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Microbial toxins and eukaryotic cell toxicity from indoor building materials heavily colonized by fungi and
bacteria were analyzed. The dominant colonizers at water-damaged sites of the building were Stachybotrys
chartarum (103 to 105 visible conidia cm22), Penicillium and Aspergillus species (104 CFU mg21), gram-negative
bacteria (104 CFU mg21), and mycobacteria (103 CFU mg21). The mycobacterial isolates were most similar to
M. komossense, with 98% similarity of the complete 16S rDNA sequence. Limulus assay of water extracts
prepared from a water-damaged gypsum liner revealed high contents of gram-negative endotoxin (17 ng mg21

of E. coli lipopolysaccharide equivalents) and b-D-glucan (210 ng mg21 of curdlan equivalents). High-perfor-
mance liquid chromatography analysis of the methanol extracts showed that the water-damaged gypsum liner
also contained satratoxin (17 ng mg21). This methanol-extracted substance was 200 times more toxic to rabbit
skin and fetus feline lung cells than extract of gypsum liner sampled from a non-water-damaged site. The same
extract contained toxin(s) that paralyzed the motility of boar spermatozoa at extremely low concentrations; the
50% effective concentration was 0.3 mg of dry solids per ml. This toxicity was not explainable by the amount
of bacterial endotoxin, b-D-glucan, or satratoxin present in the same extract. The novel in vitro toxicity test that
utilized boar spermatozoa as described in this article is convenient to perform and reproducible and was a
useful tool for detecting toxins of microbial origin toward eukaryotic cells not detectable in building materials
by the other methods.

Viable cells of microbes containing agents documented as
hazardous in bioaerosols, such as gram-negative endotoxins
(23) or b-1,3-glucan (6, 7) or mycotoxins (10), are seldom
found in high airborne concentrations in houses in which mois-
ture is a problem (moisture problem houses) (14). The short-
comings of methods available for sampling, isolation, and iden-
tification of microorganisms not forming colonies when injured
and stressed by aerosolization were reviewed by Marthi (15).
Studies concerning indoor air-related health hazards usually
focus on one hazardous agent, measured by a single analytical
technique. Identifying several emitting microbial contaminants
directly within the building material is of interest when health
hazards in a building are evaluated. Using a multimethod ap-
proach, we demonstrated in this study that water-damaged
indoor building materials contained substances of microbial
origin extremely toxic to eukaryotic cells and large quantities
of several microbial species known to be potentially toxic or
immunopotentating, among which were new species and spe-
cies not earlier reported in connection to water-damaged in-
door building materials.

MATERIALS AND METHODS

Sampling of building materials. The building studied, a children’s day care
center, flat roofed and built in 1974, had a history of repeated water damage
since 1980 and was classified as a moisture problem house by the local health
authority. The roof was renovated in 1990. According to a survey, 5 of 19 workers
reported irritation of nose and eyes as a prevalent symptom associated with

working conditions and indoor air, while 40% complained of smell and 35% of
stuffness. Indoor building materials and settled dusts were sampled from chil-
dren’s two residence rooms exhibiting visible water damage. Sampling was done
late in 1995 during renovation work, when the indoor walls and ceilings were
demolished, exposing gypsum liners with signs of old dehydrated water damage.
Visibly water-damaged sites and sites with no visible water damage were also
sampled.

Microscopic analyses. The building materials sampled from the water-dam-
aged sites and non-water-damaged sites were analyzed by light microscope,
scanning electron microscope (SEM), and transmission electron microscope
(TEM) by protocols described elsewhere (2). The amounts of fungal propagules
were estimated by the tape sampling method.

Media and chemicals. The microbiological media and diluent for serial plating
were from Difco (Detroit, Mich.) unless otherwise stated. The following chem-
icals were obtained from Sigma (St. Louis, Mo.): T2 toxin, verrucarin A, ochra-
toxin, roridine, and cycloheximide. Reference satratoxins (G and H) were a gift
from Kirsti Liukkonen. Reference endotoxin, Escherichia coli B6 lipopolysaccha-
ride (LPS) was from Biowhittaker (Walkersville, Md.), and reference b-D-glucan
(curdlan) was from Wako Pure Chemical (Japan). Other chemicals were from
the local suppliers and were of analytical quality.

Microbiological analyses. Prior to cultivation the bacteria of the dehydrated
building materials were resuscitated, viable cells were counted, and bacterial
strains were isolated and identified as described elsewhere (2, 9, 27). Genomic
DNA extraction, PCR-mediated amplification of the 16S rDNA, and purification
of PCR products were carried out as described previously (22). Purified PCR
products were sequenced with the Taq Dye-Deoxy Terminator Cycle Sequencing
Kit (Applied Biosystems, Foster City, Calif.). Sequence reaction mixtures were
electrophoresed with the Applied Biosystems 373A DNA Sequencer. The 16S
rDNA sequence was manually aligned against representative sequences of mem-
bers of the domain bacteria. The sequence similarity to the nearest relative was
determined as an indication of identity.

For isolation of different fungal species from gypsum liner dichloran agar with
18% glycerol (DG18), malt extract agar (MEA) and MEA with added 20 g of
glucose per liter, Czapek Yeast Extract agar, and glycerol nitrate agar (G25N)
were used as according to Verhoeff et al. (32). For isolation of the slowly growing
organisms CMA medium (corn meal agar) was used (26). The isolates were
identified according to Domsch et al. (4), Gravesen et al. (8), Pitt (20), and
Samson et al. (26). The total fungal plate counts were determined on CMA, after
incubation at 20 to 238C for 14 days.

For the assay of gram-negative bacterial endotoxin and b-D-glucan, the indoor
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building materials were water extracted and the extracts were tested for Limulus
activity by LAL assay, using the standard kinetic turbidimetric LAL assay per-
formed by the SCAN DIA Laboratory Service (Copenhagen, Denmark). Limulus
activities in bacterial pure cultures were assayed by using the gel clotting mod-
ification of the Limulus test calibrated with E. coli B6 LPS (Pyrogent; Biowhit-
taker).

For eukaryotic toxicity assays, water-damaged gypsum board liner visibly con-
taminated by fungi (0.4 g) and non-water-damaged control gypsum board liner
(0.4 g) with no visible fungal contamination were extracted with 95% methanol
overnight. Filtered extracts were vacuum evaporated, and the residues were
dissolved in a known volume of 100% methanol and divided into four aliquots:
three for biological toxicity tests and one for chemical analysis. Methanol was
evaporated under an atmosphere of nitrogen.

Toxicity testing. For cytotoxicity testing with a continuous feline fetus lung
(FFL) cell line, the evaporated residue was dissolved in 10% methanol in phos-
phate-buffered saline (0.1 M), pH 7.2, to a concentration that corresponded to 1
mg of evaporated solids per ml. Fifty percent inhibition of the cell proliferation
was evaluated with the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide] bioassay (3).

Toxicity to boar spermatozoa was tested with dimethyl sulfoxide (DMSO)
solution of the evaporated solids obtained by methanol extraction of the building
material (8 mg of solids ml21). The test was carried out as follows: boar ejaculate
was filtered through a gauze to get rid of the gel. The semen was diluted to 18%
with a commercial semen extender, MR-A (Kubus, S.A., Madrid, Spain), to a
density of 40 to 70 3 106 spermatozoa ml21 (24). The MR-A-diluted semen was
gently mixed and administered into plastic screw-capped test tubes (2 ml per
tube). The tubes were pretested and used only if found to be nontoxic to boar
spermatozoa. The building material extract was diluted by serial twofold dilu-
tions in DMSO from 8 mg to 30 mg (dry weight) ml21. A volume of 20 ml of each
dilution was administered to 2 ml of MR-A-diluted boar semen. The test tubes

were incubated at room temperature and turned upside down once a day.
Motility of the exposed spermatozoa was measured after 3, 4, and 5 days by
assessment of rapid motility of sperm cells by using a computerized motility
analyzer (HTM-S, ver. 7.2; Hamilton-Thorn Research, Danvers, Mass.) as de-
scribed by Andersson and Katila (1) and confirmed by visual assessment of sperm
motility (11). M-RA-diluted spermatozoa (2 ml) exposed to 20 ml of DMSO were
used as a blank assay. The test was recorded positive when both the instrumental
and the visual methods assessed a $50% decrease in sperm motility of the
exposed spermatozoa compared to the control spermatozoa. The morphology of
the mitochondria of the spermatozoa were examined by TEM according to
Rabkin et al. (21). For rabbit skin test the methanolic extract was evaporated and
dissolved in acetone to a concentration of 8 mg of evaporated residue per 100 ml,
and the test was performed according to the method of Pasanen et al. (18).

Assay of satratoxin. Satratoxins (G and H) were analyzed from the methanolic
extracts of building materials by high-performance liquid chromatography
(HPLC). The retention times were compared with those of reference satratoxin
(G and H, a mixture). To confirm the identity of macrocyclic trichothecenes, the
extracts were hydrolyzed for observation of verrucarol (19).

Nucleotide sequence accession number. The EMBL accession number for the
Mycobacterium strain MA-112/96 is YO8857.

RESULTS

Microscopic inspection. Gypsum liners from interior walls
and ceilings were examined by light microscopy and SEM and
TEM. Figure 1A and B shows light-microscopic views of a
gypsum board liner from a water-damaged site. As seen in the
figure, the gypsum liner paper surface was heavily contami-

FIG. 1. Microscopic views of water-damaged gypsum liner (site 1, Table 1). (A) Stereo microscopic view. The surface of the gypsum board liner was discolored by
unevenly distributed black spots. Bar, 500 mm. (B) Surface of the gypsum board liner sampled onto Scotch tape, photographed by bright field microscopy, revealing
a homogenous and dense population of conidia similar to the species of Stachybotrys. Bar, 10 mm. (C) Scanning electron micrograph of the same site as in panels A
and B. It shows the liner surface covered with dense mycelia and conidiophores with wartlike ornamentation characteristic of the microfungus Stachybotrys. Bar, 10 mm.
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nated by fungi. The same liner paper examined by SEM is
shown in Fig. 1C. Figure 1C shows that the morphologies of
hyphae, conidiophores, and conidia colonizing the gypsum
board liner resembled a monoculture of a Stachybotrys sp., but
thin sections (TEM) showed in addition colonization by a
diverse bacterial community (Fig. 2).

Eleven different sites composed of indoor building materials
(including four samples of gypsum liners) were inspected, and
the visible microbes were enumerated by light microscopy. The
results revealed that samples from 9 of 11 sites with a history
of water-damage contained conidia recognized a Stachybotrys
sp. as the dominant organism. The microscopic count of
conidia ranged from 103 to 105 conidia per cm2. No fungal
contamination (less than 102 propagules per cm2) was detected
in the materials collected from sites other than those with a
history of water damage.

Microbial biomarkers, endotoxin, b-D-glucan, and satra-
toxin in the indoor building materials of the day care center.
Seven samples of indoor building materials were analyzed for
endotoxin-specific Limulus activity indicative for gram-nega-
tive bacteria and for b-D-glucan-specific Limulus activity indic-
ative of the presence of fungal biomass. The results in Table 1
indicated high endotoxin-specific (17 mg of E. coli LPS g21)
and b-glucan-specific (210 mg of b-D-glucan g21) Limulus ac-
tivities in water-damaged gypsum liner. The b-glucan-specific
Limulus activity of the water-damaged gypsum liner (site 1)
was almost two times higher than that of a pure culture of
Paecilomyces variotii 95/111 (127 mg g21) used as reference

material. Limulus activities were 10 to 100 times higher in
materials collected from areas exhibiting signs of water dam-
age (sites 1, 3, and 5) than in materials collected from areas
obviously not damaged by water (site 13).

Gypsum liners from a water-damaged site, heavily contam-
inated with Stachybotrys spp. (site 1) and from a nondamaged
area, not visibly contaminated by microbes (site 13), were an-
alyzed for satratoxin. Satratoxins G and H were found (17 mg
g21) in the visibly contaminated area of the gypsum board liner
(site 1) but not in a nondamaged area of the same gypsum
board liner (#1 mg g21, site 13). Verrucarol was detected from
fungus-contaminated gypsum board liner extract after hydro-
lysis, confirming the identity of the satratoxins G and H. No
satratoxin or verrucarol (,1 mg g21) was detected from the
same gypsum board liner taken from a non-water-damaged
area. In conclusion, high contents of endotoxin, b-D-glucan,
and satratoxin occurred in the same location as the microscop-
ically observed heavy colonization by Stachybotrys spp. in the
water-damaged gypsum board liner, while none was found in
the non-water-damaged areas.

Quantitation of culturable bacteria and fungi in the build-
ing materials. The bacterial colonization of indoor building
materials was investigated by colony counting the culturable
cells (Table 2). Gypsum board liner from the water-damaged
areas contained 103 psychrotrophic, 104 mesophilic, and 102

thermotrophic bacteria mg21, which is over 100 times more
than was found in samples taken from the non-water-damaged
areas of the same gypsum board liner (Table 2).

FIG. 2. Transmission electron micrograph of the water-damaged gypsum liner (site 1). Cross sections of the liner containing fungal hyphae and bacteria are shown.
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Total fungal plate count obtained on CMA agar from water-
damaged gypsum liner (site 1 in Table 1) was 8,000 CFU mg21.
About 1,500 CFU mg21 of these represented Stachybotrys
chartarum. Fungi culturable on MEA medium were isolated
from the gypsum liners, board liners, paper, and mineral wool
sampled from the day care center. Sixteen taxa of molds were
detected from different building materials and identified to
genus or species level. Penicillium aurantiogriseum Dierckx., P.
citrinum Thom, and other Penicillium species were the most
frequently isolated taxa. Other taxa identified to species level
were Aspergillus versicolor (Vuill.) Tiraboshi, Chaetomium glo-
bosum Steud., Cladosporium herbarum (Pers.: Fr.) Link, C.
sphaerospermum Penz., Mucor hiemalis Wehmer, M. plumbeus
Bonord., and Paecilomyces variotti Bain. In spite of the fact that
the only fungus detectable by microscopic examination was
morphologically recognizable as a Stachybotrys spp., this fungus
was not cultivable from the water-damaged gypsum liner on
MEA medium but could be enumerated on CMA.

Isolation and identification of bacteria. Fifty-nine aerobic
bacterial strains were isolated at 50, 22, and 168C from gypsum
board liners sampled from water-damaged and nondamaged
areas and identified to genus level. The results, shown in Table
3, indicate that the diversity of the bacteria in water-damaged
gypsum liners was larger and different from that in nondam-
aged gypsum liners. The following bacterial taxa were found in
the water-damaged area but not in the nondamaged area:
Bacillus amyloliquefaciens (thermotrophic), B. pumilus, Paeni-
bacillus polymyxa, and strains of Caulobacter, Agrobacterium,
and Mycobacterium spp. The results in Fig. 2 and Table 3
indicate that the water-damaged area of the gypsum board
liner was inhabited by a rich and diverse bacterial flora possibly
specific to this habitat, dominated by endotoxin-containing
gram-negative bacteria and Mycobacterium species. Mesophilic
spore-forming actinomycetes and Micrococcus spp. were found
in both areas. The identities of the mycobacterial strains (6
strains), Agrobacterium strains (10 strains), and Caulobacter

TABLE 1. Endotoxin, b-D-glucan, and satratoxin in the indoor
building materials of a children’s day care center and

reference materials

Sampled material
Site
no.

Amt (mg g21) of toxinsa

Endotoxinb b-D-glucanc Satratoxind

Day care center
Water-damaged gypsum

board liner
1 17 210 17

Water-damaged gypsum
board liner

3 2.3 14

Water-damaged mineral
wool

5 8 2.5

Ceiling coating paper
(randomly chosen)

6 4.2 41

Settled dust from floor
collected during
demolishing

10 0.17 0.5

Mineral wool (randomly
chosen)

11 0.1 ,0.1

Gypsum board liner
(not water damaged)

13 0.41 0.4 , 1

Reference materials
Pure culture (dry) of

fungus (P. variotii
95/111)

0.01 127

Hay dust sampled from
cow shed

27 1.9

a The average difference between duplicate samples was 65%.
b Endotoxin was measured as Limulus activity expressed as micrograms of E.

coli B LPS equivalents.
c b-D-glucan was measured as Limulus activity and expressed as micrograms of

curdlan (b-1,3-glucan) equivalents.
d Satratoxin was measured by HPLC with purified satratoxin (G and H) as a

standard.

TABLE 2. Colony counts of bacteria cultivable from gypsum liners of interior walls in children’s day care center

Material tested Sampling site

Bacterial viable count (103 CFU mg21)a at the following
growth temperature (8C):

16 22 50

Water-damaged gypsum liner (n 5 2) 1 3.2 (637%) 10 (642%) 0.10 (650%)
Gypsum liner (not water damaged) (n 5 2) 13 0.09 (640%) 0.04 (642%) ,0.001

*CFU were counted on tryptic soy agar plates after 7 and 14 days of incubation. Data in parentheses are average differences between replicate samples.

TABLE 3. Bacterial genera isolated from gypsum board liners of
children’s day care center interior walls

Isolate(s)

Water-damaged area Nondamaged area

No. of
strains

isolated

Density in
board liner

(CFU mg21)

No. of
strains

isolated

Density in
board liner

(CFU mg21)

Gram-positive meso-
philes

Arthrobacter sp. 5 103 1 1
Bacillus (B. pumilus) 4 103 0 ,1

Cellulomonas sp. 2 1
Gordona sp. 1 102 0 ,1
Micrococcus sp. 3 103 3 10
Mycobacterium sp. 6 103 0 ,1
Paenibacillus (P. macer-

ans and P. polymyxa)
5 5 3 102 0 ,1

Spore-forming actino-
mycetes

Streptomyces sp. 5 102 5 20
Other 1 102 0 ,1

Gram-negative meso-
philes (endotoxin
positive)a

Agrobacterium sp. 10 3 3 103 0 ,1
Caulobacter sp. 4 3 3 103 0 ,1
Stenotrophomonas sp. 1 102 0 ,1
Chryseomonas luteola 0 ,1 1 1

Thermotrophic bacteria
B. amyloliquefaciens 2 102 0 ,1
Cumulative total 47 104 12 33

a As judged from positive Limulus assay reaction.

390 ANDERSSON ET AL. APPL. ENVIRON. MICROBIOL.

 o
n
 J

a
n
u
a
ry

 2
6
, 2

0
1
9
 b

y
 g

u
e
s
t

h
ttp

://a
e
m

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



strains (4 strains) were confirmed by a battery of physiological
tests and sequencing of 16S rDNA. The full 16S rDNA se-
quence was analyzed for one of the mycobacterial strains,
strain MA-112/96, and revealed ,98% similarity to any de-
scribed mycobacterial species, the closest being Mycobacterium
komossense (type strain). Biochemical characterization showed
that these mycobacterial strains were rapidly growing myco-
bacteria, very likely a new species, which will be described in
detail elsewhere.

Toxic substances extractable from the building materials.
Compounds extractable into methanol from the gypsum liners
and settled dust were assayed for toxicity toward FFL cells
(cytotoxicity) and boar spermatozoa (sperm toxicity) and by
rabbit skin test (skin toxicity). The results in Table 4 demon-
strate that the toxicity thresholds (50% effective concentration
[EC50]) toward FFL cells were 270 mg of extracted solids ml21

for nondamaged gypsum board liner and 1.5 mg ml21 for gyp-
sum board liner visibly contaminated by fungi. The skin toxicity
threshold was 7,600 mg of methanol extractable solids ml21

from gypsum board liner visibly contaminated by fungi. No
toxic reactions were obtained for the nondamaged gypsum
board liner (detection limit, 1,000 mg ml21). Toxicity toward
boar spermatozoa was repeated with two separate semen ejac-
ulates four times. The toxicity threshold (EC50) toward boar
spermatozoa was 54 mg ml21 for the nondamaged gypsum
board liner extract and as low as 0.29 mg ml21 for extract of the
gypsum board liner visibly contaminated by fungi.

The yield of methanol-extractable substances from 1 g of
contaminated gypsum board liner was 9.5 mg (dry weight).
This is 2.75 mg (dry weight) more than the yield from 1 g of
nondamaged gypsum board liner. This excess of 2.75 mg g21

may thus contain substances of microbial origin and was pos-
sibly responsible for the toxicity of the methanol extract made
from gypsum board liner from a water-damaged area being
180-fold higher than that of the substances extractable from
the gypsum board liner taken from an area with no visible
water damage (Table 4).

The boar spermatozoa and the FFL cells were tested for
toxicity of several mycotoxins, satratoxin (G and H), T-2 toxin,
verrucarin A, ochratoxin, and roridine (Table 5). The boar
spermatozoa were relatively insensitive to satratoxin and the
other mycotoxins, and the toxicity thresholds, EC50, were over
500 times greater than those for the FFL cells (Table 5). The
boar spermatozoa were also relatively insensitive to endotoxin
and b-D-glucan; EC50 was .1 mg ml21. If it is assumed that the
excess of methanol-extractable matter of microbial origin was
solely responsible for the toxicity toward boar spermatozoa, its
calculated toxicity threshold was 84 ng (dry weight) of metha-
nol-extractable dry solids per ml of sperm suspension. This 84
ng then also contained 0.42 ng of endotoxin (as E. coli LPS
equivalents), 5 ng of b-1,3-glucan (curdlan equivalents), and
0.5 ng of satratoxin (G and H). The latter amounts found in the

extract from water-damaged gypsum liners, 0.5 ng ml21, thus
did not explain the observed toxicity toward boar spermatozoa.
FFL cells were very sensitive to satratoxin; EC50 was 0.9 ng
ml21. Toxicity of the methanol-extracted solids of the gypsum
board liner observed toward FFL cells was explained by satra-
toxin, but toxicity observed toward boar sperm motility (Table
4) must have been caused by a different toxin.

Morphological changes in spermatozoa in response to expo-
sure to the substances from gypsum board liners are shown in
Fig. 3. Figure 3A shows a cross section of the mitochondrial
sheath of the spermatozoan tail after exposure to methanol
extract from non-water-damaged gypsum board liner. The
morphology was identical to that of nonexposed, healthy sper-
matozoa (not included in the figure). Figure 3B shows a cross
section of spermatozoa after exposure to extract from water-
damaged gypsum board liner. The figure displays a typical
example of spermatozoa with malformed mitochondria found
in most cells exposed to methanol-extracted solids from gyp-
sum board liner taken from a water-damaged area. Mitochon-
dria of the affected sperm cells were swollen and partially
disrupted, possibly explaining the inhibited sperm motility. The
frequence of mitochondrial swelling was related to the expos-
ing dose of the methanol extract of the water-damaged gypsum
board liner. We therefore conclude that the agent causing the
mitochondrial damage in the spermatozoa must have origi-
nated from the water damage to the gypsum board liner and
very likely was of microbial origin. Boar spermatozoa thus
proved to be useful for in vitro toxicity testing of compounds
affecting mitochondrial membranes and ATP synthesis.

DISCUSSION

We report on the microbial colonization and the presence of
selected potentially hazardous microbial agents in construction
materials of the interior walls in a moisture problem house.
Water-damaged building materials hidden inside the building

TABLE 4. Toxicity of methanol-extractable dry solids from gypsum board liners and settled dust from children’s day care center

Site of
sampling

Material tested
Source of culturable microbial

contaminationa

EC50
b (mg [dry wt] ml21)b

FFL cells Boar spermatozoa

1 Water-damaged gypsum board liner Stachybotrys sp., Penicillium sp., bacteria 1.5 (0.9) 0.29 (0.19)
10 Settled dust Bacteria, Penicillium (Stachybotrys) sp. 1,280 25
13 Gypsum board liner (not water damaged) Bacteria 270 (250) 54 (50)

a For description of microbial quality of the tested materials, see Tables 1, 2, and 3.
b Expressed as the endpoint dilution of methanol-extracted material (dry weight) causing ,50% inhibition of cell proliferation or 50% decrease in sperm motility.

The average difference between duplicate samples was 66% when toxicity toward FFL cells was tested and 610% when independently sampled ejaculates of boar
spermatozoa were tested for toxicity in duplicate samples. Data in parentheses are equivalent to 1 mm2 of gypsum liner.

TABLE 5. Testing of FFL and boar spermatozoa against
reference toxins

Reference toxin
EC50 (mg [dry wt] ml21)

FFL Boar spermatozoa

Satratoxin (G and H) 0.0009 5
T-2 toxin 0.0023 0.5
Verrucarin A 0.0006 5
Ochratoxin A NDa .10
Roridin A 0.0007 .1
Endotoxin ND .1
b-D-Glucan ND .1
Cycloheximide ND .4

a ND, not determined.
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constructions and colonized by microorganisms have been sus-
pected as a source of bioaerosol emission in so-called mold
problem houses (8, 12, 28).

Immunogenic, physiologically reactive, and toxic cell wall
components or products of microorganisms, documented as
hazardous agents expected in bioaerosols, include peptidogly-
cans, gram-negative endotoxin, b-1,3-D glucans, lipoglycans,
and teichoic acids and mycotoxins such as satratoxins (16, 23,
29, 33). Mycobacteria, very likely representing a new species,
were found in large quantities in water-damaged gypsum liners
(106 CFU g21). Cell wall components (the muramyl peptides,
arabinogalactan, and the mycolic acids) of the genus Mycobac-
terium are known to be toxic and to be strong modulators of
the immune system, e.g., release of cytokines and pyrogenic
and somnogenic activity (5, 13). Microbial components and
products are also known to amplify the hazardous effects of
one another and alter immune functions (6, 13, 30, 31).

Strains of the genus Stachybotrys are known to produce many
bioactive and/or toxic compounds (17, 25). Trichothecene my-
cotoxins known to be included in the conidia of S. chartarum
(28) may affect cellular membranes, inhibit synthesis of protein
and nucleic acids, and induce lymphocyte depletion and necro-
sis in both the B-cell- and T-cell-dependent regions of the
lymphoid organs (12). In this study S. chartarum and also other
fungi typical of moisture problem houses were isolated from
the building materials, e.g., A. versicolor and P. aurantiogri-
seum. Strains of the latter two fungi were previously described
to produce hepatotoxic sterigmatocystin and nephrotoxic och-
ratoxin A in foods and animal fodder (26). Experimental
growth of A. versicolor has been shown to produce sterigmato-
cystin on wall paper-glue agar (8), but the toxin production
abilities of these fungi in indoor environments are not known.

Highly toxic S. chartarum propagules of the gypsum liner
escaped culturing by routine methods for cultivation described
here, although they were microscopically visible and dominant
on surfaces of liners taken from the water-damaged area of
indoor walls and were also indicated for by the presence of
chemically assayed satratoxin in the liner. The germination and
growth of S. chartarum on MEA medium is slow compared to
those of many other genera. Only a small percentage of the

Stachybotrys conidia are usually viable in laboratory cultures,
and their growth is inhibited by several species of Penicillium
(8). Plating on CMA medium seemed to favor slowly growing
fungi like Stachybotrys species, which are able to utilize a poor
growth medium. Dominance of the slowly growing S. charta-
rum in a mold population growing on the interior building
materials may indicate the presence of an old and stable mi-
crobial community. The coincidence of large amounts of the
cellulolytic (8) fungus Stachybotrys with potential dinitrogen
fixers (Agrobacterium and Paenibacillus species) in the water-
damaged gypsum liner may imply a synergistic relationship
between these organisms, possibly explaining their massive
proliferation in a poor growth environment.

The results of the assay for gram-negative endotoxin and the
counting of viable cells on the water-damaged gypsum liner
supported each other. Limulus assay revealed a high content of
gram-negative bacterial endotoxin and confirmed by viable
counting large amounts of gram-negative endotoxin-containing
species, e.g., Caulobacter and Agrobacterium spp. Observed
large amounts of b-D-glucan coincided with microscopically
observed fungal colonization of the indoor building materials.

The three independent methods for toxicity assay used in
this study gave results that seemed confusing at first sight. The
cytotoxic and skin toxic effects noticed could be explained by
the satratoxin, but the extreme toxicity of the methanol-ex-
tractable solids from water-damaged gypsum board liners to-
ward boar spermatozoa indicated the presence of yet unknown
toxins. The electron microscopically observed swelling and dis-
ruption of mitochondria as well as the extincted motility of the
sperm cells indicate interference by the microbial toxins with
mitochondrial functions via yet unknown mechanisms. The
boar spermatozoa in vitro toxicity test described in this study is
an attractive tool for monitoring toxicity toward eukaryotic
cells, as it involves no damage or pain to the animal and is
convenient to perform and reproducible also when indepen-
dent ejaculates were intercompared.

When the microbiological and toxicity assays have been sum-
marized, our results show that the water-damaged gypsum
liner covering the indoor walls and ceiling of a children’s day
care center not only was heavily contaminated by microbes but

FIG. 3. Thin sections through the midpiece of boar spermatozoa displaying the effect of methanol-extracted substances from gypsum board liners on the structure
of the mitochondrial sheath. The sperm cells were exposed to methanol-extractable solids from a nondamaged gypsum board liner (site 13, Table 1) (A) or a
water-damaged site of gypsum liner (site 1, Table 1) (B). The boar spermatozoa shown were exposed to 2 mg of the solids (dissolved in DMSO) per ml of sperm cell
suspension. (A) Mitochondria of ordinary size with intact membranes; (B) swollen mitochondria with demolished membranes. The frequence of swollen mitocondria
was 68% (65%) after exposure to 1 mg ml21 and 81% (63%) after exposure to 2 mg of methanol-extracted substances from water-damaged gypsum liner ml21. After
exposure to 2 mg of methanol-extracted substances from non-water-damaged areas of gypsum liner ml21, the frequency of the swollen mitocondria was ,1%. Bar, 200
nm.
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also contained a high load of several toxic and immunoreactive
agents. In addition it contained components that paralyzed
sperm motility at extremely low doses. Our results indicate that
water-damaged indoor building materials may emit bioreactive
agents, and we assume that several of them may be involved in
the etiology of health symptoms associated with indoor air.
Several analytical techniques used in parallel are needed when
building-related health hazards are investigated.
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