC-FLD analysis; (D) OTA and OT� standards. Retention times: OTA,
10.35 min; OT�, 8.41 min.
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tween NRPS and PKS proteins, which act individually (16). In
particular, NRPSs have been proposed to operate via a thiotem-
plate mechanism in a manner independent of the ribosome. They
exhibit a modular structure, with one module being a semiauton-
omous unit that recognizes, activates, and modifies a single resi-
due of the final peptide by means of three typical domains: (i) the
adenylation domain (A), which is responsible for substrate speci-
ficity and activation; (ii) the peptidyl carrier domain (P), which
covalently binds the substrate to the enzymes via a thioester link-
age; and (iii) the condensation domain (C), which catalyzes pep-
tide bond formation (20, 50, 56). Our analyses of the recently
sequenced A. carbonarius genome revealed the presence of about
13 complete nrps genes, one of which was identified as being in the
OTA cluster based on homology to the predicted OTA biosyn-
thetic cluster of A. niger (42). The gene we designated AcOTAnrps
is about 900 nt upstream of a pks gene, and they are transcribed in
the same direction, differently from P. nordicum, in which the
OTA pks and nrps genes are transcribed in the opposite direction
(31). AcOTAnrps encodes a protein (PI no. 132610) with 1,876 aa,
characterized by one module with the typical three core domains
and an additional last adenylation domain (see Fig. S3 in the sup-
plemental material). Monomodular NRPS-related enzymes in-
volved in secondary metabolites have so far not been well charac-
terized (55), but the complete module identified in the
AcOTAnrps product would be sufficient for ligation of the isocou-
marin group to the amino acid phenylalanine through the carbox-
ylic group in the OTA molecule. We confirmed this hypothesis by
gene inactivation. The resulting strain of A. carbonarius lacking
the nrps gene was incapable of OTA production, proving that the
AcOTAnrps gene is involved in the biosynthetic pathway of OTA.

This is the first report about the identification in Aspergillus
species of an nrps gene involved in OTA biosynthesis. Moreover,
our attention was focused on the gene encoding a peptide synthe-
tase with the aim of elucidating the order of the reactions in the
biosynthetic pathway, which is still not completely defined. For
this reason, the presence of OT� also was monitored during the

analysis of OTA production by the mutant strain. Ochratoxin � is
the chlorinated isocoumaric derivative of ��� not linked to phe-
nylalanine, which is identified naturally and usually detected in
the cultures of OTA-producing species. We observed its presence
parallel to the production of OTA in cultures of the A. carbonarius
wild-type and �kusA strains analyzed after 7 and 14 days of incu-
bation. The role of OT� in the biosynthetic pathway was not clear.
According to the predominant hypothesis of Huff and Hamilton
(29), it is derived from the chlorination of OT� by a chloroper-
oxidase and then linked to the ethyl ester of phenylalanine via a
synthetase to generate OTC, which is finally deesterified to pro-
duce OTA. Harris and Mantle (27) suggested that the conversion
of OT� to OTA is the main biosynthetic pathway, with the chlo-
rinating step being intermediate and prior to ligation of the
polyketide to the phenylalanine molecule. However, their feeding
experiments have shown that chlorination of OTB also can give
rise to OTA, leading to an alternative pathway that entails the
conversion of OT� to OTB and then the chlorination to OTA,
with the chlorinating step as the last reaction and without the
direct involvement of OT�, even though the latter was demon-
strated to occur naturally. One of our initial hypotheses was that
the inactivation of the nrps gene, which encodes the peptide syn-
thetase responsible of the ligation of phenylalanine moiety to the
polyketide, could aid in clarifying this question. In the cultures of
the �AcOTAnrps strain, which was unable to produce OTA, the
absence of OT� was observed, contrary to the hypothesis involv-
ing chlorination of the intermediate OT�; in this hypothesis, ac-
cumulation of OT� would result from a block at the phenylala-
nine addition step. The absence of OTA and OT� in the cultures of
the mutant strain was also confirmed by HPLC-HRMS analysis.
Other related metabolites were analyzed by HRMS, and among
them, the ethyl esters of OTA (OTC) and of OTB were not de-
tected in the cultures of both producing and mutant strains (Fig.
4). This result suggests that probably phenylalanine and not its
esterified form is involved in the bond with the carboxy group of
OT�. The hypothesis of esterification of phenylalanine in the bio-
synthesis pathway was proposed by Huff and Hamilton (29) for its

FIG 5 Kinetics of OTA degradation and OT� formation by the �AcOTAnrps
(KB1041) mutant during 25 days of incubation in minimal medium spiked
with 3 �M OTA. The concentration of OTA remained unchanged in control
medium over the entire duration of the experiments. Values are means 	
standard errors.

FIG 4 Metabolites supposed to be involved in OTA biosynthesis and identi-
fied by HPLC-HRMS in cultures of �kusA (KB1039) and �AcOTAnrps
(KB1041) strains incubated in triplicate for 7 days. *, not detected. Values are
means 	 standard errors. Different letters indicate statistical differences
within pairs of data (P  0.005).
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predicted protective role of the phenylalanine carboxy group in
the binding reaction leading to OTC. However, in their subse-
quent study, Harris and Mantle (27) found no evidence for the
intermediate role of OTC.

Moreover, from our HRMS analysis, the absence of OTB and,
at the same time, a statistically significant (P 
 0.0018) increase in
OT�, accumulating in the medium as a precursor of OTB as a
consequence of nrps inactivation, confirm the hypothesis that the
step of ligation of phenylalanine to polyketide catalyzed by an
NRPS most occurs prior to the chlorination step (Fig. 6). Further-
more, this finding is corroborated by the studies of Geisen et al.
(25) on the expression kinetics of the known OTA-related genes in
P. nordicum, in correlation with the OTA biosynthesis. They ob-
served a consecutive occurrence of expression optima of the var-
ious genes, which indicated the enzymatic step of NRPS occurred
before the chlorination step, with the latter step being the last
reaction just before OTA excretion. According to these authors,
this putative order of reactions agrees with a possible self-protec-
tion mechanism of the producing organism from the toxic OTA at
the completion of biosynthesis.

One of the historical arguments against this hypothesis of the
biosynthetic pathway has been the difficulty to explain the natural

occurrence of OT� in fungal cultures if it is not directly involved
in biosynthesis. However, several reports have now been pub-
lished about the presence of OT� as a product of OTA biodegra-
dation by different microorganisms, among which are various
Aspergillus species (2, 8, 54). The amide bond between OT� and
phenylalanine in OTA is hydrolyzed by several different enzymes,
including a carboxypeptidase A (15), lipase (51), commercial pro-
teases, and as recently determined, a metalloprotease isolated in A.
niger (3).

In the light of the hypothesis we present in this work regarding
the OTA biosynthetic pathway, the presence of OT� in the OTA-
producing A. carbonarius strain culture is most likely due to the
biodegradation activity of the fungus and is independent of OTA
biosynthesis. This is also confirmed by the fact that the mutant
strain, lacking the AcOTAnrps gene and therefore unable to pro-
duce the mycotoxin, retains the capability to degrade OTA.
Ochratoxin A was quickly and completely degraded, with only
14% remaining in culture after only 1 day and with less than 1%
remaining after 2 days of incubation with exogenous OTA. OT�
was detected after only 1 day, and the amount of OT� that had
accumulated in culture at the end of incubation was equivalent to
27% of the initial amount of OTA, suggesting that OTA could be
degraded to other metabolites in addition to OT� (23) or that
OT� could be degraded further. The degradation process ap-
peared faster and more significant than those observed in other
studies in which the kinetics of nonochratoxigenic Aspergillus spe-
cies were analyzed (2, 8). From the results of this experiment, it
was not possible to have an indication of whether the hydrolysis
activity occurred in the medium due to an enzyme excreted out of
the cell or if externally applied OTA was absorbed into the cell
where the degradation process would have taken place. Previous
studies have indicated that OTA is a substrate for different kinds of
transporters facilitating not only the efflux of compounds but also
cellular uptake (49). Actually, contradictory findings have been
reported about the excretion of OTA-degrading enzymes by dif-
ferent fungal species. Abrunhosa and Venancio (3) purified the
metalloprotease responsible for OTA hydrolysis from the culture
medium of A. niger, after separation of the fungal cell, whereas
Peteri et al. (45) reported that the enzyme responsible of OTA
degradation in Phaffia rhodozyma was not excreted, because the
simple fermented broth was unable to degrade OTA. A specific
OTA degradation activity of the producing strain could be sup-
posed as the strategy of a self-protection mechanism. Also in the
biosynthesis of trichothecenes by Fusaria, a mechanism of self-
defense for producers was found, related to the acetylation of the
trichothecene ring owing to the tri101 gene of the biosynthetic
cluster (33). Additional investigation of the OTA biosynthetic
cluster of A. carbonarius would be worthwhile, with the aim of
finding a specific degradation gene product for a better explana-
tion of mycotoxin biosynthesis and in view of its potential appli-
cation.
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