
Variability of indoor fungal microbiome of green and non-green
low-income homes in Cincinnati, Ohio

Kanistha Coombs a, Diana Taft b, Doyle V. Ward c,d, Brett J. Green e, Ginger L. Chew g, Behrouz Shamsaei a,
Jaroslaw Meller a,f, Reshmi Indugula a, Tiina Reponen a,⁎
a University of Cincinnati, Department of Environmental Health, P.O. Box 670056, Cincinnati, OH, USA
b University of California at Davis, Department of Food Science and Technology, One Shields Ave., Davis, CA, USA
c University of Massachusetts Medical School, Center for Microbiome Research, 55 N Lake Ave, Worcester, MA, USA
d University of Massachusetts Medical School, Department of Microbiology and Physiological Systems, 55 N Lake Ave North, Worcester, MA, USA
e Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health, Health Effects Laboratory Division, Allergy and Clinical Immunology Branch, 1095Willowdale
Road, Morgantown, WV, USA
f Cincinnati Children's Hospital Research Foundation, Division of Biomedical Informatics, 3333 Burnett Avenue, Cincinnati, OH, USA
g Centers for Disease Control and Prevention, National Center for Environmental Health, Air Pollution and Respiratory Health Branch, 4770 Buford Hwy, N.E., MS-F60 Atlanta, GA, USA.

H I G H L I G H T S

• No difference was found in the
mycobiome between green and non-
green buildings.

• Mycobiomes obtained in each home
12 months apart differed.

• Largest differences were observed in
mycobiomes from air, floor, and bed
samples.
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“Green” housing is designed to use low-impact materials, increase energy efficiency and improve occupant
health. However, little is known about the indoor mycobiome of green homes. The current study is a subset of
a multicenter study that aims to investigate the indoor environment of green homes and the respiratory health
of asthmatic children. In the current study, themycobiome in air, bed dust and floor dustwas compared between
green (study site) and non-green (control site), low-income homes in Cincinnati, Ohio. The samples were collected
at baseline (within four months following renovation), and 12 months after the baseline at the study site. Parallel
sample collection was conducted in non-green control homes. Air samples were collected by PM2.5 samplers
over 5-days. Bed and floor dust samples were vacuumed after the air sampling was completed. The DNA sample
extractswere analyzedusing ITS amplicon sequencing. Analysis indicated that therewasno clear trend in the fungal
communities between green and non-green homes. Instead, fungal community differences were greatest between
sample types - air, bed, and floor. Microbial communities also changed substantially between sampling intervals in
both green and non-green homes for all sample types, potentially indicating that therewas very little stability in the
mycobiomes. Research gaps remain regarding how indoor mycobiome fluctuates over time. Longer follow-up
periods might elucidate the effect of green renovation on microbial load in buildings.
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1. Introduction

The built environment microbiome, coupled with the extensive
amount of time spent by individuals indoors, has been known to influ-
ence human health (Kanchongkittiphon et al., 2015; Mendell et al.,
2011). Exposure to fungi has been linked to a range of detrimental
health effects (Douwes et al., 2003) including asthma (Jaakkola et al.,
2010; Reponen et al., 2011). However, protective effects of fungi have
also been reported. Exposure to increased levels of mold-derived com-
ponents early in life was found to protect children from allergic diseases
and allergic sensitization (Iossifova et al., 2007). Due to these links to
human health, it is imperative to better understand the complexmicro-
bial habitat of the indoor built environment, especially if immunocom-
promised or mold-sensitized individuals are present.

With the “green” building movement, more and more homes are
opting to be energy efficient. “Green” housing is designed to use low-
impactmaterials, increase energy efficiency and improve occupant health
(Kibert, 2016). Previous studies have shown that green and non-green
materials support microbial growth similarly (Mensah-Attipoe et al.,
2015; Coombs et al., 2016). However, trends in energy efficiency, having
led to “tighter” buildingswith reduced ventilation could potentially result
in increased humidity and lead to altered microbial load (Fabian et al.,
2014; Macher et al., 2017).

High-throughput DNA sequencing has recently been used for
obtaining a culture-independent and comprehensive picture of the mi-
crobial dimension of a variety of ecosystems (Konya and Scott, 2014).
Microbial diversity has also been assessed in a variety of indoor environ-
ments, ranging fromhomes and offices to healthcare facilities and trans-
portation environments, as previously reviewed (Ramos and Stephens,
2014). The majority of studies examining residences have focused on
the bacterial diversity in the indoor environment (Dunn et al., 2013;
Flores et al., 2013; Kelley et al., 2004). One prior study (Kembel et al.,
2014) characterized bacterial biomes in dust samples collected in a
“green” university building. The few studies of fungal taxa within
homes have mostly investigated swabbed surfaces, vacuumed floor
dust or indoor air using either gravity settled air samples or portable
air samplers (Adams et al., 2013a,b; Dannemiller et al., 2014;
Kettleson et al., 2015; Rittenour et al., 2014; Yooseph et al., 2013). No
previous studies, however, have compared fungal communities in air,
bed dust and floor dust. Furthermore, very limited data are available
on the effect of “green” building practices on indoor fungal load.
Lower levels of ergosterol (an estimate of fungal biomass) were found
after a year of residency in green-renovated homes compared to levels
measured in the old home before moving out (Takaro et al., 2011).

This study is a subset of a multicenter study designed by the Centers
for Disease Control and Prevention (CDC) and the Department of

Housing and Urban Development (HUD). The goal of the multicenter
study is to investigate the relationship between the indoor environment
of green homes and the respiratory health of children with asthma liv-
ing in low-income homes. Previously, we reported that no difference
was found in the levels of PM2.5, black carbon, sulfur, ultrafine particles,
total volatile organic carbons or formaldehyde between green and non-
green homes (Coombs et al., 2016). Here we characterize and compare
the mycobiomes (fungal microbiomes) of indoor air, bed dust and floor
dust between green and non-green homes in Cincinnati, Ohio. The goal
of the study was to determine if green renovation altered richness and
diversity of the indoor mycobiome.

2. Materials and methods

2.1. Study design

The study included 52 low-income homes (26 green-renovated
apartments, and 26 non-green control apartments) (Fig. 1). Green-ren-
ovated apartments were drawn from a low-income, 800 apartment
complex in Cincinnati. All of the green homeswere renovated from pre-
viously non-green units. The characteristics of the study homes have
been reported previously (Coombs et al., 2016). Briefly, green features
that were expected to affect the humidity and thereby, the microbial
load included energy efficient windows and doors, whole house insula-
tion, energy efficient central heating/cooling system, and bathroom
fans. The first post-renovation (baseline) samples from green-renovat-
ed homeswere collectedwithin fourmonths of renovation, and another
set of samples was collected 12 months later. Parallel sampling,
matched by the season, was conducted in non-green homes; 6 non-
green homes were located in the same community as the green-reno-
vated homes and 20 were located at the control site about 6 miles
from the green-renovated homes. Sampling at a control home was
matchedwith the study homeby season. Both apartment complexes re-
ceive federal assistance to allow them to provide subsidized housing to
low-income families (U.S. Housing Act of 1937). Homes were consid-
ered for inclusion if a child who lived in the home was age 7–12 years
and the caregiver reported the child had a diagnosis of asthma and cur-
rent symptoms in past six months.

Temperature and relative humidity were measured using a HOBO®
data logger (Onset Computer Corporation, Bourne, MA) and were con-
tinuously recorded every 5 min throughout the five-day air sampling
duration. The data were downloaded, and a five-day average was used
in the data analysis. Themean relative humidity (±standard deviation)
was 40.5 ± 13.5% in green homes and 41.8 ± 10.7% in non-green
homes. The difference was not significant (t-test: p = 0.323). The re-
spective values for temperature were 24.5 ± 1.9 °C and 24.6 ± 1.8 °C

Fig. 1. The Cincinnati Green Housing Mycobiome study design. Homes were assessed at baseline (within four months post-renovation) and 12 months after baseline. The number of
samples included in the analysis is indicated as Air (A), Bed (B), and Floor (F).
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