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Featured Application: This comparative work provides relevant insights about the potential of
different methods for the assessment of mold damages in buildings, with a special focus on the
DNA analyses of dust samples.

Abstract: Molds thrive in indoor environments, challenging the stability of building materials and
occupants’ health. Diverse sampling and analytical techniques can be applied in the microbiology of
buildings, with specific benefits and drawbacks. We evaluated the use of two methods, the microscopy
of visible mold growth (hereinafter “mold” samples) (tape lifts) and the DNA metabarcoding of
mold and dust samples (swabs), for mapping mold-damage indicator fungi in residential buildings
in Oslo. Overall, both methods provided consistent results for the mold samples, where nearly
80% of the microscopy-identified taxa were confirmed by DNA analyses. Aspergillus was the most
abundant genus colonizing all materials, while some taxa were associated with certain substrates:
Acremonium with gypsum board, Chaetomium with chipboard, Stachybotrys with gypsum board and
wood, and Trichoderma with wood. Based on the DNA data, the community composition was clearly
different between the mold and the dust, with a much higher alpha diversity in the dust. Most genera
identified in the mold were also detected with a low abundance in the dust from the same apartments.
Their spatial distribution indicated some local spread from the mold growth to other areas, but there
was no clear correlation between the relative abundances and the distance to the damages. To study
mold damages, different microbiological analyses (microscopy, cultivation, DNA, and chemistry)
should be combined with a thorough inspection of buildings. The interpretation of such datasets
requires the collaboration of skilled mycologists and building consultants.

Keywords: indoor microbiological quality; indoor molds; built environment molds; dust sampling;
ITS DNA metabarcoding; high-throughput sequencing; building inspections; sick-building syndrome

1. Introduction

Increased humidity in building materials leads to fungal growth in both visible and
hidden structures. In addition to the deterioration of the colonized materials, mold growth
has been associated with adverse effects on human health [1–3]. Previous studies have
correlated certain fungal taxa to different building materials [4–9], as well as to specific
building structures and moisture problems (e.g., condensation in thermal bridges and water
leakage) [10–12]. This knowledge is crucial to select suitable moisture-damage indicator
species that are able to grow on building materials. They should be discriminated from
occasional species, unable to grow in the indoor environment, as is the case for plant and/or
animal parasites, or mycorrhizal fungi [12,13]. Using indicator species during the moni-
toring of buildings allows the efficient detection of moisture problems, relevant for both
buildings and occupants’ health. In addition, such important information is also necessary
to investigate and promote the use of materials less prone to microbial colonization.
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Various methods have been used in the microbiology of the built environment, i.e.,
microscopy, particle counting, culturing, and DNA and chemical analyses [6,14–16]. The
sampling of residential buildings is carried out either from the air, dust, building materials
and surfaces, or directly from microbial growth when evident [17]. The selection of methods,
including the sampling strategy and analytical techniques, implies inevitable biases for
all studies. The main limitation of culture-based methods is that the cultivable fraction
of the microbiota is minor. In particular, Wu et al. [18] estimated that cultivable fungi are
only about 11% (ratio uncultivable/cultivable = 8.8) of the total fungi present in a given
environmental sample. In addition, few researchers are familiar with the taxonomy and
ecology of the fungi occurring in buildings. Thus, a gradual shift toward DNA-based
methods has taken place in the last decades. Among them, the real-time quantitative
PCR (qPCR) has been widely used in research to detect and quantify many fungal species,
genera, or higher taxa in indoor dust [19]. DNA metabarcoding, based on the high-
throughput sequencing of an amplified DNA marker, has become a key tool for surveying
environmental microbial communities in the last decades. In several studies, the mycobiota
of the built environment have been surveyed through DNA metabarcoding analyses of
the internal transcribed spacer (ITS) of the nuclear rRNA operon [20–23]. However, DNA
analyses are not able to distinguish between live and dead fungi or identify specifically
those that are capable of growing on building materials. In this regard, the direct microscopy
of mold growth, obtained by tape lifts, may be a simple and quick alternative to identify
biologically active indicator fungi [12]. Unfortunately, microscopy examinations have a
relatively low sensitivity, limited to the small surface area sampled, and require the presence
of identifiable structures and highly skilled fungal taxonomists. Thus, certain groups, such
as yeasts and sterile mycelia, are generally underestimated by microscopy.

Despite the high potential of DNA techniques and their increased application in
research, their practical use by building practitioners/consultants is still limited. In addition
to the required skills in DNA analyses, their scarce use may be in part due to the lack of
taxonomic and ecological knowledge about the vast amount of operational taxonomic units
(OTUs) that can be detected in the built environment. In the last years, some building
consultant companies have expanded their services, using qPCR assays on dust samples
as a monitoring tool-kit for the early detection of moisture/mold problems. Nevertheless,
there is still little scientific evidence demonstrating the validity of qPCR approaches to
detect hidden mold damages from dust samples, as it may be difficult to distinguish the
moisture indicator fungi from the baseline fungi [13]. Only a few HTS studies have coupled
the analysis of mold-damaged materials and dust in the same buildings [24–26]; thus, this
combined approach should be further explored in order to detect indicator taxa, as stated
by Jayaprakash et al. [27].

Considering the mentioned knowledge gaps, the overarching aim of this study was
to evaluate the use of two methodological approaches, the direct microscopy of visible
mold growth and the DNA metabarcoding of both mold and dust samples, for identifying
and monitoring the fungi associated with mold-damaged residential buildings in Oslo,
Norway. Furthermore, by analyzing dust samples from different rooms, this study assessed
the potential of DNA metabarcoding for detecting the spreading of indicator fungi from
the colonized materials (possible sources) to other building areas.

2. Materials and Methods
2.1. Sampling

A total of 32 apartments with moisture problems, located in 23 buildings in Oslo
(construction years ranged from 1861 to 2022; mean = 1952), were studied from June 2018
to February 2019. During their inspections, 48 surface samples were collected from mold-
damaged materials (hereinafter “mold” samples), including gypsum board (19), chipboard
(4), wood (12), medium-density fiberboard—MDF (3), building paper (3), wallpaper (4),
concrete (1), paint (1), and plastic (1) (Figure 1). Mold samples were taken directly from
the discolored substrates using both 12 cm long adhesive tapes (Mycotape, Mycoteam
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AS) and sterile swabs (FLOQSwabs in tubes, Copan Italia spa; whose flocked tip is coated
with perpendicularly sprayed on Nylon® fibers) for microcopy and DNA metabarcoding,
respectively. To evaluate the dispersion of the material-colonizing fungi, 42 dust samples
were swabbed from upper doorframes at two different locations: damaged rooms (same as
mold samples, in 25 of 32 apartments) and central rooms (more distant to mold growth, in
11 of 32 apartments). Dust samples were exclusively analyzed by DNA metabarcoding.
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Figure 1. Sampling of mold and dust in this study. (a) Mold-damaged gypsum board where M62-M64
samples were collected; (b) mold growing on wood, sample M65; (c) tape lifts taken directly on
discoloration of building materials; (d) dust sample collected by swabbing the upper doorframe,
picture extracted from Martin-Sanchez et al. [22].

2.2. Morphological Identification of Material-Colonizing Fungi

As described in a previous study [12], tape lifts taken on mold-contaminated building
materials were cut in the laboratory into 6 cm long pieces and observed under the micro-
scope (Olympus BX45) at 400–1000 magnification. One drop of lactophenol blue solution
(Merck) was added to a microscope slide, and the tape was used as cover. Sporulating
structures of each taxon indicating in situ growth were identified following Gams [28] and
de Hoog et al. [29].

2.3. Fungal DNA Metabarcoding

The fungal communities present in mold and dust samples were characterized follow-
ing the DNA metabarcoding workflow described by Martin-Sanchez et al. [22]. In brief,
this protocol included six key steps: (i) DNA extraction from the swabs using chloroform
and the EZNA Soil DNA Kit (Omega Bio-tek); (ii) PCR amplification of the ITS2 region
using the primers gITS7 [30] and ITS4 [31], both primers including sample specific tags at
the 5′-end; (iii) DNA purification and normalization using a SequalPrep Normalization
Plate Kit (Applied Biosystems); (iv) pooling of the 96 samples, including: 48 mold samples,
42 dust samples—3 of them duplicated as technical replicates, an extraction blank, a PCR
negative, and a mock community; (v) additional purification using Agencourt AMPure XP
magnetic beads (Beckman Coulter); and (vi) library preparation and 250 bp paired-end
MiSeq v3 sequencing (Illumina) carried out at Fasteris SA, Plan-les-Ouates (Switzerland).

The resulting raw sequencing data contained 12,234,449 paired reads and are available
at the European Nucleotide Archive (ENA), EMBL-EBI, under accession no. PRJEB50946
(https://www.ebi.ac.uk/ena/browser/view/PRJEB50946, accessed on 14 September 2022).

https://www.ebi.ac.uk/ena/browser/view/PRJEB50946
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2.4. Bioinformatics Analyses

The sequence data were processed using the bioinformatics pipeline described in
Martin-Sanchez et al. [22], which consists of seven steps: (i) quality checking using fastqc;
(ii) demultiplexing of samples using cutadapt; (iii) quality filtering, trimming, dereplication,
denoising, merging in contigs, removal of chimeras, and creating the amplicon sequence
variants (ASV) table, all of them by using dada2; (iv) clustering of ASVs into operational
taxonomic units (OTUs) at 98% similarity using vsearch; (v) curation of OTU table by lulu;
and (vi) taxonomic assignment of OTUs against the UNITE database.

The included control samples revealed that: (1) there was no sequence in the PCR
negative; (2) four OTUs were detected in the extraction blank, with high numbers of
sequences, but almost absent in the study samples, and therefore, these OTUs were removed
from the dataset; and (3) the sequences representing the species in the mock community
were exclusively detected in the mock sample, confirming that tag switching was negligible
in this study, as previously reported when we used the same approach, including library
preparation and sequencing [22]. In addition, the technical replicates showed similar
community profiles, confirming the reproducibility of the DNA metabarcoding workflow.
Control samples and the technical replicates with lower number of reads were removed.

In the final dataset, only OTUs including more than 10 reads, and with at least 70%
identity in the taxonomic assignment to a member of the kingdom Fungi, were included.
In addition to the automatic taxonomic annotation, the taxonomic affiliation of the top-200
most abundant OTUs with uncertain taxonomic affiliation were controlled by manually
Blast search against both UNITE and the International Nucleotide Sequence Database
Collaboration (INSDC) databases.

2.5. Statistical Analyses

Statistical analyses were conducted in R v 3.5.2 [32] through RStudio v 2021.09.0.
Tidyverse v 1.2.1 [33] and the vegan v 2.5-6 [34] R packages were used for data manipulation
and plotting, and ecological analyses, respectively. Initially, the OTU table was rarefied
(×10 times resampling with the median value taken per OTU) to 7,978 reads per sample
using the function rrarefy. Three final datasets were established: (i) all fungi, (ii) mold
samples, and (iii) dust samples.

Differences in alpha diversity, fungal richness (number of OTUs), and the Shannon
index were evaluated by analysis of variance (ANOVA) tests. Beta diversity patterns were
assessed through non-metric multidimensional scaling (NMDS) ordination of both sam-
ples and OTUs, applying metaMDS and Bray–Curtis dissimilarity index on the Hellinger-
transformed rarefied OTU tables. To evaluate the correlation between relevant factors
(building, apartment, room, material, building structure) and the observed variance in
fungal community composition, permutational multivariate analysis of variance (PER-
MANOVA; 999 permutations) was performed individually on each factor using adonis2. To
assess the overlap between mold and dust mycobiota, we compared the OTUs detected in
the different types of samples and rooms (damaged and central rooms) using two different
estimates: numbers/percentages of OTUs across overall data and mean percentages of
OTUs per apartment.

To evaluate the two fungal identification approaches (microscopy and DNA metabar-
coding), the taxa reported by microcopy were compared to the most abundant genera (>1%
of the total number of rarefied reads) provided by the DNA metabarcoding. Considering
the well-known limitations of species identification based on short DNA fragments, the
results from the taxonomic assignment of OTUs are mainly shown and discussed at the
genus level. It is well-known that species in some abundant mold genera, such as Penicil-
lium, Aspergillus, and Cladosporium, can hardly be separated by the ITS marker. To monitor
the spread of the major genera identified in the mold samples, their presence/absence
and relative abundances (RA, as total percentages of sequences) were tracked in the dust
samples collected from the same apartment.
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3. Results
3.1. Mold vs. Dust Mycobiota by DNA Metabarcoding

The fungal community composition was clearly different between the two sample
types, the mold and dust samples, as shown by the NMDS ordination of the full dataset
(Figure 2a). According to the PERMANOVA, there was a significant (p < 0.001) difference
between the community composition of the two sample types, accounting for 12.3% of the
overall variance. The similarity among the dust samples was clearly higher than among the
mold samples. As expected, the dust samples showed a significantly higher alpha diversity
compared to the mold samples (Figure 2b). The number of observed OTUs per sample
(richness) ranged from 44 to 424 (mean = 211.9) among the dust samples and from 2 to 65
(mean = 16.6) among the mold samples.
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Among the 1829 OTUs detected in the overall dataset, 1562 (85.4%) were only present
among the dust samples, while 38 (2%) were uniquely present in the mold samples. Altogether,
229 OTUs (12.5%) were detected in both substrates. Considering the most abundant genera,
those represented by >2% of the total number of sequences, we observed some marked trends
in the two types of samples (Figure 2c): Acremonium, Aspergillus, Chaetomium, Derbaryomyces,
Stachybotrys, and Trichoderma were more abundant in the mold samples, while Cladosporium,
Fomitopsis, Penicillium, Rhodotorula, Saccharomyces, Serpula (initially misidentified as Austropaxillus),
and Thekopsora were dominant in the dust samples. The details about the 200 most abundant
OTUs in the complete dataset are reported in Supplementary Table S1.

When we analyzed the mold samples separately, we observed that the type of build-
ing material accounted for 22.05% (p < 0.002) of the compositional variance (Figure 3a).
Despite the low number of samples analyzed for some materials, we detected some specific
associations between certain fungal genera and types of materials (Figure 3b): Acremonium
on gypsum board; Alternaria on wood; Chaetomium on gypsum board, chipboard, and MDF;
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Derbaryomyces, Monicillium, and Mucor on wall paper; Naganishia on chipboard; Penicillium
on MDF, building paper, and wall paper; Rhodotorula on chipboard; Stachybotrys on gypsum
board, wood, and building paper; Trichoderma on wood; and Wallemia on wall paper.

Appl. Sci. 2022, 12, 9372 7 of 17 
 

 

 
Figure 3. Mold mycobiota, as revealed by DNA metabarcoding: (a) NMDS plot comparing the fun-
gal community composition in 48 mold samples collected from different materials; (b) the most 
abundant fungal genera (RA ≥ 5%) identified in the mold samples collected from different materials, 
excluding those materials represented by a single sample, i.e., concrete, paint, and plastic. 

3.2. Fungi Growing on Building Materials Identified by Microscopy 
The most abundant species colonizing the different building materials, as revealed by 

direct microscopy, were Chaetomium globosum, Stachybotrys chartarum, and species of the 
genera Cladosporium, Acremonium, Trichoderma, Penicillium, Aspergillus, Ulocladium, and 
Niesslia (Table 1). In addition, the growth of Actinobacteria was observed in several samples. 

The comparisons of the microscopy results with those obtained by DNA metabar-
coding in a sample-by-sample basis are shown in three different tables: Table 2 for the 
apartments that include two dust samples (damaged and central rooms), Supplementary 
Table S2 for those with only one dust sample (damaged room), and Supplementary Table 
S3 for those without any dust samples. In general, both approaches were able to identify 
the dominant colonizing species, showing the matching taxonomic assignments to some 
extent. As much as 79.2% of the microscopy-based identifications were confirmed by the 
DNA analyses at the genus level, where 66.6% of them were included in the list of the 
most abundant genera (>1% of sequences; Tables 2, S2, and S3). In contrast, only 36.7% of 
the DNA-based identifications as major genera (>1%) could be detected by microscopy. 
This percentage dropped drastically when the whole list of the genera reported by DNA 
metabarcoding was included. 
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community composition in 48 mold samples collected from different materials; (b) the most abundant
fungal genera (RA ≥ 5%) identified in the mold samples collected from different materials, excluding
those materials represented by a single sample, i.e., concrete, paint, and plastic.

3.2. Fungi Growing on Building Materials Identified by Microscopy

The most abundant species colonizing the different building materials, as revealed
by direct microscopy, were Chaetomium globosum, Stachybotrys chartarum, and species of
the genera Cladosporium, Acremonium, Trichoderma, Penicillium, Aspergillus, Ulocladium, and
Niesslia (Table 1). In addition, the growth of Actinobacteria was observed in several samples.
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Table 1. Prevalence (% of samples) of fungal taxa reported by direct microscopy of tape lifts collected
from mold-contaminated building materials.

Materials 1 (n)

Taxa Gypsum Board (19) Chipboard (4) Wood (12) MDF (3) Building Paper (3) Wall Paper (4)

Chaetomium 15.8 25 16.6
Chaetomium globosum 47.4 25 66.6 25
Stachybotrys chartarum 36.8 8.3 25
Stachybotrys echinata 5.3
Cladosporium 31.6 25 25 25
Penicillium 31.6 50 25 33.3 75
Acremonium 26.3 25
Acremonium ovobatum 8.3
Aspergillus 15.8 25 16.6
Aspergillus versicolor 21 33.3
Aspergillus niger 8.3
Aspergillus penicillioides 8.3
Aspergillus glaucus 33.3
Ulocladium 15.8 8.3
Ascotricha erinacea 10.5
Rhizopus 10.5
Pseudoallescheria 5.3 8.3
Scopulariopsis brevicaulis 5.3
Tritirachium 5.3 25
Sepedonium 5.3
Monodictys 25
Trichoderma 16.6
Coniophora puteana 16.6
Wallemia sebi 25
Bjerkandera adusta 8.3
Phoma glomerata 8.3
Niesslia heterophora 33.3
Black fungi 5.3 8.3
Actinobacteria 2 10.5 8.3 100

1 MDF: medium-density fiberboard. Materials represented by a unique sample (concrete, paint, and plastic) were
excluded. 2 Actinobacteria were also included because of their abundant growth in some of the samples.

The comparisons of the microscopy results with those obtained by DNA metabar-
coding in a sample-by-sample basis are shown in three different tables: Table 2 for the
apartments that include two dust samples (damaged and central rooms), Supplementary
Table S2 for those with only one dust sample (damaged room), and Supplementary Table
S3 for those without any dust samples. In general, both approaches were able to identify
the dominant colonizing species, showing the matching taxonomic assignments to some
extent. As much as 79.2% of the microscopy-based identifications were confirmed by the
DNA analyses at the genus level, where 66.6% of them were included in the list of the most
abundant genera (>1% of sequences; Table 2, Tables S2 and S3). In contrast, only 36.7% of
the DNA-based identifications as major genera (>1%) could be detected by microscopy.
This percentage dropped drastically when the whole list of the genera reported by DNA
metabarcoding was included.
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Table 2. Comparison of fungi detected by microscopy (mold samples) and DNA metabarcoding (both mold and dust samples) in different substrates. Data from
eleven apartments that include dust samples from two different rooms (damaged and central).

Microscopy Results Fungal DNA Metabarcoding Data (Genus Level)

Mold Sample Apartment Material;
Visual Aspect

Major Fungi in Mold
Sample (RA > 1%)

RA
(%)

Presence in Dust
Damaged Room (%)

Presence in Dust
Central Room (%)

M1 1

Building paper;
yellowish growth

Penicillium 66.6 10.6 4
Aspergillus 12.3 21.5 22
Diplospora 6.9
Malassezia 4.7 0.13 0.12

Niesslia heterophora Monocillium (=Niesslia) 4
Pachnocybe 1.3
Acrostalagmus 1.1
Cladosporium 1 21.7 12.7

M2 1
Building paper;
yellowish growth

Aspergillus 68.9
Penicillium 25.3 10.6 4
Monocillium 1.9
Acrostalagmus 1.3

M3 1
Gypsum board;
black mold

Stachybotrys echinata
Stachybotrys
chartarum

Stachybotrys 85.2

Aspergillus 8.1 21.5 22
Exophiala 5 0.01 0.06

M9 3 Wall paper;
dark mold

Penicillium sp. Penicillium 69.8 43.1 14.9
Monocillium 22.8

M10 3 Wall paper;
dark mold

Mucor 81.4 0.2 0.01
Penicillium sp. Penicillium 17.7 20 14.9

M11 3 Floor wood;
dark stains

Trichoderma sp. Trichoderma 98.4 nd 1.6
Coniochaeta 1.1 nd

M12 3 Floor wood;
dark stains

Coniochaeta 37.5 nd
Penicillium 15.2 nd 14.9

Unidentified
Ascomycetes

M24 8
Painted concrete wall

Acremonium 94.2 0.3
Capronia 5.6 0.06

Unidentified molds
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Table 2. Cont.

Microscopy Results Fungal DNA Metabarcoding Data (Genus Level)

Mold Sample Apartment Material;
Visual Aspect

Major Fungi in Mold
Sample (RA > 1%)

RA
(%)

Presence in Dust
Damaged Room (%)

Presence in Dust
Central Room (%)

M25 8 Wall wood
panel

Aspergillus
penicillioides Aspergillus 100 40 3.2

M30 13

Gypsum board

Penicillium 33.1 2.2 13.5
Cladosporium sp. Cladosporium 32.6 4.7 18.1

Monocillium 17.5
Sarocladium 10.9 0.01
Trichoderma 1.3 0.1

Acremonium sp. Acremonium 1.2 0.006
Aspergillus 1.1 6.2 5

Ulocladium sp.

M36 15 1

Floor wood

Penicillium sp. Penicillium 36.3 5.1 0.8
Talaromyces 27.5 0.01
Fusarium 26.9 0.05
Pyrenochaeta 5.4

Aspergillus sp. Aspergillus 3.5 7.5 2.1
Acremonium ovobatum

85% Serpula
lacrymans 1

93% Serpula
lacrymans 1

M51 2 23 Gypsum board NA 2 56.6
Acremonium 40.7 0.2
Penicillium 2.5 0.6 0.6

Cladosporium sp. 3 <1% 3

M52 2 23 Gypsum board NA 2 45
Acremonium 31.8 0.2
Pyrenochaeta 14.7
Talaromyces 6.9 0.07

Cladosporium sp.



Appl. Sci. 2022, 12, 9372 10 of 18

Table 2. Cont.

Microscopy Results Fungal DNA Metabarcoding Data (Genus Level)

Mold Sample Apartment Material;
Visual Aspect

Major Fungi in Mold
Sample (RA > 1%)

RA
(%)

Presence in Dust
Damaged Room (%)

Presence in Dust
Central Room (%)

M53 24

Wood

Stachybotrys 44 0.4 20
Fusarium 23
Penicillium 13.6 46.5 22.1
Acremonium 13.2 7.6 5

Chaetomium sp. Chaetomium 5.8 15.9 18.4

M61 29
Gypsum board;
black mold

Chaetomium globosum
Chaetomium murorum Chaetomium 95.6 4.7 4.8

Mucor 1.5 5.4 7
Aspergillus sp. <1% 3

Pseudoallescheria sp.

M62 30

Gypsum board;
dark reddish mold

Chaetomium globosum Chaetomium 66.7 14.7 3.6
Aspergillus versicolor Aspergillus 16.6 10.9 19.6

Penicillium 6.8 13 19.9
Mucor 4.8 6.4 16.2
Monodictys 2.6 12.2 0.3

Stachybotrys
chartarum 3 <1% 3

Tritirachium sp.

M63 30
Gypsum board;
black mold

Chaetomium globosum Chaetomium 85.3 14.7 3.6
Aspergillus versicolor Aspergillus 5.7 10.9 19.6
Stachybotrys
chartarum Stachybotrys 5.6 0.09 0.05

Mucor 2 6.4 16.2

M64 30
Chipboard;
black mold

Chaetomium sp. Chaetomium 51.1 14.7 3.6
Monodictys sp. Monodictys 28.7 12.2 0.3

Aspergillus 19.5 10.9 19.6
Penicillium sp. 3 <1% 3

M65 30 Wood;
black mold

Debaryomyces 44.9 37.6 0.9
Acremonium 29.8 0.1

Cladosporium sp. Cladosporium 25.6 1.3 7.5
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Table 2. Cont.

Microscopy Results Fungal DNA Metabarcoding Data (Genus Level)

Mold Sample Apartment Material;
Visual Aspect

Major Fungi in Mold
Sample (RA > 1%)

RA
(%)

Presence in Dust
Damaged Room (%)

Presence in Dust
Central Room (%)

M67 31 Gypsum board;
Dark green mold

Chaetomium sp. Chaetomium 56.9 1.2 9.9
Aspergillus versicolor Aspergillus 42.4 4.3 7.1

M68 32

Gypsum board;
black mold

Mucor 50.2 14.3 2.8
Chaetomium globosum Chaetomium 28.2 0.7 0.09
Penicillium sp. Penicillium 12.6 10.7 1.5

Rhodotorula 3.2 43.6 0.6
Fusarium 2.4 2.4 0.006

Cladosporium sp. Cladosporium 1.4 3.6 5.7
Rhizopus sp.

1 The dust samples from apartment 15 showed very high relative abundance of the dry-rot fungus (Serpula lacrymans; 85–93%), which reflected the diagnosis of this species in that
building. This species was misidentified as Austropaxillus squarrosus in the first automatic taxonomic assignment. 2 High percentages of non-assigned (NA) genera (45–57%) were
reported for the mold samples from apartment 23 (M51 and M52), compared to the rest of samples (5.9% of NA genera for mold samples on average). 3 Genera detected in mold samples
by DNA metabarcoding with RA < 1%. nd: not determined.
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3.3. Dispersal of Fungi in the Apartments as Assesed by DNA Metabarcoding

A low proportion of the OTUs (proxy of species), about 7%, were detected in both the
mold and dust samples when calculated on an apartment-by-apartment basis (Figure 4a,b).
This overlap increases up to 11.4% in an overall comparison of the mold and dust data in all
the buildings combined (25 apartments; Figure 4c). In agreement with the species richness
data (Figure 1c), the great majority of the OTUs (>96%) were found in the dust samples,
while only 3.3% of the OTUs were on average uniquely detected in the mold samples.
The overlaps between the mold and dust samples were slightly different (not significant;
p = 0.14), depending on the room where the dust was collected, being to some extent higher
in the damaged rooms (1.25%) compared to the central ones (0.57%) (Figure 4a).
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mold). (a) Mean percentage of overlapping and unique OTUs (with standard deviations), calculated
on an apartment-by-apartment basis for the 11 apartments that included dust samples from both
damaged and central rooms; (b) the same kind of data as “a” but calculated for the 25 apartments
that only include dust from the damaged rooms; (c) overall percentages and number of OTUs (in
parenthesis) for the same 25 apartments as “b”, without separated calculations by apartment.

In addition, we assessed the spread of the molds by comparing the most abundant
genera present in the mold samples, with their prevalence in the dust samples collected
from the different rooms (Table 2 and Table S2). We here observed that (i) the majority of
the genera identified in the mold samples were also detected in the dust from the same
apartments, but sometimes with very low relative abundances, and (ii) there was no clear
connection between their relative abundances in the dust and the distance to the mold
damages (the potential sources of these species).

4. Discussion
4.1. Moisture-Damage Indicator Fungi

Moisture requirements and substrate preferences of several indicator taxa were com-
piled in Nunez et al. [11], based on a comprehensive dataset (1132 records) of fungi identi-
fied in damp buildings in Norway during the years 2001–2006. Despite the limited number
of samples in the present survey (48), the dominant indicator fungi and their prevalence
in certain materials were, to a large extent, in agreement with previous reports [4,5,11,13].
Aspergillus was the most abundant genus in the mold samples and widely distributed in all
the materials, which is not surprising considering its well-known generalist trait [15]. In
contrast, some specialist taxa were associated with different substrates: Acremonium with
gypsum board, Chaetomium with chipboard, Stachybotrys with gypsum board and wood,
and Trichoderma with wood.
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In building ecology, a challenging task is to differentiate between moisture-damage
indicator fungi that can colonize building materials, and grow under indoor conditions,
from those widespread airborne fungi more related to outdoor air, vegetation, and the
household food [13], whose distribution indoors is largely driven by stochastic processes.
Previous studies have demonstrated that the indoor dust mycobiota is mainly composed of
spores and hyphal fragments coming from both outdoor and indoor sources [22,23,35–37].
Our study has also reflected this dual origin of the dust fungi. Taxa clearly related to the
outdoor environment, such as the plant-associated Thekopsora and Fomitopsis, were found,
as well as taxa that can be related to secondary indoor sources: Saccharomyces, which is
often found in the occupants’ skin [23], or Chaetomium, Aspergillus, and Serpula which can
grow and produce millions of spores on different damaged materials [11]. The ecology of
the genera Cladosporium and Saccharomyces is very diverse, being widely distributed in both
outdoor (e.g., soil and phyllosphere) and indoor environments. However, previous studies
on dust have demonstrated that the proportion of Cladosporium is often higher in outdoor
samples, while Saccharomyces is higher in indoor samples [22,23,35]. These multiple inputs
led to a high fungal diversity in the dust samples, which showed a much higher richness
than the mold samples. Fungal communities in building areas with visible mold growth
are characterized by a limited diversity with a few dominant taxa that are growing on the
material surface [24–26,38].

4.2. Pros and Cons of Different Methods: Microscopy vs. DNA Metabarcoding

All fungal detection techniques have specific benefits and drawbacks, providing a
fragmented picture of the mycobiota present in a given sample. This has been demon-
strated by diverse comparative studies on indoor dust and/or material samples, especially
focused on the comparison between culture-dependent and -independent methods [39–41].
In the present study, we compared two contrasting techniques (microscopy vs. DNA
metabarcoding) for the characterization of indoor surfaces with visible mold growth.

The microscopy of tape lifts is a very simple and cheap method to document which
fungi are actively growing on building materials, as its results are based on the observation
of fungal reproductive structures [12]. Similar to the morphological identification of
cultivated isolates, this microscopy technique sometimes reaches taxonomic identification
down to the species level, when the key structures are present and the observer is skilled
enough to classify them. However, microscopy is not able to identify many of the spores
and hyphal fragments that settle on the sampled areas, which are especially abundant in
dust samples collected from dry surfaces. Based on the microscopy results, we were able
to identify the main indicator fungi associated with the studied mold damages, where
39.6% of the morphological identifications were at the species level. Many identifications
could only reach the genus level, e.g., species of Aspergillus, Penicillium, Cladosporium,
Acremonium, and Trichoderma, due to the lack of the species-specific features on the tapes.
Species identification within these genera often requires further analyses, such as cultivation
using special media and incubation conditions, metabolic characterization, and/or the
DNA sequencing of multiple markers [29,42]. Our microscopy results also showed some
uncertainty at the genus level. For example, Ulocladium sp. was found growing in four
mold samples (M4, M24, M37, and M60; Tables S2 and S3) where the DNA-based relative
abundances of Alternaria were considerably high. In view of the morphological similarity
between these two taxa, whose only distinctive feature is the type of spore ontogenesis on
the conidiophore [29], both of them most likely correspond to the same indicator fungus.
It is difficult to determine the most accurate identification for this fungus because these
contradictory results may be due to (i) the arguable taxonomic weight of this morphological
trait and/or (ii) the difficulty of distinguishing between the genera Alternaria and Ulocladium
based on the ITS2 sequence divergence. For instance, the representative ITS2 sequence of
the most abundant OTU assigned to Alternaria showed 100% similarity against members of
both genera. Previous DNA-based studies revealed multiple non-monophyletic genera,
including Alternaria and Ulocladium, within the so-called Alternaria complex [43].
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The main advantages of DNA metabarcoding are (i) the high sensitivity based on
both the PCR and HTS and (ii) the quantitative potential providing relative abundances
of comprehensive lists of taxa [21,41]. In contrast, the microscopy of tape lifts can only
detect a few dominant taxa with some qualitative information about how abundant they
are growing on the studied surface area. In this study, considering the small tape area
observed and the lack of homogeneity between the samples of these qualitative data, we
decided to exclude them from the analyses. Comparing the richness in the mold samples,
the DNA metabarcoding reported a mean of 16 OTUs per sample, while the microscopy of
the tape lifts only identified two taxa per sample on average. It is worthwhile to mention
that DNA metabarcoding is a semi-quantitative technique, as relative quantities are not
always correlated to absolute measurements. Xu et al. [44] implemented different methods
(microscopy cell counting, flow cytometry, and DNA metabarcoding) to monitor the micro-
bial growth on materials and demonstrated that small changes in relative abundance often
resulted from large changes in absolute abundance.

As mentioned before, an important weakness of DNA-based methods is that it is
impossible to distinguish between viable and non-viable organisms. Due to the longevity of
the relic DNA (extracellular or from dead cells), DNA techniques may, after the reparation of
water damage, detect the presence of senescent indicator fungi. A recent study showed that
relic DNA accounted for about 40% of the ITS sequences recovered from soil samples [45].
This highlights the importance of knowing the building history in order to draw sound
conclusions [13]. Interestingly, abundant DNA from the dry-rot fungus (Serpula lacrymans)
was detected in dust samples from apartment 15 (85–93% of sequences) despite the lack of
dry-rot signs in the corresponding mold sample (M36; Table 2). This result agrees with the
visual inspection of this apartment, where S. lacrymans was pinpointed in other parts of the
apartment (Mycoteam AS’ communication) and on surfaces which were not sampled in
this study. This finding illustrates the sensitivity of dust DNA metabarcoding to detect and
monitor fungal attacks in buildings but also the need for a proper sampling design based
on the previous knowledge about the building structure and its history.

Like for microscopy, the taxonomic assignment based on DNA sequences is a challeng-
ing task due to several well-known constraints [21]. Two of them are the limited accuracy
of incomplete reference sequence databases and the insufficient intraspecific sequence
variation in barcodes (including ITS1 and ITS2) to resolve the taxonomy at the species
level, as discussed above for some common mold genera, such as Penicillium, Cladosporium,
Aspegillus, and Alternaria. In this study, the percentages of non-identified OTUs were similar
to those observed in other DNA metabarcoding studies [22,23], increasing considerably
from the phylum (4.5%) to order (10.8%), genus (28.5%), and species (47.7%) levels. There-
fore, the identity and ecology of a significant proportion of the fungi detected by DNA
sequencing remain unknown. In order to overcome the less reliable identification at the
species level, we decided to focus on the most abundant genera, those with a total RA >
1% of sequences after merging all the OTUs affiliated to the same genus. This conversion
allowed us to compare two datasets characterized by very different resolutions (microscopy
vs. DNA metabarcoding) but also added an additional bias to our results.

Even when focusing on the genus level, the taxonomic annotation was not exempt
of errors, as demonstrated by the automatic identification of Austropaxillus among the
most abundant genera detected. This ectomycorrhizal-forming genus has exclusively been
reported in the temperate Southern Hemisphere, and its phylogenetic position is close to
the genus Serpula [46]. We double-checked the two OTUs that were initially identified as
Austropaxillus squarrosus, by an additional manual BLAST search against both the UNITE
and INSDC databases, and we were able to correct their affiliation to the species Serpula
lacrymans (100% in both sequence similarity and coverage). These problems (errors and
low precision) during the taxonomic assignment make it highly recommended to include a
further semi-automated or manual curation of results, at least for the major OTUs, which
often leads to a refined taxonomic resolution [21].
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4.3. Contribution of Dust DNA Analyses for Assessment of Indoor Moisture Problems

Previous studies have revealed that moisture problems and subsequent mold growth,
i.e., an additional indoor fungal source, significantly modify the overall composition of
fungal spores in indoor dust samples [24–26]. In contrast, other studies have suggested
that the effects of moisture damage are less evident. The response to moisture damage may
be observed as changes in the relative abundance of a few less common taxa rather than
in the overall community structure [27]. Hegarty et al. [25] demonstrated that a specific
mold growth significantly influenced the richness and ecology of airborne fungi in distant
parts of the same building, where the relative abundances of mold-damage indicator taxa
were inversely correlated to the distance to the mold growth. In our study, the genera
detected in the mold samples were largely present in the dust with scarce abundance.
Interestingly, the overlap of the OTUs between the sample types (mold and dust) was
slightly higher in the damaged rooms than in the central rooms, which indicated some
local spread of moisture indicator fungi in the study apartments. However, this difference
was not statistically significant, and there was no clear association between their relative
abundances in the dust and the distance to the mold growth. As anticipated by Hegarty
at al. [25], multi-building studies with such a limited number of samples as ours may not
be the appropriate approach to identify these spatial patterns due to the inherent factors
affecting each individual building.

Fungal species growing directly on moist building materials (i.e., moisture-damage
indicator fungi) should not be considered as part of the baseline fungi in healthy indoor
environments, as the presence of moist structures is an abnormal condition in buildings [12,
13]. Therefore, in the assessment of moisture problems, identifying the characteristic
baseline fungi of the study region is as important as the identification of moisture indicator
fungi. These kinds of studies should also account for the temporal variability of indoor
mycobiota because the outdoor seasonality has been recognized as a key driving factor [37].
Diverse dust DNA analyses have been proposed for the detection and monitoring of mold
damages in buildings, including various qPCR-based environmental relative moldiness
indices (ERMI and its Finnish adaptation FERMI) [47,48] as well as a DNA metabarcoding
approach [26]. The latter study, based on the ITS metabarcodes from dust samples, detected
significant differences in the community composition between moldy vs. no mold houses
in three different climatic regions in the USA. They proposed a combined use of an HTS
and machine learning modeling for an accurate classification of buildings according to the
potential presence of mold growth [26].

4.4. Concluding Remarks

This study, combining two complementary methods (microscopy and DNA metabar-
coding), achieved relatively consistent results of the mycobiota associated with visible
mold growth in buildings, where as much as 79.2% of the microscopy-identified taxa were
confirmed by DNA analysis at the genus level. In addition, the dust DNA metabarcoding
provided comprehensive lists of airborne taxa that were present in the apartments as both
viable and non-viable forms, whose interpretation is challenging. Our data indicate some
local spread of moisture indicator fungi from moldy materials to other rooms. However,
further DNA studies including the intensive sampling in different rooms of single moldy
buildings are needed to conclude such a statement. Collecting more variables related to the
materials and environmental conditions (e.g., water content, temperature, and RH) will
better characterize the ecological niches studied (fungal traits), facilitating the identification
of moisture indicator fungi. In addition, conducting these studies in different geographic
regions will improve the knowledge about their most common indoor airborne fungi.

In summary, to assess mold damages, different microbiological methods, such as
microscopy, culturing, and DNA and chemical analyses, should be combined together in
a thorough inspection of buildings, collecting the relevant metadata. This multifaceted
approach will, to a large extent, overcome the limitations of each method. The expected
valuable datasets need to be interpreted by skilled mycologists and building consultants
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with knowledge about indoor fungal ecology, building structures, and environmental
conditions, among others.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12189372/s1, Table S1: Data of the top-200 most abundant OTUs, including relative
abundances, curated taxonomic assignment as well as their representative ITS2 sequences, Table S2:
Comparison of fungi detected in different substrates by using microscopy (mold samples) and DNA
metabarcoding (both mold and dust samples from the same damaged room)—data from fourteen
apartments that only include dust samples from the damaged rooms, Table S3: Comparison of fungi
detected in mold samples by using both microscopy and DNA metabarcoding—data from eight
apartments that only include mold samples.
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