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Abstract

Worldwide, people spend most of their time indoors; in their homes, workplaces, schools, and daycares. Indoor fungi can
cause negative health effects due to the production of toxins or volatiles that trigger the immune system of the occupants.
To what degree indoor fungi (mycobiomes) differ between buildings with different usage is poorly known. Here, we com-
pare the indoor mycobiomes in 123 children’s daycare centers and 214 private homes throughout Norway, as revealed by
metabarcoding of DNA extracted from dust samples collected by community scientists. Although the fungal richness per se
was similar in dust samples from daycares and homes, the fungal community composition differed. Yeast fungi, distributed
mainly across the orders Saccharomycetales, Filobasidiales, and Tremellales, were proportionally more abundant in the day-
cares, while filamentous fungi, including spore-producing molds such as Aspergillus, Penicillum, and Cladosporium, were
relatively more abundant in homes. Number of occupants, which is considerably higher in daycares, correlated significantly
with the fungal community shift. We hypothesize that the density of occupants and their age distribution drive the systematic

difference of yeasts and filamentous fungi in the two building types.
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Introduction

Within buildings, conditions for microbial growth are gener-
ally harsh due to limited humidity and scarce nutrient avail-
ability. However, some microorganisms are adapted to these
adverse conditions and can grow and proliferate indoors.
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Molds and yeasts, both polyphyletic assemblages represent-
ing different fungal growth forms, are especially tolerant for
the harsh indoor conditions and are often found in surveys of
indoor fungal communities [1-9]. Molds are known to affect
our health through the volatiles they produce or their aerially
spread spores that may trigger our immune system or cause
respiratory disease [10—12]. Many yeasts, such as Candida
and Malassezia, are associated with the human body, where
they mainly grow as commensals [13]. However, both yeasts
and molds can cause superficial infections such as dandruff,
atopic dermatitis/eczema, ringworm, and nail infections
[14], as well as serious infections in immuno-compromised
people, e.g., invasive aspergillosis, mucormycosis, and can-
didemia [15, 16]. The latter ones increased considerably dur-
ing the COVID-19 pandemic [17, 18].

In addition to the fungi that can grow and survive indoors,
fungal spores are transported indoors from outdoor sources
and are detected in DNA-based surveys from the built envi-
ronment [6-9, 19-21]. Fungal spores spread easily by air
into buildings through windows, doors, and the ventilation
system. Further, people and pets may function as vectors
and transport fungal spores. The proportion of outdoor fungi
spreading into buildings varies throughout the year, with a
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higher influx during the plant growth seasons, when fungi
also are sporulating outdoors [5, 6, 20, 22].

In parts of the world, children of age 1-6 years spend
considerable time inside daycare centers. Daycares are often
characterized by a high density of people, which potentially
influences air quality and humidity. Intensively used rooms
have been suggested to allow higher yeast diversity in a
study where yeasts were cultured from schools in Poland
[3]. In Norway, outdoor play is highly evaluated and children
in daycares spend up to 70% and 31% of their time outside
during the summer and winter, respectively [23, 24]. Thus,
outdoor materials, such as sand, soil, dust, feces from birds
and other animals, and plant debris, might easily be brought
into daycares, constituting important biomass inputs for the
indoor environment. Other elements usually not present in
daycares, like potted plants and pets, are more common in
homes, where the number of occupants is generally lower.
In these respects, daycares may represent somewhat differ-
ent environmental conditions for indoor fungal growth than
homes. The indoor mycobiomes of daycares and private
homes in Norway have previously been surveyed in sepa-
rate studies, revealing a high prevalence of molds and yeasts
in both building types [7, 8]. However, a direct comparison
between these two settings is still lacking.

The main differences between the homes and daycares are
the number of occupants and their age distribution, while the
buildings themselves often can be similar, including similar
architecture and the same building materials. In addition,
the temporal usage of homes and daycares differs; while
daycares are used intensively over a few hours by many peo-
ple, homes are often used by fewer people more through-
out the whole day. Logistically, it is challenging to obtain
samples from a high number of buildings representative of
a wide geographic region. In this study, we therefore used
a community science approach, recruiting inhabitants or
daycare personnel to collect dust samples in a predefined
simple manner, which allowed us to obtain a high number
of samples throughout Norway for statistical comparisons.
The central objective of this study was to compare indoor
dust mycobiomes from homes and daycares distributed
throughout Norway. More specifically, we aimed (i) to reveal
whether different indoor mycobiomes can be found in the
two building types and which fungal groups may differ, as
well as (ii) to identify the factors that may be associated with
these differences.

Methods
Context and Original Datasets

We compared two DNA metabarcoding datasets of indoors
and outdoors dust samples from homes and daycares located
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throughout Norway (Supplementary Fig. S1), which have
been recently published [7, 8]. To recruit community sci-
entists for sampling work, daycares were contacted by mail,
while home inhabitants were largely approached through
social media and scientific networks. Since the sampling
scheme, material, and methods were thoroughly described
in the original publications, we provide a condensed version
here. Altogether 271 homes and 125 daycares throughout
Norway were originally selected for sampling. However, the
combined dataset of this study includes a more balanced
number of indoor samples (428 from 214 homes and 411
from 123 daycares) and corrects the overrepresentation of
Oslo area in the original home dataset. During spring 2018,
inhabitants (homes) or personnel (daycares) collected dust
samples on doorframes at three specific locations: (1) the
main entrance outdoors, (2) main central room (living room
in homes), and (3) bathroom. Large daycares sampled from
two main central rooms and two bathrooms. The dust sam-
ples were obtained using the same sampling kits including
sterile FLOQSwabs (Copan Italia spa, Brescia, Italy) and
instructions. The returned swabs were stored at — 80 °C until
DNA extraction. The inhabitants/personnel also provided
metadata about the buildings such as the number of occu-
pants, building features, and previously reported pests and
water damages by responding to a questionnaire. In addition,
based on the geographical coordinates of the buildings, data
for some relevant environmental variables related to climate,
geology, and topography were extracted from WorldClim 2
or provided by [25] (see Supplementary Table S1 for meta-
data). In brief, the DNA metabarcoding workflow included
five steps: (i) DNA extraction from the swabs using chloro-
form and the EZNA Soil DNA Kit (Omega Bio-tek, Nor-
cross, GA, USA); (ii) PCR amplification of the ITS2 region
using the primers gITS7 [26] and ITS4 [27], both including
sample specific tags at the 5’-end; (iii) clean up and nor-
malization of PCR products using SequalPrep Normalization
Plates (Thermo Fisher Scientific, Waltham, MA, USA), and
subsequent pooling of 96 uniquely barcoded samples includ-
ing technical replicates, negative samples (unused swabs),
extraction blanks, PCR negatives, and a mock community;
and (v) library preparation and 250 bp paired-end MiSeq
Illumina sequencing carried out at Fasteris SA (Plan-les-
Ouates, Switzerland).

Bioinformatics

The bioinformatic analyses for the combined dataset from
homes and daycares, whose raw sequences are available
on ENA at EMBL-EBI (https://www.ebi.ac.uk/ena/brows
er/view/PRJEB42161) and Dryad (https://doi.org/https://
doi.org/10.5061/dryad.sn02v6x5s), respectively, were
performed as described by Martin-Sanchez et al. [7] and
Estensmo et al. [8] with slight modifications. Shortly, raw
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sequences were demultiplexed using CUTADAPT [28] and
sequences shorter than 100 bp discarded. DADA2 [29] was
used to filter low quality reads, error correction, merging in
contigs, and chimera removal. ITSx [30] was used to exclude
the non-fungal sequences and trim the conserved regions of
flanking rRNA genes. To account for intraspecific variability
[31], the generated amplicon sequence variants (ASVs) were
clustered into operational taxonomic units (OTUs) using
VSEARCH [32] at 97% similarity. LULU [33] was used with
default settings to correct for potential OTU over-splitting.
Taxonomy of OTUs was assigned using the BLASTn algo-
rithm [34] against the UNITE and INSD dataset for fungi (v.
04.02.2020) [35]. Ecological trophic modes and guilds for
the identified taxa were annotated using the FUNGuild tool
[36]. OTUs with less than 10 reads and those that were not
assigned to the kingdom Fungi were discarded from down-
stream analyses. For comparing daycares and homes, we
downscaled the original datasets by excluding 2 daycares
and 57 homes, hereby providing a more balanced dataset in
terms of geographical location (15 homes per municipal-
ity maximum), collection date (all samples in April-May
2018), and number of indoor samples from homes vs. day-
cares (428 vs. 411 in the rarefied matrix). The OTU table
was rarefied to 2540 reads per sample using the function
rrarefy of the VEGAN R package v. 2.6-4 [37], keeping the
majority of samples (only 18 samples were excluded). The
final quality-filtered and rarefied matrix, without technical
replicates, negative controls, and mock samples, contained
9107 OTUs from 1169 samples. Those OTUs with taxo-
nomic assignment at species, genus, or family level were
further annotated into growth forms (filamentous, yeast,
dimorphic, lichen, and chytrid) based on literature surveys.

Statistics

Initially, we assessed OTU richness per sample, as well as
the total number of OTUs and their overlaps for the two
types of building (homes vs. daycares) and compartments
(indoor vs. outdoor). For comparison of the indoor myco-
biomes, beta diversity was assessed with NMDS ordination
of dust samples using metaMDS from VEGAN R package v.
2.6—4, Bray—Curtis dissimilarity index and 200 random starts
in search of stable solution on the Hellinger-transformed rar-
efied OTU tables. Continuous environmental variables were
regressed against NMDS ordination and added as vectors on
the ordination plots using gg_envfit from GGORDIPLOTS
R package v 0.3.0 [38] to visualize their association with
the indoor dust mycobiomes. To evaluate the correlation
between environmental variables and the observed variance
in fungal community composition, permutational multivari-
ate analysis of variance (PERMANOVA; 999 permutations)
was performed individually on each variable using adonis2
from VEGAN R package v. 2.6—4. Relative abundances of

taxa at order and genus level were assessed to highlight the
differences between homes and daycares. To reveal signifi-
cant associations (p <0.05) between OTUs and the type of
building, an indicator species analysis was performed using
multipatt from INDICSPECIES R package v. 1.7.14 [39].
Significant differences in the variance of OTU richness per
sample and the relative abundances of selected genera were
evaluated with the analysis of variance (ANOVA) and #-test.

Results

OTU Richness

A weak, but significant difference in indoor fungal richness
between the two building types was detected; we obtained on
average 160 and 149 OTUs per sample for the indoor sam-
ples from homes and daycares, respectively (¢-test, p =0.02;
Fig. 1a). Further, for homes, the fungal richness within the
buildings was significantly higher than in the outdoor dust
samples (p = 1.4e-14). Comparably, this increase was not
significant for daycares (p =0.34; Fig. 1a). In total, the day-
care dataset had more OTUs than the homes dataset (7419
and 6408 OTUs, respectively; Fig. 1b). For both homes
and daycares, only 11-12% of the fungal OTUs appeared
uniquely outdoors, while 41-47% were uniquely found
indoors. In addition, the 49% of indoor fungi (OTUs) were
found in both types of buildings, while 20% and 31% of
them were uniquely associated with homes and daycares,
respectively (Supplementary Fig. S2).

Indoor Community Composition

The community composition of the indoor mycobiomes was
distinctly different in daycares and homes (Fig. 2a). A high
number of factors were significantly correlated to the myco-
biome composition, but accounted only for small propor-
tions of the variation (Fig. 2b). The building type (daycare
vs. homes) accounted for most of the variation in the indoor
mycobiomes (6.3%), followed by the number of occupants
(4.2%), and the ventilation system of the building (balanced
versus mechanical or natural; 3.5%). In addition, climate
variables related to outdoor temperature and precipitation
each explained less than 2.1% of the variation in the indoor
mycobiome composition.

We observed distinct differences in the taxonomic compo-
sition between the two building types (Fig. 3a). The orders
Saccharomycetales, Filobasidiales, and Tremellales were
proportionally more abundant in daycares. Further, on genus
level, ascomycetous yeasts, like Saccharomyces, Candida,
and Debaryomyces, as well as basidiomycetous yeasts like
Cryptococcus, Filobasidium, Malassezia, Naganishia, and
Rhodotorula, were proportionally more abundant in daycares
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Fig. 1 Comparison indoor vs.
outdoor samples for each type (a ) Homes Dayca res
of building. a OTU richness per
sample and b number of OTUs 400 p=1.4e-14 400 1 o p=034
and overlaps. All statistics ’
were calculated from a rarefied .
matrix that includes 9107 OTUs
and 1169 dust samples collected 300 3001
from homes (n=636) and
daycares (n=>533). Significance
of richness d}fferences between 200 200
outdoor and indoor samples was
assessed by r-test
100 100 1
0 0 1
EAN  Egour
(b) 6,408 OTUs 7,419 OTUs

compared to homes (Fig. 4, t-test p < 10e-5). In homes, sap-
rotrophic and plant pathogenic filamentous ascomycetes in
the orders Capnodiales, Dothideales, Eurotiales, and Helo-
tiales were relatively more abundant (Fig. 3a). These orders
include mold genera such as Alternaria, Aspergillus, Clad-
osporium, and Penicillium, all proportionally more abundant
in homes (Fig. 4). In contrast, the two mold genera Wal-
lemia (Basidiomycota) and Mucor (Mucoromycota) were
proportionally more abundant in daycares (Fig. 4). Indicator
species analysis also supported these findings and identified
some yeasts (Filobasidium, Cryptococcus, Saccharomyces,
and Cyberlindnera) and Mucor species as the strongest day-
care indicators (IndVal > 50%), and the typical molds (Peni-
cillium, Alternaria, Aspergillus, Cladosporium species) as
home indicators (Supplementary Table S2).

When annotating the OTUs in the final rarefied matrix
(6971 of 9107 OTUs; 76.5%) into growth forms, we
observed a clear difference in the distribution of yeasts,
mycelial fungi, and dimorphic fungi between the two
building types (Fig. 3b), where yeasts are relatively more
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abundant in daycares while mycelial fungi are relatively
more abundant in homes.

Discussion

Previous dust-mycobiome studies have also observed a
higher diversity (richness) of fungi indoors [40, 41]. This
phenomenon can be explained by the fact that many outdoor
fungi have the ability to enter buildings, while the reverse is
apparently not the case to the same degree. Hence, the out-
door environment represents a major source of inoculum to
the indoor environment, as also observed in previous studies
[21, 40, 42].

The clear differences in indoor community composi-
tion between daycares and homes suggest that the number
of occupants, and possibly their age profiles, are important
drivers for the indoor dust mycobiomes. Previous research
has also reported higher airborne fungal loads (measured in
colony forming units per m?) in daycares compared to homes
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[43]. The fact that the included environmental factors only
account for a small part of the variation in community com-
position is a common feature in fungal community studies.
The assembly process of fungal communities is probably
strongly influenced by random processes, such as spore dis-
persal and colonization [44, 45], making exact predictions
of mycobiome composition difficult. Furthermore, there is
a high temporal (within-year) variation in fruiting and spor-
ulation of outdoor fungi, especially in temperate regions,
which is also reflected in the indoor mycobiomes due to the
influx of spores [6, 46, 47]. In our previous temporal study
of the mycobiomes in two daycares [6], dust samples were
collected throughout a year in order to evaluate the effect of
seasonality on the indoor mycobiomes using DNA metabar-
coding. This showed a strong seasonal pattern in the myco-
biome composition, with higher fungal richness in summer
and fall. Hence, in analyses of indoor fungi, it is important
to consider the temporal variability by obtaining samples
at approximately the same time or conducting repeated
sampling. In the present study, the samples were collected
throughout Norway at the same time period (April-May).
Thus, even if the climate varies across the country, both
the daycare and the home dataset are affected by the same
climate variables.

As for all environmental DNA-based studies, the taxo-
nomic annotation here might show low resolution and/or
errors due to both the short barcode and the correctness of
the used sequence database. Thus, we decided to not report
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observed variance according to PERMANOVA results (R2 values
with p<0.001). Statistics were based on the indoor rarefied matrix
that includes 8181 OTUs and 839 dust samples collected from homes
(n=428) and daycare centers (n=411)

or discuss taxonomy at the species level. Even at the genus
level, we are aware of the possible misidentification between
certain genera, e.g., those belonging to Saccharomycetales
(Candida, Debaryomyces, and Saccharomyces). However,
this potential limitation would not affect to the overall pat-
tern observed between molds and yeasts in the two build-
ing types. We suggest two different hypotheses that may
explain this proportional difference. First, more yeasts may
be associated with young children, driving the difference.
It has been documented that children have a more diverse
fungal skin community compared to adults, including genera
such as Aspergillus, Epicoccum, Cladosporium, Candida,
Rhodotorula, Cryptococcus, and Phoma, in addition to the
obligatory lipophilic yeast genus Malassezia that dominates
on the skin of adults [48]. Moreover, the higher density of
people per se may drive the proportional difference, since
yeasts are more associated with the human body than molds
[49]. Besides, Adams et al. [9] reported a significant over-
lap between the mycobiomes associated with indoor envi-
ronmental samples (dust and surfaces) and those from the
occupants’ skin. Several fungal genera with yeast growth
such as Candida, Malassezia, and Saccharomyces can also
be found in the gastrointestinal tract [50, 51]. A higher den-
sity of people may therefore lead to a proportional difference
between yeasts and molds, which may be mediated in part
by the deposition of occupants’ dead skin cells on the indoor
surfaces. There seemed to be an even stronger difference in
community composition between homes and daycares with
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Fig.3 Relative sequence abundance of fungi detected in indoor dust
samples from homes and daycares. a The most abundant Orders
sorted by Phyla. The less abundant Orders were collapsed and labeled

many children (Fig. 2a), which may further support the latter
hypothesis. However, to be able to conclude on this topic,
more in-depth studies with cross-factorial, balanced study
design, tentatively also including investigations of the skin/
body mycobiome, are needed. In addition, other possible
factors that may differ between private houses and daycares,
such as food preferences [52], or possibly, the abundance
of invertebrates such as dust mites, could be taken into
consideration.

@ Springer
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as “Phylum_others”. b Annotation of the main fungal growth forms:
filamentous, filamentous and yeast (dimorphic fungi), yeast, lichen,
and chytrid. NA: not assigned

Previous research has also shown that indoor envi-
ronments, such as healthcare centers [2], homes [53],
and schools [3, 54], exhibit high yeast diversity. While
Marques do Nascimento et al. [2], Hashimoto et al. [53],
and Ejdys et al. [3] specifically investigated yeasts by cul-
turing, Park et al. [54] conducted metagenomic sequenc-
ing of all organisms in 500 classrooms. Both approaches
identified a substantial level of yeast diversity including
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Fig.4 Selected genera showing significant differences (p < 10E-5; ¢-test) in abundance (Log (rarefied reads per sample)) when comparing indoor

samples from homes (n=428) and daycares (n=411)

the genera Candida, Debaryomyces, Rhodotorula, Cryp-
tococcus, Naganishia, Filobasidium, and Cyberlindnera.
Overall, this study showed a striking difference in the
relative distribution of yeasts and filamentous fungi in day-
cares and homes, where yeasts were proportionally more
abundant in daycares and vice versa. Whether this difference
is directly coupled to health effects is unknown. Molds have
been shown to cause asthma and other respiratory diseases
in humans in moist environments [55, 56]. Furthermore,
moisture in homes, in addition to the level of fungal spores
outdoors, were the best predictors to indoor fungal spore
concentrations in 190 homes in Paris, France [57]. Mois-
ture in schools, but not microbes, was the best predictor of
respiratory problems in school children in the Netherlands
and Finland [58]. However, a recent birth cohort study in
Finnish homes reported that early-life exposure to home dust
mycobiomes do not have clear negative or positive effects on
asthma development in children [59]. Despite the clear asso-
ciation between some yeasts (e.g., Malassezia and Candida)
and skin disorders (atopic dermatitis and mucocutaneous
candidiasis, respectively) [14], some studies have pointed
out a potential protective role of the dust yeast exposure
against allergies and asthma in children [60]. Thus, the
marked difference in the proportional abundance of molds
and yeasts in the different building types may not lead to
negative effects for the occupants. To gain further insight

on this topic, future studies should assess inhabitant’s health
status coupled to the indoor mycobiomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-025-02505-4.

Acknowledgements We acknowledge the personnel of the daycare
centers and the inhabitants of the homes for sampling and for provid-
ing metadata of the building and occupancy features. Mycoteam AS
contributed to the sampling and provided sampling equipment.

Author Contributions Conceptualization: HK, PMM-S, ELE and IS;
Investigation: PMM-S and ELS; Methodology: PMM-S, ELS and SM;
Formal analysis: PMM-S, LM and KH; Visualization: PMM-S; Data
curation: PMM-S; Software: LM; Resources: SM; Writing — original
draft: HK; Writing — review & editing: all authors; Supervision: HK
and IS; Funding acquisition: HK, PMM-S, ELE and IS.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. The research was financially sup-
ported by the University of Oslo, the Norwegian Asthma and Allergy
Association (NAAF), and the European Union’s Horizon 2020 research
and innovation program (Marie Sktodowska-Curie Individual Fellow-
ship to PMM-S; grant agreement Mycolndoor No 741332). PMM-S
also thanks the grant PID2021-1231840A-100 funded by MCIN/AEI/
https://doi.org/10.13039/501100011033 and ERDF—A way of mak-
ing Europe.

Data Availability Our initial combined OTU table, as well as the final
rarefied matrix for fungi, are available at Zenodo (https://doi.org/10.
5281/zenodo.14049800) together with information about metadata of
environmental variables, taxonomic assignment, as well as annotations

@ Springer


https://doi.org/10.1007/s00248-025-02505-4
https://doi.org/10.5281/zenodo.14049800
https://doi.org/10.5281/zenodo.14049800

7 Page 8 of 10

H. Kauserud et al.

of trophic modes/guilds and growth forms. Raw sequence data from
homes and daycares are available on ENA at EMBL-EBI (https:/www.
ebi.ac.uk/ena/browser/view/PRJEB42161) and Dryad (https://doi.org/
10.5061/dryad.sn02v6x5s), respectively.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. An C, Yamamoto N (2016) Fungal compositions and diversi-
ties on indoor surfaces with visible mold growths in residential
buildings in the Seoul Capital Area of South Korea. Indoor Air
26(5):714-723. https://doi.org/10.1111/ina.12261

2. do Nascimento JPM, dos Santos R, dos Santos Silva MS, de
Aratijo MA, Anhezini L, dos Santos DE, da Silva-Filho EA (2023)
Indoor air contamination by yeasts in healthcare facilities: risks of
invasive fungal infection. Aerobiology 1(1):3—18. https://doi.org/
10.3390/aerobiology 1010002

3. Ejdys E, Michalak J, Szewczyk KM (2009) Yeast-like fungi iso-
lated from indoor air in school buildings and the surrounding out-
door air. Acta Mycol 44(1):97-107

4. Rocchi S, Valot B, Reboux G, Millon L (2017) DNA metabarcod-
ing to assess indoor fungal communities: electrostatic dust collec-
tors and Illumina sequencing. J Microbiol Methods 139:107-112.
https://doi.org/10.1016/j.mimet.2017.05.014

5. Niculita-Hirzel H, Wild P, Hirzel AH (2022) Season, vegetation
proximity and building age shape the indoor fungal communities’
composition at city-scale. J Fungi 8(10):1045. https://doi.org/10.
3390/jof8101045

6. Estensmo EL, Morgado L, Maurice S, Martin-Sanchez PM, Engh
IB, Mattsson J, Kauserud H, Skrede I (2021) Spatiotemporal vari-
ation of the indoor mycobiome in daycare centers. Microbiome
9:220. https://doi.org/10.21203/rs.3.rs-147547/v1

7. Martin-Sanchez PM, Estensmo EL, Morgado LN, Maurice S,
Engh IB, Skrede I, Kauserud H (2021) Analysing indoor myco-
biomes through a large-scale citizen science study in Norway. Mol
Ecol 30(11):2689-2705. https://doi.org/10.1111/mec.15916

8. Estensmo EL, Smebye BS, Maurice S, Martin-Sanchez PM, Mor-
gado L, Bjorvand Engh I, Hgiland K, Skrede I, Kauserud H (2022)
The indoor mycobiomes of daycare centers are affected by occu-
pancy and climate. Appl Environ Microbiol 88(6):¢02113-e2121.
https://doi.org/10.1128/aem.02113-21

9. Adams RI, Miletto M, Taylor JW, Bruns TD (2013) The diver-
sity and distribution of fungi on residential surfaces. PLoS ONE
8(11):¢78866. https://doi.org/10.1371/journal.pone.0078866

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Inamdar AA, Bennett JW (2015) Volatile organic compounds
from fungi isolated after hurricane Katrina induce developmen-
tal defects and apoptosis in a Drosophila melanogaster model.
Environ Toxicol 30(5):614-620. https://doi.org/10.1002/tox.
21933

Mendell MJ, Mirer AG, Cheung K, Tong M, Douwes J (2011)
Respiratory and allergic health effects of dampness, mold, and
dampness-related agents: a review of the epidemiologic evidence.
Environ Health Perspect 119(6):748-756. https://doi.org/10.1289/
ehp.1002410

Vandenborght L-E, Enaud R, Urien C, Coron N, Girodet P-O,
Ferreira S, Berger P, Delhaes L (2020) Type 2-high asthma is
associated with a specific indoor mycobiome and microbiome. J
Allergy Clin Immunol 147(4):1296-1305.e6. https://doi.org/10.
1016/j.jaci.2020.08.035

Jo JH, Kennedy EA, Kong HH (2017) Topographical and physi-
ological differences of the skin mycobiome in health and disease.
Virulence 8(3):324-333. https://doi.org/10.1080/21505594.2016.
1249093

White TC, Findley K, Dawson TL, Scheynius A, Boekhout T,
Cuomo CA, Xu J, Saunders CW (2014) Fungi on the skin: der-
matophytes and Malassezia. Cold Spring Harb Perspect Med
4(8):a019802. https://doi.org/10.1101/cshperspect.a019802
Tiew PY, Mac Aogain M, Ali N, Thng KX, Goh K, Lau KJX,
Chotirmall SH (2020) The mycobiome in health and disease:
emerging concepts, methodologies and challenges. Mycopath
185(2):207-231. https://doi.org/10.1007/s11046-019-00413-z
WHO (2022). WHO fungal priority pathogens list to guide
research, development and public health action. https://www.who.
int/publications/i/item/9789240060241. Accessed 27 November
2024

Bardi T, Pintado V, Gomez-Rojo M, Escudero-Sanchez R, Azzam
Lopez A, Diez-Remesal Y, Martinez Castro N, Ruiz-Garbajosa P,
Pestafia D (2021) Nosocomial infections associated to COVID-19
in the intensive care unit: clinical characteristics and outcome.
Eur J Clin Microbiol Infect Dis 40(3):495-502. https://doi.org/
10.1007/s10096-020-04142-w

Raut A, Huy NT (2021) Rising incidence of mucormycosis in
patients with COVID-19: another challenge for India amidst the
second wave? Lancet Respir Med 9(8):e77. https://doi.org/10.
1016/52213-2600(21)00265-4

Shin SK, Kim J, Ha SM, Oh HS, Chun J, Sohn J, Yi H (2015)
Metagenomic insights into the bioaerosols in the indoor and
outdoor environments of childcare facilities. PLoS ONE
10(5):e0126960. https://doi.org/10.1371/journal.pone.0126960
Minahan NT, Chen CH, Shen WC, Lu TP, Kallawicha K, Tsai
KH, Guo YL (2022) Fungal spore richness in school class-
rooms is related to surrounding forest in a season-dependent
manner. Microb Ecol 84(2):351-362. https://doi.org/10.1007/
$00248-021-01844-2

Adams RI, Miletto M, Taylor JW, Bruns TD (2013) Dispersal in
microbes: fungi in indoor air are dominated by outdoor air and
show dispersal limitation at short distances. ISME J 7(7):1262—
1273. https://doi.org/10.1038/ismej.2013.28

Weikl F, Tischer C, Probst AJ, Heinrich J, Markevych I, Jochner
S, Pritsch K (2016) Fungal and bacterial communities in indoor
dust follow different environmental determinants. PLoS ONE
11(4):e0154131. https://doi.org/10.1371/journal.pone.0154131
Moser T, Martinsen MT (2010) The outdoor environment in
Norwegian kindergartens as pedagogical space for toddlers’ play,
learning and development. EECERJ 18(4):457-471. https://doi.
org/10.1080/1350293X.2010.525931

Tandberg C, Kaarby KME (2017) The belief in outdoor play and
learning. J ETEN 12:25-36

. Horvath P, Halvorsen R, Stordal F, Tallaksen LM, Tang H, Bryn

A (2019) Distribution modelling of vegetation types based on


https://www.ebi.ac.uk/ena/browser/view/PRJEB42161
https://www.ebi.ac.uk/ena/browser/view/PRJEB42161
https://doi.org/10.5061/dryad.sn02v6x5s
https://doi.org/10.5061/dryad.sn02v6x5s
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/ina.12261
https://doi.org/10.3390/aerobiology1010002
https://doi.org/10.3390/aerobiology1010002
https://doi.org/10.1016/j.mimet.2017.05.014
https://doi.org/10.3390/jof8101045
https://doi.org/10.3390/jof8101045
https://doi.org/10.21203/rs.3.rs-147547/v1
https://doi.org/10.1111/mec.15916
https://doi.org/10.1128/aem.02113-21
https://doi.org/10.1371/journal.pone.0078866
https://doi.org/10.1002/tox.21933
https://doi.org/10.1002/tox.21933
https://doi.org/10.1289/ehp.1002410
https://doi.org/10.1289/ehp.1002410
https://doi.org/10.1016/j.jaci.2020.08.035
https://doi.org/10.1016/j.jaci.2020.08.035
https://doi.org/10.1080/21505594.2016.1249093
https://doi.org/10.1080/21505594.2016.1249093
https://doi.org/10.1101/cshperspect.a019802
https://doi.org/10.1007/s11046-019-00413-z
https://www.who.int/publications/i/item/9789240060241
https://www.who.int/publications/i/item/9789240060241
https://doi.org/10.1007/s10096-020-04142-w
https://doi.org/10.1007/s10096-020-04142-w
https://doi.org/10.1016/S2213-2600(21)00265-4
https://doi.org/10.1016/S2213-2600(21)00265-4
https://doi.org/10.1371/journal.pone.0126960
https://doi.org/10.1007/s00248-021-01844-2
https://doi.org/10.1007/s00248-021-01844-2
https://doi.org/10.1038/ismej.2013.28
https://doi.org/10.1371/journal.pone.0154131
https://doi.org/10.1080/1350293X.2010.525931
https://doi.org/10.1080/1350293X.2010.525931

Yeasts Prefer Daycares and Molds Prefer Private Homes

Page9of10 7

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

area frame survey data. Appl Veg Sci 22:547-560. https://doi.
org/10.1111/avsc.12451

Thrmark K, Bédeker ITM, Cruz-Martinez K, Friberg H, Kubar-
tova A, Schenck J, Strid Y, Stenlid J, Brandstrom-Durling M,
Clemmensen KE, Lindahl BD (2012) New primers to amplify
the fungal ITS2 region — evaluation by 454-sequencing of artifi-
cial and natural communities. FEMS Microbiol Ecol 82(3):666—
677. https://doi.org/10.1111/j.1574-6941.2012.01437.x

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and
direct sequencing of fungal ribosomal RNA genes for phyloge-
netics. PCR Protocols: a Guide Methods Appl 18(1):315-322.
https://doi.org/10.1016/b978-0-12-372180-8.50042-1

Martin M (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet J 17(1):10-2.
https://doi.org/10.14806/ej.17.1.200

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA,
Holmes SP (2016) DADAZ2: high-resolution sample inference
from Illumina amplicon data. Nat Methods 13:581. https://doi.
org/10.1038/nmeth.3869

Bengtsson-Palme J, Ryberg M, Hartmann M, Branco S, Wang Z,
Godhe A et al (2013) Improved software detection and extrac-
tion of ITS1 and ITS2 from ribosomal ITS sequences of fungi
and other eukaryotes for analysis of environmental sequencing
data. Methods Ecol Evol 4(10):914-919. https://doi.org/10.
1111/2041-210X.12073

Estensmo ELF, Maurice S, Morgado L, Martin-Sanchez PM,
Skrede I, Kauserud H (2021) The influence of intraspecific
sequence variation during DNA metabarcoding: a case study
of eleven fungal species. Mol Ecol Resour 21(4):1141-1148.
https://doi.org/10.1111/1755-0998.13329

Rognes T, Flouri T, Nichols B, Quince C, Mahé F (2016)
VSEARCH: a versatile open source tool for metagenomics.
Peer] Prepr 4:€2409v1. https://doi.org/10.7287/peerj.preprints.
2409v1

Frgslev TG, Kjgller R, Bruun HH, Ejrnas R, Brunbjerg AK, Pie-
troni C, Hansen AJ (2017) Algorithm for post-clustering curation
of DNA amplicon data yields reliable biodiversity estimates. Nat
Commun 8(1):1188. https://doi.org/10.1038/s41467-017-01312-x
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990)
Basic local alignment search tool. J Mol Biol 215(3):403—410.
https://doi.org/10.1016/S0022-2836(05)80360-2

Koljalg U, Larsson KH, Abarenkov K, Nilsson RH, Alexander
1J, Eberhardt U et al (2005) UNITE: a database providing web-
based methods for the molecular identification of ectomycorrhizal
fungi. New Phytol 166(3):1063-1068. https://doi.org/10.1111/j.
1469-8137.2005.01376.x

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J
et al (2016) FUNGuild: an open annotation tool for parsing fungal
community datasets by ecological guild. Fungal Ecol 20:241-248.
https://doi.org/10.1016/j.funeco.2015.06.006

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McG-
linn D et al (2019) vegan: community ecology package. R pack-
age version 2.5-6. https://CRAN.R-project.org/package=vegan.
Accessed 27 Nov 2024

Quensen J, Simpson G, Oksanen J (2018) ggordiplots: make
ggplot versions of vegans ordiplots. R package version 030.
https://CRAN.R-project.org/package=ggordiplots. Accessed 27
Nov 2024

Caceres MD, Legendre P (2009) Associations between spe-
cies and groups of sites: indices and statistical inference. Ecol
90(12):3566-3574

Barberan A, Ladau J, Leff JW, Pollard KS, Menninger HL, Dunn
RR, Fierer N (2015) Continental-scale distributions of dust-asso-
ciated bacteria and fungi. Proc Natl Acad Sci 112(18):5756-5761.
https://doi.org/10.1073/pnas.1420815112

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

. Yamamoto N, Hospodsky D, Dannemiller KC, Nazaroff WW,

Peccia J (2015) Indoor emissions as a primary source of airborne
allergenic fungal particles in classrooms. Environ Sci Technol
49(8):5098-5106. https://doi.org/10.1021/es506165z

Amend AS, Seifert KA, Samson R, Bruns TD (2010) Indoor
fungal composition is geographically patterned and more diverse
in temperate zones than in the tropics. Proc Natl Acad Sci
107(31):13748-21353. https://doi.org/10.1073/pnas.1000454107
Madureira J, Paciéncia I, Rufo JC, Pereira C, Teixeira JP, de
Oliveira FE (2015) Assessment and determinants of airborne bac-
terial and fungal concentrations in different indoor environments:
Homes, child day-care centres, primary schools and elderly care
centres. Atmos Environ 109:139-146. https://doi.org/10.1016/j.
atmosenv.2015.03.026

Peay KG, Kennedy PG, Talbot JM (2016) Dimensions of biodi-
versity in the Earth mycobiome. Nat Rev Microbiol 14(7):434—47.
https://doi.org/10.1038/nrmicro.2016.59

Powell JR, Karunaratne S, Campbell CD, Yao H, Robinson L,
Singh BK (2015) Deterministic processes vary during community
assembly for ecologically dissimilar taxa. Nat Commun 6(1):8444.
https://doi.org/10.1038/ncomms 9444

Karlsson E, Johansson A-M, Ahlinder J, Lundkvist MJ, Singh
NJ, Brodin T, Forsman M, Stenberg P (2020) Airborne microbial
biodiversity and seasonality in Northern and Southern Sweden.
PeerJ 8:e8424. https://doi.org/10.7717/peerj.8424

Abrego N, Furneaux B, Hardwick B, Somervuo P, Palorinne
I, Aguilar-Trigueros CA et al (2024) Airborne DNA reveals
predictable spatial and seasonal dynamics of fungi. Nature
631(8022):835-842. https://doi.org/10.1038/s41586-024-07658-9
Jo JH, Deming C, Kennedy EA, Conlan S, Polley EC, Ng WI,
Segre JA, Kong HH (2016) NISC Comparative Sequencing
Program Diverse human skin fungal communities in children
converge in adulthood. J Investigat Dermatol 136(12):2356-63.
https://doi.org/10.1016/j.jid.2016.05.130

Caetano CF, Gaspar C, Martinez-de-Oliveira J, Palmeira-de-
Oliveira A, Rolo J (2023) The role of yeasts in human health: a
review. Life (Basel) 13(4):924. https://doi.org/10.3390/1ife 130409
24

Ghannoum MA, Jurevic RJ, Mukherjee PK, Cui F, Sikaroodi M,
Nagqvi A, Gillevet PM (2010) Characterization of the oral fungal
microbiome (mycobiome) in healthy individuals. PloS Pathog
6(1):e1000713. https://doi.org/10.1371/journal.ppat.1000713
Dupuy AK, David MS, Li L, Heider TN, Peterson JD, Montano
EA, Dongari-Bagtzoglou A, Diaz PI, Strausbaugh LD (2014)
Redefining the human oral mycobiome with improved prac-
tices in amplicon-based taxonomy: discovery of Malassezia as a
prominent commensal. PLoS ONE 9(3):€90899. https://doi.org/
10.1371/journal.pone.0090899

Nenciarini S, Renzi S, di Paola M, Meriggi N, Cavalieri D (2024)
Ascomycetes yeasts: the hidden part of human microbiome.
WIREs Mech Dis 16(3):e1641. https://doi.org/10.1002/wsbm.
1641

Hashimoto K, Yamazaki F, Kohyama N, Kawakami Y (2020)
Analysis of fungal flora in the dust of bedding in Japanese houses
and genetic identification of yeasts isolated from the dust. Biocon-
trol Sci 25(4):193-202. https://doi.org/10.4265/bi0.25.193

Park JH, Lemons AR, Croston TL, Park Y, Roseman J, Green BJ,
Cox-Ganser JM (2022) Mycobiota and the contribution of yeasts
in floor dust of 50 elementary schools characterized with sequenc-
ing internal transcribed spacer region of ribosomal DNA. Environ
Sci Technol 56(16):11493-11503. https://doi.org/10.1021/acs.est.
2c¢01703

Baxi SN, Portnoy JM, Larenas-Linnemann DES, Phipatanakul
W, Workgroup EA (2016) Exposure and health effects of fungi
on humans. J Allergy Clin Immunol Pract 4(3):396—404. https://
doi.org/10.1016/j.jaip.2016.01.008

@ Springer


https://doi.org/10.1111/avsc.12451
https://doi.org/10.1111/avsc.12451
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1016/b978-0-12-372180-8.50042-1
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/1755-0998.13329
https://doi.org/10.7287/peerj.preprints.2409v1
https://doi.org/10.7287/peerj.preprints.2409v1
https://doi.org/10.1038/s41467-017-01312-x
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1111/j.1469-8137.2005.01376.x
https://doi.org/10.1111/j.1469-8137.2005.01376.x
https://doi.org/10.1016/j.funeco.2015.06.006
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=ggordiplots
https://doi.org/10.1073/pnas.1420815112
https://doi.org/10.1021/es506165z
https://doi.org/10.1073/pnas.1000454107
https://doi.org/10.1016/j.atmosenv.2015.03.026
https://doi.org/10.1016/j.atmosenv.2015.03.026
https://doi.org/10.1038/nrmicro.2016.59
https://doi.org/10.1038/ncomms9444
https://doi.org/10.7717/peerj.8424
https://doi.org/10.1038/s41586-024-07658-9
https://doi.org/10.1016/j.jid.2016.05.130
https://doi.org/10.3390/life13040924
https://doi.org/10.3390/life13040924
https://doi.org/10.1371/journal.ppat.1000713
https://doi.org/10.1371/journal.pone.0090899
https://doi.org/10.1371/journal.pone.0090899
https://doi.org/10.1002/wsbm.1641
https://doi.org/10.1002/wsbm.1641
https://doi.org/10.4265/bio.25.193
https://doi.org/10.1021/acs.est.2c01703
https://doi.org/10.1021/acs.est.2c01703
https://doi.org/10.1016/j.jaip.2016.01.008
https://doi.org/10.1016/j.jaip.2016.01.008

7

Page 10 of 10

H. Kauserud et al.

56.

57.

58.

Tischer C, Tdubel M, Kirjavainen PV, Depner M, Hyvirinen A,
Piippo-Savolainen E, Pekkanen J, Karvonen AM (2022) Early-life
residential exposure to moisture damage is associated with persis-
tent wheezing in a Finnish birth cohort. Pediatr Allergy Immunol
33(10):e13864. https://doi.org/10.1111/pai.13864

Dassonville C, Demattei C, Detaint B, Barral S, Bex-Capelle
V, Momas I (2008) Assessment and predictors determination of
indoor airborne fungal concentrations in Paris newborn babies’
homes. Environ Res 108(1):80-85. https://doi.org/10.1016/].
envres.2008.04.006

Adams RI, Leppédnen H, Karvonen AM, Jacobs J, Borras-Santos
A, Valkonen M, Krop E, Haverinen-Shaughnessy U, Huttunen K,
Zock JP, Hyvirinen A, Heederik D, Pekkanen J, Taubel M (2021)
Microbial exposures in moisture-damaged schools and associa-
tions with respiratory symptoms in students: a multi-country envi-
ronmental exposure study. Indoor Air 31(6):1952-1966. https://
doi.org/10.1111/ina.12865

@ Springer

59.

60.

Tdubel M, Jalanka J, Kirjavainen PV, Tuoresmiki P, Hyvérinen
A, Skevaki C, Piippo-Savolainen E, Pekkanen J, Karvonen AM
(2023) Fungi in early-life house dust samples and the development
of asthma: a birth cohort study. Ann Am Thorac Soc 20(10):1456—
1464. https://doi.org/10.1513/AnnalsATS.202303-1870C
Behbod B, Sordillo JE, Hoffman EB, Datta S, Webb TE, Kwan
DL, Kamel JA, Muilenberg ML, Scott JA, Chew GL, Platts-Mills
TA, Schwartz J, Coull B, Burge H, Gold DR (2015) Asthma and
allergy development: contrasting influences of yeasts and other
fungal exposures. Clin Exp Allergy 45(1):154—163. https://doi.
org/10.1111/cea.12401

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1111/pai.13864
https://doi.org/10.1016/j.envres.2008.04.006
https://doi.org/10.1016/j.envres.2008.04.006
https://doi.org/10.1111/ina.12865
https://doi.org/10.1111/ina.12865
https://doi.org/10.1513/AnnalsATS.202303-187OC
https://doi.org/10.1111/cea.12401
https://doi.org/10.1111/cea.12401

	Yeasts Prefer Daycares and Molds Prefer Private Homes
	Abstract
	Introduction
	Methods
	Context and Original Datasets
	Bioinformatics
	Statistics

	Results
	OTU Richness
	Indoor Community Composition

	Discussion
	Acknowledgements 
	References


