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ABSTRACT

Aspergillus carbonarius is the main responsible fungus of ochratoxin A (OTA) contamination of grapes and derived products. To
date, the biosynthetic mechanism of this mycotoxin has been partially elucidated. Availability of genome sequence of A. carbon-
arius has allowed the identification of a putative gene cluster involved in OTA biosynthesis. This region hosts the previously
characterized AcOTAnrps and AcOTApks genes encoding two key enzymes of the biosynthetic pathway. At about 4,400 nucleo-
tides downstream of these loci, a gene encoding a putative flavin dependent-halogenase came out from the annotation data. Its
proximity to OTA biosynthetic genes and its sequence analysis have suggested a role in the biosynthesis of OTA, directed to the
introduction of the chlorine atom in the C-5 position of the final molecular structure of this mycotoxin. The deduced protein
sequence of the halogenase gene, we designated AcOTAhal, shows a high similarity to a halogenase that is located in the OTA
cluster of A. niger. The deletion of the halogenase gene completely eliminated the production of ochratoxin A in A. carbonarius
and determined a significant increase of ochratoxin B, as confirmed by mass spectrometry analysis. Moreover, its expression
profile was similar to the two biosynthetic genes previously identified, AcOTApks and AcOTAnrps, indicating a strong correla-
tion of the AcOTAhal gene with the kinetics of OTA accumulation in A. carbonarius. Therefore, experimental evidence con-
firmed that the chlorination step which converts OTB in OTA represents the final stage of the biosynthetic pathway, supporting
our earlier hypothesis on the order of enzymatic steps of OTA biosynthesis in A. carbonarius.

IMPORTANCE

Ochratoxin A is a potent mycotoxin classified as a possible carcinogen for humans, and Aspergillus carbonarius is the main agent
responsible for OTA accumulation in grapes. We demonstrate here that a flavin-halogenase is implicated in the biosynthesis of
OTA in A. carbonarius. The encoding gene, AcOTAhal, is contiguous to biosynthetic genes that we have already described (nrps
and pks), resulting as part of the biosynthetic cluster. The encoded protein is responsible of the introduction of chlorine atom in
the final molecular structure and acts at the last step in the pathway. This study can be considered a continuation of an earlier
study wherein we started to clarify the molecular basis of OTA biosynthesis in A. carbonarius, which has not been completely
elucidated until now. This research represents an important step forward to a better understanding of the production mecha-
nism, which will contribute to the development of improved control strategies to reduce the risk of OTA contamination in food
products.

The biosynthetic genes of most fungal mycotoxins are orga-
nized in clusters, and in such a case the identification of one

gene frequently facilitates the identification of the other genes in-
volved in the biosynthetic pathway. The biosynthetic clusters of
the most important mycotoxins—such as aflatoxins, trichoth-
ecenes, fumonisins, and patulin— have been elucidated for some
time. This has allowed a better comprehension of the regulatory
process behind the mycotoxin biosynthesis, a thorough examina-
tion of the producing capacity of fungal populations, and the de-
velopment of various and efficient molecular diagnostic assays
(1–3).

The whole-genome sequencing projects for A. niger and A.
carbonarius, two related fungal species responsible for ochratoxin
A (OTA) contamination of different food products, have pro-
vided the possibility to elucidate some important steps of the bio-
synthetic pathway of this mycotoxin that, as yet, have not been
completely defined.

Ochratoxin A is a polyketide mycotoxin that results in
nephrotoxic, teratogenic, immunotoxic, neurotoxic, and hep-
atotoxic effects (4, 5); moreover, OTA has been classified as a
possible human carcinogen (6). Among the OTA producing
fungi, Aspergillus carbonarius is the main responsible of OTA

contamination of grapes, grape juice, dried vine fruits, must,
and wine (7–10).

A polyketide synthase (PKS) and a nonribosomal peptide syn-
thetase (NRPS) have been shown to be involved in two key steps
in the biosynthetic pathway of OTA in A. carbonarius. In particu-
lar, the PKS encoded by the AcOTApks gene (11) catalyzes the
formation of the isocoumarin group during the initial stages of
biosynthesis, starting from acetate and malonate, to originate the
characteristic pentaketide skeleton of the OTA molecule. The
NRPS encoded by the AcOTAnrps gene is involved in the linking
of phenylalanine to dihydroisocoumarin ring and was hypothe-
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sized to act before the final chlorination step (12). The reaction
catalyzed by NRPS results in the production of ochratoxin B
(OTB), which is the nonchlorinated analogue of OTA and which
subsequently serves as the substrate of chlorination activity to
form the final molecular structure of OTA, containing a chlorine
atom in the C-5 position of the molecule. This small structural
difference, i.e., chlorine in OTA versus hydrogen in OTB, does not
seem to be responsible for the different toxicities and instead may
be crucial for the differential uptake and binding in cells (13). In
fact, whereas OTB appears to be much less toxic than OTA in vivo,
recent investigations in vitro have resulted in lower, different, or
even equal toxicities of OTB compared to OTA that are likely due
to differences in cellular uptake and protein binding (14, 15).

The intervention of a chlorinating enzyme in the OTA biosyn-
thetic pathway has been supposed according to the molecular
structure of the mycotoxin (16), and a first evidence of its putative
role was reported in Penicillium nordicum (17, 18). Penicillium
nordicum is the main OTA contaminant of protein-rich foods
such as fermented meats and cheese (7), and it was one of the most
investigated ochratoxigenic fungi to elucidate the molecular
mechanism of OTA biosynthesis. Two fragments of the chromo-
somal DNA of P. nordicum were identified to carry genes encoding
proteins putatively associated with OTA biosynthesis due to their
expression profile and, in addition to a PKS, the proteins found
included an NRPS, a transporter protein, and a protein homolo-
gous to a bacterial chloroperoxidase (17, 19). Halogenation is a
frequent modification of microbial secondary metabolites, and
compounds containing carbon-halogen bonds include natural
products with a wide range of biological activities (20); moreover,
chlorination is the predominant halogenating modification that
occurs. In recent years, several halogenating enzymes have been
discovered that allowed a better understanding of the biohaloge-
nation process in microorganisms. In particular, flavin-depen-
dent halogenases have been identified as major players in the in-
troduction of halogen into activated organic molecules in natural
product biosynthesis (21).

Sequencing of the genomic region of A. carbonarius carrying
the pks and nrps genes involved in OTA biosynthesis allowed the
identification of a gene encoding a putative flavin-dependent ha-
logenase. Here, we identify and characterize this gene, designated
AcOTAhal, by means of a gene-knockout approach. The expres-
sion level profiles of OTA pks, nrps, and hal genes were investi-
gated to verify their correlation to the kinetics of OTA accumula-
tion in A. carbonarius. Moreover, the expression profiles of two
other genes, which we named AcOTAp450 and AcOTAbZIP, were
also analyzed. They encode a cytochrome p450 monooxygenase
and a basic leucine zipper (bZIP) transcription factor, respec-
tively, and are located next to the OTA pks, nrps, and hal genes in
the assumed biosynthetic cluster (Fig. 1A).

The present study, together with our previous studies on the
key enzymes PKS and NRPS, represents a step forward in the
knowledge of molecular basis of OTA biosynthesis in A. carbon-
arius and offers new insights for a full understanding of mycotoxin
production mechanism and ultimately for improved control of
the contamination risk.

MATERIALS AND METHODS
Fungal strains and growth conditions. The fungal strains used in this
study were the wild-type A. carbonarius ITEM 5010 from the Agro-Food
Microbial Culture Collection of the Institute of Sciences of Food Produc-

tion, CNR, Bari, Italy (www.ispa.cnr.it/Collection) and the mutant
strains generated from ITEM 5010, KB1039 (�kusA), lacking the kusA
gene to facilitate homologous integration (22), and AC1501 (�kusA
�AcOTAhal), lacking both kusA and AcOTAhal, the gene encoding the
flavin-dependent halogenase. Fungal strains were grown on minimal me-
dium (MM) agar plates (6 g/liter NaNO3, 0.52 g/liter KCl, 0.52 g/liter
MgSO4·7H2O, 0.82 g/liter KH2PO4, 1.05 g/liter K2HPO4 [pH 6.5], 10
g/liter glucose, 1 ml/liter Hutner’s trace elements, 15 g/liter agar).

Mycelia for protoplasting were obtained from a 100 ml of YEPD (1%
yeast extract, 2% peptone, 2% glucose) culture inoculated with 500 �l of
conidial suspension (106 conidia/ml), followed by incubation overnight at
30°C at 150 rpm. The mycelia were collected by filtration and resuspended
in digestion buffer (1.2 M MgSO4, 50 mM phosphate buffer [pH 5.0])
containing 60 mg/ml VinoTaste Pro (Novozymes), followed by incuba-
tion at 30°C for 3 to 5 h with gentle shaking. After digestion, the proto-
plasts were separated from undigested mycelia by filtration through sterile
Miracloth, and the filtrate was then overlaid with sterile 0.4 M ST (0.4 M
sorbitol, 100 mM Tris-HCl [pH 8.0]) at a ST/protoplast suspension ratio
of 1:5 (vol/vol). After centrifugation at 800 g for 15 min, the interface layer
was collected and resuspended in sterile 1 M ST (1 M sorbitol, 100 mM
Tris-HCl [pH 8.0]). Protoplasts were collected by centrifugation at 800 �
g for 15 min, and the pellet was washed twice with 1 M ST. The final pellet
was resuspended in sterile STC (1 M sorbitol, 50 mM Tris-HCl [pH 8.0],
50 mM CaCl2) to a final concentration of 1.25 � 107/ml. Transformations
were performed by mixing about 10 �g of transformation cassette with
20% of PEG solution (40% PEG 4000 in STC) and about 1.25 � 106

protoplasts, followed by incubation on ice for 15 min. Then, 1 ml of PEG
solution was added to each sample, followed by incubation at room tem-
perature for 15 min. After incubation, each transformation reaction was
transferred into 10 ml of recovery media (MM with 1 M sorbitol) and
incubated at 30°C for 1 h shaking gently. The protoplasts were plated by
inclusion in selective soft agar recovery media supplemented with 100
�g/ml hygromycin B, used as a selection marker for kusA deletion, and 1
mg/ml glufosinate, used as a selection marker for deletion of AcOTAhal.
Resistant colonies were selected after 3 to 5 days of incubation at 30°C.

The production of OTA and related metabolites by strains AC1501
and KB1039 was checked on yeast extract sucrose (YES) agar plates (yeast
extract, 20 g/liter; sucrose, 150 g/liter; agar, 20 g/liter) inoculated with 100
�l of a conidial suspension (106 conidia/ml) of the strains, followed by
incubation in the dark at 25°C. After 7 days of growth, five agar plugs with
mycelium (5 mm in diameter) were collected from each plate and stored
at �20°C until analysis for OTA and related metabolites. Triplicate cul-
tures were prepared and analyzed for each experiment.

For gene expression analyses, 100 �l of a conidial suspension (106

conidia/ml) from wild-type strain ITEM 5010 of A. carbonarius was inoc-
ulated onto MM agar plates overlaid with sterile cellophane membranes.
Incubation was carried out in the dark at 25°C. Fungal mycelium was
harvested after 2, 3, 4, 5, and 7 days postinoculation and then frozen in
liquid nitrogen and stored at �80°C for RNA extraction and OTA content
analysis. Triplicate cultures were prepared and analyzed for each experi-
ment.

Nucleic acid extraction, cDNA synthesis, RT-PCR, and quantitative
RT-PCR. Genomic DNA was isolated using the Wizard Magnetic DNA
Purification System for Food kit (Promega, Madison, WI) according to
the manufacturer’s protocol. Total RNA was extracted from frozen my-
celium ground in liquid nitrogen using the RNeasy kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. RNA samples were
treated with RNase-free DNase I (Qiagen) to eliminate any possible DNA
contamination. RNA aliquots were stored at �80°C. First-strand cDNA
was synthesized using 3 �g of total RNA, oligo(dT)18 and random hex-
amer primers at a 1:1 ratio, and SuperScript III reverse transcriptase (In-
vitrogen, San Diego, CA) according to the manufacturer’s protocol. Re-
verse transcription-PCR (RT-PCR) was used to analyze the presence of
transcripts of the AcOTApks, AcOTAnrps, and AcOTAhal genes in A. car-
bonarius strains KB1039 and AC1501. The primer pairs listed in Table 1
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were used under the following conditions: 94°C for 2 min, followed by 35
cycles of 94°C for 30 s, 56°C for 30 s, and 68°C for 1 min, and then a final
extension step at 68°C for 5 min. Primers Bt2a/Bt2b (23) were used to
monitor the �-tubulin gene expression as an endogenous control. The
transcription profiles of the above-mentioned three genes and of two
other genes placed next to them in the cluster, named AcOTAp450 and
AcOTAbZIP, were analyzed at different times during the growth of wild-
type A. carbonarius ITEM 5010 on MM agar medium by using real-time
quantitative reverse transcription-PCR (qRT-PCR). For the amplification
reaction, a SYBR green I assay was performed in the 7500 Fast real-time
PCR system (Applied Biosystems, Warrington, United Kingdom) with
2.5� Real master mix SYBR-ROX (5 PRIME GmbH, Hamburg, Ger-
many) in a reaction volume of 25 �l with 200 nM concentrations of each
primer for the target and reference genes, except for the primer pair
RT_AcOTAbZIP used at 250 nM. The constitutively expressed �-tubulin
gene served as an internal reference to normalize target gene expression.
The primers used for the qRT-PCR are listed in Table 1. The following
amplification conditions were used: an initial denaturation step at 95°C
for 2 min, followed by 40 cycles of 10 s at 95°C, 30 s at 60°C, and 30 s at
72°C. The specificity of the PCR amplifications was confirmed by disso-
ciation curve analyses. The relative quantification of gene expression was
established using the comparative 2���CT method. The PCR efficiency of
each oligonucleotide pair was calculated from each linear regression of
standard curves. Real-time PCR derived data were quantified relatively by
using the Relative Expression Software Tool (REST) (24), taking the di-
vergent efficiencies into account. Three biological replicates were per-

formed for each experiment, and each was tested in triplicate, in addition
to a no-template control included for each primer pair.

Deletion of the AcOTAhal gene in Aspergillus carbonarius. The de-
letion cassette for the AcOTAhal gene (Fig. 1B) was generated by a com-
monly used PCR fusion approach (25), consisting of a fusion of the se-
quences flanking the coding region of the AcOTAhal gene with the bar
gene encoding resistance to glufosinate. The primers used to create the
deletion cassette are listed in Table 1. In particular, OTAhalF1/OTAhalR3
and OTAhalF4/OTAhalR6 were used to amplify two �1,800-bp frag-
ments, one upstream and one downstream of the targeted gene, which
subsequently were fused to the bar resistance marker amplified from the
plasmid pCB1530 (Fungal Genetics Stock Center, Kansas City, MO) by
using the primer pair uBarR/uBarF, including extension sequences which
overlap extension sequences of the primers OTAhalR3 and OTAhalF4.
The joined product was amplified with the nested primers OTAhalF2 and
OTAhalR5 and used to transform protoplasts prepared from strain
KB1039 (�kusA).

Selection of �AcOTAhal transformants was performed on MM sup-
plemented with 100 �g/ml hygromycin B and 1 mg/ml glufosinate
(bioWorld, Dublin, OH). Confirmation of homologous recombina-
tion in putative transformants was made by Southern blotting accord-
ing to the standard procedures (26). Genomic DNA of strain KB1039
and �AcOTAhal transformants was digested with SalI restriction enzyme
and subsequently hybridized with a 491-bp digoxigenin-labeled probe
(PCR DIG probe synthesis kit; Roche, Mannheim, Germany), synthesized

FIG 1 (A) Structure of the ochratoxin A cluster in Aspergillus carbonarius. (B) Map of the AcOTAhal locus in �kusA and �AcOTAhal strains of A. carbonarius.
(C) Southern blot hybridizations from genomic DNA digested with SalI. The restriction sites SalI are indicated by “S.” (D) RT-PCR profile of expression of
AcOTApks, AcOTAnrps, and AcOTAhal genes in the �kusA (lane 1) and �AcOTAhal (lane 2) strains grown on a medium permissive for OTA. �-tubulin was used
as a control.

Role of AcOTAhal in OTA Biosynthesis in A. carbonarius

September 2016 Volume 82 Number 18 aem.asm.org 5633Applied and Environmental Microbiology

http://aem.asm.org


with the primers Probe_HalF/Probe_HalR and sharing homology with
the AcOTAhal flanking region.

Chemical analyses of fungal extract by HPLC-FLD and HPLC-
HRMS. Standard solutions of OTA (100 �g/ml), OTB (10 �g/ml), and
ochratoxin � (OT�) (10 �g/ml) were purchased from Romer Labs Diag-
nostic GmbH (Tulln, Austria). A mixed standard solution was prepared
by mixing the three standard solutions and used for the preparation of
calibration solutions that were prepared in methanol containing 0.6%
formic acid, 0.02% hydrochloric acid, and 2.5% water. Extracts from agar
plug cultures and mycelium were prepared according to the microextrac-
tion method of Smedsgaard (27) with some modifications. In particular, 5
plugs of 5 mm diameter or 150 to 620 mg of mycelium collected from
cellophane membranes were transferred to a 12 ml test tube and 3 ml of
the solvent mixture methanol-dichloromethane-ethyl acetate (1:2:3) con-
taining 1% (vol/vol) formic acid were added. The extraction was per-
formed ultrasonically for 60 min and the supernatant was transferred to a
clean vial, evaporated to dryness at 50°C under a gentle stream of nitrogen
and redissolved in 1 ml of methanol containing 0.6% formic acid, 0.02%
hydrochloric acid and 2.5% water. The reconstituted sample extracts were
filtered through a 0.22 �m pore filter and analyzed by high-pressure liquid
chromatography with fluorescence detection (HPLC-FLD) and high-
pressure liquid chromatography/high-resolution mass spectrometry
(HPLC-HRMS).

HPLC-FLD analyses were performed with an Agilent 1260 Infinity
system comprising of a binary pump (G1312B), an auto sampler
(G1367E) with a 100 �l loop, a fluorescence detector (G1321B) (excita-
tion wavelength, 333 nm; emission wavelength, 460 nm), a thermostatic

oven set at 30°C (G1316C), and a software for Microsoft Windows 7
(OpenLAB, CSD, ChemStation Edition). The column used was a Zorbax
C18 (150 mm by 4.6 mm, 5-�m particles; Phenomenex, Torrance, CA)
with a 3-mm, 0.45-�m-pore-size guard filter (Rheodyne, Cotati, CA). A
linear gradient starting from 85% water (A) and 15% acetonitrile (B)
going to 100% acetonitrile in 40 min, then maintaining 100% acetonitrile
for 3 min, was used. The flow rate of the mobile phase was 1 ml/min. Both
eluents contained 0.005% (vol/vol) trifluoroacetic acid. A volume of 10 �l
of filtered fungal extract was injected into the HPLC-FLD apparatus.

HPLC-HRMS analyses were performed with a benchtop single-stage
mass spectrometer (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 interface was used in the positive-ion mode for 7-methylmellein
(7-MM), ethyl ester of phenylalanine (Phe), ethyl ester of OTB, and OTA
and in the negative-ion mode for ochratoxin � (OT�), OT�, Phe, OTB,
and ochratoxin C (OTC). The HPLC-HRMS retention times and HR
mass data of the metabolites are presented in Table 2. The scan range was
50.2 to 1,003.0 m/z, with a resolution power of 10,000 FWHM (full width
at half maximum). Other settings were as follows: sheath gas flow rates 15
and 30 arbitrary units and auxiliary gas flow rates 15 and 10 arbitrary units
for positive and negative ions, respectively; sweep gas, 0 arbitrary units;
capillary temperature, 300°C; capillary voltage, 4 and 4.5 kV for positive
and negative ions, respectively. Xcalibur software (v2.1.0; Thermo Fisher
Scientific) was used for data acquisition and processing.

A volume of 20 �l of filtered fungal extracts were analyzed by HPLC-
HRMS for the identification of 7-MM, OT�, OT�, Phe, ethyl ester of Phe,

TABLE 1 Primers used in this study

Primer Sequence (5=–3=)
Primers for the AcOTAhal deletion cassette

OThal-F1 ATCCATCCGACAAGAAGCAC
OThal-F2 GAGCCTTTGAAGACGGACTG
OThal-R3 TGACCTCCACTAGCTCCAGCGCTCATGCCCATCCCTAGTA
OThal-F4 TCACCGAGATTTAGGTCGACGGCCATTCCAGACCGTATAA
OThal-R5 GCACCAACGAACATCTCTGA
OThal-R6 CCAGGTGAGTCCTGCACATA
OThal-BARf TACTAGGGATGGGCATGAGCGCTGGAGCTAGTGGAGGTCA
OThal-BARr TTATACGGTCTGGAATGGCCGTCGACCTAAATCTCGGTGA

Primers for RT-PCR and qRT-PCR
AcOTApks_for GAACCATTTCCGACCTTCT
AcOTApks_rev TTCGAGGATGGCAAGTAGA
AcOTAnrps_for TCATCTCCGACGAGGAAC
AcOTAnrps_rev CAAAGGAATCCTCGTCACT
AcOTAhal_for GTTGTGCTAGAAGCGGATG
AcOTAhal_rev AAGTACGGGTCGATGAAGG
RT_AcOTApks_F CGTGTCCGATACTGTCTGTGA
RT_AcOTApks_R GCATGGAGTCCTCAAGAACC
RT_AcOTAnrps_F ACGGGTCGCTGCTCTATATC
RT_AcOTAnrps_R ACTCACCACATCAACCACGA
RT_AcOTAhal_F GAACGCCAGTAGAGGGACAG
RT_AcOTAhal_R ATGGAGGTGGTGTTGTTGTG
RT_AcOTAp450_F GTGGTTATCCCGCCCAATAC
RT_AcOTAp450_R TGCCAGATTCATCCCGATAC
RT_AcOTAbZip_F AATGGAACCAGCATTGATCTC
RT_AcOTAbZip_R GACCCAAGCATTCGCTCTA
RT3 BT Ac_F CAAACCGGCCAGTGTGGTA
RT3 BT Ac_R CGGAGGTGCCATTGTAAACA

Primers used for Southern hybridization probe
Probe_HalF CGACAACACAGGCATACAG
Probe_HalR CTTAGGGCTGTTGATCTGC
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OTB, ethyl ester of OTB, OTC, and OTA. The column was a Gemini C18

(150 mm by 2 mm, 5-�m particles). The mobile phase was a gradient of
water (A) and methanol (B), both containing 0.5% acetic acid and 1 mM
ammonium acetate. For the separation of analytes, a multiple linear bi-
nary gradient was used: from 20 to 40% B in 3 min, then to 63% B in 35
min, and then maintained at 63% B for 11 min. The column was reequili-
brated with 20% B for 10 min prior to the successive injection.

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. Significance was defined as P 	 0.05.

Accession number(s). The genomic and transcript sequences of the
AcOTAhal gene were obtained by Sanger sequencing and RNA-seq anal-
ysis, respectively. Nucleotide sequences were assembled using CLC
Genomics Workbench 7.5 (CLC, Inc., Aarhus, Denmark) and deposited
in GenBank under accession no. KU960948. The deduced amino acid
sequence was determined by using the ExPASy translation tool (http:
//web.expasy.org/translate/). The protein sequence was aligned by using
the blastp algorithm against nonredundant protein collection at the Na-
tional Center for Biotechnology Information (http://blast.ncbi.nlm.nih
.gov/Blast.cgi).

RESULTS
Identification and inactivation of AcOTAhal in A. carbonarius.
The analysis of the genomic sequence of A. carbonarius ITEM 5010
corresponding to the OTA biosynthetic cluster allowed the iden-
tification of a putative halogenase gene at about 4,400 nucleotides
downstream of the region hosting AcOTAnrps and AcOTApks
genes (Fig. 1A), previously described as two key genes for OTA
biosynthesis (11, 12). According to the annotation data available
from JGI (http://jgi.doe.gov/carbonarius/), this hypothetical gene
encoded a protein (ID 209543) showing a high similarity with a
RadH flavin-dependent halogenase protein of A. niger (accession
number XP_001397309). This evidence, as well as its proximity to
the other OTA biosynthetic genes, led us to suppose its involve-
ment in the predictable chlorination step of OTA biosynthetic
pathway. The functional role of this gene was demonstrated by
a gene deletion approach. In particular, a deletion cassette for
AcOTAhal was assembled and transformed into strain KB1039
(�kusA) of A. carbonarius ITEM 5010. Three transformants de-
termined to be positive by PCR screening for the integration of
the bar resistance marker at the AcOTAhal locus were obtained
(data not shown). One of them, designated AC1501 (�kusA
�AcOTAhal), was used for subsequent analyses. Southern blot
hybridization, performed on genomic DNA of the KB1039 and

AC1501 strains digested with SalI, confirmed the complete dele-
tion of AcOTAhal gene in AC1501. In details, the hybridizing
bands of 3.67 and 1.35 kb indicated the presence of endogenous
gene in KB1039, the �kusA strain, whereas the homologous inte-
gration of the deletion cassette resulted in a band of 1.80 and 1.35
kb in the mutant strain AC1501, as shown in Fig. 1B and C. An
RT-PCR analysis performed on cDNA from AC1501 grown on an
OTA permissive medium showed the presence of AcOTApks and
AcOTAnrps transcripts, whereas no AcOTAhal transcript was ob-
served, thus confirming the deletion of the gene in the mutant
strain (Fig. 1D).

Sequencing and characterization of the AcOTAhal gene. The
sequencing of the AcOTAhal gene from genomic DNA and of the
relative transcript from cDNA allowed to verify that the gene is
1,548 bp long and contains four introns. The deduced amino acid
sequence encodes a protein of 435 residues with a predicted mo-
lecular mass of 47,337 Da. Analysis of conserved domains revealed
the presence of a flavin adenine dinucleotide (FAD)-binding do-
main and a tryptophan halogenase domain. From BLAST analysis,
it was determined that the AcOTAhal protein shares 84% similar-
ity with a RadH flavin-dependent halogenase protein of A. niger
CBS 513.88 (GenBank accession number XP_001397309) and
83% similarity with a hypothetical protein of P. nordicum
DAOMC 185683 (GenBank accession number KOS43943). The
AcOTAhal sequence was deposited at NCBI under accession num-
ber KU960948.

Expression analysis of OTA genes in A. carbonarius. We
monitored the transcription profiles of the three biosynthetic
genes we have characterized thus far—AcOTApks, AcOTAnrps,
and AcOTAhal—and of two other genes—AcOTAp450 and
AcOTAbZIP—located next to them and putatively involved in
OTA biosynthesis. These latter genes encode a cytochrome P450
oxidase (ID 517149) and a bZIP transcription factor (ID 7821) of
A. carbonarius. The expression of the genes was monitored for 7
days in the wild-type strain ITEM 5010 of A. carbonarius during
growth on MM, an OTA permissive medium. The observed ex-
pression levels were consistent with OTA production. In particu-
lar, OTA was detected since the second day of growth and progres-
sively increased up to 240 pg/mg mycelium after 7 days (Fig. 2A).
From the relative gene expression analysis, all the transcripts, which
were detected since the beginning as well, turned out to be up-ex-
pressed at days 4 and 5, with a peak of expression at day 4. In partic-
ular, at day 4 upregulations of about 12-fold for AcOTApks, 3-fold
for AcOTAnrps, 7-fold for AcOTAhal, 9-fold for AcOTAp450, and
10-fold for AcOTAbZIP were observed compared to day 2. A sharp

TABLE 2 Summary of HPLC-HRMS retention times and HR mass data of OTA and other metabolites identified in cultures of KB1039 (�kusA) and
AC1501 (�kusA, �AcOTAhal) strainsa

Compound RT (min) Measured mass (Da) Monoisotopic mass (Da) Error (mDa) Formula

PHE 3.50 165.0787 165.0789 �0.2 C9H11NO2

OTB ethyl ester –* 399.1682 C22H25NO6

OT� 13.29 222.0524 222.0528 �0.4 C11H10O5

PHE ethyl ester 17.00 193.1106 193.1103 0.3 C11H15NO2

7-MM 17.95 192.0788 192.0786 0.2 C11H12O3

OT� 28.73 256.0132 256.0138 �0.6 C11H9ClO5

OTC –* 431.1136 C22H22ClNO6

OTB 31.26 369.1200 369.1212 �1.2 C20H19NO6

OTA 41.87 403.0848 403.0823 2.5 C20H18ClNO6

a RT, retention time. *, the OTB ethyl ester and OTC were not detected in cultures of both �kusA and �AcOTAhal strains.
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decrease in expression levels was observed at day 7 for all the genes
(Fig. 2B).

Production of OTA, OT�, OTB, and other secondary metab-
olites in mutant strains of A. carbonarius. Cultures of A. carbon-

arius strain KB1039 and AC1501 were analyzed for the presence of
OTA, OT�, and OTB by HPLC-FLD. Chemical analyses showed
that OTA, OT�, and OTB were detected in the cultures of KB1039,
whereas only OTB was detected in the cultures of AC1501 (Fig. 3).
In particular, in KB1039, after 7 days, the mean level 
 the stan-
dard error of the mean of OTA was 0.1 
 0.04 nmol/cm2 of agar
plate, and the presence of the commonly associated metabolites
OT� and OTB at mean levels of 1.47 
 0.31 and 0.04 
 0.01
nmol/cm2, respectively, was also evident. In cultures of strain
AC1501 lacking the AcOTAhal gene, after 7 days, neither OTA nor
OT� was detected with limits of detection of 0.001 and 0.003
nmol/cm2, respectively. Interestingly, high levels of OTB (598.6 

59.2 nmol/cm2) were measured in the cultures of the mutant
strain AC1501 (Fig. 3B). Cultures of A. carbonarius KB1039 and
AC1501 strains were also analyzed by HPLC-HRMS to confirm
the results of OTA, OTB, and OT� obtained by HPLC-FLD and
for the identification of other secondary metabolites presumably
involved in the biosynthesis pathway of OTA such as 7-MM, OT�,
Phe, Phe ethyl ester, OTB ethyl ester, and OTC. The simultaneous
identification of these metabolites was possible through the use of
the Orbitrap mass analyzer, which enables high mass resolution,
high mass accuracy, a large dynamic range, and a high mass/
charge range (28). OTA, OTB, OT�, OT�, 7-MM, Phe, and Phe
ethyl ester— but not OTB ethyl ester and OTC—were identified in
culture extracts of A. carbonarius strain KB1039. The metabolic
profile of the mutant strain A. carbonarius AC1501 was different
because in addition to the absence of OTB ethyl ester and OTC,
OTA and OT� were also not detected, in accordance with the
knockout of the AcOTAhal gene in this strain. Specifically, Fig. 4
presents the mean peak area of each metabolite measured by

FIG 2 Time course analysis of OTA production (A) and relative expression
(x-fold) analysis (B) by qRT-PCR of AcOTApks, AcOTAnrps, AcOTAhal,
AcOTAp450, and AcOTAbZIP of the wild-type A. carbonarius ITEM 5010
during growth on MM medium.

FIG 3 HPLC-FLD chromatograms of culture extracts of A. carbonarius strain KB1039 (�kusA) (A) and strain AC1501 (�AcOTAhal) (B) diluted 10-fold.
Retention times: OT�, 8.41 min; OTB, 16.5 min; and OTA, 19.9 min.
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HPLC-HRMS in culture extracts of KB1039 (�kusA) and AC1501
(�AcOTAhal) prepared and analyzed in triplicate. In AC1501, in
addition to the absence of OT�, OTA, OTB ethyl ester, and OTC,
a large increase in OTB and OT� was also evident compared to the
KB1039 strain. The increase in OTB was statistically significant
(P � 0.0292), whereas the large increase of OT� in culture extracts
of AC1501 was not significant (P � 0.0687) due to the large vari-
ability of OT� production in the three replicates. Comparable
mean levels of 7-MM, Phe, and Phe ethyl ester were measured in
the cultures of the two strains.

DISCUSSION

In contrast to other important mycotoxins, until recently the bio-
synthesis of OTA has not been completely elucidated. The se-
quencing of the genome of A. niger and soon after that of A. car-
bonarius has clarified some aspects of OTA biosynthesis molecular
basis and could lead to the definition of the entire biosynthesis
pathway.

Specifically, the availability of the genome sequence of A.
carbonarius allowed the characterization of the AcOTApks and
AcOTAnrps genes involved in OTA biosynthesis, which have
been considered the core genes of a supposed OTA biosynthetic
cluster, as for most fungal secondary metabolite clusters con-
taining genes coding for these multimodular enzymes (29, 30).
The inspection of upstream and downstream regions of OTA
cluster and the related annotated genes has resulted in the iden-
tification of several genes encoding putative proteins which
could have a role in the OTA biosynthetic pathway according to
the molecular structure of this mycotoxin. Many of these pro-
teins deserve to be more thoroughly examined, such as a cyto-
chrome P450 oxidase, a predicted transporter protein, one or
two fungal specific transcription factors, and the halogenase
that is the object of the present study.

The halogenase encoding gene, which we designated AcOTAhal,
was deleted by homologous recombination, and the absence of
OTA and OT� in the culture of the mutant strain confirmed its
biosynthetic function, since the deletion of this gene interrupted
the pathway that would have led to the final production of OTA.
In previous work, OT� was recognized as a degradation product
of OTA (12), so its absence could be linked to the loss of produc-
tion of OTA. Further, the HPLC-HRMS analysis supported the
order of the reactions in the biosynthetic pathway as proposed by
Gallo et al. (12) and outlined in Fig. 5, confirming that the inacti-
vation of the AcOTAhal gene did not compromise the biosyn-
thetic reactions upstream the chlorination step. In fact, in ad-
dition to the absence of OTA and OT�, a significant increase in
OTB and, to a lesser extent, in OT� was observed in the cul-
tures of mutant strain AC1501. OTB is the metabolite formed
by the condensation of Phe and OT� by a peptide synthetase
(AcOTAnrps), and its accumulation, together with the accumu-
lation of OT� as unused precursors, is the result of the suppres-
sion of the chlorination step, exclusively performed by this halo-
genating enzyme in the final step of the OTA biosynthetic pathway
(Fig. 5). The massive accumulation of OT� could also be due to
the degradation of OTB largely increased in fungal cultures, which
could be a possible target of the same proteolytic enzyme that
catalyzes the degradation of OTA into OT� (31, 32). Within the
panel of metabolites analyzed by HPLC-HRMS, OTC and OTB
ethyl ester were not detected in the cultures of both �kusA and
�kusA �AcOTAhal mutant strains, confirming that these metab-
olites should not be involved in the OTA biosynthesis pathway as
already observed (12). From the analysis of the deduced protein
sequence, the halogenase encoded by AcOTAhal gene contains an
FAD-binding domain and a tryptophan halogenase domain.

Generally, halogenating enzymes can be grouped in two class-
es: (i) a less specific haloperoxidase utilizing hydrogen peroxide

FIG 4 Metabolites identified by HPLC-HRMS in cultures of KB1039 (�kusA) and AC1501 (�AcOTAhal) strains incubated in triplicate for 7 days. Values are
means 
 the standard errors. Different letters indicate statistical differences within pairs of data (P 	 0.05). *, not detected.
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and a metal cofactor-like heme iron to catalyze electrophilic halo-
genation reactions and a (ii) highly substrate specific halogenase
requiring dioxygen (O2) to activate the halide residue. Another
group of halogenating enzymes is constituted by SAM-dependent
halogenases which catalyze nucleophilic halogenation reactions.
The dioxygen-dependent halogenases are two-component sys-
tems which requires �-ketoglutarate or flavin (FADH2-dependent
halogenase) as a cosubstrate to keep the halogenase reduced for
catalytic turnover (33). FADH2-dependent halogenases activate
O2 by means of the formation of flavin-bound hydroperoxide,
which then oxidizes the halide. They were discovered when the

biosynthesis of the antifungal agent pyrrolnitrin was investigated
(34). One of the enzyme involved (PnrA) is a tryptophan haloge-
nase able to halogenate in a site-specific manner L-tryptophan to
obtain 7-chlorotryptophan, and in this case the exact positioning
of the biosynthetic intermediate at the active site of the enzyme
seemed to be of major importance (35). Further investigations
also demonstrated that FAD and the chloride residue were bound
at the same site (36). Later, the tryptophan 2 halogenase CmdE
involved in the biosynthesis of chondramines, mixed PKS/NRPS
natural products with cytotoxic activity, was reported to be the
first example of tryptophan halogenase integrated in such a mod-

FIG 5 Schematic representation of the order of OTA biosynthetic pathway and the proteins demonstrated involved. Dashed arrows represent hypothesized
enzymatic steps.
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ular biosynthetic pathway (37). However, the exact mechanism by
which flavin-dependent halogenases operate is still under debate,
and mechanistic details, such as which active-site residues partic-
ipate, may actually vary between members of the family (38).
Genes for flavin-dependent halogenase have been found in a
number of prokaryotic and fungal biosynthetic gene clusters for
secondary metabolites (21). Halogenated natural products are
widely distributed in nature, and many of them show biological
activity as antibacterials, antifungals, and anticancer agents (39–
41). Investigation of biosynthesis of halogenated compounds is
interesting also for the biotechnological potential of these en-
zymes, in particular of FADH2-dependent halogenases. Usually,
incorporation of halogen atoms is more advantageous than direct
chemical halogenation, which could result in unwanted by-prod-
ucts due to the inaccessibility to specific sites of substrate (42).

The protein encoded by the AcOTAhal gene shows the greatest
similarity to a radH flavin-dependent halogenase of A. niger CBS
513.88 and to the hypothetical protein ACN38_g5115 of Penicil-
lium nordicum. The A. niger halogenase is located in the OTA
cluster identified in this fungus (43). The genomic regions corre-
sponding to OTA clusters in A. carbonarius and A. niger harbors
the putative and already characterized OTA biosynthetic genes
organized in the same order and direction of transcription (44).
Thus, AcOTAhal is homologous to the A. niger protein above-
mentioned and that initially was known as the putative FAD-
binding oxidoreductase An15g07880 (43). Recently, Massi et al.
(45) reported the results of a PCR screening from which the radH
gene was present in the genomes of the OTA-producing isolates of
A. niger, whereas the nonproducing isolates did not contain this
gene, providing an indirect proof of its involvement in OTA bio-
synthesis. The P. nordicum protein ACN38_g5115, when sub-
jected to in silico domain analysis, displayed the same Aspergillus
halogenase domains as seen in the present study, that is, an FAD-
binding domain and a tryptophan halogenase domain. It is not
clear whether this halogenating enzyme is involved in OTA bio-
synthesis. Actually, it is not possible to retrieve the sequence of
otachlPN, which was reported to be the putative protein respon-
sible of chlorination step in OTA biosynthesis in P. nordicum (17,
19). However, it is worth mentioning that the rate of similarity
among halogenase protein sequences of different origins is quite
high, resulting in a AcOTAhal protein similarity higher than 60%,
with a great number of halogenating enzymes also from microor-
ganisms that apparently are non-OTA producing. Likely, this is
due to the presence of very conserved functional domains. This
could also be the reason why the homology between the two ha-
logenases in A. niger and A. carbonarius appears to be higher than
the homologies found for the PKSs and NRPSs involved in OTA
biosynthesis in the two Aspergillus species (46). Our results are
consistent with other studies demonstrating that flavin-depen-
dent halogenases can be found working in parallel with NRPS/
PKS enzymes, showing that halogenation takes place alongside
synthesis rather than only as a presynthetic or postsynthetic
modification (47). In addition to AcOTApks, AcOTAnrps, and
AcOTAhal, other genes involved in the biosynthesis of OTA are
most likely located in the same genomic region which could be
described as the OTA cluster.

In this work, we analyzed the expression profile of AcOTAhal
gene and of two other OTA genes we had previously characterized
(AcOTApks and AcOTAnrps) during the production of OTA by A.
carbonarius ITEM 5010. The results indicated a similar expression

profile for the three genes examined and a strong correlation to
OTA production kinetics. A similar expression profile was ob-
served for AcOTAp450 and AcOTAbZIP, two genes located be-
tween AcOTAnrps and AcOTAhal (Fig. 1A) and that could play a
role in the biosynthesis pathway as part of the OTA cluster. It was
observed that as long as the genes are upregulated, OTA is accu-
mulated progressively, and the detected upregulation of all the
genes preceded the further increase of OTA production occurring
at day 7 (Fig. 2). A similar timing of gene activation was also
observed in P. nordicum, where OTA biosynthetic genes reached
their highest level of transcription before the maximum level
of OTA accumulation was detected (19). The AcOTAp450 and
AcOTAbZIP genes encode a cytochrome p450 monooxygenase
(ID 517149) and a bZIP transcription factor (ID 7821), respec-
tively, which have their homologous genes in the OTA cluster of A.
niger. The involvement of a p450 monooxygenase in OTA biosyn-
thesis has already been implied in the OTA-producing A. ochra-
ceus (48) and A. steynii (49) and is likely responsible for an oxidase
step for the formation of the precursor metabolite OT� in the
biosynthesis pathway. The bZIP transcription factor in the cluster
could play a role in the regulation of OTA gene expression. Fungal
secondary metabolic gene clusters often contain one or more tran-
scription factors that are required for expression of the genes for
the biosynthetic enzymes (50). In fungi, bZIP (basic leucine zip-
per) proteins are transcription factors that regulate multiple
metabolic processes other than stress response, development,
and morphology (3). The transcription profiles of all of the
studied genes provide strong evidence for their contribution to
the production of OTA.

However, further investigation of A. carbonarius genome se-
quence, together with analysis of transcriptome under OTA
permissive conditions, is needed to define other aspects of OTA
biosynthesis and accumulation, such as the regulatory mecha-
nism, in addition to the steps involved in the formation of the
molecular structure of OTA. This would contribute to a better
comprehension and consequently to the development of im-
proved control strategies aimed to reduce OTA contamination
of food products.
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