
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/01/$04.0010 DOI: 10.1128/AEM.67.7.3269–3274.2001

July 2001, p. 3269–3274 Vol. 67, No. 7

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Toxic-Metabolite-Producing Bacteria and Fungus in
an Indoor Environment

J. PELTOLA,1* M. A. ANDERSSON,1 T. HAAHTELA,2 H. MUSSALO-RAUHAMAA,2 F. A. RAINEY,3

R. M. KROPPENSTEDT,4 R. A. SAMSON,5 AND M. S. SALKINOJA-SALONEN1

Division of Microbiology, Department of Applied Chemistry and Microbiology, University of Helsinki, FIN-00014
University of Helsinki,1 and Clinic for Indoor Air Health Problems, Department of Dermatology and

Allergic Diseases, Helsinki University Central Hospital, FIN-00250 Helsinki,2 Finland;
Department of Biological Sciences, Louisiana State University, Baton Rouge,

Louisiana 708033; Deutsche Sammlung von Mikroorganismen
und Zellkulturen, D-38124 Braunschweig, Germany4;

and Centraalbureau voor Schimmelcultures,
3740 AG Baarn, The Netherlands5

Received 28 November 2000/Accepted 15 April 2001

Toxic-metabolite-emitting microbes were isolated from the indoor environment of a building where the
occupant was suffering serious building-related ill-health symptoms. Toxic substances soluble in methanol and
inhibitory to spermatozoa at <10 mg (dry weight) ml21 were found from six bacterial isolates and one fungus.
The substances from isolates of Bacillus simplex and from isolates belonging to the actinobacterial genera
Streptomyces and Nocardiopsis were mitochondriotoxic. These substances dissipated the mitochondrial mem-
brane potential (Dc) of boar spermatozoa. The substances from the Streptomyces isolates also swelled the
mitochondria. The substances from isolates of Trichoderma harzianum Rifai and Bacillus pumilus damaged the
cell membrane barrier function of sperm cells.

It is widely recognized that microbes are involved in health
problems connected to water-damaged buildings (10, 11, 16,
33, 39), but no specific microbe or toxin has been identified as
the dominating cause. Mycotoxins, endotoxins (lipopolysac-
charide) of gram-negative bacteria, b-D-glucans, and cytotoxic
and mitochondriotoxic metabolites produced by Streptomyces
species have been suspected to cause health problems (4, 10,
11, 33, 34). Certain fungal genera (31) and spore-forming ac-
tinobacteria are considered indicative of health problems (6).
The role of other bacteria and fungi found in large amounts in
damp houses has been ignored.

In this paper we describe six toxic bacteria, identified as
Bacillus pumilus, Bacillus simplex, species of Streptomyces and
Nocardiopsis, and a toxic mold, Trichoderma harzianum Rifai,
from a private dwelling where an occupant exhibited serious
symptoms, like exacerbations of asthma, sinusitis, urticaria,
blocked nose, rhinitis, otitis, hoarseness, ache in joints, myal-
gia, and tiredness. Toxins were detected using boar spermato-
zoa as indicator cells. These cells were successfully used earlier
in the search for toxins in buildings with histories of water
damage (2, 4, 28) and for detecting valinomycin-producing
isolates of Streptomyces griseus (4) in the indoor environment
and peptide toxins of Bacillus cereus and Bacillus licheniformis
from food poisoning (3, 24).

The building studied was a detached house with natural
ventilation, built in the 1950s. The family had lived in the house
since 1986 and recently built an extension. Water damage,

detected in 1993, was remediated by installing a subsurface
drainage around the house. In 1996 the water damage noticed
in the basement bathroom, in the roof, and in the outdoor wall
of the extension was repaired.

Indoor air was sampled on 9 February 1998 with a six-stage
Andersen impactor (28.3 liters min21; Graseby Andersen, At-
lanta, Ga.) on tryptic soy agar plates (Difco, Detroit, Mich.)
and on corn meal agar plates (Difco) for 10 to 15 min. The
plates were incubated for 7 to 14 days at 15 to 22°C, colonies
were counted, and pure cultures were prepared. Cultures were
also isolated from the construction materials by the dilution
plating method as described by Andersson et al. (2, 5).

The pure bacterial isolates were subcultured on tryptic soy
agar plates, and the fungal isolates were subcultured on 2%
malt extract agar (Biokarr Diagnostics, Beauvais, France). Af-
ter 10 days the biomass was harvested, extracted, evaporated,
and assayed as a methanol solution for boar spermatozoon
motility inhibition as described by Andersson et al. (2), judged
with a phase-contrast microscope. The boar spermatozoa were
commercial tradeware (AI Cooperative, Kaarina, Finland).

Damage to the spermatozoan plasma membrane permeabil-
ity barrier was assessed by differential staining with propidium
iodide and SYBR-14 (Live/dead sperm viability kit; Molecular
Probes, Eugene, Oreg.). Propidium iodide fluoresces red when
bound to DNA but needs damaged plasma membranes to
penetrate the cell, where as SYBR-14 is a membrane-perme-
ating nucleic acid stain and fluoresces bright green (12). One
microliter of SYBR-14 (20 mg ml21 of commercial semen
extender BTS; IMV, L’Aigle Cedex, France) was mixed with
200 ml of extended boar semen (40 3 106 to 60 3 106 cells
ml21) and incubated for 10 min at 36°C, and 1 ml of propidium
iodide (1 mg in dimethyl sulfoxide ml21) was added. After 5 to
10 min at 36°C, the suspension was inspected with an epifluo-
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rescence microscope (390 to 490 nm for excitation; longpass
emission filter, 515 nm). The mitochondrial membrane poten-
tial (Dc) was visualized by staining 200 ml of extended boar
semen with 0.7 ml of 5,59,6,69-tetrachloro-1,19,3,39-tetraethyl-
benzimidazolocarbocyanine iodide (JC-1; 1 mg ml21 in di-
methyl sulfoxide; Molecular Probes). This mixture was shaken
vigorously, incubated for 3 to 5 min at 36°C, and inspected by
epifluorescence microscopy as above. JC-1 is a cationic and
lipophilic dye. It permeates intact cells and accumulates in the
mitochondria (7, 35). Transmission electron microscopy
(TEM) was done as described earlier (1) except that 2.5%
glutaraldehyde was used for fixation.

The bacterial isolates were identified based on morphology,
whole-cell fatty acid composition phenotypic properties, and
full or partial 16S rRNA gene sequencing. Whole-cell fatty
acids were analyzed as described earlier (4, 5, 41) using MIDI
Aerobic Library version 3.90 (Microbial ID, Newark, Del.).
The extraction of genomic DNA, PCR amplification of the 16S
rRNA gene, and sequencing of the purified PCR products
were carried out as described previously (30). Sequence reac-
tion products were purified by ethanol precipitation and elec-
trophoresed with a model 310 genetic analyzer (Applied Bio-
systems, Foster City, Calif.). The 16S rRNA gene sequences
obtained were aligned against previously determined acti-
nobacterial sequences using the ae2 editor (21).

Indoor air from the basement and the living room of the
studied residence contained approximately 103 CFU of culti-
vatable bacteria m23 harvested with the Andersen sampler.
Colony counts of air-borne spore-forming actinobacteria and
fungi in the basement air were higher than those in the living
room air (Table 1). Over 50% of the colonies which propa-
gated from the air were from stages four to six of the Andersen
sampler, indicating particle sizes of 3.3 to 0.65 mm. This is the
fraction respirable via the bronchi into alveoli.

Construction materials from the basement contained high
numbers (104 to 105 CFU g21) of cultivatable bacteria and
fungi (Table 1). Actinobacteria grew from a woody doorstep
and also from a filter of the vacuum cleaner. The fungal plate
count in the fiber board of the upstairs ceiling with a known
history of water damage was up to 6.3 3 106 CFU g21 and that

of bacteria was 105 CFU g21, of which 41% were identified as
spore-forming actinobacteria (Table 1). The results indicated
that there were sources of spore-forming actinobacteria and of
fungi in the water-damaged ceiling and in the basement. The
recent renovation and drainage operation may have halted
further water damage but did not eliminate the microbes re-
sulting from the past history of the building.

Extracts prepared from 47 microbial isolates were tested for
toxicity in the boar sperm cell motility assay. Extracts of three
isolates of Streptomyces (ES9, ES14, and ES16), one Nocardi-
opsis (ES10.1), two Bacillus (ES20 and ES21), and one fungal
isolate (ES39) inhibited the motility of boar spermatozoa with
low 50% effective concentration (EC50) values, ,10 mg of
methanol-soluble substance ml21. The toxic bacteria origi-
nated from air inside the building. The toxic air-borne Nocar-
diopsis and Streptomyces isolates were from stages five and six
of the Andersen sampler (particle sizes of 2.1 to 0.65 mm),
indicating that they may penetrate the alveoli in the lung. The
toxic fungal isolate ES39, identified as Trichoderma harziamum
Rifai, was found in thermal insulation material in the base-
ment.

The 16S rRNA gene sequences were determined for the
toxic spore-forming actinobacteria. The sequence obtained
from Nocardiopsis sp. strain ES10.1 was 99.4% similar to that
of Nocardiopsis prasina DSM 43845T. The partial 16S rRNA
gene sequences and the phenotypic properties showed that
isolates ES9, ES14, and ES16 were species of Streptomyces.
Isolates ES9 and ES14 showed 100% 16S rRNA gene sequence
similarity to S. griseus, and phenotypic properties were also
similar to those of S. griseus. Isolate ES16 was 99.1% similar to
Streptomyces abikoensis and to Streptomyces ehimensis, but dif-
fered from these strains in phenotypic properties. The partial
16S rRNA gene sequence obtained from toxic Bacillus isolate
ES21 was 100% similar to that of Bacillus macroides, but the
closest (99.6%) validity described species was Bacillus simplex.
Another toxic Bacillus isolate, ES20, was identified as Bacillus
pumilus based on the whole-cell fatty acid composition and
phenotypic properties (40).

Exposure of boar spermatozoa to an extract from T. harzia-
num ES39 relaxed the cell membrane permeability barrier to

TABLE 1. Culturable heterotrophic aerobic microorganisms collected from the indoor air and
construction materials of a water-damaged residential buildinga

Sample
CFU

Total bacteria Spore-forming actinobacteriab Fungi

Basement air (CFU m23) 1,030 64 540

Living room air (CFU m23) (ground floor) 1,100 7 130

Basement materials (CFU g21)
Wood from the doorstep 5.0 3 104 1.8 3 104 5.2 3 104

Thermal insulation material (made of rag-based fiber) 4.5 3 104 ,103 9.3 3 104

Filter from vacuum cleaner 1.9 3 105 5.5 3 103 9.4 3 104

Upstairs materials (CFU g21)
Fiberboard ceiling (water-damaged) 1.3 3 105 5.3 3 104 6.3 3 106

Fiberboard ceiling (not water-damaged) 7.2 3 103 1.5 3 103 3.8 3 104

Woody ceiling board 6.7 3 103 ,103 2.0 3 103

a Indoor air was sampled using a six-stage Andersen sampler on tryptic soy agar (bacteria) and corn meal agar plates (fungi).
b Based on colony morphology.
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FIG. 1. Epifluorescence micrographs of boar spermatozoa stained with the dye JC-1 to visualize the mitochondrial Dc (A, C, and E) and with
a live/dead staining with SYBR-14 and propidium iodide (B, D, and F) to demonstrate effects on the cell membrane. Boar spermatozoa were
exposed to 9.6 mg of methanol-soluble metabolites from Trichoderma harzianum ES39 ml21 for 3 days (A and B) or to 9.0 mg of methanol-soluble
metabolites from Streptomyces sp. strain ES16 ml21 for 3 days (C and D) or to the reagents only (E and F). Excitation light, 390 to 490 nm. Bars,
10 mm.
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FIG. 2. TEM of thin sections of middle piece of boar spermatozoa exposed to methanol-soluble metabolites from toxic bacterial isolates of
indoor-environment origin. Boar spermatozoa were exposed to 9.0 mg of methanol-soluble substances of Streptomyces sp. strain ES16 ml21 for 3
days (A) or to 40.0 mg of B. simplex ES21 ml21 for 3 days (B). Longitudinal (C) and transverse (D) thin sections of spermatozoon exposed to
reagents only. A swollen mitochondrion (arrow) is visible in panel A. Swelling of the midpiece of the spermatozoan tail is visible in panel B. Thin
sections of panels C and D show unaffected cell membranes and normal-sized mitochondria. Bars, 0.2 mm.
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allow propidium iodide to enter, visible as red fluorescence of
the cells (Fig. 1B). Exposure also resulted in quenching of the
yellow fluorescence of the midpiece of boar spermatozoa
stained with JC-1, indicating dissipation of the mitochondrial
membrane potential, Dc (Fig. 1A). The agent in the extract of
T. harzianum ES39 responsible for paralyzing the sperm cell
motility was heat stable (100°C for 20 min). T. harzianum
species have earlier been reported to produce various second-
ary metabolites (13, 36), for example, hydrophobic antibiotics
interacting with phospholipid-containing membranes (13, 37).
A strongly membrane-damaging substance was also detected in
an extract prepared from B. pumilus ES20. Several species of
the genus Bacillus are known producers of low-molecular-
weight nonproteinaceous toxins. For instance, B. pumilus pro-
duces the bioactive cyclic peptides surfactin and pumilacidin
(25, 26). Toxin-producing B. pumilus has been suspected to
have a role in the etiology of byssinosis (18).

The agents in extracts from Streptomyces griseus ES9 and
ES14 and Streptomyces sp. strain ES16 responsible for paralyz-
ing sperm cell motility were heat stable (100°C for 20 min).
Microscopic inspection of spermatozoa differentially stained
with the dye JC-1 showed that exposure to these extracts
quenched the yellow fluorescence in the midpiece of the sperm
cell, as shown in Fig. 1C for ES16. The mitochondria of the
sperm cells are located in the midpiece. The result thus indi-
cates dissipation of the mitochondrial membrane potential,
Dc. Staining of the exposed sperm cells with SYBR-14 and
propidium iodide showed that propidium iodide was excluded
by the cells, indicating that the plasma membrane was intact in
spite of the observed mitochondrial damage (Fig. 1D). Extracts
from Streptomyces isolates ES9, ES14, and ES16 caused swell-
ing of mitochondria, as shown for ES16 in Fig. 2A. Specific
mitochondrial toxicity, i.e., dissipation of Dc and swelling, has
earlier been reported for spermatozoa exposed to cereulide
from Bacillus cereus (3, 23) and valinomycin (23) produced by
indoor-air isolates of S. griseus (4). The effects observed in this
study for S. griseus ES9 and ES14 and Streptomyces sp. strain
ES16 were thus similar to the effects caused by two known
potassium ionophores, valinomycin and cereulide. Valinomy-
cin produced by indoor isolates of S. griseus was earlier shown
to cause mitochondrial swelling, activity loss, and apoptosis in
human natural killer cells (27).

The amount of valinomycin in S. griseus may be high, con-
tents up to 1% of dry weight have been noted for isolates from
the indoor environment (4) and from animal feces (29). Taking
into account that usually only 1% of environmental bacteria
show up in the colony counts and that nonculturable cells may
exhibit the same toxicity as the viable ones, the building ma-
terials in the residence studied in this work likely contained
mitochondriotoxic substances in amounts that may be immu-
notoxic to humans. Streptomyces species are known to be pro-
ductive sources of secondary metabolites (14). Therefore,
other metabolites may also have been present in the building
studied.

Exposure to extracts of the indoor isolate B. simplex (“B.
macroides”) ES21 caused proximal droplet-like swellings in the
spermatozoan midpiece (Fig. 2B) at a frequency higher than
was observed in spermatozoa exposed to methanol only (Fig.
2C and D). There was no visible damage to the plasma mem-
brane of the boar sperm cell (Fig. 2B). Extracts prepared from

the indoor Nocardiopsis isolate ES10.1 inhibited boar sperma-
tozoon motility in the absence of any ultrastructural change
visible by TEM. Extracts prepared from this isolate and from
B. simplex ES21 dissipated the mitochondrial Dc similarly to
the extracts from the Streptomyces isolates. But since no swell-
ing of mitochondria was observed in the exposed spermatozoa,
the mitochondriotoxin extracted from these isolates may not
have been a potassium ionophore. Mitochondrial membrane
potential (Dc) energizes the motility of boar spermatozoa (23),
thus explaining the motility loss by mitochondrial damage.
Dissipation of mitochondrial ion gradient initiates pro-
grammed cell death in eukaryotic cells (reviewed in references
7 and 15). Thus, the exposure of humans to mitochondriotoxin-
emitting microbes present in the water-damaged building is of
concern.

Further bacterial isolates from the indoor air were identified
as members of the genera Bacillus, Nocardia, Gordonia,
Rhodococcus, Dietzia, Micrococcus, Methylobacterium, and
Flavobacterium. The air-borne species in the basement were
mainly the same genera as those in the living room except for
Micrococcus, which was dominant in the basement, and Bacil-
lus spp., which were dominant in the living room. The Dietzia
(identified by partial 16S rRNA gene sequence), Rhodococcus,
Nocardia, and Gordonia species contain tuberculostearic acid
(8), which is a component of lipoarabinomannan in the cell
membrane (19). Lipoarabinomannan is a powerful stimulator
of tumor necrosis factor alpha in human macrophages (9, 32).
The genera Rhodococcus, Nocardia, and Gordonia also contain
pathogenic species (22).

The most prevalent symptoms reported in water-damaged
houses are irritation of the respiratory tract and eyes (20). In
this paper we show the presence of mitochondriotoxic acti-
nobacteria (Streptomyces and Nocardiopsis) and B. simplex as
well as the presence of eukaryotic membrane damage-inducing
B. pumilus and T. harzianum Rifai in indoor air and construc-
tion material. Surface-active compounds may adversely affect
the tear film in the eyes and thus account for the eye irritation
(38). It has also been suggested that species of Streptomyces
may be involved in respiratory disorders observed in individu-
als living in moldy houses (17).

The evidence in this paper indicates that the occupant of the
moisture-problem house was exposed to multiple, differently
acting toxins of microbial origin as well as to potential patho-
gens.

Nucleotide sequence accession numbers. Accession numbers
for the 16S rRNA gene sequences of the bacterial isolates are
Nocardiopsis sp. ES10.1, DSM 44407, AY028325; Streptomyces
griseus ES9 (DSM 41772), AY028322; Streptomyces griseus
ES14 (DSM 41773), AY028324; Streptomyces sp. strain ES16
(DSM 41774), AY028323; and Dietzia sp. strain ES18,
AY028326. B. pumilus ES20 and B. simplex ES21 are available
in the DSMZ culture collection under the numbers DSM
13835 and DSM 13997, respectively.
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