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a b s t r a c t

Penicillium nordicum is a known contaminant of protein-rich foods and is primarily found on dry-cured
meat products. It is an important producer of the mycotoxin ochratoxin A, which has nephrotoxic and
cancerogenic activities. Recently a high number of P. nordicum strains was isolated from different
dry-cured meat products from one of the Slovenian meat-processing plants. Since we have isolated
P. nordicum in high counts also from Artic habitats, such as sea water and sea ice and due to its ability to
grow well at low temperatures and at increased salinity, sea salt was suspected as the possible source of
P. nordicum. In the present study contamination of meat products, air in the meat-processing plant and
sea salt used for salting were analysed. When 50 g of salt sample from a sealed package was dissolved in
sterile water and filtered, 12 colonies of P. nordicum were obtained on solid medium incubated at 15 �C,
while a salt sample from an open vessel in the meat-processing area developed high, uncountable
number of colonies. Amplified fragment length polymorphism analyses of P. nordicum isolates from
different sources showed that contamination of meat products via salt was possible. Three selected
isolates examined for extrolites all produced ochratoxin A. As contamination of dry-cured meat products
with P. nordicum represents a potential health risk for consumers and workers in the meat-processing
plants, salt should be taken into account as a potential cause of such contaminations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The mould Penicillium nordicum is a widely distributed
contaminant of protein-rich food. It is most often found on dry-
cured meat products (cured ham, salami), salted fish and, occa-
sionally, on cheese and jam. It can grow well at low temperatures
(15 �C) and increased salinity (5% NaCl), and therefore it is often
isolated from refrigerated and salted proteinaceous food products
(Frisvad and Samson, 2004; Samson et al., 2002). It is an important
and consistent producer of ochratoxin A (OTA), which can be
detected in the P. nordicum mycelia and spores, and also in food
products that P. nordicum contaminates (Frisvad and Samson,
2004). OTA is a potent mycotoxin, and based on toxicological data
obtained with experimental animals, it has nephrotoxic, neph-
rocarcinogenic, teratogenic, neurotoxic and immunotoxic activities
(EFSA, 2006; Marin-Kuan et al., 2008; Van Egmond, 2002). OTA is
involved in porcine and chicken nephropathy (Stoev et al., 2010)
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and is suspected to be one of the most important aetiological
factors in the human Balkan endemic nephropathy and in the
occurrence of tumours of the urogenital tract. However, the
epidemiological data are not at present adequate, and thus these
associations have not yet been unequivocally confirmed (EFSA,
2006; Grollman et al., 2007; Mally et al., 2007; Marin-Kuan et al.,
2008; Pfohl-Leszkowicz, 2009; Stoev et al., 2010).

Within the genus Penicillium, P. nordicum and P. verrucosum are
the only known OTA producers. These two species are phyloge-
netically related, and they have very similar morphological char-
acteristics; however, they have different ecological preferences
(Larsen et al., 2001; Lund and Frisvad, 2003). P. verrucosum is
primarily found on cereals, and is therefore responsible for the
major contribution to human OTA exposure via cereals and cereal
products (Frisvad and Thrane, 2002; Lund and Frisvad, 2003).
P. nordicum is the most important OTA-producing species isolated
from dry-cured meats (Frisvad and Thrane, 2002; Samson et al.,
2002), therefore it is crucial to prevent contamination of meat
with this species, so as to guarantee the safety of dry-cured meat
products. P. nordicum strains have been isolated also from the air
from meat-processing plants (Battilani et al., 2007; Bogs et al.,
2006; Dragoni and Cantoni, 1979; Dragoni and Marino, 1979),
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Table 1
List of Penicillium nordicum isolates used for the AFLP analysis, their source of
isolation and AFLP pattern number. GenBank accession numbers and extrolite
profiles are given for the selected isolates.

EX-F
number

Source AFLP
pattern

GenBank
accession number
(similarity with P.
nordicum)

Extrolite
profile

2795 Product 1, item 4 p1 Ochratoxin A
Verrucolone
Anacine

3198 Salt from sealed package p1
3003 Product 1, item 2 p2 HM103380

100% (2e-166)
2823 Product 1, item 4 p2
3004 Product 1, item 5 p2
3005 Product 1, item 5 p2
2792 Product 2, item 1 p2 HM103379

99% (e-value 0)
Ochratoxin A
Verrucolone
Sclerotigenin

2989 Product 2, item 5 p2
3201 Air from drying

chamber of product 1
p2

3202 Air from drying
chamber of product 1

p2

3206 Air from production room p2
3210 Salt from open vessel p2
3197 Salt from sealed package p2
2960 Product 1, item 1 p3
2962 Product 1, item 1 p3
3046 Product 2, item 3 p3
2961 Product 2, item 4 p3
3027 Product 2, item 4 p3
2956 Product 3, item 1 p3
3033 Product 3, item 1 p3
2790 Product 3, item 2 p3 Ochratoxin A

Verrucolone
Anacine
Sclerotigenin

3030 Product 3, item 2 p3
3031 Product 3, item 4 p3
3208 Air from drying

chamber of product 1
p3

3196 Salt from sealed package p3

Fig. 1. (a, b) Fungal growth obtained after filtering dissolved salt samples and incu-
bation of Agar plates with membrane filters; (a) Salt sample from an original, sealed
package; white arrow indicates the Penicillium nordicum colony; and (b) salt sample
from an open vessel. (c, d) Morphology of P. nordicum on the four different identifi-
cation media: CYA, YES, MEA and CREA, as obverse (c) and reverse (d) views.
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while other possible sources of P. nordicum contamination and its
occurrence in nature remain unknown.

In summer 2006 P. nordicum caused extensive contamination of
dry-cured meat products in one of the Slovenian meat-processing
plants and a very high number of P. nordicum isolates were obtained
from three dry-cured meat products (Sonjak et al., 2010).
Contamination with P. nordicum was observed for the first time in
this meat-processing plant, therefore it was important to deter-
mine its cause. In studies of mycobiota frommeat-processing areas,
the air and equipment surfaces are rarely investigated, as are the
raw materials, such as spices, meat and fat (Asefa et al., 2010;
Mi�záková et al., 2002; Sørensen et al., 2008). In this study
contamination of various environments in meat-processing plant
with P. nordicum was evaluated. To identify closely related
P. nordicum isolates with a presumed common origin and to relate
them to possible points of contamination, the P. nordicum isolates
obtained from dry-cured meats, air and salt samples were analysed
using the amplified fragment length polymorphism (AFLP) finger-
printing technique, which enables the detection of polymorphisms
in the genome at low taxonomic ranks (Savelkoul et al., 1999; Vos
et al., 1995).

2. Materials and methods

2.1. Monitoring of fungi

Five items of each of the three dry-cured meat products: dry-
cured pork neck in a casing (product 1), smoked dry-cured ham
(product 2), and a dry sausage in a casing (a salami; product 3) were
sampled on five occasions at intervals of about 10 days from July to
September 2006. By usingmalt extract agar (MEA; Raper and Thom,
1949) and MEAwith 5% NaCl (MEA5%NaCl, Gunde-Cimerman et al.,
2003; Samson et al., 2002), both containing 50 mg l�1 chloram-
phenicol (cm), a high number of P. nordicum isolates were obtained
frommeat outer surfaces (Sonjak et al., 2010). Of these isolatesfivee
seven isolates from at least three different items of each dry-cured
meat product were selected for the present study to perform AFLP
analysis. Furthermore one isolate fromeachproductwas included in
HPLCanalysis andone isolate fromproduct 1 andone fromproduct 2
in sequencing (Table 1).

For this study also air in the meat-processing plant and salt
used for curing the meat were sampled once in September 2006.
Air was sampled by exposing sterile MEA5%NaClþcm plates for
10 min: in the production area; in the drying chamber of product 1
(temperature 14e21 �C, controlled relative humidity); and in the
ripening chamber of product 2 (temperature 16e18 �C, controlled
relative humidity). The salt was sampled from the sealed packages
and the open vessels in the production area. For each salt sample,
50 g was aseptically weighted and dissolved in 150 ml sterile
distilled H2O and passed through 0.45 mm membrane filters
(Millipore), which were then aseptically transferred to MEA5%
NaClþcm medium. For the control 200 g of sea salt of other salt
producer not used in this meat-processing plant was also ana-
lysed. All of the medium plates were incubated at 15 �C for 10 days
in the dark. After incubation, the mycelia of P. nordicum-like
colonies: white with brown reverse (Fig. 1), were transferred to
MEA medium to obtain pure cultures. The isolated fungi were
preserved in silica gel and are maintained in the EX-F Culture
Collection of the Department of Biology, Biotechnical Faculty,
University of Ljubljana, Slovenia.

2.2. Morphological characterisation

For the macro-morphological observations, most of the isolates
were three-point inoculated on MEA, Czapek yeast autolysate agar
(CYA), yeast extract sucrose agar (YES), and creatine sucrose agar
(CREA), andgrownat25 �C for7days in thedark (FrisvadandSamson,
2004). For the determination of the micro-morphological charac-
teristics, microscope slides were prepared for the selected isolates
from the MEA medium. A water solution of 60% (v/v) lactic acid
without a colour dye was used as the mounting medium. The slides
were examined by differential interference contrast microscopy
under oil immersion at up to 1000� magnification with a BX51
microscope (Olympus). Digital micrographs were takenwith a DP12
digital camera and analysed using the DPSOFT 3.2 application soft-
ware (Olympus).
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2.3. Determination of production of ochratoxin A and other
extrolites

Selected isolates (Table1)were three-point inoculatedonCYAand
YESmedia, andgrownat25 �C for7days in thedark. IsolateEX-F2790
wasadditionally three-point inoculatedonCYAmediumwith5,10,15
or20%NaCl addedandgrownat25 �C for21days (5%,10%and15%),32
days (15%) or 50 days (20%) in the dark. After incubation three agar
plugs (6mm in diameter) were cut from different parts of the colony
from each medium. Plugs were then transferred into 500 ml of the
solvent mixture, methanol-dichloromethane-ethyl acetate (3:2:1),
containing0.5%(v/v) formicacid, and thenextractedultrasonically for
60 min. The organic phase was transferred to clean vial and evapo-
rated to dryness during centrifugation under a vacuum. The residue
was redissolved in500mlmethanol,filtered through0.45mmMinisart
RC4 filter (Sartorius), and analysed by high-performance liquid
chromatograph (HPLC; system A1100; Agilent) (Frisvad and Thrane,
1987, 1993; Smedsgaard, 1997). The separation was obtained on
a2�100-mmLuna2OOD-4251-BO-C18column(Phenomenex),with
a C18 precolumn, both packed with 3 mm particles. The column was
maintained at 40 �C. Sample injection volume was 5 ml. The elution
gradientwas initially linear, starting from85%water/15% acetonitrile,
and going to 100% acetonitrile over 20 min, which was then main-
tained for 5 min. A flow-rate of 0.4 ml min�1 was used. Both eluents
contained 0.005% (v/v) trifluoroacetic acid. An alkylphenone analyt-
ical standardwasused. Extroliteswere identifiedbycomparisonwith
standards and by their characteristic spectra. The ochratoxins were
measuredwithfluorescencedetection (excitation: 230nm, emission:
450 nm), presenting peak height in luminescence units, while all
other metabolites were measured by UV detection at 210 nm, using
peak areas in logarithmic units.

2.4. Sequencing

Partial b-tubulin gene sequences were obtained for the selected
isolates (Table 1). Their DNAwas first extracted by mechanical lysis
(Gerrits van den Ende and de Hoog, 1999) from w200 mg of
cultures grown on complete yeast extract medium (CYM) (Raper
et al., 1972) at 25 �C for 5 days in the dark. Amplification of the
partial b-tubulin gene was performed in a thermal cycler (Master-
cycler� epgradient, Eppendorf) and carried out as described by
O’Donnell and Cigelnik (1997), using the T1 and T22 primers. The
PCR products were checked electrophoretically on 1% agarose gels.
DNA purification and automated DNA sequencing was provided by
the Macrogen Company (Seoul, Korea). The partial b-tubulin gene
sequences obtained were compared to sequences available from
the National Center for Biotechnology Information (NCBI), using the
BLAST-n programme (Altschul et al., 1990, 1997). The sequences
were aligned with ClustalW (Thompson et al., 1994) using the
MEGA4.0 software (Tamura et al., 2007). The partial b-tubulin
sequences generated in the present study were deposited at
GenBank, and their accession numbers are given in Table 1.

2.5. AFLP fingerprinting

AFLP analysis was performed for the selected isolates (Table 1)
using the protocol described by Vos et al. (1995), and modified by
Radi�sek et al. (2003) and Sonjak et al. (2007). Furthermore, the final
reaction volumes were also modified here: the genomic DNA
(250 ng) was double digested with EcoRI (1.25 U) andMspI (1.25 U)
in a final volume of 20 l. The restriction fragments were then ligated
with 2.5 pmol of EcoRI adaptor and 25 pmol of MspI adaptor using
0.3 U of T4 DNA ligase, in 5 l. Preamplification of 2.5 l of the
restrictioneligation mix was performed with 37.5 ng of each of
EcoRI and MspI primers with no selective nucleotides, in a final
volume of 25 l. In the second selective amplification of 2 l of
preamplified DNA, primer pair EcoRIþAC (15 ng; fluorescently
labelled with Cy5) and MspIþTA (15 ng), which gave high-quality
and informative chromatograms in our previous study (Sonjak
et al., 2007), was used in a final volume of 10 l. The reagents used
were from Fermentas. All of the PCR reactions were carried out in
a thermal cycler (Mastercycler� epgradient, Eppendorf). Repro-
ducibility of the AFLP profiles was confirmed by performing the
whole procedure on two independent DNA preparations for each of
two isolates.

The final products were denaturated and separated by poly-
acrilamide gel electrophoresis using ReproGel� (Amersham Biosci-
ences) and an ALFexpress II DNA Analyser system (Amersham
Pharmacia biotech). The gel was run for 450 min at 55 �C, 1500 V,
60 mA and 15 W, and with sampling intervals of 1 s. The 50e500
ALFexpress sizer (Amersham Biosciences) was used as an external
standard. Fragment analysis was performed with the ALFwin Frag-
mentAnalyser1.00software. Thechromatogramswerevisuallyscored
for both polymorphic and monomorphic fragment peaks; each peak
was treated as a unit character and scored for presence or absence.

3. Results

3.1. Isolation of P. nordicum

Air analyses for the presence of P. nordicum in the production
area and in the drying chamber of product 1 resulted in one and
four P. nordicum isolates, respectively; the plate exposed to air in
the ripening chamber of product 2 was overgrown and was not
further analysed. Surprisingly, P. nordicum was also isolated from
the salt used for the salting of the meat in the first production step.
Twelve of the colonies isolated on solid medium from the 50 g of
salt from the sealed packageswere identified as P. nordicum; plating
of the same quantity of salt obtained from the open vessel in the
production area resulted in plates that were completely overgrown
with mycelia identified as P. nordicum (Fig. 1). From the control sea
salt sample P. nordicum was not isolated.

3.2. Identification

The macro- and micro-morphological characteristics of the
P. nordicum isolates were in agreement with the species description
(Frisvad and Samson, 2004). The colonies had a velutinous to
floccose texture, and average diameters of 17, 24, 13 and 9 mm on
CYA, YES, MEA and CREA media, respectively. Weak growth and no
acid or base production were observed on CREA medium. On CYA
medium, clear to light yellow exudate droplets were frequently
observed. The reverse colour on CYA was cream to brown, and on
YES it was cream yellow. The isolates had terverticillate conidio-
phores, and produced green-coloured, smooth-walled, globose to
subglobose, 3.2-mm (median) conidia onMEAmedium. Themedian
dimensions of phialides, metulae and rami were 8.5 � 2.7, 12 � 3,
and 17 � 3.3 mm, respectively. Analysis of the two partial b-tubulin
gene sequences showed very high similarity (99e100%) with
P. nordicum sequences from GenBank (Table 1). The accuracy of
identification of P. nordicum isolates isolated also from dry-cured
meat (Sonjak et al., 2010) was thus confirmed.

3.3. Extrolite production

Extrolite analysis of the three selected isolates showed that they
produced ochratoxin A and verrucolone, and additionally anacine
and/or sclerotigenin (Table 1), which is in agreement with the
description of P. nordicum species (Frisvad and Samson, 2004).
Additional analysis of the isolate grown on CYA with NaCl showed
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that production of OTA was high at 5% NaCl but it was drastically
reduced at 10% NaCl or more (Table 2). At 15 or 20% NaCl extrolites
sclerotigenin and anacine were not detected. The prolonged incu-
bation times had a positive effect on detection of OTa and inter-
estingly its highest amount was detected at 20% NaCl.
3.4. AFLP

Twenty-five P. nordicum isolates derived from the three different
dry-cured meat products (Sonjak et al., 2010), from the salt used in
their production, and from the air of the meat-processing plant
were analysed by AFLP (Table 1). Three different AFLP patterns,
consisting of six polymorphic bands of 26 bands overall, with
molecular sizes ranging from 50 to 500 bp (Fig. 2), were obtained.
The AFLP results thus demonstrated: two isolates with pattern 1,
one from product 1 and one from the salt; eleven isolates with
pattern 2, four from product 1, two from product 2, three from the
air, and two from the salt; and twelve isolates with pattern 3, two
from product 1, three from product 2, five from product 3, one from
the air and one from the salt (Fig. 2). All three of the patterns
included isolates from the originally seal-packed salt.
Fig. 2. The three different AFLP patterns obtained, marked as: p1, p2 and p3.The
arrows indicate the polymorphic bands. L, ladder.
4. Discussion

P. nordicum is a mycotoxinogenic food contaminant, which
produces, in particular, large amounts of the nephrotoxic and
cancerogenic mycotoxin OTA (Frisvad and Samson, 2004; Lund and
Frisvad, 2003). Its heavy contamination of food, as found in the
Slovenian meat-processing plant (Sonjak et al., 2010) can represent
a potential food safety hazard.

P. nordicum has also been reported to occur relatively frequently
on dry-cured meat products in Italy. It has been isolated from
several dry-cured ham and dry-sausage processing plants (Battilani
et al., 2007; Bogs et al., 2006; Iacumin et al., 2009), indicating that it
is generally present in this area or present in the raw materials
used. On the other hand, studies that have investigated mycobiota
of dry-cured meat products from seven Norwegian (Asefa et al.,
2009) and north European (Sørensen et al., 2008) meat-process-
ing plants, and from Greek (Papagianni et al., 2007) and Spanish
(López-Díaz et al., 2001) fermented sausage samples, have not
shown the presence of P. nordicum, although the genus Penicillium
was reported as the prevailing contaminant. Some of P. nordicum
cultures have white conidia, including the type culture of
P. nordicum, and are thus difficult to detect by the naked eye among
Penicillium nalgiovense isolates, that also often have white conidia
(Dragoni and Cantoni, 1979; Dragoni and Marino, 1979; Frisvad and
Samson, 2004). Comi et al. (2004) carried out an investigation of
moulds growing on dry-cured ham produced in Istria, close to
Slovenia. Although these hams are covered with a mould coat that
gives them their characteristic taste and appearance, out of 81
hams investigated from three different producers, strains of
P. nordicum were not isolated.
Table 2
Extrolites produced by Penicillium nordicum isolate EX-F 2790 when grown on CYA med

Growth variable Extrolite detected

NaCl (%) Days OTA OTB OTa Verru

5 21 47 6 2.5 2.21
10 21 8 0 0 2.50
15 21 6.5 1.2 0 2.42
15 32 6 0.5 1.2 2.55
20 50 1 0.1 12.5 2.09
With the assumption that species identifications were accurate
in the above mentioned studies than this relatively low occurrence
of P. nordicum on dry-cured meat products in the various European
plants investigated that differ in climate and geographical locations
indicates that the potential source(s) of contamination with
P. nordicum show a local presence in the Slovenian/north Italy area,
or that the contamination could be due to the particular raw
material(s) used and/or steps in the production.

Air can be an important source of contamination with
conidium-forming fungi, and thus in the production of dried
meats, the mycobiota in the indoor air is the main source of
different moulds when starter cultures are not used (Scholte et al.,
2002). The present study and the study by Battilani et al. (2007)
have shown that P. nordicum can indeed be isolated from the air
of dry-cured meat-processing plants. Although the P. nordicum
conidia might have been transported by air from elsewhere, they
were more probably released from the very local reservoir e the
dry-cured meat surfaces that were covered with sporulating
moulds.

P. nordicum is well known for its psychrotolerance and good
growth at low temperatures. It also grows well at low water
activities due to increased salt concentrations in the media (Frisvad
and Samson, 2004). Indeed, we have tested the growth of
P. nordicum on CYA media with different concentrations of NaCl at
ium with different concentrations of NaCl for 21e50 days at 25 �C in the dark.

colone Sclerotigenin Anacine Indolalkaloids

2.58 2.78 1.97 1.94
2.23 2.29 2.00 1.98
0 0 2.06 1.87
0 0 2.19 2.00
0 0 1.91 1.78
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25 �C for 3 weeks, and growth was seen to occur also on medium
with 20% NaCl.

Although little is known about P. nordicum ecology in temperate
climates, it is interesting to note that recently P. nordicum has been
isolated in large numbers from different Arctic habitats, such as sea
water, glacial ice, and in particular, sea ice. All of these ecological
niches have in common: low temperatures, lowwater activities and
increased salinities (Gunde-Cimerman et al., 2003; Sonjak et al.,
2006). These ecological data thus indicate a potential cause of
contamination with P. nordicum e the sea salt used for the meat
curing, followed by enrichment due to storage at low temperature
(15 �C) in the dry-cured meat-processing plant. Indeed, several
P. nordicum colonies were obtained on MEA with 5% NaCl agar
plates incubated at 15 �C from salt samples from sealed packages,
and even more so from the salt kept in open vessels within the
meat-handling areas where is ready for the salting of the meat in
the early steps of the process. This possible contamination via the
salt was also supported by AFLP analysis, which was performed on
selected isolates. Three different AFLP patterns were obtained, and
each appeared for the P. nordicum strains isolated from both the
meat samples as well as from the salt from sealed package. On the
assumption that identical patterns reflect a shared clonal origin, we
can conclude that at least three different clones were isolated from
the dry-cured meats, and that each possibly originated from the
salt, and was secondarily spread from the meat products into the
air. It is worth noted that sea salt usually contains very low number
of viable fungal spores and viable spores of P. nordicum were not
recovered from 200 g of control sea salt sample obtained from
another producer. The selection and use of salt with higher quality,
as obtained with better controlled production, storage and trans-
portation conditions, is therefore recommended.

Selected isolates originating from meat products produced
different HPLC profiles of extrolites; however, all three produced
OTA and verrucolone. The results of extrolite production on CYA
medium with added NaCl were in accordance with those obtained
by Battilani et al. (2010) and Geisen (2004) as production of OTA
was high at 5% but it was drastically reduced at 10% or more NaCl
added. We however additionally showed the reduction in the
production of OTB, Sclerotigenin and Anacine at higher NaCl
concentrations, whereas the production of OTa was, interestingly,
increased at 20% NaCl. Battilani et al. (2010) and Geisen (2004) also
showed that OTA production is drastically reduced at temperatures
below 18 �C. If OTA is detected in dry-cured meat products, its
concentrations rarely exceed 1.0 g kg�1 (Chiavaro et al., 2002; EFSA,
2006; Pietri et al., 2006). Higher OTA concentrations can be present
on casings of sausages (Iacumin et al., 2009) or possible in dry-
cured meat products with longer processing stages at high water
activity and temperatures above 18 �C, as these conditions were
shown to enhance OTA production in dry-cured meat model
systems (Battilani et al., 2010). Since P. nordicum grows and spor-
ulates very actively at temperatures around 15 �C, a lot of conidia
can be released into the air from contaminated material and can be
spread around a meat-processing plant via air, representing an
additional source of human exposure to OTA that should not be
overlooked (Duarte et al., 2009).

We can conclude that mycotoxin OTA-producing P. nordicum is
present on dry-cured meat processed in certain parts of Europe,
and that possible points of contamination could be the raw mate-
rial(s) used in the production. We have shown that the sea salt used
for salting meat in the early stages of dry-cured meat processing
can be a source of P. nordicum, which can then grow and proliferate
very well on dried meats, and is secondarily spread into the air.
Contamination of dry-cured meat products with P. nordicum thus
represents a potential health hazard for consumers, and for the
workers in the dry-cured meat-processing plants; therefore any
source(s) of contamination should be identified and withdrawn
from the production, or replaced by safe, non-contaminated
material(s).
Acknowledgements

We thank the Slovenian dry-meat-processing plant for their
cooperation in this study.
References

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local
alignment search tool. J. Mol. Biol. 215, 403e410.

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J.,
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389e3402.

Asefa, D.T., Gjerde, R.O., Sidhu, M.S., Langsrud, S., Kure, C.F., Nesbakken, T., Skaar, I.,
2009. Moulds contaminants on Norwegian dry-cured meat products. Int. J. Food
Microbiol. 128, 435e439.

Asefa, D.T., Kure, C.F., Gjerde, R.O., Omer, M.K., Langsrud, S., Nesbakken, T., Skaar, I.,
2010. Fungal growth pattern, sources and factors of mould contamination in
a dry-cured meat production facility. Int. J. Food Microbiol. 140, 131e135.

Battilani, P., Pietri, A., Giorni, P., Formenti, S., Bertuzzi, T., Toscani, T., Virgili, R.,
Kozakiewicz, Z., 2007. Penicillium populations in dry-cured ham manufacturing
plants. J. Food Prot. 70, 975e980.

Battilani, P., Formenti, S., Toscani, T., Virgili, R., 2010. Influence of abiotic parameters
on ochratoxin A production by a Penicillium nordicum strain in dry-cured meat
model systems. Food Control. doi:10.1016/j.foodcont.2010.08.003.

Bogs, C., Battilani, P., Geisen, R., 2006. Development of a molecular detection and
differentiation system for ochratoxin A producing Penicillium species and its
application to analyse the occurrence of P. nordicum in cured meats. Int. J. Food
Microbiol. 107, 39e47.

Chiavaro, E., Lepiani, A., Colla, F., Bettoni, P., Pari, E., Spotti, E., 2002. Ochratoxin A
determination in ham by immunoaffinity clean-up and a quick fluorometric
method. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 19,
575e581.

Comi, G., Orlic, S., Redzepovic, S., Urso, R., Iacumin, L., 2004. Moulds isolated from
Istrian dried ham at the pre-ripening and ripening level. Int. J. Food Microbiol.
96, 29e34.

Dragoni, I., Cantoni, C., 1979. Le muffe negli insaccati crudi stagionati. Industrie
Alimentari 155, 281e284.

Dragoni, I., Marino, C., 1979. Descrizione e classificazione delle specie di Penicillium
isolate da insaccati stagionati. Arch. Vet. Ital 30, 142e175.

Duarte, S.C., Pena, A., Lino, C.M., 2009. Ochratoxin A non-conventional exposure
sources e a review. Microchem. J. 93, 115e120.

EFSA, 2006. Opinion of the scientific panel on contaminants in the food chain
on a request from the commission related to ochratoxin A in food. EFSA J.
365, 1e56.

Frisvad, J.C., Samson, R.A., 2004. Polyphasic taxonomy of Penicillium subgenus
Penicillium. A guide to identification of food and airborne terverticillate
Penicillia and their mycotoxins. Stud. Mycol. 49, 1e173.

Frisvad, J.C., Thrane, U., 1987. Standardized high-performance liquid chromatog-
raphy of 182 mycotoxins and other fungal metabolites based on alkylphenone
retention indices and UVeVis spectra (diode-array detection). J. Chromatogr.
404, 195e214.

Frisvad, J.C., Thrane, U., 1993. Liquid column chromatography of mycotoxins.
J. Chromatogr. Lib. 54, 253e372.

Frisvad, J.C., Thrane, U., 2002. Mycotoxin production by common filamentous fungi.
In: Samson, R.A., Hoekstra, E.S., Frisvad, J.C., Filtenborg, O. (Eds.), Introduction to
Food- and Airborne Fungi. Centraalbureau voor Schimmelcultures, Utrecht, pp.
321e330.

Geisen, R., 2004. Molecular monitoring of environmental conditions influencing the
induction of ochratoxin A biosynthesis genes in Penicillium nordicum. Mol. Nutr.
Food Res. 48, 532e540.

Gerrits van den Ende, A.H.G., de Hoog, G.S., 1999. Variability and molecular diag-
nostics of the neurotropic species Cladophialophora bantiana. Stud. Mycol. 43,
151e162.

Grollman, A.P., Shibutani, S., Moriya, M., Miller, F., Wu, L., Moll, U., Suzuki, N.,
Fernandes, A., Rosenquist, T., Medverec, Z., Jakovina, K., Brdar, B., Slade, N.,
Turesky, R.J., Goodenough, A.K., Rieger, R., Vukeli�c, M., Jelakovi�c, B., 2007.
Aristolochic acid and the etiology of endemic (Balkan) nephropathy. Proc. Natl.
Acad. Sci. U.S.A. 104, 12129e12134.

Gunde-Cimerman, N., Sonjak, S., Zalar, P., Frisvad, J.C., Diderichsen, B.,
Plemenita�s, A., 2003. Extremophilic fungi in Arctic ice: a relationship between
adaptation to low temperature and water activity. Phys. Chem. Earth Pt. B. 28,
1273e1278.

Iacumin, L., Chiesa, L., Boscolo, D., Manzano, M., Cantoni, C., Orlic, S., Comi, G., 2009.
Moulds and ochratoxin A on surfaces of artisanal and industrial dry sausages.
Food Microbiol. 26, 65e70.



S. Sonjak et al. / Food Microbiology 28 (2011) 1111e11161116
López-Díaz, T.-M., Santos, J.-A., García-López, M.-L., Otero, A., 2001. Surface
mycoflora of a Spanish fermented meat sausage and toxigenicity of Penicillium
isolates. Int. J. Food Microbiol. 68, 69e74.

Larsen, T.O., Svendsen, A., Smedsgaard, J., 2001. Biochemical characterization of
ochratoxin A-producing strains of the genus Penicillium. Appl. Environ. Micro-
biol. 67, 3630e3635.

Lund, F., Frisvad, J.C., 2003. Penicillium verrucosum in wheat and barley indicates
presence of ochratoxin A. J. Appl. Microbiol. 95, 1117e1123.

Mally, A., Hard, G.C., Dekant, W., 2007. Ochratoxin A as a potential etiologic factor in
endemic nephropathy: lessons from toxicity studies in rats. Food Chem. Toxicol.
45, 2254e2260.

Marin-Kuan, M., Cavin, C., Delatour, T., Schilter, B., 2008. Ochratoxin A carcinoge-
nicity involves a complex network of epigenetic mechanisms. Toxicon 52,
195e202.

Mi�záková, A., Pipová, M., Turek, P., 2002. The occurrence of moulds in fermented
raw meat products. Czech J. Food Sci. 20, 89e94.

O’Donnell, K., Cigelnik, E., 1997. Two divergent intragenomic rDNA ITS2 types
within a monophyletic lineage of the fungus Fusarium are nonorthologous. Mol.
Phylogenet. Evol. 7, 103e116.

Papagianni, M., Ambrosiadis, I., Filiousis, G., 2007. Mould growth on traditional
Greek sausages and penicillin production by Penicillium isolates. Meat Sci. 76,
653e657.

Pfohl-Leszkowicz, A., 2009. Ochratoxin A and aristolochic acid involvement in
nephropathies and associated urothelial tract tumours. Arh. Hig. Rada Toksikol
60, 465e483.

Pietri, A., Bertuzzi, T., Gualla, A., Piva, G., 2006. Occurrence of ochratoxin A in rawham
muscles and in pork products from Northern Italy. Ital. J. Food Sci. 18, 99e106.

Radi�sek, S., Jak�se, J., Simon�ci�c, A., Javornik, B., 2003. Characterization of Verticillium
alboatrum field isolates using pathogenicity data and AFLP analysis. Plant Dis.
87, 633e638.

Raper, K.B., Thom, C., 1949. Manual of the Penicillia. Williams and Wilkins,
Baltimore.

Raper, C.A., Raper, J.R., Miller, R.E., 1972. Genetic analysis of the life cycle of Agaricus
bisporus. Mycologia 64, 1088e1117.

Sørensen, L.M., Jacobsen, T., Nielsen, P.V., Frisvad, J.C., Koch, A.G., 2008. Mycobiota in
the processing areas of two different meat products. Int. J. Food Microbiol. 124,
58e64.
Samson, R.A., Hoekstra, E.S., Frisvad, J.C., Filtenborg, O., 2002. Introduction to Food-
and Airborne Fungi. Centraalbureau voor Schimmelcultures, Utrecht.

Savelkoul, P.H.M., Aarts, H.J.M., de Haas, J., Dijkshoorn, L., Duim, B., Otsen, M.,
Rademaker, J.L.W., Schouls, L., Lenstra, J.A., 1999. Amplified-fragment length
polymorphism analysis: the state of an art. J. Clin. Microbiol. 37, 3083e3091.

Scholte, R.P.M., Samson, R.A., Dijksterhuis, J., 2002. Spoilage fungi in the industrial
processing of food. In: Samson, R.A., Hoekstra, E.S., Frisvad, J.C., Filtenborg, O.
(Eds.), Introduction to Food- and Airborne Fungi. Centraalbureau voor Schim-
melcultures, Utrecht, pp. 339e356.

Smedsgaard, J., 1997. Micro-scale extraction procedure for standardized screening
of fungal metabolite production in cultures. J. Chromatogr. 760, 264e270.

Sonjak, S., Frisvad, J.C., Gunde-Cimerman, N., 2006. Penicillium mycobiota in Arctic
subglacial ice. Microb. Ecol. 52, 207e216.

Sonjak, S., Frisvad, J.C., Gunde-Cimerman, N., 2007. Genetic variation among Peni-
cillium crustosum isolates from Arctic and other ecological niches. Microb. Ecol.
54, 298e305.

Sonjak, S., Li�cen, M., Frisvad, J.C., Gunde-Cimerman, N., 2010. The mycobiota of
three dry-cured meat products from Slovenia. Food Microbiol.. doi:10.1016/
j.fm.2010.09.007.

Stoev, S.D., Dutton, M.F., Njobeh, P.B., Mosonik, J.S., Steenkamp, P.A., 2010. Mycotoxic
nephropathy in Bulgarian pigs and chickens: complex aetiology and similarity
to Balkan endemic nephropathy. Food Addit. Contam. Part A Chem. Anal.
Control Expo. Risk Assess. 27, 72e88.

Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4: molecular evolutionary
genetics analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24,
1596e1599.

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673e4680.

Van Egmond, H.P., 2002. Mycotoxins: detection, reference materials and regulation.
In: Samson, R.A., Hoekstra, E.S., Frisvad, J.C., Filtenborg, O. (Eds.), Introduction to
Food- and Airborne Fungi. Centraalbureau voor Schimmelcultures, Utrecht, pp.
332e338.

Vos, P., Hogers, R., Bleeker, M., Reijans, M., van der Lee, T., Hornes, M., Frijters, A.,
Pot, J., Peleman, J., Kuiper, M., Zabeau, M., 1995. AFLP: a new technique for DNA
fingerprinting. Nucleic Acids Res. 23, 4407e4414.


	 Salting of dry-cured meat – A potential cause of contamination with the ochratoxin A-producing species Penicillium nordicum
	1 Introduction
	2 Materials and methods
	2.1 Monitoring of fungi
	2.2 Morphological characterisation
	2.3 Determination of production of ochratoxin A and other extrolites
	2.4 Sequencing
	2.5 AFLP fingerprinting

	3 Results
	3.1 Isolation of P. nordicum
	3.2 Identification
	3.3 Extrolite production
	3.4 AFLP

	4 Discussion
	 Acknowledgements
	 References


