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structuring the types of bacteria or fungi found inside the

home, just as geography has been known for many decades

to structure plant and animal communities across and within

continents [30].

Geographical structure in the composition of microbe

species in homes could arise from dispersal constraints—not

all microbial taxa that can enter homes are evenly distributed

across broad geographical regions, or they could arise from

environmental factors (e.g. temperature, humidity) that select

for certain taxa in certain regions. We expect that indoor

fungi will exhibit particularly strong variability across geo-

graphical regions, given that most fungal taxa found indoors

come from outside the home [27] and the fungi found in out-

door air can exhibit a high degree of geographical endemism

[31,32]. Yet, the biogeography of indoor microbial life remains

largely unstudied with the exception of a single study of

72 buildings, in which strong effects of climate were found

on indoor fungal taxa [25].

If the types of bacteria and fungi inside homes track

outdoor climatic conditions, then it could be because of the

influence of outdoor climate on indoor climate (e.g. houses in

Florida are warmer in the winter than those in Alaska [33]).

Alternatively, such patterns could arise because of the

influence of outdoor microbes on indoor microbes due to

dispersal into homes through windows and doors or on

occupants [24,34]. Just as pollutants inside homes often reflect

pollution levels outside homes [35,36], indoor microbes

might be influenced by outdoor conditions either because of

frequent flow of outdoor microbes into homes [24,34] or

because indoor conditions are incompletely buffered from

outdoor conditions [33]. From previous work, we know that

the types of bacteria and fungi found in outdoor air can vary

as a function of surrounding soil conditions, land-use type,

climate and net primary productivity [37], with these factors

together yielding predictable regional differences in the overall

composition of bacterial and fungal communities found in

outdoor air [38]. All of these factors may influence the

species found indoors directly, or they may do so via their

effects on outdoor taxa. Alternatively since many homes, par-

ticularly those in developed countries, have environmental

conditions distinct from those found outdoors with limited

air exchange [33], the effects of regional conditions might be

modest when compared with the effects of house design

(including ventilation), operation and occupancy.

We currently lack a comprehensive understanding of how

those microbial communities found in homes vary across

broad geographical regions and what factors are most impor-

tant in shaping the types of bacteria and fungi found inside

our homes. This knowledge gap persists despite the well-

recognized importance of these microbes to human health

and well-being. Ideally, one wants to understand what fac-

tors influence which microbes live in homes and, in turn,

how the composition of those microbes influences health

and well-being. Here, we take the first of those two steps;

we investigated the geography and local ecology of the

fungi and bacteria found inside approximately 1200 homes

located across the continental US, homes that represent a

broad range of home designs and span many climatic zones.

We used high-throughput sequencing coupled with multi-

variate statistical models to identify how home characteristics,

the types of bacteria and fungi found outside the home,

the numbers of occupants (both human and non-human), out-

door climate, degree of urbanization and geographical location
shape the assemblages of fungi and bacteria found in dust

collected from inside homes.
2. Material and methods
(a) Sample collection, molecular analyses and sample

characterization
Details of the sample collection and analytical procedures are

nearly identical to those described previously [38]. Briefly,

indoor and outdoor dust samples were collected by volunteers

participating in the Wild Life of Our Homes citizen science project

(homes.yourwildlife.org). Participants were instructed to sample

the upper door trim on an interior door in the main living area

of the home and the upper door trim on the outside surface of

an exterior door. These sampling locations were selected as they

are unlikely to be cleaned frequently and serve as passive collectors

of settled dust inside or outside home with little to no direct contact

from the home occupants.

Swabs were prepared for sequencing using a direct PCR

approach [39]. For bacteria, we sequenced the V4 hypervariable

region of the 16S rRNA gene using the 515-F (GTGCCAGC

MGCCGCGGTAA) and 806-R (GGACTACHVGGGTWTCTAAT)

primer pair. For fungi, we sequenced the first internal transcribed

spacer (ITS1) region of the rRNA operon using the ITS1-F (CTT

GGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCAT

CGATGC) primer pair. The primers included the appropriate

Illumina adapters with the reverse primers also having an

error-correcting 12-bp barcode unique to each sample to permit

multiplexing of samples [40]. Sequences were quality filtered

(maxee value of 0.5) and clustered into greater than or equal to

97% similar phylotypes after removing singleton sequences using

the UPARSE pipeline [41]. Phylotype taxonomy was determined

using the Ribosomal Database Project classifier [42] trained on

the Greengenes 13_8 16S rRNA database [43] and the May 2014

version of the UNITE ITS database [44]. In order to remove poten-

tial amplicon sequencing biases, we first removed samples with

less than 10 000 sequences and then we normalized the sequence

counts using a cumulative-sum scaling [45]. For bacteria, the

number of paired dust samples collected from both indoors and

outdoors was 2284 (i.e. 1142 indoor samples and 1142 outdoor

samples). For fungi, the number of paired dust samples was 2266

with an equal number of indoor and outdoor dust samples. The

average number of sequences per sample was 79 450 and 99 145

for bacteria and fungi, respectively. The total number of phylotypes

identified from both the indoor and outdoor samples was 125 066

and 72 284 for bacteria and fungi, respectively.

Geographical coordinates were derived from location infor-

mation (home address). Coordinates were then used to obtain

georeferenced variables for each household. These variables

included climatic and soil factors, population density, plant pro-

ductivity and the presence of livestock (see details in [38]). Home

characteristics and occupant (both human and pets) information

were obtained through a questionnaire filled out by the partici-

pants. The list of house variables included age and size of the

house, number of bedrooms, presence of basement, carpeting, ven-

tilation index, number of days with the windows open, use of

insecticides and mould products, number of inhabitants, female :

male ratio, number of smokers and vegetarians, number of pets

(dogs, cats, birds) and number of house plants.

(b) Data analyses
All analyses were carried out in the R environment (www.r-project.

org). We calculated pair-wise dissimilarities between communities

using the Bray–Curtis dissimilarity metric, with dissimilarity

matrices visualized via non-metric multidimensional scaling

http://www.r-project.org
http://www.r-project.org
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(NMDS). We used analysis of similarities (ANOSIM) based on 1000

permutations to test for differences in microbial community com-

position between indoor and outdoor samples [46]. ANOSIM’s R

statistic ranges from 0 (no group separation) to 1 (complete separ-

ation). To estimate the explanatory power of environmental

and house variables on bacterial or fungal community compo-

sition, we used permutational multivariate analysis of variance

(PERMANOVA) based on 1000 permutations [47]. In order to

identify potential taxa indicative of specific source environments

(i.e. soil, oceans, human skin, human/livestock faeces, plants and

insects), we used indicator value analyses, which combines abun-

dance and frequency of occurrence [48], as described in [38]. We

also used indicator value analyses to detect phylotypes associated

with indoors. Only phylotypes with an indicator value greater

than 0.3 and p , 0.01 were considered significantly associated with

the indoor environment. We used the R packages vegan (http://

vegan.r-forge.r-project.org/), labdsv (http://ecology.msu.montana.

edu/labdsv/R/) and ecodist (http://cran.r-project.org/web/

packages/ecodist/) for multivariate statistics.

We used machine learning, in particular boosted regression

trees (BRTs), to predict the probability of the presence of pets

(i.e. dogs and cats) based on the abundance of indoor bacterial

phylotypes. BRTs combine regression trees (i.e. models with

recursive binary splits) and boosting algorithms (i.e. large

number of simple models merged to optimize prediction). In

addition, BRTs can fit nonlinear relationships and allow for miss-

ing data and outliers [49]. We used cross-validation to select the

optimal number of trees with tree complexity set to 10, learning

rate to 0.001, and bag fraction to 0.5. Based on the results of

cross-validation, the number of trees was 4450 and 3900 for the

presence of dogs model and for the presence of cats model, respect-

ively. Models were trained with 70% of the samples and the

remaining 30% were used to test the predictive performance. We

used the R package gbm (https://github.com/gbm-developers/

gbm) for BRTs.
3. Results and discussion
(a) Comparing indoor to outdoor microbial

communities
From the more than 1100 homes for which we had paired

dust samples collected from both inside and outside the

home, we could directly compare the diversity and compo-

sition of the indoor and outdoor microbial communities.

Not surprisingly, indoor communities were, on average, dis-

tinct from those found outdoors (figure 1). While individual

indoor and outdoor dust samples all harboured diverse

microbial communities with hundreds of unique bacterial

and fungal taxa, the diversity of bacteria and fungi was on

average approximately 50% higher for the indoor samples

(Mann–Whitney test p , 0.001 for both; figure 1a). These

differences in diversity levels are likely driven by two inter-

related phenomena. First, many of the outdoor communities

were dominated by a handful of microbial taxa, while the

indoor communities had greater Shannon diversity (Mann–

Whitney test p , 0.001 for both; figure 1b). For example,

fungi in the Cladosporium and Toxicocladosporium genera

were often very abundant in individual outdoor samples

(15.8% and 11.7% of ITS sequences, respectively) as were bac-

teria in the Actinomycetales and Sphingomonadales orders

(11.1% and 8.5% of 16S rRNA sequences, respectively).

Second, the bacterial and fungal communities found inside

homes were more diverse, because they included both the

microbes found outside of homes as well as those taxa
that are restricted to the inside of homes or likely to have

originated from indoor sources.

In addition to the diversity differences, indoor and outdoor

samples harboured distinct microbial communities (figure 1c).

These differences were larger for bacteria (ANOSIM R ¼ 0.34,

p , 0.001) than for fungi (ANOSIM R ¼ 0.29, p , 0.001),

but in both cases these differences between indoor and outdoor

communities could be attributed, in part, to certain taxa

that were relatively more abundant and prevalent indoors

than outdoors. For fungi, only 1.1% of taxa (763 out of 72 284

phylotypes) were relatively more abundant inside homes

than outside homes. These findings are directly in line with

previous work demonstrating that most fungi found inside

buildings come from outside the home [16,34], and they

suggest that there are unlikely to be many sources of fungi

inside homes. However, examining the small subset of fungal

phylotypes that were significantly more abundant inside

homes than outside homes (electronic supplementary material,

table S1) provides some insight into the possible sources of

fungi within homes. These included well-known household

moulds such as Aspergillus, Penicillium, Alternaria and Fusarium
[50], and wood-degrading fungi such as Stereum, Trametes, Phle-
bia and Ganoderma that are likely wood colonizers [51]. We also

find that fungi associated with human skin (including Candida
and Trichosporon, [52]), and gastronomically relevant fungi

(such as Saccharomyces, Pleurotus and Agaricus, [53]) were rare,

but significantly more abundant inside homes than outside

homes (electronic supplementary material, table S1).

As with the fungal communities, the bacterial communities

found inside the home were also distinct from those found out-

side the home. Only 1.6% of the bacterial phylotypes (1994

out of 125 066) were significantly more abundant inside

homes than outside homes but many of these taxa were quite

frequent and, when encountered, relatively abundant

(electronic supplementary material, table S1). Most notably,

bacterial taxa that likely originate from the occupants

of homes were relatively more abundant inside homes

than outdoors. For example, bacteria likely associated with

human skin (e.g. Staphylococcus, Streptococcus, Corynebacterium
and Propionibacterium [52]), vaginas (e.g. Lactobacillus,
Bifidobacterium and Lactococcus [54]) and faeces (e.g. Bacteroides,
Faecalibacterium and Ruminococcus [55]) were far more abundant

inside homes (electronic supplementary material, table S1). To

quantify the relative importance of different environmental

sources of bacteria to the indoor and outdoor dust samples,

we compared the relative abundances of taxa indicative of

different source environments using the approach described

previously [38]. These analyses confirm that skin and faeces

are more important sources of bacteria found in indoor dust

compared to outdoor dust (figure 2). Furthermore, these

analyses show that bacteria from non-human occupants,

including those taxa commonly associated with insects, includ-

ing household insects (e.g. Wolbachia, Buchnera, Rickettsia and

Bartonella, [56]) were found to be relatively more abundant

inside homes (figure 2).

Together these results highlight that we can use the

relative abundances of bacterial and fungal taxa found

inside homes to identify potential sources of these microbes

within our homes, just as analyses of bacteria found in out-

door air can be used to identify how the sources of outdoor

bacteria change over time [57] or across different geographi-

cal locations [37]. More generally, these results indicate that

those bacteria and fungi living with us in our homes are

http://vegan.r-forge.r-project.org/
http://vegan.r-forge.r-project.org/
http://vegan.r-forge.r-project.org/
http://ecology.msu.montana.edu/labdsv/R/
http://ecology.msu.montana.edu/labdsv/R/
http://ecology.msu.montana.edu/labdsv/R/
http://cran.r-project.org/web/packages/ecodist/
http://cran.r-project.org/web/packages/ecodist/
http://cran.r-project.org/web/packages/ecodist/
https://github.com/gbm-developers/gbm
https://github.com/gbm-developers/gbm
https://github.com/gbm-developers/gbm
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Figure 1. Differences in the richness, diversity and composition of indoor versus outdoor bacterial and fungal communities ( panels a, b and c, respectively). (a,b)
Differences in observed richness (number of phylotypes per sample) and diversity of phylotype distribution for the bacterial and fungal communities. (c) Differences
in community composition for the bacterial and fungal communities using non-metric multidimensional scaling (ellipses represent 90% confidence intervals). In all
panels, blue colours indicate those dust samples collected from inside homes, while yellow colours indicate dust samples collected from outside homes. (Online
version in colour.)
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not identical to those found outdoors and attempts to link

microbes to human health outcomes (e.g. [12,13]) cannot

rely exclusively on data collected from outside homes.

(b) Strong influence of the outdoor environment on
indoor fungi

Given that 65% of fungal phylotypes found indoors were

also found outdoors, it is not surprising that the overall compo-

sition of the indoor and outdoor fungal communities were

highly correlated across the sampled homes (Mantel’s r ¼

0.43, p , 0.001). The best predictor of indoor fungal commu-

nities is outdoor fungal community composition. Likewise,
those factors that best predict the composition of fungi

found in outdoor dust, particularly regional climatic con-

ditions [38], are also those factors that best predict the

composition of indoor fungal communities (electronic sup-

plementary material, table S2) with environmental variables

(particularly mean annual temperature and mean annual

precipitation) explaining 14% of the variability in the compo-

sition of the fungal communities found in the indoor dust

samples (by contrast, only 5% of the variability was explained

by house characteristics; electronic supplementary material,

table S2). The correlations with climate variables indi-

cate that homes in different geographical regions of the US

harbour distinct fungal communities indoors. More generally,

http://rspb.royalsocietypublishing.org/
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homes located closer in geographical proximity tended to

harbour more similar fungal communities (Mantel’s r ¼ 0.35,

p , 0.001). Broad regional patterns are evident in figure 3a,

where we see that homes in the eastern USA have distinct com-

munities from those found in more western regions. These

patterns are partially driven by homes in the eastern USA

having higher relative abundances of Basidiomycota (particu-

larly taxa in the class Agaricomycetes) while western homes

have higher relative abundances of Ascomycota (specifically

from the classes Dothideomycetes and Leotiomycetes). Taken

together, these results highlight that the fungal taxa found

inside homes are largely determined by the geographical

location of the home (as already observed at the local scale;

[34]), a finding that may explain strong regional differences

in sensitivities to known fungal allergens [10]. Potential

fungal allergens usually described in the literature [58] were

abundant in indoor samples (on average they represented

31% of the total number of fungal sequences; figure 4).

Geographical variability in the relative abundances of potential

fungal allergens was driven by the individual distributions of

the three most abundant allergenic genera (i.e. Alternaria,

Aspergillus and Phoma; electronic supplementary material,

figure S1), and these genera were concentrated along the

regions of the Great Plains and the Great Lakes (due to

Alternaria), the Northeast region (due to Aspergillus) and the

state of Arizona (due to Phoma; figure 4 and electronic sup-

plementary material, figure S1). We are careful to note that

the species in these genera differ in their levels of allergenicity
[8,58] and that linking the abundances of these putative fungal

allergens found in household dust to rates of allergic diseases is

non-trivial but worthy of additional study.

Owing to the strong influence of those fungi coming from

outside the house on indoor fungal communities, we re-ran

the analyses just focusing on the 1.1% of fungal phylotypes

that were consistently more abundant inside homes than out-

side homes. By focusing on just this subset, we hoped to

better understand how conditions within homes may alter

those fungi that are preferentially found within homes. The

fungi that were more common in homes were influenced by

a relatively small number of indoor variables with the pres-

ence of a basement, the age of the home and the presence

of dogs having weak, but significant, effects on the relative

abundances of these fungal taxa (electronic supplementary

material, table S2). Since these effects are far weaker than

the effects of outdoor variables or geographical locations

(electronic supplementary material, table S2), we conclude

that the geographic allocation of the home, not the house or

occupant characteristics measured here, is the best predictor

of what types of fungi will be found in a given home.

(c) Home occupants structure indoor bacterial
communities

Just as for fungi, the composition of the bacterial communities

found in indoor dust were significantly correlated with

the composition of the bacterial communities found in outdoor

http://rspb.royalsocietypublishing.org/









