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Abstract
Background: While indoor microbiomes impact our health and well-being, much remains unknown about
taxonomic and functional transitions that occur in human-derived microbial communities once they are transferred
away from human hosts. Toothbrushes are a model to investigate the potential response of oral-derived microbiota
to conditions of the built environment. Here, we characterize metagenomes of toothbrushes from 34 subjects to
define the toothbrush microbiome and resistome and possible influential factors.
Results: Toothbrush microbiomes often comprised a dominant subset of human oral taxa and less abundant
or site-specific environmental strains. Although toothbrushes contained lower taxonomic diversity than oralassociated counterparts (determined by comparison with the Human Microbiome Project), they had relatively
broader antimicrobial resistance gene (ARG) profiles. Toothbrush resistomes were enriched with a variety of ARGs,
notably those conferring multidrug efflux and putative resistance to triclosan, which were primarily attributable to
versatile environmental taxa. Toothbrush microbial communities and resistomes correlated with a variety of factors
linked to personal health, dental hygiene, and bathroom features.
Conclusions: Selective pressures in the built environment may shape the dynamic mixture of human (primarily
oral-associated) and environmental microbiota that encounter each other on toothbrushes. Harboring a microbial
diversity and resistome distinct from human-associated counterparts suggests toothbrushes could potentially serve
as a reservoir that may enable the transfer of ARGs.
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Background
Interactions between the human microbiome and
surrounding environment influence microbial diversity
central to our health and well-being [1, 2]. Microorganisms
are transferred to and from hosts through direct contact
(e.g., with surfaces) as well as via passive transmission (e.g.,
shedding of particles, aerosols). Accordingly, microbial
assemblages that emerge in indoor spaces reflect human
activity [3–5]. Putative selective pressures within the built
environment (e.g., desiccation, limited resource availability,
chemical residues) impact potential microbial adaptations
and community dynamics [1, 3–8]. Since the humanassociated microbiota in such indoor microbiome studies
disproportionately involves the fraction derived from skin
(i.e., microbial communities on surfaces, doorknobs, sinks,
dust), the question of what happens to those from other
body sites (e.g., the oral microbiome) when they find
themselves in a hostile non-host environment is
largely unexplored.
Toothbrushes are a unique component of the built
environment that comes in contact with our bodies (i.e.,
mouth, hands) and water on a daily basis. Microenvironments on toothbrushes exhibit periodic wetting, variations
in temperature, and differences in physical surfaces that
may impact the ability of microbiota to colonize. Used
toothbrushes are known to harbor a combination of putatively human-derived and environmental microorganisms,
such as members of Streptococcus, Staphylococcus, Pseudomonas, Poryphromonas, Parvimonas, Lactobacillus, Klebsiella, Fusobacterium, Escherichia, and Enterococcus [9–12].
However, since these assessments were largely limited to
culture-dependent monitoring for contamination, much
remains unknown about microbial community structure
and function on toothbrushes.
Mixed microbial communities that emerge on toothbrushes may be shaped by a variety of factors, particularly
those that influence potential source microbiomes. For
example, the human oral microbiome is associated with age,
dental hygiene, and clinical health (e.g., dental caries,
periodontal disease, and even oral cancer) [13–17]. As
toothbrushes appear as a reservoir for both humanassociated and environmental taxa, their microbial diversity
may also associate with features linked to other microbiomes of the built environment, such as how dust microbiota are influenced by indoor chemistry and building
design (e.g., antimicrobials used in cleaning products, presence of windows) [3, 4]. Aside from the limited understanding that antimicrobials incorporated into oral care products
(e.g., chlorhexidine gluconate in mouthwash, nanoparticles
on toothbrushes) influence bacterial counts on toothbrushes
[18, 19], factors that more broadly impact the toothbrush
microbiome are not well understood.
Here, we characterized the microbial diversity of 34
toothbrushes collected from randomly matched volunteers.
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Metagenomes of each sample were compared to those from
the Human Microbiome Project (HMP-II) [20] and relevant
indoor microbiome studies (e.g., microbiota associated with
dust, sink tap water, and shower heads) [4, 21, 22] to uncover attributions to microbiota assembly and characterize
potential emergence of antimicrobial resistance genes
(ARGs) on toothbrushes. By evaluating metadata on dental
hygiene and other personal information (e.g., diet, health,
demographics) provided by participants, we tested the
hypothesis that a combination of abiotic and biotic factors
is important for shaping microbial communities and resistomes on toothbrushes.

Results
Members and sources of the toothbrush microbiota

Shotgun metagenomic sequencing of the DNA on toothbrushes yielded (5.07 ± 0.55) × 106 quality reads per sample, providing estimated sequencing coverage of 83.1 ±
3.7% (n = 34; mean ± st. error) (Additional file 1: Fig. S1).
There were 258 microbial species and 113 genera identified
using an assembly-free marker-gene analysis of the microbial communities (i.e., MetaPhlAn2; Additional file 2: Table
S1). Prominent phyla included Actinobacteria, Firmicutes,
and Proteobacteria. The most abundant taxa were consistent with those identified by metagenome assembly, which
yielded 110 bins assigned to 35 genera (Additional file 3:
Table S2). At the genus-level, there was a strong correlation
between the average relative abundance based on the
marker-gene approach and the frequency among bins generated from metagenome assembly (rho = 0.706, p < 0.001;
Additional file 4: Fig. S2).
Toothbrush microbiomes contained a mix of humanassociated taxa, primarily from oral body sites (Fig. 1a). The
core microbiota (i.e., in > 75% of samples) included 8 predominant species frequently present in oral microbiomes
(i.e., members of Streptococcus, Rothia, and Veillonella) and
2 others likely more associated with environmental origins
(i.e., Klebsiella oxytoca and Stenotrophomonas maltophila)
(Fig. 1b). More broadly, there were 37 relatively conserved
bacterial species (i.e., in at least 50% of samples), of which
81.1% are common within the oral microbiome. These additional human-associated microbial species, many of which
are found across multiple body sites despite occurring most
frequently in oral microbiomes, included members of Actinomyces, Corynebacterium, and Prevotella, among others
(Fig. 1b). The less-conserved toothbrush microbiota (i.e., in
< 50% of samples) varied more in terms of possible origins,
with only about half being frequently associated with the
oral microbiome (Fig. 1a).
Despite notable overlap in membership with the
human microbiota, toothbrush microbial communities
had a widely distributed diversity (Fig. 1c). Variation in
community composition and structure among toothbrush
samples (Jaccard distance = 0.708 ± 0.029) exceeded that
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Fig. 1 Toothbrush microbiota taxonomic diversity reflects a subset of the human oral microbiota with minor influence from other body sites and
the built environment. a Frequency-abundance of toothbrush microbiota; color intensity corresponds to taxon frequency of detection in HMP-II
[20] oral microbiome samples. b Frequency of detection of conserved toothbrush-associated taxa (i.e., those in at least 50% toothbrush samples)
across different sample types, including toothbrushes, indoor dust [3, 4], tap water [21, 22], shower head biofilms [unpublished], and various body
sites from the human microbiome project (HMP-II) [20]. Heatmap intensity reflects frequency of taxon detection in the respective sample types.
Sidebar color corresponds to taxon phylum and an asterisk indicates member of the “core toothbrush microbiota” (i.e., in at least 75% samples). c
PCoA displaying species-level beta-diversity across microbiota of toothbrushes, relevant environmental samples, and human microbiomes. Color/
shape correspond to sample type. d Alpha-diversity (Shannon index) for each sample type

of person-to-person oral microbial communities (Jaccard
distance = 0.563 ± 0.003) (p < 0.001; mean ± st. error).
There was significant dissimilarity between the toothbrush
microbiota and human oral (PERMANOVA R2 = 0.027),
vaginal (PERMANOVA R2 = 0.062), skin (PERMANOVA
R2 = 0.063), and gut (PERMANOVA R2 = 0.097) microbiota (p < 0.001 for all comparisons). Thus, oral microbiota were the least dissimilar taxonomic diversity with
toothbrush microbial communities. Notably, out of the
three primary oral sites sampled in the HMP-II (i.e., the
buccal mucosa, supragingival plaque, and tongue), buccal
mucosa was least dissimilar to toothbrushes (PERM
ANOVA R2 = 0.067, 0.131, 0.125, respectively; all p <
0.001), and they clustered closest together (Additional file
5: Fig. S3). Moreover, alpha-diversity (Shannon Index) of
the toothbrush microbiota differed with that of each of the
broadly characterized human body sites (Tukey’s p < 0.001
for all comparisons). While alpha-diversity on toothbrushes
was greater than that of skin and vaginal microbiotas, it
was lower than that of oral and gut microbiotas (Fig. 1d).

While about half of the toothbrush microbial communities clustered among oral microbiota in an ordination, another set appeared more closely related to skin microbiota
and other microenvironments (Fig. 1c). The alpha-diversity
of toothbrush-associated microbial communities was similar to that of indoor dust (Tukey’s p = 0.829) and tap water
(Tukey’s p = 0.921), though not shower head biofilms
(Tukey’s p < 0.001) (Fig. 1d). Nevertheless, the toothbrush
microbiota had a structure and composition that was significantly different from dust (PERMANOVA R2 = 0.126, p
< 0.001) and water (PERMANOVA R2 = 0.251, p < 0.001),
as well as shower head biofilms (PERMANOVA R2 =
0.175, p < 0.001) (Fig. 1c, d).
Both toothbrushes and indoor dust are microbial
“sinks” containing a mixture of human-associated and
environmental microbiota. SourceTracker analysis [23]
suggested that, on average, 47.2% of the toothbrush
microbiota was derived from humans (almost all oral
origin), which is greater than the ~ 30% previously estimated for indoor dust [3, 4]. SourceTracker corroborated
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the PCoA ordination clustering revealing a bimodal distribution of putative human-derived taxa on toothbrushes,
indicating that they were generally either covered with or
lacking (i.e., > 75% or < 25%) such members (Fig. 2a).
Accordingly, there was a strong relationship between
taxonomic diversity on toothbrushes and the proportion
of taxa attributed to the human microbiome, primarily the
mouth (Fig. 2b; PERMANOVA R2 = 0.215, p < 0.001).
The set of toothbrushes with greater than 50% of
microbiota putatively derived from the human microbiome contained high relative abundances of members of
Streptococcus, Rothia, Veillonella, Actinomyces, and Neisseria (Fig. 2c). Alternatively, key taxa from the set of
toothbrushes containing less niche-specific microbiota included members of Klebsiella, Acinetobacter, Stenetrophomonas, Pseudomonas, and Enterobacter (Fig. 2c). The
putatively non-human-derived fraction of the microbiota
could be attributed to sink tap water (10.6%), shower head
biofilms (5.2%), and possibly local environmental sources
(i.e., 37.1% were of unknown origin), which may collectively drive the aforementioned large variation in taxonomic diversity (i.e., Fig. 1c). We note that since we used
publicly available “training data” from different subjects
and locations than the toothbrush samples, the SourceTracker predictions are approximate.
Overall, while toothbrushes contained a distinct
microbiota (PERMANOVA p < 0.001) with most frequently occurring members putatively derived from the
oral cavity (i.e., human oral microbiota was the greatest
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predicted source fraction and had the lowest PERM
ANOVA R2 compared to all other sample types), their
alpha-diversity was most similar to other microbial communities found in the built environment.
Resistome of the toothbrush microbiota

The toothbrush metagenomes and the subset of oral
metagenomes (Fig. 3a) contained 176 antibiotic resistance gene (ARG) protein families (Additional file 6:
Table S3). The latter included samples from human buccal mucosa (n = 11), keratinized gingiva (n = 1), saliva (n
= 1), supragingival plaque (n = 9), and tongue (n = 12)
oral sites (Additional file 7: Table S4). ARGs varied in
drug class and mechanism (e.g., antibiotic inactivation,
efflux, target alteration) for predicted resistance (Table
S3). We note that this list includes some widely conserved genes that confer intrinsic resistance and those
that confer resistance when certain point mutations are
present (e.g., rpsJ, gyrB); ARGs presented in our analysis
refer only to a particular gene detected from the Comprehensive Antimicrobial Resistance Database (i.e.,
amino acid sequence predicted to confer resistance)
[24]. Toothbrushes contained 158 ARG families with
21.8 ± 3.0 different families per sample, which was significantly greater than the 53 ARG families and 13.6 ±
1.1 different families per sample in oral metagenomes
(mean ± st. error; p = 0.042). Unlike the microbiota
taxonomic profiles, the ARG profiles of toothbrushes
tended to be more diverse than those of oral-associated

Fig. 2 Toothbrush-associated microbiota are derived from a mix of prominent human and environmental taxa. a Distributions of putative origins
of the toothbrush microbiota (genus-level) predicted by SourceTracker [23]. b PCoA displaying genus-level beta-diversity across toothbrush
microbiota; color intensity indicates the cumulative fraction of taxa putatively derived from the human microbiome per sample. c Average relative
abundances of highly abundant genera (i.e., > 2% average relative abundance) in all toothbrush metagenomes and those with putatively less
than or greater than 50% microbiota derived from the human microbiome (i.e., primarily human-derived vs. non-niche-specific, respectively)
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Fig. 3 Although toothbrushes contained a less diverse microbiota and fewer commonly occurring antibiotic resistance genes (ARGs) than the
oral microbiome, they had a more diverse resistome. a K-means clustering of all HMP-II oral sample taxonomic profiles (n = 1259; gray points)
was used to generate centroids equal in size to the number of toothbrush samples (n = 34). Samples closest to the centroids (orange points)
were selected for resistome analysis. b Shannon indices for overall taxonomic and ARG profiles for the subset oral samples (orange) and on
toothbrushes (red). Mann-Whitney test p values for differences by sample type are displayed. c Overlap of conserved (i.e., detected in at least 50%
respective samples) microbial species and antibiotic ARGs

counterparts (Fig. 3b). Such disparity and the lack of
correlation between toothbrush taxonomic and ARG
alpha-diversity (rho = − 0.062; p = 0.720) suggests possible microbial selection based on resistome.
Toothbrush resistomes were enriched with more ARG
protein families than oral resistomes (Fig. 4a) despite
having fewer that were conserved (i.e., in at least 50% of
samples) (Fig. 3c) and exhibiting more person-to-person
variation (toothbrush Jaccard distance = 0.794 ± 0.034,
oral Jaccard distance = 0.607 ± 0.032, p < 0.001). While
oral samples were enriched with an ARG encoding resistance to tetracycline (rpsJ), toothbrushes were enriched
with a variety of multidrug resistance genes (oqxB, msbA,
CRP, PhoP, marA, vgaC) and those that confer resistance
to triclosan (fabI) and fosfomycin (PtsI), among other
mechanisms (bacA, gyrB). Both sample types further contained enrichments in different proteins that encoded
similar resistances, i.e., to drug classes including fluoroquinolones (patA and a parC in oral; emrR and a parC in
toothbrush), macrolides (ermF in oral; mel and ErmX in
toothbrush), and beta-lactams (CfxA6 in oral; ACT-35 in
toothbrush). For all conserved ARGs, log-transformed
reads per kilobase per million (RPKMs) did not significantly differ by sample type (q > 0.05 for all) (Fig. 4a).
Thus, compared to oral microbiomes, those on toothbrushes contained enrichments in the presence, but not
copy number, of a variety of ARGs, some of which
encoded resistances to drug classes not commonly conferred by oral microbiota. Overall, while both oral and
toothbrush metagenomes contained a variety of ARGs,
the latter were more diverse and uniquely associated with
multidrug resistance and resistance to non-clinical antimicrobials (e.g., triclosan).
Enrichments within the toothbrush resistome appeared
to be most attributable to versatile environmental-derived
taxa. The fractions of toothbrush microbiota that were

putatively sourced from the human microbiome vs. alternative origin significantly correlated with ARG profile
beta-diversity (Fig. 4b; PERMANOVA R2 = 0.141, p <
0.001). Most of the enriched ARGs, except mel, were more
abundant on toothbrushes that contained a microbiota
primarily derived from such alternative sources (Fig. 4c).
In agreement, metagenome assembly uncovered 28 bins
containing 29 ARGs, most of which were assigned to
environmental taxa with broad niche ranges, such as
members of Enterobacter, Klebsiella, and Pseudomonas
(Fig. 5). While several bins that were assigned to oralassociated taxa carried ARGs, notably intrinsic resistance
(e.g., Neisseria encoding rpsJ), only those with unpredictable origins were found to encode possible multidrug
resistance. Taken together, compared to the more conserved oral-associated taxa on toothbrushes, emergence of
non-niche-specific strains within the microbial assemblages likely accounted for the unique toothbrush
resistome.
Factors shaping the toothbrush microbiome

We inferred a variety of factors that may influence the
toothbrush microbiome structure and composition from
the participant metadata (Fig. 6). Beta-diversity across
microbiota was significantly, yet weakly associated with
gender identity (PERMANOVA R2 = 0.055, p = 0.031),
missing teeth (PERMANOVA R2 = 0.078, p = 0.004),
and adenoid/tonsil removal (PERMANOVA R2 = 0.072,
p = 0.010) (Additional file 8: Fig. S4). Similarly, beta-diversity across ARG profiles was weakly linked to having
missing teeth (PERMANOVA R2 = 0.053, p = 0.030) and
adenoid/tonsil removal (PERMANOVA R2 = 0.058, p =
0.013) (Additional file 8: Fig. S4). Perhaps related, the putative human-derived content of toothbrush microbiota was
inversely proportional to having adenoids/tonsils removed
(p = 0.011). No other metadata from the exploratory
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Fig. 4 Enrichments in the toothbrush resistome correlate with the environmental-derived fraction of toothbrush microbial communities. a Left:
Frequency of ARGs detected in oral (orange) and toothbrush (red) samples for ARGs present in > 10% of all samples (n = 68). Vertical dotted lines
distinguish conserved ARGs (i.e., detected in at least 50% respective samples). An asterisk indicates enrichment by sample type (Bonferroni q <
0.05). Right: Log-transformed normalized RPKM counts for marker hits to each ARG protein family. Crossbar indicates median value for samples
with > 0 counts. Axis tick colors correspond to ARG drug class. b PCoA displaying beta-diversity of toothbrush microbiomes based on normalized
RPKMs of ARGs; color intensity indicates the cumulative fraction of taxa putatively derived from the human microbiome per sample (see Fig. 2a).
c Log-transformed normalized RPKMs (average ± standard error) of ARGs that were enriched on toothbrushes (indicated in a) for toothbrush
metagenomes containing less than 50% (gray) or greater than 50% (orange) microbiota putatively derived from the human microbiome

analysis appeared to be significantly linked to predicted
source content of the toothbrush microbiota, perhaps a reflection of the relatively small sample size and wide variation across toothbrush microbiomes.
More broadly, alpha-diversity of microbial taxonomic
and ARG profiles appeared to be weakly related to oral
hygiene (Fig. 7). While there were trends for frequencies
of flossing and mouthwash use being inversely associated
with taxonomic alpha-diversity, possibly due to removal
of potential microbial colonists, an increased frequency
of toothbrushing and flossing positively associated with
resistome alpha-diversity (Fig. 7). In addition to dental
hygiene, microbiota alpha-diversity significantly correlated with gender identity (p = 0.045). Toothbrushes belonging to people that identified as women contained
more diverse microbial communities than those belonging to men (Additional file 9: Fig. S5), even though

gender identity was not significantly correlated with
taxonomic (p = 0.144) or ARG profile (p = 0.418) alphadiversity of oral metagenomes. Moreover, resistomes on
toothbrushes belonging to women and persons taking
non-antimicrobial oral medications, those that were
stored on sink-top ledges, and those in bathrooms
without windows, or with windows that were more frequently closed, exhibited trends for slightly more diverse
ARG profiles than respective counterparts (Additional
file 10: Fig. S6).
Regarding specific microbial responses to putative
selective pressures, hierarchical all-against-all significance
testing identified 12 variables significantly associated with
relative abundances of 18 different species (Fig. 8a). For
example, bathroom attributes (i.e., window presence, window open frequency, toothbrush storage location) correlated with relative abundances of commonly occurring
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Fig. 5 Metagenome-assembled genomes containing ARGs were most often linked to environment-associated taxa. Columns correspond to ARGs
detected among bins (n = 29 ARGs); bottom side color corresponds to drug class, and asterisk indicates that the ARG had been enriched by
toothbrush or oral-associated metagenome sample type (Bonferroni q < 0.05). Rows correspond to bins with at least one ARG detected (i.e., 28/
110 bins); toothbrush sample ID, bin number, and the predicted bacterial species are displayed. Oral-associated or not niche-specific categories
were assigned based on whether the bacterial species (or genus) was more or less abundant on toothbrushes that contained primarily oralderived microbiota, as predicted by SourceTracker [23]

bacterial species within Actinomyces and with Granulicatella adiacens. Whether or not a person had domestic pets
in their home, had any missing teeth, or had adenoids or
tonsils removed correlated with members of Acinetobacter, Kingella, Porphyromonas, and Pseudomonas, among
other taxa. We further uncovered associations between
relative abundances of 19 different ARG protein families
and 7 variables, again including bathroom attributes, missing teeth, and domestic pets (Fig. 8b). While most of the
ARGs that correlated with features associated with multidrug resistance, other drug classes included fluoroquinolones, fosfomycin, macrolides, tetracyclines, triclosan, and
sulfonamides (Fig. 8b). Thus, a complex combination of
personal health, dental hygiene, and environmental variables likely shapes taxonomic diversity and antimicrobial
resistance in toothbrush microbiomes.

Discussion
Toothbrushes are an interface for microbiota derived
from human hosts and the surrounding environment.
Most of the prominent members of the toothbrush
microbiome were those that are common in oral microbiomes [20]. Several conserved oral-associated taxa, such
as Actimomyces, Corynebacterium, Haemophilus, Neisseria, and Streptococcus, play important roles in biofilm

attachment and development of supragingival plaque
[25]. Mechanisms underlying biofilm formation may
have implications for colonization of toothbrush microenvironments. Although there was broad taxonomic
overlap with the oral microbiome, especially with buccal
mucosa sites, toothbrushes harbored more heterogenous
and less diverse microbial communities. Trends for wide
variation across toothbrush microbiomes were similar to
what has been described on dust or surfaces in the built
environment, i.e., other “sinks” for human-derived microorganisms [3, 4, 7]. Indeed, many of the less niche-specific
taxa observed on toothbrushes are found throughout
indoor spaces, e.g., members of Enterobacter, Kocuria,
Pseudomonas, and Stenotrophomonas [5, 26–29]. Collectively, toothbrush microbial communities ranged from robust subsets of oral microbiota to mixed assemblages
containing more abundant case-specific or environmental
strains.
Despite lower taxonomic alpha-diversity, toothbrush
metagenomes contained more antimicrobial resistance
genes (ARGs) than oral counterparts. While the majority
of the conserved microbial taxa on toothbrushes were
common members of the oral microbiota, communities
that were primarily composed of putatively non-humanderived taxa encoded, on average, higher counts of
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Fig. 6 Summary statistics for subject population (n = 34). Participant information regarding oral hygiene, health and activity, and bathroom
attributes. These metadata were selected from all survey responses (n = 20/40) for statistical analysis with toothbrush microbiome data, as they
had relatively well-balanced responses (i.e., at least 20% for more than one categorical answer in the respective question)

toothbrush-enriched ARGs. Metagenome assembly validated that most of the toothbrush-associated taxa carrying
such ARGs, among others, associated with microbial communities dominated by non-niche-specific microorganisms.
Potential ARG-carrying colonists may have been incorporated from the bathroom sink and local surroundings. For
example, toothbrush-associated oqxB, which may confer
multidrug resistance (e.g., nitrofuran, tertracycline, quinolone), is common in tap water resistomes [21]. Stressors in
the built environment (e.g., temperature variations, exposures to anthropogenic chemicals, periodic desiccation)

may play important roles in elevating toothbrush resistomes, at least for key members that emerge within the
microbial community from the environment. For example,
triclosan and other anthropogenic chemicals in personal
care products (e.g., soaps, shampoo, lotions) that have
become widespread in indoor spaces have been linked to
multidrug resistance in dust-associated microbial communities [3, 4]. Toothbrushes may harbor some similar microbial colonists, especially considering ARG enrichments
reflected a variety of multidrug efflux genes along with putative conferred resistance to triclosan, i.e., fabI and fabG
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Fig. 7 Trends for possible dental hygiene associations with diversity of toothbrush microbiome taxonomic (top row) and ARG (bottom row)
profiles. Comparisons yielding Mann-Whitney test p ≤ 0.05 or p ≤ 0.1 are displayed as “**” or “*,” respectively

Fig. 8 Significant associations between metadata and relative abundances of bacterial species (a) or RPKMs of ARGs (b) in toothbrush
microbiomes based on Hierarchical All-against-All association (HAllA) testing. All metadata presented in Fig. 4 (n = 20 variables) were included in
the HAllA analyses and those with significant association (q < 0.1) to at least one taxon/ARG are presented in the respective figure panels (i.e., 12/
20 and 7/20 variables associated with particular taxa and ARGs, respectively). Significant clusters of related features (q < 0.1) are outlined and
ranked based on hierarchy of similarity scores. Grid color intensity corresponds to normalized mutual information similarity metric. Sidebar colors
in b correspond to the ARG drug class
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[30]. In fact, several oral care products even contain anthropogenic antimicrobials (e.g., triclosan in toothpastes,
nanoparticles on toothbrushes) that may accumulate on
and/or leach from bristles [18, 31]. While such compounds
are intended to lessen bacterial load to promote oral health,
there could be undesirable consequences such as induced
selection of opportunistic oral pathogens (e.g., as noted for
Prevotella [12, 19]) or ARGs. Moreover, since most
toothbrush-enriched ARGs were still present in microbial
communities containing primarily human-derived taxa,
albeit to a lesser extent than those composed of mostly
case-specific or environmental strains, unique toothbrush
resistomes may be partially related to selection of humanderived taxa best suited for survival under harsh built environment conditions.
Microbial communities on toothbrushes appeared to
weakly associate with several factors previously shown to
correlate with microbiomes of the oral cavity, e.g.,
gender identity, missing teeth, adenoid/tonsil removal,
and ownership of domestic pets [32–36]. While dental
hygiene frequency (i.e., toothbrushing, flossing, mouthwash use frequencies) was inversely related to microbial
taxonomic diversity on toothbrushes, which was consistent with an earlier report of mouth-rinse lowering
bacterial counts on toothbrushes [19], it was positively
linked to the resistome. Although plausible that there
could have been less accumulation of human-derived
taxa on toothbrushes of people that more frequently
practice comprehensive dental hygiene (e.g., less plaque
on teeth leading to less transfer to toothbrushes), putative source fraction of the toothbrush microbiota did not
significantly associate with oral care. Thus, the relationship between more frequent dental hygiene and a
broader resistome suggests possible selection among the
mixture of human- and environmental-derived microbiota. The positive association with the toothbrush
resistome may also partially be due to more frequent incorporation of ARG-carrying members of oral microbiota or a raised surrounding dust microbial community.
Links between toothbrush microbiomes and health, at
least as a potential biomarker, warrant investigation with
a larger cohort with balanced clinical metadata.
Correlations between toothbrush microbiomes and
features of the surrounding environment (i.e., window
presence and frequency of opening) are consistent with
previous work showing building design to weakly influence indoor microbial communities [37]. Although there
is a strong desire to for using “bioinformed design” to
create healthier indoor microbiomes [38], the vast
majority of observed indoor microbiota are likely dead
or metabolically inactive [39], in no small part due to
lack of moisture. However, there are niches in the built
environment that, like toothbrushes, are frequently
wetted (i.e., sponges, dishwashers, washing machines)
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[40–42]. The toothbrush microbiota is similar to these
in that they appear to be “hotspots” for putative opportunistic pathogens and antimicrobial resistance, yet different
in particular microbial membership (i.e., toothbrushes
contain primarily oral-derived taxa) and in biofilm dynamics. Since our exploratory analysis was based on correlation and did not control for variables that may drive the
microbiome, future studies are needed to better understand how we may be able to target design/operation/use
of different components of the built environment to promote microbial diversity that limits pathogen and antimicrobial resistance on toothbrushes.
As the scope of our pilot study was to define the
toothbrush microbiome and potential driving factors,
limitations included the relatively small sample size (n =
34) and the lack of paired donor samples. Perhaps a
larger cohort would improve effect sizes for the weak,
yet potentially important trends uncovered in this pilot
study (e.g., microbiome associations with oral hygiene
practices, missing teeth, adenoid/tonsil removal, presence bathroom windows, toothbrush storage location).
After all, although indoor microbial communities are
impacted largely by the environment, such features often
have small or negligible associations with community
metrics [43]. Moreover, the comparisons made between
toothbrush microbiomes and human-associated and
built environment counterparts from separate studies
are “high-level” due to site-specificity of microbial strains
and possible confounding variables across datasets (e.g.,
variation in treatment of actual sink water in subject
households vs. tap water in reference datasets, batch effects in sequencing preparation). For example, some of
the putative oral-derived microbiota may have been
overestimated and rather had come from other human
body sites. While members of the toothbrush microbiota
putatively derived from the human microbiome were
most common across oral metagenomes, hence the
human-fraction predictions made by SourceTracker
[23], many of the same microbial species occur in skin,
vaginal, and gut microbiomes as well (e.g., Streptococcus
and Veillonella). Likewise, some of the prominent taxa
on toothbrushes that contained mostly non-humanderived microbiota may still associate with human body
sites, e.g., potential enteric strains of Enterobacter or
Klebsiella. Future longitudinal studies monitoring microbiomes of toothbrushes and donors, perhaps incorporating genome-level sequence variant comparisons for
tracking, would be essential for making stronger conclusions about community assembly on toothbrushes and
potential driving factors. Nevertheless, considering distinctions from the human microbiota that may indicate
local selection, toothbrush microbiomes appear to be an
important reservoir for antimicrobial resistance. It remains to be determined whether this sink may, in turn,
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become a relevant source for ARG dissemination in the
human microbiome and indoor environment.

Conclusions
We applied a metagenomic approach to define the
microbial communities and resistomes on toothbrushes
that were collected from 34 individuals. By comparing
these data with previous human- and built environment
microbiome studies, we show that the microbial communities on toothbrushes are composed of dominant
oral-derived taxa in combination with more versatile
environmental strains. Although toothbrushes had a less
diverse microbiota than oral microbiomes, they contained
more diverse resistomes with key gene enrichments (e.g.,
multidrug efflux, triclosan resistance) that appeared to be
mostly attributable to the non-niche-specific, perhaps
environmental-derived, fraction of microbiota. Dental hygiene and bathroom features, among other factors, weakly
associated with the toothbrush microbiomes. Overall, the
taxonomic and ARG diversity within these microbial communities reflects a unique reservoir where human oral
and environmental microbes encounter each other, which
could potentially enable the transfer of ARGs.
Methods
Sample collection

Participants were recruited through Research Match
(https://www.researchmatch.org) to donate their toothbrush for microbiome analysis and provide accompanying metadata regarding demographics, dental hygiene,
diet, etc. Recruitment took place in three cycles, each a
1-month time window, for adults aged 18–65 years living
up to a 100-mile radius from Northwestern University,
Evanston, IL, USA. After completing the personal information survey online in REDCap (Additional file 11:
Dat. S1), volunteers were mailed kits containing materials to send in their toothbrush via overnight shipping.
All participants were identified via a blind cataloging
system to maintain anonymity. In total, we received 34
toothbrush samples with corresponding metadata.
Sample preparation and sequencing

Samples were stored at 4 °C after arrival for no longer
than 24 h. Using aseptic technique, the head of each
toothbrush was removed with shears, which had been
treated with DNA AWAY™ (Molecular BioProducts™),
and placed into a sterile 50-mL conical tube. Toothbrush
heads were submerged in 15 mL PBS with 0.01% Tween
80, vortexed for 10 s, and placed on an orbital shaker at
25 °C and 180 revolutions per minute (RPM) for 10 min.
Samples were sonicated with a Model 120 Sonic
Dismembrator (ThermoFisher Scientific, Waltham, MA,
USA) set to the following: duration of 2 min, pulse of 10
s on and 10 s off, amplitude of 40%, and power of 4 W
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and up to 450 J. Processed samples were stored at −
20 °C until further analysis.
Prior to DNA extraction, sample tubes were thawed at
room temperature and 1.0 mL of supernatant was
aliquoted and centrifuged at 10,000g for 3 min. The
supernatant was decanted leaving a pellet and approximately 25 μL of solution. DNA was extracted using the
MasterPure™ Complete DNA and RNA Purification Kit
(Lucigen, Middleton, WI, USA). DNA quality was measured with a Synergy HTX Multi-Mode Reader (BioTek,
Winooski, VT, USA) and was considered acceptable for
downstream analysis if the 260/280 ratio was between
1.7 and 2.1. DNA concentrations were quantified using
the Quant-iT™ dsDNA Assay Kit (ThermoFisher Scientific, Waltham, MA, USA) [44]. Seven of the 34 samples
were originally found to have relatively low yields of
DNA that were below requirements for the library prep
(0.2 ng uL−1); these samples were re-processed with the
same steps above using 5 mL of toothbrush head
supernatant.
Metagenomic libraries were prepared using the Nextera
XT and Index Kit v2 set A (Illumina, San Diego, CA,
USA). Fragment analysis was performed using an Agilent
2100 Bioanalyzer (Santa Clara, CA, USA). Libraries were
normalized, pooled, and sequenced for 2 × 150 bp reads
on an Illumina HiSeq 4000 platform (San Diego, CA,
USA). Sequencing was performed by the NUSeq Core
facility.

Metagenome data processing and analysis

Data were analyzed using the Genomics Compute Cluster on Quest. Paired-end reads were pre-processed and
merged using KneadData v0.6.1 (http://huttenhower.sph.
harvard.edu/kneaddata) with default parameters. Reads
were filtered and trimmed, and low-quality reads, human
sequences, and sequences present in negative controls
from DNA extraction and library prep were removed.
Metagenome coverage for each sample was estimated
with Nonpareil v3.303 [45]. Toothbrush microbial community taxonomic compositions and abundances were
determined with MetaPhlAn2 v2.7.7 [46]. Putative
source fractions of the microbiota at the genus-level
were estimated with SourceTracker [23]. We trained the
Bayesian model to test for potential sources from tap
water [21, 22] and shower heads (unpublished) as well as
human-associated oral, skin, vaginal, and gut microbiomes (HMP-II) [20]. Antimicrobial resistance gene
(ARG) profiles of the toothbrush metagenomes were determined with ShortBRED v0.9.5 [47]; shortbred_quantify was run with shortbred_identify markers (marker
length > 30 amino acids) constructed from the Comprehensive Antibiotic Resistance Database v3.0.2 [24] and
UniRef90 as reference [48].
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Toothbrush metagenomes were processed for
assembly and binning using KBase [49]. Raw reads were
imported as paired-end libraries and processed for quality control with Trimmomatic v0.36 [50]. Cleaned reads
were assembled with MegaHit v1.2.9 [51] and contigs
were binned with MaxBin2 v2.2.4 [52]. Quality of bins
was determined using CheckM v1.0.18 [53], and those
with minimum 75% completeness and maximum 10%
contamination were exported to be further processed
with CGE Kmer Finder 3.2 (https://cge.cbs.dtu.dk/
services/KmerFinder/) for taxonomic identification. Frequencies of taxa identified among bins were compared
with those identified using the aforementioned markergene approach (i.e., MetaPhlAn2).
Statistical analyses and data visualization were performed
in R v3.6.0. Vegan v2.5-5 [54] was used to compute
microbiome diversity metrics. Differences in microbiome
alpha-diversity (Shannon index) based on sample type—
toothbrush, human body site [20], tap water [21, 22],
shower heads [unpublished], and indoor dust [3, 4]—were
determined with an ANOVA and Tukey’s post-hoc test.
Beta-diversity was evaluated with principal coordinate
analysis (PCoA) and permutational multivariate ANOVA
(PERMANOVA), using Jaccard’s index as the diversity
metric. The same metric was used to determine the association between toothbrush microbial communities and putative source fraction derived from human microbiota.
The resistomes associated with toothbrushes were compared to those of human oral samples using an equalsized subset from the HMP-II (i.e., n = 34 for each sample
type). The subset of oral microbiome samples contained
those closest in ordination distance to 34 centroids generated by k-means clustering taxonomic profiles of all
HMP-II oral samples. Since the full sample set (n = 1259)
contained metagenomes from a variety of oral sites (e.g.,
buccal mucosa, tongue, supragingival plaque, keratinized
gingiva) that toothbrushes may come in contact with, all
oral sample types were included in the clustering analysis.
The metagenome sequence files associated with selected
samples were downloaded from the sequence read archive
(SRA) and processed with ShortBRED as described above.
Spearman-rank correlation between alpha-diversity of
taxonomic and ARG profiles of toothbrushes was determined. Additionally, overlap in the “core” resistome of
toothbrushes and oral samples (i.e., detected in over 75%
of the respective samples) was evaluated. For all ARGs detected, a generalized linear model (GLM) with binomial
error distribution was used to determine differences in frequency of occurrence based on sample type. The resulting
p values were adjusted to q values by Bonferroni correction, and associations with q < 0.05 were considered
significant. Log-transformed reads per kilobase per million
mapped reads (RPKM) by sample type were further
compared with the Mann-Whitney test.
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The association between beta-diversity of toothbrush
resistomes and putative source fractions of the toothbrush
microbiota was evaluated with principal coordinate analysis
(PCoA) and permutational ANOVA (PERMANOVA),
using Jaccard’s index as the diversity metric. Abundances of
the toothbrush-associated ARGs (i.e., log-RPKMs) were
compared across microbial communities containing greater
than or less than 50% putatively human-derived microbiota
using the Mann-Whitney test. Moreover, metagenome bins
were processed with ShortBRED as described above to link
identified ARGs to specific taxa.
All participant metadata were extracted from the REDCap online interface. While approximately 40 questions
were asked in the survey (Additional file 11: Dat. S1), only
those receiving relatively balanced responses (i.e., at least
20% for more than one categorical answer in the question)
were included in the statistical analysis (Fig. 4). Correlations between these metadata and toothbrush microbiome
alpha-diversity (Shannon Index) were evaluated with the
Mann-Whitney test or Kruskal-Wallis test. Metadata associations with microbiota and resistome beta-diversity were
assessed with PCoA and PERMANOVA, using Jaccard’s
index as the diversity metric. Although alpha was set at
0.05 for significance, given this was a pilot study exploratory analysis with relatively small sample size, we noted
additional trends up to the p < 0.1 threshold. Hierarchical
all-against-all significance testing (HAllA v0.7.18; http://
huttenhower.sph.harvard.edu/halla) was further used to
determine potential associations between metadata and
detected microbial community membership and ARGs.
Clusters of related features with false discovery rateadjusted q values < 0.1 were considered significant.
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mechanism of resistance are in accordance with the Comprehensive Antibiotic Resistance Database [24]. Sample detection frequency, RPKM mean
and standard error, and GLM p and q values are listed. ARGs enriched (q
< 0.05) in toothbrush or oral samples are indicated in blue and green
font, respectively.
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