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In recent years increasing attention has been given to the potential health effects of fungal exposure in indoor
environments. We used large-scale sequencing of the fungal internal transcribed spacer region (ITS) of nuclear
ribosomal DNA to describe the mycoflora of two office buildings over the four seasons. DNA sequencing was
complemented by cultivation, ergosterol determination, and quantitative PCR analyses. Sequences of 1,339
clones were clustered into 394 nonredundant fungal operational taxonomical units containing sequences from
18 fungal subclasses. The observed flora differed markedly from that recovered by cultivation, the major
differences being the near absence of several typical indoor mold genera such as Penicillium and Aspergillus spp.
and a high prevalence of basidiomycetes in clone libraries. A total of 55% of the total diversity constituted of
unidentifiable ITS sequences, some of which may represent novel fungal species. Dominant species were
Cladosporium cladosporioides and C. herbarum, Cryptococcus victoriae, Leptosphaerulina americana and L. char-
tarum, Aureobasidium pullulans, Thekopsora areolata, Phaeococcomyces nigricans, Macrophoma sp., and several
Malassezia species. Seasonal differences were observed for community composition, with ascomycetous molds
and basidiomycetous yeasts predominating in the winter and spring and Agaricomycetidae basidiomycetes
predominating in the fall. The comparison of methods suggested that the cloning, cultivation, and quantitative
PCR methods complemented each other, generating a more comprehensive picture of fungal flora than any of

the methods would give alone. The current restrictions of the methods are discussed.

Moisture enables reproduction of atypical fungi and bacteria
in building materials (59), whereas dampness and mold obser-
vations have been associated with building-related health prob-
lems (2, 3, 30). Several microbial indicators have been sug-
gested to associate with moisture damage and/or health
complaints (13, 27, 33, 39, 46, 58), yet a consensus regarding
their causative role in relation to the health effects is lacking.
The potential harmfulness of microbial contamination is sug-
gested to be dependent on the species content and concur-
rently occurring species combinations, as well as on the mate-
rial and growth conditions in which the microbial proliferation
occurred (19, 31, 53, 59, 71).

Traditionally, indoor fungi have been studied by plate culti-
vation, and practically all information on their occurrence and
prevalence rely on viable studies. However, the restrictions of
cultivation are known to bias the picture of fungal community
structure both qualitatively and quantitatively (24). The per-
centage of cultivable fungi varies from as low as <1% to as
high as 100%, depending on the organism and studied material
(11, 48, 70). Different species have distinct growth require-
ments and in mixed cultures fast growth and chemical compe-
tition lead to overgrowth and displacement or to growth inhi-
bition of the more fastidious species. Moreover, the number,
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dispersion potential and survival of fungal spores vary between
species (8). Fungal identification may require days to weeks,
and experienced personnel are needed to reliably accomplish
morphological identification. Some organisms can only be
identified at genus or group level, and some may remain mor-
phologically indistinguishable under laboratory conditions.

The main benefits of using DNA as an identification target
instead of cultivation-based methods are the speed, accuracy,
and analytical sensitivity of detection and the possibility to
detect and identify dead or dormant organisms (1, 43). The
latter benefit is especially valuable in indoor studies since the
main exposure hazards relating to indoor microbial contami-
nation are not dependent on viability (5, 26). Molecular meth-
ods most often used in fungal studies include conventional or
quantitative PCR (qPCR) specific for fungal species or groups
(15, 18, 23, 75), universal fungal PCR combined with denatur-
ing gradient gel electrophoresis (DGGE) or temperature gra-
dient gel electrophoresis (4, 62, 65), terminal or conventional
restriction fragment length polymorphism analysis (7, 15), and
simple labeling-based fingerprinting methods (36). Further-
more, universal fungal PCR combined with cloning and restric-
tion fragment length polymorphism analysis and/or DNA se-
quencing of cloned fragments has been used (4, 7, 21, 34, 37),
as well as probing methods (25, 44, 80). Some of these methods
have also been used to detect indoor fungi (14, 15, 23, 75, 80).
qPCR has provided valuable information on the occurrence of
the most common indoor fungi, and this method shows great
promise in giving fast quantitative data on the occurrence of
the studied organisms (45). Apart from cloning and sequencing
of amplified fungal DNA, or in some cases DGGE followed by
sequencing, these methods do not produce detailed informa-
tion on previously unknown or unexpected taxa.
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Since the early 1990s, numerous studies on bacterial com-
munities based on small subunit ribosomal DNA (rDNA) se-
quencing have revealed a vast diversity of uncultivable and
novel prokaryotic taxa (17, 20, 40). More recently, the same
phenomenon has been observed in fungal community studies.
Vandenkoornhuyse et al. (72) obtained 49 mostly novel fungal
phylotypes from plant roots and detected five putatively novel
fungal groups. Similar results have been obtained by others
(34, 47, 49, 63). In these studies the theoretical diversity in the
studied environment was estimated to comprise at least 100
and in some studies even more than 500 fungal phylotypes. To
the best of our knowledge, the fungi in indoor environments
have not previously been studied by using rDNA sequencing.

In the present study, large-scale rDNA sequencing was used
to characterize the fungal flora in the indoor dust of two
nonindustrial buildings, one of which was moisture damaged.
The internal transcribed spacer (ITS) region of fungal nuclear
rDNA was chosen as the target. This region is the best-anno-
tated gene locus for fungi with more than 39,000 full-length or
nearly full-length sequences currently available, and it provides
useful, phylogenetically informative sequence characters for
fungi, especially at lower taxonomic levels. Sequence analysis
was carried out side by side with cultivation. In addition, the
quantities of seven indoor fungi known to be common from
previous studies were determined by qPCR analysis, and er-
gosterol measurement was conducted as a proxy for total fun-
gal biomass. Our aim was to investigate (i) fungal diversity in
indoor dust using sequencing of rDNA clone libraries; (ii)
differences in the fungal diversity obtained by clone libraries
and by standard cultivation; (iii) congruence of the qPCR,
clone library, and culture results; and (iv) differences in the
fungal flora obtained by sequencing of clone libraries between
a moisture-damaged and an undamaged building in each
season.

MATERIALS AND METHODS

Buildings. The study was performed in two nursing home buildings located in
two small towns about 100 km apart in central Finland. Both buildings were
brick-framed, were built on a ground slab, had two floors in addition to a partly
below-grade basement, and had a mechanical exhaust ventilation system with
passive flow of intake air. Both buildings were inspected by a trained civil
engineer for signs of moisture damage.

One of the buildings, defined here as the moisture-damaged or index building,
was built around 1920; no substantial repairs or structural modifications had
been done since that time. There was moisture and microbial damage on the
floor and external walls in the basement. Local moisture and microbial damage
was also observed on the first and second floors. The staff who worked in the
building reported building-related symptoms and indoor air problems. The con-
trol building was built around 1940 and underwent a thorough renovation in
1982. No visible signs of moisture or microbial damage were seen, except for
minor signs of water damage in the washroom. The staff who used this building
did not report any problems with the building or indoor air quality.

Sample description and sampling. Indoor dust was collected from both build-
ings over 1 year in four separate time periods corresponding to the four North
European seasons, resulting in a total of eight samples, four from each building.
Sampling was done in office rooms located on the second floors of both buildings.
There was no visible mold in the office rooms. Settled dust was collected from
smooth surfaces, including mainly large areas of uncarpeted floor and tables,
using a vacuum cleaner (Miele S371; Miele & Cie, KG, Giitersloh, Germany)
twice a week during 1 to 3 months. After collection, the dust bag was cut open,
and the accumulated house dust was vacuumed into a chamber. The dust was
subsequently sieved through a sterile strainer with pore size of about 1 by 1 mm
and divided into aliquots for analyses. Microbes were cultured on the same or
next day, and aliquots of the dust were stored at —20°C for the other analyses.
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Culturing. Dust samples of 1 g were suspended into 9 ml of buffer (distilled
water with 42.5 mg of KH,PO,/liter, 250 mg of MgSO, - 7H,O/liter, 8 mg of
NaOH/liter, and 0.02% Tween 80 detergent), and the sample was shaken for 60
min at room temperature. The suspension was filtered with a metal strainer, with
a mesh size of 1 mm, and serial tenfold dilutions were made in the same buffer.
Aliquots (100 pl) were plated on 2% malt extract agar (59) and dichloran-
glycerol agar (DG18; Oxoid, Ltd., Basingstoke, Hampshire, England), supple-
mented with 100 ng of chloramphenicol/ml for determination of the mesophilic
and xerophilic fungi, respectively (60). Samples were incubated in the dark at
25°C for 7 days. After incubation, the colonies were counted and identified to the
genus level by using conventional micromorphological methods. Aspergillus spe-
cies, including A. ochraceus, A. niger, A. versicolor, A. penicilloides, and A. sydowii
were identified and quantified at the species level. The identifications of repre-
sentative isolates of each colony type were verified by ITS sequence analysis.

For sequencing of the ribosomal ITS region, representatives of identified pure
cultures from the index building were grown in standard 96-well culture plates in
1 ml of nutrient broth (Oxoid) under agitation (200 rpm) at 25°C for 48 h.
Representatives of fungal strains are deposited in culture collection of National
Public Health Institute of Finland and are available on request (Helena Rintala,
Environmental Microbiology Laboratory).

DNA extraction. Total DNA from dust samples was isolated separately for
cloning experiments and qPCR because the addition of an internal reference
standard was required at the extraction step for qPCR analysis. For cloning,
DNA was isolated from 25 mg of dust in duplicate by using a GenElute plant
genomic DNA miniprep kit (Sigma-Aldrich Chemie Gmbh, Steinheim, Ger-
many). The sample was weighed and transferred to a 2-ml screw cap tube with
0.5 g of 0.1-mm glass beads (BioSpec Products, Inc., Bartlesville, OK), 400 .l of
lysis solution was added, and the cells were disrupted with Mini Beadbeater-8
(BioSpec) at maximum speed for 1 min. DNA was recovered according to the
manufacturer’s instructions, purified by using a Wizard DNA Clean-Up column
(Promega, Madison, WI), and eluted in 50 pl of nuclease-free water. Replicates
were pooled to give 100 pl of DNA originating from 50 mg of dust.

For qPCR, dust samples were extracted by a rapid bead-milling method (22).
Briefly, 5 mg of dust supplemented with Geotrichum candidum conidia as an
internal standard and 90 pl of AE buffer (Qiagen, Valencia, CA) were suspended
with 0.3 g of glass beads and 100 and 300 ! of lysis and binding buffer, respec-
tively, from an Elu-Quik DNA purification kit (Whatman Plc, Brentford, United
Kingdom). The tubes were shaken in a Mini Beadbeater-8 at maximum speed for
1 min and centrifuged at 8,000 X g for 1 min. The supernatants were further
purified by using a DNeasy kit (Qiagen).

For extraction of the genomic DNA from fungal pure cultures, liquid cultures
were centrifuged and harvested by using MasterPure yeast DNA purification kit
(Epicenter, Madison, WI) according to the manufacturer’s instructions.

PCR amplification. Universal PCR amplification of the fungal nuclear ribo-
somal ITS region was carried out by using the following primer pair: novel
forward primer Fun18Sf (TTGCTCTTCAACGAGGAAT, positioned at nucle-
otides 1558 to 1575 in Saccharomyces cerevisiae 18S tRNA gene [GenBank
accession no. J01353]) (J. Hultman, unpublished data) and the ITS4 (78). The
primers amplify a fragment containing ca. 240 bp at the 3’ end of the 18S gene,
the entire ITS region and also ca. 50 bp at the 5" end of the 28S gene. Ten
replicates in a final volume of 50 pl were prepared using 1X DyNAzyme PCR
buffer (Finnzymes, Espoo, Finland), 200 pwM concentrations of each de-
oxynucleoside triphosphate (ANTP), 0.2 uM concentrations of each primer, 5%
dimethyl sulfoxide, 0.5 mM betaine, 1 U of DyNAzyme DNA polymerase
(Finnzymes), 0.05 U of Pfu polymerase (Promega), and 2 ul of DNA template.
Thermocycling conditions were as follows: 95°C for 3 min; 6 cycles of 96°C for
30's, 50°C for 45 s, and 72°C for 3 min; 19 cycles of 96°C for 30 s, 50°C for 45 s,
and 72°C for 1 min; and a final extension at 72°C for 10 min. For some dust
samples, supplementary cloning was needed to gain libraries of the desired size.
Consequently, a seminested PCR protocol was required. Replicate products of
the primary PCR were combined, purified, and concentrated 10 times, and 10 pl
of concentrate was used as a template. The primer pair ITS1 (78) and ITS4 and
the above-mentioned PCR method were used. DNA from pure cultures was
amplified with the Funl8Sf-ITS4 primer pair in the above-mentioned PCR
conditions, excluding the extension of elongation time in the first six cycles. The
replicate PCR products were combined, visualized in 1% agarose gels with
ethidium bromide staining, and purified with MultiScreen 35,PCR plates (Mil-
lipore, Billerica, MA) or Wizard PCR Preps (Promega).

Cloning and sequencing of ITS fragments. Immediately before ligation, the
purified PCR products were incubated in 72°C for 30 min in the following
reaction mix: DyNAzyme PCR buffer, dNTPs, and DyNAzyme DNA polymerase
in the concentrations mentioned above. Using a PCR cloning kit (Qiagen)
according to the manufacturer’s instructions, 4 pl of PCR products was ligated
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and cloned into an Escherichia coli plasmid library. Aliquots of cloned cultures
were stored in 15% glycerol at —80°C, and plasmids were extracted from the
remaining culture by using MultiScreen ocPLASMID plates (Millipore). Inserts
were reamplified with universal forward and reverse vector primers. PCR prod-
ucts were visualized in 1% agarose gel with ethidium bromide staining and
purified with MultiScreen ;3,PCR plates. Purified fragments were sequenced by
using a BigDye terminator cycle sequencing kit with vector primers or the
primers Fun18Sf and ITS4 for pure-culture ITS products. Sequencing reactions
were run on an ABI 3700 automated DNA sequencer (Applied Biosystems,
Foster City, CA).

Sequence analysis and OTU definition. Sequences were edited, and identical
sequences were clustered by using the Pregap and Gap4 programs of the Staden
Package (66). Full-length sequences, excluding the Fun18Sf and ITS4 primer
sites, were aligned against the EMBL DNA databases by using Fasta3.4 (52) and
subsequently clustered into operational taxonomical units (OTU) using
CLUSTAL W (69) with a gap open penalty of 5 and a gap extension penalty of
0.5. More than 99% sequence similarity within the cluster and uniform match
with EMBL database sequences were used to define OTU. Sequences of non-
fungal origin were excluded from further analyses. Because eukaryotic ITS se-
quences of public databases seldom extend in the 5’ direction over the 18S gene,
most of this gene was excluded from OTU sequences in subsequent analyses. All
representative OTU sequences were manually checked for chimerism by visual
inspection of the CLUSTAL W alignments of ITS1 and ITS2 fragments. This was
followed by separated database searches of the fragments for unevenly clustering
OTU types. High sequence similarity with taxonomically diverging reference
sequences was considered to support chimerism. The occurrence of certain OTU
types in more than one library was considered strong support for nonchimerism.
When =99% sequence similarity with a database sequence over the entire ITS
region was observed, the determination of chimerism was considered impracti-
cable. A species name was assigned to OTU with more than 99% similarity with
a reference sequence. Sequences with less than 99% similarity to a database
match were considered unknown but were affiliated with fungal subclass level
groups when possible by the taxonomy of closest Fasta hits. The Dictionary of the
Fungi (38) served as the source of taxonomic references for fungal species.

Statistical analyses. Two nonparametric richness estimators, Chaol and ACE
(9, 10), were used to calculate theoretical diversity and coverage of libraries. The
species diversities of the index building and reference building for each season
were then compared by dividing the estimated diversity value of the index
building by that of the reference building. To compare the content of two
libraries on the OTU level, the similarity coefficient (S) was determined for
sample pairs as follows: S = 2 C/(4 + B), where A and B are the numbers of
observed OTU in libraries A and B, respectively, and C is the number of OTU
present in both libraries (50).

qPCR. Earlier developed and described methods (6, 22) for preparing conidia
or spore suspensions from fungal cultures, extracting DNA, performing qPCR
analyses, and preparing standard calibration curves were used. Coextracted DNA
from Geotrichum candidum was used as an exogenous internal reference, and
therefore 10 l of a 2 X 10® conidia per ml reference suspension of G. candidum
was added to the dust samples before bead beating. All primer and probe
sequences used in the assays, as well as known species comprising the assay
groups, are available online (http://www.epa.gov/nerlecwww/moldtech.htm). Prim-
ers and probes were synthesized commercially (Applied Biosystems, Cheshire,
United Kingdom).

qPCR assays for the target organism and G. candidum reference DNA in the
extracts were prepared by using Universal Master Mix, a 2X concentrated mix-
ture of optimized buffer components, AmpliTaq Gold DNA polymerase, Am-
pErase UNG, dNTPs, passive reference dye (Applied Biosystems), and 2 mg of
bovine serum albumin (New England Biolabs, Inc., Beverly, MA) ml~'. Appro-
priate primers and probes in a final concentration of 1.0 uM (primers) and 80
nM (probes) and 2.5 ul of template were used, and the final volume was 12 pl.
PCR was performed in an Applied Biosystems Prism model 7000 instrument.
Methods for estimating the amplification factors and extrapolating spore or
conidia equivalents for the assays using standard curves have also been described
(6). For calibration curves, serially diluted log target conidia or spore equivalents
versus delta threshold cycle values (AC7y = Cyyurger = Crireterence) Were plotted.
The numbers of spores or conidia detected in dust samples were calculated by
using the comparative threshold cycle method as follows. First, the comparative
target level was calculated using the equation: Ae 2“C;, where Ae is the
amplification efficiency, and AACy is ACrgmpie = ACTcatibrator [(Critarger —
Crreference)sample ~ (Criiarget = Crireterence)eatibrator]- The ACT cuibrator Value was
obtained from the calibration curve as the mean AC; value of all dilutions. The
log number of cells in the sample was then obtained by multiplying the compar-
ative target level by the amount of cells in the calibrator, which was the mean log
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cells in all dilutions of the calibration curve. The concentrations of seven fungal
species or groups, selected based on information obtained from cultivation, were
analyzed by using qPCR assays. These were Ccladl for Cladosporium cladospo-
rioides serovar 1; Eamst for teleomorphic states of members of the Aspergillus
glaucus group, including Eurotium amstelodami, E. chevalieri, E. herbariorum, E.
rubrum, and E. repens; Tviri for Trichoderma viride, T. atroviride, and T. koningii,
Stac for Stachybotrys chartarum; Asydo3 for Aspergillus sydowii; PenGrp2 for
Penicillium species, including P. crustosum, P. camembertii, P. commune, P.
echinulatum, and P. solitum; and Pdigi for Penicillium digitatum. Dust sample
extracts were analyzed for potential inhibition of qPCR reactions by performing
serial 10-fold dilutions of DNA extracts of Geotrichum-spiked reference samples.
Analyses of negative (containing AE buffer only) and positive (mixed positive
control conidia suspensions) control samples were performed in parallel with the
assays.

Analysis of ergosterol content of dust samples. Two replicate samples of 5 mg
of dust were prepared according to the method of Sebastian and Larsson (64)
with minor modifications. In our study hexane was used instead of heptane, and
the samples were diluted to 500 wl of solvent prior to the analysis by high-
resolution gas chromatography-mass spectrometry. The analysis of ergosterol
was performed with a Micromass AutoSpec Ultima magnetic sector mass spec-
trometer connected to an HP 6890 gas chromatograph with a DB-5MS fused-
silica capillary column (60 m by 0.25 mm by 0.25 pum) from J&W Scientific
(Agilent Technologies, Santa Clara, CA). The injection volume of the samples
was 2 pl, the temperature of the injector was 270°C, helium was used as the
carrier gas at a constant pressure of 200 kPa, and the gas chromatograph oper-
ated in splitless mode. The temperature program of the gas chromatograph was
as follows: 170°C for 1 min, 30°C/min to 260°C, 10°C/min to 300°C, and holding
at 300°C for 20 min. Positive electron ionization was performed at an ionization
voltage of 35 eV, and the temperature of the ion source was 270°C. The selected
ion monitoring method was used to monitor the two fragment ions of silylated
ergosterol, and 7-dehydrocholesterol was used as the internal standard. The ions
monitored were m/z 337.2895 and 338.2929 for ergosterol and m/z 325.2895 and
326.2929 for 7-dehydrocholesterol. The mass resolution of the instrument was
10,000.

Nucleotide seq; s. Representatives of produced fungal
DNA sequences were submitted to the EMBL Nucleotide Sequence Database
(http:www.ebi.ac.uk/embl) and assigned accession numbers AM901670 to
AM901704 and AM901705 to AM902098 for the sequences of cultivated strains
and clones, respectively.

e accession b

RESULTS

Structure of ITS clone libraries. Full-length ITS sequences
were obtained from 1,578 clones. Of these, 1,339 originated
from fungi, 223 originated from plants, and 11 originated from
algae, and 30 were chimeric. On average, 168 fungal sequences
were sampled from each library (Table 1). Sequences were
clustered into 394 OTU based on =99% sequence similarity
and a uniform database match. Of these, 77% occurred in only
one sample, and 61% were singletons. The lowest numbers of
OTU were obtained from winter samples from both buildings.
The OTU number increased steadily over the year from winter
to fall for both buildings. The estimated species diversity in
samples as determined by ACE and Chaol analyses varied
from around 100 OTU in winter to ca. 300 to 400 in the fall.
The corresponding coverage values varied between 21 and
77%, being highest in the winter samples estimated by the
Chaol method and lowest in the summer and fall samples
estimated by ACE (Table 1). Plant sequences were found
mainly in spring and to lesser extent in summer samples, prob-
ably originating from pollen particles.

Fungal diversity analysis of clone libraries. A total of 161
OTU (41%) were identified at species level by =99% similarity
with named database sequences. An additional 17 sequences
had equally high matches, but the closest database relative was
incompletely named or annotated as an environmental clone.
A total of 44 OTU were 100% identical to a reference se-
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TABLE 1. rDNA clone library sizes and estimates of theoretical diversity and sampling coverage over a 1-year period in index and
reference buildings®

: ; ACE Chaol
Library size No. of .
Sampl Singl 0 _ _
ample (clones) OTU ingletons (%) poye — pope ™
Index

Winter 141 50 46 46 109 71 70
Spring 180 70 71 24 295 29 242
Summer 225 81 69 25 327 49 167
Fall 141 91 74 22 418 35 264

Reference
Winter 174 47 39 59 79 77 61
Spring 152 61 61 31 194 50 123
Summer 170 69 74 21 333 25 277
Fall 157 92 72 23 393 28 334
Both buildings (all 1,339 394 61 30 1,319 46 858

seasons)

“%C, % coverage; TD, corresponding theoretical diversity.

quence. In 18 cases more than one reference sequence gave
equal similarities, and in several other cases the sequence
similarity was =99% with more than one reference sequence.
OTU with =99% database match were observed to be more
abundant (on average, 5.2 clones per OTU) and to occur more
frequently among the samples (on average, in 1.8 libraries)
than the OTU with <99% similarity with the reference se-
quence. The latter contained, on average, 2.3 clones and oc-
curred in 1.2 samples.

OTU with <99% similarity to the database sequence repre-
sent uncultured species or species whose ITS region has not
been previously sequenced. To clarify their phylogenetic posi-
tion, sequences were aligned together with database represen-
tatives from different fungal subclasses, and tree construction
was attempted. Due to the hypervariable nature of the ITS
region the tree branches near the root were short and poorly
supported by bootstrap analysis (data not shown), and the
treeing procedure was not considered to give reliable informa-
tion about the phylogenetic relationships of the OTU. Instead,
OTU were affiliated to the subclass level according to the
phylogeny of the closest database relatives. This classification
of sequence types is the suggested method, especially in the
case of sequences whose similarity to closest relatives is low.
All recovered OTU types with EMBL nucleotide database
identity codes, their closest database references, taxonomic
affiliation, and incidence in samples, along with corresponding
information of cultivated strains are available (see Table S1 in
the supplemental material).

Of the total 394 sequence types, 234 were of basidiomycet-
ous affinity and 155 of ascomycetous affinity. Two representa-
tives of zygomycota and three sequences of unknown fungal
origin were also found. Representatives of 18 fungal subclasses
were found (Fig. 1). The proportions of abundant OTU types
were similar in both buildings; about 10 sequence types oc-
curred in clone libraries of either building in 10 or more clones
(Table 2). Most of these OTU were abundant in both build-
ings, and about one-third were also detected by culture. A
majority of the abundant OTU were named at species level.

Several abundant ascomycetous OTU sequences were mem-
bers of the subclass Dothideomycetidae. These were Leptospha-

erulina trifoliilamericana and L. chartarum, Aureobasidium pul-
lulans, two Cladosporium OTU, one identical to the sequence
of the closely related species Cladosporium herbarum, C. mag-
nusianum, Cladophialophora minourae, and Mycosphaerella
macrospora and the other identical to Cladosporium cladospo-
rioides, C. tenuissimum, C. cucumerinum, and C. oxysporum.
Sequence relatives of Phaeococcomyces nigricans and Macro-
phoma sp. were also frequently encountered. Other abundant
ascomycete sequences originated from S. cerevisiae (subclass
Saccharomycetidae) and Hypogymnia physodes (Lecanoromyce-
tidae) (Table 2).

Only 9 of the 234 basidiomycetous sequence types were
abundant in our study material. Two of these were closely
related to diverging strains of Thekopsora areolata, and one was
related to Chrysomyxa arctostaphyli (Urediniomycetidae). Cryp-
tococcus victoriae (Tremellomycetidae) was most abundant of

100 % O Chaetothyriomycetidae

B Dothideomycetidae

90 % 1 O Erysiphomycetidae

O Eurotiomycetidae

O Lecanoromycetidae

B Leotiomycetidae

B Pezizomycetidae

B Saccharomycetidae

B Sordariomycetidae

B Taphrinomycetidae

O .4scomycetes incertae sedis

O Unclassified ascomycete

B Agaricomycetidae

B Exobasidiomycetidae

O Tremellomycetidae

B Urediniomycetes Incertae sedis

B Ustilaginomycetidae

" B Basidiomycetes incertae sedis

T = Zygomycetes incertae sedis
B Unclassified fungi

80 %

70 %

60 %

50 %

Ascomycetes

40 % -

30 %

20 % A

Percentage of identified OTUs / Strains

Basidiomye.

10 %

0%

A B

FIG. 1. Comparison of the total diversity obtained by cultivation
and clone library analysis from two buildings over 1 year. (A) Cumu-
lative diversity at subclass level in clone libraries. The number of OTU
is 394. (B) Diversity of cultivated strains at subclass level. The number
of strains is 37.
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TABLE 2. Frequencies of the most abundant OTU types in the index and reference buildings
OTU type Best FASTA match
EMBL %D %R"
ID no. EMBL accession no. Taxon Subclass accession % Similarity
no.
366 AM901959 Cladosporium magnusianum®  Dothideomycetidae AF455404 100 9.9 59
368 AM901891 Cladosporium tenuissimum® Dothideomycetidae AF393691 100 6.2 2.9
249 AMO901845 Cryptococcus victoriae Tremellomycetidae AF444645 100 39 4.7
205 to 207  AM901735, AM902074,  Malassezia restricta Exobasidiomycetidae AY387145 98.6-99.6 3.1 4.4
AM901925

232 AM901924 Thekopsora areolata Uredinales incertae sedis ~ DQ087229 99.4 4.6 2.7
212 AM901708 Malassezia restricta Exobasidiomycetidae AJ437695 96.9 2.8 2.3
276 AM901015 Leptosphaerulina chartarum Dothideomycetidae DQ384571 99.8 38 1.2
256 AM902094 Saccharomyces cerevisiae Saccharomycetidae U53879 99.9 0.9 39
230 AM901970 Thekopsora areolata Uredinales incertae sedis ~ DQO087230 99.7 0 4.5
290 AM901867 Leptosphaerulina trifolii¢ Dothideomycetidae AY131203 99.8 14 2.3
342 AM901731 Aureobasidium pullulans Dothideomycetidae AM160630 100 2.5 1.1
210 AM902048 Malassezia restricta Exobasidiomycetidae AY743636 100 14 2
311 AM901933 Macrophoma sp. Dothideomycetidae DQ279798 95.5 2 0.8
361 AM901734 Hypogymnia physodes Lecanoromycetidae AF058036 99.5 0.6 14
296 AMO901755 Phaeosphaeriaceae sp. Dothideomycetidae AY465459 96.5 0 1.7
229 AM902053 Chrysomyxa arctostaphyli Uredinales incertae sedis 176488 92.6 0 1.5

“ %D, percentage of clones in the water-damaged index building.
® %R, percentage of clones in the reference building.

¢ Equal match with Cladosporium magnusianum, C. herbarum, C. magnusianum, Cladophialophora minourae, and Mycosphaerella macrospora.
4 Equal match with Cladosporium tenuissimum, C. cladosporioides, C. cucumerinum, and C. oxysporum.

¢ Equal match with L. trifolii and L. americana.

the several cryptococcal species observed. Five sequences orig-
inated from strains of Malassezia restricta (subclass Exobasid-
iomycetidae), which was prevalent in both buildings in most
seasons. The OTU related to various Malassezia species and
strains accounted for 14% of all clones (Table 2). Basidiomy-
cetous sequences belonging to Agaricomycetidae (correspond-
ing roughly to the Homobasidiomycetes, fruiting body-produc-
ing basidiomycete fungi), although representing the majority of
OTU types, were mainly present as singletons and occurred
mostly in samples taken in summer and fall.

Seasonal variation of indoor fungal flora. The most promi-
nent structural change in the molecular diversity of fungi was

the constant increase in diversity of the OTU belonging to
Agaricomycetidae basidiomycetes at the expense of ascomyce-
tes and yeast-like basidiomycetes from winter to fall (Fig. 2B;
see Table S1 in the supplemental material for detailed infor-
mation on the species content of the subclasses). This increase
was also evident in the clone numbers (Fig. 2A). In the winter
samples, yeasts represented ca. 60% of all clones, whereas in
other seasons their proportion was 20 to 30%. The level of
ascomycetous diversity was stable from winter to summer, with
about 30 OTU types being found in each sample. Most of these
had closest relatives in the subclasses Dothideomycetidae and
Saccharomycetidae or Ascomycetes incertae sedis. A peak in
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FIG. 2. Seasonal diversity profiles in index and reference building. (A) Relative proportions of clones affiliated with fungal subclasses.
(B) Cumulative diversity in form of number of different OTU affiliated with fungal subclasses. D, sample from the water damaged index building;

R, sample from the reference building.
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TABLE 3. Concentrations of culturable fungi and ergosterol in dust

Concn (CFU g™!) of culturable fungi®

Genus and/or group Representative strain(s) Winter Spring Summer Fall
D R D R D R D R
Sphaeropsidales BF45, BF12 3,600 1,400 9,009 9,009 10,811 18,957
Cladosporium BF87, BF72 45 1,400 13,514 4505 11,712 4,500 995 14,218
Penicillium BF101, BF79, BF14, BF18, 4,500 9,100 4,505 4,505 135 2,703 995 2,370
BF11
Acremonium BF100 1,400 4,505 900 498 4,739
Aspergillus spp. 3,245 2,700 4,550 45 450 452
A. ochraeus BF83 45
A. niger 45
A. versicolor BF23 45 452
A. penicilloides BF§° 1,800
A. sydowii BF7 4,505
Aspergillus sp. - 1,800 2,700 450
Aureobasidium BF69, BF13 900 45 1,802 901 3,620
Mucor BF68, BFS1 450 0 4,739
Rhinocladiella — 45 90 4,505
Fusarium BF22 45 4,500
Eurotium BF78, BF106 45 2,252 1,422
Exophiala BF16 450 901 450
Scopulariopsis BF44 450 900
Chaetomium — 910
Stachybotrys BF15 900
Paecilomyces — 450
Absidia 45
Trichoderma 45
Very rare or unidentifiable =~ BF105, BF102 4,505 1,800 498 905
isolates
Nonsporulating isolates BF62, BF19, BF75, BF104 1,400 6,800 211,712 4,505 1,351 1,350 995 4,739
Yeasts BF73, BF108, BF9, BF109, 8,200 100,100 50,000 382,883 1,351 4,950 2,985 48,341
BF98, BF92, BF10
Total 25,630 127,990 303,290 415,363 27,160 15,303 8,388 103,080

“ D, sample from water-damaged index building; R, sample from reference building. Numbers in boldface indicate a value from DG18 agar plate, other than from
MEA. The ITS region of the colonies from index building were sequenced. The ergosterol concentrations were as follows: winter D, 2.2 ng/mg; winter R, 0.5 ng/mg;
spring D, 3.7 ng/mg; spring R, 3.5 ng/mg; summer D, 3.3 ng/mg; summer R, 5.7 ng/mg; fall D, 1.6 ng/mg; fall R, 1.6 ng/mg.

b

—, all representative isolates of the colony type were either contaminated or a sufficiently good quality DNA sequence could not be obtained.

¢ The ITS region of the representative isolate had greatest sequence similarity with the ITS region of 4. restrictus (97.5%).

Dothideomycetidae was seen during the summer in the index
building, mainly due to the abundance of Cladosporium spp. In
the fall, both the diversity and the relative proportion of clones
belonging to these groups decreased significantly (Fig. 2).

In winter samples, sequences similar to species of the yeast-
like genera Malassezia and Cryptococcus, and to a lesser extent
Filobasidium, Ustilago, Rhodosporidium, Rhodotorula, Cystofi-
lobasidium, and Mrakia accounted for most of the basidiomy-
cetous diversity. In the spring and summer, the subclass Exo-
basidiomycetidae was largely replaced by Tremellomycetidae
yeasts and Thekopsora areolata rust and other Urediniomycetes
in both buildings. The diversity of Exobasidiomycetidae in-
creased significantly again in fall samples, nearly reaching the
diversity of winter samples (Fig. 2B).

Filamentous basidiomycete species in winter samples in-
cluded a few clones of the saprophytic Psathyrella candolleana,
the polypore Trametes versicolor, and two unknown species
related to the corticoid fungus Athelia arachnoidea (anamorph
Fibularhizoctonia carotae). The diversity of filamentous basid-
iomycete species was also relatively low in the spring samples,
consisting mainly of Agaricomycetidae polypores and Uredina-
les rusts. A wide variety of OTU with highest similarity to
mycorrhizal, decomposer, and phytopathogenic basidiomy-

cetes such as Amanita, Collybia, Chrysomyxa, Gymnopus, Hy-
pholoma, Melampsoridium, Tricholoma, Dermocybe, Polyporus,
and Trametes appeared in the summer and especially the fall
samples (Fig. 2). Unknown sequences with 70 to 90% similarity
to known fungi were most abundant in fall samples, where they
accounted for almost 30% of all OTU compared to the 20%
for other seasons.

Similarity coefficients were calculated for pairwise compar-
isons of pooled clone libraries from the two buildings for all
four seasons. The coefficients ranged from 0.154 to 0.23, the
most similar species diversity being found in spring-summer
and summer-fall sample pairs (data not shown).

The total viable concentrations of fungi in dust showed
strong variation between samples (8 X 10° to 4 X 10° CFU
g~ 1). Most of this variation was explained by elevated numbers
of nonsporulating fungi and yeasts in some samples. Without
these two groups the concentrations varied between 4 X 10°
and 5 X 10* CFU g~ '. Elevated numbers (5 X 10* to 3 X 10°
CFU g ") of yeasts occurred in winter and spring samples from
the reference building and in the winter sample of the index
building. Cultivation was performed in parallel on DG18 and
malt extract agar, and the higher count was used (Table 3). In
contrast to clone analysis, the fungal communities identified by
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TABLE 4. Concentrations of fungi in dust analyzed by qPCR
Concn (spores g~ ) of fungi®
Assay

Winter D¢ Winter R Spring D Spring R Summer D Summer R Fall D Fall R
C. cladosporioides® i 31,000 441,500 173,700 3,228,500 1,044,400 76,900 71,100
E. amstelodami¢ i 59,600 528,600 13,800 568,200 30,100 26,000 19,600
S. chartarum i 7,900
T. viride? i 47,800 46,500 11,300 128,900 52,700 31,600 4,900

“ D, sample from water-damaged index building; R, sample from reference building.

® The assay detects C. cladosporioides serovar 1.

¢ The assay detects Eurotium amstelodami, E. chevalieri, E. herbariorum, E. rubrum, and E. repens.
9 The assay detects Trichoderma viride, T. atroviride, and T. koningii; A. sydowii; P. digitatum, and Penicillium group 2 (Penicillium crustosum, P. camembertii, P.
commune, P. echinulatum, and P. solitum) were also tested being negative for all samples.

¢ 1, The sample showed PCR inhibition.

culture were most diverse in winter for both buildings. The
concentrations of culturable fungi were highest during the
spring in both buildings. The prevalent groups in addition to
yeasts and nonsporulating isolates were species of Cladospo-
rium, Penicillium, and Sphaeropsidales. Penicillium spp. oc-
curred mainly in the samples taken in winter and spring. The
total concentrations of culturable fungi were higher in the
reference building, mostly due to the higher concentrations of
yeasts in the samples.

The ergosterol concentrations of house dust varied between
1.6 and 3.3 ng and 0.5 and 5.7 ng mg ' of dust in the index and
reference buildings, respectively. The highest concentrations of
ergosterol in both index and reference buildings were observed
during the spring and the summer. Ergosterol concentrations
were higher in the index than in the reference building during
the winter (Table 3).

Among the seven fungi analyzed by qPCR, the Cladosporium
cladosporioides, Trichoderma viride, and Eurotium amstelodami
group were found in all samples except in the winter sample
from the index building. Despite repeated DNA isolations and
PCR analyses, this sample did not yield an amplification result
for any of the qPCR assays or for the internal control (Table
4). The concentrations of the three above-mentioned fungi
were higher in the index building than in the reference building
in all seasons, with the highest concentration in the summer.
Stachybotrys chartarum was only detected in the winter sample
from the reference site. The other fungi analyzed, i.e., Aspergil-
lus sydowii, Penicillium digitatum, and Penicillium group 2, were
not found in the samples by qPCR.

Differences in fungal flora of the index and reference build-
ings. The ratio of species diversity in the index building versus
the control building ranged from 1.0 to 1.5. It was highest in
the spring and winter (1.5 and 1.4, respectively) and close to 1
in the summer and fall. On the subclass level, the overall fungal
diversity was fairly similar in both buildings both in terms of
the number of clones and in terms of the number of OTU
belonging to each group (Fig. 2).

In contrast to the relatively uniform fungal diversities at the
subclass level, remarkable variation was observed in the two
target buildings at the species level, since ca. 40% of all OTU
were found only from the index building, 40% were found only
from the reference building, and 20% were found from both
buildings. No OTU types unique to either building were found
that were present throughout the year. The similarity coeffi-
cients calculated by pairwise comparisons of clone libraries

ranged from 0.2 to 0.33, being highest in the fall and lowest in
the winter (data not shown).

The samples taken during the winter season from the water-
damaged building and the reference building harbored differ-
ent sequence varieties except for the most abundant OTU
types listed in Table 2. The OTU sequences from the species
Cryptococcus albidosimilis and C. niccombsii and OTU related
to Arthrobotrys superba, Cephalotheca sulfurea, Phaeoseptoria
sp., Phialophora sp., and Phaeotheca fissurella were present in
multiple clones in the winter sample and were unique to the
index building. Corresponding findings from the reference build-
ing included sequences from Capnobotryella sp., Cordyceps sinen-
sis, Cryptococcus friedmannii, cf. Pseudocladosporium sp., Ex-
ophiala salmonis, Rhodotorula slooffiae, and Trimmatostroma
abietina and OTU related to Coniosporium sp., Cryptococcus eli-
novii, Exophiala sp., Neofusicoccum corticosae, Phaeosphaeriaceae
sp., and Phialocephala fluminis. During the winter, the proportion
of unknown sequences with less than 99% similarity to any
known DNA sequence was considerably higher in the damaged
compared to the reference building (52% versus 32%). In
other seasons, the proportions were similar (data not shown).

Diversity of isolated colonies. In all, 72 pure cultures were
obtained, comprising 23 fungal genera, groups, or species
based on microscopic identification. ITS sequence analysis di-
vided these strains into 35 fungal species or strains represent-
ing nine subclasses (Fig. 1 and Table S1 in the supplemental
material). More than 90% of the cultivated strains had simi-
larity value of =99% to an EMBL database reference. The
identification by sequence analysis corresponded well with
morphological identification. The sequences of 42% of the
strains were also found in clone libraries. Cladosporium, yeasts,
and nonsporulating isolates were found in all samples. Other
common fungi were Penicillium, Sphaeropsidales group, Euro-
tium, Acremonium, and Aureobasidium spp. (Table 3). Many of
the nonsporulating isolates did not grow in liquid culture or
were not amplified in PCR analyses. The isolates that could be
sequenced had ITS regions most similar to Arthrinium sp.,
Coniothyrium cereale, Epicoccum nigrum, Geomyces pannorum,
and Leptosphaerulina chartarum. One morphologically uniden-
tifiable strain was identified to be Botrytis elliptica by ITS se-
quencing. One strain identified as Aureobasidium by morphol-
ogy represented the related species Hormonema carpetanum
on the basis of sequence analysis. Detailed information about
the cultured isolates is presented in elsewhere (see Table S1
in the supplemental material).
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DISCUSSION

The present results demonstrate that considerably more di-
verse microbial flora is observed from the same material by
PCR and clone library sequencing compared to traditional
cultivation. The fungal diversity in indoor dust by the former
method was high, consisting of nearly 400 OTU types, 45% of
which were identified at the species level. The theoretical di-
versity calculated by using nonparametric estimators was about
100 to 400 OTU per building per season, a richness compara-
ble to that found in soil and plant organs by the same meth-
odology (47, 49). In addition to the overall high diversity of
fungi in both buildings, a constant increase in fungal diversity
from winter through spring and summer to fall was observed.
This is explained by the amplification and diversification of
natural outdoor fungal source communities in accordance with
their annual succession. With certain exceptions (39), this kind
of seasonal variation has not been observed in viable counts or
diversity from house dust samples (28, 56). The present find-
ings reflected the various sources of microbes in indoor envi-
ronments. The largest diversity in cold seasons originated from
the ustilaginous basidiomycete subclass Exobasidiomycetidae,
consisting mainly of Malassezia yeasts that belong to human
skin flora (51). In general, winter samples were dominated by
yeasts, and all other seasons were dominated by filamentous
fungal species. Sequences belonging to or closely related to
various phylloplane and saprotrophic fungi, including Aureo-
basidium pullulans, Leptosphaerulina sp., Cladosporium herba-
rum and other Cladosporium spp., Macrophoma sp., Candida
sp., Cryptococcus sp., and Rhodotorula sp. were observed in
both buildings throughout the year, and these were among the
most abundant fungi in the studied material. Also, several
DNA sequences belonging to or related to phytopathogenic,
mycorrhizal, and lichenous fungi in various subclasses were
detected, emphasizing the strong influence of outdoor fungal
flora on indoor microbiota. In the summer and fall samples the
outdoor load of OTU belonging to decomposing filamentous
basidiomycete species increased and finally crowded out some
of the ascomycetous diversity in our clone libraries. This pre-
dictable phenomenon also explained most of the observed
seasonal increase in the total diversity.

Except for Cladosporium spp., which were repeatedly en-
countered in all clone libraries, few typical indoor air molds
were observed in our clone libraries, although these were
shown to be present in the material by cultivation techniques.
According to the literature, the genera most commonly found
in house dust by cultivation are Cladosporium, Alternaria, As-
pergillus, Penicillium, and yeasts (11, 12, 16, 39, 54, 74). More-
over, Aureobasidium, Mucor, Botrytis, Wallemia, Fusarium, Eu-
rotium, Rhizopus, Ulocladium, Epicoccum, basidiomycetes, and
nonsporulating or unidentifiable isolates have been frequently
isolated from dust (11, 12, 56, 73, 74). The Sphaeropsidales
group, Cladosporium, Penicillium, Acremonium, and Aspergillus
were the major components of culturable mycoflora in our
material. Clone sequences originating from Alternaria, Penicil-
lium, and Fusarium were found, but none of these was abun-
dant or prevalent in the material. Sequences from Aureobasi-
dium pullulans were present in all clone libraries, and the genus
was also present in substantial amounts in about half of the
samples as determined by cultivation. Isolates placed as being
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Sphaeropsidales group by culture were prevalent and were an-
notated to represent Phoma herbarum or Phoma sp. based on
their ITS sequences. Corresponding sequences were also
found in clone libraries in most samples.

In cultivation studies dustborne yeasts have not usually been
characterized further, and yet their prevalence in most studies
is high (11, 12, 56, 74, 79). In our study, the cultivation results
showed that yeasts were abundant especially in the reference
building, but this difference between buildings was not discern-
ible in clone libraries. Yeasts were predominant in winter sam-
ples in clone libraries but were present in considerable
amounts during other seasons as well. In a cultivation study
conducted in The Netherlands the predominant yeast species
were Rhodotorula glutinis, R. minuta, R. mugilaginosa, Crypto-
coccus albidus, and C. laurentii (74). Here, the yeast floras
consisted of several species of the genera Candida, Cryptococ-
cus, Filobasidium, Mrakia, Pichia, Rhodotorula, Malassezia, and
Trichosporon, as well as the species Udeniomyces pannonicus,
Saccharomyces cerevisiae, Debaryomyces hansenii, and Phae-
ococcomyces nigricans. In our study most of the yeast species
were detected by clone library analysis only. Basidiomycetes
were not quantified by cultivation in our study but accounted
for half of the diversity and also about half of the total clone
number in our libraries.

In addition to the above-mentioned and several other well-
characterized species and groups, we observed a large variety
of previously unknown sequence types originating from fungi
that have not been cultivated or whose I'TS sequences have not
been deposited in public databases. These unknown sequence
types occurred, on average, in lower counts in clone libraries
and also in a smaller number of samples than the known
species. The OTU similarities with known sequences were, on
average, highest in the winter samples and gradually decreased
toward fall. Similarity coefficients were, on average, higher
between buildings than between seasons. This suggests that the
main factor behind the observed high fungal diversity was the
seasonally fluctuating outdoor fungal load.

In order not to miss part of the diversity, which was expected
to be high on the basis of previous studies (29, 47, 49, 55), we
used large-scale sequencing instead of screening clones or
PCR products by methods such as DGGE or amplified ribo-
somal DNA restriction analysis. For the same reason, a strict
99% OTU threshold was used. The observed high diversity of
fungi at various genetic levels supported these decisions. It was
observed, however, that even the 99% similarity threshold may
not be high enough to differentiate between some closely re-
lated species.

The amounts of ergosterol measured in the house dust sam-
ples in the present study are comparable to those reported by
Saraf et al. (61), who measured ergosterol concentrations of
between 2 and 16.5 ng mg ' in 17 floor dust samples. The
highest ergosterol concentrations in both buildings were ob-
served during the spring and summer seasons, which presum-
ably reflects the influence of fungi originating from the out-
door air. The low concentrations observed during the fall were
unexpected, since the effect of outdoor air should also have
been seen then (39), and abundant fungal diversity was readily
visible in clone library results. The observed seasonal trend was
supported by the summed qPCR spore counts of the assayed
fungi. The amounts of culturable fungi also roughly followed
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the concentrations of ergosterol except for the summer sample
of the reference building, which had low viable counts com-
pared to the measured ergosterol level. The highest concen-
trations of culturable fungi in our study were observed during
the spring. Evidently, the importance of the season on the
culturable fungal counts of house dust is not straightforward,
since the results of Koch et al. (39) showed the highest con-
centrations of viable fungi during the summer months, espe-
cially August.

Differences between studied buildings. In subarctic climates
indoor sampling is generally recommended to be done during
the cold season since the outdoor airborne spore load is then
very low due to frozen soil, and the effect of indoor sources
becomes most visible (57). During winter, we observed an
elevated ergosterol concentration and somewhat higher cultur-
able diversity in dust sampled from the index building than in
dust from the reference building. Using clone-library analyses
an increased diversity and larger proportion of unknown fungi
was observed for the index building compared to the reference
building in winter, but—based on the knowledge of moisture-
indicating species (59)—the details of the clone data for fungal
flora of winter samples did not clearly refer to a difference in
the moisture conditions of the buildings. However, it is difficult
to interpret the differences between buildings for such a small
sample number.

In combined seasonal libraries the qualitative difference be-
tween the buildings was noticeable at the OTU level but be-
came indeterminate when higher taxonomic groups or mor-
phological groups were examined. Most OTU sporadically
occurred in one or two seasons, and none of the observed
prevalent species was unique to just one building. The ob-
served difference in the fungal diversity between the two build-
ings nevertheless most likely relates to real differences in mi-
crobial source populations rather than to low sample
coverages, since the highest number of common OTU in the
buildings was observed in the fall when the diversity was high,
library coverages were low, and the highest proportion of un-
known species was present. The opposite was found in winter
when the fungal flora was least similar between the buildings,
the coverage values were highest, and the highest number of
identifiable species was present.

Considering fungal species that might contribute to building
related illnesses, some potentially toxic or allergenic fungi were
found by ITS clone library sequencing, yet their occurrence
was sporadic in most cases. Stachybotrys echinata, Trichosporon
sp., and Mucor hiemalis were found only in the index building.
Stachybotrys echinata, which is often found growing in wet
cellulose materials, may produce cytotoxic trichothecene my-
cotoxins, as well as several griseofulvins (32). Trichosporon sp.
has been associated with hypersensitivity pneumonitis (67).
Furthermore, Mucor hiemalis is a common food spoilage mold
that produces toxic ergoline alkaloids (41). The potentially
allergenic Alternaria tenuissima (58) was detected from the
reference building only.

Comparison of methods. The observed fungal diversity was
substantially higher in all seasons when analyzed by the direct
cloning approach compared to the traditional culturing
method. Using cloning, the number of OTU was on average
seven times higher than the number of identified culturable
fungal species or groups in the sample (see Table S1 in the
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supplemental material). The sequences of almost half of
the cultivated fungal strains were found in clone libraries. In the
majority of the cases, the morphological identification at genus
level corresponded to the sequence analysis. The community
composition observed by the two methods diverged profoundly
both qualitatively and quantitatively. Species affiliated with
subclasses Ustilaginomycetidae, Exobasidiomycetidae, Agarico-
mycetidae, Taphrinomycetidae, Saccharomycetidae, Pezizomyce-
tidae, Lecanoromycetidae, and Erysiphomycetidae were only
detected and identified by cloning, whereas subclasses Dothi-
deomycetidae, Eurotiomycetidae, and Leotiomycetidae were ac-
centuated in the cultured diversity, and sequences affiliated
with Eurotiomycetidae were practically missing from clone li-
braries.

Based on cultivation results that were obtained in the be-
ginning of the study and on previous experience with indoor
dust, seven mold species or groups were picked for quantitative
analysis by qPCR. The occurrence of these did not correlate
well with either cultivation or clone library analysis except for
Cladosporium cladosporioides, which was found to be the most
prevalent species with all of the methods used. The spore
counts from the qPCR assay Cclad1 for C. cladosporioides were
2 to 3 orders of magnitude higher than the culturable Clados-
porium counts. Comparable ratios have been encountered be-
fore in studies comparing viable counts with qPCR results in
dust (45) and viable counts in air samples using direct micro-
scopic counts (70). The Ccladl assay probe matched with the
major Cladosporium isolate and two OTU sequences in clone
libraries. According to the database comparisons, this assay
lacks the ability to differentiate between Cladosporium species
C. cladosporioides, C. tenuissimum, C. cucumerinum, and C.
oxysporum due to the high sequence similarity of these species’
ITS regions.

High CFU counts of Penicillium were observed using culti-
vation, but this group was not detected by qPCR. Here, the
absence of assayed Penicillia, as well as Aspergillus sydowii, in
qPCR was explained by single mismatches in the probe se-
quences compared to the actual sequences of cultivated strains
of the named species. Single clones of Penicillium commune
and P. crustosum were found in the clone libraries. The unex-
pected absence or rareness of Penicillium, as well as some
other fast-growing abundantly sporulating fungi has been en-
countered before in several studies utilizing different PCR
primer sets with clone library sequencing (29, 37, 42, 49). It
seems that, for some unknown reason, cloning methods detect
these fungi in much lower numbers than do traditional meth-
ods. On the other hand, it is probable that cultivation methods
overestimate the proportions of Penicillium and other ubiqui-
tous fast-growing fungi since on plate culture conditions these
may compete by overgrowth with the more fastidious organ-
isms (8).

Concerning other species studied using qPCR, two of the
quantified fungi, 7. viride and E. amstelodami, showed high
spore counts but were absent from all clone libraries, as well as
plate cultures of most of the samples. When these species were
encountered in culture, the viable counts were about 500 times
lower than the qPCR result, which suggests low spore viability
under the studied conditions. In our study setup, a long col-
lection period, exposure to daylight, and desiccation during the
collection probably affected the cultivation results of the more
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sensitive species. Comparison of the methods is also inherently
affected by the fact that CFU often consist of chains of spores
or clumps of conidia, whereas qPCR measures single conidia.
In addition, dust can be inhomogeneous, and since the sample
was divided into aliquots for the different analyses, the sepa-
rate aliquots may have harbored slightly different flora, al-
though the dust was homogenized before it was divided into
aliquots. qPCR inhibition was observed in one sample (the
index winter sample). This effect was not removed by further
purification or dilution of the samples.

Although offering major advantages to microbial community
analysis, DNA-based methods inevitably also bias the results.
The profound differences in the relative contributions of di-
verse taxa such as Penicillium and basidiomycetes to the dust
mycoflora revealed by DNA- versus culture-based methods
underscore the practical importance of the biases inherent in
each of these methods. Technological factors such as the ex-
tractability of genomic DNA, the rDNA copy number, primer
matching and performance, PCR amplification efficiency of the
target region, and the cloning efficiency of the amplified PCR
fragments may vary between microbial species and affect the
OTU frequencies in clone libraries (75). Besides differential
amplification of target species, another considerable source of
bias is artificial diversity mainly originating from PCR errors
and chimeric PCR products (35, 68, 76). In the present study
PCR conditions were optimized to produce as small a bias as
possible in this regard. The proportion of chimeric PCR prod-
ucts was significantly lower among sequences originating from
simple PCR than from seminested PCR (0.02% versus 8.7%,
respectively), a finding that is consistent with previous studies
reporting a positive correlation between frequency of chimeric
products and PCR cycle number (68, 77).

The Funl8Sf-ITS4 primer pair has been designed to be
fungal specific in silico and in microbial pure cultures. It pro-
vides robust PCR amplification result from fungal pure cul-
tures and environmental samples and has produced ITS librar-
ies free of plant sequences when used in fungal community
analysis of waste composting process (Hultman et al., unpub-
lished data). In the present study, however, this primer pair
amplified plant and, to a lesser extent, algal DNA. This
behavior was unexpected and calls for reevaluation of the
primer performance and required stringency conditions be-
fore the primer pair is further used in samples that harbor
plant material.

The comparison of clone sequencing with qPCR and culti-
vation in the present study supported the idea that clone li-
braries do not reliably reflect the original frequencies of spe-
cies in a sample. Nevertheless, the inherent differences of the
methods we used complicated the comparison of the results.
For instance, the comparison of the cultivation and library
cloning methods with qPCR appeared partly irrelevant since
the widely used U.S. Environmental Protection Agency qPCR
probe set was not suitable for some of the local fungal strains.
It is also possible that the ITS sequences in clone libraries are
not always correctly identified by similarity searches against
databases due to incomplete coverage of available reference
sequences or due to falsely annotated reference sequences. For
this, corresponding sequence analysis of cultivated strains and
sequence alignment with clone sequences is crucial for com-
paring the results.
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Despite the discussed methodological limitations, the present
study supported the idea that the cloning and sequencing
method offers a very sensitive and accurate tool, especially for
the detection of rare or uncultivable fungi. This method may
provide a useful account of total fungal diversity in the screen-
ing of poorly known environments. However, it is not suitable
as a sole method for quantitative analyses of fungal communi-
ties.

Conclusions. To our knowledge, this is the first time that the
fungal flora of indoor dust has been characterized using se-
quencing of rDNA clone libraries. Based on our data, the
answers to the issues posed in the first part of the present study
can be stated as follows. (i) The diversity of the fungal flora in
indoor dust is wide, comprising many basidiomycetous species
in addition to the ascomycetes found by cultivation in earlier
studies. (ii) The fungal flora observed by the cultivation and
clone sequencing methods differs markedly. Diversity was
found to be wider and more evenly distributed between fungal
groups using the clone sequencing. Uncultivable fungi and
species whose detection would be challenging by cultivation
were detected by clone analysis. On the other hand, both
methods failed to detect some taxa readily detected by the
other. (iii) gPCR did not support the findings in clone libraries
or culture. This calls into question the reliability of character-
izations of microbial populations based on a single method.
(iv) Seasonal variation of fungal communities can be observed
by clone analysis. Trends in the occurrence of fungal subclass
level groups and morphological types were detected. The dif-
ferences between the water-damaged index building and un-
damaged reference building occurred at the species level, but
no fungi characteristic to either building were found. Drawing
further conclusions about the relevance of the results in this
respect would require more prominent differences between the
buildings or a much larger data set.
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Table S1: Occurrence and closest database relatives of representatives of OTU sequence types and cultivated strains.

. OTU/strain® EMBL nucleotide database match Incidence
Taxonomic - X T
offiliation Identity no. Accession Taxon Accession S mllanty— . D . R
no. no. % Wi Sp Su Fa|Wi Sp Su Fa
Ascomycota
Chaetothyriomycetidae
OoTu358 AM902024 Capronia villosa AF050261 84,8 1
OTU359 AM901749 Cladophialophora sp. EF016382 94,3 1
OTU360 AM901739 Cladophialophora sp. EF016382 92,5 1 2
0OTU356 AM902038 Cladophialophora sp. EF016382 79,6 1
BF16 AM901679 Exophiala oligosperma AY 231163 98,9 X
OTU355 AM901746 Exophiala salmonis AY 213652 99,8 2
OTU353 AM901774 Exophiala sp. AF050267 934 2
OoTu357 AM902002 Exophiala spinifera AY 484985 78,7 1
OTuU3s1 AM901848 Phialocephala fluminis AF486124 90,6 1
Dothideomycetidae
0oTu282 AM901770 Alternaria sp. AY 154681 99,7 1
oTu281 AM901826 Alternaria tenuissima @ AY 154710 99,8 1
0TuU285 AM901892 Ascomycete sp. AJ279443 95,8 2 2
OTuU307 AM901831 Ascomycete sp. AY 787738 97,8 1
0oTuU342 AM901731 Aureobasidium pullulans AM160630  100,0 1 2 2 2
OTU339, 340 AA':\AA%(()JllS;%% Aureobasidium pullulans DQ640766 98,4-99,1 1
0oTu341 AM901847 Aureobasidium pullulans AY213639  100,0 2 2
BF69b AM901687 Aureobasidium pullulans AY213639  100,0 X
OoTuU384 AM901817 Botryosphaeria dothidea DQO008327 78,3 1
OoTu275 AM901875 Botryosphaeria rhodina DQ233595 77,2 1
oTu283 AM901816 Botryosphaeria rhodina DQ233597 77,7 1
OTuU373 AM901958 Cercospora sorghi AF297233 89,2 1 1
OTU368 AM901807 Cladosporium cladosporioides AF393691 100,0 2 2 -l 2| 2 - 1
BF87 AM901695 Cladosporium cladosporioides AF393691 100,0 X X X
OTu367 AM901761 Cladosporium cladosporioides AF455525 99,8 2
OTU366 AM901959  Cladosporium herbarum AF455404  100,0 23 @l 2| 2 33 2
BF72 AM901688 Cladosporium herbarum AF455479 99,8 X
OoTuU364 AM902077 Cladosporium sphaerospermum AM176719 99,8 1 1
OTuU363 AM902005 Cladosporium sphaerospermum AF455481 99,8 1
0TuU298 AM901853 Coniothyrium cereale AM262407 98,7 1



BF62
oTu289

oTu287

oTu377
BF78
BF106
OoTu337
BF13
OTuU338
OTU345
oTu278
0OTU299
0OTU290
OTU276
BF19
OTU305

OTU310-311
oTu328
OTuU374, 375

OTU376
OTu378
OTuU343
OoTu344
0OTU312
OTU306

OTU300, 301
OTU303
OTU302, 304

0OTU295
0OTU296
oTuzr7
oTu288
OoTu292

AM901685
AM901874

AM901993

AM901856
AM901691
AM901702
AM901863
AM901676
AM901950
AM901815
AM901993
AM901843
AM901867
AM902015
AM901681
AM901907

AM901919,
AM901933
AM902086
AM901969,
AM901727

AM901715
AM902079
AM901920
AM901710
AM901855
AM901725

AM901930,
AM901830
AM901779
AM901852,
AM901918

AM901822
AM901755
AM901824
AM901872
AM901827

Coniothyrium cereale
Didymella cucurbitacearum

Epacris microphyllaroot associated

fungus

Eudarluca caricis

Eurotium amstel odami
Eurotium niveoglaucum
Hormonema car petanum
Hormonema car petanum
Hormonema dematioides
Kabatina thujae
Leptosphaeria dryadis
Leptosphaeria sp.
Leptosphaerulina americana @
Leptosphaerulina chartarum
Leptosphaerulina chartarum
Leptospora rubella

Macrophoma sp.
Macrophoma sp.
Mycosphaerella parva

Mycosphaerella parva
Mycosphaerella phacae-frigidae
Phaeocryptopus sp.
Phaeocryptopus sp.
Phaeophleospora eucal ypti
Phaeoseptoria sp.

Phaeosphaeria herpotrichoides
Phaeosphaeria lindii
Phaeosphaeria pontiformis

Phaeosphaeria triglochinicola
Phaeosphaeriaceae sp.

Phoma cava

Phoma exigua

Phoma glomerata ¢

AJ293812
AY 293804

AY 268219

AY 607017
AF455520
AF459728
AY 616200
AY 616200
AJ278927
AF013226
AF439461
AJ608969
AY278318
DQ384571
DQ384571
DQ195780

DQ279798

DQ279798
AY 626980

AY 509779
AY 490758
AY 465472
AY 465472
AY 626988
AF439470

AF439483
AF439489
AJ496632

AF439507
AY 465459
AY 354263
DQ320130
AY 183371

99,6
98,3

98,2

99,6
100,0
99,8
99,6
100,0
100,0
80,7
89,7
97,4
99,8
99,8
100,0
96,7

93,3-95,5
79,8
88,3-88,8
89,0
99,6
99,0
92,3
80,8
98,7
99,0-99,4
98,7
99,7-97,9
97,5
96,5
99,8

99,6
99,8

= N




Erysiphomycetidae

Eurotiomycetidae

Lecanoromycetidae

Leotiomycetidae

oTu279
oTu297
BF45
0TuU291
0OTU286
OTuU308
BF12
oTu227
oTu280
OTu269

OTU319

oTu228
OTU309
BF83
BF8
BF7
BF23

OTuU361
OTU335
OTU330
oTu387
OTu379

OTuU398
OTu151
BF105
0oTu324
oTu272
0OTuU329
BF101
BF79

AM901799
AM901928
AM901684
AM901719
AM901913
AM901737
AM901675
AM901905
AM901989
AM901837

AM902017

AM902037
AM901921
AM901694
AM901671
AM901670
AM901683

AM901734
AM901744
AM901752
AM901796
AM901922

AM901946
AM901722
AM901701
AM901809
AM902012
AM902089

AM901692

Phoma herbarum

Phoma herbarum

Phoma herbarum

Phoma pinodella

Phoma sp.

Phoma sp.

Phoma sp.

Plectosphaerella cucumerina
Pyrenophora teres

Venturia pirina

Blumeria graminis

Ascosphaera apis
Aspergillus nomius
Aspergillus ochraceus
Aspergillus restrictus
Aspergillus sydowii
Aspergillus versicolor
Aspergillus sp. ©
Paecilomyces sp. ©
Rhinocladiella sp. ©

Hypogymnia physodes
Physcia caesia

Tephromela atra
Tephromela atra
Umbilicaria umbilicarioides

Botryotinia fuckeliana
Botrytis anthophila
Botrytis dliptica

Cistella grevillei
Geoglossum umbratile
Neofabraea malicorticis
Penicillium
Penicillium chrysogenum

AY 293800
AY 337712
AY 293800
AY 831562
DQ344033
AY 465466
AF218789
AJ246154
AF400895
AF333438

AJ313138

u18362
DQ467990
AY 609224
AY 373864
AY 373868
AJ937754

AF058036
AF224388
DQ394396
AY541279
AF096210

AY 686866
AJ716305
AB233345
U57089
AY 789304
AF141161

AF034450

99,1
94,1
100,0
98,8
99,2
99,6
100,0
99,4
99,1
96,4

99,6

99,8
70,5
100,0
97,5
100,0
100,0

99,5
98,8
81,8
82,0
77,8

99,8
92,9
99,8
96,0
74,2
82,3

99,0

X X X X X

[N



Pezizomycetidae

Saccharomycetidae

Sordariomycetidae

BF14
OTu268
OoTu238

BF18

BF11
0OTU332
OTU333
OoTu317
OTuU318

0oTu320, 321
OoTu323

OTU365
OTU316

OTu258
OTu259
oTu264
OoTu262
OTUS
0oTuU252
OoTuU4
0TuU261
OTuU260
oTu2%4

OTu255, 257
OTuU256

OTuU39%4
BF100
BF102

0TuU225

OTuU397

OoTu179

oTu389

OTuU152

AM901677
AM901807
AM901881
AM901680
AM901674
AM901939
AM901842
AM902082
AM901713

AM901900,
AM901787

AM901795

AM901991
AM901955

AM901904
AM901728
AM901876
AM901769
AM901718
AM901934
AM901947
AM901773
AM902050
AM901965

AM901942,
AM901814

AM902094

AM901810
AM901698
AM901699
AM901729
AM901767
AM901902
AM901854
AM901889

Penicillium chrysogenum
Penicillium commune @
Penicillium corylophilum
Penicillium echinulatum
Penicillium kojigenum
Potebniamyces pyri
Potebniamyces pyri
Pycnopeziza sympodialis
Sclerotinia sclerotiorum @

Thelebolus stercoreus

uncultured Helotiales

Choiromyces aboriginum

Foliar endophyte of Picea glauca

Candida albicans
Candida sake

Candida sp.
Debaryomyces hansenii
Issatchenkia orientalis
Pichia anomala

Pichia fermentans

Pichia guilliermondii
Pichia inositovora
Saccharomyces cerevisiae

Saccharomyces cerevisiae

Saccharomyces cerevisiae

Acremonium sp.
Acremonium strictum
Arthrinium sp.
Cephalotheca sulfurea
Cordyceps sinensis
Fusarium oxysporum
Fusarium sp.
Gibberella avenacea

AF034449
AF455527
AY 373906
AF033473
AF033489
AY 608639
AY 608641
781445
AF455413

AY 957548
AJ879686

AF501259
AY 566887

AF455524
AJ549822
AJ549823
AF210326
AF455401
AY 349447
AY 235810
DQ680842
AB054113
AB279756

AY 939814
u53879

AM262391
AY 138848
AJ279479
AB278194
ABO067719
AF322076
AJ222809
AY 147283

100,0
100,0
99,8
100,0
100,0
86,5
98,7
98,8
100,0

91,2-92,6
93,8

97,9
97,9

100,0
98,6
79,0
99,7
99,8
73,5

99,548
99,8
91,7
99,1

98,6-99,9
99,9

97,8
99,8
100,0
97,1
100,0
100,0
83,5
100,0

=N

N




Taphrinomycetidae

BF22
OTuU253

OTuU391, 392

OTU390
OTU393
OTU395
0TU226
BF44

OTu251
OTuU250

Ascomycetidae incertae sedis

0OTU266
0OTU265
OoTu371
OTuU370
OoTuU3%4

OTU315, 380

OTU369
OoTu267
OoTuU293
BF75
OoTuU334
BF104
OTU325
OTU326
oTu327
oTu270
OTu385
oTuz271

OTU381-383

OTU350
oTu388
OTU386

AM901682
AM901951
AM901798,
AM901782

AM901775
AM902031
AM901890
AM901818

AM901808
AM901945

AM901935
AM901709
AM901754
AM901766
AM901745
AM901760,
AM901730
AM901736
AM901896
AM902032
AM901690
AM901846
AM901700
AM901858
AM901898
AM901839
AM902056
AM901764
AM901871
AMO01772,
AM901829,
AM902047

AM901923
AM901741
AM901790

Gibberélla fujikuroi
Gnomonia setacea

Microdochium nivale

Microdochium phragmitis
Microdochium sp.

Myr othecium masonii
Schizothecium carpinicola
Scopulariopsis sp. ©

Taphrina betulina 9
Taphrina confusa

Arthrobotrys amerospora
Arthrobotrys superba
Capnobotryella sp.
Capnobotryella sp.

Cf. Pseudocladosporium sp.

Coniosporium sp.

Coniosporium sp.
Drechdlerella stenobrocha
Epicoccum nigrum
Epicoccum nigrum
Fulvoflamma eucal ypti
Geomyces pannorum
Gyoerffyella sp.

Helgardia aestiva
Helgardia anguioides
Helicoon fuscosporum
Macrophomina phaseolina
Mycosphaerella sp.

Neofusicoccum corticosae

Phaeococcomyces cher sonesos

Phaeococcomyces nigricans
Phaeococcomyces nigricans

AY 188916
AY 818958

AF067642

AJ279449
AJ246155
AY 254153
AY 999118

AF492080
AF492090

AF106533
U51949
AJ972849
AJ972847
DQ008140

AJ971453

AJO72792
AY 773460
AJ279448
AJ279448
DQ195779
DQ189225
DQO93677
AY 266145
AY 266144
EF029203
DQ359743
DQ303040

DQ923533

AJ507323
AY 843154
AF050278

100,0
96,2

98,3-99,1

99,8
99,8
98,4
96,9

100,0
86,2

68,7
98,1
99,2
99,2
99,8

95,5

91,9-95,5
69,5
100,0
100,0
91,5
98,5
98,7
93,8
97,1
96,9
77,1
90,8

77,0-78,5

93,0
99,2
80,4

1

N

N NDNDNDN



oTu294
oTu284
OTu352
0oTuU314
0OTU331
BF15
OTU100
OoTu322
OoTu372
oTu273

Unknown ascomycetes

Basidiomycota
Agaricomycetidae

oTu347
0OTU336
OTU346

OTU348, 349

OTuU33
OoTuU164
oTu20
oTu7
OTU135
oTu147
OTU153
oTu44
OTU173
OTU131
oTuz28
oTu1l1

OTu67, 70

oTu71
OTU119
OoTu69
OoTu86
oTu91

AM901711
AM901716
AM901753
AM901717
AM901794
AM901678
AM901724
AM901833
AM901771
AM901958

AM901733
AM901813
AM901899
AM901897,
AM901723

AM901931
AM902067
AM901851
AM902072
AM902016
AM901997
AM902055
AM901992
AM902035
AM901973
AM901926
AM902018

AM902007,
AM902078

AM902060
AM901954
AM902096
AM901943
AM902093

Phaeotheca fissurella
Phaeotheca fissurella
Phialocephala fluminis
Phialophora sp.
Pseudeurotium bakeri
Sachybotrys chartarum
Sachybotrys echinata
Tetracladium furcatum
Trimmatostroma abietina ¢
Zalerion arboricola

Fungal sp. 18.32
Fungal sp. B1-2
Fungal sp. TRN256

Fungal sp. TRN447

Acanthophysium lividocaeruleum
Amanita muscaria
Aphyllophorales sp.
Armillaria borealis

Athelia arachnoidea

Athelia bombacina
Basidiomycete sp.
Bjerkandera adusta
Botryobasidium subcoronatum
Byssocorticium atrovirens
Cerrena unicolor
Chondrostereum pur pureum

Collybia cirrhata

Collybia cirrhata

Collybia sp.

Collybia tuberosa

Coprinus aff. phlyctidosporus
Coprinus micaceus

AJ244255
AJ244255
AF486124
AY 618679
DQ068995
AF081468
AF081470
AF411026
AJ244266
AF169308

AY 971697
AM231348
AY 843105

AY 843145

AY 618666
AB081294
AY 618672
AJ250052
u8s5791
u85795
DQ365645
AF455468
AJ389785
AJ889936
DQ056858
DQ200929

AF274382

AF274381
AY 781252
AF065124
ABO071796
AF345808

86,0
91,2
91,2
98,6
89,4
100,0
100,0
97,7
99,6
92,5

92,7
100,0
92,9

86,7-86,9

97,6
99,5
80,6
99,9
95,0
86,3
79,7
99,4
99,7
90,0
99,7
99,4

92,3-95,9

95,3
99,1
99,6
90,7
94,4

x




OTu90
oTus7
oTus1
oTu78
oTu83
OoTu73
OoTu74

OTU79, 80

oTusg4
OTu157
OTU156
OTU176

OoTu75

OoTu7e, 77
oTu274

OTuU133,
134,136

OTuU132
OTuU175
oTu37
OoTuU38
OTU55
OTU56

OTu121, 122

OTu1l7
OoTu124
oTu18
oTu123
oTu34
OoTu25
oTu24
OTU60
OTuU58
OTuU59

AM901964
AM902029
AM902039
AM902009
AM902028
AM902040
AM902021

AM902064,
AM901999
AM901994
AM902092
AM902059
AM901748
AM902090
AM902034,
AM902011
AM902088
AM9O01721,
AM902057,
AM901768

AM901995
AM902061
AM901938
AM902047
AM901929
AM901901

AM901936,
AM901880

AM901885
AM901996
AM902049
AM902062
AM901988
AM901866
AM902026
AM902066
AM902004
AM902042

Coprinus sp.

Coprinus stercoreus
Cortinarius armeniacus
Cortinarius armillatus
Cortinarius flexipes
Cortinarius lustratus
Cortinarius olivaceofuscus

Cortinarius pholideus

Cortinarius sp.
Cylindrobasidium evolvens
Cylindrobasidium laeve
Cystofilobasidium capitatum
Dermocybe crocea

Dermocybe semisanguinea

Entoloma sinuatum

Fibulorhizoctonia carotae @

Fibulorhizoctonia sp.
Flammulina rossica
Fomitopsis pinicola
Fomitopsis pinicola
Galerina atkinsoniana
Gymnopilus hybridus

Gymnopus aquosus

Gymnopus confluens
Gymnopus dryophilus
Gymnopus luxurians
Gymnopus ocior
Hericium alpestre
Hyphoderma setigerum
Hyphoderma setigerum
Hypholoma capnoides
Hypholoma fasciculare
Hypholoma sublateritium

AY 787670
AF345817
DQ117925
DQ114744
AJ889971
AY 174853
AY 669585

AY 669694

AJ534712
AY 618227
DQ097354
AY 052492
AF495456

U56063
DQ486700

u85789

DQ493758
AF044194
AY 854083
AJ560638
AJ585479
AF501548

AY 256691

AY 256697
AY 256690
AY 256709
AF505782
AY 534580
AJ534272
AJ534283
AY 805610
DQ320134
AY 818349

99,7
99,8
99,8
99,7
97,9
95,2
98,1

98,6-99,8

96,0
99,6
99,6
99,8
98,8

99,4-99,5
88,8

94,5-98,0

88,3
97,2
99,4
99,1
99,7
98,8

99,1-99,3

98,8
99,5
77,0
99,2
90,8
98,6
98,9
100,0
97,3
100,0

=

[N



OoTu26
oTuY%4
OTuU9%S
OTuU63
oTuss

OTU15, 16

oTu127
OTU6G6
oTu62
oTu61
oTu68
oTu29
oTu14
OTU118
0OTU120
OTuU40

OTU97, 98

OTU9%%6
OTU130
oTu85
OTU126
OoTu143
OoTu142
oTu47
OoTuU39
OTU45
OTU46
oTu42
OoTu41
oTu48
OoTu57
OTuU36
oTul7
oTu72
OTuU49
oTu21

AM901927
AM902097
AM902030
AM902020
AM902003
AM901865,
AM901972
AM901998
AM901906
AM901980
AM901983
AM902087
AM901985
AM902046
AM901982
AM902023
AM902085
AM901953,
AM902073
AM902045
AM901986
AM901940
AM902010
AM901849
AM902071
AM902069
AM901952
AM901886
AM902008
AM902051
AM902063
AM902070
AM902027
AM901820
AM901916
AM901879
AM901944
AM901912

Hypochnicium lundellii
Inocybe godeyi
Inocybe lanuginosa
Laccaria sp.
Lacrymaria velutina

Laetisaria arvalis

Lepiota sp.

Lepistairina

Lepista nebularis
Lepista nebularis
Lepista sordida
Lycoperdon perlatum
Macrotyphula fistulosa
Marasmius androsaceus
Marasmius androsaceus
Meruliopsis corium

Mycena aff. murina

Mycena aff. pura
Mycorrhizal basidiomycete
Mycorrhizal fungal sp.
Panellus serotinus @
Peniophora cinerea
Peniophora incarnata
Phanerochaete carnosa
Phanerochaete rimosa
Phanerochaete sordida
Phanerochaete velutina
Phlebia radiata
Phlebia tremellosa
Phlebiopsis gigantea
Pholiota lenta @
Piptoporus betulinus
Pleurotus pulmonarius
Pluteus petasatus
Polyporus ciliatus
Polyporus tricholoma

AY 781277
AJ889954
DQ367905
AJ534898
AF345811

AM262443

AY 176483
DQ221109
DQ149727
DQ149727
AF241523
AJ237627
AJ296348
AF519893
AF519893
AY 986500

AF335444

DQ490643
AB089818
DQ386138
AY 265847
AY 787677
AY 781263
AY 219354
AY 219349
AY 805629
AY 219351
DQ056859
AF141632
AF087487
AY 281022
AY 966448
AY 696298
AF085495
ABO070878
AF516548

98,6
82,4
81,2
97,6
96,8

95,9

77,0
99,5
87,4
83,0
94,2
99,6
88,2
81,7
99,9
95,6

90,5-90,8

91,8
97,3
94,8
100,0
98,0
99,0
82,5
95,2
100,0
96,6
99,8
99,5
99,8
100,0
100,0
99,7
93,0
98,1
77,8

e N
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Exobasidiomycetidae

OoTu148
OTuU35
OoTu93
oTu92
oTu89
oTu32

0OTuU128

OTU150

OTU149

OTU155

OoTu141
OTU19

OoTuU154
oTuz7

0OTU129
oTu43
OoTu31
oTu22
OTuU50
OTuU52
OTuU51

OoTul74
oTu23

oTu9
OTuU65
OoTu64

OTUS53, 54

oTu82

OTuU30

OTU10
OTU125
0OTU140

OoTu144
OoTu167
OTu168

AM901825
AM902080
AM901757
AM902043
AM902095
AM901987
AM901850
AM901962
AM901911
AM901976
AM901949
AM902054
AM902013
AM901960
AM901990
AM901877
AM901882
AM901941
AM902068
AM902098
AM901811
AM902006
AM901859
AM902001
AM902065
AM902083

AM901828,
AM902019

AM901968
AM901974
AM901937
AM902084
AM901860

AM901956
AM901832
AM902052

Polyporus tuberaster 9
Postia balsamea
Psathyrella candolleana
Psathyrella candolleana
Psathyrella cf. gracilis
Pseudotomentella larsenii

Pterula echo

Rhizoctonia sp.
Rhizoctonia sp.
Rhizoctonia sp.
Russula puiggarii
Schizopora radula
Sistotrema sernanderi
Seccherinum sp.

Suillus luteus

Thanatephorus cucumeris 9
Thelephora terrestris
Tomentella sp.
Trametes hirsuta
Trametes ochracea
Trametes versicolor
Trechispora alnicola
Trichaptum abietinum
Trichaptum biforme
Tricholoma fulvum
Tricholoma lascivum

Tricholoma sgjunctum

Vouchered mycorrhizae (Cortinarius)
Vuilleminia comedens

Xenasmatella vaga

Xeromphalina campanella

Xerula sp.

Entyloma compositarum
Exobasidium japonicum
Exobasi dium woronichinii

AF518763
AJO06666
DQO093650
AF345810
AY 228352
AF326981
DQ494693
AJ419929
AF478452
AY 927362
AY 667425
AF145581
AY 805624
AY 787682
AJ272413
AF455459
AY 230241
AY 382822
AY 494980
AB158314
AY 840580
DQ411529
AY 781273

AY 573543
AY 573542

AF241518

AM109900
DQ398959
AY 781267
DQ494702
AY 354227

AY 854966
AB180370
AB180361

100,0
86,4
99,5
99,0
91,5
92,2
81,9
92,9
97,9
69,0
77,5
94,0
91,0
99,1
99,7
100,0
99,7
77,5
99,4
100,0 1
99,8
80,6
100,0
75,2
99,5
99,8

99,3-100

99,7
86,8
98,5
88,4
99,6

98,9
86,7
96,0

[
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Tremellomycetidae

0OTU202, 203

0OTU197-200

0TU201, 204

OTU196
OTu191

OTU206, 207

0TuU210
0OTuU209
oTu211

OTU205, 208

0Tu212-214

OTU195
OoTuU1%4
0oTuU192
OTU190

0OTU236
OTU170, 172

OTU110
OTU112
BF73

0OTuU187, 188

OoTu171
oTu242
OoTu241
0OTU239
0OTU240
OTU396

AM901765,
AM901977
AM902076,
AM901743,
AM901789,
AM901763
AM901834,
AM901862
AM901732
AM901758
AM902074,
AM901925
AM902048
AM901894
AM901797
AM901735,
AM901714
AMO901708,
AM901800,
AM901819
AM901883
AM902014
AM901750
AM901707

AM901910
AM902000,
AM901742
AM901712
AM901869
AM901689
AM901786,
AM901738
AM902025
AM901840
AMO01777
AM901785
AM901893
AM901957

Malassezia globosa

Malassezia globosa

Malassezia globosa

Malassezia globosa
Malassezia japonica

Malassezia restricta

Malassezia restricta
Malassezia restricta
Malassezia restricta

Malassezia restricta

Malassezia restricta

Malassezia slooffiae
Malassezia slooffiae
Malassezia sympodialis
Malassezia sympodialis

Bulleromyces albus

Bulleromyces sp.

Cryptococcus albidosimilis @

Cryptococcus albidus
Cryptococcus albidus

Cryptococcus aquaticus

Cryptococcus arrabidensis
Cryptococcus carnescens
Cryptococcus carnescens
Cryptococcus carnescens
Cryptococcus carnescens
Cryptococcus diffluens

AY 387136

AY 743630

AY 387134

AY 387133
AB105199

AY 387145

AY 743636
AJA37695
AY 387144

AY 387145

AJA37695

AY 387147
AY 743633
AY 743639
AY 743632

AF444662
AF444668

AF145331
AF444340
AF444346

AY 052487

AF444362
AB105438
AB105432
AB105438
AB105432
AF444374

99,1-99,2

98,4-99,7

97,4-98.4

99,6
99,3

99,3-99,6

100,0
99,3
99,2

97,6-98,6

96,0-96,0

100,0
100,0
79,8
100,0

100,0
68,1-77,0

99,5
100,0
100,0

98,4-99,7

80,6
99,2
100,0
97,8
98,2
100,0

[N

[N




OTu235
OTU106

OTU99, 102-
104

oTu237
OTU109
OoTu108
OTuU216
OoTu114
0OTU186
oTu244
OTU116
OoTu101
OoTu111
oTu243
oTu107
0TuU249

OTu245, 246

oTu247

0TuU248
BF108

OTU113

OTU146, 215

0OTuU138
OoTu137
OTuU169
OoTu6
OTU105
OTU115
BF9
0oTu218

0OTU184, 185
oTu181

AM901805
AM901762
AM901801,
AMO01778,
AM901932,
AM901706

AM901903
AM901751
AM901895
AM901780
AM901740
AM901720
AM901835
AM901961
AM901821
AM901793
AM902044
AM902036
AM901845

AMO901878,
AM901806

AM901781
AM901776
AM901703
AM902081
AM901838,
AM902058

AM901864
AM901908
AM901841
AM901823
AM901791
AM901857
AM901672
AM902075

AM901979,
AM901747

AM901870

Cryptococcus dimennae
Cryptococcus elinovii 9

Cryptococcus festucosus

Cryptococcus foliicola
Cryptococcus friedmannii
Cryptococcus friedmannii
Cryptococcus hungaricus
Cryptococcus magnus
Cryptococcus niccombsii
Cryptococcus sp.
Cryptococcus sp.
Cryptococcus sp.
Cryptococcus sp.
Cryptococcus tephrensis
Cryptococcus terricola
Cryptococcus victoriae

Cryptococcus victoriae

Cryptococcus victoriae
Cryptococcus victoriae
Cryptococcus victoriae
Cryptococcus wieringae

Dioszegia crocea

Exidia saccharina
Exidiopsis sp.
Fellomyces fuzhouensis

Filobasidium capsuligenum
Filobasidium capsuligenum
Filobasidium uniguttulatum
Filobasidium uniguttulatum

Ingoldiomyces hyal osporus
Mrakia frigida
Mrakia frigida @

AF410473
AF145318

AY 633979

AY 557600
AF145322
AF145322
AF272668
AF190009
AY 029346
AM160648
AY518273
AY 749434
AF444449
DQO000318
AF444350
AF444645

AM 160647

AY 040655
AF444469
AF444447
AF444373

AF444406

AF291277
AY 509549
AF444484
AF444334
AF444382
DQ668348
DQ668348
AF399891

AJB66977
AF144482

99,8
96,3

99,8

97,8
99,2
97,2
97,4
99,8
99,8
100,0
91,5
98,7
99,2
98,0
99,8
100,0

99,2-99,8

97,8
98,0
99,3
99,5

90,5-65,0

96,0
854
77,5
65,5
99,8
100,0
100,0
83,5

98,5-99,2
99,4

2
1
2
2
2 1
1
1
2 13| 2
1
1
2
2



OTU182, 183

0TU180
0TU139
OTU13
oTuU12
OoTu177
Urediniomycetes incertae sedis
0TuU229
0OTU159
0TuU220
0oTu222
oTu224
oTu221
0oTu223
oTu234
OTuU233
0TuU219
0TuU162
BF109
BF98
BF92
OTU158
0OTU163
BF10
0TU166
0OTU165
0OTU160
0TuU189
OTuU161
0oTuU232
0OTU230
0TuU231
OoTuUl
Basidiomycetes incertae sedis
OoTuU178

AM901792,
AM901756
AM901861
AM901783
AM901888
AM901873
AM901978

AM902053
AM901803
AM901981
AM901984
AM902091
AM901844
AM901812
AM901967
AM901948
AM902033
AM901726
AM901704
AM901697
AM901696
AM901836
AM901909
AM901673
AM901966
AM901884
AM901759
AM901784
AM901917
AM901924
AM901970
AM902041
AM901705

AM901971

Mrakia gelida

Mrakia sp.

Sebacina calcea
Trichosporon coremiiforme
Trichosporon jirovecii
Udeniomyces pannonicus

Chrysomyxa arctostaphyli

Erythrobasidium hasegawianum
Gymnosporangium juniperi-virginianae

Melampsora caprearum
Melampsora epitea
Melampsora laricis
Melampsora laricis-epitea
Melampsoridium betulinum
Melampsoridium hiratsukanum
Puccinia asparagi
Rhodosporidium kratochvilova
Rhodotorula graminis
Rhodotorula ingeniosa
Rhodotorula laryngis
Rhodotorula minuta
Rhodotorula mucilaginosa
Rhodotorula mucilaginosa
Rhodotorula phylloplana
Rhodotorula phylloplana 9
Rhodotorula dooffiae
Soorobolomyces coprosmicola
Soorobolomyces ruberrimus
Thekopsora areolata
Thekopsora areolata
Thekopsora areolata
Pseudozyma fusiformata

Itersonilia perplexans

AF144485

AY 038828
AJ427408
AF444427
AF444437
AB072232

L 76488
DQ663698
DQ267127
AY 444779
AY 471631
AB116863
AY 444778
AF125177
AY 394713
AY 217137
AF444681
AF444505
AF444534
ABO078500
AB025996
AF444612
AF444635
AY 158676
AB038131
AF444554
AF444576
AF444581
DQ087229
DQ087230
DQ087231
AB089366

DQ667163

99,0-99,5

99,0
93,4
100,0
100,0
99,3

92,6
99,4
83,6
98,6
99,7
99,8
99,2
100,0
100,0
91,9
99,7
100,0
100,0
100,0
84,9
100,0
99,8
99,8
99,7
99,8
75,5
100,0
99,4
99,7
99,2
99,9

100,0

N




Zygomycota
Zygomycetes incertae sedis
0OTU263 AM901914 Mortierella sp. AJ890432 744 1
BF68 AM901686 Mucor hiemalis DQ118992  100,0 X
oTu2 AM901804 Rhizomucor variabilis DQ119007 99,7 1
BF81 AM901693 Rhizomucor variabilis DQ119007 99,8 X
Unknown fungi
oTu8 AM902022 no adequate match 1
OTuU313 AM901975 no adequate match 1
oTu217 AM901887 no match 1

2 Names with identity prefix “OTU” represent DNA library sequences, names in bold with prefix “BF” represent cultivated isolates. ® Incidence in clone libraries of damaged
(D) and reference (R) buildings and presence in culture in the damaged building. Wi: winter, Sp: spring, Su: summer, Fa: fall. The shading and number denotes the proportion
of clonesin given library: 1: singleton (<0,8% of clones); 2: 0,8-7%; 3: 7-15%; 4: >15% of clones. The presence of sequence type in culture is indicated with “x”. The ITS
regions of representative fungal isolates from the index building were sequenced. © The strain was identified by cultivation but could not be sequenced. %) Equal similarity

with database reference sequence from multiple species.
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