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FOREWORD

This book represents the Proceedings of the Fifth International
Workshop on Food Mycology, which was held on the Danish island of
Samse from 15-19 October, 2003. This series of Workshops com-
menced in Boston, USA, in July 1984, from which the proceedings
were published as Methods for Mycological Examination of Food
(edited by A. D. King et al., published by Plenum Press, New York,
1986). The second Workshop was held in Baarn, the Netherlands, in
August 1990, and the proceedings were published as Modern Methods
in Food Mycology (edited by R. A. Samson et al., and published by
Elsevier, Amsterdam, 1992). The Third Workshop was held in
Copenhagen, Denmark, in 1994 and the Fourth near Uppsala,
Sweden, in 1998. The proceedings of those two workshops were pub-
lished as scientific papers in the International Journal of Food
Microbiology.

International Workshops on Food Mycology are held under the
auspices of the International Commission on Food Mycology, a
Commission under the Mycology Division of the International Union
of Microbiological Societies. Details of this Commission are given in
the final chapter of this book.

This Fifth Workshop was organised by Ulf Thrane, Jens Frisvad,
Per V. Nielsen and Birgitte Andersen from the Center for Microbial
Biotechnology, Technical University of Denmark, Kgs. Lyngby,
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Denmark. This Center, through numerous publications and both
undergraduate teaching and graduate supervision has been highly
influential in the world of food mycology for the past 20 years and
more. Trine Bro and Lene Nordsmark from the Center also carried
out the important tasks of providing secretarial help to the Organisers
and solving the logistics of moving participants from Copenhagen to
Samse and back. Samse provided an ideal setting for the Fifth
Workshop, as the island is made up of rural agricultural communities,
with old villages and rustic land and seascapes.

The Fifth Workshop was attended by some 35 participants, drawn
from among food mycology and related disciplines around the world.
The workshop was highly successful, with papers devoted to media
and methods development in food mycology, as is usual with these
workshops. Particular emphasis was placed on the fungi which pro-
duce mycotoxins, especially their ecology, and through ecology, poten-
tial control measures. Sessions were also devoted to yeasts, and the
inactivation of fungal spores by the use of heat and high pressure.
Nearly 40 scientific papers were presented over three days of the work-
shop, and these papers are the major contributions in these
Proceedings.

The organisers especially wish to thank the sponsors of the Fifth
Workshop: BCN Laboratories, Knoxville, Tennessee, USA; the
Danish ECB5 Foundation, Copenhagen; Novozymes A/S, Bagsvard,
Denmark; LMC Centre for Advanced Food Studies, Copenhagen; the
Danish Research Agency STVF, Copenhagen, though Grant Number
26-03-0188; Eurofins Denmark A/S, Copenhagen and the Mycology
Division of the International Union of Microbiological Societies, for
their support which made this workshop possible.

A.D. Hocking
J.I. Pitt

R.A. Samson
U. Thrane
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Understanding the fungi producing
important mycotoxins
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IMPORTANT MYCOTOXINS AND THE
FUNGI WHICH PRODUCE THEM

Jens C. Frisvad, Ulf Thrane,” Robert A. Samson” and John
L Pitt!

1. INTRODUCTION

The assessment of the relationship between species and mycotox-
ins production has proven to be very difficult. The modern literature
is cluttered with examples of species purported to make particular
mycotoxins, but where the association is incorrect. In some cases,
mycotoxins have even been named based on an erroneous association
with a particular species: verruculogen, viridicatumtoxin and rubra-
toxin come to mind. As time has gone on, and more and more com-
pounds have been described, lists of species-mycotoxin associations
have become so large, and the inaccuracies in them so widespread in
acceptance, that determining true associations has become very diffi-
cult. It does not need to be emphasised how important it is that these
associations be known accurately. The possible presence of mycotoxi-
genic fungi in foods, and rational decisions on the status of foods sus-
pected to contain mycotoxins, are ever present problems in the food
industry around the world.

In defining mycotoxins, we exclude fungal metabolites which are
active against bacteria, protozoa, and lower animals including insects.

* J. C. Frisvad and U. Thrane, Center for Microbial Biotechnology, BioCentrum-
DTU, Technical University of Denmark, Building 221, DK-2800 Kgs. Lyngby,
Denmark. Correspondence to jcf@biocentrum.dtu.dk

T R. A. Samson, Centraalbureau voor Schimmelcultures, PO Box 85167, 3508 AD
Utrecht, Netherlands

£ ]. 1. Pitt, Food Science Australia, CSIRO, PO Box 52, North Ryde, NSW 1670,
Australia
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Furthermore we exclude Basidiomycete toxins, because these are
ingested by eating fruiting bodies, a problem different from the inges-
tion of toxins produced by microfungi. The definition of microfungi
is not rigorous, but understood here to refer principally to
Ascomycetous fungi, including those with no sexual stage. Lower
fungi, from the subkingdom Zygomycotina, i.e. genera such as
Rhizopus and Mucor, are not excluded, but compounds of sufficient
toxicity to be termed mycotoxins have not been found in these genera,
except perhaps for rhizonin A and B from Rhizopus microsporus
(Jennessen et al., 2005).

This paper sets out to provide an up to date authoritative list of
mycotoxins which are known to have caused, or we believe have the
potential to cause, disease in humans or vertebrate animals, and the
fungal species which have been shown to produce them.

We believe that all of the important and known mycotoxins pro-
duced by Aspergillus, Fusarium and Penicillium species have been
included in this list. However, it is possible that other species will be
found which are capable of producing known toxins, or other toxins
of consequence will arise. It is also important to note that there are
many errors in the literature concerning the mycotoxins and the fungi
which produce them (Frisvad et al., 2006).

Many other toxic chemicals, known to be produced by species from
these genera, have been excluded from this list for one reason or
another. The very toxic chemicals, the janthitrems, have been excluded
from this list because the species which make them, including P. jan-
thinellum, normally do not grow to a significant extent in foods. On the
other hand Penicillium tularense has recently been demonstrated to pro-
duce janthitrems in tomatoes (Andersen and Frisvad, 2004), so maybe
these mycotoxins may occur sporadically. Other compounds which
occur quite commonly in foods, including mycophenolic acid (Lafont
et al., 1979, Lopez-Diaz et al., 1996; Overy and Frisvad, 2005), are of
such low acute toxicity to vertebrate animals that their involvement in
human or animal diseases appears unlikely. On the other hand
mycophenolic acid has been reported to be strongly immunosuppressive
(Bentley, 2000), so this fungal metabolite could pave the way for bacte-
rial infections. Toxic low molecular weight compounds that may not be
considered mycotoxins in a strict sense include aflatrem, botryo-
diploidin, brefeldin A, chetomin, chetocins, emestrin, emodin,
engleromycin, fusarin C, lolitrems, paspalicine, paspaline, paspalinine,
paspalitrems, paxilline, territrems, tryptoquivalins, tryptoquivalons,
verruculotoxin, verticillins, and viridicatumtoxin which are among the
fungal secondary metabolites listed as mycotoxins by Betina (1989).
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Future research may show that some of these are more important for
human and domestic animals health than currently indicated.

For convenience the list below has been set out by genus, but it
should be kept in mind that some mycotoxins are common to both
Aspergillus and Penicillium species (Samson, 2001). The list below sets
out to be encyclopaedic, but at the same time we have indicated, where
possible, which species producing a particular toxin are more likely to
occur in foods and which are probably of little consequence.

2. ASPERGILLUS TOXINS

2.1. Aflatoxins

Aflatoxins are potent carcinogens (Class 1; JECFA, 1997) affecting
man and all tested animal species including birds and fish. Four com-
pounds are commonly produced in foods: aflatoxins B,, B,, G, and
G,, named for the colour of their fluorescence under ultra violet light,
and their relative position on TLC plates.

Major sources. Aspergillus flavus is the most common species pro-
ducing aflatoxins, occurring in most kinds of foods in tropical coun-
tries. This species has a special affinity with three crops, maize,
peanuts and cottonseed, and usually produces only B aflatoxins. Only
about 40% of known isolates produce aflatoxin.

Aspergillus parasiticus occurs commonly in peanuts, but is quite rare
in other foods. It is also restricted geographically, and is rare in
Southeast Asia (Pitt et al., 1993). 4. parasiticus produces both B and
G aflatoxins, and virtually all known isolates are toxigenic.

Minor sources. Table 1 shows the species which are known to be capa-
ble of producing aflatoxin in culture, and some details concerning their
appearance and their occurrence. Note that most of the minor species
are known from only a very few isolates, and their occurrence in food-
stuffs or feedstuffs is at most rare. On the other hand A. nomius, A. toxi-
carius, and A. parvisclerotigenus may be more common than expected,
because it is very difficult to distinguish between those species and iso-
lates may easily have been identified as A. flavus or A. parasiticus.

2.2, Cyclopiazonic acid (see also Penicillium)

Cyclopiazonic acid (CPA) (Holzapfel, 1968) is a potent mycotoxin
that produces focal necrosis in most vertebrate inner organs in high
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concentrations and affects the ducts or organs originating from ducts.
It was originally believed that aflatoxins were responsible for all the
toxic effects of Aspergillus flavus contaminated peanuts to turkeys in
Turkey X disease, but it was later shown that cyclopiazonic acid had
an additional severe effect on the muscles and bones of the turkeys
(Jand et al., 2005).

Major sources. Aspergillus flavus and the domesticated form
A. oryzae often produce large amounts of CPA. A. flavus is common
on oil seeds, nuts, peanuts and cereals, but may also produce aflatoxin
on dried fruits (Pitt and Hocking, 1997).

Minor sources. Other producers of CPA in Aspergillus include
A. tamarii, A. pseudotamarii, A. parvisclerotigenus, but the role of
these fungi concerning CPA production in foods or feeds is not clear.

2.3. Cytochalasin E

Cytochalasin E is a very toxic metabolite of Aspergillus clavatus. It
may occur in malting barley (Lopez-Diaz and Flannigan, 1997)
Major source. Aspergillus clavatus.
Minor source. Rosellinia necatrix is not found in foods.

2.4. Gliotoxin

Gliotoxin is strongly immunosuppressive, but is probably only a
potential problem in animal feeds (Betina, 1989).
Major sources. Aspergillus fumigatus has been found in animal feeds.
Minor sources. Gliocladium virens, P. lilacinoechinulatum and few
other soil-borne species also produce gliotoxin.

2.5. B-Nitropropionic Acid (BNP)

B-nitropropionic acid has been reported to be involved in sugar
cane poisoning of children, but may potentially also cause other
intoxications, as producers are widespread (Burdock et al., 2001).
Furthermore BNP has been found in miso, shoyu and katsuobushi
and it can be produced by 4. oryzae when artificially inoculated on
cheese, peanuts etc. Unfortunately 4. flavus has not been tested for
the production of BNP, but BNP production by A4. oryzae on peanuts
indicates that A. flavus may be able to produce this mycotoxin in
combination with aflatoxin B,, cyclopiazonic acid and kojic acid. The
possible synergistic effect of these mycotoxins on mammals is
unknown.
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Major sources. The BNP producing fungi from sugar cane are
Arthrinium phaeospermum and Art. sacchari, but other species such as
Art. terminalis, Art. saccharicola, Art. aureum and Art. sereanis also
produce BNP (Burdock et al., 2001).

A. flavus may be an important producer of this mycotoxin in foods,
but there are no surveys that include analytical determination of BNP
alongside cyclopiazonic acid and aflatoxin B,. 4. oryzae and A. sojae
can produce BNP in miso and shoyu, but it is probably more important
that their wild-type forms, A. flavus and A. parasiticus respectively, may
produce BNP in foods. More research is needed in this area.

Minor sources. Penicillium atrovenetum 1is another authenticated
producer of BNP, but this fungus is only found in soil.

Incorrect sources. Penicillium cyclopium, P. chrysogenum, Aspergillus
wentii, Eurotium spp., and A. candidus have been reported as produc-
ers of BNP (Burdock et al., 2001), but these identifications are
doubtful.

2.6. Ochratoxin A (see also Penicillium)

Ochratoxin A (OA) is a nephrotoxin, affecting all tested animal
species, though effects in man have been difficult to establish unequiv-
ocally. It is listed as a probable human carcinogen (Class 2B) (JECFA,
2001). Links between OA and Balkan Endemic Nephropathy have
long been sought, but not established (JECFA, 2001).

Major sources. Aspergillus ochraceus (van der Merwe et al., 1965),
occurring in stored cereals (Pitt and Hocking, 1997) and coffee
(Taniwaki et al., 2003). A. ochraceus has been shown to consist of two
species (Varga et al., 2000a, b; Frisvad et al., 2004b). The second and
new species producing large amounts of ochratoxin A consistently,
has been described as A. westerdijkiae. Actually the original producer
of ochratoxin A from Andropogon sorghum in South Africa, NRRL
3174, has been designated as the type culture of A. westerdijkiae
(Frisvad et al., 2004b). This is interesting as A. westerdijkiae is both a
better and more consistent ochratoxin producer than A. ochraceus,
and it may be also more prevalent in coffee than 4. ochraceus. The ex
type culture of A4. ochraceus CBS 108.08 only produces trace amounts
of ochratoxin A.

Aspergillus carbonarius (Horie, 1995) is a major OA producer. It
occurs in grapes, producing OA in grape products, including grape
juice, wines and dried vine fruits (IARC, 2002; Leong et al., 2004) and
sometimes on coffee beans (Taniwaki et al., 2003; Abarca et al., 2004).
Aspergillus niger is an extremely common species, but only few strains
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appear to be producers of OA, so this species may be of much less
importance than A. carbonarius in grapes, wine and green coffee beans
(Abarca et al., 1994; Taniwaki et al., 2003; Leong et al., 2004). It may
be of major importance, however, as 4. niger NRRL 337, referred to
as the “food fungus”, produces large amounts of OA in pure culture.
This fungus is used for fermentation of potato peel waste etc. and used
for animal feed (Schuster et al., 2002).

Petromyces alliaceus (Lai et al., 1970), produces large amounts of
ochratoxin A in pure culture, and OA produced by this fungus has
been found in figs in California (Bayman et al., 2002). Aspergillus
steynii, from the Aspergillus section Circumdati, is also a very efficient
producer of OA, and has been found in green coffee beans, mouldy
soy beans and rice (Frisvad et al., 2004b). As with A. westerdijkiae,
A. steynii may have been identified as A. ochraceus earlier, so the rela-
tive abundance of these three species is difficult to evaluate at present.

Penicillium verrucosum is the major producer of ochratoxin A in
stored cereals (Frisvad, 1985; Pitt, 1987; Lund and Frisvad, 2003).
Penicillium nordicum (Larsen et al., 2001) is the main OA producer
found in meat products such as salami and ham. Both OA producing
Penicillium species have been found on cheese also, but have only been
reported to be of high occurrence on Swiss hard cheeses (as P. casei,
Staub, 1911). The ex type culture of P, caseiis a P. verrucosum (Larsen
et al., 2001).

Minor sources. Several Aspergilli can produce ochratoxin A in large
amounts, but they appear to be relatively rare. In Aspergillus section
Circumdati (formerly the Aspergillus ochraceus group), the following
species can produce ochratoxin A: Aspergillus cretensis, A. flocculosus,
A. pseudoelegans, A. roseoglobulosus, A. sclerotiorum, A. sulphureus and
Neopetromyces muricatus (Frisvad et al., 2004b). According to Ciegler
(1972) and Hesseltine et al. (1972) A. melleus, A. ostianus, A. persii and
A. petrakii may produce trace amounts of OA, but this has not been
confirmed since publication of those papers. Strains of these species
reported to produce large amounts of OA were reidentified by Frisvad
et al. (2004b). In Aspergillus section Flavi, Petromyces albertensis pro-
duces ochratoxin A. In Aspergillus section Nigri, A. lacticoffeatus and
A. sclerotioniger produce ochratoxin A (Samson et al., 2004).

2.7. Sterigmatocystin
Sterigmatocystin is a possible carcinogen. However, its low solubil-

ity in water or gastric juices limits its potential to cause human illness
(Pitt and Hocking, 1997).
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Major sources. The major source of sterigmatocystin in foods is
Aspergillus versicolor. This fungus is common on cheese, but may also
occur on other substrates (Pitt and Hocking, 1997).

Minor sources. A large number of species are able to produce sterig-
matocystin, including Chaetomium spp., Emericella spp., Monocillium
nordinii and Humicola fuscoatra (Joshi et al., 2002). These species are
unlikely to contaminate foods.

2.8. Verruculogen and Fumitremorgins

Verrucologen is an extremely toxic tremorgenic mycotoxin, but it is
unlikely to be founding significant levels in foods. Neosartorya fisheri
may be present in heat treated foods, but N. glabra and allied species
are much more common in foods, and the latter species do not pro-
duce verrucologen.

Major sources. Aspergillus fumigatus and Neosartorya fischeri are
the major Aspergillus species producing verruculogen but these species
are uncommon in foods. These species produce many other toxic com-
pounds including gliotoxin, fumigaclavins, and tryptoquivalins (Cole
et al., 1977; Cole and Cox, 1981; Panaccione and Coyle, 2005).

Minor sources. Aspergillus caespitosus, Penicillium mononematosum
and P. brasilianum are efficient producers of verrucologen and
fumitremorgins, but are very rare in foods and feeds.

3. FUSARIUM TOXINS

3.1. Antibiotic Y

Antibiotic Y has significant antibiotic properties towards phy-
topathogenic bacteria but low cell toxicity (Golinski et al., 1986).
However, this compound, which originally was named lateropyrone
(Bushnell et al., 1984), has not been studied in detail. Producers of
antibiotic Y are widespread and common in agricultural products, so
the natural occurrence of antibiotic Y may be of importance. Natural
occurrence in cherries, apples and wheat grains has been reported
(Andersen and Thrane, 2005).

Major sources. The main producer is Fusarium avenaceum which
occurs frequently in cereal grain, fruit and vegetables. Another consis-
tent producer is F. tricinctum, which also is very frequently found on
cereal grains in temperate climates.
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Minor sources. F. lateritium is known as a plant pathogen, but also
causes spoilage in fruits and has been reported from apples and cher-
ries in which antibiotic Y was detected (Andersen and Thrane, 2006).
In warmer climates F. chlamydosporum is a potential producer of
antibiotic Y in cereal grain and other seeds.

3.2. Butenolide

Butenolide is a collective name for compounds with a given ring
structure; however in Fusarium mycotoxicology butenolide is a syn-
onym for 4-acetamido-2-buten-4-olide, which has been associated
with cattle diseases (fescue foot) since the mid 1960s (Yates et al.,
1969). The toxicology has been thoroughly discussed by Marasas et al.
(1984). There have been no reports of butenolide in foods, but it may
be an important toxin due to the reported synergistic effect with enni-
atin B (Hershenhorn et al., 1992).

Major sources. The original reported producer of butenolide is
F. sporotrichioides [reported as F. nivale, see Marasas et al. (1984) for
details] and other frequent producers of butenolide in cereals are
F. graminearum and F. culmorum.

Minor sources. Other potential producers of butenolide are F. ave-
naceum, F. poae and F. tricinctum which are frequently found in cereal
grains together with F. crookwellense, F. sambucinum and F. venena-
tum. The latter three species also can be found in potatoes and other
root vegetables.

3.3. Culmorin

Culmorin has a low toxicity in several biological assays (Pedersen
and Miller, 1999) but a synergistic effect with deoxynivalenol towards
caterpillars has been demonstrated (Dowd et al., 1989). Culmorin and
hydroxyculmorins have been detected in cereals (Ghebremeskel and
Langseth, 2000). These samples also contained deoxynivalenol and
acetyl-deoxynivalenol.

Major sources. F. culmorum and F. graminearum, found in cereals,
are the major producers of culmorin. The less widely distributed
species F. poae and F. langsethiae are also consistent producers of
culmorin and derivatives (Thrane et al., 2004).

Minor sources. Other species producing culmorin are F. crookwellense
and F. sporotrichioides, also found in cereals.
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34. Cyclic Peptides

The two groups of cyclic peptides, beauvericin and enniatins, are
structurally related and they show antibiotic and ionophoric activities
(Kamyar et al., 2004). Both groups of cyclic peptides have been
detected in agricultural products (Jestoi et al., 2004).

3.4.1. Beauvericin

Beauvericin was originally found in entomopathogenic fungi
such as Beauveria bassiana and Isaria fumosorosea (formerly
Paecilomyces fumosoroseus; Luangsa-Ard et al., 2005) but has also
been detected in several Fusarium species occurring on food
(Logrieco et al., 1998).

Major sources. Fusarium subglutinans, F. proliferatum and F. oxys-
porum are consistent producers of beauvericin and have often been
found to produce high quantities under laboratory conditions. These
species are often found on maize and fruits.

Minor sources. Several species of the Gibberella fujikuroi complex
have been reported to produce beauvericin in low amounts, including
F. nygamai, F. dlaminii and F. verticillioides from cereals and fruits.
The systematics of these Fusaria has developed dramatically during
the last years, so a lot of species specific information of toxin produc-
tion is not available.

F. avenaceum, F. poae and F. sporotrichioides on cereal grain, fruits
and vegetables are known to produce beauvericin in low amounts
(Morrison et al., 2002; Thrane et al., 2004). In addition, F. sam-
bucinum and a few strains of F. acuminatum, F.equiseti and F. longipes
from agricultural products have also been reported low producers of
beauvericin (Logrieco et al., 1998).

3.4.2. Enniatins

Enniatins are a group of more than 15 related compounds pro-
duced by several Fusarium species, but also from Halosarpeia sp. and
Verticillium hemipterigenum; however these are not of food origin.

Major sources. Fusarium avenaceum is the most important enniatin
producer in cereals and other agricultural food plants, because this
species is a very frequent and consistent producer of enniatin B
(Morrison et al., 2002). Fusarium sambucinum is a consistent producer
of enniatin B and diacetoxyscirpenol and causes dry rot in potatoes;
however the role of these toxins has not been examined.
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Minor sources. F. langsethiae, F. poae and F. sporotrichioides, mainly
occur on cereal grain, F. lateritium from fruits and F. acuminatum
from herbs.

3.5. Fumonisins

Since the discovery of fumonisins in the late 1980s much attention
has been paid to these highly toxic compounds. Several reviews on the
chemistry, toxicology and mycology have been published (Marasas
et al., 2001; Weidenborner, 2001).

Major sources. F. verticillioides (formerly known as F. moniliforme;
Seifert et al., 2003) and F. proliferatum are the main sources of fumon-
isins in maize. These species and fumonisins in maize and to a lesser
extent other cereal crops have been reported from all over the world in
numerous papers and book chapters.

Minor sources. Other fumonisin producing species are Fusarium
nygamai, F. napiforme, F. thapsinum, F. anthophilum and F. dlamini
from millet, sorghum and rice. Some strains of these species have also
been isolated from soil debris.

3.6. Fusaproliferin

Fusaproliferin is a recent discovered mycotoxin which shows ter-
atogenic and pathological effects in cell assays (Bryden et al., 2001).
Fusaproliferin has been detected in natural samples together with
beauvericin and fumonisin (Munkvold et al., 1998). Nothing is known
about a possible synergistic effect in such toxin combinations.

Major sources. Fusarium proliferatum and F. subglutinans are the
major sources in maize and other cereal grains. The fungi and fusapro-
liferin have been detected in Europe, North America and South Africa
(Wu et al., 2003).

Minor sources. A few strains of F. globosum, F. guttiforme,
F. pseudocircinatum, F. pseudonygamai and F. verticillioides have been
found to produce fusaproliferin, however the systematics in this sec-
tion of Fusarium has developed dramatically within recent years so
specific information on the toxin production by recently described
species is unknown.

3.7. Moniliformin

Moniliformin is cytotoxic, inhibits protein synthesis and enzymes,
causes chromosome damages and induces heart failure in mammals
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and poultry (Bryden et al., 2001). Moniliformin has been found world
wide in cereal samples

Major sources. In maize F. proliferatum and F. subglutinans are the
main producers of moniliformin, whereas F. avenaceum and F. tricinc-
tum are the key sources in cereals grown in temperate climates.

Minor sources. In sorghum, millet and rice F. napiforme, F. nyga-
mai, F. verticillioides and F. thapsinum may be responsible for monili-
formin production. Some strains of F. oxysporum produce a
significant amount of moniliformin under laboratory condition; how-
ever there is no detailed information on a possible production in veg-
etables and fruits. An overview of other minor sources has been
published (Schiitt et al., 1998).

3.8. Trichothecenes

More than 200 trichothecenes have been identified and the non-
macrocyclic trichothecenes are among the most important mycotox-
ins. Trichothecenes are haematotoxic and immunosuppressive. In
animals, vomiting, feed refusal and diarrhoea are typical symptoms.
Skin oedema in humans has also been observed. An EU working
group on has reported on trichothecenes in food (Schothorst and van
Egmond, 2004).

3.8.1. Deoxynivalenol (DON) and Acetylated Derivatives
(3ADON, 15ADON)

Deoxynivalenol (DON) and its acetylated derivatives (3ADON,
ISADON) are by far the most important trichothecenes. Numerous
reports on world-wide occurrence have been published and several
international symposia and workshops have focussed on DON
(Larsen et al., 2004).

Major sources. Fusarium graminearum and F. culmorum are consis-
tent producers of DON, especially in cereals. Within both species
strains have been grouped into those that produce DON and its deriv-
atives, and those that produce nivalenol and furarenon X as their
major metabolites. Intermediates have also been found (Nielsen and
Thrane, 2001). Recently, F. graminearum has been divided into nine
phylogenetic species (O’Donnell et al., 2004); however in the present
context this species concept will not be used as a correlation to exist-
ing mycotoxicological literature is impossible at this stage.

Minor sources. Production of DON by F. pseudograminearum has
been reported, but this species is restricted to warmer climates.
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3.8.2. Nivalenol (NIV) and Fusarenon X (FX, 4ANIV)

Nivalenol (NIV) and fusarenon X (FX, 4ANIV) occur in the same
commodities as DON and are in many cases covered by the same sur-
veys due to the high degree of similiarity. NIV is often detected in much
lower concentrations than DON, but is considered to be more toxic.

Major sources. Fusarium graminearum is a well known producer of
NIV and FX in cereals. In temperate climates F. poae, which is a con-
sistent producer of NIV (Thrane et al., 2004), may be responsible for
NIV in cereals.

Minor sources. Strains of F. culmorum that produce NIV are less
commonly isolated than those that produce DON producers. F. equi-
seti and F. crookwellense found in some cereal samples and in vegeta-
bles may also produce NIV. In potatoes F. venenatum strains that
produce NIV have been detected (Nielsen and Thrane, 2001).

3.8.3. T-2 toxin

T-2 toxin is one of the most toxic trichothecenes, whereas the
derivative HT-2 toxin is less toxic. Due to structural similarity these
toxins are often included in the same analytical method.

Major sources. Fusarium sporotrichioides and F. langsethiae, fre-
quently isolated from cereals in Europe, are consistent producers of
T-2 and HT-2 (Thrane et al., 2004).

Minor sources. Only a few T-2 and HT-2 producing strains of
F. poae and F. sambucinum have been found (Nielsen and Thrane,
2001; Thrane et al., 2004).

3.84. Diacetoxyscirpenol (DAS)

Diacetoxyscirpenol (DAS) and monoacetylated derivatives (MAS)
are a fourth group of important trichothecenes in food.

Major sources. Fusarium venenatum isolates often produce high lev-
els of DAS and this species is frequently isolated from cereals and
potatoes (Nielsen and Thrane, 2001). F. poae isolates also often pro-
duce high levels of DAS.

Minor sources. Fusarium equiseti isolates can produce DAS and
MAS in high amounts, but this species is infrequently isolated from
cereals and vegetables. F. sporotrichioides and F. langsethiae also
produce DAS and MAS; however at lower levels (Thrane et al., 2004).
F. sambucinum isolates produce DAS and MAS and are a probable
cause of DAS in potatoes (Ellner, 2002).
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3.9. Zearalenone

Zearalenone causes hyperoestrogenism in swine and possible
effects in humans have also been reported. Derivatives of zear-
alenone have been used as growth promoters in livestock; however this
is now banned in European Union (Launay et al., 2004). The toxicity
of zearalenone and its derivatives have been reviewed recently
(Hagler et al., 2001).

Major sources. Fusarium graminearum and F. culmorum are the most
pronounced producers of zearalenone and several derivatives. They
occur frequently in cereals all over the world. Recently, F. gramin-
earum has been divided into nine phylogenetic species (O’Donnell
et al., 2004); however in the present context this species concept will
not be used as a correlation to existing mycotoxicological literature is
impossible at this stage.

Minor sources. Under laboratory conditions Fusarium equiseti pro-
duces a number of zearalenone derivatives in high amounts, but little
is known about production under natural conditions. F. crookwellense
also produces zearalenone.

4. PENICILLIUM TOXINS

4.1. Chaetoglobosins

The chaetoglobosins are toxic compounds that may be involved
in mycotoxicosis. They are produced by common food-borne
Penicillia and have been found to occur naturally (Andersen et al.,
2004).

Major sources. Penicillium expansum and P. discolor are major
sources of the chaetoglobosins. Both species cause spoilage in fruits
and vegetables, and the latter species also occurs on cheese (Frisvad
and Samson, 2004b).

Minor sources. Chaetomium globosum and P. marinum are probably
not of significance in foods.

4.2, Citreoviridin

Citreoviridin was reported as a cause of acute cardiac beriberi
(Ueno, 1974), but a more in depth toxicological evaluation of this
metabolite is needed. It has been associated with yellow rice disease,
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but this disease has also been associated with P islandicum and
its toxic metabolites cyclic peptides cyclochlorotine and islanditoxin,
and anthraquinones luteoskyrin and rugulosin (Enomoto and
Ueno, 1974).

Major sources. Eupenicillium cinnamopurpureum has been found in
cereals in USA and in Slovakia (Labuda and Tancinova, 2003) and is
an efficient producer of citreoviridin. P. citreonigrum may be of some
importance in yellowed rice.

Minor sources. P. smithii, P. miczynskii and P. manginii (Frisvad and
Filtenborg, 1990) have most often been recovered from soil and only
rarely from foods. Aspergillus terreus has occasionally been reported
from foods, but is primarily a soil-borne fungus.

4.3. Citrinin

Citrinin is a nephrotoxin, but probably of less importance than
ochratoxin A (Reddy and Berndt, 1991), however, producers of cit-
rinin are widespread and common in foods. Citrinin has been found in
cereals, peanuts and meat products (Reddy and Berndt, 1991).

Major sources. P. citrinum is an efficient and consistent producer of
citrinin and has been found in foods world-wide (Pitt and Hocking,
1997). P. verrucosum is predominantly cereal-borne in Europe and
often produces citrinin as well as ochratoxin A (Frisvad et al., 2005b).
P. expansum, common in fruits and other foods, sometimes produces
citrinin. P. radicicola is commonly found in onions, carrots and pota-
toes (Overy and Frisvad, 2003).

Minor sources. Aspergillus terreus, A. carneus, P. odoratum and
P, westlingii have been reported as producers of citrinin, but are not
likely to occur often in foods.

4.4. Cyclopiazonic acid (see also Aspergillus)

Major sources. Penicillium commune and its domesticated form
P. camemberti, and the closely related species P. palitans, are common
on cheese and meat products and may produce cyclopiazonic acid in
these products (Frisvad et al., 2004c). P. griseofulvum is also a major
producer of cyclopiazonic acid, and may occur in long stored cereals
and cereal products such as pasta (Pitt and Hocking, 1997).

Minor sources. P. dipodomyicola occurs in the environs of the
kangaroo rat in the USA, but has also been reported from rice in
Australia and in a chicken feed mixture in Slovakia (Frisvad and
Samson, 2004b).
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4.5. Mycophenolic acid

Despite having a low acute toxicity, mycophenolic acid may be a
very important indirect mycotoxin as it highly immunosuppressive,
perhaps influencing the course of bacterial and fungal infections
(Bentley, 2000).

Major sources. Penicillium brevicompactum is a ubiquitous species
and may produce mycophenolic acid in foods, e.g. ginger (Overy and
Frisvad, 2005). Two other major species producing mycophenolic acid
are P roqueforti and P. carneum. Another important producer is
Byssochlamys nivea (Puel et al., 2005). Mycophenolic acid has been
found to occur naturally in blue cheeses (Lafont et al., 1979).

Minor sources. The soil-borne species Penicillium fagi also produces
mycophenolic acid (Frisvad and Filtenborg, 1990, as P raciborskii).
Septoria nodorum (Devys et al., 1980) is another source but is unim-
portant as a food contaminant.

4.6. Ochratoxin A (see also Aspergillus)

Major sources. Penicillium verrucosum (Frisvad, 1985; Pitt, 1987) is
the major producer of ochratoxin A in cool climate stored cereals
(Lund and Frisvad, 2003).

Penicillium nordicum (Larsen et al., 2001) is the main OA producer
found in manufactured meat products such as salami and ham. Both
OA producing Penicillium species have been found on cheese also, but
have only been reported to be of high occurrence on Swiss hard
cheeses (as P. casei Staub, 1911). The ex type culture of P. casei is a
P, verrucosum (Larsen et al., 2001).

4.7. Patulin

Patulin is generally very toxic for both prokaryotes and eukaryotes,
but the toxicity for humans has not been conclusively demonstrated.
Several countries in Europe and the USA have now set limits on the
level of patulin in apple juice.

Major sources. Penicillium expansum is by far the most important
source of patulin. P. expansum is the major species causing spoilage of
apples and pears, and is the major source of patulin in apple juice and
other apple and pear products.

Byssochlamys nivea may be present in pasteurised fruit juices and
may produce patulin and mycophenolic acid (Puel et al., 2005).
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Penicillium griseofulvum is a very efficient producer of high levels of
patulin in pure culture, and it may potentially produce patulin in cere-
als, pasta and similar products.

P. carneum may produce patulin in beer, wine, meat products and
rye-bread as it has been found in those substrates (Frisvad and
Samson, 2004b), but there are no reports yet on patulin production by
this species in those foods. P. carneum also produces mycophenolic
acid, roquefortine C and penitrem A (Frisvad et al., 2004c). P. paneum
occurs in rye-bread (Frisvad and Samson, 2004b), but again actual
production of patulin in this product has not been reported.

P sclerotigenum is common in yams and has the ability to produce
patulin in laboratory cultures.

Minor sources. The coprophilous fungi P concentricum, P. clav-
igerum, P. coprobium, P. formosanum, P glandicola, P. vulpinum,
Aspergillus clavatus, A. longivesica and A. giganteus are very efficient
producers of patulin in the laboratory, but only A. clavatus may play
any role in human health, as it may be present in beer malt (Lopez-
Diaz and Flannigan, 1997). Aspergillus terreus, Penicillium novae-zee-
landiae, P. marinum, P. melinii and other soil-borne fungi may produce
patulin in pure culture, but are less likely to occur in any foods.

4.8. Penicillic acid

Penicillic acid (Alsberg and Black, 1911) and dehydropenicillic acid
(Obana et al., 1995) are small toxic polyketides, but their major role in
mycotoxicology may be in their possible synergistic toxic effect with
OA (Lindenfelser at al., 1973; Stoev et al., 2001) and possible additive
or synergistic effect with the naphtoquinones hepatotoxins xanthome-
gnin, viomellein and vioxanthin.

Major sources. Penicillic acid is likely to co-occur with OA, xan-
thomegnin, viomellein and vioxanthin produced by members of
Aspergillus section Circumdati and Penicillium series Viridicata (which
often co-occur with P. verrucosum). The Aspergillus species often occur
in coffee and the Penicillia are common in cereals. The major sources of
penicillic acid are P aurantiogriseum, P. cyclopium, P. melanoconidium
and P. polonicum (Frisvad and Samson, 2004b) and all members of
Aspergillus section Circumdati (Frisvad and Samson, 2000). Penicillic
acid is produced by P. tulipae and P. radicicola, which are occasionally
found on onions, carrots and potatoes (Overy and Frisvad, 2003).

Minor sources. Penicillic acid has been found in one strain of
P. carneum (Frisvad and Samson, 2004b).
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4.9. Penitrem A

Penitrem A is a highly toxic tremorgenic indol-terpene. It has pri-
marily been implicated in animal mycotoxicoses (Rundberget and
Wilkins, 2002), but has also been suspected to cause tremors in
humans (Cole et al., 1983; Lewis et al., 2005).

Major sources. Penicillium crustosum is the most important pro-
ducer of penitrem A (Pitt, 1979). This species is of world-wide distri-
bution and often found in foods. This mycotoxins is produced by all
isolates of P. crustosum examined (Pitt, 1979; Sonjak et al., 2005).
P. melanoconidium is common in cereals (Frisvad and Samson, 2004b),
but it is not known whether this species can produce penitrem A in
infected cereals.

Minor sources. P. glandicola, P. clavigerum, and P. janczewskii are
further producers of penitrem A (Ciegler and Pitt, 1970; Frisvad and
Samson, 2004b; Frisvad and Filtenborg, 1990), but have been recov-
ered from foods only sporadically.

4.10. PR toxin

PR toxin is a mycotoxin that is acutely toxic and can damage DNA
and proteins (Moule et al., 1980; Arnold et al., 1987). It is unstable in
cheese (Teuber and Engel, 1983), but it may be produced in silage and
other substrates.

Major sources. Penicillium roqueforti is the major source of PR
toxin. It has been reported also from P. chrysogenum (Frisvad and
Samson, 2004b).

4.11. Roquefortine C

The status of roquefortine C as a mycotoxin has been questioned,
but it is a very widespread fungal metabolite, and is produced by a
large number of species. The acute toxicity of roquefortine C is not
very high (Cole and Cox, 1981), but it has been reported as a neuro-
toxin.

Major sources. Penicillium albocoremium, P. atramentosum, P. allii,
P carneum, P. chrysogenum, P. crustosum, P. expansum, P. griseoful-
vum, P. hirsutum, P. hordei, P. melanoconidium, P. paneum, P. radici-
cola, P. roqueforti, P. sclerotigenum, P. tulipae and P. venetum are all
producers that have been found in foods, but the natural occurrence of
roquefortine C has been reported only rarely.
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Minor sources. P. concentricum, P. confertum, P. coprobium,
P. coprophilum, P. flavigenum, P. glandicola, P. marinum, P. persicinum
and P, vulpinum are less likely food contaminants.

4.12. Rubratoxin

Rubratoxin is a potent hepatotoxin (Engelhardt and Carlton,
1991) and is of particular interest as it has been implicated in severe
liver damage in three Canadian boys, who drank rhubarb wine con-
taminated with Penicillium crateriforme. One of the boys needed to
have the liver transplanted (Richer et al., 1997).

Major producers. P. crateriforme is the only known major producer
of rubratoxin A and B (Frisvad, 1989).

4.13. Secalonic Acid D

The toxicological data on secalonic acid D and F are somewhat
equivocal (Reddy and Reddy, 1991), so the significance of this
metabolite in human and animal health is somewhat uncertain.

Major sources. Claviceps purpurea, Penicillium oxalicum, Phoma
terrestris and Aspergillus aculeatus produce large amounts of
secalonic acid D and F in pure culture. Secalonic acid D has been
found to occur in grain dust in USA (Palmgren, 1985; Reddy and
Reddy, 1991).

4.14. Verrucosidin

Verrucosidin is a of the mycotoxin from species in Penicillium
series Viridicata that has been claimed to cause mycotoxicosis in ani-
mals (Burka et al., 1983).

Major sources. Penicillium polonicum, P. aurantiogriseum and
P melanoconidium are the major known sources of verrucosidin
(Frisvad and Samson, 2004b).

4.15. Xanthomegnin, Viomellein and Vioxanthin

These toxins have been reported to cause experimental mycotoxi-
cosis in pigs and they apparently are more toxic to the liver than to
kidneys in mammals (Zimmerman et al., 1979). They have been found
to be naturally occurring in cereals (Hald et al., 1983; Scudamore
et al., 1986).
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Major sources. P. cyclopium, P. freii, P. melanoconidium, P. tricolor
and P viridicatum are common in cereals. A. ochraceus, A. wester-
dijkiae and possibly A. steynii are common in green coffee beans and
are occasionally found in grapes and on rice.

Minor sources. P. janthinellum and P. mariaecrucis are soil-borne
species producing these hepatotoxins (Frisvad and Filtenborg, 1990).

3. TOXINS FROM OTHER GENERA

5.1. Claviceps Toxins

Ergot alkaloids are common in sclerotia of Claviceps, which are
produced on cereals, especially in whole rye. These sclerotia are often
removed before milling of the rye, and outbreaks of ergotism rarely
occur now.

Major sources. Claviceps purpurea and C. paspali are the major
sources of ergot alkaloids (Blum, 1995). Several Penicillia and
Aspergilli can produce clavinet type alkaloids also, but their possible
role in mycotoxicology is unknown.

5.2. Alternaria Toxins

Tenuazonic acid is regarded as the most toxic of the secondary
metabolites from Alternaria (Blaney, 1991). It is also produced by a
Phoma species.

Major sources. Phoma sorghina appears to be the most important
producer of tenuazonic acid. It has been associated with onyalai, a
haematological disease (Steyn and Rabie, 1976). Species in the
Alternaria tenuissima complex often produce tenuazonic acid, but it
has not been found in isolates of A. alternata sensu stricto. A. citri,
A. japonica, A. kikuchiana, A. longipes, A. mali, A. oryzae, and A. solani
have also been reported to produce tenuazonic acid (Sivanesan, 1991).

Many other metabolites have been found in Alternaria, and some
can occur naturally in tomatoes, apples and other fruits (Sivanesan,
1991; Andersen and Frisvad, 2004). The toxicity of such compounds,
including alternariols, is not well examined.

5.3. Phoma and Phomopsis Toxins

Lupinosis toxin (phomopsin) is produced when Phomopsis lep-
tostromiformis grows on lupin plants (Lupinus species) and lupin seeds



Important Mycotoxins and the Fungi Which Produce Them 23

(Culvenor et al., 1977). It is a hepatotoxin which has caused wide-
spread disease in sheep grazing lupins in Australia, South Africa and
parts of Europe (Marasas, 1974; Culvenor et al., 1977). As lupin seed
is used for human food in South Asia, quality control of phomopsin
is important.

54. Pithomyces Toxins

Sporidesmin is produced by Pithomyces chartarum and causes
facial eczema in sheep (Atherton et al., 1974). However, this is a dis-
ease of pasture only.

5.5. Stachybotrys Toxins

Stachybotrys and Memnoniella spp. are primarily of importance
for indoor air, but stachybotrytoxicosis was one of the first equine
mycotoxicosis to be reported (Rodrick and Eppley, 1974).
Stachybotrys chartarum and S. chlorohalonata are the two important
fungi producing cyclic trichothecenes (satratoxins) and toxic atra-
nones (Andersen et al., 2003; Jarvis, 2003).

5.6. Monascus Toxins

Monascus ruber is used in the production of red rice in the Orient,
and is a source of red food colouring. However, it has been repeatedly
reported to produce citrinin (Blanc et al., 1995).

6. DISCUSSION

A large number of filamentous fungi are able to produce second-
ary metabolites that are toxic to vertebrate animals, i.e. mycotoxins.
Only a fraction of these fungi can produce mycotoxins in food or
feeds, and among those, pathogenic field fungi and deteriorating stor-
age fungi are the most significant. When misidentified fungi are
excluded, only a few fungal species are highly toxigenic, and produc-
ing their toxins in sufficiently large amounts to cause public alarm.
The most important among these are trichothecenes, fumonisins, afla-
toxin, ochratoxin A and zearalenone (Miller, 1995), because their fun-
gal producers are widespread and can grow and produce their toxins
on many kinds of foods. Other mycotoxins are important, but may
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only occur on a single type of crop and cause mycotoxicosis in one
kind of animal. Phomopsin is an example of this.

Correct identification and knowledge of the associated mycobiota
of the different foods and feeds will assist in determining which myco-
toxins to look for. There have been examples of mycotoxins analysis
for aflatoxin, trichothecenes, zearalenone, fumonisin and ochratoxin
A in silage, where the dominant mycobiota is P. roqueforti, P. paneum,
Monascus ruber and Byssochlamys nivea. In that particular case pat-
ulin, mycophenolic acid, PR toxin, and citrinin would be more rele-
vant mycotoxins to analyse for. Rapid methods may are effective to
secure healthy foods and feeds, but such methods should be based on
mycological and ecological knowledge. We hope that our compilation
of mycotoxin producers will help in deciding the most appropriate
mycotoxin analyses of foods and feeds. New mycotoxins and new
mycotoxin producers will no doubt appear, but we believe that the
most important ones are listed here.
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RECOMMENDATIONS CONCERNING THE
CHRONIC PROBLEM OF
MISIDENTIFICATION OF
MYCOTOXIGENIC FUNGI ASSOCIATED
WITH FOODS AND FEEDS

Jens C. Frisvad, Kristian F. Nielsen and Robert A. Samson”

1. INTRODUCTION

Since the aflatoxins were first reported in 1961 from Aspergillus
flavus, mycotoxins have often been named after the fungus which was
first found to produce them. A long list of connections between fun-
gal species and mycotoxins and antibiotics has been reported, but
unfortunately many of the identifications, and hence the connection
between mycotoxin name and the source of the toxin, are incorrect
(Frisvad, 1989). The most famous example of such incorrect connec-
tions was Alexander Fleming’s identification of the original penicillin
producer as Penicillium rubrum. Fortunately, in this example, the sub-
stance was named after the genus Penicillium, rather than the species,
as K. B. Raper re-identified the strain as P. notatum, which was subse-
quently determined to be a synonym of P. chrysogenum (Pitt, 1979b).
Later, penicillin was found in other strains of P. chrysogenum (Raper
and Thom, 1949).

The early aflatoxin literature is plagued with wrong reports of afla-
toxin production by Penicillium puberulum (Hodges et al., 1964),
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Aspergillus ostianus (Scott et al., 1967), Rhizopus sp. (Kulik and
Holaday, 1966), the bacterium Streptomyces (Mishra and Murthy,
1968) and several other taxa. The most famous of these reports was
the paper of El-Hag and Morse (1976). They reported that Aspergillus
oryzae, the domesticated species used in the manufacture of soy sauce
and other Oriental fermented foods, produced aflatoxin. However, the
culture of A. oryzae they used was quickly shown to be contaminated
by an aflatoxin producing A4. parasiticus (Fennell, 1976). Immediate
correction of this error did not prevent Adebajo et al. (1992), El-Kady
et al. (1994), Atalla et al. (2003) or Drusch and Ragab (2003) report-
ing that 4. oryzae produces aflatoxin.

Often, publications reporting mycotoxin production are reviewed
by people who have little or no understanding of mycological
taxonomy. For example, “P. patulinum” and “P. clavatus” are
mentioned in Drusch and Ragab (2003). In Bhatnagar et al. (2002),
“P. niger” is mentioned as producing ochratoxin A. Each of these
names is an incorrect combination of genus and species. Bhatnagar
et al. (2002) give P. viridicatum as producing ochratoxin A in a
table, while using P. verruculosum as the species name in the text,
confusing it with P. verrucosum, the correct name for the producer
of this toxin.

Such mistakes could have been avoided. This paper provides a set of
recommendations to be followed to ensure correct reports of connec-
tions between mycotoxin production and fungal species.

2. EXAMPLES OF INCORRECT CITATIONS
OF SOME FUNGI PRODUCING WELL
KNOWN MYCOTOXINS

2.1. Aflatoxin

The known producers of aflatoxin are given in a separate paper in
these Proceedings (Frisvad et al., 2006). The list of other species that have
been (incorrectly) reported to produce aflatoxins includes Aspergillus
Sflavo-fuscus, A. glaucus, A. niger, A. oryzae, A. ostianus, A. sulphureus,
A. tamarii, A. terreus, A. terricola, A. wentii, Emericella nidulans (as
A. nidulans), Emer. rugulosa (as A. rugulosus), Eurotium chevalieri, Eur.
repens, Eur. rubrum, Mucor mucedo, Penicillium citrinum, P. citromyces,
P digitatum, P. frequentans, P. expansum, P. glaucum, P. puberulum,
P, variabile, Rhizopus sp. and the bacterium Streptomyces sp. None of
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these species produce aflatoxins, and many of these names are not
accepted as valid species in any case.

2.2, Sterigmatocystin

Fungi known to produce sterigmatocystin include Aspergillus versi-
color, Emericella nidulans, several other Emericella species and some
Chaetomium species. Although sterigmatocystin is a precursor of afla-
toxins (Frisvad, 1989), only Aspergillus ochraceoroseus (Frisvad et al.,
1999; Klich et al., 2000), and some Emericella species accumulate both
sterigmatocystin and aflatoxin (Frisvad et al., 2004a; Frisvad and
Samson, 2004a). Species in Aspergillus section Flavi, which includes the
major aflatoxin producers, efficiently convert sterigmatocystin into
3-methoxysterigmatocystin and then into aflatoxins (Frisvad et al., 1999).

Many Aspergillus species have been reported to produce sterigmato-
cystin, incorrectly except for those cited above. Sterigmatocystin pro-
duction by Penicillium species has not been reported, apart from an
obscure reference to Penicillium luteum (Dean, 1963). However,
Wilson et al. (2002) claimed that P camemberti, P. commune and
P griseofulvum produce sterigmatocystin. Perhaps they mistook
sterigmatocystin for cyclopiazonic acid. Three Eurotium species have
been claimed to produce sterigmatocystin (Schroeder and Kelton,
1975), but this was based only on unconfirmed TLC assays.
Unfortunately the strains used were not placed in a culture collection.

2.3. Ochratoxin A

Ochratoxin A is produced by four main species, Aspergillus car-
bonarius, A. ochraceus, Petromyces alliaceus, Penicillium verrucosum,
and a few other related species as detailed elsewhere (Frisvad and
Samson, 2004b; Samson and Frisvad, 2004; Frisvad et al., 2006). A very
large number of species have been claimed to produce ochratoxin A, but
not all will be detailed here. However, some of the names frequently
cited in reviews will be mentioned. Of the Penicillia, P viridicatum was
the name cited for many years as the major ochratoxin A producer, but
it was shown that P. verrucosum was the correct name for this fungus,
the only species that produces ochratoxin A in cereals in Europe
(Frisvad and Filtenborg,1983; Frisvad, 1985; Pitt. 1987). The closely
related P. nordicum, which occurs on dried meat in Europe, was men-
tioned as producing ochratoxin A by Frisvad and Filtenborg (1983) and
Land and Hult (1987), but not accepted as a separate species until the
publication of Larsen et al. (2001).
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P verrucosum has been correctly cited as the main Penicillium
species producing ochratoxin A for a number of years now, but in a
series of recent reviews and papers P. viridicatum and P. verruculosum
(no doubt mistaken for P. verrucosum) have been mentioned again
(Mantle and McHugh, 1993; Bhatnagar et al., 2002; Czerwiecki et al.,
2002a, b). In the latter two papers P. chrysogenum, P. cyclopium,
P, griseofulvum, P. solitum, Aspergillus flavus, A. versicolor and Eurotium
glaucum were listed as ochratoxin A producers. The strain of P. soli-
tum reported by Mantle and McHugh (1993) to produce ochratoxin A
were assigned more recently to P. polonicum, but neither species pro-
duces ochratoxin A (Lund and Frisvad, 1994; 2003). These isolates
were contaminated by P. verrucosum. The reports by Czerwiecki et al.
(2002 a, b) are more problematic in that the fungi have been discarded,
so it will never be possible to check the results.

The following species were listed as ochratoxin A producers by
Varga et al. (2001): Aspergillus auricomus, A. fumigatus, A. glaucus,
A. melleus, A. ostianus, A. petrakii, A. repens, A. sydowii, A. terreus,
A. ustus, A. versicolor, A. wentii, Penicillium aurantiogriseum,
P. canescens, P. chrysogenum, P. commune, P. corylophilum, P. cyaneum,
P expansum, P. fuscum, P. hirayamae, P. implicatum, P. janczewskii,
P. melinii, P. miczynskii, P. montanense, P. purpurescens, P. purpuro-
genum, P. raistrickii, P. sclerotiorum, P. spinulosum,, P. simplicissi-
mum, P. variabile and P. verruculosum. None of these species
produces ochratoxin A, and it seems clear that the authors have
uncritically accepted lists from earlier reviews. In the recent
Handbook of Fungal Secondary Metabolites (Cole and Schweikert,
2003a, b; Cole et al., 2003), only two of the species cited as produc-
ing ochratoxin A are correct: A. ochraceus and A. sulphureus. The
others mentioned are not.

2.4. Citrinin

Citrinin is produced by a number of species in Penicillium and
Aspergillus, notably P. citrinum, P. expansum, P. verrucosum, A. carneus,
A. niveus and an Aspergillus species resembling A. terreus (Frisvad,
1989; Frisvad et al., 2004b), but not by Aspergillus oryzae or
P camemberti, as claimed by Bennett and Klich (2003). Critical
checking of the original reports clearly did not occur. Many other
species have been claimed to produce citrinin, including A. ochraceus
(Mantle and McHugh, 1993), A. wentii (Abu-Seidah, 2002) and
Eurotium pseudoglaucum (El-Kady et al., 1994), but either fungus or
mycotoxin may have been misidentified in these cases.
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2.5. Patulin

A number of species in different genera, notably Penicillium,
Aspergillus and Byssochlamys, produce patulin. Among the most effi-
cient producers of patulin are Aspergillus clavatus, A. giganteus, A. ter-
reus, Byssochlamys nivea, P. carneum, P. dipodomyicola, Penicillium
expansum, P. griseofulvum, P. marinum, P. paneum and several dung
associated Penicillia (Frisvad, 1989; Frisvad et al., 2004b). It is not,
however, produced by species in all of the 42 genera listed by Steiman
et al. (1989) and Okele et al. (1993). These papers include erronecous
statements that Alternaria alternata, Fusarium culmorum, Mucor
hiemalis, Trichothecium roseum and many others produce patulin. The
production of patulin by Alternaria alternata was later reported by
Laidou et al. (2001), and mentioned in a review by Drusch and Ragab
(2003). However patulin was not found in hundreds of analyses of
Alternaria extracts (Montemurro and Visconti, 1992), or in extracts
from more than 200 Alternaria cultures tested by us at the Technical
University of Denmark (B. Andersen, personal communication).

2.6. Penitrem A

Many species have been claimed to produce penitrem A, but most
have been misidentifications of Penicillium crustosum (Pitt, 1979;
Frisvad, 1989). Names given to isolates that were in fact P. crustosum
include P. cyclopium, P. verrucosum var. cyclopium, P. verrucosum var.
melanochlorum, P. viridicatum, P. commune, P. lanosum, P lanoso-
coeruleum, P. granulatum, P. griseum, P. martensii, P. palitans and
P. piceum (Frisvad, 1989). Other species which do produce penitrem
A include P carneum, P. melanoconidium, P. tulipae, P. janczewskii,
P. glandicola and P. clavigerum (Frisvad et al., 2004b). Only the first
three of these species are likely to occur in foods.

2.7. Cyclopiazonic Acid

Cyclopiazonic acid is produced by Aspergillus flavus, A. oryzae,
A. tamarii, A. pseudotamarii, Penicillium camemberti, P. commune,
P. dipodomyicola, P. griseofulvum and P. palitans (Goto et al., 1996;
Huang et al., 1994; Pitt et al., 1986; Polonelli et al., 1987; Frisvad
et al., 2004b). Cyclopiazonic acid was originally isolated from and
named after P. cyclopium CSIR 1082, but this fungus was reidentified
as P. griseofulvum (Hermansen et al., 1984; Frisvad, 1989). Despite
this, most reviews still cite P. cyclopium or P. aurantiogriseum [of which
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Pitt (1979) considered P. cyclopium to be a synonym] as producers
(Scott, 1994; Bhatnagar, 2002; Bennett and Klich, 2003). Scott (1994)
drew an incorrect conclusion

“a~cyclopiazonic acid is a metabolite of several Penicillium and Aspergillus
species and is of Canadian interest from two viewpoints. First, one of the
important producers (P, aurantiogriseum, formerly P. cyclopium, Pitt et al.,
1986), commonly occurs in stored Canadian grains...”

Although P. aurantiogriseum no doubt occurs in cereal grains, it is
not a producer of cyclopiazonic acid.

Another example of an error being cited repeatedly is the claimed
production of cyclopiazonic acid by Aspergillus versicolor (Ohmomo
et al., 1973; cited by Bhatnagar et al., 2002) even though Domsch et al.
(1980) and Frisvad (1989) had stated that the isolate described by
Ohmomo et al. (1973) was correctly identified as A. oryzae, a well-
known producer of cyclopiazonic acid (Orth, 1977). Penicillium hirsu-
tum, P. viridicatum, P. chrysogenum, P. nalgiovense, Aspergillus
nidulans and A. wentii have also wrongly been claimed to produce
cyclopiazonic acid (Cole et al., 2003; Abu-Seidah, 2003).

2.8. Xanthomegnin, Viomellein and Vioxanthin

Xanthomegnin, viomellein and vioxanthin are nephrotoxins pro-
duced by all members of Aspergillus section Circumdati (Frisvad and
Samson, 2000), Penicillium cyclopium, P. freii, P. melanoconidium,
P tricolor and P. viridicatum (Lund and Frisvad, 1994), and by P, jan-
thinellum and some other genera and species which do not occur in
foods. Some of these Penicillium species occur in cereals, so these tox-
ins have been found occurring naturally (Scudamore et al., 1986).
These toxins are not produced, however, by P. crustosum as reported
by Hald et al. (1983), by P. oxalicum as reported by Lee and Skau
(1981) or by A. nidulans, A. flavus, A. oryzae or A. terreus as reported
by Abu-Seidah (2003).

2.9. Penicillic Acid

Penicillic acid is associated with Penicillium series Viridicata and
Aspergillus section Circumdati (Lund and Frisvad, 1994; Frisvad
and Samson, 2000; Frisvad et al., 2004). Production reported by
P. roqueforti (Moubasher et al., 1978; Olivigni and Bullman, 1978)
is now considered to be due to the similar species P carneum
(Boysen et al., 1996).
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2.10. Rubratoxins

Rubratoxins are hepatoxic mycotoxins known to be produced only
by the rare species Penicillium crateriforme (Frisvad, 1989).
Rubratoxins are not produced by P. rubrum, P. purpurogenum or
Aspergillus ochraceus as reported by Moss et al. (1968), Natori et al.
(1970) and Abu-Seibah (2003).

2.11. Trichothecenes

Trichothecenes are especially troublesome as it is only after the
introduction of capillary gas chromatography coupled to mass spec-
trometry (MS) and more recently the introduction of liquid chro-
matography combined with atmospheric ionization MS that reliable
methods have been available for these mycotoxins. Because immuno-
chemical methods have been improved in recent years they also can
now be considered valid. However results from TLC and HPLC based
methods are dubious, unless combined with immunoaffinity cleanup,
as many authors have neglected very time consuming but crucial
clean-up steps.

Trichothecene have been reported to be produced by several
Fusarium species as detailed elsewhere in these proceedings (Frisvad
et al., 2006). Marasas et al. (1984) showed that Fusarium nivale, which
gave nivalenol its name, does not produce trichothecenes. However,
under its newer, correct name, Microdochium nivale was still incor-
rectly cited as a trichothecene producer in a recent review (Bhatnagar
et al., 2002). It has even been claimed recently that Aspergillus species
(A. oryzae, A. terreus, A. parasiticus and A. versicolor) produce
nivalenol, deoxynivalenol and T-2 toxin (Atilla et al., 2003). A. para-
siticus was claimed to produce very high amounts of deoxynivalenol
and T-2 toxin after growth on wheat held at 80% relative humidity for
1-2 months. These data are totally implausible. Possibly the wheat was
already contaminated with trichothecenes before use, but the high lev-
els indicate that there may have been false positives as well.

3. RECOMMENDATIONS

To avoid incorrect reporting of fungal species producing particular
mycotoxins, we recommend the following rules when working with
mycotoxin producing fungi and the reporting of the results:
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3.1. Ensure correct identification and purity of fungal
isolates

¢ Fungal isolates from the particular substrate should be checked with
the literature on the mycobiota of foods, e.g. Filtenborg et al. (1996),
Pitt and Hocking (1997) or Samson et al. (2004), which correlate
particular fungal species with particular food types or substrates.
Unusual findings especially should be carefully checked. For exam-
ple, Aspergillus oryzae is the domesticated form of A. flavus and A.
sojae is the domesticated form of A. parasiticus, and these fungi are
not expected to be isolated other than from production plants used
for making Oriental foods or enzymes.

e Use typical cultures as reference for comparison, both for identifi-
cation and mycotoxin production. Frisvad et al. (2000), lists typical
cultures for each species of common foodborne Penicillium sub-
genus Penicillium species. Some effective mycotoxin producing cul-
tures are listed in Table 1.

e Check the purity of cultures, as contaminated cultures are a very
common problem. Check for contaminants by growing cultures on
standard media such as CYA (Pitt and Hocking, 1997). Especially
when fungi are grown on cereals or liquid cultures it is very difficult
to assess if the culture is pure, and it necessary to streak them out on
agar substrates where it is much easier to see if the culture is pure.

Table 1. Reference cultures for the production of the more common Aspergillus and

Penicillium mycotoxins

Mycotoxin Producing species and reference culture

Aflatoxins B, and B, Aspergillus parasiticus CBS* 100926
Aspergillus flavus CBS 573.65

Aflatoxins G,and G,
Sterigmatocystin
Ochratoxin A

Patulin

Cyclopiazonic acid
Roquefortine C
Citrinin

Penicillic acid
Penitrem A
Verrucosidin
Xanthomegnin
Rubratoxin B

Aspergillus parasiticus CBS 100926
Aspergillus versicolor CBS 563.90
Petromvces alliaceus CBS 110.26
Penicillium verrucosum CBS 223.71
Aspergillus clavatus CBS 104.45
Penicillium griseofulvum CBS 295.97
Penicillium griseofulvum CBS 295.97
Penicillium griseofulvum CBS 295.97
Penicillium citrinum CBS 252.55
Penicillium verrucosum CBS 223.71
Penicillium cyclopium CBS 144.45
Penicillium crustosum CBS 181.89
Penicillium polonicum CBS 101479
Penicillium cyclopium CBS 144.45
Penicillium crateriforme CBS 113161

4CBS = Culture collection of the Centraalbureau voor Schimmelcultures, Utrecht,

Netherlands
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e If unusual producers are found, check them carefully for purity and
correct identity using the references cited above. A specialist taxon-
omist may be consulted.

3.2. Ensure that cultures are deposited in a recognised
culture collection

e Deposit all interesting strains producing mycotoxins in interna-
tional culture collections, and cite the culture collection numbers
in any publications regarding the strains. This procedure
should be mandatory for all microbial, biochemical and chemical
journals.

3.3. Ensure substrate is sterile and not already
contaminated with mycotoxins

e If natural substrates, such as cereals, are used for mycotoxin pro-
duction, they should be sterilised before use (e.g. by autoclaving or
by gamma-irradiation). Control assays should be carried out for all
mycotoxins being studied on the material intended for use as the
substrate. This will ensure false positives are not reported.

e Also check for interfering peaks. Natural substrates such as grains
may contain interfering compounds, and the chemical composition
of these matrices may change during fungal growth. In such matri-
ces, highly selective cleanup procedures should be used and com-
bined with highly selective analytical methods.

34. Ensure optimal conditions for mycotoxin production
are used

e Use several media and growth conditions to ensure that the fungus
can actually produce the mycotoxins. Four good media for myco-
toxin production are listed in Table 2.

3.5. Ensure appropriate analytical and confirmatory
procedures for mycotoxin extraction and
identification

e Sample preparation methods are important and should be vali-
dated. Sample preparation is specific for the food matrix it is
designed for. Use only validated analytical methods.
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Table 2. Efficient media for mycotoxin production

Czapek Yeast Autolysate agar (CYA) Yeast Extract Sucrose agar (YES)
(Pitt, 1979; Pitt and Hocking, 1997) (Frisvad and Filtenborg, 1983)
NaNO, 3g Yeast extract (Difco) 20g
K,HPO, lg Sucrose 150 g
KCl 05¢g MgSO, « 7TH,0 05¢g
MgSO, * TH,0 05¢g ZnSO, * TH,0 0.0l g
FeSO, « TH,0 0.0lg CuSO, * 5H,0 0.005 g
ZnSO, * TH,0 0.01g Agar 20¢g
CuSO, * 5H,0 0.005 g Distilled water 1 litre
Yeast extract (Difco) S5¢g
Sucrose 30g
Agar 20g
Distilled water 1 litre
Rice powder Corn steep agar Mercks Malt Extract (MME) agar
(RC) (Bullerman, 1974) (El-Banna and Leistner, 1988)
Rice powder 0g Malt extract 30¢g
Corn steep liquid 40¢g Soy peptone 3g
ZnSO, * 7TH,0 0.0lg ZnSO, * TH,0 0.0l g
CuSO, * 5H,0 0.005 g CuSO, * 5H,0 0.005 g
Agar 20g Agar 20g
Distilled water 1 litre Distilled water 1 litre
pH 5.6

e Use efficient extraction techniques, for example, fumonisins are very
polar and penitrem A is very apolar. Extractions should be validated
by recovery experiments.

e Use authenticated standards of the mycotoxins for comparison, ide-
ally as internal and external standards.

e More than one separation technique should be use, combined with
selective detection principles. Single UV, refractive index, evapora-
tive light scattering, or flame ionisation detection are non-specific.
Fluorescence and full UV spectra are specific to some compounds,
while mass spectrometry and especially tandem mass spectrometry is
very selective for most compounds when monitoring several ions.
Generally four identification points should give a very specific detec-
tion, e.g. obtained by LC-MS/MS monitoring two fragmentation
reactions.

e Use more than one discretionary test to secure correct identification
of the mycotoxin, Combined these with derivatization or alternative
clean-up procedures when finding unexpected results.
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