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Microbiomes of the Built Environment
A Research Agenda for Indoor Microbiology, Human 
Health, and Buildings

People in developed countries spend the vast majority of their lives indoors. 
That time is shared with a large and diverse community of microorganisms that 
find their way into homes, workplaces, schools, and other buildings via the air 
that enters intentionally through ventilation and unintentionally through infil-
tration; water transported through plumbing or by leaks; and people, animals, 
plants, and pests, who harbor microbes or track them indoors. Research on 
indoor environments, microorganisms, and human health has been conducted 
for decades, but new molecular tools and collaborative efforts that bridge 
microbiology, engineering, architecture, and public health are generating a 
deeper understanding of the complex interactions among human occupants, 
built environments, and associated microbial communities—illustrated in 
Figure 1 (page 2). This report assesses the current state of this knowledge, iden-
tifies knowledge gaps, and outlines a research agenda for filling these gaps and 
advancing a vision of the future in which buildings can be designed and oper-
ated to better support occupant health, improve the sustainability of building 
systems and materials, and lower energy usage.

HEALTH IMPACTS OF INDOOR MICROBIAL EXPOSURES
The relationship between microbiomes found in built environments and human 
health is complex, and entails beneficial, neutral, and harmful exposures. Health 
effects are dependent on factors including the specific microorganisms pres-
ent, the route of exposure, the stage of life or health status of the person being 
exposed, the potential influence of co-exposures to indoor 
chemicals and particles, and characteristics of the built envi-
ronment such as its temperature and humidity.

A number of studies have explored the transmission of 
pathogens in buildings; familiar examples include influenza 
virus and Legionella bacteria. Influenza can be transmit-
ted by contact with door knobs, faucet handles, and other 
objects that have been contaminated by an infected person, 
while Legionella can be sustained and amplified on wetted 
surfaces and in plumbing systems. Exposure to indoor micro-
organisms and their constituent parts also are associated 
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Box 1  The microbial communities or “micro-
biomes” discussed in this report encompass 
heterogeneous organisms including viruses, 
prokaryotes (bacteria and archaea), and micro-
bial eukaryotes (fungi, microscopic algae, and 
protozoa). Viable microorganisms, dormant and 
dead microbes, and microbial parts such as cell 
components and metabolic products all may 
have effects on human health and indoor envi-
ronmental quality.



with non-infectious respiratory health impacts in 
building occupants. Decades of research has shown 
that exposure to damp, water-damaged buildings 
results in negative respiratory health.

On the other hand, recent research demonstrates 
that exposures in early life to microorganisms found 
on pets, on livestock, or in traditional farm-type 
environments are associated with a reduction in 
allergy and respiratory disease. Such exposures may 
be beneficial to the developing immune system or 
may arise as a result of other biologic mechanisms 
that remain to be clarified.

To understand the associations between micro-
bial exposures in built environments and diverse 
health impacts there is a need for longitudinal 
human studies and complementary laboratory and 
animal-model investigations, as well as studies to 
test the effects of specific changes or interventions 
hypothesized to alter microbial exposures and affect 
health outcomes. Public health researchers can 
play important roles in collaborating with scientific 
and engineering disciplines and with professional 
communities of practice to generate these new 
hypotheses and design studies to understand the 
underlying causes of observed effects.

Effects of Building Characteristics 
on Microbial Communities
The composition and viability of indoor microbial 
communities are determined largely by the charac-
teristics of the buildings they inhabit, including the 
availability of water and nutrients for growth and 
survival, the buildings’ occupants, and the external 
environment. These relationships affect microbial 
transport and removal and influence the formation 
of indoor microbial reservoirs in air and water, and 
on surfaces.

Air can enter buildings through intentional ventila-
tion (either mechanical—via heating, ventilation, 
and air conditioning (HVAC) systems—or natural, 
via windows and doors) and through unintentional 
ventilation—infiltration through small gaps in the 
building envelope. Mechanical ventilation sys-
tems may be outfitted with filtration systems that 
capture some microorganisms, and air filtration is 
generally regarded as promoting good health and 
well-being. Additional research is needed, however, 
on such topics as the potential benefits of allowing 
increased introduction of outdoor air in buildings 
in locations where outdoor pollution levels are 
relatively low and the ambient temperature is com-
fortable for occupants.

Plumbing systems are reservoirs for microbes as is 
water unintentionally introduced through conden-
sation, leaks, or malfunctioning equipment. Much is 

known about how to manage water systems within 
buildings but health issues can still arise. System 
characteristics such as water temperature affect the 
viability of microbes, while human behaviors such 
as leaving a toilet seat up or down while flushing 
influence exposure to microorganisms that become 
aerosolized and may thus have an impact on human 
health. Microbial growth in buildings also can affect 
building materials, resulting in corrosion or degra-
dation, and affect building systems, such as when 
biofilms foul HVAC components.

Moving the field forward will require a better 
understanding of how building attributes influ-
ence microbial communities. Future research would 
greatly benefit from the systematic collection of 
a common set of data on building attributes and 
indoor environmental conditions so that these 
factors may be taken into account and examined 
across studies.

Tools to Facilitate Analysis
The investigation of indoor microbiomes relies on 
a number of tools and data collection strategies to 
capture the dynamics involved. Sensors to measure 
and monitor such building characteristics as tem-
perature, moisture, and airflow should be included, 
along with more attention to occupant activities and 
behaviors. Means for characterizing which micro-
organisms are present in samples collected from 
air filtration systems, showerheads, carpeting, and 
the like need to be coupled to those that describe 
microbial functions to provide a more comprehen-
sive understanding.

FIGURE 1  The formation, dynamics, and functions 
of microbiomes in built environments are shaped by 
complex interactions of factors related to the charac-
teristics of a building, its human occupants, and the 
microbial communities associated with both.



Since relatively few microorganisms can be cul-
tured, molecular techniques including genomics, 
proteomics, and metabolomics are increasingly 
important tools for assessing the composition and 
activities of microbial communities. Advances in 
the research infrastructure that underpins the micro
biome-built environment field, particularly additional 
community efforts to develop standards and bench-
marks that facilitate the comparison of results from 
across different studies, and expanded data sharing 
and data analysis platforms, will be critical. 

Interventions in the Built 
Environment
Potential interventions to improve indoor envi-
ronmental quality in buildings, both in reducing 
exposure to harmful microbes and possibly in facili-
tating exposure to beneficial microbes, are available. 
For example, buildings that have well-designed 
ventilation systems provide better means to control 
microbial exposures than buildings ventilated by 
unintentional air leakage. Changes to cleaning prod-
ucts and cleaning routines are another area where 
interventions can influence the composition and 
viability of indoor microbial communities, affecting 
potential adverse or beneficial exposures.

The use of quantitative frameworks to model 
proposed interventions can provide insights into 

tradeoffs among potentially competing priorities. 
Such frameworks as building airflow and contami-
nant transport models, risk analyses, and building 
energy models can be used to anticipate the effects 
of interventions. Connecting this information with 
additional infrastructure design and occupant health 
data can aid in the design of alternative approaches 
and inform further development.

1.	 Understand relationships among building site 
selection, design, construction, commissioning, 
operation, and maintenance; building occupants; 
and microbial communities;

2.	 Incorporate social and behavioral sciences to 
analyze the roles of the people in the built 
environment;

3.	 Use complementary study designs--observational, 
animal model, and intervention—to develop and 
test health-specific hypotheses;

4.	 Clarify effects of timing (stage of life), dose, and 
differences in human sensitivity on relationships 
among microbial exposures and health;

5.	 Develop exposure assessment approaches to 
address how combinations of exposures (micro-
bial agents, chemicals, and physical materials) 
influence human functional responses and 
health outcomes;

6.	 Understand energy, environmental, and eco-
nomic impacts of interventions that modify 
microbial exposures and integrate data into 
frameworks for assessing potential interventions;

Box 2  Recap of Research Agenda

7.		 Refine molecular tools and methods for elucidat-
ing identity, abundance, activity, and functions 
of the microbial communities to enabling more 
quantitative, sensitive, and reproducible experi-
mental designs;

8.	 Refine building and microbiome sensing and 
monitoring tools;

9.	 Develop guidance on sampling and exposure 
methods for testing microbiome–built environ-
ment hypotheses;

10.	Develop a data commons with data description 
standards and provisions for data storage, sharing, 
and knowledge retrieval;

11.	 Develop empirical, computational, and mecha-
nistic modeling tools to improve understanding, 
prediction, and management;

12.	Support effective communication and engage-
ment to convey microbiome–built environment 
information to audiences including professional 
building design, operation, and maintenance 
communities; clinical practitioners; and building 
occupants and homeowners.

FIGURE 2  The 12 priority areas in the research 
agenda will make progress in achieving five goals.
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A Research Agenda for Achieving 
the Vision
Although past research has yielded exciting clues 
to understand the interconnections among built 
environments, microbial communities, and humans, 
many open questions remain.  A systematic effort 
will be required to achieve a vision in which these 
interactions can be predicated and managed so as to 
design, operate, and maintain more healthful build-
ings. The accomplishment of this vision will require 
integrating expertise from many scientific, health 
and engineering disciplines along with professional 

communities of practice 
in clinical medicine and 
in building design, opera-
tion and maintenance. 
The report recommends 
a multidisciplinary, 
collaborative research 
agenda (see Box 2, page 
3) to accomplish the five 
goals shown in Figure 2 
(page 3) and make prog-
ress toward this vision.
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