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Abstract

Fungal growth in buildings starts at a water activity (aw) near 0.8, but significant quantities of mycotoxins are not produced

unless aw reaches 0.95. Stachybotrys generates particularly high quantities of many chemically distinct metabolites in water-damaged

buildings. These metabolites are carried by spores, and can be detected in air samples at high spore concentrations. Very little

attention has been paid to major metabolites of Stachybotrys called spirocyclic drimanes, and the precise structures of the most

abundant of these compounds are unknown. Species of Aspergillus and Penicillium prevalent in the indoor environment produce

relatively low concentrations of mycotoxins, with the exception of sterigmatocystins that can represent up to 1% of the biomass of A.

versicolor at aw�s close to 1. The worst-case scenario for homeowners is produced by consecutive episodes of water damage that

promote fungal growth and mycotoxin synthesis, followed by drier conditions that facilitate the liberation of spores and hyphal

fragments.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

During the last 10–15 years case studies have shown

that people living and working in damp or moldy
buildings have an increased risk of adverse health effects

including airway infections, impaired immune function,

bronchitis, asthma, recurrent airway infections, and

extreme fatigue (Gordon et al., 1999; Gravesen et al.,

1994; Hodgson et al., 1998; Johanning et al., 1996;

Koskinen et al., 1999; Purokivi et al., 2001; Rylander

et al., 1998). Numerous studies point toward the adverse

effects of mold exposure in these environments
(Brunekreef et al., 1989, Brunekreef, 1992; Dales and

Miller, 2002; Dales et al., 1991, 1998; Dekker et al.,

1991; Koskinen et al., 1999; Meklin et al., 2002; Platt

et al., 1989; Verhoeff and Burge, 1997), but this remains

a subject of active debate (Bornehag et al., 2001). Bib-

lical reference to indoor mold growth shows that this

has been recognized as a problem for at least 5000 years

(Leviticus, ch. 14, v. 33-53). More recently, the presence
of Stachybotrys chartarum has been associated with the

development of idiopathic pulmonary hemosiderosis

(IPH) in infants, although the active toxins and mech-

anisms of exposure remain unclear (Dearborn et al.,

1997, 1999; Vesper and Vesper, 2002).
The proportion of buildings with mold growth in

Northern Europe and North America is perhaps as high

as 20–40%. Data from the UK suggest that 30–45% of

buildings are moldy (Hunter et al., 1988; Platt et al.,

1989), while 20–25% of buildings may be affected in The

Netherlands (Adan, 1994), 20–30% in Finland (Koski-

nen et al., 1999; Nevalainen et al., 1998), 40% in the

USA (Brunekreef et al., 1989), and 30% in Canada
(Dales et al., 1991). In Denmark, up to 50% of schools

and daycare centers have mold growth (Gravesen et al.,

1999). However it should be recognized that this mold

growth ranges from small areas covering a few cm2 to

widespread fungal proliferation in heavily contaminated

buildings. To address current and future health issues

associated with indoor molds, it is essential to obtain

clinically-valid analyses of patients� complaints, to
identify toxic metabolites present in buildings, and to

determine hazardous exposure levels.

Suggested mechanisms of mold-induced illness in-

clude Type I allergy (Gravesen, 1994), non-IgE medi-

ated specific histamine release (Larsen et al., 1996a,b)
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and inflammation (Hirvonen et al., 1999; Purokivi et al.,
2001), changes in lymphocyte composition (Dales et al.,

1998; Johanning et al., 1996), generalized immunosup-

pression (Miller, 1992), and toxic reactions (Croft et al.,

1986; Hodgson et al., 1998; Jarvis et al., 1998; Johanning

et al., 1996; Miller, 1992). The following types of agents

from molds can be implicated in these diverse health

effects:

• Proteins causing Type I allergy and, in rare cases,
Type III allergy (Gravesen et al., 1994).

• Structural elements including b-1,3-glucans that may

trigger inflammatory reactions related to symptoms

observed after exposure to endotoxin (Chew et al.,

2001; Rylander et al., 1998), and melanins that can

activate the complement system (Rosas et al., 2002).

• Microbial volatile organic compounds (MVOC) pro-

duced during growth (though indoor concentrations
of MVOCs are significantly lower than those induc-

ing irritation and other adverse effects on human

health; Miller et al., 1988; Str€oom et al., 1994; Wilkins

et al., 1997; Pasanen et al., 1998).

• Mycotoxins and other secondary metabolites released

from fungal spores and colony fragments after inha-

lation (Croft et al., 1986; Jarvis et al., 1998; Sorenson

et al., 1987). Note that the potential toxicity of colony
fragments may explain how a ‘‘problem building’’

can have a low spore count relative to the outdoor

air (Garrett et al., 1998; Hyv€aarinen et al., 2001; Miller

et al., 2000).

2. The building-associated mycobiota

Buildings can be considered ‘‘new’’ manmade eco-

systems, where—as in other environments—a limited

number of fungal species will dominate, depending on

humidity and nutrient availability (Filtenborg et al.,

1996). Molds growing on building materials can be di-

vided into three groups after Grant et al. (1989) based

on their water activity, aw, requirements on laboratory

substrates, and responses to changes in aw (Nielsen,
2002):

• Primary colonizers or storage molds, capable of

growing at aw < 0:8 (many with optimal growth rates

at aw approaching 1): Penicillium chrysogenum and

Aspergillus versicolor are the most common species,

followed by others including A. fumigatus, A. niger,

A. sydowii, A. ustus, several Eurotium species, P. brev-

icompactum, P. commune, P. corylophilum, P. pali-
tans, Paecilomyces variotii, and Wallemia sebi.

• Secondary colonizers or phylloplane fungi, requiring

a minimal aw between 0.8 and 0.9. This group com-

prises species of Alternaria, Cladosporium, Phoma,

and Ulocladium. These are able to thrive under condi-

tions where marked changes in humidity occur during

the day.

• Tertiary colonizers or water-damage molds, needing
aw > 0:9, include many of the most toxic species such

as Chaetomium globosum, Memnoniella echinata,

Stachybotrys chartarum, and species of Trichoderma.

Species of Trichoderma isolated from moldy buildings

include T. atroviride, T. citrinoviride, T. harzianum,

and T. longibrachiatum (L€uubeck et al., 2000). Several

of these are considered tropical fungi, which seems

consistent with their propensity for growth in humid
buildings.

3. Factors affecting growth on building materials

Water activity, also referred to as equilibrated relative

humidity, is undoubtedly the most important factor in

determining whether or not mold growth is initiated on
building materials (Adan, 1994; Ayerst, 1966; Galloway,

1935; Hukka and Viitanen, 1999; Rowan et al., 1999;

Scott, 1957). It is essential to understand that local dif-

ferences in ventilation and surface temperature can

generate micro-climates with very high aw in a room

with an otherwise low relative humidity (RH).1 For this

reason, a measurement of indoor RH is a very poor

predictor of mold problems (Adan, 1994; Becker, 1984;
Grant et al., 1989; Gravesen et al., 1999; Hukka and

Viitanen, 1999).

On construction materials, xerophilic molds, such as

the penicillia and aspergilli will begin growth at aw be-

tween 0.78 and 0.90, depending on the composition of

the substrate (Adan, 1994; Chang et al., 1995; Grant

et al., 1989; Nielsen, 2002; Pasanen et al., 1992; Rowan

et al., 1999). Wood, wood composites (plywood, chip-
board, OSB board, etc.), and materials with a high

starch content are capable of supporting mold growth at

the lowest values of aw (Hukka and Viitanen, 1999;

Nielsen et al., 2000; Nielsen, 2002; Viitanen and Bjur-

man, 1995). Plasterboard reinforced with cardboard and

paper fibers, or inorganic materials coated with paint or

treated with additives that offer an easily-degradable

carbon source, are excellent substrates for molds, but
will not support growth unless aw reaches 0.85–0.9

(Adan, 1994; Chang et al., 1995, 1996; Nielsen, 2002).

Other inorganic materials with traces of organic mate-

rials seem to support growth at higher water activities

(aw 0.9–0.95). A few authors report extraordinarily low

aw limits for growth on building materials (Chung et al.,

1999; Ezeonu et al., 1994; Nikulin et al., 1994; Pasanen

et al., 1994), but this may be due to the provision of
water from the inoculum, or poor experimental control

of water activity (Adan, 1994). An excellent review of

1 Abbreviations used: aw, water activity; DAD, diode array detec-

tion (UV light); GC, gas chromatography; LC liquid chromatography,

including high performance liquid chromatography; MS, mass spec-

trometry; MS/MS, tandem mass spectrometry; RH, relative humidity.
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fungal growth in buildings can be found in Flannigan
and Miller (2002).

4. Significance of transient humidity conditions

Variations in indoor humidity and temperature exert a

profound influence upon mold growth (Adan, 1994; Vi-

itanen and Bjurman, 1995), where the period of time
when water availability exceeds the threshold aw for

mold growth, and the number of dry periods during the

day are key parameters (Adan, 1994). A bathroom is a

good example of an indoor environment with transient

high humidity, and has a specific mycobiota dominated

by phylloplane fungi including species of Alternaria,

Aureobasidium, Cladosporium, Phoma, and Ulocladium

(Moriyama et al., 1992; Samson et al., 2002). The ap-
pearance of these fungi is due to their capacity to resume

growth from dry hyphal tips within 1 h after rewetting—

storage and water-damage molds do not begin growing

again for 1–2 days (Park, 1982). Recently, it has been

shown that C. sphaerospermum can out-compete

P. chrysogenum on various plaster materials, paints and

plasterboards under conditions of variable aw (during the

day), whereas P. chrysogenum out-compete C. sphaero-
spermum at constant aw (Adan, O.C.G., van der Wel,

G., Nielsen, K.F., unpublished data; Nielsen, 2002).

5. Factors affecting mycotoxin production by indoor molds

Microfungi produce many secondary metabolites

which are thought to play a crucial role in their natural
habitats (Frisvad et al., 1998; Williams et al., 1989).

Most of these compounds function as toxins against

plants, bacteria, and other fungi (Gloer, 1995). Fungal

metabolites that cause a toxic response at low doses in

vertebrates are referred to as mycotoxins. Most are non-

volatile with a molecular weight below 1500Da. Nu-

merous reviews on mycotoxigenic fungi in the indoor

environment have been written, but none of them ade-
quately address the mycotoxins and other metabolites

that molds generate in buildings. Many issues must be

considered when assessing mycotoxin production in

buildings: (i) secondary metabolites and mycotoxins are

species-specific, making identification of isolates to the

species level extremely important (Frisvad et al., 1998;

see next section); (ii) the literature is scattered with false

reports of mycotoxins produced by different mold spe-
cies (Frisvad, 1989); (iii) mixtures of metabolites can

produce synergistic effects (Miller, 1992; Sorenson et al.,

1984; Stoev et al., 2002); (iv) certain mycotoxins can be

masked as derivatives (Gareis et al., 1990; Jarvis, 1992);

(v) the biological effects of many fungal secondary me-

tabolites are poorly documented, and very few of them

have been evaluated in animal studies (especially the

effects of inhalation); (vi) in vitro experiments show that
metabolite production is influenced by medium com-

position, temperature, and water activity, indicating that

molds are likely to generate different metabolites when

they grow on building materials (Frisvad and Gravesen,

1994; Nielsen, 2002; Ren et al., 1999), and (vii) toxin-

production is affected by the fact that molds grow in

mixed cultures with other fungi and bacteria in buildings

(Anderson et al., 1997; Peltola et al., 2001; R€aaty et al.,
1994).

6. Identification

Identification of mold species is vital for studies on

mycotoxin production by indoor molds. Chemotaxon-

omy based on the species-specific production of me-
tabolites is an important tool that can help exclude

problems caused by incorrect identification based on

microscopy, contamination of cultures, and erroneous

claims of mycotoxin production (Frisvad, 1989; Mantle,

1987). Chemical analysis has proven very effective in

studying Aspergillus and Penicillium, where there are

clear relationships between metabolite production and

certain species, and where even experts find it very dif-
ficult, or impossible, to discriminate between species by

classical microscopic examination (Andersen and Fris-

vad, 2002; Frisvad et al., 1998). In most cases, the

identification of aspergilli and penicillia can be greatly

enhanced by examining colony morphology (diameter,

color, and surface texture) on several media including

Czapek yeast autolysate (CYA), yeast extract sucrose

(YES) and creatine sucrose agar (CREA; Frisvad, 1981;
Samson et al., 2002). Analysis of culture morphology,

growth rate (colony diameter), and color, on one or

more types of medium using image analysis software can

help automate the identification of species (D€oorge et al.,
2000) and clones (Hansen et al., 2003). Molecular bio-

logical methods are becoming increasingly important,

but their usefulness is limited by the availability of data

on reference strains that have been correctly identified
(De Hogg et al., 2002; Geiser et al., 1998; Skouboe et al.,

2000; Tuthill et al., 2001).

7. Analytical methods

The detection of mycotoxins is a difficult task re-

quiring careful work by analytical chemists with
knowledge of fungal metabolites plus access to state-of-

the-art instrumentation. Building materials represent

new ‘‘matrices’’ with an infinite number of combinations

of materials (e.g., wallpapers, paints, dust, etc.) that may

interfere with the analytical methods. The identification

of specific mycotoxins is further complicated by the fact

that fungi generate so many different metabolites.
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Many studies concerned with indoor health problems
and mycotoxins focus on trichothecenes, although this

group of metabolites is interesting only when growth of

Stachybotrys, and perhaps Memnoniella, has occurred.

For instance, the identification of trichothecenes in dust

from a ventilation system by Smoragiewicz et al. (1993)

was based on false positive results originating from the

use of non-specific thin layer chromatographic (TLC)

and liquid chromatographic (LC) methods. Specificity is
extremely important, and ideally, a combination of LC

(or gas chromatography, GC) and mass spectrometry

(MS) should be used. If possible, partial purification of

samples with an immunoaffinity column (Richard et al.,

1999), or some other method employing a different

phase than the one used in the final analytical column, is

desirable. LC with diode array detection (DAD) should

be used with caution and only for analysis of com-
pounds with highly-characteristic UV-spectra, not for

components with end absorption or a single UV max.

However, even when analyses are performed by LC

with MS or tandem MS (MS/MS), trichothecene anal-

ysis can be difficult due to the lability of these metabo-

lites and their tendency to form adducts (Razzazi-Fazeli

et al., 2002). For instance, the report of deoxynivalenol,

verrucarol, 3-acetyl-deoxynivalenol, diacetoxyscirpenol,
and T-2 tetraol in moldy materials by Tuomi et al.

(2000) may have resulted from false positives, because

no trichothecene-producing fungi were isolated, no T-2

toxin was detected in samples containing T-2 tetraol,

and no deoxynivalenol was found in samples containing

3-acetyl-deoxynivalenol. Such odd results, in which no

apparent producer is present and in which there is an

inconsistency in the list of detected compounds, must be
verified using different analytical methods.

Besides immunoassays, a variety of biological meth-

ods have been used for mycotoxin analysis, including

cytotoxicity or inflammation assays (Johanning et al.,

1999; Ruotsalainen et al., 1998; Smith et al., 1992).

Trichothecene concentrations can also be estimated via

their inhibitory effect on protein translation (Yike et al.,

1999).

8. Sample collection

Sample collection is a key step in the analysis of

mycotoxins in buildings. The collection of pieces of

building material can be problematic because: (i) bio-

mass can be lost during handling of the material or can
be transferred to the inner surface of the sampling

container (and lost in subsequent analyses); (ii) large

quantities of components that interfere with the chemi-

cal analyses are introduced which necessitates several

clean-up steps (Nielsen et al., 1998b, 1999); and (iii)

from the point of view of human exposure, only the

mycotoxin-containing particles that can become air-

borne are interesting. Therefore, surface sampling using
ultra-clean swabs (Nielsen, 2002), or by vacuuming (e.g.,

onto 0.1 lm pore size Teflon filters), is recommended.

This approach can be extended to quantitative assess-

ment of exposure based on particle release using a

Particle—Field and Laboratory Emission Cell (P-FLEC;

Jensen and Kildesø, 2001; Kildesø et al., 2000).

9. Mycotoxins produced by Stachybotrys

Since the association between growth of Stachybotrys

chartarum in buildings and idiopathic pulmonary he-

mosiderosis (IPH) was published (Dearborn et al., 1997;

Jarvis et al., 1996; Montana et al., 1995) this mold has

become the subject of intensive investigation. The ap-

parent toxicity of this mold makes sense from a chemical
point of view because the biomass released from areas

infested by Stachybotrys contain higher quantities of

secondary metabolites (based on LC–DAD and LC–MS

results) than other indoor molds (Nielsen, 2002).

Interestingly, very little attention has paid to the

10–40 different spirocyclic drimanes (Fig. 1), and their

precursors, produced by Stachybotrys. Large quantities

of these compounds are synthesized, suggesting that
they may play an important role in the biology of the

mold and its effects on human health (Andersen et al.,

2002b; Hinkley and Jarvis, 2000; Nielsen, 2002). This

class of metabolites has a broad spectrum of activity,

including enzyme inhibition, disruption of the comple-

ment system, inhibition of TNF-a liberation, cytotox-

icity and neurotoxicity, and stimulation of plasminogen,

fibrinolysis, and thrombolysis (the structures and effects
of several of these compounds have been patented;

Hasumi et al., 1998; Kaneto et al., 1994; Kohyama et al.,

1997; Nozawa et al., 1997). A number of precursors,

such as SMTP-1 in which the drimane part is not cyc-

lized, have also been described (Hasumi et al., 1998).

The spirocyclic drimanes are produced partly by the

terpenoid pathway, which generates two lower rings

under the spiro bond, and partly by the polyketide
pathway, which fabricates the upper part of the mole-

cule.

Stachybotrys chartarum is best known as a producer

of the highly cytotoxic macrocyclic trichothecenes that

inhibit protein synthesis: satratoxin H, G, F, and iso-F,

roridin L-2 (Fig. 1), several roridin E epimers, hydroxy-

roridin E, and verrucarin J and B (all are products of the

sesquiterpenoid biosynthetic pathway). However, when
analyzing isolates from contaminated buildings, only

30–40% of the strains (chemotype S) actually produce

the macrocyclic trichothecenes (mainly satratoxin H,

and roridins E and L-2; Andersen et al., 2002b; Croft

et al., 1986; Jarvis et al., 1998; Nielsen et al., 1998a,

2001; Vesper et al., 2000). The remaining isolates pro-

duce the diterpenoid atranones and their dolabellane
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precursors (Hinkley et al., 2000), and small quantities of

simple (non-macrocyclic) trichothecenes (Andersen et

al., 2002b).

The majority (70–80%) of the strains that do not

produce macrocyclic trichothecenes belong to S.

chartarum chemotype A, and the remaining strains to a

new species of Stachybotrys (Andersen et al., 2002b;

Cruse et al., 2002; Peltola et al., 2002). S. chartarum

chemotype A occasionally produces traces of the satra-

toxin precursors roridins E and L-2. Other interesting

metabolites from S. chartarum, include a cyclosporin

analogue (Sakamoto et al., 1993), and a novel com-

pound called stachylysin (Vesper et al., 1999; Vesper and
Vesper, 2002). Stachylysin production may be associated

with the IPH cases in Cleveland.

Studies on the toxicity of extracts from Stachybotrys

spores and/or mycelium have revealed significant dif-

ferences between the two chemotypes (Korpi et al., 2002;

Nielsen et al., 2001; Nikulin et al., 1997b,a; Ruotsalai-

nen et al., 1998). Both induce inflammation, but high

concentrations of extracts from chemotype S are, in
addition, highly cytotoxic. Animal studies indicate that

the two chemotypes have very different effects on lung

homeostasis and surfactant production (Mason et al.,

2001; Rand et al., 2002). Rao et al. (2000) have verified

that inflammation is caused by methanol extractable

metabolites (that include all of the non-protein metab-

olites mentioned previously).

Stachybotrys is commonly found on water-saturated

gypsum boards, which it can overgrow within 2–3 weeks

(Gravesen et al., 1999; Nielsen et al., 1998b). Here, as

well as on hay (one of its natural growth substrates), the

most common metabolic profile includes a variety of
spirocyclic drimanes (Nielsen, 2002), traces of tricho-

dermin, and, depending on the chemotype, atranones (as

the two dolabellanes and atranones B and C; Vesper

et al., 2000) or macrocyclic trichothecenes (Croft et al.,

1986; Hodgson et al., 1998; Jarvis et al., 1998; Knapp

et al., 1999). The primary spirocyclic drimanes have UV

spectra resembling Mer-NF5003B (Kaneto et al., 1994;

Roggo et al., 1996; and see Fig. 1 in Andersen et al.,
2002b) and the bisabosquals (Minagawa et al., 2001),

but our LC–MS analyses indicates that they have mo-

lecular masses 50–200Da higher than the two known

metabolite groups (Nielsen, unpublished). Other im-

portant drimanes detected are stachybotryamide,

stachybotrylactams, and di-aldehydes. The quantities of

metabolites based on LC–UV, LC–MS, and bioassays

are significantly higher than those detected in other
molds growing on gypsum boards (Anderson et al.,

1997; Johanning et al., 1996, 1998; Nielsen et al., 1998b,

1999; Nielsen, 2002).

Recently, satratoxins, stachybotryamide, stachybot-

rylactams, and the metabolites resembling Mer-

NF5003B and/or bisabosquals, were detected by

combined LC–DAD and GC–MS/MS in air (sampled

Fig. 1. Variety of metabolites produced by Stachybotrys spp.
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using filters attached to a high volume pump) from a
house with massive Stachybotrys growth. The satratoxin

content of the samples rendered them highly toxic to cell

cultures (MTT test; Johanning et al., 2002).

Analysis of material samples from four IPH case

homes identified S. chartarum chemotype S in one home

(Knapp et al., 1999), and chemotype A in three other

homes (Nielsen, 2002; Nolard, 2000; Vesper et al., 2000;

Johanning, Gareis, Nielsen, unpublished). In other
studies chemotype S was not associated with cases of

IPH (Andersen et al., 2002b; Jarvis et al., 1998).

A number of active S. chartarum metabolites await

identification, including a mitochondrial toxin (Peltola

et al., 1999, 2002), and a compound, or compounds,

with molecular mass exceeding 3000Da that induces

specific and non-specific inflammation in mice as well as

an asthma-like response (Viana et al., 2002). The latter
effect may be induced by the proteins and glycoproteins

described by Raunio et al. (2001).

10. Mycotoxins produced by other indoor molds

10.1. Alternaria

The A. tenuissima-species group predominates in

buildings (Andersen et al., 2002a; Nielsen et al., 1999)

rather than the rare species, A. alternata, which is often

identified incorrectly when any black-colored Alternaria

is found (Andersen et al., 2001). On laboratory media A.

tenuissima-species group produce alternariols, tentoxin,

tenuazonic acids, altertoxin I, and a number of un-

known metabolites (Andersen et al., 2002a). On building
materials, A. tenuissima produce alternariol and alter-

nariol monomethyl ether (both very low toxic and not

considered true mycotoxins), but none of the other

metabolites generated on laboratory media (Nielsen

et al., 1999; Ren et al., 1998). However, none of the

methods used in these studies offered high sensitivity for

tenuazonic acid. Interestingly, we have not been able to

obtain samples of materials contaminated with sub-
stantial quantities of Alternaria biomass; most of the

samples suspected of housing Alternaria, actually

housed Ulocladium which does not produce any known

mycotoxins (Nielsen et al., 1999).

10.2. Aspergillus flavus

A. flavus is occasionally isolated from building mate-
rials, and since this species produces the most potent

naturally-occurring carcinogen, aflatoxin B1 (Davis et al.,

1966; Frisvad and Thrane, 2002), mycotoxin synthesis by

building isolates of this species has been studied by sev-

eral groups. In addition to aflatoxin B1,A. flavus can also

produce metabolites called kojic acid and aspergillic acid,

as well as the mycotoxins 3-nitropropionic acid, and

cyclopiazonic acid (Frisvad and Thrane, 2002). When
aflatoxinogenic strains were inoculated on various

building materials they did not produce aflatoxins (Rao

et al., 1997; Ren et al., 1999). Research by the author

found that building materials contaminated with A. fla-

vus did not contain kojic acid, aspergillic acid, cyclopi-

azonic acid, nor aflatoxin B1 (Nielsen, 2002).

10.3. Aspergillus fumigatus

A. fumigatus is frequently isolated in moldy buildings

and especially from dust. It has an amazing arsenal of

biological active metabolites, including fumigaclavines,

fumitoxins, fumitremorgens, gliotoxins, tryptoquivalins,

and verruculogen (note that these names are sometimes

spelled differently; Debeaupuis and Lafont, 1978; Fris-

vad and Thrane, 2002; Steyn and Vleggaar, 1985). When
cultivated on wood pieces it produces compounds that

act as tremorgenic agents in rats (presumably the fu-

mitremorgens; Land et al., 1987). Isolates capable of

producing verruculogen and helvolic acid, failed to

synthesize these compounds on ceiling tiles and plas-

terboard (Ren et al., 1999). Recently, it was shown that

gliotoxin (up to 40 ng=cm2) and several gliotoxin ana-

logues are produced by A. fumigatus inoculated on
wood, plasterboard, and chipboard at high aw (Niemi-

nen et al., 2002).

10.4. Aspergillus niger

It is difficult to differentiate between A. niger and

other members of Aspergillus section Nigri, but all of the

isolates we have examined from buildings have been
A. niger sensu stricto (Nielsen et al., 1999). Ochratoxin A

is the only mycotoxin reported from A. niger, and is

produced by 3–10% of the isolates (Schuster et al.,

2002). Other metabolites include naphtho-c-pyrones,
tetracyclic compounds, nigragillin, kotanin, orlandin

and malformin A, B, and C (Schuster et al., 2002). On

wet building materials, nigragillin, orlandin, and more

than 20 unknown metabolites including naphtho-c-py-
rones and tetracyclic compounds were detected from

two isolates examined (Nielsen et al., 1999). Neither

produced ochratoxin A (according to LC with fluores-

cence detection) when grown on a variety of substrates

(Nielsen, 2002). (The analytical methods used in this

study would not have detected malformins: these should

be analyzed by LC–MS.)

10.5. Aspergillus ochraceus

A. ochraceus is occasional isolated from building

materials, and produces a variety of mycotoxins in-

cluding ochratoxin A, penicillic acid, xanthomegnin,

viomellein, and vioxanthin (Frisvad and Thrane, 2002).

High levels of ochratoxin A (up to 1500 ppb) have been
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detected in dust samples taken from one home by
Richard et al. (1999). This finding was confirmed by

several highly selective methods, but the investigators

did not determine whether the ochratoxin A originated

from mold growth on construction materials in the

house or on food scraps in the ventilation system.

10.6. Aspergillus cf. ustus

Isolates of A. ustus from cereals produce the highly

carcinogenic austocystins (related to aflatoxins; Steyn

and Vleggaar, 1974), versicolorin C, austalides, and the

highly toxic austamides and austdiols (Steyn and Vleg-

gaar, 1976). Most building-derived isolates have a to-

tally different metabolite profile, and appear to belong

to a new species related to A. ustus var. pseudodeflectus.

When five building-derived strains were grown on
chipboard and gypsum (with and without wallpaper),

the only metabolites that could be unambiguously

identified were kotanins, and from the >40 unknown

components detected, a number of peaks in the HPLC-

DAD chromatograms were probably produced by

ophibolins. Austamide, austdiol, and austocystins were

not detected, even though reference standards were

available (Nielsen et al., 1999).

10.7. Aspergillus versicolor

A. versicolor and P. chrysogenum are the most com-

mon species of indoor mold. A. versicolor is able to grow

on very nutrient-poor materials such as concrete and

plaster. This mold has highly variable culture mor-

phology, but produces a consistent chemical profile on
laboratory substrates, usually generating high quantities

of the carcinogenic mycotoxin called sterigmatocystin

(especially on CYA and 2% malt agar), and related

compounds (e.g., versicolorins; Frisvad and Gravesen,

1994; Frisvad and Thrane, 2002). On YES agar, A. ver-

sicolor produces versicolins but only minute quantities

of the sterigmatocystins (Nielsen et al., 1998b). On

wallpaper paste, conidia of 50% of the isolates contained
sterigmatocystin (Larsen and Frisvad, 1994). Reports of

cyclopiazonic acid and ochratoxin A production are

probably due to culture contamination and misidentifi-

cation (Frisvad, 1989; Frisvad and Thrane, 2002).

On water-saturated materials, A. versicolor produces

5-methoxy-sterigmatocystin and sterigmatocystin in

quantities up to 7 and 20 lg=cm2 respectively (up to 1%

of biomass; Engelhart et al., 2002; Nielsen et al., 1998b,
1999; Tuomi et al., 2000), whereas they are not produced

when aw < 0:9 (Nielsen, 2002). Interestingly, non-spor-

ulating red-colored samples of contaminated materials

contained the largest quantities of sterigmatocystins;

areas with many conidia contained small quantities

(Nielsen et al., 1998b, 1999). Recently, sterigmatocystin

was detected in 20% of household dust samples at levels

up to 4 ng/g (Engelhart et al., 2002). Sterigmatocystin is
not very cytotoxic by itself, but becomes carcinogenic

after activation in the liver by the cytochrome P450

mono-oxidase (McConnell and Garner, 1994). In addi-

tion to these toxic properties, sterigmatocystin also acts

as a strong inhibitor of tracheal ciliary movement

(Pieckov�aa and Jesensk�aa, 1998).
Rats exposed to spores of A. versicolor originating

from mold growth on the walls of their cages suffered
severe lung damage and developed granulomatous le-

sions after a month of exposure; these symptoms are

thought to have resulted from IL-1 production from

activated macrophages (Sumi et al., 1987, 1994). More

recently, instillation of single doses of spores has been

shown to produce similar effects in mice, with the re-

cruitment of inflammatory cells in the lungs for at least

one month (Jussila et al., 2002). The inflammatory
properties were also observed from A. versicolor spores

from wet gypsum boards (Murtoniemi et al., 2001).

10.8. Chaetomium globosum

Chaetomium globosum is the most common species of

Chaetomium found in buildings (Andersen and Nissen,

2000). It is known to produce the highly cytotoxic
chaetomins and chaetoglobosins that inhibit cell divi-

sion and glucose transport (Ueno, 1985). Other Chae-

tomium species produce sterigmatocystins (Sekita et al.,

1981), but these have not been found in buildings. On

wallpapered plasterboard six building-derived isolates of

C. globosum produced large quantities of chaetoglobosin

A and C (up to 50 and 7 lg=cm2), and more than 10

unknown metabolites (Nielsen et al., 1999). Subsequent
analyses of naturally contaminated plasterboard, wood,

and textiles have shown the same metabolite profiles as

well as numerous products of chaetoglobosin hydrolysis

(Nielsen, 2002).

10.9. Memnoniella echinata

This species is found in the same places as Stachy-
botrys in buildings, and on laboratory media M. echi-

nata produces large quantities of griseofulvin,

dechlorogriseofulvins, spirocyclic drimanes (different

than the ones from Stachybotrys), components related

to mycophenolic acid, and two simple trichothecenes

(trichodermin and trichodermol; Hinkley et al., 1999;

Jarvis et al., 1996, 1998; Nielsen, 2002). A sample of

contaminated plasterboard studied by the author con-
tained griseofulvin, dechlorogriseofulvin, and epi-

dechlorogriseofulvin (Nielsen, 2002).

10.10. Penicillium brevicompactum

P. brevicompactum is another common indoor mold

(Frisvad and Gravesen, 1994) and is often isolated from
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wood (Seifert and Frisvad, 2000). It is capable of pro-
ducing many metabolites that affect plant growth (Ma-

cias et al., 2000). Mycophenolic acid and its analogues

are produced most consistently; mycophenolic acid was

the first fungal metabolite to be purified and crystallized

(as early as 1893; see Bentley, 2000). The most toxic

metabolite is the mutagenic compound botryodiploidin

(Frisvad and Filtenborg, 1989; Fujimoto et al., 1980).

Other metabolites include asperphenamate, breviana-
mides and Raistrick phenols (Andersen, 1991). When

inoculated on building materials, P. brevicompactum

produced mycophenolic acid, asperphenamate, a tan-

zawaid acid analogue, and at least two unknown me-

tabolites (Nielsen et al., 1999; Nielsen, 2002).

10.11. Penicillium chrysogenum

Penicillium chrysogenum is the most common indoor

mold, and since penicillin was first identified in isolates

of this species, its secondary metabolism has been the

subject of intensive study for decades. Secalonic acid D

is the only toxin generated by this species, and the few

strains in which this has been detected were not isolated

from the indoor environment. Roquefortine C is con-

sistently produced by P. chrysogenum (Frisvad and
Filtenborg, 1983, 1989) and seems to be present in most

blue mold fermented cheeses (Krusch et al., 1977; Ware

et al., 1980). Fortunately, its toxicity is limited! Other

metabolites include x-hydroxyemodine, pyrovoylamin-

obenzamides, chrysogine, meleagrin, and xanthocillin X

(Frisvad and Filtenborg, 1989). On building materials

small quantities of chrysogine, 2-pyrovoylaminobenza-

mide, and meleagrin have been detected (Nielsen et al.,
1999; Nielsen, 2002). On isolation media such as V8,

DG18, and MEA, P. chrysogenum strains can show

substantial differences in coloration. For example, cul-

tures of strains that produce xanthocillin X stain agar

bright yellow (J.C. Frisvad, personal communication). It

is easy to misidentify different species, but sub-cultiva-

tion onto YES agar enables the researcher to distinguish

P. chrysogenum from other penicillia based on colony
color, texture, and growth rate (Samson et al., 2002).

10.12. Penicillium expansum

P. expansum is occasionally isolated from wooden

substrates in buildings (Frisvad and Gravesen, 1994),

and most isolates produce a highly toxic mixture of

patulin, citrinin, chaetoglobosins, and communesins, as
well as the less toxic roquefortine C (Frisvad and

Thrane, 2002). Land and Hult (1987) showed that

some P. expansum isolates could produce patulin on

wood. This is among the most toxic Penicillium me-

tabolites. This cytotoxic compound has an inhibitory

effect upon the activity of mouse peritoneal macro-

phages (Bourdiol et al., 1990), and increases animal

susceptibility to fungal and bacterial infections (Pestka
and Bondy, 1990).

10.13. Penicillium polonicum

P. polonicum is a member of Penicillium series

Viridicata (P. aurantiogriseum complex) all of which are

associated with cereals. Species belonging to this series

are often falsely cited as ochratoxin producers, due to
confusion with P. verrucosum from Penicillium series

Verrucosa (Frisvad and Thrane, 2002; Lund and Fris-

vad, 1994). No building derived isolates of P. verruco-

sum have been identified by Penicillium experts.

P. polonicum can produce at least three types of

highly toxic compounds: (i) the tremorgenic verrucosi-

dins (Steyn and Vleggaar, 1985); (ii) the cytotoxic pen-

icillic acid, which is extremely active against rodent lung
macrophages (Sorenson and Simpson, 1986); and (iii)

nephrotoxic glycopeptides which may have been in-

volved in the Balkan nephropathy endemic (Frisvad and

Thrane, 2002). Other important metabolites include

viridicatins, anacine, and cyclopenins. On building

materials two P. polonicum isolates produced 3-meth-

oxy-viridicatin, verrucosidin, and verrucofortine,

although it should be noted that the analytical method
(LC–DAD) would not have detected nephrotoxic

glycopeptides (Nielsen, 1999).

10.14. Trichoderma

Six species of Trichoderma have been isolated from

buildings: T. longibrachiatum, T. harzianum, T. citrino-

viride, T. atroviride, T. viride, and T. harmatum (L€uubeck
et al., 2000). T. viridewas originally known for producing

the trichothecenes trichodermol and its acetyl ester

trichodermin (Godtfredsen and Vangedal, 1964) and

later the related harzianum A (esters of trichodermol;

Corley et al., 1994) have been isolated from T. harzianum

Cvetnic and Pepelnjak (1997) reported diacetoxyscirpe-

nol synthesis from an indoor isolate of T. viride (using

TLC), which is unlikely as it would require trichothecene
synthesis over iso-trichodermol (Desjardins et al., 1993).

Production of gliotoxin and viridin has also been re-

ported from several Trichoderma species, but most or all

of these were T. virens (Frisvad and Thrane, 2002;

Thrane et al., 2001). Other bioactive metabolites from

Trichoderma include: (i) a number of small and often

volatile pyrones and lactones (<300 g/mol; Claydon et

al., 1987); (ii) membrane active peptides and especially
peptaibols (peptaibols belong to a special class of mod-

ified peptides; Chugh and Wallace, 2001; Duval et al.,

1998); (iii) cytotoxic proteins that inactivate ribosomes

(Lin et al., 1991); (iv) iso-nitriles (Faull et al., 1994); and

(v) numerous low molecular weight metabolites.

Peltola et al. (2001) showed that a T. harzianum strain

isolated from a building produced compounds that
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damaged the plasma membrane of sperm cells. None of
eight strains of T. atroviride, T. harzianum, T. longibr-

achiatum and T. viride incubated on different building

materials produced detectable quantities of trichoder-

mol (after hydrolysis), or other trichothecenes (Nielsen

et al., 1998b)—nor did culture extracts from the 36 in-

door isolates studied by L€uubeck et al. (2000) or 150

isolates (mostly T. harzianum) from various other envi-

ronments (Nielsen and Thrane, 2001). The only isolate
in which trichothecene synthesis has been measured was

a strain of T. harzianum described by Corley et al., 1994;

the original isolate described by Godtfredsen and

Vangedal 1964 is no longer available). These data sug-

gest that trichothecene production by Trichoderma is

very limited.

11. Human exposure

Until recently it was assumed that the inhabitants of

mold-contaminated buildings were exposed to myco-

toxins via the inhalation of spores and spore-sized

fragments of mycelia (Sorenson, 1999). For this reason,

spore counts were valued for assessing the potential for

mycotoxin exposure. Recently, however, it has been
shown that particles far smaller than spores (down to

0.3 lm) are released from colonies growing on building

materials (Gorny et al., 2002; Kildesø et al., 2000).

Large quantities of these particles can be liberated from

colonies creating a 300-fold higher concentration of

particles compared with the number of spores (Gorny

et al., 2002). There is no correlation between the con-

centration of particles and spores. Numerous factors
that further complicate exposure assessment include (i)

the fact that low humidity stimulates spore release

(Chang et al., 1995; Kildesø et al., 2000; Pasanen et al.,

1991); (ii) the effects of physical activity within a build-

ing on spore and particle liberation (windspeeds within

the building envelope are very low and physical activity

plays a more important role in dispersing spores and

colony fragments; Kildesø et al., 2000; Lehtonen et al.,
1993; Reponen et al., 1992); (iii) the effects of external

wind pressure on airflow patterns within the building

envelope and inside the building, and (iv) changes in

ventilation and the degree of physical disturbance

caused by sampling. For these reasons, particle libera-

tion varies greatly. Combined with lack of techniques

for quantifying particles smaller than spores, it is easy to

appreciate why it has proven so difficult to correlate
data on viable or total airborne fungi with health

problems in mold-contaminated buildings.

Airborne mycotoxins have been detected in environ-

ments with high concentrations of airborne spores, in-

cluding farms and compost handling facilities (Fischer

et al., 1999; Sorenson, 1999). But mycotoxins have only

been detected sporadically in indoor air, where (as

mentioned in Section 9) trichothecenes and spirocyclic
drimanes have been detected in dust and air samples

obtained from homes contaminated with Stachybotrys

(Johanning et al., 2002; Nielsen, 2002; Vesper et al.,

2000; Yike et al., 1999). These studies have shown that

the detection of airborne mycotoxins requires the in-

vestigator to sample large volumes of air (�10m3) using

filters with very small pore sizes 60:2lm; Johanning et

al., 2002; Kildesø et al., 2000; Pasanen et al., 1993).
Analysis of household dust can also provide useful data

on the levels of other mycotoxins (Engelhart et al., 2002;

Richard et al., 1999).

Exposure assessment using human biomarkers is very

effective for determining exposure to aflatoxin B1

(Autrup et al., 1991). There has been little work to test

the value of this approach for estimating exposure to

macrocyclic trichothecenes, though these mycotoxins
may be detected in serum as verrucarol and detected

after acetylation using antibodies against diacetoxyscir-

penol (Dietrich et al., 1999). It would also be interesting

to explore the use of sterigmatocystin-guanine or lysine

adducts to determine mycotoxin exposure in buildings

contaminated with A. versicolor. The lack of reference

standards for many mycotoxins has complicated expo-

sure assessment, by making it impossible to develop
analytical methods to measure traces of these com-

pounds.

12. Conclusions

Mycotoxin production in buildings seems to occur

when aw at the surface of the construction material ex-
ceeds 0.9, but significant toxin synthesis does not begin

until aw reaches 0.95. For this reason, the worst-case

scenario for the development of an indoor mold prob-

lem involves a series of water intrusion events that allow

large quantities of biomass and mycotoxins to form,

then a period of drying that promotes the dispersion of

spores and colony fragments, followed by their deposi-

tion throughout the building.
Compared with other molds, Stachybotrys chartarum

produces a large number of secondary metabolites and

substantial quantities of these compounds can accumu-

late when this mold grows in buildings. Growth of

Chaetomium globosum should also be treated with cau-

tion. When colonies of this mold are dry, fragments

containing large quantities of chaetoglobosin mycotox-

ins may be dispersed. Penicillium species produce very
small quantities of secondary of metabolites and my-

cotoxins when they grow on building materials. The

same is true for Aspergillus species, with the exception of

A. versicolor, in which sterigmatocystins may represent

up to 1% of its biomass. Exposure to sterigmatocystins

might occur via micro-fragments derived from colonies,

because very few spores are formed by this species.
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Research on mycotoxins in buildings is a multidisci-
plinary task, demanding knowledge of chemotoxonomy,

fungal metabolism and biosynthetic pathways, fungal

physiology and growth, analytical chemistry, and toxi-

cology. Collaboration with specialists in fungal identi-

fication is also essential. Therefore a taskforce of

specialists in these disciplines is needed for future ad-

vances in this field.

Acknowledgments

The author was supported by the Danish Technical

Research Council (Grant No. 9901295). The author is

grateful to Jens C. Frisvad for advice on taxonomy and

metabolite production of penicillia and aspergilli, and to

Suzanne Gravesen for advice on the health-related is-

sues.

References

Adan, O.C.G., 1994. On the fungal defacement of interior finishes.

Ph.D. Dissertation, Eindhoven University, The Netherlands.

Andersen, B., 1991. Consistent production of phenolic compounds by

Penicillium brevicompactum from chemotaxonomic characteriza-

tion. A. Van Leeuw. J. Microbiol. 60, 115–123.

Andersen, B., Frisvad, J.C., 2002. Characterization of Alternaria and

Penicillium species from similar substrata based on growth at

different temperature, pH and water activity. Syst. Appl. Micro-

biol. 25, 162–172.

Andersen, B., Krøger, E., Roberts, R.G., 2001. Chemical and

morphological segregation of Alternaria alternata, A. gaisen and

A. longipes. Mycol. Res. 105, 291–299.

Andersen, B., Krøger, E., Roberts, R.G., 2002a. Chemical and

morphological segregation of Alternaria aborescens, A. infectoria

and A. tenuissima species groups. Mycol. Res. 106, 170–182.

Andersen, B., Nielsen, K.F., Jarvis, B.B., 2002b. Characterisation of

Stachybotrys from water-damaged buildings based on morphology,

growth and metabolite production. Mycologia 94, 392–403.

Andersen, B., Nissen, A., 2000. Evaluation of media for detection of

Stachybotrys and Chaetomium species associated with water-

damaged buildings. Int. Biodeter. Biodegr. 46, 111–116.

Anderson, M.A., Nikulin, M., K€ooljalg, U., Anderson, M.C., Rainey,

F., Reijula, K., Hintikka, E.-L., Salkinoja-Salonen, M., 1997.

Bacteria, moulds, and toxins in water-damaged building materials.

Appl. Environ. Microbiol. 63, 387–393.

Autrup, J.L., Schmidt, J., Seremet, T., Autrup, H., 1991. Determina-

tion of exposure to aflatoxins among Danish worker in animal-feed

production through the analysis of aflatoxin B1 adducts to serum

albumin. Scand. J. Work Environ. Health 17, 436–440.

Ayerst, G., 1966. Influence of physical factors on the deterioration by

moulds. Soc. Chem. Ind. Monogr. 23, 14–20.

Becker, R., 1984. Condensation and mould growth in dwellings-

parametric and field study. Build. Environ. 19, 243–250.

Bentley, R., 2000. Mycophenolic acid: a one hundred year Odyssey

from antibiotic to immunosuppressant. Chem. Rev. 100, 3801–

3825.

Bornehag, C.-G., Blomquist, G., Gyntelberg, F., J€aarvholm, B.,

Malmberg, P., Nordvall, L., Nielsen, A., Pershagen, G., Sundel,

J., 2001. Dampness in buildings and health. Nordic interdisiplinary

review of the scientific evidence on association between exposure to

‘‘Dampness’’ in buildings and health effects (NORDDAMP).

Indoor Air 11, 72–86.

Bourdiol, D., Escolula, L., Salvayre, R., 1990. Effects on patulin on

microbicidal activity of mouse peritoneal macrophages. Food

Chem. Toxicol. 28, 29–33.

Brunekreef, B., 1992. Association between questionnaire reports of

home dampness and childhood respiratory symptoms. Sci. Total

Environ. 127, 79–89.

Brunekreef, B., Dockery, D.W., Speizer, F.E., Ware, J.H., Spengler,

J.D., Ferris, B.G., 1989. Home dampness and respiratory morbid-

ity in children. Am. Rev. Respir. Dis. 140, 1363–1367.

Chang, J.C.S., Foarde, K.K., Vanosdell, D.W., 1995. Growth evalu-

ation of fungi (Penicillium spp. and Aspergillus spp.) on ceiling tiles.

Atmos. Environ. 29, 2331–2337.

Chang, J.C.S., Foarde, K.K., Vanosdell, D.W., 1996. Assessment of

fungal (Penicillium chrysogenum) growth on three HVAC duct

materials. Environ. Int. 22, 425–431.

Chew, G.L., Douwes, J., Doekes, G., Higgins, K.M., van Strein, R.T.,

Spithoven, J., Brunekreef, B., 2001. Fungal extracellular polysc-

acarides, b(1-3)glucans and culturable fungi in repeated sampling

of house dust. Indoor Air 11, 171–178.

Chugh, J.K., Wallace, B.A., 2001. Peptaibols: models for ion channels.

Biochem. Soc. Trans. 29, 565–570.

Chung, W.Y., Wi, S.G., Bae, H.J., Park, B.D., 1999. Microscopic

observation of wood-based composites exposed to fungal deterio-

ration. J. Wood Sci. 45, 64–68.

Claydon, N., Allan, M., Hanson, J.R., Avent, A.G., 1987. Antifungal

alkyl pyrones of T. harzianum. Trans. Br. Mycol. Soc. 88, 503–513.

Corley, D.G., Miller-Wideman, M., Durley, R.C., 1994. Isolation and

structure if harzianum A: a new Trichothecene from Trichoderma

harzianum. J. Nat. Prod. 57, 425–442.

Croft, W.A., Jarvis, B.B., Yatawara, C.S., 1986. Airborne outbreak of

Trichothecene Mycotoxicosis. Atmos. Environ. 20, 549–552.

Cruse, M., Teletant, R., Gallagher, T., Lee, T., Taylor, J.W., 2002.

Cryptic species in Stachybotrys chartarum. Mycologia 94, 814–822.

Cvetnic, Z., Pepelnjak, S., 1997. Distribution and Mycotoxin-produc-

ing ability of some fungal isolates from the air. Atmos. Environ. 31,

491–495.

Dales, R.E., Miller, J.D., 2002. Airborne microorganisms and

disease—residential buildings—related illness: epidemiologic and

case-related evidence. In: Flannigan, B., Samson, R.A., Miller, J.D.

(Eds.), Microorganisms in Home and Indoor Work Environments.

Taylor & Francis, London, pp. 83–99.

Dales, R.E., Miller, J.D., White, J., Dulberg, C., Lazarovits, A.I.,

1998. Influence of residential fungal contamination on peripheral

blood lymphocyte population in children. Arch. Environ. Health

53, 190–195.

Dales, R.E., Zwanenburg, H., Burnett, R., Franklin, C.A., 1991.

Respiratory health effects of home dampness and moulds among

Canadian children. Am. J. Epidemiol. 134, 196–203.

Davis, N.D., Diener, U.L., Eldridge, D.W., 1966. Production of

aflatoxins B1 and G1 by Aspergillus flavus on a semisynthetic

medium. Appl. Microbiol. 14, 378.

De Hogg, G.S., Guarro, J., Gene, J., Figuras, M.J., 2002. Atlas of

Clinical Fungi. Centraalbureau vor Schimmelcultures, Utrecht.

Dearborn, D.G., Infeld, M.D., Smith, P.G., 1997. Update. Pulmonary

hemorrhage/hemosiderosis among infants 1993–1996. Morb. Mor-

tal. Wkly. Rep. 46, 33–35.

Dearborn, D.G., Yike, I., Sorenson, W.G., Miller, M.J., Etzel, R.A.,

1999. Overview of investigations into pulmonary hemorrhage

among infants in Cleveland, Ohio. Environ. Health Perspect. 107

(Suppl. 3), 495–499.

Debeaupuis, J.P., Lafont, P., 1978. Fumitoxins, new mycotoxins from

Aspergillus fumigatus Fres. Appl. Environ. Microbiol. 36, 8–10.

Dekker, C., Dales, R.E., Bartlett, S., Brunekreef, B., Zwanenburg, H.,

1991. Childhood asthma and the indoor environment. Chest 100,

922–926.

112 K. Fog Nielsen / Fungal Genetics and Biology 39 (2003) 103–117



Desjardins, A.E., Hohn, T., McCormick, S.P., 1993. Trichothecene

biosynthesis in Fusarium species: chemistry, genetics, and signifi-

cance. Microbiol. Rev. 57, 595–604.

Dietrich, R., Johanning, E., Gareis, M., Schneider, E., Usleber, E.,

M€aartlbauer, E., 1999. Immunochemical detection of mycotoxins

associated with Stachybotrytoxicosis. In: Johanning, E. (Ed.),

Bioaerosols, Fungi and Mycotoxins: Health effects, Assessment,

Prevention and Control. Eastern New York Occupational and

Environmental Health Center, New York, pp. 482–491.

Duval, D., Cosette, P., Rebuffat, S., Duclohier, H., Bodo, B., Molle,

G., 1998. Alamethicin-like behaviour of new 18-residue peptaibols,

trichorzins PA. Role of the C-terminal amino-alcohol in the ion

channel forming activity. BBA-Biomembranes 1369, 309–319.

D€oorge, T., Carstensen, J.M., Frisvad, J.C., 2000. Direct identification

of pure Penicillium species using image analysis. J. Microbiol.

Methods 41, 121–133.

Engelhart, S., Loock, A., Skutlarek, D., Sagunski, H., Lommel, A.,

Farber, H., Exner, M., 2002. Occurrence of toxigenic Aspergillus

versicolor isolates and sterigmatocystin in carpet dust from damp

indoor environments. Appl. Environ. Microbiol. 68, 3886–

3890.

Ezeonu, I.M., Noble, J.A., Simmons, R.B., Prince, D.L., Crow, S.A.,

Ahearn, D.G., 1994. Effects of relative humidity on fungal

colonization of fiberglass insulation. Appl. Environ. Microbiol.

60, 2149–2151.

Faull, J.L., Graemecook, K.A., Pilkington, B.L., 1994. Production of

an isonitrile antibiotic by an uv-induced mutant of Trichoderma

harzianum. Phytochemistry 36, 1273–1276.

Filtenborg, O., Frisvad, J.C., Thrane, U., 1996. Moulds in food

spoilage. Int. J. Food Microbiol. 33, 85–102.

Fischer, G., Muller, T., Ostrowski, R., Dott, W., 1999. Mycotoxins of

Aspergillus fumigatus in pure culture and in native bioaerosols from

compost facilities. Chemosphere 8, 1745–1755.

Flannigan, B., Miller, J.D., 2002. Microbial growth in indoor

environments. In: Flannigan, B., Samson, R.A., Miller, J.D.

(Eds.), Microorganisms in Home and Indoor Work Environments.

Taylor & Francis, London, pp. 35–67.

Frisvad, J.C., 1981. Physiological criteria and mycotoxin production as

aids in identification of common asymmetric penicillia. Appl.

Environ. Microbiol. 41, 568–579.

Frisvad, J.C., 1989. The connection between the penicillia and

aspergilli and mycotoxins with special emphasis on misidentified

isolates. Arch. Environ. Contam. Toxicol. 18, 452–467.

Frisvad, J.C., Filtenborg, O., 1983. Classification of Terverticillate

penicillia based on profile of mycotoxins and other secondary

metabolites. Appl. Environ. Microbiol. 46, 1301–1310.

Frisvad, J.C., Filtenborg, O., 1989. Terverticillate penicillia: chemo-

taxonomy and mycotoxin production. Mycologia 81, 837–861.

Frisvad, J.C., Gravesen, S., 1994. Penicillium and Aspergillus from

Danish homes and working places with indoor air problems:

identification and mycotoxin determination. In: Samson, R.A.,

Flannigan, B., Flannigan, M.E., Verhoeff, P. (Eds.), Health

Implications of Fungi in Indoor Air Environment. Elsevier,

Amsterdam, pp. 281–290.

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 Air Borne Fungi,

sixth ed. Centraalbureau voor Schimmelcultures, Utrecht, pp. 321–

330.

Frisvad, J.C., Thrane, U., Filtenborg, O., 1998. Role and use of

secondary metabolites in fungal taxonomy. In: Frisvad, J.C.,

Bridge, P.D., Arora, D.K. (Eds.), In Chemical fungal taxonomy.

Marcel Dekker, New York, pp. 289–319.

Fujimoto, Y., Kamiya, M., Tsunoda, H., Ohtsubo, K., Tatsuno, T.,

1980. Reserche toxicologique des substances metaboliques de

Penicillium carneo-lutescens. Chem. Pharm. Bull. 248, 1062–

1067.

Galloway, L.D., 1935. The moisture requirements of molds fungi with

special reference to mildew in textiles. J. Text. Inst. 26, 123–129.

Gareis, M., Bauer, J., Thiem, J., Pland, G., Brabley, S., Bedek, B.,

1990. Cleavage of zearalenone glycoside, a ‘‘masked’’ mycotoxin,

during digestion on swine. J. Vet. Med. B 37, 236–240.

Garrett, M.H., Rayment, P.R., Hooper, M.A., Abramson, M.J.,

Hooper, B.M., 1998. Indoor airborne fungal spores, house damp-

ness and associations with environmental factors and respiratory

health in children. Clin. Exp. Allergy 28, 459–467.

Geiser, D.M., Frisvad, J.C., Taylor, J.W., 1998. Evolutionary

relationship in Aspergillus section Fumigati interred from partial

b-tubulin and hydrophin DNA sequences. Mycologia 90, 831–845.

Gloer, J.B., 1995. The chemistry of fungal antagonism and defense.

Can. J. Bot. 73, S1265–S1274.

Godtfredsen, W.O., Vangedal, S., 1964. Trichodermin, a new antibi-

otic, related to trichothecin. Proc. Chem. Soc. London, 188.

Gordon, W.A., Johanning, E., Haddad, L., 1999. Cognitive impair-

ment associated with exposure to toxigenic fungi. In: Johanning, E.

(Ed.), Bioaerosols, Fungi and Mycotoxins: Health effects, Assess-

ment, Prevention and Control. Eastern New York Occupational &

Environmental Health Center, New York, pp. 94–98.

Gorny, R.L., Reponen, T., Willeke, K., Schmechel, D., Robine, E.,

Boissier, M., Grinshpun, S.A., 2002. Fungal fragments as indoor

air biocontaminants. Appl. Environ. Microbiol. 68, 3522–3531.

Grant, C., Hunter, C.A., Flannigan, B., Bravery, A.F., 1989. The

moisture requirements of moulds isolated from domestic dwelling.

Int. Biodeterior. 25, 259–284.

Gravesen, S., 1994. Allergic and non-allergic manifestations related to

indoor fungal exposure—management of cases. In: Samson, R.A.,

Flannigan, B., Flannigan, M.E., Verhoeff, P. (Eds.), Health

Implications of Fungi in Indoor Air Environment. Elsevier,

Amsterdam, pp. 241–248.

Gravesen, S., Frisvad, J.C., Samson, R.A., 1994. Microfungi.

Munksgaard, Copenhagen.

Gravesen, S., Nielsen, P.A., Iversen, R., Nielsen, K.F., 1999. Microf-

ungal contamination of damp buildings—examples of risk con-

structions and risk materials. Environ. Health Perspect. 107

(sup.3), 505–508.

Hansen, M.E., Lund, F., Carstensen, J.M., 2003. Visual clone

identification of Penicillium commune isolates. J. Microbiol. Meth-

ods 52, 221–229.

Hasumi, K., Ohyama, S., Kohyama, T., Ohsaki, Y., Takayasu, R.,

Endo, A., 1998. Isolation of SMTP-3, 4, 5 and -6, novel analogs of

staplabin, and their effects on plasminogen activation and fibrino-

lysis. J. Antibiot. 51, 1059–1068.

Hinkley, S.F., Fettinger, J.C., Dudley, K., Jarvis, B.B., 1999.

Memnobotrins and Memnoconols: novel metabolites from Mem-

noniella echinata. J. Antibiot. 52, 988–997.

Hinkley, S.F., Jarvis, B.B., 2000. Chromatographic method for

Stachybotrys toxins. In: Pohland, A., Trucksess, M.W. (Eds.),

Methods Molecular Biology, vol. 157. Mycotoxin Protocols.

Humana Press, Totowa, pp. 173–194.

Hinkley, S.F., Mazzola, E.P., Fettinger, J.C., Lam, Y.K.T., Jarvis,

B.B., 2000. Atranones A–G, from the toxigenic mold Stachybotrys

chartarum. Phytochemistry 55, 663–673.

Hirvonen, M.-R., Ruotsalainen, M., Roponen, M., Hyv€aarinen, A.,

Husman, T., Kosma, V.-M., Komulainen, H., Savolainen, K.,

Nevalainen, A., 1999. Nitric oxide and proinflammatory cytokines

in nasal lavage fluid associated with symptoms and exposure to

moldy building microbes. Am. J. Resp. Crit. Care 160, 1943–1946.

Hodgson, M.J., Morey, P.R., Leung, W.Y., Morrow, L., Miller, J.D.,

Jarvis, B.B., Robbins, H., Halsey, J.F., Storey, E., 1998. Building-

associated pulmonary disease from exposure to Stachybotrys

chartarum and Aspergillus versicolor. J. Occup. Environ. Med. 40,

241–249.

Hukka, A., Viitanen, H.A., 1999. A mathematical model of mould

growth on wooden materials. Wood Sci. Technol. 33, 475–485.

K. Fog Nielsen / Fungal Genetics and Biology 39 (2003) 103–117 113



Hunter, C.A., Grant, C., Flannigan, B., Bravery, A.F., 1988. Moulds

in buildings: the air spora of domestic dwellings. Int. Biodeterior.

24, 81–101.

Hyv€aarinen, A., Reponen, T., Husman, T., Nevalainen, A., 2001.

Comparison of the indoor air quality in mould damaged and

reference buildings in a subartic climate. Cent. Eur. J. Public

Health 3, 133–139.

Jarvis, B.B., 1992. Macrocyclic trichothecenes from Brazilian Bac-

charis species: from microanalysis to large-scale isolation. Phyto-

chem. Anal. 3, 241–249.

Jarvis, B.B., Sorenson, W.G., Hintikka, E.-L., Nikulin, M., Zhou, Y.,

Jiang, J., Wang, S., Hinkley, S.F., Etzel, R.A., Dearborn, D.G.,

1998. Study of toxin production by isolates of Stachybotrys

chartarum and Memnoniella echinata isolated during a study of

pulmonary hemosiderosis in infants. Appl. Environ. Microbiol. 64,

3620–3625.

Jarvis, B.B., Zhou, Y., Jiang, J., Wang, S., Sorenson, W.G., Hintikka,

E.-L., Nikulin, M., Parikka, P., Etzel, R.A., Dearborn, D.G., 1996.

Toxigenic moulds in water-damaged buildings: dechlorogriseofulv-

ins from Memnoniella echinata. J. Nat. Prod. 59, 553–554.

Jensen, K.A., Kildesø, J., 2001. Generation of aerosols for exposure

studies using particles released from surfaces. J. Aerosol Sci.

(Suppl. 1), 313–318.

Johanning, E., Biagini, R.E., Hull, D., Morey, P.R., Jarvis, B.B.,

Landsbergis, P., 1996. Health and immunology study following

exposure to toxigenic fungi (Stachybotrys chartarum) in a water-

damaged office environment. Int. Arch. Occup. Environ. Health 68,

207–218.

Johanning, E., Gareis, M., Chin, Y.S., Hintikka, E.-L., Jarvis, B.B.,

Dietrich, R., 1998. Toxicity screening of materials from buildings

with fungal indoor air quality problems (Stachybotrys chartarum).

Mycotoxin Res. 14, 60–73.

Johanning, E., Gareis, M., Nielsen, K.F., Dietrich, R., M€aartlbauer, E.,

2002. Airborne mycotoxin sampling and screening analysis. In:

Levin, H., Bendy, G., Cordell, J. (Eds.), Indoor Air 2002, The 9th

International Conference on Indoor Air Quality and Climate,

Monterey, California June 30–July 5, 2002, vol. 5. The Interna-

tional Academy of Indoor Air Sciences, Santa Cruz, pp. 1–6.

Johanning, E., Landsbergis, P., Gareis, M., Yang, C.S., Olmsted, E.,

1999. Clinical experience and results of a sentinel health investi-

gation related to indoor fungal exposure. Environ. Health Perspect.

107 (Suppl. 3), 489–494.

Jussila, J., Kosma, V.M., Komulainen, H., Nevalainen, A., Pelkonen,

J., Hirvonen, M.R., 2002. Spores of Aspergillus versicolor isolated

from indoor air of a moisture-damaged building provoke acute

inflammation in mouse lungs. Inhal. Toxicol. 14, 1261–1277.

Kaneto, R., Dobashi, K., Kojima, I., Sakai, K., Shibamoto, N.,

Yoshioka, T., Nishid, A.H., Okamoto, R., Akagawa, H., Mizuno,

S., 1994. Mer-nf5003b, mer-nf5003e and mer-nf5003f, novel

sesquiterpenoids as avian-myeloblastosis virus protease inhibitors

produced by Stachybotrys sp. J. Antibiot. 47, 727–730.

Kildesø, J., W€uurtz, H., Nielsen, K.F., Wilkins, C.K., Gravesen, S.,

Nielsen, P.A., Thrane, U., Schneider, T. 2000. The release of fungal

spores from water damaged building materials. In: Sepp€aanen, O.,

S€aateri, J. (Eds.), Proceedings of Healthy Buildings 2000, August 6–

10, 2000, Espoo, Finland, SYI Indoor Air Information Oy,

Helsinki, pp. 313–318.

Knapp, J.F., Michael, J.G., Hegenbartk, M.A., Jones, P.E., Black,

P.G., 1999. Case records of the Children�s Mercy Hospital, case 02-

1999, a 1-month-old infant with respiratory distress and chock.

Pediatr. Emerg. Care 15, 288–293.

Kohyama, T., Hasumi, K., Hamanaka, A., Endo, A., 1997. SMTP-1

and -2, novel analogs of staplabin produced by Stachybotrys

microspora IFO30018. J. Antibiot. 50, 172–174.

Korpi, A., Kasanen, J.P., Raunio, P., Kosma, V.M., Virtanen, T.,

Pasanen, A.L., 2002. Effects of aerosols from nontoxic Stachybot-

rys chartarum on murine airways. Inhal. Toxicol. 14, 521–540.

Koskinen, O., Husman, T., Meklin, T., Nevalainen, A., 1999. Adverse

health effects in children associated with moisture and mold

observations in houses. Int. J. Environ. Health R 9, 143–156.

Krusch, U., Lompe, A., Milczewski, K.E, 1977. Die gesundheitliche

unbedenklichkeit von Penicillium caseicolum, P. camemberti und P.

roqueforti. II. Biologische pr€uufung auf toxinbildungsverm€oogen and

zellkulturen. Milchwissenschaft 32, 713–715.

Land, C.J., Hult, K., 1987. Mycotoxin production by some wood-

associated Penicillium spp. Lett. Appl. Microbiol. 4, 41–44.

Land, C.J., Hult, K., Fuchs, R., Hagelberg, S., Lundstr€oom, H., 1987.

Tremorgenic mycotoxins from Aspergillus fumigatus as a possible

occupational health problems in sawmills. Appl. Environ. Micro-

biol. 53, 787–790.

Larsen, F.O., Christensen, G., Clementsen, P., Gravesen, S., Skov, P.,

Norn, S., 1996a. Microfungi in indoor air are able to trigger

histamine release by non-IgE-mediated mechanisms. Inflamm. Res.

45, S23–S24.

Larsen, F.O., Clementsen, P., Hansen, M., Maltbæk, N., Gravesen, S.,

Skov, P., Norn, S., 1996b. The microfungi Trichoderma viride

potentiates histamine release from human bronchoalveloar cells.

APMIS 104, 673–679.

Larsen, T.O., Frisvad, J.C., 1994. Production of volatiles and presence

of mycotoxins in conidia of common indoor penicillia and

aspergillii. In: Samson, R.A., Flannigan, B., Flannigan, M.E.,

Verhoeff, P. (Eds.), Health Implications of Fungi in Indoor Air

Environment. Elsevier, Amsterdam, pp. 251–279.

Lehtonen, M., Reponen, T., Nevalainen, A., 1993. Everyday activities

and variation of fungal spore concentrations in indoor air. Int.

Biodeter. Biodegr. 31, 25–39.

Lin, A., Chen, C.K., Chen, Y.J., 1991. Molecular action of tricholin, a

ribosome-inactivating protein isolated from Trichoderma viride.

Mol. Microbiol. 5, 3013.

L€uubeck, M., Poulsen, S.K., L€uubeck, P.S., Jensen, D.F., Thrane, U.,

2000. Identification of Trichoderma strains from building materials

by ITS1 ribotyping, UP-PCR fingerprinting and UP-PCR cross

hybridization. FEMS Microbiol. Lett. 185, 129–134.

Lund, F., Frisvad, J.C., 1994. Chemotaxonomy of Penicillium aurant-

iogriseum and related species. Mycol. Res. 98, 481–492.

Macias, F.A., Varela, R.M., Simonet, A.M., Cutler, H.G., Cutler, S.J.,

Ross, S.A., Dunbar, D.C., Dugan, F.M., Hill, R.A., 2000.

Allelochemicals from New Zealand fungi. (+)-Brevione A. The

first member of a novel family of bioactive spiroditerpenoids

isolated from Penicillium brevicompactum Dierckx. Tetrahedron

Lett. 41, 2683–2686.

Mantle, P.G., 1987. Secondary Metabolites of Penicillium and Acre-

monium. Plenum Press, New York.

Mason, C.D., Rand, T.G., Oulton, M., MacDonald, J., Anthes, M.,

2001. Effects of Stachybotrys chartarum on surfactant convertase

activity in juvenile mice. Toxicol. Appl. Pharm. 172, 21–28.

McConnell, I.R., Garner, R.C., DNA adducts of aflatoxins, sterig-

matocystins and other mycotoxins. In: Hemminki, K., Dipple, A.,

Shuker, D.E.G., Kadlubar, F.F, Segerb€aack, D., Bartsch, H. (Eds.),

DNA Adducts: Identification and Biological Significance, IARC

Scientific publication No. 125, IARC, Lyon, pp. 29–55.

Meklin, T., Husman, T., Vepsalainen, A., Vahteristo, M., Koivisto, J.,

Halla-Aho, J., Hyvarinen, A., Moschandreas, D., Nevalainen, A.,

2002. Indoor air microbes and respiratory symptoms of children in

moisture damaged and reference schools. Indoor Air 12, 175–

183.

Miller, J.D., 1992. Fungi as contaminant of indoor air. Atmos.

Environ. 26A, 2163–2172.

Miller, J.D., Haisley, P.D., Reinhardt, J.H., 2000. Air sampling result

in relation to extend of fungal colonization of building materials in

some water-damaged buildings. Indoor Air 10, 146–151.

Miller, J.D., Laflamme, A.M., Sobol, Y., Lafontaine, P., Greenhalgh,

R., 1988. Fungi and fungal products in Canadian houses. Int.

Biodeterior. 24, 103–120.

114 K. Fog Nielsen / Fungal Genetics and Biology 39 (2003) 103–117



Minagawa, K., Kouzuki, S., Nomura, K., Kawamura, Y., Tani, H.,

Terui, Y., Nakai, H., Kamigauchi, T., 2001. Bisabosquals, novel

squalene synthase inhibitors—II. Physico-chemical properties and

structure elucidation. J. Antibiot. 54, 896–903.

Montana, E., Etzel, R.A., Dearborn, D.G., Sorenson, W.G., Hill, R.,

1995. Acute pulmonary hemorrhage in infancy associated with

Stachybotrys atra—Cleveland Ohio, 1993–1995. Am. J. Epidemiol.

141, S83.

Moriyama, Y., Nawata, W.C., Tsuda, T., Nitta, M., 1992. Occurrence

of moulds in Japanese bathrooms. Int. Biodeter. Biodegr. 30,

47–55.

Murtoniemi, T., Nevalainen, A., Suutari, M., Toivola, M., Komulai-

nen, H., Hirvonen, M.-R., 2001. Induction of cytotoxicity and

production of inflammatory mediators in RAW264.7 macrophages

by spores grown on six different plasterboards. Inhal. Toxicol. 13,

233–247.

Nevalainen, A., Partanen, P., J€aa€aaskel€aainen, E., Hyv€aarinen, A.,

Koskinen, O., Meklin, T., Vahteristo, M., Koivisto, J., Husman,

T., 1998. Prevalence of moisture problems in Finnish houses.

Indoor Air (Suppl. 4), 45–49.

Nielsen, K.F., 2002. Mould growth on Building materials. Secondary

metabolites, mycotoxins and biomarkers. Ph.D. Thesis. BioCentrum-

DTU, Technical University of Denmark. Available from <http://

www.biocentrum.dtu.dk/mycology/publications/phd-kfn.pdf>.

Nielsen, K.F., Gravesen, S., Nielsen, P.A., Andersen, B., Thrane, U.,

Frisvad, J.C., 1999. Production of mycotoxins on artificially and

naturally infested building materials. Mycopathologia 145, 43–56.

Nielsen, K.F., Hansen, M.Ø., Larsen, T.O., Thrane, U., 1998a.

Production of trichothecene mycotoxins on water damaged gypsum

boards in Danish buildings. Int. Biodeter. Biodegr. 42, 1–7.

Nielsen, K.F., Huttunen, K., Hyv€aarinen, A., Andersen, B., Jarvis,

B.B., Hirvonen, M.-R., 2001. Metabolite profiles of Stachybotrys

spp. isolates from water damaged buildings, and their capability to

induce cytotoxicity and production of inflammatory mediators in

RAW 264.7 macrophages. Mycopathologia 154, 201–205.

Nielsen, K.F., Nielsen, P.A., Holm, G., 2000. Growth of moulds on

building materials under different humidities. In: Sepp€aanen, O.,

S€aateri, J. (Eds.), Proceedings of Healthy Buildings 2000, August 6–

10, 2000, Espoo, Finland, SYI Indoor Air Information Oy,

Helsinki, pp. 283–288.

Nielsen, K.F., Thrane, U., 2001. A fast method for detection of

trichothecenes in fungal cultures using gas chromatography–

tandem mass spectrometry. J. Chromatogr. A 929, 75–87.

Nielsen, K.F., Thrane, U., Larsen, T.O., Nielsen, P.A., Gravesen, S.,

1998b. Production of mycotoxins on artificially inoculated building

materials. Int. Biodeter. Biodegr. 42, 8–17.

Nieminen, S.M., Karki, R., Auriola, S., Toivola, M., Laatsch, H.,

Laatikainen, R., Hyvarinen, A., Von Wright, A., 2002. Isolation

and identification of Aspergillus fumigatus mycotoxins on growth

medium and some building materials. Appl. Environ. Microbiol.

68, 4871–4875.

Nikulin, M., Pasanen, A.-L., Berg, S., Hintikka, E.-L., 1994. Stachy-

botrys atra growth and toxin production in some building baterials

and fodder under different relative humidities. Appl. Environ.

Microbiol. 60, 3421–3424.

Nikulin, M., Reijula, K., Jarvis, B.B., Hintikka, E.-L., 1997a.

Experimental lung mycotoxicosis induced by Stachybotrys atra.

Int. J. Exp. Pathol. 77, 213–218.

Nikulin, M., Reijula, K., Jarvis, B.B., Veijalaninen, P., Hintikka,

E.-L., 1997b. Effects of intranasal exposure to spores of Stachy-

botrys atra in mice. Fundam. Appl. Toxicol. 35, 182–188.

Nolard, N., 2000. Case report of pulmonary hemesiderosis in an infant

from Belgium (oral presentation). Saratoga springs follow-up

meeting at Healthy Buildings 2000, August 6–10, 2000, Espoo,

Finland.

Nozawa, Y., Yamamoto, K., Ito, M., Sakai, N., Mizoue, K., Mizobe,

F., Hanada, K., 1997. Stachybotrin C and parvisporin, novel

neuritogenic compounds. 1. Taxonomy, isolation, physico-chemi-

cal and biological properties. J. Antibiot. 50, 635–640.

Park, D., 1982. Phylloplane fungi: tolerance of hyphal tips to drying.

Trans. Brit. Mycol. Soc. 79, 174–179.

Pasanen, A.-L., Juutinen, T., Jantunen, M.J., Kalliokoski, P., 1992.

Occurrence and moisture requirements of microbial growth in

building materials. Int. Biodeter. Biodegr. 30, 273–283.

Pasanen, A.-L., Korpi, A., Kasanen, J.P., Pasanen, P., 1998. Critical

aspects on the significance of microbial volatile metabolites as

indoor air pollutants. Environ. Int. 24, 703–712.

Pasanen, A.-L., Nikulin, M., Berg, S., Hintikka, E.-L., 1994. Stachy-

botrys atra Corda may produce mycotoxins in respiratory filters in

humid environments. Am. Ind. Hyg. Assoc. J. 55, 62–65.

Pasanen, A.-L., Nikulin, M., Tuomainen, M., Parikka, P., Hintikka,

E.-L., 1993. Laboratory Experiments on membrane filter sampling

of airborne mycotoxins produced by Stachybotrys atra Corda.

Atmos. Environ. 27A, 9–13.

Pasanen, A.-L., Pasanen, P., Jantunen, M.J., Kalinoski, H.T., 1991.

Significance of air humidity and air velocity for fungal spore release

into the air. Atmos. Environ. 25A, 459–462.

Peltola, J., Anderson, M.A., Haahtela, T., Mussalo-Rauhamaa, H.,

Rainey, F.A., Koppenstedt, R.M., Samson, R.A., Salkinoja-

Salonen, M., 2001. Toxic metabolite producing bacteria and

fungus in an indoor environment. Appl. Environ. Microbiol. 67,

3269–3274.

Peltola, J., Anderson, M.A., Raimo, M., Mussalo-Rauhamaa, H.,

Salkinoja-Salonen, M., 1999. Membrane toxic substances in water-

damaged construction materials and fungal pure cultures. In:

Johanning, E. (Ed.), Bioaerosols, Fungi and Mycotoxins: Health

effects, Assessment, Prevention and Control. Eastern New York

Occupational & Environmental Health Center, New York, pp.

432–443.

Peltola, J., Niessen, L., Nielsen, K.F., Jarvis, B.B., Andersen, B.,

Salkinoja-Salonen, M., M€ooller, E.M., 2002. Toxigenic diversity of

two different RAPD groups of Stachybotrys chartarum isolates

analyzed by potential for trichothecene production and for boar

sperm cell motility inhibition. Can. J. Microbiol. 48, 1017–1029.

Pestka, J.J., Bondy, G.S., 1990. Alternations of immune function

following dietary mycotoxin exposure. Can. J. Physiol. Pharm. 68,

1009–1016.

Pieckov�aa, E., Jesensk�aa, Z., 1998. Mold on house walls and the effect of

their chloroform-extractable metabolites on the respiratory cilia

movement of one-day-old chicks in vitro. Folia Microbiol. 63, 672–

678.

Platt, S.D., Martin, C.J., Hunt, S.M., Lewis, C.W., 1989. Damp

housing, mold growth and symptomatic health state. Brit. Med. J.

298, 1673–1678.

Purokivi, M.K., Hirvonen, M.-R., Randell, J.T., Roponen, M.,

Meklin, T., Nevalainen, A., Husman, T., Tukiainen, H.O., 2001.

Changes in pro-inflammatory cytokines in association with expo-

sure to moisture-damaged building microbes. Eur. J. Epidemiol.

18, 951–958.

Rand, T.G., Mahoney, M., White, K., Oulton, M., 2002. Microan-

atomical changes in Alveolar Type II cells in juvenile mice

intratracheally exposed to Stachybotrys chartarum spores and

toxin. Toxicol. Sci. 65, 239–245.

Rao, C.Y., Brain, J.D., Burge, H.A., 2000. Reduction of pulmonary

toxicity of Stachybotrys chartarum spores by methanol extraction

of mycotoxins. Appl. Environ. Microbiol. 66, 2817–2821.

Rao, C.Y., Fink, R.C., Wolfe, L.B., Liberman, D.F., Burge, H.A.,

1997. A study of aflatoxin production by Aspergillus flavus growing

on wallboard. J. Am. Biol. Saf. Assoc. 2, 36–42.

R€aaty, K., Raatikainen, O., Holmalahti, J., Wright, A., Joki, S.,

Pitkaenen, A., Saano, V., Hyv€aarinen, A., Nevalainen, A., Buti,

I., 1994. Biological activities of actinomycetes and fungi isolated

from indoor air of problem houses. Int. Biodeter. Biodegr. 34,

143–154.

K. Fog Nielsen / Fungal Genetics and Biology 39 (2003) 103–117 115

http://www.biocentrum.dtu.dk/mycology/publications/phd-kfn.pdf
http://www.biocentrum.dtu.dk/mycology/publications/phd-kfn.pdf


Raunio, P., Pasanen, A.-L., Virtanen, T., Rautiainen, J., 2001.

Preliminary description of antigenic components characteristic of

Stachybotrys chartarum. Environ. Res. Sec. A 85, 246–255.

Razzazi-Fazeli, E., Rabus, B., Cecon, B., Bohm, J., 2002. Simulta-

neous quantification of A-trichothecene mycotoxins in grains using

liquid chromatography–atmospheric pressure chemical ionisation

mass spectrometry. J. Chromatogr. A 968, 129–142.

Ren, P., Ahearn, D.G., Crow, S.A., 1998. Mycotoxins of Alternaria

alternata produced on ceiling tiles. J. Ind. Microbiol. 20, 53–54.

Ren, P., Ahearn, D.G., Crow, S.A., 1999. Comparative study of

Aspergillus mycotoxin production on enriched media and con-

struction material. J. Ind. Microbiol. Biot. 23, 209–213.

Reponen, T., Lehtonen, M., Raunemaa, T., 1992. Effect of indoor

sources on fungal spore concentrations and size distributions. J.

Aerosol. Sci. 23, S663.

Richard, J.L., Plattner, R.D., Mary, J., Liska, S.L., 1999. The

occurrence of Ochratoxin A in dust collected from a problem

household. Mycopathologia 146, 99–103.

Roggo, B.E., Petersen, F., Sills, M., Roesel, J.L., Moerker, T., Peter,

H.H., 1996. Novel spirodihydrobenzofuranlactams as antagonists

of endothelin and as inhibitors of HIV-1 protease produced by

Stachybotrys sp. I. Fermentation, isolation and biological activity.

J. Antibiot. 49, 13–19.

Rosas, A.L., MacGill, R.S., Nosanchuk, J.D., Kozel, T.R., Casadev-

all, A., 2002. Activation of the alternative complement pathway by

fungal melanins. Clin. Diagn. Lab. Immun. 9, 144–148.

Rowan, N.J., Johnstone, C.M., McLean, R.C., Anderson, J.G.,

Clarke, J.A., 1999. Prediction of toxigenic fungal growth in

buildings by using a novel modelling system. Appl. Environ.

Microbiol. 65, 4814–4821.

Ruotsalainen, M., Hirvonen, M.-R., Nevalainen, A., Meklin, T.,

Savolainen, K., 1998. Cytotoxicity, production of reactive oxygen

species and cytokines induced by different strains of Stachybotrys

sp. from mouldy buildings in RAW264.7 macrophages. Environ.

Toxicol. Pharmacol. 6, 193–199.

Rylander, R., Northall, M., Engdal, U., Tuns€aater, A., Holt, P.G.,

1998. Airways inflammation, atopy, and (1-3)-b-DD-glucan exposure

in two schools. Am. J. Resp. Crit. Care 158, 1685.

Sakamoto, K., Tsujii, E., Miyauchi, M., 1993. FR901459, a novel

immunosuppressant isolated from Stachybotrys chartarum No.

19392. Taxonomy of the producing organism, fermentation,

isolation, physicochemical properties and biological activities. J.

Antibiot. 46, 1788–1798.

Samson, R.A., Hoekstra, E.S., Frisvad, J.C., Filtenborg, O. (Eds.),

2002. Introduction to Food- and Air Borne Fungi, sixth ed.

Centraal bureau voor Schimmelcultures, Utrecht.

Schuster, E., Dunn-Coleman, N., Frisvad, J.C., Van Dijck, P.W.,

2002. On the safety of Aspergillus niger—a review. Appl. Microbiol.

Biot. 59, 426–435.

Scott, W.J., 1957. Water relations of food spoilage micro-organisms.

Adv. Food Res. 7, 83–127.

Seifert, K.A., Frisvad, J.C., 2000. Penicillium on solid wood products.

In: Samson, R.A., Pitt, J.I. (Eds.), Integration of Modern Taxo-

nomic Methods for Aspergillus and Penicillium taxonomy. Har-

wood Scientific Publishers, Reading, pp. 285–298.

Sekita, S., Yoshihira, K., Natori, S., Udagawa, S., Muroi, T.,

Sugiyama, Y., Kurata, H., Umeda, M., 1981. Mycotoxin produc-

tion by Chaetomium spp. and related fungi. Can. J. Microbiol. 27,

766–772.

Skouboe, P., Taylor, J.W., Frisvad, J.C., Rossen, L., 2000. Molecular

methods for differentiation of closely related Penicillium species. In:

Samson, R.A., Pitt, J.I. (Eds.), Integration of Modern Taxonomic

Methods for Aspergillus and Penicillium taxonomy. Harwood

Scientific Publishers, Reading, pp. 171–180.

Smith, J.E., Anderson, J.G., Lewis, C.W., Murad, Y.M., 1992.

Cytotoxic fungal spores in the indoor atmosphere of damp

domestic environment. FEMS Microbiol. Lett. 200, 337.

Smoragiewicz, W., Cossette, B., Boutard, A., Krzystyniak, K., 1993.

Trichothecene mycotoxins in the dust ventilation system in office

buildings. Int. Arch. Occup. Environ. Health 65, 113–117.

Sorenson, W.G., 1999. Fungal spores: hazardous to health. Environ.

Health Perspect. 107 (Suppl. 3), 469–472.

Sorenson, W.G., Frazer, D.G., Jarvis, B.B., Simpson, J., Robinson,

V.A., 1987. Trichothecene mycotoxins in aerosolized conidia of

Stachybotrys atra. Appl. Environ. Microbiol. 53, 1370–1375.

Sorenson, W.G., Simpson, J.P., 1986. Toxicity of penicillic acid for rat

alveolar macrophages. Environ. Res. Sec. A 41, 505–513.

Sorenson, W.G., Tucker, J.D., Simpson, J.P., 1984. Mutagenicity of

the tetramic mycotoxin cyclopiazonic acid. Appl. Environ. Micro-

biol. 47, 1355–1357.

Steyn, P.S., Vleggaar, R., 1974. Austocystins. Six novel dihydrof-

uro[30,s0: 4,5]furo, 3, -b-xanthenones: from Aspergillus ustus. J.

Chem. Soc. Perk. T 1, 2250–2256.

Steyn, P.S., Vleggaar, R., 1976. 12,13-dihydro-12-hydroxyaustamide, a

new dioxopiperazine from Aspergillus ustus. Phytochemistry 15,

355–356.

Steyn, P.S., Vleggaar, R., 1985. Tremorgenic mycotoxins. Fort. Chem.

Org. Nat. 48, 1–80.

Stoev, S.D., Daskalov, H., Radic, B., Domijan, A.M., Peraica, M.,

2002. Spontaneous mycotoxic nephropathy in Bulgarian chickens

with unclarified mycotoxin aetiology. Vet. Res. 33, 83–93.

Str€oom, G., West, J., Wessen, B., Palmgren, U., 1994. Quantitative

analysis of microbial volatiles in damp Swedish houses. In:

Samson, R.A., Flannigan, B., Flannigan, M.E., Verhoeff, P.

(Eds.), Health Implications of Fungi in Indoor Air Environment.

Elsevier, Amsterdam, pp. 291–305.

Sumi, Y., Hamasaki, T., Miyagawa, H., 1987. Tumors and other lesion

induced in germe-free rats exposed to Aspergillus versicolor. Jpn. J.

Cancer Res. 78, 480–486.

Sumi, Y., Nagura, H., Takeuchi, M., 1994. Granulomatous lesions in

the lung induced by inhalation of mold spores. Virchows Arch. 424,

661–668.

Thrane, U., Poulsen, S.B., Nirenberg, H.I., Lieckfelt, E., 2001.

Identfication of Trichoderma strains by image analysis of HPLC

chromatograms. FEMS Microbiol. Lett. 203, 249–255.

Tuomi, T., Reijula, K., Johnsson, T., Hemminki, K., Hintikka, E.-L.,

Lindroos, O., Kalso, S., Koukila-K€aahk€oola, P., Mussalo-Rauha-

maa, H., Haahtela, T., 2000. Mycotoxins in crude building

materials from water-damaged buildings. Appl. Environ. Micro-

biol. 66, 1899–1904.

Tuthill, D.I., Frisvad, J.C., Christensen, M., 2001. Systematics of

Penicillium simplicissimum based on rDNA sequences, morphology

and secondary metabolites. Mycologia 93, 298–308.

Ueno, Y., 1985. Toxicology of mycotoxins. Crit. Rev. Toxicol. 14, 99–

132.

Verhoeff, A.P., Burge, H.A., 1997. Health risk assesment of fungi in

home environments. Ann. Allerg. Asthma Immun. 78, 544–

556.

Vesper, S.J., Dearborn, D.G., Yike, I., Allen, T., Sobolewski, J.,

Hinkley, S.F., Jarvis, B.B., Haugland, R.A., 2000. Evaluation of

Stachybotrys chartarum in the house of an infant with pulmonary

hemmorrhage: Quantitative assessment before, during, and after

Remediation. J. Urban Health 77, 68–85.

Vesper, S.J., Dearborn, D.G., Yike, I., Sorenson, W.G., Haugland,

R.A., 1999. Hemolysis, toxicity, and randomly amplified polymor-

phic DNA analysis of Stachybotrys chartarum strains. Appl.

Environ. Microbiol. 65, 3175–3181.

Vesper, S.J., Vesper, M.J., 2002. Stachylysin may be a cause of

hemorrhaging in humans exposed to Stachybotrys chartarum.

Infect. Immun. 70, 2065–2069.

Viana, M.E., Coates, N.H., Gavett, S.H., Selgrade, M.K., Vesper, S.J.,

Ward, M.D., 2002. An extract of Stachybotrys chartarum causes

allergic asthma-like responses in a BALB/c mouse model. Toxicol.

Sci. 70, 98–109.

116 K. Fog Nielsen / Fungal Genetics and Biology 39 (2003) 103–117



Viitanen, H.A., Bjurman, J., 1995. Mould growth on wood at

fluctuating humidity conditions. Mater. Organismen 29, 27–46.

Ware, G.M., Thorpe, C.W., Pohland, A.E., 1980. Determination of

roquefortine in blue cheese and blue cheese dressing by high

pressure liquid chromatography with ultraviolet and electrochem-

ical detectors. J. Assoc. Off. Anal. Chem. 63, 637–641.

Wilkins, C.K., Nielsen, E.M., Wolkoff, P., 1997. Patterns in volatiles

organic compounds in dust from mouldy buildings. Indoor Air 7,

128–134.

Williams, D.H., Stone, M.J., Hauck, P.R., Rahman, S.K., 1989. Why

are secondary metabolites (natural products) biosynthesised? J.

Nat. Prod. 52, 1189–1208.

Yike, I., Allan, T., Sorenson, W.G., Dearborn, D.G., 1999. Highly

sensitive protein translation assay for trichothecene toxicity in

airborne particulates: comparison with cytotoxicity assays. Appl.

Environ. Microbiol. 65, 88–94.

Further reading

Dobashi, K., et al., 1995. New sesquiterpene derivative. Patent:

JP7145161 (in Japanese).

K. Fog Nielsen / Fungal Genetics and Biology 39 (2003) 103–117 117


	Mycotoxin production by indoor molds
	Introduction
	The building-associated mycobiota
	Factors affecting growth on building materials
	Significance of transient humidity conditions
	Factors affecting mycotoxin production by indoor molds
	Identification
	Analytical methods
	Sample collection
	Mycotoxins produced by Stachybotrys
	Mycotoxins produced by other indoor molds
	Alternaria
	Aspergillus flavus
	Aspergillus fumigatus
	Aspergillus niger
	Aspergillus ochraceus
	Aspergillus cf. ustus
	Aspergillus versicolor
	Chaetomium globosum
	Memnoniella echinata
	Penicillium brevicompactum
	Penicillium chrysogenum
	Penicillium expansum
	Penicillium polonicum
	Trichoderma

	Human exposure
	Conclusions
	Acknowledgements
	Further reading
	References


