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Amplification of polyketide synthase gene fragments in
ochratoxigenic and nonochratoxigenic black aspergilli in grapevine
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Summary. Members of the Aspergillus section Nigri, also known as black aspergilli produce Ochratoxin A
(OTA), a contaminant of wine. Despite potentially severe health effects and economic losses caused by OTA in
wine, almost nothing is known about the genetics that lies behind its biosynthesis in black aspergilli in grape-
vine. In this work, degenerate primer sets were used to amplify 49 polyketide synthase (PKS) gene fragments
in reference strains of A. carbonarius, A. niger and A. tubingensis. Deduced amino acid sequences were then
compared with those of aolc35-12 and aoksI, two PKS genes involved in OTA biosynthesis in A. westerdijkiae.
A putative homologue of aolc35-12 was found in A. carbonarius (63% amino acid identity), the main OTA
producer on grapes and in an ochratoxigenic A. niger strain (58%). In A. niger this fragment corresponded to
anl5g07920, a PKS already annotated in the sequenced A. niger CBS 513.88 genome as putatively involved
in OTA biosynthesis. No aolc35-12 candidates were found in atoxigenic A. tubingensis isolates and no puta-
tive homologues of aoks1 were found in any of the screened strains. A screening of A. niger field isolates using
specific primers for an15g07920 indicated that the absence of this gene is apparently related to a failure to
produce OTA. The present work gives a first insight into the genetics of OTA biosynthesis in black aspergilli
in grapevine and represents a starting point for further investigation of the OTA biosynthesis pathway and
the development of molecular methods to detect the producers in vineyards.
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Introduction

Ochratoxin A (OTA) is a nephrotoxic, hepato-
toxic, immunotoxic, teratogenic and carcinogenic
mycotoxin classified by the International Agency
for Research on Cancer (IARC) as a possible car-
cinogen in humans (group 2B). Moreover, OTA is
thought to be linked to human diseases including
Balkan endemic nephropathy (Pfohl-Leszkowicz
and Manderville, 2007). OTA was isolated for the
first time from cultures of Aspergillus ochraceus
in 1965 (van der Merwe et al., 1965). Since then,
various species belonging to Aspergillus and Peni-
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cillium have been reported to be potential OTA
producers (Bennett and Klich, 2003). OTA con-
taminates many food commodities including cere-
als, grapes, grape-derived products, coffee and an-
imal products (Pitt, 2000). The organisms causing
contamination vary between crops and locations
(Bayman and Baker, 2006).

In wine OTA was first detected in 1996 (Zim-
merli and Dick, 1996). Wine is considered the sec-
ond major source of OTA in the European diet, af-
ter cereals. In 2005, EU limited the contamination
of wine with OTA, setting a maximum limit of 2
ug L' [European Commission, 2005]. Agents that
cause OTA contamination of grapes, and hence of
wine, are members of the Aspergillus section Nigri,
also known as black aspergilli. Black aspergilli iso-
lated from grapes are usually classified as A. car-
bonarius, A. niger, A. tubingensis and A. uvarum.
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A. carbonarius is the main OTA producing species
in grapes, since 70 to 100% of the strains of this
species produce OTA. A. niger is less important
as an OTA producer than A. carbonarius, because
only 2—20% of its strains produce OTA (Perrone et
al., 2007). However, A. niger occurs more often in
grapes than A. carbonarius and is considered the
prime cause of OTA accumulation in Argentinian
wine (Chulze et al., 2006; Perrone et al., 2007). A.
tubingensis is closely related to A. niger and can
be safely distinguished from it only with molecu-
lar techniques (Susca et al., 2007). A. tubingensis
has been reported as being potentially ochratoxi-
genic (Medina et al., 2005; Perrone et al., 2006;
Martinez-Culebras et al., 2007), but this conclu-
sion has been challenged more recently (Nielsen
et al., 2009). Uniseriate strains of A. uvarum are
generally considered nonochratoxigenic, despite
some studies that reported that they had isolated
some OTA-producing A. uvarum strains (Perrone
et al., 2007).

The capacity of black aspergilli to produce OTA
has always been evaluated in vitro on standard
agar media, particularly Yeast Extract Sucrose
(YES) and Czapek Yeast Agar (CYA; Bragulat et
al., 2001), and only little is known about the gene-
tics underlying OTA production in these species.
Moreover, despite the importance of OTA as a
mycotoxin, there is also an almost total lack of in-
formation about the general biosynthetic pathway.

Chemically, OTA consists of a polyketide derived
from a dihydroiso-coumarin group linked to a modi-
fied phenylalanine (Niessen et al., 2005). According
to one theory the biosynthetic pathway includes the
action of a polyketide synthase (PKS), a cyclase, a
chloroperoxidase or halogenase, a peptide synthase
and an esterase (Huff and Hamilton, 1979).

The first gene involved in OTA biosynthesis, a
PKS (pks), was identified in A. ochraceus using a
knock-out mutant (O’Callaghan et al., 2003).

A study of A. westerdijkiae, a species recently
dismembered from A. ochraceus (Frisvad et al.,
2004), reported that two different PKSs (aoksI
and aolc35-12, which share more than 98% of
identity with pks in A. ochraceus) are involved in
OTA biosynthesis, but they did not give any indi-
cation about the chemical reactions that these two
enzymes catalyze (Bacha et al., 2009).

A PKS involved in OTA biosynthesis was also
found in P. nordicum together with other putative
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OTA biosynthesis genes, including a non-riboso-
mal peptide synthase and a chloroperoxidase (Ka-
rolewiez and Geisen, 2005). A PKS showing a rela-
tively high amino acid identity (63%) to aolc35-12
was also found in the annotated genome of A. niger
CBS 513.88 (an15g07920; Pel et al., 2007). Atoui
et al. (2006) identified five PKS gene fragments in
A. carbonarius, including one (AcKS10) with 60%
identity to aolc35-12. Recently, Gallo et al. (2009)
described a novel PKS in A. carbonarius (acpks);
the expression of this PKS is correlated with OTA
production.

Fungal PKSs (type I PKSs) are multifunction
enzymes consisting of different domains, inclu-
ding a p-ketoacyl synthase (KS), an acyltransfera-
se (AT), and an acyl carrier protein (ACP) domain
which repeatedly catalyze the cndensation of a two-
carbon molecule (i.e. a CoA ester) to the growing
chain (Kroken et al., 2003). Fungal type I PKSs can
be divided into two subgroups: non-reducing PKSs
and reducing PKSs. These can be further subdivi-
ded into non-reducing subclades I and II, and redu-
cing subclades I, IT, III, and IV (Amnuaykanjanasin
et al., 2005).

The objective of the present work was to screen
reference strains of black aspergilli isolated from
grapes in order to detect PKS gene fragments and
to identify putative homologues of aolc35-12 and
aoksl. Degenerate primers were used to amplify
PKS fragments from genomic DNA of reference
strains of A. carbonarius, A. niger and A. tubin-
gensis. A DNA mixture of different A. tubingensis
strains isolated from vineyards in northern Italy
(Trentino region) in 2008 was also included in
order to increase the number of PKS fragments
obtained from this species. Deduced amino acid
sequences of the PKS fragments were then compa-
red to the amino acid sequences of Aolc35-12 and
Aoks1. Moreover, since only a minority of A. niger
strains produce OTA, the presence of an15g07920
was assessed in A. niger field isolates and referen-
ce strains using specific primers.

Material and methods

Fungal strains, growth conditions, in vitro OTA pro-
duction, DNA extraction and species confirmation
Reference strains were obtained from the
ITEM culture collection (http:/server.ispa.cnr.it/
ITEM/Collection/) and isolates of black aspergilli




were obtained from vineyards in northern Italy
(Trentino region) in September 2008. The referen-
ce strains included: A. carbonarius ITEM 5012, A.
tubingensis ITEM 4496, A. niger ITEM 7096 and
A. niger ITEM 7098. Isolates from the Trentino re-
gion were: 48 A. niger isolates (AnT_1 to AnT_48)
and five A. tubingensis isolates (AtT_1 to AtT_5).
OTA production of all strains was evaluated fol-
lowing Bragulat et al. (2001) on both CYA and
YES agar. The HPLC system was equipped with
Jasco PU-980 pumps, a Jasco AS-2055 PLUS sam-
pling system, a C18 column (Spherisorb ODS-2,
250x4.6 mm, 5 ym) and a Jasco 2020 PLUS fluore-
scence detector (excitation 330 nm, emission 460
nm). The system was controlled by Jasco Chrom-
pass software. The mobile phase consisted of 57%
acetonitrile, 41% water and 2% acetic acid (isocra-
tic) pumped at 1.0 mL min™. The injection volume
was 20 uL. The limit of detection, determined by
dissolving OTA standards in nonochratoxigenic A.
uvarum extracts, was about 1 ng mL™".

For DNA extraction, isolates were grown for 7
d in 10 mL potato dextrose broth (PDB, Difco) at
25°C on a horizontal shaker (150 rpm). Mycelia
were then recovered and lyophilized. DNA was ex-
tracted using the DNeasy® Plant Mini Kit (QIA-

GEN, Hilden, Germany) following manufacturer’s
instructions. The species of each isolate used in
this study was identified by sequencing the ITS
rDNA and 5.8S rDNA regions using primers (ITS1
and ITS4) and conditions reported by White et al.
(1990), and using species-specific primers accord-
ing to Perrone et al. (2004) and Susca et al. (2007).

Table 1. Primers used in this study.

PKS gene fragments in black aspergilli in grapevine

Identification of partial PKS sequences

PKS gene fragments were amplified from
genomic DNA of A. niger ITEM 7096, A. carbon-
arius ITEM 5012 and A. tubingensis ITEM 4496
using degenerate primer pairs KAF1/KAR2 (Table
1) designed by Amnuaykanjanasin et al. (2005) on
the conserved amino acid motifs EA/CHGTGT (KS
domains) and FTGQGAQW (AT domains) present
on fungal type I PKSs. The same strains were also
screened with the primer pair KAOTAF/R (Table
1). Degenerate primer KAOTAF was designed on
the amino acid motif EAHGTGT, and KAOTAR on
the atypical amino acid motif FTGQGANW pre-
sent on aolc35-12.

The amplification reaction and subsequent
cloning steps were similar to those described by
Amnuaykanjanasin et al. (2005), with some modi-
fications: the 50 uL. PCR reactions contained ap-
proximately 100 ng genomic DNA, 1e Dream Taq
buffer (Fermentas, Hilden, Germany), 3.5 mM
Mg?, 0.1 mM dNTPs, 0.4 zM of each primer and
0.07 U uL! of Dream Taq (Fermentas). PCR con-
ditions were: 5 min at 95°C; 35 cycles of 0.5 min
at 94°C, 1 min at 58°C, and 2 min at 72°C; and
7 min at 72°C. Total PCR products were purified
using Illustra™ GFX™ PCR DNA and the Gel
Band purification kit (GE Healthcare, Miinchen,
Germany) and directly cloned into a pJET1.2 vec-
tor using a CloneJET™ PCR cloning kit (Fermen-
tas) following manufacturer’s instructions. For
every transformation, 48 colonies were screened
by Colony PCR using the pJET1.2 sequencing

Primer name

Sequence (5’-3")

Reference

KAF1

KAR2

KAOTAF
KAOTAR
An_OTA_PKS_1f
An OTA_PKS_1r

GARKSICAYGGIACIGGIAC
CCAYTGIGCICCYTGICCIGTRAA
GARGCICAYGGCACIGGIAC
CCARTTIGCICCYTGICCIGTRAA
TTCTGTCGAGGCAAAGTGTG
ACTGGGGAGACGAGGTTTTT

Amnuaykanjanasin et al. (2005)
Amnuaykanjanasin et al. (2005)
This study
This study
This study

This study
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primer pair according to manufacturer’s instruc-
tions. Amplified fragments of the expected length
(500-1000 bp) were then sequenced using the ABI
PRISM BigDye Terminator v3.0 ready reaction
cycle sequencing kit (Applied Biosystems, Foster
City, CA, USA) according to manufacturer’s in-
structions. The sequencing reactions were puri-
fied through Sephadex G-50 DNA Grade F (Am-
ersham Biosciences, Glattbrugg, Switzerland)
and loaded on an ABI 3100 automated sequencer
(Applied Biosystems). The test was repeated us-
ing a DNA mixture obtained by mixing the same
amounts of genomic DNA of the five nonochra-
toxigenic A. tubingensis isolates (AtT_1 to AtT_5)
from the Trentino region using KAOTAF/R prim-
ers.

Analysis of partial PKS sequences

Sequences of the identified PKS fragments
were analyzed with the Sequencher version 4.2
software package (Gene Codes Corporation, Ann
Arbor, MI, USA). Putative introns were deter-
mined using FSplice (www.softberry.com) and by
homology with similar PKSs found in the NCBI
database using BLASTX (http:/blast.ncbi.nlm.
nih.gov/Blast.cgi). Deduced amino acid sequenc-
es derived from identified PKS gene fragments
were aligned using ClustalW (BioEdit software
version 7.0.0). EA/CHGTGT and FTGQGAN/QW
motifs were eliminated from each sequence. The
alignment output was then used in MEGA soft-
ware version 4.0 (Tamura et al., 2007) to gener-
ate phylogenetic trees (bootstrap analysis using
Neighbour-Joining with 1,000 replicates and de-
fault settings).

Reference PKSs belonging to non-reducing
and reducing clades were included in the phy-
logenetic analysis. These were AnPksST (A. ni-
dulans PksST, AAA81586); AnWA (A. nidulans
WA, 1905375A); ApPksL1 (A. parasiticus PksL1,
Q12053); AtLovB (A. terreus LovB, AAD39830);
AtLovF (A. terreus LovF, AAD34559); BfPKS3
(B. fuckeliana PKS3, AAR90239); BfPKSS8 (B.
fuckeliana PKS8, AAR90244); ChPKS2 (C. het-
erostrophus PKS2, AAR90257); ChPKS12 (C.
heterostrophus PKS12, AAR90267); ChPKS15
(C. heterostrophus PKS15, AAR90269); GmFum1l
(G. moniliformis Fumlp, AAD43562); GmPKS1
(G. moniliformis PKS1, AAR92208); GmPKS2
(G. moniliformis PKS2, AAR92209); GmPKS10
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(G. moniliformis PKS10, AAR92217); PcMIcA (P.
citrinum MlcA, BAC20564); and PcMlcB (P. citri-
num MlcB, BAC20566).

ClustalW2 software version 2.0 (http:/www.
ebi.ac.uk/Tools/clustalw2/index.html; Larkin et
al., 2007) was used to compare the deduced ami-
no acid sequences of the identified PKS gene frag-
ments with Aolc35-12 and Aoks1.

Amplification of an15g07920 fragments in A. niger
strains

A specific primer pair, An_OTA_PKS_1f/r
(440 bp), was designed on the anl5g07920 se-
quence (Table 1). These primers were used to
screen the 48 A. niger isolates from vineyards of
the Trentino region (AnT_1 to AnT 48) and the
2 A. niger reference strains (A. niger ITEM 7096
and A. niger ITEM 7098) for the occurrence of
anl5g07920. Each PCR reaction (25 pL) contai-
ned approximately 5 ng genomic DNA, 1x Dream
Taq buffer (Fermentas), 1.5 mM Mg?, 0.1 mM
dNTPs, 0.2 uM of each primer and 0.07 U uL* of
Dream Taq (Fermentas). PCR conditions were: 5
min at 94°C; 25 cycles of 0.5 min at 94°C, 0.5 min
at 63°C, and 0.5 min at 72°C; and 7 min at 72°C.
The specificity of the reactions was confirmed by
sequencing the amplified products.

Results

Fungal isolate identification and determination of
OTA production capacity

The sequencing of ITS regions and the ampli-
fication with primers specific for A. carbonarius,
A. niger and A. tubingensis were used to deter-
mine the identity of all black aspergilli isolates
used in the study. Each isolate was tested on
both CYA and YES agar media for its capacity to
produce OTA according to Bragulat et al. (2001).
The ochratoxigenic capacity of the reference
strains was confirmed for A. niger ITEM 7096,
A. niger ITEM 7098 and A. carbonarius ITEM
5012. OTA was also detected in colonies of one A.
niger isolate from the Trentino region (AnT_1).
OTA production by these strains ranged from 1
to 20 ug g' agar. No OTA was detected in co-
lonies of A. tubingensis ITEM 4496, in the five
A. tubingensis isolates from Trentino (AtT_1
to AtT_5), or in the other 47 A. niger isolates
(AnT _2 to AnT 48).
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Identification of partial PKS sequences

Using KAF1/KAR2 and KAOTAF/R primers,
a total of 49 PKS gene fragments, ranging from
600 to 1000 bp, were cloned (Table 2). Some PKS
fragments were detected using both primer pairs,
whereas the majority of them could only be de-
tected with one of the two primer pairs. For every
identified PKS fragment a similarity search was
performed using BlastN in NCBI Database, and
an accession number was assigned (Table 2).

PKS fragments showing a very high nucleoti-
de identity (>90%) with the already noted PKSs
in the sequenced A. niger CBS 513.88 genome
are shown in Table 2 under their original name.
Amino acid sequences could be deduced from the
majority of the PKS fragments. For some PKS
fragments (indicated with a * in Table 2) it was
impossible to define a satisfactory amino acid se-
quence, usually because of the occurrence of pre-
mature stop codons. These PKS fragments were
not further analysed.

Each deduced amino acid sequence was com-
pared with the amino acid sequences of aolc35-12
and aoks1. Two PKS fragments having a relatively
high identity with aolc35-12 were identified in the
two ochratoxigenic reference strains. In A. carbo-
narius ITEM 5012, a PKS fragment possessing

PKS gene fragments in black aspergilli in grapevine

63% amino acid identity with aolc35-12 (acpks14)
was cloned with the KAOTAF/R primer pair. In A.
niger ITEM 7096, a PKS fragment corresponding
toan15g07920 and showing 58% amino acid identi-
ty was cloned with both primer pairs. an15g07920
was already annotated in the sequenced A. niger
CBS 513.88 genome as putatively involved in OTA
biosynthesis because of its similarity to aolc35-12.
All the other PKS fragments had an identity not
greater than 38% and no putative homologues of
aolc35-12 could be identified in the DNA extracted
from A. tubingensis ITEM 4496 or the DNA mix-
ture of A. tubingensis isolates from Trentino.

The alignment of the deduced amino acid se-
quences of acpksl4, aolc35-12 (63% amino acid
identity) and an15g07920 (72% amino acid identi-
ty) is shown in Figure 1.

The amino acid sequence identities found
between the PKS fragments and Aoksl were
between 22% and 47%, which makes it difficult to
identify possible candidates.

A fragment of acpks, a PKS gene putatively in-
volved in OTA biosynthesis in A. carbonarius (Gal-
lo et al., 2008), was also detected here (indicated
in Table 2 with a *). This PKS fragment had a low
degree of identity with both the Aolc35-12 (32%)
and the Aoks1 (29%) sequences.

Acpksléd
An15907920
Aolc35-12

Acpksl4
Anl15g07920
Aolc35-12

Acpksl4
An159g07920
Aolc35-12

Acpksl4
Anl15g07920
Aolc35-12

Acpksl4
An159g07920
Aolc35-12

PVGDPLEVQAISAALG-MSRDSPLYVGSVKSVVGHLEGGAGMAGLISATMAVESKTIPPV
QVGDPLEVQAILAALG-VARDSPLYVGSVKSVLGHLEGGAGLAGLISATLAVESKMIPPV
PVGDPLEVQAIVSALIEQPRDTPLYVGSVKSVIGHLEGGAGLAGLISATLAVESKIIPPV

AGLQTLNPRIPQRPDLKFAKEATPWPREDVRRASINSF GFGGTNAHVVLEDVEGE FSDLF
AGLQSLNPKIPQRDDLKFAREATPWPRWDVRRASINSF GFGGTNAHAVVEDVEGFE FADLF
AGLKTLNPRIVQREDLKFAQEAMPWPRDD IRRASINSF GFGGTNAHVVLDDVEGFLSEAL

GQOLPGALQLSEVTS KALVPSAMKSAVNGIP--ADQPPKESSV--NRLFVISA
GQYIPGALPAPEVDTSLETTPM LSKPLMSGNASNQ---SVQSWS—-TSRLFVISA
GPRVIGTLOMTGFSSRMTRRSLRGAEGSNSKAIANGESNGTSRIPLRSWIPENRVFILSA

FDEAGIQRNAASLASHLESMRAITGSDGEERLLNDLCHTLNEKRTRFDWRSYHVADSIDS
FDEAGIQRNTSALAEYLDSKSTTAD TDGEDRLL NNLCHTLNEKRTRFDWRSYHVADSIAS
FDEAGLDRNAMSMISYLESLKLSGDPDLEEAFMSDLCHTL NAKRTMFDWRSYHVADTIEN

LRNSLONPRPIRQSPAEKVVRFI

LRESLQHSRAIRQSSAPKPIRFV
LKKSLRNIRPYRRSTSSKAVRFI

Vol. 49, No. 3 December, 2010

Figure 1. Alignment of deduced amino acid sequences of aolc35-12 (Aspergillus westerdijkiae), an15g07920 (A. niger)
and acpks14 (A. carbonarius) PKS gene fragments.
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Figure 2. Neighbour-Joining phylogenetic tree (bootstrap analysis conducted using 1,000 replicates) of deduced ami-
no acid sequences of PKS gene fragments identified in black aspergilli in grapes and fragments of fungal non-redu-
cing and reducing reference PKS (from NCBI database). Only bootstrap values =50% are shown.
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Phylogenetic analysis of PKS fragments

A phylogenetic tree, inferred from Neighbour-
Joining (NJ) analysis, was generated using the de-
duced amino acid sequences of the PKS fragments
and reference PKS sequences belonging to various
PKS subclades. The deduced amino acid sequen-
ces of aolc35-12 and aoksl were also included.
Non-reducing PKSs were separated from reducing
PKSs in two different clades of the tree (Figure 2).
Inside the reducing PKS clade, it was not possible
to resolve the reducing subclades I, II, III and IV,
even with a Maximum parsimony approach (data
not shown), as indicated also by the low bootstrap
values. In this tree, all the PKSs involved (aolc35-
12 and aoks1) or potentially involved (an15g07920
and acpksI4) in OTA production were included in
the non-resolved group of reducing PKSs. As ex-
pected from the amino acid sequence identities,
aolc35-12, an15g07920 and acpksl4 were separa-
ted from the other PKSs in a separate subgroup.

Occurrence of anl15g07920 in different A. niger
strains

The occurrence of an15g07920 was investigated
in 48 A. niger isolates recovered from vineyards of
the Trentino region (AnT_1 to AnT_48) and two
reference A. niger strains (ITEM 7096 and ITEM
7098) using specific primers (An_OTA_PKS_1f/r,
440 bp). Amplification of anl15g07920 was seen
only in the three ochratoxigenic isolates (ITEM
7096, ITEM 7098 and AnT_1, data not shown),
suggesting that this gene is carried only by a small
number of A. niger field isolates and that its occur-
rence is apparently limited to the ochratoxigenic
strains. The PCR products were cleaned and se-
quenced to confirm the specificity of the amplifi-
cation. This primer pair was also tested on A. car-
bonarius, A. tubingensis and A. uvarum DNA and
here too no amplification was seen.

Discussion

A better understanding of OTA production ge-
netics in black aspergilli in grapevine is very im-
portant. In the present study, PKS gene fragments
in ochratoxigenic and nonochratoxigenic black
aspergilli reference strains were amplified using
degenerate primers and the occurrence of puta-
tive homologues of aolc35-12 and aoksl, two PKS
genes involved in OTA biosynthesis in A. westerdi-

PKS gene fragments in black aspergilli in grapevine

Jjkiae, was investigated. Published (Amnuaykanja-
nasin et al., 2005) and newly designed degenerate
primers were chosen according to two conserved
domains present in Aole35-12 (EAHGTGT and
FTGQGANW) and Aoksl (EAHGTGT and FTGQ-
GAQW). The two degenerate primer pairs were
applied to reference strains of A. niger (ochra-
toxigenic), A. carbonarius (ochratoxigenic) and A.
tubingensis (nonochratoxigenic). The primer pair
KAOTAF/R was also applied to a DNA mixture of
nonochratoxigenic A. tubingensis field isolates in
order to increase the number of cloned PKS frag-
ments for this species.

In total, 49 PKS gene fragments were obtained.
The great number of PKS fragments found in each
strain supports the validity of the method and of
the primers used to screen fungal genomes for
PKSs. As expected, many PKS fragments found in
A. niger ITEM 7096 were already annotated in the
sequenced genome of A. niger CBS 513.88, where-
as others were cloned for the first time.

The deduced PKS amino acid sequences were
then compared with the Aolc35-12 and Aoks1 ami-
no acid sequences. With the degenerate primer
pairs employed, gene fragments having a relative-
ly high identity to aolc35-12 were obtained only in
ochratoxigenic A. niger ITEM 7096 (an15g07920,
already annotated as a putative homologue in A.
niger 513.88 genome, 58%) and A. carbonarius
ITEM 5012 (acpksi4, 63%). These two PKS gene
fragments shared 72% of amino acid identity.
The identities displayed by these two PKS gene
fragments were satisfactory, since in A. ochra-
ceoroseus, genes of the aflatoxin/sterigmatocystin
cluster showed an identity of between 57% and
91% with the genes of the Emericella nidulans
sterigmatocystin cluster and between 35 and 92%
with those of A. flavus AF gene cluster (Cary et al.,
2009). Acpks14 could be a fragment of the same
PKS identified by Atoui et al. (2006), since their
fragment (acKS10) also showed about 60% iden-
tity with aole35-12 (KS domain). Further stud-
ies are needed to fully characterize this gene. All
the other 48 PKS gene fragments obtained in this
study had an identity with aolc35-12 of less than
38%.

No putative homologues were determined for
aoksl in any of the strains, since all PKS frag-
ments had an identity of less than 47% (acpks11).
This negative result is probably due to the high
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variability of the KS-AT interdomain region am-
plified by these degenerate primers (Amnuaykan-
janasin et al., 2009). However, identification based
on the amino acid identity of putative homologues
of aolks1 was expected to be difficult also because
a similarity search in the NCBI database for this
PKS gave different candidates in the A. niger ge-
nome, whereas for aolc35-12 only anl5g07920
showed a relatively high degree of similarity. This
indicates that the homologues of aolc35-12 can be
distinguished from other PKSs more easily than
can homologues of aoks1.

In 2009, Gallo et al. reported a PKS gene frag-
ment (acpks) in the A. carbonarius genome who-
se expression correlated with OTA production. A
fragment of this gene was also isolated in the pre-
sent study from A. carbonarius ITEM 5012. This
fragment had a relatively low identity with both
Aole35-12 (32%) and Aoks1 (29%) and it is impos-
sible to speculate about its role in OTA biosynthe-
sis based only on a comparison of the amino acids.
However, it is interesting to note that in our stu-
dy a PKS fragment similar to acpks was found in
ochratoxigenic A. niger ITEM 7096 (an18g00520,
82% identity), whereas no putative homologue
was found in nonochratoxigenic A. tubingensis.
Further studies on gene expression and knock-out
mutants are needed to confirm and characterize
the roles of these genes in OTA biosynthesis in
black aspergilli.

As in other studies, all PKS gene fragments
obtained were classified using a phylogenetic ap-
proach (Kroken et al., 2003; Amnuaykanjanasin et
al., 2005). Reducing and non-reducing PKS frag-
ments were separated into two clades. However,
the PKS gene fragments belonging to reducing
PKS subclades could not be clearly separated,
probably because the amplified region between the
KS and AT domain was more variable than a whole
single domain; this was also reported by Mayer et
al. (2007). As also reported in other studies (Atoui
et al., 2006; Bacha et al., 2009), all PKSs involved
or potentially involved in OTA biosynthesis were
clustered together with the reducing PKSs. How-
ever, another tree (NdJ, 1000 bootstraps) was con-
structed with the complete amino acid sequenc-
es of the reference PKSs, aolc35-12, aoksl and
anl5g07920 (data not shown). Using longer amino
acid sequences it was possible to fully separate
these PKSs into each single family. In this tree,
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aolc35-12, aoksl and anl15g07920 clustered in the
reducing subclade II. Also here, aolc35-12 and
anl5g07920 formed a separate group. This was
in accordance with the finding that there was no
other PKS having a relatively high identity with
these two PKSs in the NCBI database.

The role of the various black aspergilli in OTA
production in grapes is still debated. A. tubingensis
was described by Perrone et al. (2006) and Medina
et al. (2005) as a potential ochratoxigenic species,
but the same strains used in those studies did
not produce any detectable amount of OTA when
tested by Nielsen et al. (2009). Moreover, in our
laboratory A. tubingensis ITEM 4496, one of the
strains described as ochratoxigenic by Perrone et
al. (2006) did not produce any detectable amount
of OTA on CYA and YES agar, which are standard
growth media commonly used to discriminate be-
tween ochratoxigenic and nonochratoxigenic black
aspergilli (Bragulat et al., 2001). The misidentifi-
cation of mycotoxigenic fungi can have different
causes, including the wrong characterization of
isolates (Frisvad et al. 2006) or unspecific chemical
analyses (Nielsen et al., 2009). Conflicting results
about which fungal strains produce mycotoxins
in pure culture may also be due to the detection
threshold of the analytical method employed. In
this work the detection threshold, determined by
dissolving OTA in nonochratoxigenic fungal ex-
tract, was about 1 ng mL" (equivalent to 0.007 ug
g1), which is more than 100 times less than the
production range of the ochratoxigenic A. niger and
A. carbonarius isolates found in this study and re-
ported by other authors (Bragulat et al., 2001; Be-
jaoui et al., 2006). Therefore, OTA production by
A. tubingensis ITEM 4496 reference strain should
be very much less than that of ochratoxigenic A.
niger and A. carbonarius strains. Moreover, fun-
gal isolates as they age can partly or wholly lose
their capacity to produce a particular compound
(Samson et al., 2007), making comparison between
studies even more difficult.

The capacity of a strain or species to produce a
mycotoxin can also be determined by assessing the
occurrence of biosynthesis genes. It is not unusual
to detect mycotoxin biosynthesis genes in atoxi-
genic, or apparently atoxigenic strains. Many A.
flavus strains do not produce aflatoxin because of
partial deletions in the aflatoxin gene cluster (Cary
and Ehrlich, 2006). A. sojae, which is closely relat-




ed to A. flavus and A. parasiticus and which is in-
volved in food fermentation, possesses the aflatox-
in biosynthetic gene cluster but does not produce
aflatoxin because of a premature stop codon in the
pathway-specific aflR regulatory gene and a defect
in the PKS gene (Chang et al., 2007). An analogous
situation is presented by A. oryzae (Chang and Eh-
rlich, 2010). Discontinuous toxin production, asso-
ciated with a discontinuous distribution of biosyn-
thesis genes, has also been reported recently for
the production of fumonisins in A. niger (Susca et
al., 2010). Moreover, epigenetic mechanisms may
also be involved in the regulation of the expres-
sion of secondary metabolites biosynthesis genes
(Schwab and Keller, 2008). These findings suggest
that PKS gene fragments with a significantly high
identity to aolc35-12 could also be found in DNA
from nonochratoxigenic A. tubingensis strains.
However, degenerate primers applied to DNA
from nonochratoxigenic A. tubingensis ITEM 4496
and to the DNA mixture from nonochratoxigenic
A. tubingensis field isolates detected no candidate.
Ochratoxigenic ability of A. tubingensis was also
reported in other works (Martinez-Culebras and
Ramén, 2007; Selouane et al., 2009). These degen-
erate primers could be further used in the ochra-
toxigenic strains to isolate putative homologues of
aolc35-12.

In this work Anl15g07920 was the best can-
didate as a homologue of aolc35-12 in OTA pro-
duction in A. niger species. Since only a minority
(2-20%) of A. niger strains in grapes are reported
to produce OTA (Perrone et al., 2007), it was in-
teresting to have an insight into the frequency of
the occurrence of this gene in A. niger strains in
grapevine. Fifty A. niger isolates (48 field isolates
and two reference strains) were screened with a
primer pair specific for an15g07920. Amplification
was seen only in the three isolates that produced
OTA in vitro. This suggests that an15g07920 is
not widespread in populations of A. niger in gra-
pes and that the lack of this gene correlates with
an inability to produce OTA. However, a larger
screening of grape-associated A. niger strains in
different geographical areas is needed to confirm
this correlation and to evaluate the suitability of
this gene as a molecular marker for OTA produc-
tion in A. niger.

In conclusion, the study detected several novel
PKS gene fragments present in black aspergilli in

PKS gene fragments in black aspergilli in grapevine

grapevine, and found some putative homologues
of aolc35-12, based on their amino acid identity.
These findings will serve as a basis for a better un-
derstanding of OTA biosynthesis in black asper-
gilli in grapes and will make it possible to develop
molecular markers that will detect and quantify
the occurrence of the OTA producers in vineyards.
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