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Received 21 February 1995/Accepted 19 May 1995

Five fungal species, Aspergillus versicolor, Penicillium commune, Cladosporium cladosporioides, Paecilomyces
variotii, and Phialophora fastigiata, were cultivated on two media, malt extract agar and dichloran glycerol agar.
Culture flasks provided with inlet and outlet tubes were used and purified, and humidified air was constantly
led through the flasks. Air samples from the cultures were sorbed on Tenax GR and analyzed by thermal
desorption-gas chromatography. The produced volatile metabolites were analyzed by mass spectrometry.
Various hydrocarbons, alcohols, ketones, ethers, esters, sulfur-containing compounds, and terpenes were
identified. The most commonly produced substances were 2-methyl-1-propanol, 2-methyl-1-butanol, 3-methyl-
1-butanol, 3-methylfuran, and dimethyl disulfide. The production was highly dependent on both medium and
species.

During recent years, an increasing number of people have
experienced negative health effects because of their indoor
climate. This is usually referred to as the sick building syn-
drome and is characterized by an increased prevalence of cer-
tain nonspecific symptoms in more than 20% of the workforce
(21). The most common symptoms are irritation of the eyes
and the mucous membranes of the nose and throat, lethargy,
and headache. Several scientific disciplines have tried to iden-
tify the causes of these symptoms. Combustion by-products,
tobacco smoke, asbestos, radon, formaldehyde, growth of mi-
croorganisms, and volatile organic compounds are some of the
explanations that have been suggested (31).
It is not likely that there is only one explanation for the

negative health effects. A combination of several factors or
various sources in different buildings is more probably the case.
When excessive growth of microorganisms, especially fungi, is
suspected to be the cause of poor health, the traditional ap-
proach is to measure airborne spore levels. Different investi-
gations have, however, shown that there is often no significant
difference in airborne spore levels in affected and unaffected
buildings (1, 8, 24, 33). According to Nevalainen et al. (24),
airborne spore counts may be low even in rooms where fungal
growth is clearly visible, because fungi do not sporulate con-
tinuously (15, 28). Growth of microorganisms in buildings may
also occur inside floors, walls, etc. The fungal spores are too
large to diffuse through such materials. In contrast, the volatile
metabolites produced by the fungi can diffuse through sub-
strates such as insulation material and wallpaper (34). Some
molds that are able to grow in buildings are known to produce
highly toxic metabolites, such as the trichothecenes (7) pro-
duced by Stachybotrys chartarum (formerly Stachybotrys atra).
Other microbially produced volatiles exhibit an unpleasant

odor (5, 6, 9, 13, 16–20, 22, 27, 38), but even some of the
nonpungent compounds must be considered possible health
hazards. The levels of these substances might be low, but long-
term exposure to combinations of several substances present at
low concentrations might be harmful.
The hypothesis that microbial volatiles are one cause of sick

building syndrome can be supported only if the identities of
these compounds are known. Identification would also facili-
tate study of the health effects of the different metabolites on
humans. It would also be important to study the connection
between effects on humans and levels of microbial volatiles in
affected buildings before using the method routinely. Studies
on fungal proliferation in stored cereal have shown that fungal
metabolites can be used as indicators of mold growth (2–5).
Börjesson et al. (2–5) studied the growth of Fusarium culmo-
rum and several Penicillium and Aspergillus species on cereal or
cereal-based agar media. Differences in the production of vol-
atile metabolites were reported to depend more on the fungal
species than on the grain type. 3-Methylfuran was produced by
the majority of the studied species and was suggested as a
marker substance for mold growth in cereals. By analogy, com-
monly produced fungal metabolites might serve as possible
indicators of mold growth in buildings.
Besides being dependent on fungal species, the production

of metabolites is also influenced by media. Norrman (25, 26)
studied the effects of carbon and nitrogen sources on the pro-
duction of volatile compounds by Dipodascus aggregatus. Spre-
cher and Hanssen (33) concluded that terpene production by
Ceratocystis species was highly influenced by the carbon source.
In this study, five fungal species, Aspergillus versicolor, Pen-

icillium commune, Cladosporium cladosporioides, Paecilomyces
variotii, and Phialophora fastigiata, all known to be found in
affected buildings (29), were cultivated on two media, malt
extract agar (MEA) and dichloran glycerol agar (DG18).
These media have differing nutrient compositions and water
contents. The objectives of the investigation were to study
which volatile metabolites were produced, how the production
of volatiles differed between species, and how it was affected by
cultivation media. If some compounds were found to be com-
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monly produced by several species and on both media, they
could be interesting as potential markers of mold growth in
buildings.

MATERIALS AND METHODS

Fungal cultures. The following strains were used: Aspergillus versicolor (Vuill.)
Tiraboschi, Penicillium commune Pitt, Cladosporium cladosporioides Ellis, Pae-
cilomyces variotii Bain, and Phialophora fastigiata (Lagerb. &Melin) Conant. The
strains were obtained from Pegasus Lab AB, Uppsala, Sweden.
Cultivation media. MEA was prepared by adding 20 g of malt extract (Difco

Laboratories) and 15 g of agar (bacteriological agar no. 1; Oxoid) to 1,000 ml of
demineralized water. After being stirred at 858C for 1.5 h, the medium was
poured into culture flasks and autoclaved at 1258C for 15 min. Each 2-liter flask
contained 330 ml of medium. DG18 was prepared by adding 15.8 g of dichloran
glycerol agar base (DG18; Oxoid) to 500 ml of demineralized water. The mixture
was stirred at 858C for 1 h, and 80 ml of glycerol (.99.5%; Prolabo) was added.
The medium was poured into culture flasks and autoclaved as above.
Preparation of spore suspensions and inoculation. The fungi were cultivated

on MEA and DG18 on petri dishes for 2 weeks. A 5-ml portion of sterile water
with 0.05% Tween 80 (Kebo Lab AB) was added to the culture, the mixture was
smoothly shaken, and the suspension was isolated. The spore concentration was
determined by counting in a Bürker counting chamber (0.100 mm by 0.04/0.0025
mm2) and adjusted with water to 1.0 3 103 spores per ml. To each culture flask
was added 10 ml of the spore suspension. The flasks were gently rotated to create
a homogeneous suspension layer on the agar surface, and the excess suspension
(about 6 ml) was poured out. The medium blanks were treated as above but with
sterile 0.05% Tween 80 instead of the spore suspension.
Cultivation and sampling equipment. The cultivation was performed in 2-liter

culture flasks made of glass, with glass adapters for air inlet and outlet (Fig. 1).
Air, cleaned through oil and particle filters (F50-004-A000 and F13-000-M300;
Norgren Martonair AB), was humidified by being led through water-filled dis-
persion bottles and was then led via Tenax TA tubes (SKC) and sterile silanized
glass wool (Chrompack) into the flasks at 30 ml/min. The pressure at the inlet of
the cultivation system was maintained at 0.6 3 105 Pa with a pressure regulator
(Norgren R38-200-RNCA), and the flow through the culture flasks was adjusted
by using glass capillaries (50 mm by 0.15 mm [inner diameter]; Wernerglas,
Stockholm, Sweden). The flow was measured with a flow meter (ROTA L0.025/
1.9). At the outlet, the air passed through glass wool before being sampled on
Tenax GR. The glass wool served as spore filters to avoid introducing unwanted
microorganisms into the flasks and to prevent spores from the cultures from
being trapped on the sampling tubes. Connections were made of Teflon tubing
(HABIA, Stockholm, Sweden), and the connectors to the adapters were made of
brass with rubber O-ring seals. For each medium and mold, two flasks were
inoculated and one flask served as a medium blank.
Sampling of volatile metabolites. The volatile metabolites released by the

cultures were sampled by connecting adsorbent tubes at the outlet of the culture
flasks. The adsorbent tubes (Chrompack; length, 160 mm; outer diameter, 6 mm;
inner diameter, 3 mm) were made of glass. They were all packed with 90 mg of
Tenax GR (60-80 mesh; Buchem B.V.), with silanized glass wool (Chrompack) at
both ends. The tubes were conditioned overnight at 3008C with a helium (AGA)
flow of 30 to 40 ml/min before use. Samples were taken every third or fourth day
from day 3 to day 12 or 15; additional samples were taken on later occasions (up
to day 28) for some species and media. The sampling time varied between 5 and

140 min, depending on the rate of metabolite production. The flow was 30 6 2
ml/min during all the cultivation and also during sampling. Three samples were
taken from each flask on every sampling occasion. Two samples were run on a
gas chromatograph with a flame ionization detector, and the third was used for
mass-spectrometric identification.
Analysis and identification. The volatiles trapped on the adsorbent were

thermally desorbed with a commercial thermal desorption injector (Chrompack
16400 purge and trap injector, modified for thermal desorption injection accord-
ing to Chrompack modification manual M-16420-85-2).
The injection was run under optimized conditions (36). Desorption was per-

formed at 2208C for 10 min. The desorption flow was 30 ml/min, and the pressure
on the injector and column was 3 3 105 Pa. Helium was used as the carrier gas.
The cold trap (Chrompack CP-TM-Sil-8CB, df (film thickness) of 5.0 mm; inner
diameter, 0.5 mm) was first cooled and then maintained at 21258C during
desorption, and the sample was injected onto the column by heating the trap to
1308C for 3 min. The gas-chromatographic measurements were carried out on an
HP 5890 gas chromatograph with a fused-silica column (HP Ultra 2; 50 m by 0.2
mm [inner diameter], coated with cross-linked 5% phenylmethylsilicone, df 0.33
mm) and a flame ionization detector. An HP 3392A integrator was used as a
recorder. The temperature of the detector and injection block was 2508C. The
gas-chromatographic temperature program was 308C for 5 min followed by a
temperature rise of 108C/min up to 2208C. This final temperature was maintained
for 10 min.
The metabolites produced were quantified as equivalents of toluene. Toluene

standards were dynamically generated as described by Sunesson et al. (35).
Flame ionization detection was used for the quantification. Because of the low
sensitivity of the detector toward sulfur-containing compounds, dimethyl disul-
fide was generated as the quantification standard for the sulfur-containing sub-
stances found (dimethyl sulfide and dimethyl disulfide).
For identification, a mass spectrometer (Finnigan INCOS 500) was used as the

detector after the gas-chromatographic separation. The temperature of the ion
source was 1508C. The emission current was 750 mA at an electron energy of 70
eV. The instrument scanned atm/z 12 to 15, 21 to 27, and 34 to 300 in 0.6 s during
the first 15 min of the analysis and at m/z 36 to 400 in 0.6 s for the remaining 19
min. A reference standard library (NIST), containing 42,220 spectra, was used to
aid the identification of the volatiles. When available, reference compounds were
used to confirm the identities of the metabolites.
Reference compounds. The reference compounds used for identification were

as follows. (i) Hydrocarbons. The hydrocarbons included n-heptane (PolyScience
Corp., .99.5%), n-octane (Merck, .99.5%), 1-octene (Aldrich, 98%), toluene
(Merck, .99.5%), 1,3,5-trimethylbenzene (PolyScience Corp., .99.5%), m-xy-
lene (Aldrich, 98%), o-xylene (Aldrich, 97%), and p-xylene (Aldrich, 99%).
(ii) Alcohols. The alcohols included o-cresol (Merck, 99%), m-cresol (Kebo,

.99%), p-cresol (BDH laboratory reagent, 98%), 2-ethylhexanol (Fluka,

.97%), 2-methyl-1-butanol (Aldrich, 99%), 3-methyl-1-butanol (Baker, 98%),
3-methyl-3-buten-1-ol (Aldrich, 97%), 2-methyl-1-propanol (Sigma-Aldrich,
99.5%), 3-octanol (Aldrich, 99%), 1-octene-3-ol (Aldrich, 98%), and 2-propanol
(Merck, .99.5%).
(iii) Aldehydes. The aldehydes included benzaldehyde (Kebo,.99%), decanal

(Aldrich, 98%), furfural (Merck, .99.5%), 3-methylbutanal (Kebo, .98%),
2-methylpropanal (Kebo,.98%), nonanal (Aldrich, 95%), and octanal (Aldrich,
99%).
(iv) Ketones. The ketones included acetone (Merck, .99.5%), 2-butanone

(Merck, .99%), cyclopentanone (Aldrich, 99%), 3-methyl-2-butanone (Tokyo
Kasei Organic Chemicals, 99%), 3-methyl-2-pentanone (Aldrich, 99%), 3-oc-
tanone (Aldrich, 99%), and 3-pentanone (Aldrich, 97%).
(v) Ethers. The ethers included anisole (Riedel-De Haën,.95%), 2,5-dimeth-

ylfuran (synthesized as follows: 2,4-hexadione was dissolved in paraffin oil, in
which one equivalent of zinc chloride [anhydrous] was suspended; the mixture
was heated to 1208C, and the furan and water formed were distilled off; the
2,5-dimethylfuran layer was separated and dried over MgSO4; the purity was
.98% as determined by gas chromatography), 3-methylanisole (Aldrich, 99%),
furan (Aldrich, 99%), 3-methoxyanisole (Tokyo Kasei Organic Chemicals,
.99%), and 3-methylfuran (Tokyo Kasei Organic Chemicals, 99%).
(vi) Esters. The esters included ethyl acetate (Merck, p.a.), ethyl butanoate

(Aldrich, 99%), ethyl propanoate (Aldrich, 99%), methyl acetate (Aldrich, 99%),
methyl benzoate (Tokyo Kasei Organic Chemicals, .99%), 3-methylbutyl ace-
tate (Kebo, purum), propyl acetate (Theodor Schuchardt, für Chromatographie),
and 2-methylpropyl acetate (Aldrich, 99%).
(vii) Sulfur compounds. The sulfur compound used was dimethyl disulfide

(Janssen, p.a.).
(viii) Terpenes and terpene derivatives. The terpenes included camphene

(Aldrich, .90%), b-caryophyllene (Tokyo Kasei Organic Chemicals, .80%),
a-curcumene [1-(1,5-dimethyl-4-hexenyl)-4-methylbenzene, synthesized by the
method of Hall et al. (10), .95%], geosmin (synthesized by the method of
Hansson et al. [11, 12], .98%), R-(1)-limonene (Fluka, 98%), S-(2)-limonene
(Fluka, 97%), a-pinene (Aldrich, 98%), and b-pinene (Aldrich, 98%).
(ix) Others. Acetonitrile (Riedel-de Haën, 99.8%) was also used.
Toluene (Merck, .99.5%) was used as standard for quantification. The di-

methyl disulfide used as quantification standard was the same as above.

FIG. 1. Equipment used for cultivation and sampling.
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TABLE 1. Production of volatiles from Aspergillus versicolor, Penicillium commune, Cladosporium cladosporioides,
Paecilomyces variotii, and Phialophora fastigata on DG18 and MEA

No. Compound
Production bya: Purity/fit or

reference
compoundbA. versicolor P. commune C. cladosporioides P. variotii P. fastigiata

Hydrocarbons
1 1,3-Pentadiene X 946/946
2 2-Methyl-1,3-pentadiene M 965/987
3 Heptane X R
4 Octane X, M R
5 1-Octene X2 X2 R
6 Xylene X, M R
7 Trimethylbenzene X, M R
8 2,3,5-Trimethyl-1,3-hexadiene X 937/954

Alcohols
9 2-Propanol M R
10 2-Methyl-1-propanol X2 X1 X11c, M R
11 2-Methyl-1-butanol X X1, M1 X, M R
12 3-Methyl-1-butanol X X, M1 X11c, M X R
13 3-Methyl-3-buten-1-ol X2 R
14 1-Octen-3-ol X X R
15 3-Octanol X2 R
16 2-Ethylhexanol M R
17 Cresol M R

Ketones
18 Acetone X11 X R
19 2-Butanone X X X R
20 Cyclopentanone X X R
21 3-Methyl-2-butanone X R
22 3-Pentanone X R
23 3-Methyl-2-pentanone X2 R
24 3-Octanone X X2 R
25 4-Methyl-3-hexanone X 813/826
26 5-Ethyl-4-methyl-3-heptanone X 850/895

Ethers
27 Furan X R
28 3-Methylfuran X2 X X X2, M2 R
29 2,5-Dimethylfuran X X2 R
30 2,4-Dimethylfuran M 867/930
31 Anisole X R
32 3-Methylanisole M1 R
33 3-Methoxyanisole X1 R

Esters
34 1-Methylpropyl formate X 872/893
35 2-Methylpropyl formate X 726/795
36 Methyl acetate M1 M2 R
37 Ethyl acetate M11 R
38 Propyl acetate M R
39 2-Methylpropyl acetate X, M1 R
40 3-Methylbutyl acetate X, M1 R
41 Ethyl propanoate M R
42 Ethyl butanoate M R
43 Ethyl-2-methyl butanoate M 817/824
44 Methyl-3-methyl butanoate X2 875/877
45 Methyl benzoate X R

Sulfur compounds
46 Dimethyl sulfide M11 960/970
47 Dimethyl disulfide X M X2 R
48 Ethanthioic acid-S-(2-methyl)butylester M1 745/953

Terpenes and terpene derivatives
49 a-Pinene X R
50 b-Pinene X1 R
51 Camphene X R
52 Limonene X1 R
53 Geosmin X, M2 R
54 Caryophyllene X1 R
55 Methyl-(1-methylethenyl)benzene X 816/992
56 1,2,3,4-Tetramethyl-4-(1-methylethenyl)benzene M 845/945
57 a-Curcumene (1-(1,5-dimethyl-4-hexenyl)-4-methylbenzene) X X R

Sesquiterpenes X X1 X X11, M1 X1

a X, DG18; M, MEA. The amounts of metabolites produced are indicated as toluene equivalents when determined by flame ionization detection: X11 and M11,
metabolite production in amounts corresponding to .1,000 ng of toluene per h; X1 and M1, 100 to 1,000 ng/h; X and M, 5 to 100 ng/h; X2 and M2, ,5 ng/h.
b Substances identified with reference compounds are marked with R. For substances whose identities are indicated only by the mass spectrometric library, the

reported purity and fit values are given.
c Production until day 8; no production at day 12.
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RESULTS

The volatiles produced by the fungi are summarized in Table
1. On MEA, both Penicillium commune and Paecilomyces vari-
otii produced a complex pattern of metabolites (Fig. 2), while
on DG18, all fungi produced several metabolites in different
amounts (Fig. 3 and 4).
Penicillium commune was the only species that produced a

series of esters on MEA, of which ethyl acetate was the dom-
inant substance. Dimethyl sulfide, 2-methylpropyl acetate, and
3-methylanisole were the major products next to ethyl acetate.
It is noteworthy that the strongly earth-smelling substance
geosmin is produced by this species in small amounts. On
DG18, the fungi produced both mono- and sesquiterpenes.
Only some of the monoterpenes could be identified: a-pinene,
b-pinene, camphene, and limonene. The only esters detected
were 2-methylpropyl acetate and 3-methylbutyl acetate. Ethyl
acetate, which was the dominant product of this species on
MEA, was totally absent. Geosmin was also produced on this
medium.
Paecilomyces variotii produced sesquiterpenes as main prod-

ucts on both media. The fungi also produced some aromatics
like xylene and trimethylbenzene. 3-Methylfuran was found in
small amounts on both media. On MEA, 2-methyl-1-butanol
and 3-methyl-1-butanol were produced at the beginning of the

cultivation period, but their levels declined rapidly. On DG18,
2-methyl-1-propanol and 3-methyl-1-butanol were produced in
large amounts during the first week of growth, 2.5 and 5 mg/h,
respectively, after 8 days, but at 12 days no production of those
substances was detected.
Aspergillus versicolor showed very little production on MEA.

The only metabolite that was produced in detectable amounts
was 2-ethylhexanol. On DG18, the major constituents pro-
duced were 3-methoxyanisole, 1-octene-3-ol, and 3-octanone.
Other alcohols and ketones were also detected. Dimethyl di-
sulfide was produced in small amounts as the only sulfur-
containing compound. Sesquiterpenes were detected as minor
products.
Phialophora fastigiata did not produce anything in detectable

amounts on MEA. On DG18, the fungi showed a dominating
sesquiterpene region in the chromatograms. Only caryophyllene
could be identified from this cluster. Methyl benzoate was
identified as a considerable metabolite. Dimethyl disulfide was
produced but only as a minor component.
Cladosporium cladosporioides was generally the least produc-

tive species. No metabolites were detected on MEA. On DG18,
only three metabolites were identified: 1-octene, 3-methylfu-
ran, and 3-pentanone. Sesquiterpenes were also detected in
small amounts.
2-Methyl-1-propanol, 2-methyl-1-butanol, and 3-methyl-1-

butanol were the substances produced by most species and on
both media. Only Cladosporium cladosporioides did not pro-
duce any of these alcohols. 3-Methylfuran is produced by four
of the five species on DG18 and by Paecilomyces variotii on
MEA as well, but only in small amounts. Dimethyl disulfide
was identified from three species. Sesquiterpenes were pro-
duced by all species on at least one medium (preferably DG18).
Some of the substances identified in the media were con-

sumed by the fungi during growth. This concerns mainly some
aldehydes, like furfural and benzaldehyde, present in both
media. Volatiles emitted from the media are presented in
Table 2.
The time dependence of the production of metabolites is

shown in Fig. 5 to 7. Values in parentheses are below the
detection limit (0.4 ng/h). The volatiles shown in the figures
were selected basically by three criteria: (i) a compound pro-
duced by more than one species; (ii) a major metabolite; or
(iii) a compound with an unpleasant odor. The relative stan-
dard deviations of the amounts produced were generally below
20% (n 5 4). Metabolites were usually detected after 3 to 6
days. Within the sampling period, most components were pro-
duced in rather constant amounts after the production had
started or in slowly declining amounts after reaching a maxi-
mum. Some metabolites showed maximum amounts after 6 to
9 days of growth and thereafter exhibited a rapid decrease in
production.

DISCUSSION

The production of volatiles proved to be dependent on both
fungal species and media. A large number of metabolites could
be identified, but many of them were produced by only one
species and often on only one medium. A few metabolites
could be considered commonly produced: 2-methyl-1-propa-
nol, 2-methyl-1-butanol, and 3-methyl-1-butanol (which are
often reported as fungal metabolites [2–4, 8, 22]), 3-methylfu-
ran, and dimethyl disulfide were all produced by at least three
species, and production occurred on both media. Being com-
monly produced, those substances would be of interest as in-
dicators of mold growth in buildings, although it is possible
that the production of volatiles under natural conditions in

FIG. 2. Gas chromatograms of volatiles from Penicillium commune (after 16
days and 15 min of sampling) (a) and Paecilomyces variotii (after 9 days and 120
min of sampling) (b) on MEA. Also given is the MEA blank after 16 days and 15
min of sampling (c). The numbers identify the compounds as listed in Table 1
and 2. Compounds marked with S are silica-containing substances bleeding from
the cold trap.
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buildings differs from the compounds produced on media such
as the ones used in this study. 3-Methylfuran is also suggested
by Börjesson et al. (4) as a marker substance for mold prolif-
eration in stored cereals. Sesquiterpenes were produced by all
fungi, but they would not be good as markers of fungal growth
in indoor environments since terpenes could also originate
from wood (14, 37) in the building material. Many of the
volatile organic compounds produced by the fungi in this study
could also have other sources explaining their presence in
indoor air and would therefore not be useful as indicators of
mold growth in buildings or could only be used with caution in
combination with other indicator substances.
Some of the identified compounds have previously been

reported as fungal metabolites. In addition to the substances
presented above as the most frequently found in this study are
included, for example 1-octen-3-ol, 3-octanol, 3-octanone, and
geosmin (2–6, 9, 13, 16–20, 38). These compounds could also
be interesting as markers of fungal growth in buildings. The
production of the earthy-smelling compound geosmin from
Penicillium commune was not previously known. Among the
Penicillium species, geosmin has been previously reported as a
metabolite from P. expansum (22), P. citrinum and P. farinosum
(27), P. vulpinum and P. aethopicum (5), and P. clavigerum
(20). Ethanol, which is a commonly produced microbial me-
tabolite, was found in trace amounts (gas-chromatographic

retention time 2.80 min) from some cultures (e.g., Penicillium
commune on MEA). However, the low breakthrough volume
of the adsorbent for such a low-boiling alcohol makes any
quantification of ethanol impossible (35). In buildings, growth
of microorganisms usually has been proceeding for some time
before people experience problems. When choosing marker
metabolites for fungal growth in buildings, it is therefore also
important to consider the time dependence of the production.
Metabolites produced in rather equal amounts during the pe-
riod of growth would be preferable to metabolites produced,
for example, only during the first days of growth.
Miller et al. (23) used 3-methyl-1-butanol, 2-hexanone, and

2-heptanone as markers for fungal growth in buildings in a
study of 50 Canadian houses. They found an increased level of
these compounds in problem buildings compared with refer-
ence houses. However, these higher concentrations correlated
poorly with other measurements of fungal growth, like levels of
CFU per cubic meter and ergosterol concentrations, as would
be expected. Ström et al. (34) used 13 substances as indicators
of growth of microfungi and bacteria in damp buildings.
Among those substances were 3-methylfuran, 3-methyl-1-bu-
tanol, 1-octen-3-ol, 3-octanone, 3-octanol, and geosmin, which
have also been suggested as possible markers in this study.
Increased levels of the indicator substances were found in the
problem buildings compared with reference buildings. Since
the analysis was performed by mass spectrometry with selected

FIG. 3. Gas chromatograms of volatiles from Penicillium commune (after 12
days and 140 min of sampling) (a) and Paecilomyces variotii (after 12 days and 5
min of sampling) (b) on DG18. Also given is the DG18 blank after 12 days and
140 min of sampling (c). The numbers identify the compounds as listed in Table
1 and 2. Compounds marked with S are silica-containing substances bleeding
from the cold trap.

FIG. 4. Gas chromatograms of volatiles from Aspergillus versicolor (after 12
days and 140 min of sampling) (a), Cladosporium cladosporioides (after 12 days
and 140 min of sampling) (b), and Phialophora fastigiata (after 12 days and 60
min of sampling) (c) on DG18. See Fig. 3c for the DG18 blank. The numbers
identify the compounds as listed in Table 1.
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ion monitoring, no additional information concerning other
sampled substances is available. Both that investigation and
the study by Miller et al. indicate that microbially produced
volatile metabolites could be a useful tool in detecting problem
buildings. However, in both studies the criteria for selection of
buildings to investigate are not well specified.
The media chosen for cultivation in this study, MEA and

DG18, are the two media principally recommended for culti-
vation of mold species found in indoor environments (29).
They are both considered nutritionally rich media, but they
differ in composition. Malt extract is a dried and powdered

infusion of malt, while the dichloran glycerol agar base addi-
tionally consists of peptone, glucose, potassium dihydrogen
phosphate, magnesium sulfate, and dichloran. A determining
factor distinguishing between the media, however, is the water
content. DG18 contains glycerol instead of some of the water,
and this medium generally favors growth of xerophilic molds.
In a parallel study, Tenax GR proved to have a catalytic

effect on the breakdown of some terpeneoid structures during
thermal desorption (35). Therefore, and because mass spectra
of terpenes are very similar for different substances of the same
formula, the majority of the terpeneoid compounds have not
been possible to identify. It cannot be excluded that some of
the identified monoterpenes, or the sesquiterpeneoid struc-
tures suggested, are not really metabolites produced by the
fungi but breakdown products of other terpenes produced by
the fungi. Caryophyllene, which is reported as a metabolite of
Phialophora fastigiata, breaks down into a cluster of peaks
during analysis, but since the cluster produced by the pure
reference compound coincides with the cluster from the fungi
in retention times and mass spectra, its identity is considered
probable. The mass spectrum of geosmin is very characteristic,
and the production of this strongly smelling compound from
Penicillium commune is certain.
During the mass-spectrometric analysis, some scan intervals

were omitted to avoid disturbances from air and water. This
gives lower purity and fit values for some substances given in
Table 1 than what would have been the case if the whole m/z
interval had been scanned. This concerns, for example, ethyl-
2-methyl butanoate and methyl-3-methyl butanoate, which
both have purity and fit values below 900, although the spectra
correspond very well to the library spectra within the scanned
regions. Both compounds have reverse fit values over 970 (30).
For the substances identified with reference compounds, both

FIG. 5. Time dependence of metabolite production from Penicillium com-
mune and Paecilomyces variotii on MEA. TMMEB, 1,2,3,4-tetramethyl-4-(1-
methylethenyl)benzene.

FIG. 6. Time dependence of metabolite production from Penicillium com-
mune and Paecilomyces variotii on DG18.

TABLE 2. Volatiles emitted from the cultivation media

No.a Compound
Emission from: Purity/fit or

reference
compoundbMEA DG18

Aldehydes
58 2-Methylpropanal X R
59 3-Methylbutanal X R
60 Furfural X X R
61 Benzaldehyde X X R
62 Octanal X R
63 Nonanal X R
64 Decanal X R

Others
18 Acetone X X R
65 Acetonitrile X R
66 Toluene X R

a Numbers are as in Table 1.
b The degree of identification (reference compound or mass spectrometric

library only) is given as in Table 1.
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the spectra and the gas-chromatographic retention times agree.
Reported in Table 1 are only substances that could be identi-
fied with reference compounds or substances whose spectra
coincided well with the library spectra and that had gas-chro-
matographic retention times that were probable for the sug-
gested compounds.
In conclusion, a large number of fungal metabolites were

identified in this study. Some metabolites were produced by
several species and on both media and would be of interest as
indicators of mold growth in indoor environments.
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