
Microbial communities as biosensors for monitoring
urban environments

Fangqiong Ling
Department of Biological Engineering, Massachusetts
Institute of Technology, 500 Technology Square,
Cambridge, MA 02139, USA.

Advances in sequencing technology have fostered a bet-
ter understanding of the microbes inhabiting the built
environment (BE). Despite efforts to minimize bacterial
and fungal biomass in the BE, we now know that BE air,
surfaces and tap water harbour multitudes of microbes.
BE microbial community composition is shaped by the
surrounding environment (i.e. outdoor urban or natural
environments) and by BE design choices, although the
latter often take effect in unintended ways (Proctor and
Hammes, 2015; Stephens, 2016). Additionally, prior work
has demonstrated that microbes transferred to BE sur-
faces by humans can be forensically traced back to their
sources (Lax et al., 2014; Franzosa et al., 2015). It is
reasonable to ask, is there specific knowledge that can
be translated into technologies that contribute to making
urban environments more safe, sustainable, inclusive
and resilient? (United Nations General Assembly). The
BE microbiome is a naturally embedded biosensor in
urban infrastructure that can be used to monitor environ-
mental quality and human activity. There are many
potential opportunities for leveraging BE microbial com-
munities to guide urban design and public health policy.
It is important to provide access to safe, affordable

public infrastructure. This target, which concerns delivery
of basic public services, demands adequate urban
infrastructure development. In many developed coun-
tries, much of the established urban infrastructure has
reached its maximal life expectancy (American Society
of Civil Engineers; Houlihan, 1994). In the United States,
an estimated $ 4.6 trillion investment will be needed by
2025 (American Society of Civil Engineers) to update
this crumbling infrastructure. In the case of water infras-
tructure, the countrywide distribution networks that deli-
ver water from centralized water treatment facilities to
households require the most attention. These distribution
systems across the United States are dilapidated – for

example, there are approximately 240,000 water main
breaks per year (American Society of Civil Engineers) –
and are increasingly vulnerable to the extreme weather
events associated with climate change. Thus, the U.S.
Environmental Protection Agency has determined inno-
vation in water infrastructure monitoring and mitigation
as a crucial research area (United States Environmental
Protection Agency).
The microbiome of household water meters has been

employed as a sensor device for citywide water quality
surveillance (Hong et al., 2010; Ling et al., 2016). Com-
pared to sampling tap water, sampling of water meters
allows direct tracking of biofilms residing within the water
distribution infrastructure. Biofilms are the majority of bio-
mass in a water supply ecosystem. These water supply
biofilms are known to harbour opportunistic pathogens
such as Mycobacterium avium and are prone to detach
into tap water during changes in flow regimes (Szewzyk
et al., 2000; United States Environmental Protection
Agency, 2002). My work in Urbana, Illinois established a
baseline for this type of water-system monitoring, identi-
fying core populations in biofilm communities that were
both abundant and prevalent (Hanski, 1982; Ling et al.,
2016). The taxa identified would not have been detected
by conventional biological monitoring tools (e.g. total col-
iform tests) (Ling et al., 2016). For this biofilm sensor
system to be fully developed, more data are needed to
define potential source populations under various com-
promised situations, such as pipe leakage, sewage intru-
sion and presence of dead-end zones in a distribution
network.
To face the challenge of global climate change, we

must design more sustainable urban environments.
Today, developed countries still discharge an unaccept-
able level of inadequately treated sewage into the envi-
ronment. In the United States, 52.7% of rivers and
streams and 79.5% of bays and estuaries are catego-
rized as ‘impaired’. The leading cause of this impairment
is cited as ‘pathogens’ (positive results from faecal indi-
cator tests) (United States Environmental Protection
Agency). Current regulation on environmental water
quality relies on traditional faecal indicators (i.e. col-
iforms, Escherichia coli, or enterococci) (Freedman,
2003; Keller and Cavallaro, 2008; United States Environ-
mental Protection Agency). These indicators are not veryMicrobial Biotechnology (2017) 10(5), 1149–1151
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effective in tracing the source of pollution and guiding miti-
gation (McLellan and Eren, 2014). Host-associated anaer-
obes, such as Bacteroidales, have been considered as a
kind of alternative indicator due to higher host-specificity.
Various genetic assays based on the 16S rRNA genes or
functional genes in Bacteroidales have been developed
for this application, and showed high sensitivity and speci-
ficity. For example, using a hierarchical oligonucleotide
primer extension (HOPE) assay on 16S rRNA genes of
Bacteroides spp., Hong et al. (2009) showed that human,
pig, cow and dog faeces can be correctly identified. Fur-
thermore, these sources could be accurately tracked
within contaminated bodies of water (81%). In another
study, Verhougstraete et al. (2015) sampled across 64
rivers that drained 84% of Michigan’s Lower Peninsula,
and showed that the abundance of Bacteroides thetaio-
taomicron alpha-1-6-mannanase, a human-specific mar-
ker, correlated strongly with the number of septic tanks in
a watershed, and this correlation was not shown in stan-
dard coliform counts. Thus, culture-independent methods
provide much richer information than just a ‘yes’ or ‘no’ to
the presence of pollution can help decision makers decide
how to prioritize areas for the construction of new sewage
treatment facilities, allowing for more targeted watershed
restoration.
16S rRNA gene sequencing of whole microbial com-

munities can provide a powerful source of environmental
sensor data. Vast amounts of sequencing data enable
the effective use of machine learning algorithms. Thus,
source tracking expand from a small subset of host-
specific markers to thousands of phylotypes that differ in
relative abundance across samples, allowing for more
sensitive assays (McLellan and Eren, 2014). Oligotyping,
a computational method that makes use of highly vari-
able nucleotide positions in 16S sequences, can distin-
guish closely related organisms that would normally be
classified into one taxon (Eren et al., 2013). Oligotyping
has led to the identification of human faecal indicators
from multiple taxonomic groups (Koskey et al., 2014;
Fisher et al., 2015). Human-specific taxa were found not
only in populations of Bacteroidetes, but also in the bac-
terial phylum Firmicutes, including oligotypes under the
genera Blautia, Coprococcus, Dorea, Faecalibacterium
and Roseburia (Fisher et al., 2015). In addition, commu-
nity profiling of pipes transmitting sewage from house-
holds to wastewater treatment facilities has shown that
Arcobacter species are abundant and prevalent, sug-
gesting that using community composition in pollution
source tracking has the potential to detect signatures
from urban water infrastructure (Fisher et al., 2014).
Aside from sensing infrastructure safety and human

impacts on the environment, the microbiome may even
serve as an indicator for the inclusiveness of urban
spaces. It has been reported that humans influence indoor

environment microbiome by direct contact and emission of
bioaerosols (Meadow et al., 2015; Adams et al., 2016;
Stephens, 2016). For example, Kembel et al. found that
the physical connectedness of building spaces correlated
strongly with similarity in microbial community composi-
tion. Furthermore, certain taxa were indicative of whether
an office is centrally located and hence more occupied
(Kembel et al., 2014). Microbial communities on dust par-
ticles are partially sourced from human skin (Kembel
et al., 2014; Meadow et al., 2014), and might be useful as
a non-intrusive data source to indicate the accessibility of
an urban space from its use frequency. This could provide
feedback for architectural design.
These are just a few examples of where the BE micro-

biome can be used as a biosensor. The microbiome is
exquisitely sensitive and can detect events or conditions
that are difficult or impossible to assess with traditional
indicators. The physical carriers of the microbiome are
easy to access (for example, water, surface residues or
dust), which would allow passive sampling. These char-
acteristics make microbiome sensors a valuable addition
to current management and design toolkits. In bridging
the scientific understandings to real-world applications,
however, the complexities of ecosystems in natural or
built environments need to be considered. For instance,
the decay of B. ovatus over time was shown to be
strongly affected by UV irradiation. A B. ovatus contami-
nation event during the day (i.e. when exposed to full-
spectrum UV irradiation) would decay more rapidly than
a similar event in the evening (Dong et al., 2014). The
BE microbiome field is nascent and developing rapidly
and is likely to inspire new technologies that facilitate
sustainable development goals.

Acknowledgement

The author thanks Sean Gibbons, Xiaoqian Yu and
Shengkun Dong for meaningful discussions and critical
comments on drafts of this article. The author is sup-
ported by Alfred P Sloan Foundation Microbiome of the
Built Environment Postdoctoral Fellowship.

Conflict of interest

None declared.

References

Adams, R.I., Bhangar, S., Dannemiller, K.C., Eisen, J.A., Fierer,
N., Gilbert, J.A., et al. (2016) Ten questions concerning the
microbiomes of buildings. Build Environ 109: 224–234.

American Society of Civil Engineers (2017) ASCE’s 2017
infrastructure report card | GPA: D+. URL http://www.infra
structurereportcard.org/. Accessed: 11th July 2017.

ª 2017 The Author. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology, Microbial
Biotechnology, 10, 1149–1151

1150 F. Ling

http://www.infrastructurereportcard.org/
http://www.infrastructurereportcard.org/


Dong, S., Hong, P.-Y., and Nguyen, T.H. (2014) Persistence
of Bacteroides ovatus under simulated sunlight irradiation.
BMC Microbiol 14: 178.

Eren, A.M., Maignien, L., Sul, W.J., Murphy, L.G., Grim, S.L.,
Morrison, H.G., and Sogin, M.L. (2013) Oligotyping: differenti-
ating between closely related microbial taxa using 16S rRNA
gene data.Methods Ecol Evol 4: 1111–1119.

Fisher, J.C., Eren, A.M., Green, H.C., Shanks, O.C., Mor-
rison, H.G., Vineis, J.H., et al. (2015) Comparison of Sew-
age and Animal Fecal Microbiomes by Using Oligotyping
Reveals Potential Human Fecal Indicators in Multiple Tax-
onomic Groups. Appl Environ Microbiol 81: 7023–7033.

Fisher, J.C., Levican, A., Figueras, M.J., and McLellan, S.L.
(2014) Population dynamics and ecology of Arcobacter in
sewage. Front Microbiol 5: 525.

Franzosa, E.A., Huang, K., Meadow, J.F., Gevers, D., Lemon,
K.P., Bohannan, B.J.M., and Huttenhower, C. (2015) Identify-
ing personal microbiomes using metagenomic codes. Proc
Natl Acad Sci USA 112: E2930–E2938.

Freedman, P.L., Larson, W.M., Dilks, D.W., Thornton, K.W.
and Boese, G.W. (2004) Navigating the TMDL process:
evaluation and improvements. In Proceedings of the
Water Environment Federation: National TMDL Science
and Policy. London, UK: The International Water Asssoci-
ation Publishing.

Hanski, I. (1982) Dynamics of regional distribution: the core
and satellite species hypothesis. Oikos 38: 210–221.

Hong, P.-Y., Hwang, C., Ling, F., Andersen, G.L., LeCheval-
lier, M.W., and Liu, W.-T. (2010) Pyrosequencing analysis
of bacterial biofilm communities in water meters of a
drinking water distribution system. Appl Environ Microbiol
76: 5631–5635.

Hong, P.-Y., Wu, J.-H., and Liu, W.-T. (2009) A high-
throughput and quantitative hierarchical oligonucleotide
primer extension (HOPE)-based approach to identify
sources of faecal contamination in water bodies. Environ
Microbiol 11: 1672–1681.

Houlihan, B. (1994) Europe’s ageing infrastructure. Util Pol-
icy 4: 243–252.

Keller, A.A., and Cavallaro, L. (2008) Assessing the US Clean
Water Act 303(d) listing process for determining impairment
of a waterbody. J Environ Manage 86: 699–711.

Kembel, S.W., Meadow, J.F., O’Connor, T.K., Mhuireach,
G., Northcutt, D., Kline, J., et al. (2014) Architectural
Design Drives the Biogeography of Indoor Bacterial Com-
munities. PLoS ONE 9: e87093.

Koskey, A.M., Fisher, J.C., Eren, A.M., Ponce-Terashima,
R., Reis, M.G., Blanton, R.E., and McLellan, S.L. (2014)
Blautia and Prevotella sequences distinguish human and
animal fecal pollution in Brazil surface waters. Environ
Microbiol Rep 6: 696–704.

Lax, S., Smith, D.P., Hampton-Marcell, J., Owens, S.M.,
Handley, K.M., Scott, N.M., et al. (2014) Longitudinal
analysis of microbial interaction between humans and the
indoor environment. Science 345: 1048–1052.

Ling, F., Hwang, C., LeChevallier, M.W., Andersen, G.L.,
and Liu, W.-T. (2016) Core-satellite populations and sea-
sonality of water meter biofilms in a metropolitan drinking
water distribution system. ISME J 10: 582–595.

McLellan, S.L., and Eren, A.M. (2014) Discovering new indi-
cators of fecal pollution. Trends Microbiol 22: 697–706.

Meadow, J.F., Altrichter, A.E., Bateman, A.C., Stenson, J.,
Brown, G., Green, J.L., and Bohannan, B.J.M. (2015)
Humans differ in their personal microbial cloud. PeerJ 3:
e1258.

Meadow, J.F., Altrichter, A.E., Kembel, S.W., Moriyama, M.,
O’Connor, T.K., Womack, A.M., et al. (2014) Bacterial
communities on classroom surfaces vary with human con-
tact. Microbiome 2: 7.

Proctor, C.R., and Hammes, F. (2015) Drinking water micro-
biology—from measurement to management. Curr Opin
Biotechnol 33: 87–94.

Stephens, B. (2016) What Have We Learned about the
Microbiomes of Indoor Environments? mSystems 1,
e00083–16.

Szewzyk, U., Szewzyk, R., Manz, W., and Schleifer, K.-H.
(2000) Microbiological safety of drinking water. Annu Rev
Microbiol 54: 81–127.

United Nations General Assembly (2015). Transforming our
world: the 2030 Agenda for Sustainable Development.
URL https://sustainabledevelopment.un.org/post2015/tra
nsformingourworld. Accessed: 11th July 2017.

United States Environmental Protection Agency (2017).
Drinking water and wastewater systems research. URL
https://www.epa.gov/water-research/drinking-water-and-wa
stewater-systems-research. Accessed: 11th July 2017.

United States Environmental Protection Agency (2002).
Health risks from microbial growth and biofilms in drinking
water distribution systems. URL https://www.epa.gov/site
s/production/files/2015-09/documents/2007_05_18_disin
fection_tcr_whitepaper_tcr_biofilms.pdf. Accessed 11th
July 2017.

United States Environmental Protection Agency (2017).
Water Quality assessment and TMDL information. URL
https://ofmpub.epa.gov/waters10/attains_index.home.
Accessed 11th July 2017.

Verhougstraete, M.P., Martin, S.L., Kendall, A.D., Hyndman,
D.W., and Rose, J.B. (2015) Linking fecal bacteria in riv-
ers to landscape, geochemical, and hydrologic factors
and sources at the basin scale. Proc Natl Acad Sci 112:
201415836.

ª 2017 The Author. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology, Microbial
Biotechnology, 10, 1149–1151

F. Ling 1151

https://sustainabledevelopment.un.org/post2015/transformingourworld
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://www.epa.gov/water-research/drinking-water-and-wastewater-systems-research
https://www.epa.gov/water-research/drinking-water-and-wastewater-systems-research
https://www.epa.gov/sites/production/files/2015-09/documents/2007_05_18_disinfection_tcr_whitepaper_tcr_biofilms.pdf
https://www.epa.gov/sites/production/files/2015-09/documents/2007_05_18_disinfection_tcr_whitepaper_tcr_biofilms.pdf
https://www.epa.gov/sites/production/files/2015-09/documents/2007_05_18_disinfection_tcr_whitepaper_tcr_biofilms.pdf
https://ofmpub.epa.gov/waters10/attains_index.home

