
Rapid assemblage of diverse environmental fungal communities on

public restroom floors

Abstract An increasing proportion of humanity lives in urban environments
where they spend most of their lives indoors. Recent molecular studies have
shown that bacterial assemblages in built environments (BEs) are extremely
diverse, but BE fungal diversity remains poorly understood. We applied culture-
independent methods based on next-generation sequencing (NGS) of the fungal
internal transcribed spacer to investigate the diversity and temporal dynamics of
fungi in restrooms. Swab samples were collected weekly from three different
surfaces in two public restrooms (male and female) in San Diego, CA, USA,
over an 8-week period. DNA amplification and culturing methods both found
that the floor samples had significantly higher fungal loads than other surfaces.
NGS sequencing of floor fungal assemblages identified a total of 2550 unique
phylotypes (~800 per sample), less than half of which were identifiable. Of the
known fungi, the majority came from environmental sources and we found little
evidence of known human skin fungi. Fungal assemblages reformed rapidly in a
highly consistent manner, and the variance in the species diversity among
samples was low. Overall, our study contributes to a better understanding of
public restroom floor fungal communities.
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Practical Implications
Human exposure to fungal spores is associated with sick building syndrome, and fungi are known to trigger both aller-
gies and asthma. Fungi have also increasingly been implicated in serious human diseases, such as aspergillosis and
cryptococcal meningitis. Despite the clear importance of fungi in built environments, we know little about the true
diversity and dynamics of indoor fungi because so many remain uncultured. In this study, we applied molecular cul-
ture-independent approaches to study fungal biodiversity in public restrooms at San Diego State University. Our
results offer a better understanding of the diversity and sources of fungi in public restrooms, as well as insight into the
speed at which such communities assemble. Together, these findings should assist efforts aimed at determining and
monitoring true human indoor fungal exposure.

Introduction

Humans living in industrialized societies spend 90% of
their lives indoors in artificial settings (H€oppe and
Martinac, 1998; Kelley and Gilbert, 2013). In the last
decade, researchers have used increasingly sophisti-
cated culture-independent molecular methods to show
that humans share the built environment (BE) with an
astonishing diversity of microorganisms (Kelley and
Gilbert, 2013). Most of this research has focused on
bacterial diversity, partly because of the general impor-
tance of bacteria to human health (Larsen et al., 2010)

and the environment (Kendrick, 2011) but also because
the molecular techniques for identifying microbial
community diversity have worked best with bacteria
(Tringe and Hugenholtz, 2008).

However, it has long been known that fungi are
especially abundant and important in the BE (Solo-
mon, 1975; Solomon et al., 1978). Fungal spores dis-
perse readily and can travel over long distances, even
thousands of kilometers (Kellogg and Griffin, 2006).
Fungi grow well indoors on many types of building
materials and, given sufficient moisture, can cause sig-
nificant structural damage to buildings (Andersen
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et al., 2011; Foto et al., 2005; Schmidt, 2007). In terms
of human health, fungi are associated with sick build-
ing syndrome (Cooley et al., 1998; Crook and Burton,
2010; Shoemaker and House, 2005; Soeria-Atmadja
et al., 2010) and are known to trigger both allergies
and asthma (Allermann et al., 2006; Crook and Bur-
ton, 2010). Fungi are also increasingly implicated in
some serious human diseases, such as aspergillosis and
cryptococcal meningitis in immunocompromised
patients (Low and Rotstein, 2011) and hospital-asso-
ciated fungal infections such as candidemia, a leading
cause of bloodstream infections in the United States
(CDC, 2009). In the United States, several endemic
fungi in soils and plants are also known to cause dis-
ease in healthy humans, including coccidioidomycosis
(i.e., valley fever), blastomycosis, cryptococcosis, and
histoplasmosis, with coccidiomycosis and cryptococco-
sis being the two primary endemic fungal diseases in
the Southwestern United States where our study was
conducted (CDC, 2009).

Given the importance of fungi in the BE and the
large estimated fraction of unknown and uncultured
environmental fungi, successful application of culture-
independent molecular approaches should improve our
understanding of diversity and dynamics of BE fungi.
Fungal diversity, as is true of the diversity of other
microbes, has been significantly underestimated by cul-
turing (Pitk€aranta et al., 2011; Tonge et al., 2014;
Yamamoto et al., 2010). Development of broad-
spectrum polymerase chain reaction (PCR) primers
targeting the internal transcribed spacer region (ITS)
in combination with multiplexing and NGS have
allowed new insight into fungal diversity in many envi-
ronments, including human skin (Findley et al., 2013),
indoor air (Adams et al., 2013a,b), and others (Dollive
et al., 2012; Ghannoum et al., 2010; Schoch et al.,
2012). The ITS-1 and ITS-2 regions sit between the
small subunit (SSU) ribosomal and large subunit
(LSU) ribosomal RNA genes and flank the 5.8S ribo-
somal RNA gene. The ITS regions are not integrated
into the final ribosomal subunits and evolve much
more quickly than the SSU or LSU ribosomal RNA
marker genes (Hillis and Dixon, 1991). This genetic
variation allows for a much finer taxonomic resolution
and a deeper understanding of the true fungal diversity
in any given setting.

In this study, we applied a multiplex PCR approach
using an ITS-1 primer set conserved across the fungal
kingdom and next-generation sequencing (NGS) to
characterize the temporal dynamics of fungi in the BE
using restroom surfaces as a model system. The previ-
ous study of Flores et al. (2011) on the bacterial
diversity in restrooms found site-specific assemblages
formed on various surfaces (e.g., the floor, toilet seat,
and soap dispenser). More recently, Gibbons et al.
(2015) found that restroom bacterial assemblages
formed rapidly, were highly stable over time, and

were primarily composed of bacteria from human
skin and feces. Using DNA extractions from the same
time series samples collected by Gibbons et al. (2015),
we performed a molecular survey to determine the
fungal diversity and dynamics on these surfaces. Ana-
lyzing the exact same samples collected by Gibbons
et al. (2015) not only allowed us to assess the rate of
accumulation of fungal diversity over time, but also
allowed for direct comparisons between the identified
fungal and bacterial assemblages. Finally, using the
nearest relatives of the identified fungal sequences
based on database comparisons, we determined the
likely environmental sources of the restroom fungi
and compared them with the sources of the bacteria
from the same samples as reported by Gibbons et al.
(2015).

Methods

Sample selection

Three surface types were sampled for this study: (i) the
floor in front of the toilet seat, (ii) the toilet seat, and
(iii) the soap dispenser pump (Gibbons et al., 2015).
Samples were collected during an 8-week study
between November 22, 2011 and January 31, 2012
from one male and one female restroom on the third
floor of the North Life Sciences building at San Diego
State University (SDSU), CA, USA. This occurred
while school was in session, and the bathrooms were in
constant use prior to sampling. Each of the three sur-
faces was sterilized with 10% bleach, allowed to sit for
20 min and rinsed with molecular biology-grade water.
These surfaces were shown to be DNA- and RNA-free
by epifluorescence microscopy using SYBR Gold
(Invitrogen, Carlsbad, CA, USA) staining (Gibbons
et al., 2015). The restrooms were opened for use 8 h
after cleaning, and then, 19 phosphate-buffered saline
(PBS) (Boston BioProducts, Ashland, MA, USA)-
moistened sterile rayon-tipped swabs (MicroPurTM

Swab P, Tonawanda, NY, USA) were used to collect
samples from the three surfaces. Areas of
50.8 cm 9 50.8 cm were swabbed for each sample.
The entire surface was passed over once with the swab,
which took approximately 45 s. The swab tips were
broken off into 1.5-ml microtubes containing 500 ll of
sterile 19 PBS solution and vortexed immediately for
ten seconds. The samples were then stored at �20°C
prior to further molecular analyses.

DNA extraction and PCR amplification

DNA extractions were performed on the samples using
MO BIO PowerSoil� DNA Isolation Kits (MO BIO
Laboratories, Carlsbad, CA, USA), and the extractions
were stored at �20°C. To PCR amplify fungal ITS
sequences from the samples, we used the ITS-1 forward
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primer (ITS-1F ITS-1) sequence 50-CTTGGTCATTTA
GAGGAAGTAA-30 (Gardes and Bruns, 1993), and the
ITS-1 reverse (ITS-2 ITS-1) sequence used was
50-GCTGCGTTCTTCATCGATGC-30 (White et al.,
1990). The positive PCR controls used were DNA
extracted from Saccharomyces cerevisiae (i.e., baker’s
yeast) and a black mold that was growing in a home
bathroom, while the negative control was molecular
biology-grade water extracted by the same method as
the positive controls. PCR conditions consisted of an
optimized thermocycler protocol with an initial denatur-
ing step of 95°C for 5 min, followed by 30 cycles of
98°C for 30 s, 55°C for 30 s, and 72°C for 60 s. The
reaction ended with a final extension at 72°C for 10 min
and was cooled and held at 10°C.

Fungal culture

Sabouraud dextrose agar (BD, Sparks, MD, USA)
plates were inoculated with swab samples from the
floor, toilet seat, and soap dispenser from two different
female restrooms at SDSU. Samples used for culturing
were collected on a different date from the original
samples. Plates were incubated at 37°C for 24 h to
encourage the growth of yeasts that thrive at human
body temperature, and the same plates were then incu-
bated at 25°C (room temperature) for 4 days to select
for molds and room-temperature yeasts.

Multiplex NGS

Due to the lack of positive PCR amplification on soap
dispenser and toilet seat surfaces, only the floor sam-
ples were used in multiplex (barcoded) PCR following
the results of the fungal culturing and PCR. A unique
identifier was added to the ITS-1 reverse primers to
allow samples to be pooled together prior to sequenc-
ing. Specifically, a 12 base-pair Golay barcode was
added to the 50 terminus of the reverse primer
(50-NNNNNNNNNNNNCCGCTGCGTTCTTCATC
GATGC-30) (Fierer et al., 2008). The italicized Ns
represents the different barcodes, the ‘CC’ is the linker,
and the remaining nucleotides are a constant reverse
primer used for all samples. PCR was performed on
the 16 floor samples using the previously described
reaction conditions but with 16 different barcoded
reverse primers and a constant forward primer.

DNA amplicon sequencing

Samples were amplified using barcoded ITS-1 primers
and submitted to the core facility at The Scripps
Research Institute (La Jolla, CA, USA) where the sam-
ples were pooled at equimolar concentrations and
sequenced on an Illumina MiSeq (Illumina, San Diego,
CA, USA).

Sequence analyses

Sequencing data were analyzed using QIIME (v. 1.8.0
Quantitative Insights into Microbial Ecology, www.qi-
ime.org; Caporaso et al., 2010). Reads with a quality
score less than 25 were filtered out (split_libraries.py;
QIIME), and the remaining reads were assigned to
samples according to the corresponding barcode.
Operational taxonomic units (OTUs) were selected at a
97% similarity threshold using UCLUST (Edgar,
2010), denoting species-level similarity using closed-
reference OTU picking using the UNITE ITS database
(K~oljalg et al., 2005) as a reference (pick_otus.py;
QIIME). One representative of each OTU was selected
for downstream analyses, and taxonomy was assigned
to each representative (pick_rep_set.py, assign_taxon-
omy.py; QIIME). Core fungal diversity of the public
restroom was defined as fungi found in at least 25%
(i.e., four of the 16) of the restroom floor samples. To
determine beta-diversity, we used the weighted Bray–
Curtis (Bray and Curtis, 1957) method, and the
unweighted Binary-Jaccard (Jaccard, 1912) method to
create pairwise distance matrices for principal coordi-
nate analysis (PCoA), which were visualized using
Emperor (V�azquez-Baeza et al., 2013) (beta_diver-
sity.py, principle_coordinates.py, make_emperor.py;
QIIME). Alpha-diversity analysis of each sample was
calculated using the Shannon metric (alpha_diver-
sity.py; QIIME), and box plots were created using the
R Project (http://www.r-project.org/) package ‘vegan’
(Dixon 2003). Beta-diversity comparisons were com-
pleted using ANOSIM (compare_categories.py;
QIIME). We tested whether particular OTU abun-
dances differed significantly between gender and sam-
pling date using false discovery rate (FDR) corrected
ANOVA analyses (group_significance.py; QIIME).
Fungal–fungal and fungal–bacterial family abundance
correlation was determined using the R Project (http://
www.r-project.org/) package ‘corrgram’ with the Pear-
son product moment correlation coefficient to produce
a color-coded heat map.

Results and discussion

A total of 48 samples were collected from the floor, toi-
let seat, and soap dispenser surfaces from both male
and female public restrooms at SDSU (Table 1; Gib-
bons et al., 2015). Of the 48 samples, only the 16 floor
samples produced PCR amplicons using the ITS-1 fun-
gal primers. The toilet seat and soap dispenser samples
were all amplicon-negative despite multiple attempts to
generate PCR products, indicating a low level of fungal
biomass on these surfaces. Fungal culture efforts also
found fungi easy to isolate from floor surfaces com-
pared with the toilet seat and soap dispenser surfaces
(Figure 1). Conversely, the previous study by Gibbons
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et al. (2015) found that bacterial ribosomal RNA genes
were readily amplifiable from all sample types.

Next-generation sequencing of the barcoded ITS-1
amplicons for the PCR-positive floor surfaces resulted
in 3 334 181 reads prior to quality filtering, and
1 144 353 reads remained after quality filtering, which
removed barcodes and primers and apportioned
sequences into one of the 16 corresponding sample
libraries. Reads per sample ranged from 44 939 to
112 358 sequences with a mean of 71 522. While only
34% of reads remained after splitting libraries, which
is markedly lower than other studies using the same
PCR primer set, the final sequencing depth was more

than sufficient considering the small number of sam-
ples. UCLUST closed-reference OTU picking resulted
in clustering of 76.8% of the 1 144 353 reads, while
23.2% did not to cluster with sequences in the UNITE
database. A total of 2550 unique OTUs were identified
in all 16 samples with a range between 579 and 1147
OTUs and an average of 806 OTUs per sample. The
majority of OTUs (59%) were identified as fungi but
were not classifiable to phylum or below with the
UNITE ITS reference database, but are indeed unique
OTUs within the UNITE database (Figure 2). Within
the UNITE database, 30% of the OTUs are not identi-
fied below the phylum level. Figure 2 shows the top 25
most abundant genera within the 41% of the identified
fungi. In total, the identifiable fungi in our samples
comprised a total of 348 genera from 157 fungal fami-
lies in five different phyla over all samples (Figure 2).

Analysis of the ‘core fungal diversity’, defined as
taxa present in at least 25% of all samples, found that
114 of the genera were in at least 25% of the restroom
floor samples (Tables S1 and S2). Thirty-six families of
fungi were found in all restroom samples, including the
Mycosphaerellaceae, a diverse fungal family containing
many known plant pathogens which composed ~10%
of the sequence reads, and Teratosphaeriaceae, which
are common Eucalyptus pathogens (P�erez et al., 2013).
Eucalyptus trees originating from Australia have been
planted by the millions in San Diego since the early
1800s (Stanford, 1970). The family Pleosporaceae
(3.4% of the reads identified in 100% of the restroom
floor samples) is often found on wood, stems, and
leaves of dead plants (Kodsueb et al., 2006). Sequences
matching 29 different genera of fungi were found in all
of the restroom samples, including Cladosporium, Sac-
charomyces, Alternaria, Cryptococcus, Phoma,

Table 1 Restroom sample information (adapted from Gibbons et al., 2015)

Collection
ID

Collection
date Gender Surfacesa

Samples
collected (n)

F1 11/22/2011 Female Floor, toilet seat, soap dispenser 3
M1 11/22/2011 Male Floor, toilet seat, soap dispenser 3
F2 11/29/2011 Female Floor, toilet seat, soap dispenser 3
M2 11/29/2011 Male Floor, toilet seat, soap dispenser 3
F3 12/06/2011 Female Floor, toilet seat, soap dispenser 3
M3 12/06/2011 Male Floor, toilet seat, soap dispenser 3
F4 12/13/2011 Female Floor, toilet seat, soap dispenser 3
M4 12/13/2011 Male Floor, toilet seat, soap dispenser 3
F5 1/10/2012 Female Floor, toilet seat, soap dispenser 3
M5 1/10/2012 Male Floor, toilet seat, soap dispenser 3
F6 1/17/2012 Female Floor, toilet seat, soap dispenser 3
M6 1/17/2012 Male Floor, toilet seat, soap dispenser 3
F7 1/31/2012 Female Floor, toilet seat, soap dispenser 3
M7 1/31/2012 Male Floor, toilet seat, soap dispenser 3
F8 1/24/2012 Female Floor, toilet seat, soap dispenser 3
M8 1/24/2012 Male Floor, toilet seat, soap dispenser 3

n = 48
samples

aOnly floor samples were sequenced (see Results and discussion).

Female 
restroom 

one 

Female 
restroom 

two 

Toilet seat Soap dispenser Floor 

Fig. 1 Results using sabouraud dextrose agar to grow fungi from restroom surfaces. Fungal-specific agar plates were used to culture
fungi from three different surfaces in the public restroom. Top row (left to right): female restroom 1 (F1), toilet seat, and soap dis-
penser. Bottom row (left to right): female restroom 2 (F2) floor, toilet seat, and soap dispenser.
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Teratosphaeria, Penicillium, Fusarium, Coniosporium,
Hormonema, Fusarium, Penicillium, and Rhodotorula.
Although Cladosporium spp. were identified at a higher
relative abundance than Saccharomyces spp., some
Cladosporium were not identified to the species level.
Thus, the most abundant identified species, per se,
found in 100% of restrooms was Saccharomyces cere-
visiae, which is a common fruit-associated fungus
(Mortimer, 2000) and often used in fermentation and
laboratory research (Karathia et al., 2011). In terms of
potential pathogenic fungi, we did identify members of
the genus Cryptococcus in all of the samples. However,
none of the sequences were identified as Cryptococcus
gatii or Cryptococcus neoformans, both of which can
cause of cryptococcosis (Faganello et al., 2009). More-
over, none of the sequences were identified as the fungi
known to cause coccidioidomycosis, blastomycosis, or
histoplasmosis (although the latter is not endemic to
the Southwestern United States). Incidentally, Coccid-
iodes immitis (i.e., the cause of ‘valley fever’) has been
previously identified using this primer set (Dollive
et al., 2012), and its sequence is also found in the
UNITE ITS database.

Over the 2-month sampling period, the relative
abundance of the five most commonly identified classes
of fungi was remarkably stable in both male and
female restrooms, although on day one phylum
Ascomycota (class ‘unidentified’) and class Doth-
ideomycetes fluctuated in their abundance compared
to other days (Figure 3). The percent abundances of

the 15 most abundant fungal classes showed similar
stability over the course of the study (Figure 4). This is
somewhat remarkable given the fact that the floor sur-
face had only 8 h to accumulate each fungal assem-
blage. PCoA plots also suggested that fungal
assemblages of samples collected on the same day
tended to be more similar to one another than to other
days based on Binary-Jaccard (ANOSIM; r = 0.2299,
P = 0.05) and Bray–Curtis (ANOSIM; r = 0.4576,
P = 0.01) beta-diversity metrics (Figure 5). We also
found that the overall ‘species’ diversity of fungi, which
were estimated by OTU counts, appeared to vary over
time. Although not statistically significant, the Shan-
non diversity estimates found a lower mean diversity
with a higher variance in the first 4 weeks of the study
(November–December) compared to the last 4 weeks
(December–January) (Figure S2). While 8 weeks do
not appear to be a particularly long sample time, we
note that December–January is typically the ‘cold and
rainy’ season in San Diego, which could be expected to
have a significant effect on fungal growth and disper-
sal. Additional long-term sampling follow-up studies
are being performed to clarify the importance of sea-
sonal effects on fungal diversity. The FDR-corrected
analysis of variance (ANOVA) identified five OTUs
with abundance levels that were significantly affected
by the sampling date, including Pleosporales sp.
(P < 0.01), Serpula himantiodes (P < 0.01), Aspergillus
fumigatus (P < 0.03), and two uncultured unidentified
fungal species (both P < 0.05). Considered together,

59% 
unidentified  

fungi 

41% identified 
to phylum or 

lower 

k_fungi: p_unidentified
g_Cladosporium
p_Ascomycota
f_Mycosphaerellaceae
g_Saccharomyces
g_Alternaria
p_Basidiomycota
g_Cryptococcus
g_Phoma
g_Teratosphaeria
g_Coniosporium
g_Hormonema
g_Fusarium
g_Penicillium
g_Rhodotorula
g_Aureobasidium
g_Devriesia
g_Toxicocladosporium
g_Stemphylium
g_Lewia
g_Capnobotryella
g_Coniothyrium 
p_Basidiomycota:c_Tremellomycetes
g_Sydowia
g_Myrothecium

g_Cladosporium 

p_Ascomycota

f_Mycosphaerellaceae

g_Saccharomyces
g_Alternaria

p_Basidiomycota

Fig. 2 Pie chart of the 25 most abundant identifiable fungal genera in the public restroom. This image shows a split pie chart highlight-
ing the relative proportion of these 25 genera based on average relative abundance. Many of 41% of the community had a significant
match to a known sequence while the rest were classified as fungi but were unidentifiable at the phylum level or below. The letters cor-
respond to: k = kingdom, p = phyla, c = class, o = order, f = family, g = genus, and s = species. In the legend, genera are labeled
clockwise in order of abundance, with Cladosporium being the most abundant and Myrothecium being the least abundant out of the
top 25 fungal genera. The rightmost pie chart is drawn larger for improved readability.
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these results indicated that external environmental fac-
tors and seasonal changes were likely the largest influ-
ence on the patterns of fungal diversity, although a
much longer time course (i.e., many seasons in multiple
locations) would be necessary to further examine this
hypothesis.

In terms of the origins of the identified fungal assem-
blages, based on the matches to known fungal taxa the
vast majority of the restroom fungi appear to come
from environmental sources [e.g., soils, plants (Dean
et al., 2012), and rock surfaces (Gueidan et al., 2011)]
rather than human sources. A culture-independent
study of residential surfaces in a university-housing
complex also found that outdoor fungi were the most
important contributor to passive fungal assemblages
on surfaces (Adams et al., 2013b). This stands in sharp
contrast to the bacterial assemblages from the same
samples. Although it does not appear that the fungi
themselves come from human sources, Hospodsky
et al. (2014) demonstrated that humans contribute to
the dispersion of fungi in air and may bring fungi

indoors with them; however, this does not necessarily
mean that the identified fungi are human-associated,
which was not tested in this study.

Two previous studies by Flores et al. (2011) and
Gibbons et al. (2015) determined that the primary
source of bacteria found on restroom surfaces origi-
nated from human skin followed by the human gut
with a small percent from the environment (Flores
et al., 2011; Gibbons et al., 2015; Knights et al., 2011).
Similar studies of homes, offices, and hospital environ-
ments have also found a predominance of skin-asso-
ciated bacteria on surfaces (Bokulich et al., 2013;
Brooks et al., 2014; Dunn et al., 2013; Hewitt et al.,
2012, 2013). If fungi found in the restroom were pri-
marily skin-associated, we would have expected to find
more fungi in the toilet seat and soap dispenser surface
samples, which come into direct contact with human
skin and were dominated by skin bacteria. As these
surfaces did not yield evidence of many fungi either
via culturing or PCR, we analyzed the sequence
abundance in the floor samples of the most common
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Fig. 3 Relative abundance of the top five most commonly determined classes of fungi arranged by collection time and grouped by gen-
der. The x-axis indicates the restroom gender and time point, where F1 and M1 are female and male samples from week one. The col-
ors correspond to each of the top identified fungal classes not including fungi that were unidentified at phylum level or lower (~59% of
the OTUs). OTUs = operational taxonomic units.
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skin-associated fungi, which are Malassezia spp. (Find-
ley et al., 2013). This genus has previously been shown
to be identifiable by the primer set we used (Adams
et al., 2013b; Dupuy et al., 2014), and 91 different ref-
erence sequences from this genus are also present in the
UNITE ITS database (K~oljalg et al., 2005). However,
a thorough search of our dataset found trace evidence
of this genus (~0.01% of reads) on just two of the
restroom floor samples despite deep sequencing. This
result was surprising because skin-associated fungi
would be expected to be relatively common in the pub-
lic restroom as skin cells and their associated bacteria
slough off readily from human bodies (Hospodsky
et al., 2012). However, we note that most of our data
come from just one surface (floor) as the other two sur-
faces we tested did not yield many fungi. A more thor-
ough sampling of all the surfaces in restrooms might
have revealed more skin-associated fungi, although it is
also possible that the public restroom floor is a very
distinct type of indoor environment that is not readily
colonized by skin fungi. As more fungal ITS-1
sequence datasets become available, the hypothesis

that fungi assembling in the public restroom are of
environmental origin could be more directly tested by
comparing BE ‘sink’ environments to a variety of
‘source’ environments, including humans and soils
(Knights et al., 2011).

Given the samples were taken from floor surfaces,
shoes appear to be the most likely source of the envi-
ronmental fungi rather than passive deposition from
the air particularly because these diverse assemblages
formed within a few hours. This inference is also sup-
ported by the fact that we did not find diverse fungal
communities on the toilet seat or soap dispensers (not
normally touched by shoes). Certainly, passive accu-
mulation of fungi in the air plays a generally important
role in establishing BE fungal communities (Adams
et al., 2013a,b). However, our data indicate that walk-
ing also may play a significant role and that future
studies should aim to quantify the respective roles of
air and shoe dispersal on indoor fungal assemblages.

When Gibbons et al. (2015) characterized the
beta-diversity of bacterial communities using 16S
sequencing, they found significant differences between
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Fig. 4 Relative abundance of the 15 most abundant fungal classes found on the public restroom floor displayed as relative abundance.
(In legend and figure, fungal classes are listed top to bottom, with least abundant on top and most abundant on bottom.) Along the
x-axis are the identification numbers of the restroom floor samples over 2 months, where F1 and M1 are from the first week and F8
and M8 are from the last week (F = female restrooms, M = male restrooms). The colors correspond to each of the top identified fun-
gal classes, not including the ~59% of the fungal OTUs that matched sequences which were unidentified at phylum or lower. OTUs,
operational taxonomic units.

875

Built environment fungal diversity



the bacterial diversity of male and female toilet seats
but no significant difference in the bacterial diversity
between the floor samples in male and female
restrooms. For the floor fungal communities, we also
did not find significant differences in beta-diversity
between male- and female-associated communities with
either Binary-Jaccard (ANOSIM; P = 0.62) or Bray–
Curtis metrics (ANOSIM; P = 0.71; Figure 5).
ANOVA tests corrected for multiple comparisons did
not identify any OTUs that were significantly affected
by restroom gender.

When viewing the rank abundance according to the
Whittaker plot (Figure S3), the top 25 highest-ranked
OTUs, which make up only 1% of the 2550 OTUs,
accounted for 55% of the OTU abundance over all
reads, meaning most organisms found in this environ-
ment are rare. Whittaker plots are used to visualize rel-
ative species abundances of ecological communities, as
well as species richness and evenness. The slopes of the
Whittaker curves have very steep gradients, indicating
very uneven fungal assemblages in these samples, all of
which are dominated by a small number of highly
abundant OTUs.

Finally, we looked at the relationship between the
fungal and bacterial diversity. Specifically, we did a
pairwise correlation between the bacterial and fungal
family abundances. After correcting for multiple com-
parisons, we only found two significant correlations,
one of which was actually between plant chloroplasts
and fungi (Figure S1). Abundances of OTUs matching
to plant chloroplasts (Plantae: Streptophyta), often
amplified by bacterial primers because of the chloro-
plast’s evolutionary relationship to Cyanobacteria,
were positively correlated with some fungal plant
pathogens, including Pleosporaceae (r = 0.78,
P < 0.001) and Teratosphaeriaceae (r = �0.52,
P < 0.05). The soil- and drinking water-associated bac-
terial family Sphingomonadaceae (Hageskal et al.,
2009; Narciso-da-Rocha et al., 2014; Vaz-Moreira
et al., 2011) was found to be moderately positively cor-
related (r = 0.65, P < 0.01) with the fungal family
Filobasidiaceae, which contains the soil genera Crypto-
coccus and Filobasidium (Karpouzas et al., 2009).
Given that the putative sources of the fungi and bacte-
ria are so different, it is perhaps not surprising to
observe so few significant correlations.

Fig. 5 Beta-diversity PCoA plots for date and gender on restroom floor samples. Beta-diversity analysis performed with the
unweighted Binary-Jaccard metric for (a) date and (b) gender. Beta-diversity analysis performed with the weighted Bray–Curtis metric
for (c) date and (d) gender. PCoA = principal coordinates analysis.
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Conclusion

Our analysis of fungal assemblages on restroom floor
surfaces showed that fungi in public restrooms can be
extremely diverse, yet can also form rapidly and in a
highly predictive manner. These results suggest it
should be possible to develop a baseline of expected
environmental fungal diversity for a particular geo-
graphic locale. Development of a comprehensive sea-
sonal fungal database will be important for fungal
surveillance efforts and for detecting significant depar-
tures from typical conditions. Such departures could
then be linked to incidences of human exposure and
potentially to novel fungal pathogens.
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Additional Supporting Information may be found in
the online version of this article:

Figure S1. Fungal-bacterial and fungal-fungal correla-
tions, determined by Pearson product moment corre-
lation coefficient using the R Project package
‘corrgram’. Bacterial names are colored in blue and
fungal names in red. The letters correspond to:
k = kingdom; p = phyla; c = class; o = order;
f = family. Each taxon was identified to the family
level when possible, or the lowest level of taxonomy
identification available. Positive correlations are
indicted in blue and negative correlations in red.
Significance levels are indicated by asterisks:
***P ≤ 0.001; **P ≤ 0.01; and *P ≤ 0.05.
Figure S2. Alpha diversity box-plots using Shannon
diversity for public restroom floor samples. Values
were averaged combining both male and female
restrooms over 2 week blocks (four blocks total,
where each block represents two male and two
female restroom floor samples.). The height of the
boxes indicates Shannon diversity variance and the
central line is the average Shannon diversity within
the sampling blocks.
Figure S3. Whittaker plot showing the OTU rank
abundance for each sample.
Table S1. Genera identified in at least 25% of
restroom floor samples constituting the core diversity
of this environment. The letters correspond to:
k = kingdom, p = phyla, c = class, o = order,
f = family, and g = genus.
Table S2. Species identified in at least 25% of
restroom floor samples constituting the core diversity
of this environment. The letters correspond to:
k = kingdom, p = phyla, c = class, o = order,
f = family, g = genus, and s = species.

References

Adams, R., Miletto, M., Taylor, J. and
Bruns, T. (2013a) Dispersal in microbes:
fungi in indoor air are dominated by out-
door air and show dispersal limitation at
short distances, ISME J., 7, 1262–1273.

Adams, R., Miletto, M., Taylor, J. and
Bruns, T. (2013b) The diversity and dis-
tribution of fungi on residential surfaces,
PLoS One, 8, e78866.

Allermann, L., Wilkins, C. and Madsen, A.
(2006) Inflammatory potency of dust
from the indoor environment and corre-
lation to content of NAGase and fungi,
Toxicol. In Vitro, 20, 1522–1531.

Andersen, B., Frisvad, J., Søndergaard, I.,
Rasmussen, I. and Larsen, L. (2011)
Associations between fungal species and
water-damaged building materials, Appl.
Environ. Microbiol., 77, 4180–4188.

Bokulich, N., Mills, D. and Underwood, M.
(2013) Surface microbes in the neonatal
intensive care unit: changes with routine

cleaning and over time, J. Clin. Micro-
biol., 51, 2617–2624.

Bray, J.R. and Curtis, J.T. (1957) An ordina-
tion of the upland forest communities of
southern Wisconsin, Ecol. Monogr., 27,
325–349.

Brooks, B., Firek, B., Miller, C., Sharon, I.,
Thomas, B., Baker, R., Morowitz, M.
and Banfield, J. (2014) Microbes in the
neonatal intensive care unit resemble
those found in the gut of premature
infants, Microbiome, 2, 1.

Caporaso, J., Kuczynski, J., Stombaugh,
J., Bittinger, K., Bushman, F., Costello,
E., Fierer, N., Pe~na, A., Goodrich, J.,
Gordon, J., Huttley, G., Kelley, S.,
Knights, D., Koenig, J., Ley, R., Lozu-
pone, C., McDonald, D., Muegge, B.,
Pirrung, M., Reeder, J., Sevinsky, J.,
Turnbaugh, P., Walters, W., Widmann,
J., Yatsunenko, T., Zaneveld, J. and
Knight, R. (2010) QIIME allows analy-

sis of high-throughput community
sequencing data, Nat. Methods, 7, 335–
336.

CDC (2009) CDC and Fungal Diseases: why
are fungal diseases a public health issue?
Available from: http://www.cdc.gov/nce-
zid/dfwed/PDFs/fungal-factsheet-
508c.pdf

Cooley, J.D., Wong, W.C., Jumper, C.A.
and Straus, D.C. (1998) Correlation
between the prevalence of certain fungi
and sick building syndrome, Occup. Envi-
ron. Med., 55, 579–584.

Crook, B. and Burton, N. (2010) Indoor
moulds, sick building syndrome and
building related illness, Fungal Biol. Rev.,
24, 106–113.

Dean, R., Van Kan, J.A., Pretorius, Z.A.,
Hammond-Kosack, K.E., Di Pietro, A.,
Spanu, P.D., Rudd, J.J., Dickman, M.,
Kahmann, R., Ellis, J. and Foster, G.D.
(2012) The Top 10 fungal pathogens in

877

Built environment fungal diversity

http://www.cdc.gov/ncezid/dfwed/PDFs/fungal-factsheet-508c.pdf
http://www.cdc.gov/ncezid/dfwed/PDFs/fungal-factsheet-508c.pdf
http://www.cdc.gov/ncezid/dfwed/PDFs/fungal-factsheet-508c.pdf


molecular plant pathology, Mol. Plant
Pathol., 13, 414–430.

Dixon, P. (2003) VEGAN, a package of R
functions for community ecology, J. Veg.
Sci., 14, 927–930.

Dollive, S., Peterfreund, G., Sherrill-Mix,
S., Bittinger, K., Sinha, R., Hoffmann,
C., Nabel, C., Hill, D., Artis, D., Bach-
man, M., Custers-Allen, R., Grunberg,
S., Wu, G., Lewis, J. and Bushman, F.
(2012) A tool kit for quantifying
eukaryotic rRNA gene sequences from
human microbiome samples, Genome
Biol., 13, R60.

Dunn, R., Fierer, N., Henley, J., Leff, J. and
Menninger, H. (2013) Home life: factors
structuring the bacterial diversity found
within and between homes, PLoS One, 8,
e64133.

Dupuy, A., David, M., Li, L., Heider, T.,
Peterson, J., Montano, E., Dongari-Bagt-
zoglou, A., Diaz, P., Strausbaugh, L. and
Andes, D. (2014) Redefining the human
oral mycobiome with improved practices
in amplicon-based taxonomy: discovery
ofMalassezia as a prominent commensal,
PLoS One, 9, e90899.

Edgar, R. (2010) Search and clustering
orders of magnitude faster than BLAST,
Bioinformatics, 26, 2460–2461.

Faganello, J., Dutra, V., Schrank, A.,
Meyer, W., Schrank, I.S. and Vainstein,
M.H. (2009) Identification of genomic
differences between Cryptococcus neofor-
mans and Cryptococcus gattii by represen-
tational difference analysis (RDA), Med.
Mycol., 47, 584–591.

Fierer, N., Hamady, M., Lauber, C. and
Knight, R. (2008) The influence of sex,
handedness, and washing on the diversity
of hand surface bacteria, Proc. Natl Acad.
Sci. USA, 105, 17994–17999.

Findley, K., Oh, J., Yang, J., Conlan, S.,
Deming, C., Meyer, J., Schoenfeld, D.,
Nomicos, E., Park, M., Becker, J., Ben-
jamin, B., Blakesley, R., Bouffard, G.,
Brooks, S., Coleman, H., Dekhtyar, M.,
Gregory, M., Guan, X., Gupta, J., Han,
J., Hargrove, A., Ho, S., Johnson, T.,
Legaspi, R., Lovett, S., Maduro, Q.,
Masiello, C., Maskeri, B., McDowell, J.,
Montemayor, C., Mullikin, J., Park, M.,
Riebow, N., Schandler, K., Schmidt, B.,
Sison, C., Stantripop, M., Thomas, J.,
Thomas, P., Vemulapalli, M., Young, A.,
Kong, H. and Segre, J. (2013) Topo-
graphic diversity of fungal and bacterial
communities in human skin, Nature, 498,
367–370.

Flores, G., Bates, S., Knights, D., Lauber,
C., Stombaugh, J., Knight, R. and Fierer,
N. (2011) Microbial biogeography of
public restroom surfaces, PLoS One, 6,
e28132.

Foto, M., Vrijmoed, L.L., Miller, J.D.,
Ruest, K., Lawton, M. and Dales, R.E.
(2005) A comparison of airborne ergos-
terol, glucan and Air-O-Cell data in rela-

tion to physical assessments of mold
damage and some other parameters,
Indoor Air, 15, 257–266.

Gardes, M. and Bruns, T.D. (1993) ITS pri-
mers with enhanced specificity for basid-
iomycetes-application to the
identification of mycorrhizae and rusts,
Mol. Ecol., 2, 113–118.

Ghannoum, M.A., Jurevic, R.J., Mukherjee,
P.K., Cui, F., Sikaroodi, M., Naqvi, A.
and Gillevet, P.M. (2010) Characteriza-
tion of the oral fungal microbiome
(mycobiome) in healthy individuals,
PLoS Pathog., 6, e1000713.

Gibbons, S., Schwartz, T., Fouquier, J.,
Mitchell, M., Sangwan, N., Gilbert, J.
and Kelley, S. (2015) Ecological succes-
sion and viability of human-associated
microbiota on restroom surfaces, Appl.
Environ. Microbiol., 81, 765–773.

Gueidan, C., Ruibal, C., de Hoog, G.S. and
Schneider, H. (2011) Rock-inhabiting
fungi originated during periods of dry cli-
mate in the late Devonian and middle
Triassic, Fungal Biol., 115, 987–996.

Hageskal, G., Lima, N. and Skaar, I. (2009)
The study of fungi in drinking water,
Mycol. Res., 113, 165–172.

Hewitt, K., Gerba, C., Maxwell, S., Kelley,
S. and Ravel, J. (2012) Office space bacte-
rial abundance and diversity in three
metropolitan areas, PLoS One, 7, e37849.

Hewitt, K.M., Mannino, F.L., Gonzalez, A.,
Chase, J.H., Caporaso, J.G., Knight, R.
and Kelley, S.T. (2013) Bacterial diversity
in two neonatal intensive care units
(NICUs), PLoS One, 8, e54703.

Hillis, D.M. and Dixon, M.T. (1991) Ribo-
somal DNA: molecular evolution and
phylogenetic inference, Q. Rev. Biol., 66,
411–453.

H€oppe, P. and Martinac, I. (1998) Indoor
climate and air quality. Review of current
and future topics in the field of ISB study
group 10, Int. J. Biometeorol., 42, 1–7.

Hospodsky, D., Qian, J., Nazaroff, W.,
Yamamoto, N., Bibby, K., Rismani-
Yazdi, H. and Peccia, J. (2012) Human
occupancy as a source of indoor airborne
bacteria, PLoS One, 7, e34867.

Hospodsky, D., Yamamoto, N., Nazaroff,
W., Miller, D., Gorthala, S. and Peccia,
J. (2014) Characterizing airborne fungal
and bacterial concentrations and emis-
sion rates in six occupied children’s class-
rooms, Indoor Air, 6, 641–652.

Jaccard, P. (1912) The distribution of flora in
the alpine zone, New Phytol., 11, 37–50.

Karathia, H., Vilaprinyo, E., Sorribas, A.
and Alves, R. (2011) Saccharomyces cere-
visiae as a model organism: a compara-
tive study, PLoS One, 6, e16015.

Karpouzas, D., Rousidou, C., Papadopou-
lou, K., Bekris, F., Zervakis, G., Singh,
B. and Ehaliotis, C. (2009) Effect of con-
tinuous olive mill wastewater applica-
tions, in the presence and absence of
nitrogen fertilization, on the structure of

rhizosphere–soil fungal communities,
FEMS Microbiol. Ecol., 70, 388–401.

Kelley, S. and Gilbert, J. (2013) Studying the
microbiology of the indoor environment,
Genome Biol., 14, 202.

Kellogg, C. and Griffin, D. (2006) Aerobiol-
ogy and the global transport of desert
dust, Trends Ecol. Evol., 21, 638–644.

Kendrick, B. (2011) Fungi: ecological impor-
tance and impact on humans, eLS, Chiche-
ster, Wiley & Sons, Ltd.

Knights, D., Kuczynski, J., Charlson, E.,
Zaneveld, J., Mozer, M., Collman, R.,
Bushman, F., Knight, R. and Kelley, S.
(2011) Bayesian community-wide culture-
independent microbial source tracking,
Nat. Methods, 8, 761–763.

Kodsueb, R., Dhanasekaran, V., Aptroot,
A., Lumyong, S., McKenzie, E., Hyde,
K. and Jeewon, R. (2006) The family
Pleosporaceae: intergeneric relationships
and phylogenetic perspectives based on
sequence analyses of partial 28S rDNA,
Mycologia, 98, 571–583.

K~oljalg, U., Larsson, K.-H., Abarenkov, K.,
Nilsson, R., Alexander, I., Eberhardt, U.,
Erland, S., Høiland, K., Kjøller, R., Lars-
son, E., Pennanen, T., Sen, R., Taylor,
A., Tedersoo, L., Vr�alstad, T. and Urs-
ing, B. (2005) UNITE: a database provid-
ing web-based methods for the molecular
identification of ectomycorrhizal fungi,
New Phytol., 166, 1063–1068.

Larsen, N., Vogensen, F.K., van den Berg,
F.W., Nielsen, D.S., Andreasen, A.S.,
Pedersen, B.K., Al-Soud, W.A., Søren-
sen, S.J., Hansen, L.H. and Jakobsen, M.
(2010) Gut microbiota in human adults
with type 2 diabetes differs from non-dia-
betic adults, PLoS One, 5, e9085.

Low, C.-Y. and Rotstein, C. (2011)
Emerging fungal infections in immuno-
compromised patients, F1000 Med. Rep.,
3, 14.

Mortimer, R. (2000) Evolution and variation
of the yeast (Saccharomyces) genome,
Genome Res., 10, 403–409.

Narciso-da-Rocha, C., Vaz-Moreira, I. and
Manaia, C. (2014) Genotypic diversity
and antibiotic resistance in Sphingomon-
adaceae isolated from hospital tap water,
Sci. Total Environ., 466–467, 127–135.

P�erez, C., Wingfield, M., Altier, N. and
Blanchette, R. (2013) Species of
Mycosphaerellaceae and Teratosphaeri-
aceae on native Myrtaceae in Uruguay:
evidence of fungal host jumps, Fungal
Biol., 2, 94–102.

Pitk€aranta, M., Meklin, T., Hyv€arinen, A.,
Nevalainen, A., Paulin, L., Auvinen, P.,
Lignell, U. and Rintala, H. (2011) Molec-
ular profiling of fungal communities in
moisture damaged buildings before and
after remediation – a comparison of cul-
ture-dependent and culture-independent
methods, BMC Microbiol., 11, 235.

Schmidt, O. (2007) Indoor wood-decay
basidiomycetes: damage, causal fungi,

878

Fouquier et al.



physiology, identification and characteri-
zation, prevention and control, Mycol.
Prog., 6, 261–279.

Schoch, C., Seifert, K.A., Huhndorf, S.,
Robert, V., Spouge, J.L., Levesque, C.A.
and Chen, W. and Fungal Barcoding
Consortium, Fungal Barcoding Consor-
tium Author List (2012) Nuclear riboso-
mal internal transcribed spacer (ITS)
region as a universal DNA barcode mar-
ker for fungi, Proc. Natl Acad. Sci. USA,
109, 6241–6246.

Shoemaker, R. and House, D. (2005) A time-
series study of sick building syndrome:
chronic, biotoxin-associated illness from
exposure to water-damaged buildings,
Neurotoxicol. Teratol., 27, 29–46.

Soeria-Atmadja, D., Onell, A. and Borg�a, A.
(2010) IgE sensitization to fungi mirrors
fungal phylogenetic systematics, J.
Allergy Clin. Immunol., 125, 1379–1386.

Solomon, W. (1975) Assessing fungus preva-
lence in domestic interiors, J. Allergy
Clin. Immunol., 56, 235–242.

Solomon, W., Burge, H. and Boise, J. (1978)
Airborne levels outside and within a large
clinical center, J. Allergy Clin. Immunol.,
62, 56–60.

Stanford, L.G. (1970) San Diego’s eucalyp-
tus bubble, J. San Diego Hist., 16, 15–18.

Tonge, D., Pashley, C. and Gant, T. (2014)
Amplicon-based metagenomic analysis of
mixed fungal samples using proton
release amplicon sequencing, PLoS One,
9, e106021.

Tringe, S. and Hugenholtz, P. (2008) A
renaissance for the pioneering 16S rRNA
gene, Curr. Opin. Microbiol., 11, 442–
446.

Vaz-Moreira, I., Nunes, O. and Manaia, C.
(2011) Diversity and antibiotic resistance
patterns of Sphingomonadaceae isolates

from drinking water, Appl. Environ.
Microbiol., 77, 5697–5706.

V�azquez-Baeza, Y., Pirrung, M., Gonzalez,
A. and Knight, R. (2013) EMPeror: a
tool for visualizing high-throughput
microbial community data, GigaScience,
2, 16.

White, T.J., Bruns, T., Lee, S. and Taylor,
J.W. (1990) Amplification and direct
sequencing of fungal ribosomal RNA
genes for phylogenetics. In: Innis,
M.A., Gelfand, D.H., Sninsky, J.J. and
White, T.J. (eds) PCR Protocols: A
Guide to Methods and Applications, Vol.
18, New York, Academic Press, Inc.,
315–322.

Yamamoto, N., Kimura, M., Matsuki, H.
and Yanagisawa, Y. (2010) Optimization
of a real-time PCR assay to quantitate
airborne fungi collected on a gelatin filter,
J. Biosci. Bioeng., 109, 83–88.

879

Built environment fungal diversity


