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1  |  INTRODUC TION

Buildings have become our most intimate ecosystems, and our inter-
actions with microorganisms that colonize the built environment (BE) 
can help shape our microbiome and can have effects on inhabitants' 
health. Fungi are a highly diverse domain, and their presence has long 
been established in the BE (Solomon, 1975). Previous studies have 
shown the BE mycobiome is composed mainly of saprotrophs; mold 
and yeasts such as Alternaria, Aspergillus, Cladosporium, Penicillium, 
and Wallemia (Martin-Sanchez et al., 2021; Ren et al., 2001; Samson 
et al., 2011; Taylor et al., 2014). Research has focused on buildings with 
excess moisture due to leaks caused by building damage, plumbing 

faults, or condensation (Adams et al., 2020; Jayaprakash et al., 2017; 
Pasanen et al.,  2000; Sudakin,  1998; Torvinen et al.,  2006; Trout 
et al., 2001). Under these conditions, fungi can flourish and function 
as sources of indoor pollutants by emitting spores, fungal fragments, 
mycotoxins, and volatile organic compounds which can exacerbate 
the onset of disease including asthma, trigger allergies, and have 
been associated with sick building syndrome and other respiratory 
diseases (Cooley et al., 1998; Fu et al., 2021; Karvala et al., 2010; Li & 
Yang, 2004; Simon-Nobbe et al., 2008; Soeria-Atmadja et al., 2010; 
Trout et al., 2001). Besides the health concerns, fungi can also cause 
structural damage to buildings resulting in considerable economic 
costs (Gámez-Espinosa et al., 2020; Haas et al., 2019; Schmidt, 2007).

Received: 26 July 2022 | Revised: 1 November 2022 | Accepted: 7 November 2022

DOI: 10.1002/edn3.375  

O R I G I N A L  A R T I C L E

Mycobial community assemblages in sink drains across a 
university campus

Zoe Withey1  |   Alisha Awan1 |   Naol Duguma1 |   Elsie Fell1 |   Naomi J. Martinez1 |   
Ed Neary1 |   Tim Goodall2 |   Hyun S. Gweon1,2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2022 The Authors. Environmental DNA published by John Wiley & Sons Ltd.

1School of Biological Sciences, University 
of Reading, Reading, UK
2UK Centre for Ecology & Hydrology, 
Wallingford, UK

Correspondence
Zoe Withey and Hyun S. Gweon, School of 
Biological Sciences, University of Reading, 
Reading, UK.
Email: z.a.withey@pgr.reading.ac.uk and 
h.s.gweon@reading.ac.uk

Funding information
Natural Environment Research Council, 
Grant/Award Number: NE/L002566/1

Abstract
Multiple fungal species, including potential opportunistic pathogens have been pre-
viously identified in water systems. Here, we investigated over 250 restroom sink 
fungal communities across a university campus and evaluated their diversity and 
core taxa present. Remarkable similarity in mycobial community composition was ob-
served across buildings with Ascomycota consistently dominating. We found a core 
mycobiome independent of the building sampled, that included Exophiala species, 
potential opportunistic pathogenic black yeasts. Other prevalent and dominant taxa 
included Saccharomyces and Fusarium, common built environment fungi. The frequent 
presence of Malassezia, a common skin commensal, showed the external influence of 
human activities as a source of fungi to sinks. The study represents a novel exploration 
of sink P-traps mycobial communities from a public area and highlights their impor-
tance as reservoirs of possible pathogenic fungi, as well as emphasizing the relevance 
of further research in this understudied ecosystem within the built environment.
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Seasonal patterns, environmental gradients and other extrin-
sic factors primarily determine the indoor fungal diversity and 
composition, but more local features such as building function 
and construction can also contribute to shaping the mycobiome 
within individual buildings (Adams et al.,  2013a, 2014, 2016; 
Amend et al., 2010; Barberán, Ladau, et al., 2015; Martin-Sanchez 
et al., 2021; Stephens, 2016; Wong et al., 2008). Outdoor air is an 
important source of indoor fungi. Culturable and non-culturable 
fungi concentrations and composition of species correlate in out-
door and indoor air and other BE surfaces (Adams et al.,  2014, 
2013a, 2013b). However, the most common indoor fungi are not 
necessarily identical to that of outdoors; for example, Penicillium 
is usually more common in indoor air (Hyvarinen et al.,  1993; Li 
& Kendrick,  1995). Interestingly, while occupants are the pri-
mary source of bacteria to the BE (Hospodsky et al.,  2012; Lax 
et al., 2014; Meadow et al., 2014), residents have been shown to 
either minimally (Adams et al.,  2014) (Adams et al.,  2014) influ-
ence or not determine fungal community structure (Dannemiller 
et al.,  2016; Martin-Sanchez et al.,  2021). A study comparing 
indoor air (private homes) and outdoor air, revealed a positive 
correlation between occupants and mycobiome composition 
(Martin-Sanchez et al.,  2021). The study showed that increased 
number of occupants resulted in higher exchange and transport of 
air particles which drove indoor communities toward outdoor spe-
cies composition. It is evident that humans can be a direct source 
of fungi especially dermatophytes such as Malassezia (Adams 
et al.,  2013b; Pitkäranta et al.,  2008). Restroom surfaces in par-
ticular were found to host highly diverse mycobiomes, and evi-
dence suggests that they are sourced from human activities such 
as shoes (Fouquier et al., 2016).

The plumbing or water distribution systems (WDS) are one of 
the most favorable environments for microbial growth in healthy 
buildings (Adams et al.,  2013b). Experiments with temporarily 
wetted surfaces have shown to encourage the growth of fungi 
within days or weeks (Pasanen et al., 1992). Endogenous growth 
has been shown on sink surfaces, in sink drains and the wider WDS 
(Adams et al.,  2013b; Hamada & Abe,  2010; Short et al.,  2011; 
Zupančič et al., 2016). Adams et al.  (2013b) revealed differences 
in drains between kitchens and bathrooms in private homes and 
suggested a distant drain niche due to the high frequency of 
which thermotolerant fungi were observed, namely Fusarium and 
Exophiala. Aerosolization of fungal material rather than direct con-
tact poses a greater risk for health (Górny et al.,  2002; Kuhn & 
Ghannoum,  2003), and WDS including sinks have demonstrated 
aerosolization of fungi resulting in adverse effects on health 
(Anaissie, Kuchar, et al.,  2001; Anaissie, Stratton, et al.,  2001; 
Chang et al., 2006; Short et al., 2011). Moreover, drains have been 
suggested to be a reservoir of potentially serious fungal pathogens 
that could result in outbreaks through droplet-mediated disper-
sion (Hino et al., 2020). Despite the importance, there has been 
relatively little research into how fungal communities in WDS and 
drainage piping are structured, particularly in the public domain. In 

this study, we investigated mycobial community composition and 
structure of sink P-traps distributed across a university campus, 
specifically addressing the following objectives: (i) which fungi 
dominate P-trap mycobiome and do they correspond to taxa pre-
viously found in similar environments; (ii) whether the identified 
dominant taxa are found ubiquitously across all sinks; and (iii) how 
the mycobial communities are structured and whether or not they 
are influenced by the BE types.

2  |  METHODS

2.1  |  Sample collection and DNA extraction

Samples from P-traps were collected from 20 different buildings 
across the University of Reading's Whiteknights campus during early 
November 2021. All buildings selected had accessible restrooms. 
Buildings selected were mainly those used for teaching; however, 
some buildings were used for dining or recreational activities. A 
total of 412 samples were collected. The methods for collecting 
P-trap samples were the same as described in Withey et al., 2021. 
Briefly, sterile cotton swabs were inserted using a sampling rod 
into the P-Traps and circumference of pipe swabbed for 5 s. Swabs 
were stored in 1.5 ml tubes in a freezer at −20°C until required for 
DNA extraction. Metadata was recorded on each of the swabs col-
lected (Table S1). Genomic DNA was isolated from the swabs using 
HigherPurity Soil DNA Isolation kit (Canvax Biotech), according to 
the manufacturer's protocol. Negative controls were blank swabs 
extracted by the same method.

2.2  |  PCR amplification and Illumina sequencing

The ITS2 region of the extracted DNA was amplified using for-
ward primer fITS7 (GTGARTCATCGAATCTTTG) and reverse 
primer ITS4 (TCCTCCGCTTATTGATATGC) (Ihrmark et al.,  2012). 
Each PCR reaction contained the following components; 22 μl of 
ReadyMix Taq PCR Reaction Mix (Sigma-Aldrich), 0.5  μl of each 
10  μM forward and reverse primers, 5  μl of template DNA, and 
22 μl of UltraPure DNase/RNase-free distilled water (Invitrogen). 
Thermocycling conditions were 30 s initial denaturation at 95°C, 
followed by 35 cycles of 30 s denaturation at 95°C, 30 s anneal-
ing at 50°C, 2  min extension at 72°C, and a final elongation at 
72°C for 5 min. PCR reactions included negative template controls 
in which the template DNA was replaced with 5  μl of UltraPure 
DNase/RNase-free distilled water to ensure PCR reagents and 
equipment were not contaminated. After PCR amplification, PCR 
products were purified with Agencourt AMPure XP magnetic 
beads (Beckman Coulter).

Samples that did not amplify, and those post clean-up that 
had no band present on gel were excluded from barcoding and 
subsequent sequencing. Those samples that did not amplify were 
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mostly associated with particular buildings (Table  S2). A total of 
343 purified PCR products underwent a second PCR reaction to 
add Illumina-specific adapters and unique barcodes. In short, 25 μl 
reaction mixtures were prepared by adding 9.5 μl of ReadyMix Taq 
PCR Reaction Mix (Sigma-Aldrich), 2.5  μl of both forward index 
and reverse index primers (4 μM each), 9.5 μl Nuclease-free water 
and 1 μl of the purified PCR product. The thermocycle conditions 
for the second round of PCR were initial denaturation of 95°C for 
2 min, and then 8 cycles of denaturation at 95°C for 15 s, anneal-
ing at 55°C for 30 s and extension at 72°C for 30 s, followed by 
a final extension of 72°C for 10 min. NGS normalization 96-Well 
Kit (Norgen) purified and normalized the samples before being 
pooled. An amplicon library spanning ITS2 region was sequenced 
at a concentration of 10  pM and merged with 5% PhiX on an 
Illumina Miseq platform using V3 chemistry (Illumina Inc.) at UK 
Centre for Ecology & Hydrology.

2.3  |  Bioinformatics pipeline and 
statistical analyses

The obtained sequenced paired-end reads were processed using 
PIPITS (Gweon et al., 2015). All further data processing and statisti-
cal analysis were performed in R, version 3.6.3 (R Core Team, 2022) 
through RSTUDIO.

Phyloseq version 1.30.0, Tidyverse version 1.3.1, and vegan 
version 2.5.7, were used for data manipulation, plotting, and eco-
logical analyses (Mcmurdie & Holmes, 2013; Oksanen et al., 2020; 
Wickham et al., 2019). Plots were further refined, and results visu-
alized using ggplot2 version 3.3.5. Initially, low abundant OTUs (<10 
reads) were removed from the ITS data, to reduce spurious taxa, and 
only OTUs identifiable to phylum were included for analysis. Three 
buildings were then removed from subsequent statistical analysis 
due to 5 or less samples remaining after rarefaction.

Beta diversity was evaluated and visualized with non-metric 
multidimensional scaling (NMDS) ordination of sink samples 
using Bray–Curtis dissimilarity distances and Jaccard indices 
constructed using the vegdist function. To assess the correlation 
between environmental variables (Building and Gender of re-
stroom sampled) permutational multivariate analysis of variance 
(PERMANOVA; 999 permutations) was performed individually 
on the two variables using adonis. Additionally, Tukey's test was 
used for post-hoc analysis to further investigate the significant 
differences or similarities between pairs of buildings. Betadisper 
was used to test the homogeneity of variance among groups and 
analysis of variance (anova) tested for the significant difference in 
these variances. Alpha diversity was also assessed by calculating 
species richness (number of OTUs), Shannon diversity and Pielous 
evenness. Significant differences in alpha diversity across building 
and restroom gender were calculated using the non-parametric 
Kruskal-Wallis test. Taxonomic analysis of the data was performed 
from Phylum to Genus and core mycobiome identified by their 
prevalence and relative abundance. Plot_core from the microbiome 

package version 1.8.0, was applied to visualize the core OTUs 
(Lahti & Shetty, 2017).

3  |  RESULTS

3.1  |  Data features

After bioinformatic processing through PIPITS, the fungal data-
set contained 3862 OTUs (9,265,250 sequences), distributed 
across 343 samples from 20 buildings throughout the University 
of Reading's campus. The number of reads per sample varied be-
tween 2 and 81,693 (mean/median  =  27,012/27,215). Rarefying 
to an even sequencing depth of 5000 reads per sample resulted 
in 42 samples being removed (301 samples remaining) (Figure S5). 
Furthermore, removal of buildings with not enough individual 
samples resulted in a total of 289 samples for downstream analy-
sis. The remaining data comprised 2432 OTUs, with an average of 
217 OTUS per sample (Min 36 OTUs, Max 417 OTUs) (Table S3). 
The highly abundant fungal OTUs (relative abundance below 1%) 
were also widely distributed (prevalence of 50% or more). Of the 
OTUs assigned to the domain fungi, there were seven identifiable 
phyla. Those identified to phylum, were further classified into 25 
known classes, 88 orders, 220 families, 375 genera and 605 spe-
cies (>85% identity).

3.2  |  Taxonomic distribution

The fungi identified to Phylum were represented by seven phyla, of 
which two accounted for the majority of taxa (<99%); Ascomycota 
(91.89%) and Basidiomycota (7.99%). Ascomycota dominated 
across all buildings sampled (Figure 1a; Figure S1a). The top three 
classes were Sordariomycetes (39%), Eurotiomycetes (24.37%) and 
Saccharomycetes (12.46%). The main orders were Hypocreales 
(37.26%), Chaetothyriales (23.9%), Saccharomycetales (12.46%). 
The dominant identifiable families were Nectriaceae (21.87%), 
Herpotrichiellaceae (20.06%) and Saccharomycetaceae (10.94%). 
Of the 375 genera classified, Exophiala (19.33%), Saccharomyces 
(10.92%), Fusarium (5.36%), Cyphellophora (3.42%), Malassezia 
(2.87%), BisiFusarium (1.51%), and Ramularia (1.35%) had a relative 
abundance >1%. The majority of the genus Exophiala was identified 
as the species Exophiala lecanii-corni (61.2% of the reads classified as 
the genus Exophiala). Exophiala lecanii-corni was the top identifiable 
species and accounted for 11.84% of reads across all species. The 
OTUs that had >1% RA accounted for 60.82% of all reads (Table 1). 
Moreover, the phyla Ascomycota was highly prevalent (100% of 
samples) and, across buildings a notable similarity was observed in 
phyla and family taxonomic compositions as well as at the genus 
level when looking at the average relative abundance (Figures 1b and 
2a; Figure S1b). However, taxonomic analysis of individual samples 
showed variation in relative abundances of the top genera between 
some sinks within a building (Figures S2 and S3, Table S4).
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3.3  |  Core mycobiome

Thousand eight ninty one OTUs were found in <10% of samples. 
No OTU was identified in all samples, however the three OTUS with 
RA > 1% were present in 90% or more of sinks samples. The most 
prevalent OTU (OTU1942, 96% of samples) was also the second most 
abundant and was classified to the genus Saccharomyces (Table 1). A 
core microbiome analysis was performed to check the prevalence of 
OTUs across sinks sampled. An OTU was considered part of the core 

mycobiome if it was present in at least 80% of samples. Eight OTUs 
were considered part of the core mycobiome (Figure  3). Following 
OTU1942 (classified as g_Saccharomyces), maximum prevalence 
was shown by OTU196 (91% of samples, classified as g_Malassezia), 
OTU2067 (90%, o_Hypocreales), OTU2835 (89%, f_Nectriaceae), 
OTU956 (89%, s_Exophiala_lecanii-corni_SH1508706.08FU), OTU1710 
(85%, g_Fusarium), OTU204 (84%, g_Saccharomyces), OTU1607 (80%, 
g_Fusarium). The second most prevalent OTU was classified to the 
genus Malassezia. The remaining six core OTUs corresponded to 

F I G U R E  1  Taxonomic analysis. (a) Boxplot showing the distribution of the dominant phyla. “Other” represents remaining 5 phyla. (b) 
Bubble plot of mean relative abundance of the most abundant fungal families (>1%) by building. Across all buildings, the mean distribution 
of families is generally uneven as a few taxa tend to dominate. No strong compositional difference is observed between buildings based on 
families when comparing mean relative abundances. Circle size indicates relative abundance and color of bubble represents the phylum from 
which the family is found. Abbreviations on x-axis correspond to the following buildings; AGR, Agriculture; ARC, Archaeology; ART, Art; 
CHE, Chemistry; EAT, Eat at the Square; EDM, Edith Morely; HNU, Harry Nunsten; HBS, Henley Business School; JJT, JJ Thompson; LIB, 
Library; MAT, Maths; MINL, Mingella; PAH, Park House; RSP, Sports Park; STU, Student Union; URS, URS; WHK, Whiteknights.
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TA B L E  1  Identity of top OTUs (>1% relative abundance). Overall abundance (total percentage of reads) and prevalence shown

Total reads (%) Prevalence (%)

OTU2835 f_Nectriaceae 11.67 88.59

OTU1942 g_Saccharomyces 9.89 96.31

OTU2067 o_Hypocreales 9.07 89.60

OTU956 s_Exophiala_lecanii-corni_SH1508706.08FU 6.59 88.59

OTU1988 o_Hypocreales 3.38 71.48

OTU1844 s_Cyphellophora_europaea_SH1636081.08FU 2.90 60.07

OTU2526 f_Didymellaceae 2.69 71.81

OTU712 s_Exophiala_aquamarina_SH1240520.08FU 2.13 65.77

OTU1710 g_Fusarium 2.01 85.23

OTU196 s_Malasseziaceae_sp_SH1547563.08FU 1.90 91.28

OTU1289 f_Sympoventuriaceae 1.80 65.77

OTU1713 g_Bisifusarium 1.51 70.13

OTU1607 g_Fusarium 1.49 79.53

OTU3500 f_Helotiales_fam_Incertae_sedis 1.35 57.72

OTU1264 s_Exophiala_equina_SH1635779.08FU 1.35 56.04

OTU919 s_Exophiala_phaeomuriformis_SH1529587.08FU 1.09 52.01
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three orders Saccharomycetales (one OTU), Hypocreales (four OTUs), 
Chaetothyriales (one OTUs). Although these eight OTUs represent a 
small fraction of the total number of OTUs they were among some of 

the most abundant OTUs (together accounting for 42.97% of all reads). 
If the threshold for what was considered a core OTU was lowered to 
more than 70%, 30 OTUs would be deemed core.

F I G U R E  2  Composition of mycobial communities by building. (a) Fungal composition: Relative abundances of top genera (>1%) by 
building shown. Family of genera is italicized and in brackets below genus in the legend. (b) Beta diversity. Non-metric multidimensional 
scaling (NMDS) plots of dissimilarity metrics. Each point represents a sample; color indicates building. (left) Bray-Curtis (abundance) and 
(right) Jaccard (presence-absence). (c) Post-hoc Tukey analysis: Percentage on y-axis of non-significant (p > 0.05), significant (0.05 ≥ p > 0.01), 
and highly significant (p ≤ 0.01), as indicated by color, building interactions. Henley business school (HBS) had the highest percentage of 
significant values (50% or more) therefore, its composition significantly differed from half or more of the buildings. Building abbreviations as 
follows; AGR, Agriculture; ARC, Archaeology; ART, Art; CHE, Chemistry; EAT, Eat at the Square; EDM, Edith Morely; HNU, Harry Nunsten; 
HBS, Henley Business School; JJT, JJ Thompson; LIB, Library; MAT, Maths; MINL, Mingella; PAH, Park House; RSP, Sports Park; STU, 
Student Union; URS, URS; WHK, Whiteknights.
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The gradient of color indicates the variation of prevalence of each OTU.
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3.4  |  Mycobiome composition and diversity

Associations of microbiome compositions with factors were as-
sessed qualitatively and quantitatively using PERMANOVA and two 
beta-diversity metrics (Bray-Curtis distance and Jaccard index), 
respectively. For both metrics, there was no clear separation ob-
served in the NMDS plot of samples by their building (Figure 2b). 
PERMANOVA showed groups to be significantly different when 
samples were grouped by building (F.model = 2.379, R2 = 0.12643, 
p = 0.001 (Bray-Curtis); F.model = 1.6981, R2 = 0.09364, p = 0.001 
(Jaccard)); however, only a low proportion of the variance in my-
cobial community composition was explained. A post-hoc Tukey 
test showed that a few specific buildings were significantly differ-
ent from others and could be partly accountable for the significant 
PERMANOVA result (Figure  2c, Table  S5). But overall, post-hoc 
analysis showed that the majority of buildings were not signifi-
cantly different from one another. One building in particular, Henley 
Business School (HBS) differed significantly from 50% or more of 
buildings. However, removing this building from PERMANOVA 
did not change the overall result F.model = 2.0739, R2 = 0.11267, 
p = 0.001 (Bray-Curtis); F.model = 1.5774, R2 = 0.08807, p = 0.001 
(Jaccard). There were also significant differences in beta diversity 
(homogeneity of group dispersions) between the buildings (anova, 
df  =  16, F  =  6.9652, p < 0.001 (Bray-Curtis); df  =  16, F  =  5.7269, 
p < 0.001 (Jaccard)) (Figures S4 and S6). It is important to note that 
PERMANOVA is sensitive to heterogeneous group dispersions 
within an unbalanced design (Anderson,  2017), and the unequal 
number of samples across buildings could be partially responsible 
for the significant differences between the buildings. PERMANOVA 
is conservative when high dispersions occur in larger groups and 
liberal when high dispersions occur in smaller groups (Anderson & 
Walsh, 2013). High dispersion was observed in many of the smaller 
groups (i.e., Art and Math), potentially causing increased rejection 
rates of the null hypothesis, thus more likely to find a significant 
result. Gender had no significant effect on community composition 
(PERMANOVA, F.model = 0.98694, R2 = 0.01064, p = 0.469 (Bray-
Curtis); F.model = 0.97977, R2 = 0.01054, p = 0.49 (Jaccard)), and 
their dispersions were homogenous when using both indices (anova, 
df = 3, F = 2.5618, p = 0.05519 (Bray-Curtis); df = 3, F = 1.4294, 
p = 0.2344 (Jaccard)).

Variation in alpha diversities across the buildings sampled were 
analyzed (Figure 4). Among buildings, Henley Business School (HBS) 
was observed to have the highest mean richness (mean 295 OTUs). 
This finding was replicated with the two other alpha-diversity met-
rics. Whereas, Student Union (STU) was found to have the lowest 
means for all alpha diversity metrics. Kruskal-Wallis tests were used 
to determine the influence of building on community alpha-diversity 
(Figure 4). OTU richness, diversity (Shannon) and Pielou's evenness 
differed significantly by building. Pairwise comparisons for buildings 
were calculated using Wilcoxon tests for each of the alpha diversity 
metrics (Table S6). Multiple pairs of buildings were highly significant 
from one another which may contribute to the overall significant 
difference across all buildings. No significant associations of alpha 

diversity were detected with restroom gender (df  =  3, Observed 
p = 0.09388, Shannon diversity index p = 0.09433, Pielou's even-
ness p = 0.1852).

4  |  DISCUSSION

Sinks, drains and their associated pipes offer a unique niche in the 
BE due to their continuous moisture, temporary fluctuations in tem-
perature, high pH due to regular use of detergents and potentially 
increased concentrations of organic matter. In this study, we ob-
served that the sink P-traps of various university buildings harbored 
diverse mycobial communities which were markedly similar between 
most buildings. There was a distinct core mycobiome with the most 
dominant taxa present across the majority of samples (>70%). Drains 
in residential settings were previously established to have shown 
clear evidence of both, harboring fungi due to deposition patterns 
and endogenous growth (Adams et al., 2013b). This was reflected in 
the public P-traps of this study with similar taxa identified, namely 
Exophiala, Fusarium and Malassezia. Also, overlapping with taxa in 
the above-mentioned study, taxa found also matched those found in 
other cultures and culture-independent studies of fungi identified in 
the BE, specifically restroom and plumbing environments.

In our study, of the identifiable genera, Exophiala was found to 
be the most abundant and ubiquitous. Exophiala is a saprotrophic 
“black yeast” and includes both terrestrial and waterborne species. 
It has also been shown to be oligotrophic, thermotolerant, survive 
high pH, and able to utilize surfactants as a source of carbon, namely 
detergents (Hamada & Abe,  2009; Isola et al.,  2013; Nishimura 
et al., 1987; Zalar et al., 2011). Exophiala species can be considered 
opportunistic pathogens causing cutaneous and superficial infec-
tions (Chromomycosis) however, fatal systemic infections have been 
documented (Fothergill, 1996; Gold et al., 1994; Greig et al., 2003; 
Hiruma et al., 1993; Hopf et al., 2020; Martínez-González et al., 2008; 
Nachman et al., 1996; Woo et al., 2013; Zeng et al., 2007). This genus 
has previously been isolated from other water sources in the BEs 
such as, dishwashers, steam bath facilities, swimming pools, bath-
rooms, and associated drainpipes (Babič et al.,  2015; Hamada & 
Abe,  2009; Lian & de Hoog,  2010; Matos et al.,  2002; Nishimura 
et al., 1987; Porteous et al., 2003; Ruoff, 2002; Zalar et al., 2011). As 
well as from tap water and public drinking reservoirs (Biedunkiewicz 
& Schulz, 2012; Göttlich et al., 2002; Heinrichs, Hübner, et al., 2013; 
Heinrichs, Hü, et al., 2013). The most common identifiable species 
present in sinks P-traps was Exophiala lecanii-corni which was for-
merly proven to be a dominant component of water tap biofilms 
(Heinrichs, Hü, et al., 2013). Moreover, it is known to efficiently re-
move volatile organic compounds (VOC) from the air, therefore po-
tentially explaining its dominance in biofilms growing at the water-air 
interface (Pirnie-Fisker & Woertz,  2007; Woertz et al.,  2001). 
Exophiala lecanii-cornii has been reported to mainly result in superfi-
cial mycoses affecting skin and nails but, in a rare occurrence caused 
keratitis (Lee et al., 2016; Miyakubo et al., 2020; Zeng et al., 2007). 
Exophiala's widespread distribution across a variety of indoor water 
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source environments, and its ability to survive more challenging eco-
logical pressures results in its unsurprising presence and dominance 
across sinks samples.

The second most dominant classifiable genus was Saccharomyces, 
and like Exophiala was highly prevalent (96% of samples). 
Saccharomyces is a common genus in indoor environments (i.e., dust) 
and is usually associated with humans (Barberán, Dunn, et al., 2015; 
Barberán, Ladau, et al.,  2015; Dannemiller et al.,  2016; Estensmo 
et al., 2021; Fouquier et al., 2016; Gupta et al., 2020; Martin-Sanchez 

et al.,  2021; Viel et al.,  2017). Fouquier and colleagues identified 
it as the most abundant and ubiquitous fungi in restroom floors. 
Furthermore, the most prevalent OTU (OTU1942) belonged to this 
genus, and was also the second most abundant OTU. OTU1942 was 
blasted against the NCBI database and classified as Saccharomyces 
cerevisiae at 97.05% percentage identity giving some clarity on what 
this OTU might be or its closest relative. S. cerevisiae is found in many 
natural niches in the environment and is also known for being a com-
mon fruit-associated fungus, gastronomically relevant, and is used in 

F I G U R E  4  Fungal alpha diversity. Boxplot of alpha diversity of fungal communities by building sampled. Species richness (number of 
OTUs), Shannon and Pielou's evenness shown. Each point represents a sample. p-value obtained from Kruskal-Wallis test shown above each 
plot.
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research laboratories (Moon & Lo, 2014). Similar to Exophiala spp., S. 
cerevisiae can utilize VOCs and is also tolerant to metals (Krauter & 
Krauter, 2002; Pirnie-Fisker & Woertz, 2007).

Fusarium of the family Nectriaceae (most abundant fam-
ily in present study) was another highly prevalent and abundant 
genus. Members of the family Nectriaceae are important plant and 
human pathogens, specifically, some Fusarium spp. are emerging 
fungal pathogens of increasing importance (Batista et al.,  2020; 
Garber, 2001; O'Donnell et al., 2010; Pfaller & Diekema, 2004). It is 
thought that there are approximately 10 Fusarium species complexes 
that are related to human pathogens, of these, the notable two com-
plexes are members of the Fusarium solani species complex (FSSC), 
and the Fusarium oxysporum species complex (FOSC) which together 
comprise ~80% of infections (Batista et al.,  2020). Moreover, cer-
tain FSSC and FOSC appear to be common in water systems, in-
cluding those of hospitals, posing a significant risk for nosocomial 
infections (Anaissie, Kuchar, et al., 2001; Babič et al., 2015; Hageskal 
et al.,  2006; O'Donnell et al.,  2004, 2007; Oliveira et al.,  2016; 
Short et al., 2011). Infections caused by Fusarium spp. range from 
superficial and locally invasive to disseminated (van Diepeningen 
et al.,  2015). For example, infections can vary from melanonychia 
to sinusitis to neutropenia (Anaissie & Nucci, 2002; Lee et al., 2002; 
Nucci & Anaissie,  2007). Additionally, the most abundant OTU 
(OTU2835) was classified to the family Nectriaceae. Upon blasting 
against NCBI database this OTU was further identified as a Fusarium 
(closest relative was Fusarium foetens, 96.71% percentage identity). 
Thus, the overall relative abundance of the genus Fusarium may be 
underrepresented, as only OTUs classified to genus were included. 
Therefore, the overall relative abundance of Fusarium may be similar 
to that of Exophiala (~19%). Alongside Exophiala, Fusarium was more 
frequently detected in drains of bathrooms and kitchens when com-
pared to other residential surfaces and, in another bathroom study, 
Fusarium was identified as one of the most common fungi (Adams 
et al.,  2013b; Hamada & Abe,  2009). It is worth noting, however, 
that the ITS region has been shown to work poorly in differentiating 
between species of Fusarium as well as other highly speciose genera 
including Aspergillus, Fusarium, Penicillium and Trichoderma (Al-Hatmi 
et al., 2016; Stielow et al., 2015).

The remaining top genera from the phylum Ascomycota; 
Cyphellophora, BisiFusarium and Ramularia have been found in the 
BE. Cyphellophora and BisiFusarium have been identified in drinking 
and environmental water supplies, indoor water fittings, and drain 
outlets (Babič et al.,  2017; Góralska et al.,  2020; Heinrichs, Hü, 
et al.,  2013; Hino et al.,  2020; Lian & de Hoog,  2010). Moreover, 
Cyphellophora is another black yeast-like fungi, with several species 
previously isolated from clinical samples, mostly nails and skin (Feng 
et al., 2014; Lian & de Hoog, 2010). The genus Ramularia includes 
numerous plant pathogens, and its presence has been detected in 
indoor dust (Adams et al., 2020; Martin-Sanchez et al., 2021; Videira 
et al., 2016).

Notably, Malassezia was frequently detected. Malassezia are 
dominant members of the human skin mycobiome; therefore, 
their presence in P-traps is expected due to the shedding of fungi 

from skin during handwashing (Findley et al.,  2013; Hospodsky 
et al., 2012; Theelen et al., 2018; Xu, 2015). This is further supported 
by Adams et al., who detected Malassezia in bathroom drains but 
not kitchen drains (Adams et al., 2013b). These commensal yeasts 
can be associated with common skin disorders such as dandruff and 
eczema (Thayikkannu et al., 2015; Theelen et al., 2018). Additionally, 
Malassezia has been shown to be far more abundant in indoor dust 
than outdoors and particularly abundant in bathrooms (Martin-
Sanchez et al., 2021). Surprisingly, the study of restroom surfaces 
found only trace evidence of Malassezia, however, the samples ana-
lyzed were limited to one surface, floors, as the other two surfaces 
tested did not yield many fungi (Fouquier et al., 2016). The other two 
surfaces were those in contact with skin more frequently, toilet seats 
and soap dispensers. However, these exposed dry surfaces may not 
provide ideal conditions for sustaining microbial life. Furthermore, 
multiple species of Malassezia have demonstrated adherence to 
and formation of biofilms on abiotic surfaces, namely polyurethane 
(Angiolella et al.,  2018; Cannizzo et al.,  2007; Zareei et al.,  2018), 
suggesting that they are capable of colonizing P-traps.

Overall, taxa that dominated, consistently had high prevalence 
and have been previously identified in other similar wet indoor en-
vironments. The black yeasts from Exophiala, the filamentous fungi 
of Fusarium, and the white yeast from Saccharomyces were common 
inhabitants of P-traps and have all been retrieved from tap water 
(Anaissie, Kuchar, et al.,  2001; Gonçalves et al.,  2006; Göttlich 
et al.,  2002; Hageskal et al.,  2007, 2009). Their large contribution 
to the total composition of P-traps was expected and agrees with 
published research, specifically, studies that sampled the external 
drain of domestic sinks (Adams et al., 2013b).

The most striking findings from our results was that there was 
little difference in mycobial communities between buildings. While 
we cannot suggest what variables are specifically responsible for the 
differences between buildings due to lack of metadata collected, we 
speculate that the sinks sampled across a campus will largely experi-
ence similar usage as they are primarily for handwashing and under 
a strict as well as consistent cleaning regime. Gender of restroom 
had no effect on mycobial community composition. Previous stud-
ies have shown that there was no difference in bacterial and fun-
gal communities between male and female restroom floor surfaces 
(Fouquier et al., 2016; Gibbons et al., 2015). It is also worth men-
tioning that this was the case for bacterial communities in P-traps 
(Withey et al., 2021).

Here, we provide a first insight into the mycobial communities 
of sink P-traps across publicly accessible and frequently used re-
strooms. The large sample size, in comparison to previous studies of 
domestic drains, has permitted a more extensive and generalizable 
observation of the communities present. Future studies may deter-
mine the community formation, stability over time, and responses 
to perturbations or stressors such as increased vigor and frequency 
of cleaning regimes. Furthermore, understanding mechanisms and 
routes of dispersion for fungi from sinks into the surrounding en-
vironment particularly in public areas is essential. This knowledge 
will inform future architectural and sink design, mitigation and 
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prevention of any prospective outbreaks. Little is known about the 
microbiology of sinks and their associate pipes, which we encoun-
ter in everyday life. Our findings present a glimpse of the mycobial 
community present in these understudied environments. Overall, 
we found that a diverse community of fungi are present in many 
sink P-traps, and P-traps appear to share similarities in their com-
positions, suggesting some stability to perturbations from differing 
sink usage. We also found that potentially pathogenic black fungi 
were prevalent in P-traps. Occurrence of black fungi in healthcare 
facilities with a large number of immunocompromised patients is of 
concern, but in areas such as universities the risk may be negligible. 
That said, maintaining good hygiene practices and regular cleaning 
should not be ignored.

AUTHOR CONTRIBUTIONS
AA, ND, EF, NJM, EN performed the fieldwork and majority of the 
molecular work in the laboratory. ZW assisted with remaining mo-
lecular work and performed library preparation. TG performed DNA 
quantification and sequencing. Bioinformatics processing of the 
data was performed by HSG. Sequence analysis, statistical analyses 
and interpretations were performed by ZW. ZW wrote the manu-
script in consultation with HSG. HSG conceived the study and was 
in charge of overall direction and planning. All authors discussed the 
results and commented on the manuscript.

ACKNOWLEDG EMENTS
ZW was supported by UKRI NERC SCENARIO Postgraduate Center 
in the SCience of the Environment: Natural and Anthropogenic pRo-
cesses, Impacts and Opportunities (NE/L002566/1).

CONFLIC T OF INTERE S T
The authors declare that there is no conflict of interest that could be 
perceived as prejudicing the impartiality of the research reported.

DATA AVAIL ABILIT Y S TATEMENT
The sequencing data have been deposited with links to BioProject 
accession number PRJNA860571 in the NCBI BioProject database 
(https://www.ncbi.nlm.nih.gov/biopr​oject/​PRJNA​860571). The rel-
evant information for each sample is shown in Table S1.

ORCID
Zoe Withey   https://orcid.org/0000-0001-5031-4815 

R E FE R E N C E S
Adams, R. I., Bhangar, S., Dannemiller, K. C., Eisen, J. A., Fierer, N., Gilbert, 

J. A., Green, J. L., Marr, L. C., Miller, S. L., Siegel, J. A., Stephens, 
B., Waring, M. S., & Bibby, K. (2016). Ten questions concerning the 
microbiomes of buildings. Building and Environment, 109, 224–234. 
https://doi.org/10.1016/j.build​env.2016.09.001

Adams, R. I., Miletto, M., Lindow, S. E., Taylor, J. W., & Bruns, T. D. 
(2014). Airborne bacterial communities in residences: Similarities 
and differences with fungi. PLoS One, 9(3), 91283. https://doi.
org/10.1371/journ​al.pone.0091283

Adams, R. I., Miletto, M., Taylor, J. W., & Bruns, T. D. (2013a). Dispersal 
in microbes: Fungi in indoor air are dominated by outdoor air and 

show dispersal limitation at short distances. The ISME Journal, 7, 
1262–1273. https://doi.org/10.1038/ismej.2013.28

Adams, R. I., Miletto, M., Taylor, J. W., & Bruns, T. D. (2013b). The di-
versity and distribution of fungi on residential surfaces. PLoS One, 
8(11), 78866. https://doi.org/10.1371/journ​al.pone.0078866

Adams, R. I., Sylvain, I., Spilak, M. P., Taylor, J. W., Waring, M. S., & 
Mendell, M. J. (2020). Fungal signature of moisture damage in 
buildings: Identification by targeted and untargeted approaches 
with mycobiome data. Applied and Environmental Microbiology, 
86(17), e01047–e01020. https://doi.org/10.1128/AEM.01047​-20

Al-Hatmi, A. M. S., van den Ende, A. H. G. G., Stielow, J. B., van 
Diepeningen, A. D., Seifert, K. A., McCormick, W., Assabgui, R., 
Gräfenhan, T., de Hoog, G. S., & Levesque, C. A. (2016). Evaluation 
of two novel barcodes for species recognition of opportunistic 
pathogens in fusarium. Fungal Biology, 120(2), 231–245. https://doi.
org/10.1016/J.FUNBIO.2015.08.006

Amend, A. S., Seifert, K. A., Samson, R., Bruns, T. D., & Lindow, S. E. 
(2010). Indoor fungal composition is geographically patterned and 
more diverse in temperate zones than in the tropics. Proceedings 
of the National Academy of Sciences of the United States of America, 
107(31), 13748–13753. https://doi.org/10.1073/pnas.10004​
54107

Anaissie, E., & Nucci, M. (2002). Cutaneous infection by fusarium spe-
cies in healthy and immunocompromised hosts: Implications for 
diagnosis and management. Clinical Infectious Diseases: An Official 
Publication of the Infectious Diseases Society of America, 35(8), 909–
920. https://doi.org/10.1086/342328

Anaissie, E. J., Kuchar, R. T., Rex, J. H., Francesconi, A., Kasai, M., Mü, F.-
M. C., Lozano-Chiu, M., Summerbell, R. C., Dignani, M. C., Chanock, 
S. J., & Walsh, T. J. (2001). Fusariosis associated with pathogenic 
fusarium species colonization of a hospital water system: A new 
paradigm for the epidemiology of opportunistic mold infections. 
Clinical Infectious Diseases, 33(11), 1871–1878. https://acade​mic.
oup.com/cid/artic​le/33/11/1871/445317

Anaissie, E. J., Stratton, S. L., Dignani, M. C., Lee, C.-K., Mahfouz, T. H., 
Rex, J. H., Summerbell, R. C., & Walsh, T. J. (2001). Cleaning patient 
shower facilities: A novel approach to reducing patient exposure 
to aerosolized aspergillus species and other opportunistic molds. 
Clinical Infectious Diseases, 35(8), E86–E88. https://acade​mic.oup.
com/cid/artic​le/35/8/e86/331573

Anderson, M. J. (2017). Permutational multivariate analysis of variance 
( PERMANOVA ). Wiley StatsRef: Statistics Reference Online, 1–15. 
https://doi.org/10.1002/97811​18445​112.stat0​7841

Anderson, M. J., & Walsh, D. C. I. (2013). PERMANOVA, ANOSIM, and 
the mantel test in the face of heterogeneous dispersions: What 
null hypothesis are you testing? Ecological Monographs, 83(4), 
557–574.

Angiolella, L., Leone, C., Rojas, F., Mussin, J., de los Angeles Sosa, M., 
& Giusiano, G. (2018). Biofilm, adherence, and hydrophobicity as 
virulence factors in Malassezia furfur. Medical Mycology, 56(1), 110–
116. https://doi.org/10.1093/MMY/MYX014

Babič, M. N., Gunde-Cimerman, N., Vargha, M., Tischner, Z., Magyar, 
D., Veríssimo, C., Sabino, R., Viegas, C., Meyer, W., & Brandão, J. 
(2017). Fungal contaminants in drinking water regulation? A tale of 
ecology, exposure, purification and clinical relevance. International 
Journal of Environmental Research and Public Health, 14(6), 636. 
https://doi.org/10.3390/ijerp​h1406​0636

Babič, M. N., Zalar, P., Ženko, B., Schroers, H. J., Džeroski, S., & Gunde-
Cimerman, N. (2015). Candida and Fusarium species known as 
opportunistic human pathogens from customer-accessible parts 
of residential washingmachines. Fungal Biology, 119(2–3), 95–113. 
https://doi.org/10.1016/j.funbio.2014.10.007

Barberán, A., Dunn, R. R., Reich, B. J., Pacifici, K., Laber, E. B., Menninger, 
H. L., Morton, J. M., Henley, J. B., Leff, J. W., Miller, S. L., & Fierer, 
N. (2015). The ecology of microscopic life in household dust. 

 26374943, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.375 by T

est, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA860571
https://orcid.org/0000-0001-5031-4815
https://orcid.org/0000-0001-5031-4815
https://doi.org/10.1016/j.buildenv.2016.09.001
https://doi.org/10.1371/journal.pone.0091283
https://doi.org/10.1371/journal.pone.0091283
https://doi.org/10.1038/ismej.2013.28
https://doi.org/10.1371/journal.pone.0078866
https://doi.org/10.1128/AEM.01047-20
https://doi.org/10.1016/J.FUNBIO.2015.08.006
https://doi.org/10.1016/J.FUNBIO.2015.08.006
https://doi.org/10.1073/pnas.1000454107
https://doi.org/10.1073/pnas.1000454107
https://doi.org/10.1086/342328
https://academic.oup.com/cid/article/33/11/1871/445317
https://academic.oup.com/cid/article/33/11/1871/445317
https://academic.oup.com/cid/article/35/8/e86/331573
https://academic.oup.com/cid/article/35/8/e86/331573
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1093/MMY/MYX014
https://doi.org/10.3390/ijerph14060636
https://doi.org/10.1016/j.funbio.2014.10.007


    |  221WITHEY et al.

Proceedings of the Royal Society B: Biological Sciences, 282(1814), 
20151139. https://doi.org/10.1098/RSPB.2015.1139

Barberán, A., Ladau, J., Leff, J. W., Pollard, K. S., Menninger, H. L., Dunn, 
R. R., & Fierer, N. (2015). Continental-scale distributions of dust-
associated bacteria and fungi. Proceedings of the National Academy 
of Sciences of the United States of America, 112(18), 5756–5761. 
https://doi.org/10.1073/pnas.14208​15112

Batista, B. G., de Chaves, M. A., Reginatto, P., Saraiva, O. J., & Fuentefria, 
A. M. (2020). Human fusariosis: An emerging infection that is diffi-
cult to treat. Revista da Sociedade Brasileira de Medicina Tropical, 53, 
1–7. https://doi.org/10.1590/0037-8682-0013-2020

Biedunkiewicz, A., & Schulz, L. (2012). Fungi of the genus exophiala in 
tap water – potential etiological factors of phaeohyphomycoses. 
Mikologia Lekarska, 19(1), 23–26.

Cannizzo, F. T., Eraso, E., Ezkurra, P. A., Villar-Vidal, M., Bollo, E., Castellá, G., 
Cabañes, F. J., Vidotto, V., & Quindós, G. (2007). Biofilm development 
by clinical isolates of Malassezia pachydermatis. Medical Mycology, 
45(4), 357–361. https://doi.org/10.1080/13693​78070​1225767

Chang, D. C., Grant, G. B., O'Donnell, K., Wannemuehler, K. A., Noble-
Wang, J., Rao, C. Y., Jacobson, L. M., Crowell, C. S., Sneed, R. S., 
Lewis, F. M. T., Schaffzin, J. K., Kainer, M. A., Genese, C. A., Alfonso, 
E. C., Jones, D. B., Srinivasan, A., Fridkin, S. K., & Park, B. J. (2006). 
Multistate outbreak of fusarium keratitis associated with use 
of a contact lens solution. JAMA, 296(8), 953–963. https://doi.
org/10.1001/JAMA.296.8.953

Cooley, J. D., Wong, W. C., Jumper, C. A., & Straus, D. C. (1998). 
Correlation between the prevalence of certain fungi and sick build-
ing syndrome. Occupational and Environmental Medicine, 55(9), 579–
584. https://doi.org/10.1136/OEM.55.9.579

Dannemiller, K. C., Gent, J. F., Leaderer, B. P., & Peccia, J. (2016). Influence 
of housing characteristics on bacterial and fungal communities in 
homes of asthmatic children. Indoor Air, 26(2), 179–192. https://doi.
org/10.1111/INA.12205

Estensmo, E. L. F., Morgado, L., Maurice, S., Martin-Sanchez, P. M., Engh, I. 
B., Mattsson, J., Kauserud, H., & Skrede, I. (2021). Spatiotemporal vari-
ation of the indoor mycobiome in daycare centers. Microbiome, 9(1), 
1–12. https://doi.org/10.1186/S4016​8-021-01167​-X/FIGUR​ES/4

Feng, P., Lu, Q., Najafzadeh, M. J., Gerrits Van Den Ende, A. H. G., Sun, 
J., Li, R., Xi, L., Vicente, V. A., Lai, W., Lu, C., de Hoog, G. S., Feng, 
P., Lai, W., Lu, C., Lu, Q., Lu, Q., Li, R., de Hoog, G. S., Sun, J., & Xi, L. 
(2014). Cyphellophora and its relatives in Phialophora: Biodiversity 
and possible role in human infection. Fungal Diversity, 65, 17–45. 
https://doi.org/10.1007/s1322​5-012-0194-5

Findley, K., Oh, J., Yang, J., Conlan, S., Deming, C., Meyer, J. A., 
Schoenfeld, D., Nomicos, E., Park, M., NIH Intramural Sequencing 
Center Comparative Sequencing Programme, Kong, H. H., & Segre, 
J. A. (2013). Topographic diversity of fungal and bacterial communi-
ties in human skin. Nature, 498, 367–370. https://doi.org/10.1038/
natur​e12171

Fothergill, A. W. (1996). Identification of dematiaceous fungi and their 
role in human disease. Clinical Infectious Diseases, 22(Suppl 2), 
S179–S184. https://doi.org/10.1093/CLINI​DS/22.SUPPL​EMENT_2.
S179

Fouquier, J., Schwartz, T., & Kelley, S. T. (2016). Rapid assemblage 
of diverse environmental fungal communities on public re-
stroom floors. Indoor Air, 26, 869–879. https://doi.org/10.1111/
ina.12279

Fu, X., Ou, Z., Zhang, M., Meng, Y., Li, Y., Wen, J., Hu, Q., Zhang, X., 
Norbäck, D., Deng, Y., Zhao, Z., & Sun, Y. (2021). Indoor bacterial, 
fungal and viral species and functional genes in urban and rural 
schools in Shanxi Province, China–association with asthma, rhinitis 
and rhinoconjunctivitis in high school students. Microbiome, 9(1), 
1–16. https://doi.org/10.1186/S4016​8-021-01091​-0

Gámez-Espinosa, E., Bellotti, N., Deyá, C., & Cabello, M. (2020). 
Mycological studies as a tool to improve the control of building 

materials biodeterioration. Journal of Building Engineering, 32, 
101738. https://doi.org/10.1016/J.JOBE.2020.101738

Garber, G. (2001). An overview of fungal infections. Drugs, 61, 1–12.
Gibbons, S. M., Schwartz, T., Fouquier, J., Mitchell, M., Sangwan, N., 

Gilbert, J. A., & Kelley, S. T. (2015). Ecological succession and vi-
ability of human-associated microbiota on restroom surfaces. 
Applied and Environmental Microbiology, 81, 765–773. https://doi.
org/10.1128/AEM.03117​-14

Gold, W. L., Vellend, H., Salit, I. E., Campbell, I., Summerbell, R., Rinaldi, 
M., & Simor, A. E. (1994). Successful treatment of systemic and local 
infections due to Exophiala species. Clinical Infectious Diseases, 
19(2), 339–341. https://doi.org/10.1093/CLINI​DS/19.2.339

Gonçalves, A. B., Paterson, R. R. M., & Lima, N. (2006). Survey and sig-
nificance of filamentous fungi from tap water. International Journal 
of Hygiene and Environmental Health, 209(3), 257–264. https://doi.
org/10.1016/J.IJHEH.2005.12.001

Góralska, K., Błaszkowska, J., & Dzikowiec, M. (2020). The occurrence 
of potentially pathogenic filamentous fungi in recreational surface 
water as a public health risk. Journal of Water and Health, 18(2), 127–
144. https://doi.org/10.2166/WH.2020.096

Górny, R. L., Reponen, T., Willeke, K., Schmechel, D., Robine, E., Boissier, 
M., & Grinshpun, S. A. (2002). Fungal fragments as indoor air 
biocontaminants. Applied and Environmental Microbiology, 68(7), 
3522–3531. https://doi.org/10.1128/AEM.68.7.3522-3531.2002/
ASSET/​2676C​4C4-4A10-43E7-9B96-467AD​F72AB​59/ASSET​S/
GRAPH​IC/AM072​01200​05.JPEG

Göttlich, E., van der Lubbe, W., Lange, B., Fiedler, S., Melchert, I., 
Reifenrath, M., Flemming, H. C., & de Hoog, S. (2002). Fungal flora 
in groundwater-derived public drinking water. International Journal 
of Hygiene and Environmental Health, 205(4), 269–279. https://doi.
org/10.1078/1438-4639-00158

Greig, J., Harkness, M., Taylor, P., Hashmi, C., Liang, S., & Kwan, J. 
(2003). Peritonitis due to the dermatiaceous mold Exophiala der-
matitidis complicating continuous ambulatory peritoneal dialy-
sis. Clinical Microbiology and Infection, 9(7), 713–715. https://doi.
org/10.1046/J.1469-0691.2003.00569.X

Gupta, S., Hjelmsø, M. H., Lehtimäki, J., Li, X., Mortensen, M. S., Russel, 
J., Trivedi, U., Rasmussen, M. A., Stokholm, J., Bisgaard, H., & 
Sørensen, S. J. (2020). Environmental shaping of the bacterial and 
fungal community in infant bed dust and correlations with the air-
way microbiota. Microbiome, 8(1), 1–16. https://doi.org/10.1186/
S4016​8-020-00895​-W/FIGUR​ES/6

Gweon, H. S., Oliver, A., Taylor, J., Booth, T., Gibbs, M., Read, D. S., Griffiths, 
R. I., & Schonrogge, K. (2015). PIPITS: An automated pipeline for 
analyses of fungal internal transcribed spacer sequences from the 
Illumina sequencing platform. Methods in Ecology and Evolution, 6(8), 
973–980. https://doi.org/10.1111/2041-210X.12399

Haas, D., Mayrhofer, H., Habib, J., Galler, H., Reinthaler, F. F., Fuxjäger, M. 
L., & Buzina, W. (2019). Distribution of building-associated wood-
destroying fungi in the federal state of Styria, Austria. European 
Journal of Wood and Wood Products, 77(4), 527–537. https://doi.
org/10.1007/S0010​7-019-01407​-W/TABLE​S/5

Hageskal, G., Gaustad, P., Heier, B. T., & Skaar, I. (2007). Occurrence of 
moulds in drinking water. Journal of Applied Microbiology, 102(3), 
774–780. https://doi.org/10.1111/J.1365-2672.2006.03119.X

Hageskal, G., Knutsen, A. K., Gaustad, P., de Hoog, G. S., & Skaar, I. 
(2006). Diversity and significance of mold species in Norwegian 
drinking water. Applied and Environmental Microbiology, 72(12), 
7586–7593. https://doi.org/10.1128/AEM.01628​-06

Hageskal, G., Lima, N., & Skaar, I. (2009). The study of fungi in drink-
ing water. Mycological Research, 113(2), 165–172. https://doi.
org/10.1016/J.MYCRES.2008.10.002

Hamada, N., & Abe, N. (2009). Physiological characteristics of 13 com-
mon fungal species in bathrooms. Mycoscience, 50(6), 421–429. 
https://doi.org/10.1007/S1026​7-009-0500-6

 26374943, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.375 by T

est, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1098/RSPB.2015.1139
https://doi.org/10.1073/pnas.1420815112
https://doi.org/10.1590/0037-8682-0013-2020
https://doi.org/10.1080/13693780701225767
https://doi.org/10.1001/JAMA.296.8.953
https://doi.org/10.1001/JAMA.296.8.953
https://doi.org/10.1136/OEM.55.9.579
https://doi.org/10.1111/INA.12205
https://doi.org/10.1111/INA.12205
https://doi.org/10.1186/S40168-021-01167-X/FIGURES/4
https://doi.org/10.1007/s13225-012-0194-5
https://doi.org/10.1038/nature12171
https://doi.org/10.1038/nature12171
https://doi.org/10.1093/CLINIDS/22.SUPPLEMENT_2.S179
https://doi.org/10.1093/CLINIDS/22.SUPPLEMENT_2.S179
https://doi.org/10.1111/ina.12279
https://doi.org/10.1111/ina.12279
https://doi.org/10.1186/S40168-021-01091-0
https://doi.org/10.1016/J.JOBE.2020.101738
https://doi.org/10.1128/AEM.03117-14
https://doi.org/10.1128/AEM.03117-14
https://doi.org/10.1093/CLINIDS/19.2.339
https://doi.org/10.1016/J.IJHEH.2005.12.001
https://doi.org/10.1016/J.IJHEH.2005.12.001
https://doi.org/10.2166/WH.2020.096
https://doi.org/10.1128/AEM.68.7.3522-3531.2002/ASSET/2676C4C4-4A10-43E7-9B96-467ADF72AB59/ASSETS/GRAPHIC/AM0720120005.JPEG
https://doi.org/10.1128/AEM.68.7.3522-3531.2002/ASSET/2676C4C4-4A10-43E7-9B96-467ADF72AB59/ASSETS/GRAPHIC/AM0720120005.JPEG
https://doi.org/10.1128/AEM.68.7.3522-3531.2002/ASSET/2676C4C4-4A10-43E7-9B96-467ADF72AB59/ASSETS/GRAPHIC/AM0720120005.JPEG
https://doi.org/10.1078/1438-4639-00158
https://doi.org/10.1078/1438-4639-00158
https://doi.org/10.1046/J.1469-0691.2003.00569.X
https://doi.org/10.1046/J.1469-0691.2003.00569.X
https://doi.org/10.1186/S40168-020-00895-W/FIGURES/6
https://doi.org/10.1186/S40168-020-00895-W/FIGURES/6
https://doi.org/10.1111/2041-210X.12399
https://doi.org/10.1007/S00107-019-01407-W/TABLES/5
https://doi.org/10.1007/S00107-019-01407-W/TABLES/5
https://doi.org/10.1111/J.1365-2672.2006.03119.X
https://doi.org/10.1128/AEM.01628-06
https://doi.org/10.1016/J.MYCRES.2008.10.002
https://doi.org/10.1016/J.MYCRES.2008.10.002
https://doi.org/10.1007/S10267-009-0500-6


222  |    WITHEY et al.

Hamada, N., & Abe, N. (2010). Comparison of fungi found in bathrooms 
and sinks. Biocontrol Science, 15(2), 51–56. https://doi.org/10.4265/
bio.15.51

Heinrichs, G., Hü, I., Carsten, Schmidt, K., Sybren De Hoog, G., & Haase, 
G. (2013). Analysis of black fungal biofilms occurring at domestic 
water taps (II): Potential routes of entry. Mycopathologia, 175, 399–
412. https://doi.org/10.1007/s1104​6-013-9619-2

Heinrichs, G., Hübner, I., Schmidt, C. K., de Hoog, G. S., & Haase, G. 
(2013). Analysis of black fungal biofilms occurring at domestic 
water taps (I): Compositional analysis using tag-encoded FLX ampl-
icon pyrosequencing. Mycopathologia, 175(5–6), 387–397. https://
doi.org/10.1007/s1104​6-013-9618-3

Hino, Y., Muraosa, Y., Oguchi, M., Yahiro, M., Yarita, K., Watanabe, A., 
Sakaida, E., Yokote, K., & Kamei, K. (2020). Drain outlets in patient 
rooms as sources for invasive fusariosis: An analysis of patients 
with haematological disorders. Journal of Hospital Infection, 105(3), 
518–526. https://doi.org/10.1016/j.jhin.2020.04.029

Hiruma, M., Kawada, A., Ohata, H., Ohnishi, Y., Takahashi, H., Yamazaki, 
M., Ishibashi, A., Hatsuse, K., Kakihara, M., & Yoshida, M. (1993). 
Systemic phaeohyphomycosis caused by Exophiala dermatitidis. 
Mycoses, 36(1–2), 1–7. https://doi.org/10.1111/J.1439-0507.1993.
TB006​79.X

Hopf, C., Graham, E. A., Gibas, C. F. C., Sanders, C., Mele, J., Fan, H., 
Garner, M. M., Wiederhold, N. P., Ossiboff, R., & Abou-Madi, N. 
(2020). A novel Exophiala species associated with disseminated 
granulomatous inflammation in a captive eastern hellbender 
(Cryptobranchus alleganiensis alleganiensis). Frontiers in Veterinary 
Science, 7, 25. https://doi.org/10.3389/FVETS.2020.00025/​
BIBTEX

Hospodsky, D., Qian, J., Nazaroff, W. W., Yamamoto, N., & Bibby, K. 
(2012). Human occupancy as a source of indoor airborne bac-
teria. PLoS One, 7(4), 34867. https://doi.org/10.1371/journ​
al.pone.0034867

Hyvarinen, A., Reponen, T., Husman, T., Ruuskanen, J., & Nevalainen, A. 
(1993). Characterizing mold problem buildings – Concentrations 
and Flora of viable fungi. Indoor Air, 3(4), 337–343. https://doi.
org/10.1111/J.1600-0668.1993.00017.X

Ihrmark, K., Bö deker, I. T., Cruz-Martinez, K., Friberg, H., Kubartova, 
A., Schenck, J., Strid, Y., Stenlid, J., Brandströ m-Durling, M., 
Clemmensen, K. E., & Lindahl, B. D. (2012). New primers to amplify 
the fungal ITS2 region-evaluation by 454-sequencing of artificial 
and natural communities. FEMS Microbiology Ecology, 82, 666–677. 
https://doi.org/10.1111/j.1574-6941.2012.01437.x

Isola, D., Selbmann, L., de Hoog, G. S., Fenice, M., Onofri, S., Prenafeta-
Boldú, F. X., & Zucconi, L. (2013). Isolation and screening of 
black fungi as degraders of volatile aromatic hydrocarbons. 
Mycopathologia, 175(5–6), 369–379. https://doi.org/10.1007/s1104​
6-013-9635-2

Jayaprakash, B., Adams, R. I., Kirjavainen, P., Karvonen, A., Vepsäläinen, 
A., Valkonen, M., Järvi, K., Sulyok, M., Pekkanen, J., Hyvärinen, A., 
& Täubel, M. (2017). Indoor microbiota in severely moisture dam-
aged homes and the impact of interventions. Microbiome, 5(1), 1–17. 
https://doi.org/10.1186/S4016​8-017-0356-5

Karvala, K., Toskala, E., Luukkonen, R., Lappalainen, S., Uitti, J., & 
Nordman, H. (2010). New-onset adult asthma in relation to damp 
and moldy workplaces. International Archives of Occupational and 
Environmental Health, 83(8), 855–865. https://doi.org/10.1007/
S0042​0-010-0507-5/TABLE​S/7

Krauter, P. A. W., & Krauter, G. W. (2002). Water treatment process and 
system for metals removal using Saccharomyces cerevisiae. https://
www.osti.gov/doepa​tents/​bibli​o/874400

Kuhn, D. M., & Ghannoum, M. A. (2003). Indoor mold, toxigenic fungi, 
and Stachybotrys chartarum: Infectious disease perspective. Clinical 
Microbiology Reviews, 16(1), 144–172. https://doi.org/10.1128/
CMR.16.1.144-172.2003

Lahti, L., & Shetty, S. (2017). Tools for microbiome analysis in R. Version 
1.16.0. http://micro​biome.github.com/micro​biome

Lax, S., Smith, D. P., Hampton-Marcell, J., Owens, S. M., Handley, K. 
M., Scott, N. M., Gibbons, S. M., Larsen, P., Shogan, B. D., Weiss, 
S., Metcalf, J. L., Ursell, L. K., Vázquez-Baeza, Y., van Treuren, W., 
Hasan, N. A., Gibson, M. K., Colwell, R., Dantas, G., Knight, R., & 
Gilbert, J. A. (2014). Longitudinal analysis of microbial interaction 
between humans and the indoor environment. Science, 345(6200), 
1048–1052. https://doi.org/10.1126/scien​ce.1254529

Lee, H. J., Koh, B. K., Moon, J. S., Kim, S. O., Kim, S. J., Ha, S. J., Cho, B. 
K., & Kim, J. W. (2002). A case of melanonychia caused by Fusarium 
solani. British Journal of Dermatology, 147(3), 607–608. https://doi.
org/10.1046/J.1365-2133.2002.48433.X

Lee, W. J., Lee, K. C., Kim, M. J., Chae, S. Y., Lee, H. S., Jang, Y. H., Lee, 
S.-J., & Kim, W. (2016). A case of phaeohyphomycosis caused by 
Exophiala lecanii-corni. Annals of Dermatology, 28(3), 385–387. 
https://doi.org/10.5021/ad.2016.28.3.385

Li, D. W., & Kendrick, B. (1995). Indoor aeromycota in relation to res-
idential characteristics and allergic symptoms. Mycopathologia, 
131, 149–157. https://www.acade​mia.edu/68664​50/Indoor_
aerom​ycota_in_relat​ion_to_resid​ential_chara​cteri​stics_and_aller​
gic_symptoms

Li, D.-W., & Yang, C. S. (2004). Fungal contamination as a major contribu-
tor to sick building syndrome. Advances in Applied Microbiology, 55, 
31–112. https://doi.org/10.1016/S0065​-2164(04)55002​-5

Lian, X., & de Hoog, G. S. (2010). Indoor wet cells harbour melanized 
agents of cutaneous infection. Medical Mycology, 48(4), 622–628. 
https://doi.org/10.3109/13693​78090​3405774

Martínez-González, M. C., Verea, M. M., Velasco, D., Sacristán, F., del 
Pozo, J., García-Silva, J., & Fonseca, E. (2008). Three cases of cutane-
ous phaeohyphomycosis by Exophiala jeanselmei. European Journal 
of Dermatology: EJD, 18(3), 313–316. https://doi.org/10.1684/
EJD.2008.0395

Martin-Sanchez, P. M., Estensmo, E. L. F., Morgado, L. N., Maurice, S., 
Engh, I. B., Skrede, I., & Kauserud, H. (2021). Analysing indoor my-
cobiomes through a large-scale citizen science study in Norway. 
Molecular Ecology, 30(11), 2689–2705. https://doi.org/10.1111/
MEC.15916

Matos, T., de Hoog, G. S., de Boer, A. G., de Crom, I., & Haase, G. (2002). 
High prevalence of the neurotrope Exophiala dermatitidis and re-
lated oligotrophic black yeasts in sauna facilities. Mycoses, 45(9–10), 
373–377. https://doi.org/10.1046/J.1439-0507.2002.00779.X

Mcmurdie, P. J., & Holmes, S. (2013). Phyloseq: An R package for re-
producible interactive analysis and graphics of microbiome cen-
sus data. PLoS One, 8(4), e61217. https://doi.org/10.1371/journ​
al.pone.0061217

Meadow, J. F., Altrichter, A. E., Kembel, S. W., Kline, J., Mhuireach, G., 
Moriyama, M., Northcutt, D., O'connor, T. K., Womack, A. M., 
Brown, G. Z., Green, J. L., & Bohannan, B. J. M. (2014). Indoor air-
borne bacterial communities are influenced by ventilation, occu-
pancy, and outdoor air source. Indoor Air, 24, 41–48. https://doi.
org/10.1111/ina.12047

Miyakubo, T., Todokoro, D., Satake, Y., Makimura, K., Miyakubo, S., 
& Akiyama, H. (2020). Exophiala lecanii-corni keratitis present-
ing as a serpiginous pigmented superficial lesion: A case report. 
Medicine, 99(36), e22121. https://doi.org/10.1097/MD.00000​
00000​022121

Moon, B., & Lo, Y. M. (2014). Conventional and novel applications 
of edible mushrooms IN TODAY'S FOOD industry. Journal of 
Food Processing and Preservation, 38, 2146–2153. https://doi.
org/10.1111/jfpp.12185

Nachman, S., Alpan, O., Malowitz, R., & Spitzer, E. D. (1996). Catheter-
associated fungemia due to Wangiella (Exophiala) dermatitidis. 
Journal of Clinical Microbiology, 34(4), 1011–1013. https://doi.
org/10.1128/jcm.34.4.1011-1013.1996

 26374943, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.375 by T

est, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.4265/bio.15.51
https://doi.org/10.4265/bio.15.51
https://doi.org/10.1007/s11046-013-9619-2
https://doi.org/10.1007/s11046-013-9618-3
https://doi.org/10.1007/s11046-013-9618-3
https://doi.org/10.1016/j.jhin.2020.04.029
https://doi.org/10.1111/J.1439-0507.1993.TB00679.X
https://doi.org/10.1111/J.1439-0507.1993.TB00679.X
https://doi.org/10.3389/FVETS.2020.00025/BIBTEX
https://doi.org/10.3389/FVETS.2020.00025/BIBTEX
https://doi.org/10.1371/journal.pone.0034867
https://doi.org/10.1371/journal.pone.0034867
https://doi.org/10.1111/J.1600-0668.1993.00017.X
https://doi.org/10.1111/J.1600-0668.1993.00017.X
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1007/s11046-013-9635-2
https://doi.org/10.1007/s11046-013-9635-2
https://doi.org/10.1186/S40168-017-0356-5
https://doi.org/10.1007/S00420-010-0507-5/TABLES/7
https://doi.org/10.1007/S00420-010-0507-5/TABLES/7
https://www.osti.gov/doepatents/biblio/874400
https://www.osti.gov/doepatents/biblio/874400
https://doi.org/10.1128/CMR.16.1.144-172.2003
https://doi.org/10.1128/CMR.16.1.144-172.2003
http://microbiome.github.com/microbiome
https://doi.org/10.1126/science.1254529
https://doi.org/10.1046/J.1365-2133.2002.48433.X
https://doi.org/10.1046/J.1365-2133.2002.48433.X
https://doi.org/10.5021/ad.2016.28.3.385
https://www.academia.edu/6866450/Indoor_aeromycota_in_relation_to_residential_characteristics_and_allergic_symptoms
https://www.academia.edu/6866450/Indoor_aeromycota_in_relation_to_residential_characteristics_and_allergic_symptoms
https://www.academia.edu/6866450/Indoor_aeromycota_in_relation_to_residential_characteristics_and_allergic_symptoms
https://doi.org/10.1016/S0065-2164(04)55002-5
https://doi.org/10.3109/13693780903405774
https://doi.org/10.1684/EJD.2008.0395
https://doi.org/10.1684/EJD.2008.0395
https://doi.org/10.1111/MEC.15916
https://doi.org/10.1111/MEC.15916
https://doi.org/10.1046/J.1439-0507.2002.00779.X
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1111/ina.12047
https://doi.org/10.1111/ina.12047
https://doi.org/10.1097/MD.0000000000022121
https://doi.org/10.1097/MD.0000000000022121
https://doi.org/10.1111/jfpp.12185
https://doi.org/10.1111/jfpp.12185
https://doi.org/10.1128/jcm.34.4.1011-1013.1996
https://doi.org/10.1128/jcm.34.4.1011-1013.1996


    |  223WITHEY et al.

Nishimura, K., Miyaji, M., Taguchi, H., & Tanaka, R. (1987). Fungi in bath-
water and sludge of bathroom drainpipes. 1. Frequent isolation 
of Exophiala species. Mycopathologia, 97(1), 17–23. https://doi.
org/10.1007/BF004​37326

Nucci, M., & Anaissie, E. (2007). Fusarium infections in immunocom-
promised patients. Clinical Microbiology Reviews, 20(4), 695–704. 
https://doi.org/10.1128/CMR.00014​-07

O'Donnell, K., Sarver, B. A. J., Brandt, M., Chang, D. C., Noble-Wang, 
J., Park, B. J., Sutton, D. A., Benjamin, L., Lindsley, M., Padhye, 
A., Geiser, D. M., & Ward, T. J. (2007). Phylogenetic diversity 
and microsphere array-based genotyping of human pathogenic 
Fusaria, including isolates from the multistate contact lens-
associated U.S. keratitis outbreaks of 2005 and 2006. Journal of 
Clinical Microbiology, 45(7), 2235–2248. https://doi.org/10.1128/
JCM.00533​-07

O'Donnell, K., Sutton, D. A., Rinaldi, M. G., Magnon, K. C., Cox, P. A., 
Revankar, S. G., Sanche, S., Geiser, D. M., Juba, J. H., van Burik, 
J. A. H., Padhye, A., Anaissie, E. J., Francesconi, A., Walsh, T. 
J., & Robinson, J. S. (2004). Genetic diversity of human patho-
genic members of the Fusarium oxysporum complex inferred from 
multilocus DNA sequence data and amplified fragment length 
polymorphism analyses: Evidence for the recent dispersion of 
a geographically widespread clonal lineag. Journal of Clinical 
Microbiology, 42(11), 5109–5120. https://doi.org/10.1128/
JCM.42.11.5109-5120.2004

O'Donnell, K., Sutton, D. A., Rinaldi, M. G., Sarver, B. A. J., Balajee, S. A., 
Schroers, H. J., Summerbell, R. C., Robert, V. A. R. G., Crous, P. W., 
Zhang, N., Aoki, T., Jung, K., Park, J., Lee, Y. H., Kang, S., Park, B., & 
Geiser, D. M. (2010). Internet-accessible DNA sequence database 
for identifying fusaria from human and animal infections. Journal of 
Clinical Microbiology, 48(10), 3708–3718. https://doi.org/10.1128/
JCM.00989​-10/ASSET/​CDCF1​F09-595B-410F-A8AA-BE869​
16488​61/ASSET​S/GRAPH​IC/ZJM99​90901​150002.JPEG

Oksanen, A. J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., 
Mcglinn, D., Minchin, P. R., Hara, R. B. O., Simpson, G. L., Solymos, 
P., Stevens, M. H. H., & Szoecs, E. (2020). vegan: Community 
Ecology Package. R package version 2.5-7. (Issue March 2017).

Oliveira, H. M. B., Santos, C., Russell, R., Paterson, M., Gusmão, N. B., & 
Lima, N. (2016). Fungi from a groundwater-fed drinking water sup-
ply system in Brazil. International Journal of Environmental Research 
and Public Health Article, 13(3), 304. https://doi.org/10.3390/ijerp​
h1303​0304

Pasanen, A. L., Heinonen-Tanski, H., Kalliokoski, P., & Jantunen, M. J. 
(1992). Fungal microcolonies on indoor surfaces - an explanation 
for the base-level fungal spore counts in indoor air. Atmospheric 
Environment. Part B, Urban Atmosphere, 26(1), 117–120. https://doi.
org/10.1016/0957-1272(92)90043​-R

Pasanen, A. L., Rautiala1, S., Kasanen, J.-P., Raunio, P., Rantamäki, J., & 
Kalliokoski, P. (2000). The relationship between measured mois-
ture conditions and fungal concentrations in water-damaged build-
ing materials. Indoor Air, 10(2), 111–120. https://doi.org/10.1034/
J.1600-0668.2000.01000​2111.X

Pfaller, M. A., & Diekema, D. J. (2004). Rare and emerging opportunistic 
fungal pathogens: Concern for resistance beyond Candida albicans 
and aspergillus fumigatus. Journal of Clinical Microbiology, 42(10), 
4419–4431. https://doi.org/10.1128/JCM.42.10.4419-4431.2004

Pirnie-Fisker, E. F., & Woertz, J. R. (2007). Degradation of ethanol plant 
by-products by Exophiala lecanii-corni and Saccharomyces cerevi-
siae in batch studies. Applied Microbiology and Biotechnology, 74(4), 
902–910. https://doi.org/10.1007/S0025​3-006-0726-6/FIGUR​
ES/6

Pitkäranta, M., Meklin, T., Hyvärinen, A., Paulin, L., Auvinen, P., 
Nevalainen, A., & Rintala, H. (2008). Analysis of fungal Flora in in-
door dust by ribosomal DNA sequence analysis, quantitative PCR, 
and culture. Applied and Environmental Microbiology, 74(1), 233–
244. https://doi.org/10.1128/AEM.00692​-07

Porteous, N. B., Grooters, A. M., Redding, S. W., Thompson, E. H., 
Rinaldi, M. G., de Hoog, G. S., & Sutton, D. A. (2003). Identification 
of Exophiala mesophila isolated from treated dental unit water-
lines. Journal of Clinical Microbiology, 41(8), 3885–3889. https://doi.
org/10.1128/JCM.41.8.3885-3889.2003

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ren, P., Jankun, T. M., Belanger, K., Bracken, M. B., & Leaderer, B. P. 
(2001). The relation between fungal propagules in indoor air 
and home characteristics. Allergy, 56(5), 419–424. https://doi.
org/10.1034/J.1398-9995.2001.05600​5419.X

Ruoff, K. L. (2002). Miscellaneous catalase-negative, gram-positive cocci: 
Emerging opportunists. Journal of Clinical Microbiology, 40(4), 1129–
1133. https://doi.org/10.1128/JCM.40.4.1129-1133.2002

Samson, R. A., Houbraken, J., Summerbell, R. C., Flannigan, B., & Miller, 
J. D. (2011). Common and important species of fungi and actinomy-
cetes in indoor environments. In Microorganisms in Home and Indoor 
Work Environments: Diversity, Health Impacts, Investigation and 
Control. CRC Press. https://doi.org/10.1201/97802​03302​934-11

Schmidt, O. (2007). Indoor wood-decay basidiomycetes: Damage, causal 
fungi, physiology, identification and characterization, preven-
tion and control. Mycological Progress, 6(4), 261–279. https://doi.
org/10.1007/S1155​7-007-0534-0

Short, D. P. G., O'Donnell, K., Zhang, N., Juba, J. H., & Geiser, D. M. 
(2011). Widespread occurrence of diverse human pathogenic types 
of the fungus fusarium detected in plumbing drains. Journal of 
Clinical Microbiology, 49(12), 4264–4272. https://doi.org/10.1128/
JCM.05468​-11/SUPPL_FILE/JCM54​68-11_ST3.DOC

Simon-Nobbe, B., Denk, U., Pöll, V., Rid, R., & Breitenbach, M. (2008). 
The spectrum of fungal allergy. International Archives of Allergy and 
Immunology, 145(1), 58–86. https://doi.org/10.1159/00010​7578

Soeria-Atmadja, D., Önell, A., & Borgå, Å. (2010). IgE sensitization to 
fungi mirrors fungal phylogenetic systematics. Journal of Allergy 
and Clinical Immunology, 125(6), 1379–1386.e1. https://doi.
org/10.1016/J.JACI.2010.02.028

Solomon, W. R. (1975). Assessing fungus prevalence in domestic inte-
riors. Journal of Allergy and Clinical Immunology, 56(3), 235–242. 
https://doi.org/10.1016/0091-6749(75)90095​-0

Stephens, B. (2016). What have we learned about the microbiomes of in-
door environments? MSystems, 1(4), e00083–e00016. https://doi.
org/10.6084/m9.figsh​are.34592​57.v1

Stielow, J. B., Lévesque, C. A., Seifert, K. A., Meyer, W., Irinyi, L., Smits, 
D., Renfurm, R., Verkley, G. J. M., Groenewald, M., Chaduli, D., 
Lomascolo, A., Welti, S., Lesage-Meessen, L., Favel, A., Al-Hatmi, A. 
M. S., Damm, U., Yilmaz, N., Houbraken, J., Lombard, L., … Robert, 
V. (2015). One fungus, which genes? Development and assessment 
of universal primers for potential secondary fungal DNA barcodes. 
Persoonia: Molecular Phylogeny and Evolution of Fungi, 35(1), 242–
263. https://doi.org/10.3767/00315​8515X​689135

Sudakin, D. L. (1998). Toxigenic fungi in a water-damaged building: An 
intervention study. American Journal of Industrial Medicine, 34, 183–
190. https://doi.org/10.1002/(SICI)1097-0274(19980​8)34:2

Taylor, M., Gaskin, S., Bentham, R., & Pisaniello, D. (2014). Airborne 
fungal profiles in office buildings in metropolitan Adelaide, 
South Australia: Background levels, diversity and seasonal varia-
tion. Indoor and Built Environment, 23(7), 1002–1011. https://doi.
org/10.1177/14203​26X13​499172

Thayikkannu, A. B., Kindo, A. J., & Veeraraghavan, M. (2015). Malassezia-
can it be ignored? Indian Journal of Dermatology, 60(4), 332–339. 
https://doi.org/10.4103/0019-5154.160475

Theelen, B., Cafarchia, C., Gaitanis, G., Bassukas, I. D., Boekhout, T., & 
Dawson, T. L. (2018). Malassezia ecology, pathophysiology, and 
treatment. Medical Mycology, 56, 10–25. https://doi.org/10.1093/
mmy/myx134

Torvinen, E., Meklin, T., Torkko, P., Suomalainen, S., Reiman, M., Katila, 
M.-L., Paulin, L., & Nevalainen, A. (2006). Mycobacteria and fungi 

 26374943, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.375 by T

est, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/BF00437326
https://doi.org/10.1007/BF00437326
https://doi.org/10.1128/CMR.00014-07
https://doi.org/10.1128/JCM.00533-07
https://doi.org/10.1128/JCM.00533-07
https://doi.org/10.1128/JCM.42.11.5109-5120.2004
https://doi.org/10.1128/JCM.42.11.5109-5120.2004
https://doi.org/10.1128/JCM.00989-10/ASSET/CDCF1F09-595B-410F-A8AA-BE8691648861/ASSETS/GRAPHIC/ZJM9990901150002.JPEG
https://doi.org/10.1128/JCM.00989-10/ASSET/CDCF1F09-595B-410F-A8AA-BE8691648861/ASSETS/GRAPHIC/ZJM9990901150002.JPEG
https://doi.org/10.1128/JCM.00989-10/ASSET/CDCF1F09-595B-410F-A8AA-BE8691648861/ASSETS/GRAPHIC/ZJM9990901150002.JPEG
https://doi.org/10.3390/ijerph13030304
https://doi.org/10.3390/ijerph13030304
https://doi.org/10.1016/0957-1272(92)90043-R
https://doi.org/10.1016/0957-1272(92)90043-R
https://doi.org/10.1034/J.1600-0668.2000.010002111.X
https://doi.org/10.1034/J.1600-0668.2000.010002111.X
https://doi.org/10.1128/JCM.42.10.4419-4431.2004
https://doi.org/10.1007/S00253-006-0726-6/FIGURES/6
https://doi.org/10.1007/S00253-006-0726-6/FIGURES/6
https://doi.org/10.1128/AEM.00692-07
https://doi.org/10.1128/JCM.41.8.3885-3889.2003
https://doi.org/10.1128/JCM.41.8.3885-3889.2003
https://doi.org/10.1034/J.1398-9995.2001.056005419.X
https://doi.org/10.1034/J.1398-9995.2001.056005419.X
https://doi.org/10.1128/JCM.40.4.1129-1133.2002
https://doi.org/10.1201/9780203302934-11
https://doi.org/10.1007/S11557-007-0534-0
https://doi.org/10.1007/S11557-007-0534-0
https://doi.org/10.1128/JCM.05468-11/SUPPL_FILE/JCM5468-11_ST3.DOC
https://doi.org/10.1128/JCM.05468-11/SUPPL_FILE/JCM5468-11_ST3.DOC
https://doi.org/10.1159/000107578
https://doi.org/10.1016/J.JACI.2010.02.028
https://doi.org/10.1016/J.JACI.2010.02.028
https://doi.org/10.1016/0091-6749(75)90095-0
https://doi.org/10.6084/m9.figshare.3459257.v1
https://doi.org/10.6084/m9.figshare.3459257.v1
https://doi.org/10.3767/003158515X689135
https://doi.org/10.1002/(SICI)1097-0274(199808)34:2
https://doi.org/10.1177/1420326X13499172
https://doi.org/10.1177/1420326X13499172
https://doi.org/10.4103/0019-5154.160475
https://doi.org/10.1093/mmy/myx134
https://doi.org/10.1093/mmy/myx134


224  |    WITHEY et al.

in moisture-damaged building materials. Applied and Environmental 
Microbiology, 72(10), 6822–6824. https://doi.org/10.1128/
AEM.00588​-06

Trout, D., Bernstein, J., Martinez, K., Biagini, R., & Wallingford, K. (2001). 
Bioaerosol lung damage in a worker with repeated exposure to fungi 
in a water-damaged building. Environmental Health Perspectives, 
109(6), 641–644. https://doi.org/10.1289/EHP.01109641

van Diepeningen, A. D., Feng, P., Ahmed, S., Sudhadham, M., 
Bunyaratavej, S., & de Hoog, G. S. (2015). Spectrum of fusarium 
infections in tropical dermatology evidenced by multilocus se-
quencing typing diagnostics. Mycoses, 58(1), 48–57. https://doi.
org/10.1111/MYC.12273

Videira, S. I. R., Groenewald, J. Z., Braun, U., Shin, H. D., & Crous, P. W. 
(2016). All that glitters is not ramularia. Studies in Mycology, 83, 49–
163. https://doi.org/10.1016/j.simyco.2016.06.001

Viel, A., Legras, J. L., Nadai, C., Carlot, M., Lombardi, A., Crespan, M., 
Migliaro, D., Giacomini, A., & Corich, V. (2017). The geographic dis-
tribution of saccharomyces cerevisiae isolates within three Italian 
neighboring winemaking regions reveals strong differences in 
yeast abundance, genetic diversity and industrial strain dissemi-
nation. Frontiers in Microbiology, 8, 1595. https://doi.org/10.3389/
FMICB.2017.01595/​BIBTEX

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., 
François, R., Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, 
M., Lin Pedersen, T., Miller, E., Bache, S. M., Müller, K., Ooms, J., 
Robinson, D., Seidel, D. P., … Yutani, H. (2019). Welcome to the 
Tidyverse. Journal of Open Source Software, 4(43), 1686. https://doi.
org/10.21105/​JOSS.01686

Withey, Z., Goodall, T., MacIntyre, S., & Gweon, H. S. (2021). 
Characterization of communal sink drain communities of a uni-
versity campus. Environmental DNA, 3(5), 901–911. https://doi.
org/10.1002/EDN3.196

Woertz, J. R., Kinney, K. A., McIntosh, N. D. P., & Szaniszlo, P. J. (2001). 
Removal of toluene in a vapor-phase bioreactor containing a strain 
of the dimorphic black yeast Exophiala lecanii-corni. Biotechnology 
and Bioengineering, 75(5), 550–558. https://doi.org/10.1002/
BIT.10066

Wong, L. T., Mui, K. W., Hui, P. S., Chan, W. Y., & Law, A. K. Y. (2008). 
Indoor and built uilt environment thermal environmental inter-
ference with airborne bacteria and fungi levels in air-conditioned 
offices. Indoor and Built Environment, 17(2), 122–127. https://doi.
org/10.1177/14203​26X08​089260

Woo, P. C. Y., Ngan, A. H. Y., Tsang, C. C. C., Ling, I. W. H., Chan, J. F. W., 
Leung, S.-Y., Yuen, K.-Y., & Lau, S. K. P. (2013). Clinical spectrum of 
Exophiala infections and a novel Exophiala species, Exophiala hong-
kongensis. Journal of Clinical Microbiology, 51(1), 260–270. https://
doi.org/10.1128/JCM.02336​-12

Xu, W. C. (2015). Genus-wide comparative genomics of Malassezia de-
lineates its phylogeny, physiology, and niche adaptation on human 
skin. PLoS Genetics, 11(11), 1005614. https://doi.org/10.1371/journ​
al.pgen.1005614

Zalar, P., Novak, M., de Hoog, G. S., & Gunde-Cimerman, N. (2011). 
Dishwashers – A man-made ecological niche accommodating 
human opportunistic fungal pathogens. Fungal Biology, 115(10), 
997–1007. https://doi.org/10.1016/J.FUNBIO.2011.04.007

Zareei, M., Mohammadi, S. R., Shahbazi, S., Roudbary, M., & Borujeni, Z. 
B. (2018). Evaluation of the ability of malassezia species in biofilm 
formation. Archives of Clinical Infectious Diseases, 13(4), e62223. 
https://doi.org/10.5812/archc​id.62223

Zeng, J. S., Sutton, D. A., Fothergill, A. W., Rinaldi, M. G., Harrak, M. J., 
& de Hoog, G. S. (2007). Spectrum of clinically relevant Exophiala 
species in the United States. Journal of Clinical Microbiology, 45(11), 
3713–3720. https://doi.org/10.1128/JCM.02012​-06

Zupančič, J., Babič, M. N., Zalar, P., & Gunde-Cimerman, N. (2016). The 
black yeast Exophiala dermatitidis and other selected opportu-
nistic human fungal pathogens spread from dishwashers to kitch-
ens. PLoS One, 11(2), e0148166. https://doi.org/10.1371/JOURN​
AL.PONE.0148166

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Withey, Z., Awan, A., Duguma, N., Fell, 
E., Martinez, N. J., Neary, E., Goodall, T., & Gweon, H. S. 
(2023). Mycobial community assemblages in sink drains across 
a university campus. Environmental DNA, 5, 212–224. https://
doi.org/10.1002/edn3.375

 26374943, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.375 by T

est, W
iley O

nline L
ibrary on [25/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1128/AEM.00588-06
https://doi.org/10.1128/AEM.00588-06
https://doi.org/10.1289/EHP.01109641
https://doi.org/10.1111/MYC.12273
https://doi.org/10.1111/MYC.12273
https://doi.org/10.1016/j.simyco.2016.06.001
https://doi.org/10.3389/FMICB.2017.01595/BIBTEX
https://doi.org/10.3389/FMICB.2017.01595/BIBTEX
https://doi.org/10.21105/JOSS.01686
https://doi.org/10.21105/JOSS.01686
https://doi.org/10.1002/EDN3.196
https://doi.org/10.1002/EDN3.196
https://doi.org/10.1002/BIT.10066
https://doi.org/10.1002/BIT.10066
https://doi.org/10.1177/1420326X08089260
https://doi.org/10.1177/1420326X08089260
https://doi.org/10.1128/JCM.02336-12
https://doi.org/10.1128/JCM.02336-12
https://doi.org/10.1371/journal.pgen.1005614
https://doi.org/10.1371/journal.pgen.1005614
https://doi.org/10.1016/J.FUNBIO.2011.04.007
https://doi.org/10.5812/archcid.62223
https://doi.org/10.1128/JCM.02012-06
https://doi.org/10.1371/JOURNAL.PONE.0148166
https://doi.org/10.1371/JOURNAL.PONE.0148166
https://doi.org/10.1002/edn3.375
https://doi.org/10.1002/edn3.375

	Mycobial community assemblages in sink drains across a university campus
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Sample collection and DNA extraction
	2.2|PCR amplification and Illumina sequencing
	2.3|Bioinformatics pipeline and statistical analyses

	3|RESULTS
	3.1|Data features
	3.2|Taxonomic distribution
	3.3|Core mycobiome
	3.4|Mycobiome composition and diversity

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


