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Abstract

Variations in home characteristics, such as moisture and occupancy, affect indoor microbial 

ecology as well as human exposure to microorganisms. Our objective was to determine how 

indoor bacterial and fungal community structure and diversity are associated with the broader 

home environment and its occupants. Next-generation DNA sequencing was used to describe 

fungal and bacterial communities in house dust sampled from 198 homes of asthmatic children in 

southern New England. Housing characteristics included number of people/children, level of 

urbanization, single/multifamily home, reported mold, reported water leaks, air conditioning (AC) 

use, and presence of pets. Both fungal and bacterial community structure were non-random and 

demonstrated species segregation (C-score, p<0.00001). Increased microbial richness was 

associated with the presence of pets, water leaks, longer AC use, suburban (vs. urban) homes, and 

dust composition measures (p<0.05). The most significant differences in community composition 

were observed for AC use and occupancy (people, children, and pets) characteristics. Occupant 

density measures were associated with beneficial bacterial taxa, including Lactobacillus johnsonii 

as measured by qPCR. A more complete knowledge of indoor microbial communities is useful for 

linking housing characteristics to human health outcomes. Microbial assemblies in house dust 

result, in part, from the building’s physical and occupant characteristics.

Introduction

There are currently 6.8 million children in the United States and 300 million people 

worldwide with asthma (Bloom et al., 2013; Masoli et al., 2004). Asthma severity can be 

affected by microbes, with significant exposure occurring indoors where humans spend 

nearly 90% of their time (Klepeis et al., 2001). Exposure to allergenic fungi in homes has 

been associated with exacerbation of current asthma symptoms by 36–48% (Sharpe et al., 

2015).
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Microbial exposure may also influence the development of allergies and asthma. Exposure 

to low fungal and bacterial richness in house dust is associated with an increased risk of 

asthma development (Ege et al., 2011; Dannemiller et al., 2014a). Asthma and allergy have 

been linked with low richness within the fungal genera Cryptococcus in house dust 

(Dannemiller et al., 2014a) and low richness of skin-associated Gammaproteobacteria 

(Hanski et al., 2012). Aerosol exposure to Acinetobacter and ingestion of Lactobacillus spp., 

especially Lactobacillus johnsonii, may provide a protective effect in the development of 

these diseases (Ege et al., 2012; Chen et al., 2010; Debarry et al., 2010; Fujimura et al., 

2014; Fyhrquist et al., 2014).

While microbes in house dust originate from both occupants and the outdoor environment, 

the relative strength of these sources is controlled by building design, operation, ventilation, 

and occupancy levels (Hospodsky et al., 2012; Qian et al., 2012; Kembel et al., 2012; 

Kembel et al., 2014; Meadow et al., 2014). Indoor microbial communities are influenced by 

building location (Adams et al., 2013a; Adams et al., 2013b; Amend et al., 2010), surface 

types (Dunn et al., 2013), and the presence of excess moisture (Dannemiller et al., 2014a). 

Eventually, homes might be designed to better prevent exposure to pathogens and allergens, 

while promoting the presence of microbial communities that are beneficial to human health 

(Green, 2014).

In the present analysis, we demonstrate associations between microbial communities and 

housing characteristics in homes of asthmatic children. Our sample size is large relative to 

previous sequencing studies and examines a novel set of housing characteristics. We 

measured fungal taxa and bacterial operational taxonomic units (OTUs) using next-

generation DNA sequencing in 198 homes from Connecticut and Massachusetts, USA. The 

housing characteristics considered herein have been previously associated with human 

health outcomes. These characteristics include the number of people and children in the 

home (Strachan et al., 1989, Hesselmar et al., 1999), level of urbanization (Ege et al., 2011; 

Yemaneberhan et al., 1997), single or multifamily homes (Belanger et al., 2006), visible 

mold (Mendell et al., 2011; Fisk et al., 2007), water leaks (Mendell et al., 2011; Fisk et al., 

2007), air conditioning use (Zock et al., 2002), presence of pets (Hesselmar et al., 1999), and 

concentrations of bulk house dust fungi, bacteria, human cells, dog cells, endotoxin, and (1–

3)-β-D-glucan (Shendell et al., 2012; Thorne et al., 2005). Results allow for more detailed 

qualitative and quantitative descriptions of microbial taxa and diversity in homes, 

identification of housing characteristics that influence potentially health-relevant microbial 

taxa and diversity, and hypothesis generation for possible ecological processes in homes that 

determine fungal and bacterial community assembly.

Methods

Detailed methods are available online in the Supporting Information.

Study and dust collection

Between 2006–2009, children with asthma were recruited from southern New England for a 

prospective, one-year follow-up study of school-aged children (Gent et al., 2012, Belanger 

et al., 2013). From 1401 participating families, 198 homes sampled May-October were 
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selected for inclusion in the present analysis. Two samples were excluded due to DNA 

amplification failure (n=196 homes). The geographic distribution of the sampled homes is 

shown in Figure S1. There were 12 (6%) samples collected in 2006, 111 (57%) in 2007, and 

73 (37%) in 2008. Of the included samples, 100 (51%) were collected in May–June, 52 

(27%) in July–August, and 44 (22%) in September–October. Approval for this study was 

obtained from the Human Investigation Committee of Yale University and all participants 

provided informed consent.

Home visit and dust collection

Samples and home metadata from occupant interviews were collected during a home visit at 

the time of enrollment. Questions from the home interview included demographic 

information (race, gender, etc.) and information about the home (reported pests, pets, 

smoking, presence of mold or water leaks, etc.). Residents were asked to report the number 

of people and the number of children under the age of 18 years residing in the home. Mold 

and water leaks in the home were reported by the resident. Residents reported whether they 

live in a single family home (no other attached units) or a multifamily home, if they keeps 

pets (cats, dogs, rodents, or birds) in their home, and if they use air conditioning (AC) 

during the summer months and for what period of time. Urban locations were defined in 

areas including less than 45% single family homes and suburban locations were defined in 

areas including at least 45% single family homes.

During the home visit, dust was collected from surfaces within the main living area using a 

Eureka Mighty Mite vacuum (Eureka Co., Bloomington, IL, USA) fitted with a 19 × 90 mm 

Whatman cellulose extraction thimble (Whatman, Inc., Tewkesbury, MA, USA). Dust was 

sampled using a standardized protocol that prescribed a 3-minute collection of sample from 

an exposed seat cushion, seat back and arms of a couch or chair in addition to a 1 m2 section 

of floor for 2 minutes (Belanger et al., 2003; Leaderer et al., 2002; Belanger et al., 2013; 

Gent et al., 2012). Floor surface types included all smooth floors (33%), all carpeted floors 

(43%), or a combination of smooth floor and carpet (23%). Dust was stored at −80 °C prior 

to analysis.

DNA extraction and sequencing

Dust was sieved to <300 μm and 50 mg aliquots were used for DNA extraction in a sterile, 

laminar flow hood using the MoBio PowerSoil kit (MoBio, Carlsbad, CA, USA) modified 

by adding additional glass beads and lysing cells on a bead beater (Yamamoto et al., 2012). 

Testing of spiked samples revealed no PCR inhibition. For fungi, taxonomic libraries were 

prepared using ITS1F and ITS4 primers (Manter et al., 2007; Larena et al., 1999) to amplify 

the internal transcribed spacer (ITS) region (Dannemiller et al., 2014a) and samples were 

sequenced using the 454 GS FLX Titanium DNA sequencing platform (454 Life Sciences, 

Branford, CT, USA). Sequences were archived in the European Nucleotide Archive 

(accession numbers ERP005149, ERP002369). For bacteria, the V4 region of 16S rRNA 

was sequenced using 515F/806R primers (Caporaso et al., 2011). Library preparation and 

sequencing was conducted at Research and Testing Laboratory (Lubbock, TX, USA) in 

accordance with manufacturer instructions on an Ion Torrent™ Personal Genome Machine® 

with an Ion 318™ chip kit v2 using 400-base chemistry. Ion Torrent produces microbial 
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community profiles that are consistent with results from denoised 454 pyrosequencing 

(Yergeau et al., 2012). Sequences were archived in the European Nucleotide Archive 

(accession number ERP005148).

We measured total fungal, bacterial, human, dog, and Lactobacillus johnsonii cell 

concentration per gram of dust by quantitative PCR. L. johnsonii was selected for specific 

qPCR targeting because it has been shown to be relevant to allergic disease (Fujimura et al., 

2014) and next generation-based sequencing cannot identify bacterial operational taxonomic 

units (OTUs) to the rank of species. The microbial agents endotoxin and (1–3)-β-D-glucan 

were also measured (see Supporting Information).

DNA sequence analysis

For diversity analysis of fungal data, QIIME, version 1.7 (Caporaso et al., 2010) was used 

for quality trimming, denoising, and clustering at 97% similarity (Dannemiller et al., 2014a). 

For α diversity and rarefaction analysis, the OTU table was trimmed to 450 reads per 

sample. For β diversity and principal coordinate analysis (PCoA), Morisita Horn (Horn, 

1966) (non-phylogenetic) distance was calculated from all quality-trimmed reads for 

analysis of similarity (ANOSIM, available through QIIME) to determine the statistical 

significance of clustering. The Morisita Horn distance matrix was also used to determine 

which housing characteristics are associated with increased similarities in communities. 

FHiTINGS, version 1.1 (Dannemiller et al., 2013) was used for taxonomic assignment of 

fungi using the appropriate database (Nilsson et al., 2009), as described previously 

(Dannemiller et al., 2014a).

Analysis of bacterial sequences began with a quality trimming pipeline performed at the 

sequencing core lab (Research and Testing Labs, Lubbock, TX, USA). Read analysis was 

then performed in QIIME, version 1.7 (Caporaso et al., 2010). Sequences were clustered at 

97% similarity, aligned using PyNAST against the GreenGenes core set (McDonald et al., 

2012), and phylogenetic assignments were made using the Ribosomal Database Project 

classifier in QIIME. Bacterial taxa are referred to as OTUs (as opposed to species) due to the 

clustering. Bacterial rarefaction curves and richness were assessed based on the number of 

observed OTUs in 2500 sequences per sample. For bacterial β diversity analysis, 

comparisons between samples were performed using both unweighted and weighted Unifrac 

distance (Lozupone et al., 2005). All figures display unweighted Unifrac distance for 

simplicity, and weighted and unweighted Unifrac values are reported in tables.

EcoSim version 7.71 (Gotelli et al., 2004) was used to study co-occurrence of species using 

the C-score (Stone et al., 1990) to indicate species segregation or aggregation. In this 

measure, the number of checkerboard units (Diamond et al., 1975) (samples where the 

species are not found together) are calculated for each species pair, and these values are 

combined to calculate the overall C-score for the entire dataset. This value is then compared 

to random simulations. If the C-score is statistically significantly different than the expected 

value, a high C-score indicates species segregation while a low C-score indicates 

aggregation. This calculation was conducted separately for fungi and bacteria, and all 

default settings were used on presence/absence tables. Fungi were limited to species 

Dannemiller et al. Page 4

Indoor Air. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identifications with at least 20 sequences among all samples, and bacteria were limited to 

OTUs with at least 50 sequences among all samples.

Statistical analysis

SAS, version 9.2 (SAS Institute, Inc., Cary, NC, USA) was used to compare microbial 

diversity and taxa to housing variables. Housing characteristics considered included number 

of people in the home, number of children in the home, level of urbanization (suburban vs. 

urban), house type (single vs. multifamily), reported visible mold, reported water leaks, air 

conditioning (AC) use (yes/no and length of time used), and presence of pets. Variables 

were dichotomous, and number of people and children were also considered as categorical 

values. Homes with missing values were excluded only from the specific analysis for which 

the value was missing (mold n = 2, water leaks n = 4). Correlated housing characteristics 

(i.e., suburban location with single family homes and with pet ownership) were not relevant 

to any of the adjusted statistical models. We tested for associations between individual 

housing characteristics and the following microbial community features: fungal and 

bacterial richness (number of OTUs per sample), differences between microbial 

communities (ANOSIM analysis in QIIME), Morisita Horn or unweighted Unifrac 

distances, and taxonomic identifications. A two-sample t-test was used to compare richness 

in different categories to each other and in the distance matrix comparison to compare each 

category to the reference. For the distance matrix comparison, homes sharing a characteristic 

(such as suburban location) with statistically significantly lower mean distance than the 

reference value had increased community similarity.

To determine associations of housing characteristics with specific taxa, the relative 

abundance derived from the next-generation sequencing data was multiplied by the 

concentration of either total fungi or bacteria per gram of dust measured by qPCR in order to 

allow for comparisons of absolute concentrations (Dannemiller et al., 2014b). These values 

were then dichotomized at the 75th percentile to define high and low values. Microbial 

agents endotoxin and (1–3)-β-D-glucan were also dichotomized at the 75th percentile to 

characterize high exposures, and at that level the endotoxin concentration was 0.44 EU/mg 

dust and the (1–3)-β-D-glucan concentration was 178 μg/g dust. The MULTTEST procedure 

in SAS was used (pfdr option) to calculate the q-value (Storey et al., 2003). The q-value is a 

modified p-value adjusted for multiple comparisons, and in these cases statistical 

significance was defined as p<0.05 and q<0.05. Linear regression analysis was used to 

compare fungal and bacterial richness using the REG procedure in SAS.

Results

Overview

After quality trimming, 158,528 fungal sequences were included in the analysis. There were 

507 non-ambiguous fungal species identified with at least 20 sequences among all samples. 

The most abundant fungal species overall were Leptosphaerulina chartarum, Epicoccum 

nigrum, and Wallemia sebi. Over 1.8 million bacterial sequences were retained for this 

analysis after quality trimming. A total of 2,690 bacterial OTUs had at least 50 sequences 

per OTU for inclusion in the taxonomic analyses. The most abundant bacterial OTUs by 
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number of sequences were in the human-associated families Staphylococcaceae, 

Streptococcaceae, and Corynebacteriaceae.

Rarefaction curves for fungi and bacteria (Figure 1 A,B) show a wide range of richness in 

the house dust samples. Mean (SD) fungal richness was 93 (40) OTUs per 450 sequences 

(range 5–197), and mean (SD) bacterial richness was 734 (201) OTUs per 2,500 sequences 

(range 184–1,259). There was a weak correlation between fungal and bacterial richness in 

the same sample (R=0.30, p=0.0002) (Figure 1 C).

Based on the C-score, both fungi and bacteria in house dust demonstrate segregation, 

indicating that there is statistically significantly less co-occurrence than expected by chance 

(p<0.00001, Table S1). Thus, community structure in house dust is non-random. In the 

following paragraphs, we further explore dependence on housing characteristics and dust 

composition.

Microbial richness and home characteristics

Microbial richness was associated with the presence of pets, urbanization, reported water 

leaks, and length of AC use. The presence of pets was associated with a significant increase 

in both fungal and bacterial richness, and homes located in suburban areas had more 

bacterial richness than urban homes (Table 1).

Increased fungal richness was also associated with factors related to increased moisture. 

Reported water leaks in a home was significantly associated with an increased number of 

house dust fungal OTUs, as seen previously (Dannemiller et al., 2014a; Pitkäranta et al., 

2011). The intermittent use of AC during summer months can affect ventilation, 

temperature, and humidity, but was not associated with fungal or bacterial richness. 

However, among homes with AC use, operation for more than 2 months per year was 

associated with decreased fungal richness (Table 1).

Microbial community structure and home characteristics

Two methods were used to explore how housing characteristics influenced the population 

structure of microbial communities. First, β diversity distance measures using principal 

coordinate analysis (PCoA) and the ANOSIM statistical test were used to determine if 

differences exist between different sets of microbial communities. This method reveals 

“between community differences.” Using this test, the PCoA graphs in Figures S2 and 

summarized in Table 2 show the housing factors that are associated with differences in 

microbial communities. Comparable PCoA graphs for fungi are not shown because of an 

arch distortion (Gauch et al., 1977). Second, the phylogenetic or taxonomic distance within a 

group (for example, homes with pets) was compared with distances between groups (for 

example, homes with pets compared to homes without pets) to determine if the specific 

home characteristic drives the similarity of microbial communities. This method reveals 

“within community composition.” If mean distance is lower within a group (bars in bar 

graphs, Figures 2,3) compared to the distance between groups (solid lines in bar graphs), 

then there is low variation in community composition (communities are similar) among 

homes with that characteristic.
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Occupancy—Increased occupancy has a subtle but consistent association with differences 

in bacterial and fungal communities. Fungal community differences were associated with 

high human cell concentration, number of people and children, single vs. multifamily 

housing, and pets, and bacterial community differences were associated with human cell 

concentration, single vs. multifamily housing and presence of pets (ANOSIM p<0.05, 

Tables 2,3). High human cell concentration, large number of people, large number of 

children, multifamily housing shift the communities toward the lower left-hand corner in the 

bacterial PCoA graphs (Figure S2). Pets also shift the communities to the left. With the 

exception of number of home occupants (people or children), these shifts are significant 

(p<0.05, Table 2). With the exception of AC use, occupancy factors contributed to the most 

variance in fungal communities, and single/multifamily housing accounted for the most 

variance in bacteria. However, each factor accounted for a low proportion of variance in the 

overall communities as indicated by the R test statistics (Table 2).

High occupancy conditions or living in close proximity to more people (based on human cell 

concentration, single vs. multifamily housing, and presence of pets/dogs) result in decreased 

compositional variation in fungal and bacterial communities (bar graphs, Figures 2,3). The 

presence (rather than absence) of people and pets may drive these community similarities. 

There are no clear trends in bacteria based on number of people or children in bacteria, 

although homes with fewer people or fewer children tend to have lower compositional 

variation in fungi.

Level of urbanization—Level of urbanization was associated with differences in 

bacterial communities. While level of urbanization was not associated with differences 

between fungal communities (p=0.33, Table 2), previous studies restricted to homes without 

visible mold demonstrated the important influence of outdoor air (Adams et al., 2013a). 

Restricting homes in this study to those without reported visible mold (n=109) also revealed 

significant but small fungal community differences based on urban or suburban location 

(R=0.03, p=0.04). Regarding community composition, urban homes were more similar to 

each other (had less variation) than suburban homes for fungi, while suburban homes shared 

more similarities than urban homes for bacteria (Figures 2,3).

Moisture and AC use—Reported mold and AC use in homes was associated with 

differences in the fungal but not bacterial communities (Table 2). Within community 

composition, reported mold increased compositional variation (increased differences among 

homes with mold) for fungi (Figure 2). The opposite effect occurred for reported water 

leaks, which were associated with more similar fungal communities (Figure 2).

Overall, AC use accounted for the most variance in fungal communities among the variables 

included in this study (Table 2). The fungal populations in homes with AC use were more 

similar to each other (Figure 2). The use of AC in homes may lead to similarities among 

microbial communities (as opposed to similarities associated with the absence of AC use). 

After restricting the analysis to only homes with AC use, using AC for longer periods of 

time increased variation in community composition (Figures 2,3).
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Associations between specific taxa and home characteristics

Taxonomic associations were found with many of the housing characteristics considered. 

The fungal class Wallemiomycetes was significantly associated with homes with more than 

five people. Fungal taxa Phlogicylindrium eucalyptorum, Lecythophora hoffmannii, and the 

genera Phlogicylindrium and Penicillium were associated with homes with more than three 

children (Table S2).

There were three bacterial OTUs associated with homes without pets (genera 

Staphylococcus and Corynebacteriaceae) and 53 bacterial OTUs associated with homes 

with pets, with the most significant associations including Bacteroidetes, Firmicutes, 

Fusobacteria, and Gammaproteobacteria (Table S3). Bacteria previously associated with 

dogs (Porphyromonadaceae and Pasteurellaceae) (Dunn et al., 2013) were found in homes 

with pets.

A total of 34 fungal taxa were more common in either urban or suburban homes, and 20 

fungal taxa had associations with single or multifamily homes. Many fungal taxa associated 

with suburban homes have been found outdoors on plants or in soil. Three Cryptococcus 

spp. were associated with suburban homes, none with urban homes, two with single family 

homes, and one with multifamily homes (Table S2). For bacteria, 16 OTUs were associated 

with suburban homes, while 79 OTUs were associated with either single family or 

multifamily house type. Multifamily housing was associated most significantly with 

Wautersiella falsenii and Staphylococcaceae, and also with many other taxa including the 

genera Acinetobacter, Corynebacterium, and Prevotella (Table S3).

The fungal genus Candida and classes Wallemiomycetes and Saccharomycetes were found 

at significantly higher concentration in homes without AC use (Table S2). A trend toward an 

association was seen in species Candida tropicalis (p=0.0002, q=0.071) and Candida 

albicans (p=0.0005, q=0.097) with homes without AC use.

Dust composition

We measured the concentration of total fungi (spore equivalents/mg dust), bacteria 

(genomes/mg dust), human (cells/mg dust), and dog cells (cells/mg dust) (Figure 1 D). 

Human cells had the widest concentration range. Number of bacterial genomes was 

generally higher than number of fungal spore equivalents, although median values were 

similar. Concentration of dog cells was correlated with reported dog(s) in the home (R=0.43, 

p<0.0001) for homes with available responses on the specific presence of dog(s) (n=85). 

Homes with a high concentration of fungi, bacteria, or human cells were significantly more 

likely to also have high concentrations of the other two (all p<0.0001, Table 4). Dog cell 

concentration was also correlated with fungi and bacteria concentration (Table 4). Having 

more than five people in the home was significantly associated with higher detected levels 

of log-transformed bacteria concentration (p=0.047), as was having more than three children 

in a home (p=0.034). These occupant characteristics were not directly associated with 

human cell or fungi concentration (all p>0.05).

For taxa associations, the most abundant fungal taxa were more likely to be associated with 

higher concentrations of fungal cells. Thus high total fungal concentrations are composed of 
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higher concentrations of abundant taxa, rather than an overall increase in number of taxa 

since concentration is not associated with richness. Higher concentrations of human cells 

were associated with human-associated fungi, such as Malassezia spp. (Table S2), and 

human commensal bacteria such as Rothia mucilaginosa, Streptococcus, Corynebacterium, 

and Staphylococcus (Table S3). The genus Ascochyta and class Wallemiomycetes were 

associated with increased (1–3)-β-D-glucan concentrations, and there was a trend toward an 

association with two Cryptoccocus spp., C. carnescens and C. dimennae (both p<0.001, 

q<0.16). Lactobacillus johnsonii (specifically targeted by qPCR) tended toward increased 

concentration with the presence of dog (p=0.07) and was also associated with increased 

human cell concentration (p=0.008).

Measured microbial agents (bacterial endotoxin and fungal (1–3)-β-D-glucan) were 

correlated with differences in communities. Fungal (1–3)-β-D-glucan was not correlated 

with total fungal concentration (p=0.41) but was correlated with community differences 

(p=0.004) and richness (p=0.02) (Tables 3,5 and Figure 2). Measured bacterial endotoxin 

was not correlated with total bacteria concentration (Table 4) but was correlated with 

community differences (p=0.03) (Table 3). Human cell concentration was correlated with 

differences in fungal and bacterial communities (Table 3, Figures 2,3,S2). The microbial 

community compositions in homes with high concentrations of fungi, bacteria, human, or 

dog cells tend to be similar to each other based on distance comparison (Figure 2, 3).

Discussion

In this study of 198 homes in southern New England, USA, we determined that both fungal 

and bacterial communities are non-random and demonstrated species segregation based on 

the C-score. Subsequently, we demonstrated that these communities are associated with 

selected housing characteristics previously associated with human health outcomes. Based 

on the R test statistics in Table 2, AC use and occupancy factors are the dominant factors 

among those studied that most affect microbial communities, similar to previous studies 

(Meadow et al., 2014).

Moisture and fungi

As seen previously (Dannemiller et al., 2014a; Pitkäranta et al., 2011), reported water leaks 

in a home was significantly associated with increased fungal richness. Reported water leaks 

and reported mold were correlated with each other (R=0.26, p=0.0003,), but these factors 

had opposite effects on community structure. While reported water leaks was associated 

with increasing the similarity among fungal communities, reported mold reduced similarities 

in community structure. Homes without mold showed increased similarities to each other as 

opposed to the similarities among homes with mold. Neither mold nor water leaks were 

associated with any microbial taxa, although there was a trend toward an association of 

fungal class Exobasidiomycetes with homes with mold (p=0.012, q=0.079), and the closely-

related class Ustilaginomycetes (both in subphylum Ustilaginomycotina) has been 

previously associated with mold in homes (Dannemiller et al., 2014a). Mold growth 

modified the effect of moisture on fungal richness in a previous study (Dannemiller et al., 

2014a). Overall, these results indicated that water leaks may increase similarities in fungal 
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communities (and increase richness), while the growth of mold leads to differences. One 

hypothesis for this difference is that mold growth suggests a long term water-related 

problem that tends to be dominated by one or several fungal species. Domination by a small 

number of species that differ between households may lead to fungal community differences 

between homes. Both water leaks and presence of mold were reported by the resident, which 

could contribute to increased variability.

Homes with AC use typically experience differences in ventilation, temperature, and relative 

humidity (Wong et al., 2004). These changes may affect the selection processes occurring in 

the home and/or dispersal from outdoor air. These differences in temperature, relative 

humidity, and dispersal from outdoor air may be associated with longer periods of AC use, 

which in this study was associated with decreased fungal richness. While ventilation type 

and rate were not measured specifically in this study, previous work has identified this as an 

important factor for both indoor microbial communities (Hospodsky et al., 2014; Kembel et 

al., 2014; Meadow et al., 2014) and human health (Seppänen et al., 1999; Sundell et al., 

2011). Ventilation and AC use remain important areas for future studies.

Microbial diversity

By design, all homes sampled in this study had a child with asthma. Therefore, changes to 

microbial communities associated with asthma development may not be applicable to those 

in the general population. For instance, in previous studies, high overall fungal richness was 

protective against asthma development (Dannemiller et al., 2014a; Ege et al., 2011). While 

richness may be artificially lower in this study, it is still useful to examine this important 

microbial community factor with this caveat in mind. Water leaks and pets were associated 

with increased fungal diversity while longer AC use was associated with a decrease in 

fungal diversity (Table 1). Dampness in homes is detrimental to human health (Fisk et al., 

2007), which is inconsistent with the direction of the diversity change seen here, and thus 

fungal richness may not directly link asthma to dampness (Dannemiller et al., 2014a). AC 

use may change relative humidity and ventilation, which may result in lower fungal 

diversity. The presence of pets/dogs has been reported to reduce the risk of allergies and 

asthma (Hesselmar et al., 1999), and we found that presence of pets was associated with 

increased fungal diversity. Increased concentration of human cells in the dust was also 

associated with increased fungal diversity.

Dispersal

Dispersal is emerging as an important process occurring in microbial communities in the 

home (Adams et al., 2013a). The patterns in this current study cannot mechanistically be 

linked with associated microbial dispersal processes, but results can serve as a point of 

hypothesis generation. For example, increased dispersal can result in increased richness 

(Vellend et al., 2010). Our results suggest an increase in microbial richness in the home is 

associated with pets, and dogs in particular. Pets may add to the dispersal of microbes into 

the floor dust, possibly through shedding and activities such as tracking soil into the home 

(Fujimura et al., 2010). The presences of specific microbes (e.g. Porphyromonadaceae and 

Pasteurellaceae) associated with pets in the floor dust supports this hypothesis.
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Dispersal of microbes from outdoor environment may account for increased bacterial 

diversity in suburban homes. Outdoor air from a rural setting (Greeley, CO) had higher 

bacterial diversity than outdoor air from an urban location (Denver, CO) (Bowers et al., 

2013) and deposited outdoor air may exert a significant influence on house dust microbial 

communities (Qian et al., 2012). Increased bacterial richness in house dust of suburban 

compared to urban areas of this study may be due to dispersal from outdoor air of a richer 

community. In fact, many of the bacterial orders identified as different in urban and 

suburban homes in this study, including Sphingobacteriales, Rhizobiales, Burkholderiales, 

Lactobacillales, and Clostridiales (Table S3), have previously been reported as different in 

the outdoor air of urban and rural areas (Bowers, 2013).

Taxa and human health

Our results suggest that environmental conditions and human/animal occupancy unique to 

each home exert influence on microbial communities in house dust. Linking housing 

characteristics to beneficial and/or detrimental microbial taxa and associated diversity 

measures is a critical step in studying the associations between microbial populations in 

homes and human health (Ege et al., 2011; Dannemiller et al., 2014a).

Of the many associations listed in Tables S2 and S3, we examined taxa previously 

associated with human health outcomes. Several of these bacterial taxa were present in 

homes with pets or more total people/children. For instance, we found Bacteroides is 

associated with pets in the home and exposure to the species Bacteroides fragilis has been 

associated with immune function (Round et al., 2011). Faecalibacterium prausnitzii was 

associated with multifamily housing and more than 3 children in a home. This species is 

anti-inflammatory and protective against Crohn’s disease (Sokol et al 2008). This species 

(and others) also produces beneficial short-chain fatty acids that were more prevalent in 

rural African children than city-dwelling European children (De Filippo et al 2010, Rook 

2012). We found the genus Lactobacillus to be more prevalent in homes with more children/

people and multifamily housing, and this genus is protective against allergies and asthma 

(Ege et al., 2012; Chen et al., 2010). Lactobacillus johnsonii, which has been reported to be 

protective against allergies and associated with dogs (Fujimura et al., 2014), was associated 

with human cells and had a trend toward an association with dog cells. Acinetobacter spp. 

have previously been shown to be protective for development of allergic disease (Debarry et 

al., 2010; Ege et al., 2012), and here Acinetobacter spp. were associated with multifamily 

housing.

Study strengths, limitations, and future directions

Strengths of this study include that it was conducted in a homogeneous population of 

asthmatic children in the northeastern United States, and all samples were collected during 

the same season. Under occupied conditions, microbial populations in floor dust are similar 

to the airborne microbial populations (Hospodsky et al., 2012), and because it represents 

longer term accumulations, dust is commonly used for estimating microbial content and 

human exposure in buildings (Shendell et al., 2012; Amend et al., 2010; Dannemiller et al., 

2014a; Ege et al., 2011). Next-generation DNA sequencing techniques allow identification 

of bacterial and fungal taxa without a priori taxa selection or culturing biases, in addition to 

Dannemiller et al. Page 11

Indoor Air. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



allowing for more accurate measures of richness and diversity. Taxa identifications were 

adjusted for the presence of multiple comparisons. The large sample size relative to past 

sequencing studies permits an examination of many housing factors, and results corroborate 

previous smaller studies. The presence of at least one child with asthma in each home 

ensures that results are relevant to studies of childhood asthma, especially asthma 

exacerbations associated with microbial exposure. This study represents a diverse housing 

stock of both single and multifamily homes in both suburban and urban areas.

Limitations include that housing characteristics may have different effects on microbial 

communities in homes in different populations, geographic locations, and seasons that may 

affect generalizability. Samples were collected over three years, although all samples were 

collected in the same season. In addition, this study measured the microbial communities in 

house dust from the main living area, which may differ from communities located elsewhere 

in the home. Although water leaks, mold, and microbial communities results followed 

observed trends in prior studies (Dannemiller et al., 2014a; Pitkäranta et al., 2011), potential 

exposure misclassification for water leaks and visible mold is possible since these were 

reported by the resident and not assessed by trained observations or moisture meter 

measurements. Additional unmeasured housing characteristics may also have influenced 

microbial communities. Visible shifts in principal coordinate plots are subtle, which may 

result from the many variables that affect these microbial communities as opposed to one 

dominating factor, as well as from the fact that differences within the same habitat type (e.g., 

house dust) may be subtle.

Due to the matrix structure of the data, we were unable to perform a spatial autocorrelation 

analysis on the distance matrices for unweighted Unifrac (bacteria) and Morisita Horn 

(fungi). A previous study (Adams et al., 2013a) identified geographic proximity as an 

important factor influencing microbial communities. This prior study was conducted in a 

housing complex with homes <500 m apart. In this current study, the homes were more 

geographically distant (Figure S1), the mean distance between homes was 53 km, and only 

0.26% of the distances between homes were less than 500 m. Additionally, at distances 

between homes less than 10 km, a linear regression analysis revealed no significant 

associations between geographic distance and unweighted Unifrac (bacteria, R=0.00, 

p=0.97) or Morisita Horn (fungi, R=0.02, p=0.14) distance. This 10 km distance was chosen 

to be sufficient to separate urban and suburban areas. Spatial autocorrelation is unlikely 

within this data.

This study relies on statistical associations found in homes of children with asthma, and 

these associations may be validated with mechanistic studies. Future studies may consider 

the opposing effects of reported water leaks and reported mold on fungal communities.

Conclusions

Housing characteristics have a significant impact on household microbial communities in 

homes of asthmatic children. Our results demonstrate that both indoor fungal and bacterial 

microbial communities are not randomly structured and all of the housing factors examined 

exerted some influence on microbial richness or taxa. Microbial richness was influenced by 

reported water leaks, length of AC use, level of urbanization, and presence of pets. Number 
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of people and children, house type, mold, AC use, and pets were associated with differences 

in fungal communities, while bacterial community differences were associated with pets, 

level of urbanization, and single or multifamily homes. Richness values and taxa associated 

with specific human diseases were found to have associations with both occupancy and 

environmental factors. Choices about the construction, maintenance, and occupation of the 

indoor environment affect human exposures to microbes, and this relationship may 

eventually lead to updated housing recommendations to improve human health.
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Refer to Web version on PubMed Central for supplementary material.
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Practical Implications

The indoor microbiome is influenced by the construction, maintenance, and occupation 

of homes. This work demonstrated that air conditioning use and occupancy are dominant 

building factors among those studied that shape the indoor microbiome. The results 

presented here allow for hypothesis generation for possible ecological processes in 

homes that determine fungal and bacterial community assembly. In conjunction with 

other studies, this work may lead to housing recommendations that modify microbial 

exposures and positively impact human health, especially in asthmatic children.
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Figure 1. 
A,B,C,D. Rarefaction curves for (A) fungi and (B) bacteria, (C) a comparison of fungal and 

bacterial richness, and (D) dust composition analysis for total concentration of bacteria, 

fungi, human, and dog (Canis lupus familiaris) cells. (A,B) Lines are randomly displayed in 

various shades of gray for improved visualization. (A,B,C) Fungi were normalized to 450 

sequences per sample and bacteria were normalized to 2500 sequences per sample prior to 

analysis. (C) R = 0.30, p = 0.0002.
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Figure 2. 
A–O. Morisita Horn distance comparison for fungi for occupancy, housing characteristics, 

and dust composition measures. The p-values on bar graphs compare the within group 

average (represented by the bar) to the between group average (represented by the solid 

line). Error bars and dotted lines represent standard error. Bars significantly below the solid 

line indicate low variation in community composition (more similar communities).
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Figure 3. 
A–O. Unweighted Unifrac distance comparison for bacteria for occupancy, housing 

characteristics, and dust composition measures. The p-values on bar graphs compare the 

within group average (represented by the bar) to the between group average (represented by 

the solid line). Error bars and dotted lines represent standard error. Bars significantly below 

the solid line indicate low variation in community composition (more similar communities).
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