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Abstract 

The built environment provides an excellent setting for interdisciplinary resear c h on the dynamics of microbial communities. The 
system is simplified compared to many natural settings, and to some extent the entire environment can be manipulated, from ar c hi- 
tectural design to materials use, air flow, human traffic, and capacity to disrupt microbial communities through cleaning. Here , w e 
pro vide an o verview of the ecology of the microbiome in the built environment. We address niche space and refugia, population, and 

comm unity (meta genomic) dynamics, spatial ecology within a building, including the major microbial tr ansmission mec hanisms, as 
well as evolution. We also address landscape ecology, connecting microbiomes between physicall y se par ated buildings. At eac h stage , 
we pay particular attention to the actual and potential interface between disciplines, such as ecolo gy, epidemiolo gy, materials science, 
and human social behavior. We end by identifying some opportunities for future interdisciplinary resear c h on the microbiome of the 
built environment. 

Ke yw ords: urban micr obiome; envir onmental ecology; micr obial anthr opocene; urban meta genome; m ultidisciplinar y micr obial ecol- 
ogy; one health 
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Introduction 

T he “built en vironment” comprises urban design, land use , and 

the transportation system, and encompasses patterns of human 

activity within this environment (Handy et al. 2002 ). The micro- 
biome of the built envir onment r efers to the collective community 
of bacteria, fungi, viruses, bacteriophages, and prions, present in 

human-made structur es, suc h as buildings , homes , offices , hos- 
pitals , and transportation systems . T hese microbiomes harbor a 
range of members originating from various sources—human oc- 
cupants, outdoor air, water systems, soil, and e v en building ma- 
terials. Importantl y, a micr obiome is mor e than just the sum of 
its individual component micr oor ganisms. Its members inter act 
with one another and with the surrounding environment in a co- 
oper ativ e, competitiv e, or neutr al manner collectiv el y forming a 
dynamic ecosystem. 

Recent pandemics have highlighted the importance of where 
and how pathogens thrive in the built environment when hosts 
ar e pr esent. Although the basic dynamics of some aspects of this 
system are well understood (Pinter-Wollman et al. 2018 , Dietz et 
Recei v ed 22 July 2024; revised 2 December 2024; accepted 18 December 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
l. 2020 ), there is much to be gained by studying the microbiome
f the built environment in an interdisciplinary setting. Those in-
erested in the built-environment microbiome from the human 

ealth perspective would benefit from interventions that could be 
nformed by a wide range of fields, including structural engineer- 
ng and heating, ventilation, and air conditioning (HVAC) systems 
ngineering. Those who a ppr oac h this topic fr om an envir onmen-
al microbiological perspective would benefit from the building 
nd data management perspective to understand how the envi- 
onment is being used by humans. 

Some work has been done to understand the microbiome of the
uilt environment (Fig. 1 ). For example, Kembel et al. ( 2012 ) found
hat humans have a guiding impact on the microbial biodiversity
n buildings, both indir ectl y thr ough the effects of arc hitectur al or
ngineering design, and more directly through the effects of hu-
an occupancy and use patterns in different spaces and space

ypes. A k e y finding of this work—the fact that source of ventila-
ion air has the largest impact on bacterial diversity—has been
onfirmed by other studies (Meadow et al. 2014 ). These results
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Figure 1. A heuristic view of the built microbiome . T he inset is the bacterium Klebsiella , shown at 5000 × magnification. 
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uggest that we can alter indoor microbiomes, selecting the mi-
robial species that potentially colonize humans during our time
ndoors. 

Ev en though man y differ ent bodies of liter atur e hav e explor ed
ndividual facets of the microbiome in the built environment, it
s not always obvious how their findings can be integrated. Be-
ng able to bridge these gaps will improve the study of the built-
nvir onment micr obiome in e v ery discipline. With a better syn-
hesis of the field, we will be able to understand and e v aluate
isks as ecological processes. We will be able to design better pow-
r ed, mor e informativ e, and mor e tar geted studies to understand
he multifaceted nature of the microbial built environment. Fi-
ally, we will be able to optimize mitigation strategies based on
 more complete and holistic understanding. Improving the inter-
onnectedness of the field impr ov es the ability of e v ery r esearc her
n e v ery discipline to r efine and adv ance their work. 

We are not attempting to provide all the necessary tools of
ollaboration in this overview. For a comprehensive discussion,
onsider the National Academies report (National Academies of
ciences and Medicine 2017 ). We instead present an ov ervie w of
he elements contributing to the ecology of how microbes func-
ion within the built environment in order to synthesize ideas
bout ho w w e understand the microbiome, ho w w e measure it,
nd how it changes in time. We are not focused specifically on
uman health, but as m uc h of the work on the microbiome in
he built environment comes from this field, we rely on it for our
eneral link to microbial ecology (e.g. National Academies of Sci-
nces and Medicine 2017 , Gilbert and Stephens 2018 , Mohajeri et
l. 2018 , Bosch et al. 2024 , Gilbert and Hartmann 2024 ). 

Here, we highlight examples of how the built environment can
ffect the basic ecology and dynamics of microbial communities.
ather than the traditional human focus of microbes in the built
nvir onment, we a ppr oac h the micr obiome–built envir onment in-
erface from the microbial perspective. We focus primarily on a
ithin-building microbial ecology framew ork, but w e end b y pre-

enting a landscape-scale (between buildings) perspective . T his
v ervie w and synthesis of built-environment microbiomes will al-
ow for the creation of a modeling framework that can help to de-
cribe, and ultimately predict, the microbiomes of particular built
n vironments . 

 he micr obiome ecology—b uilt 
nvironment interface 

uman-designed and built environments are meaningfully differ-
nt in many ways from natural en vironments . T hese differences
ave the potential to foster the growth of profoundly different mi-
robes and the establishment and organization of pr ofoundl y dif-
er ent micr obial comm unities. As with natur al envir onments, the
hysical structure and system processes (functions) of the built
nvironment affect the ecology and dynamics of microbial com-
unities . T hese communities are further affected, both directly

nd incidentally, by design features specific to the function of the
uilt environment (housing, hospital, etc.), as w ell as b y human
ctivities. In fact, in both natural and built en vironments , habitat
anipulation provides options for species management. In the

uilt envir onment, arc hitectur al design and engineering can di-
 ectl y affect the microbial communities present and which types
f activities are likely to be undertaken, including those to reduce
isks to human health (e.g. D’Accolti et al. 2022 , Gottel et al. 2024 ).
n addition, there can be incidental impacts on the microbiome
hen arc hitectur al design focuses on goals beyond simple func-

ion, suc h as incr eased ener gy efficiency or facilitating human in-
eractions (social or work-related) (Shrubsole et al. 2014 , Heida et
l. 2022 ). We also note that is a long history of arc hitectur al design
o promote human health (e.g. Wister 2005 ). 
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Niche space and population refugia 

What a species does, as well as where and how it does it, defines 
its niche in an ecosystem (Kembel et al. 2012 , Carscadden et al.
2020 ). The microbiome of the built environment is depauperate 
compared to that in natural communities, in part because the 
built environment is structurally less complex. Regardless, ecolog- 
ical studies of the natur al envir onment pr ovide a natural parallel 
for investigating the built environment. For example, manufac- 
tur ed structur es cr eate potential nic he space for species—in our 
case microbes—that differ in many of the same characteristics 
as in the natural environment, including differences in physical 
space, isolation, light, humidity, moistur e le v el, temper atur e, ac- 
cessibility, etc. (Hao et al. 2020 ). These features affect the types of 
species that can colonize and establish in each site (space within 

a building), and consequently through interspecific interactions, 
the community composition and structure (Kembel et al. 2014 ). 

Refugia for microbes occur in a variety of predictable places in 

the built en vironment, i.e . those associated with waste disposal,
standing water (or moisture in general), air-transport systems, and 

in sites that ar e r elativ el y inaccessible to cleaners or are not well 
maintained (Nazar enk o et al. 2023 ). For example, Legionella out- 
breaks can occur when water from poorly maintained cooling sys- 
tems create a refuge for bacterial growth; in this case, rather than 

an HVAC subsystem filtering the pathogen, it acts as a centralized 

source of contamination (e.g. Prussin et al. 2017 ). 
Engineering designs and building functions affect the amount 

and type of niche space available and can be altered to minimize 
microbial opportunities. For example, in hospitals and veterinary 
clinics efforts are made to eliminate the accumulation and spread 

of microbial pathogens (Wright et al. 2008 , Assadian et al. 2021 ).
Both human and v eterinary healthcar e settings have particular 
context-specific concerns surrounding the microbial built envi- 
r onment, primaril y center ed on the pathogenic micr obial com- 
munities. By their very nature, healthcare environments are full of 
patients who are likely to be shedding pathogenic microbes into 
the envir onment, pr oviding a ready source of new importation.
For example, a significant amount of engineering work has gone 
into designing air circulation and filtering systems that minimize 
the spread of pathogens, particularly in hospitals (Beggs 2003 ,
Bolashik ov and Melik ov 2009 ), although lessons have expanded 

to other built environments (e.g. Arjmandi et al. 2022 ). Similarly,
the design of daycare facilities may incor por ate accommodations 
for distinct types of interactions between human occupants and 

designed structur es; her e , normal anticipated use in volv es mor e 
mouthing and c he wing of comm unall y accessible surfaces as well 
as more contact with floors than would normally be considered 

advisable (Reed et al. 1999 ). 
Despite considerable gains, lingering questions about how to 

effectiv el y “harden” the acute care environment against micro- 
bial contamination as well as how to control pathogens within 

that environment remain. Functionally, removing microbial habi- 
tat (whether by engineering design or through effective cleaning; 
e.g. Edw ar ds et al. 2019 ) and/or altering viable routes for dispersal 
alters microbial diversity, abundance, and persistence (Walters et 
al. 2022 ). 

Spatially mapping the microbial 
environment 
A crucial part of understanding the microbiome of the built en- 
vironment is understanding its distribution of viable microbes in 

space. Observing the microbiome and building a spatial map of 
he micr obial envir onment is important fr om a public health per-
pective (Kim et al. 2020 , Shi et al. 2021 ). It allows for real time as-
essment of risk to humans, and with multiple data points, it can
elp inform decisions about design and utility of the built envi-
 onment. Mor eov er, spatiall y ma pping the micr obial envir onment
s a crucial first step for using pr edictiv e modeling (e.g. Pasarkar et
l. 2021 ). Without an understanding of what is in the microbiome
see Meta genomics below), wher e it is distributed throughout the
uilt environment, and its changes in patterns across time, even
he most accurate and sophisticated predictive models will fail to
av e pr edictiv e po w er. For this reason, w e pr esent her e tw o w ays
o think about observing the spatial distribution and spatial dy-
amics of the microbiome of the built environment. 

The first a ppr oac h to understanding distribution over space
nd time is marker-based tr ac king (e.g. Tedersoo and Lindahl
016 ). It is common to use various markers—either inert chem-
cals that can be detected, such as gels that glow under ultravio-
et (UV) light or benign micr obes—to ma p the micr obial envir on-

ent, especially but not exclusively in healthcare settings. At the
ost basic le v el, this is done to ensur e that cleaning and disin-

ection pr ocedur es ar e successfull y being follo w ed—marker com-
ounds or organisms should be removed if procedures are being
ollo w ed corr ectl y (Mir anda et al. 2011 ). Mor e gener all y ho w e v er,
his can also be used to establish pathogen movement. For exam-
le, sampling human-touch surfaces in a veterinary hospital for 
ethicillin-resistant Staphylococcus pseudintermedius , a pathogen in 

ompanion animals that r ar el y infects humans, was used to indi-
ate contamination of multiple surfaces within veterinary hos- 
itals (Feßler et al. 2018 ). Surrogate markers for microbial con-
amination, such as cauliflo w er mosaic virus , ha ve been used ex-
ensiv el y to demonstr ate the potential mov ement of micr obes
ithin healthcare en vironments , from stethoscopes and clothing 

o portable equipment in hospitals (e.g. Jiang et al. 1998 ). 
The second mapping approach uses metagenomic understand- 

ng of the microbiome across space and time. Until recently, mi-
r obiome anal ysis most fr equentl y r eferr ed to the explor ation of
he microbiome member bacterial species, as in the marker-based 

r ac king mode . T he pr ocess for identifying “who” was pr esent
n a particular microbiome (place and time) included amplifica- 
ion and sequencing of the various variable regions of the 16S
RN A gene (RN A of the 30S ribosome subunit)—the gene pro-
osed by Woese et al. (Woese 1987 , Woese et al. 1990 ) as a molec-
lar marker of prokaryotic evolution. While exceedingly useful 

n describing evolutionary processes, 16S rRNA sequences are 
imited in pr ecisel y identifying the organisms they come from.

ith the sharp drop in costs of sequencing, metagenomics, i.e.
hole metagenome sequencing, has become much more com- 
on. Meta genome anal ysis can be used effectiv el y to answer

he questions “Who is where?”, and “How do those distributions
 hange ov er time?”. By establishing the molecular functional-
ty encoded in the meta genome dir ectl y using analyses of DNA-
equencing reads [e.g. using mi-faser (Zhu et al. 2018 ) or Humann
Beghini et al. 2021 )], it is possible to bypass the assumptions
hat microbiome members are essentially the same as individual
ultur able micr obes, as well as for go the err or-pr one pr ocess of
enome assembly and organism mapping biased by incomplete- 
ess of databases. 

Spatiall y ma pping the built envir onment, and how distribu-
ions c hange ov er time, pose qualitativ el y similar c hallenges to

apping the natural environment, such as tracking down the 
ften-hidden reservoirs of microbes (Adams et al. 2015 , Christoff
t al. 2019 ). This r equir es r egular monitoring of the entire built
nvironment and engineering designs that allow accessibility to 
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otential problem spots , i.e . new or repeating microbe reservoirs
n invasion conduits. Although swabbing sites is the most com-
on collection method, others are being developed, such as using

ondensation tr a ps (Hampton-Marcell et al. 2023 ). 

opulation dynamics 

r om the perspectiv e of a population ecologist, the micr obiome,
ike any biome, can be thought of as the collection of coexisting

icrobes in a particular physical space, where a population ecol-
gist would be interested in the dynamics of one or more of the
axa. For the tar get micr obe, their distribution in a built environ-

ent is pr obabl y not continuous; rather, it will be patchily dis-
ributed. The amount of movement between patches determines
hether all the individuals constitute a single population (exten-

iv e mov ement), m ultiple populations (isolated), or a meta popu-
ation (numbers driven by local dynamics, with local extirpations
nd recolonizations) (Smith and Green 2005 , Fink and Manhart
023 ) provide a perspective of the dynamics of microbial popu-
ations in natural settings. Some of highlights that make micro-
ial population dynamics fundamentall y differ ent fr om that of,
ay, terr estrial v ertebr ates, is their ca pacity for r a pid population
rowth, with doubling times measured in hours or da ys , and the
mall absolute spatial scale of their growth patterns but compar-
tiv el y lar ge scale acr oss whic h they can disperse. 

Although qualitativ el y the concepts of tr aditional population
iology are also applicable to microbial populations, there are lim-

tations. Two difficulties identified by Fink and Manhart ( 2023 ) in
nv estigating micr obial population dynamics ar e the difficulties in
etermining absolute abundances (r esearc hers ar e curr entl y r e-
tricted to r elativ e abundances) and the difficulty understanding
hort-term dynamics because of insufficient sampling frequency.
n alternative to time series investigation of populations that has
een proposed is determining instantaneous gr owth r ates, but
his has not had m uc h success in natural populations (Carroll et
l. 2022 ). So, application of population models to microbial pop-
lations is still limited r elativ e to that of v ertebr ate population
ynamics. 

How will the dynamics of microbial populations in the built
nvironment differ from that of natural populations? One might
magine that the relatively simpler communities in the built envi-
onment might make understanding their dynamics simpler, con-
erting to a relatively smaller set of primarily human-dominated
icrobes following construction (Gaüzère et al. 2014 ), but human

nterventions (like cleaning) can make the populations less stable
Young et al. 2023 ). 

Built environments hav e pr edictable compartmental structure,
tmospheric controls, occupation patterns, specific utility, high
mmigr ation and emigr ation, as in tr ansportation hubs, intense
electiv e pr essur es depending on the function of the built envi-
onment, and artificial mechanisms of dispersal, as in plumbing
r HVAC systems (Gilbert and Stephens 2018 ). As we gain un-
erstanding of the ecological r equir ements of microbial species

Krueger 2016 ), and how they interact with the particular features
f a built environment and human interventions, we anticipate
mpr ov ed pr edictiv e ca pacity for micr obial population dynamics. 

As an example, a built environment such as a hospital can
e thought of as a metapopulation of a r oom-le v el comm unity
ithin an ecosystem, with movement between communities be-

ng equivalent to human movement between rooms via corridors.
his conception allows population ecologists to make predictions
bout micr obial comm unities in the built environment and to il-
ustrate the importance of hand hygiene and personal protectice
quipment (PPE) (Lofgren et al. 2016 ). Another such example is
he analogy between Clostridium difficile and fluoroquinolone an-
ibiotics and invasion ecology after a catastrophic event (Waaij
989 ), wher e ecological inter actions ar e perturbed and the pro-
r ession thr ough the tr ansient states after the perturbation can
ead to e v entual arriv al at a differ ent equilibrium. Combined with
he existing understanding of invasion and succession, we antic-
pate advancing our understanding of microbial population dy-
amics of the built environment through population modeling,
ith expectations similar to those realized by modeling disease

ystems (e .g. predicting in vasion success , spread dynamics , ex-
inction) (e .g. K opec et al. 2010 , Tatem et al. 2012 ). 

etagenomics—micr obial comm unity 

cology 

nother distinct but equally valuable approach to understand-
ng the microbiome of the built environment is through the study
f comm unity ecology, whic h is ca ptur ed using meta genomics.
 hat is , identifying the microbiome structure (taxa/species, rel-
tive abundances) and function (ecological) using DNA sequenc-
ng of samples from the environment (Wooley et al. 2010 ). The

etagenome comprises a vast array of genetic material that en-
odes functional genes and pathways (Singh et al. 2009 , New and
rito 2020 ) and the built envir onment sha pes the composition and
 har acteristics of its microbial inhabitants. While metagenome
nalysis can answer the question “Who is there?”, additional ap-
r oac hes suc h as metatr anscriptomics and meta pr oteomics ar e
ecessary to understand “What are they doing?”; that is, commu-
ity dynamics through quantifying gene expression and protein
roduction. 

While eac h micr obe brings to an envir onment its own genetic
aterial and metabolic capabilities, member interactions guide

otal metabolic ca pacity. Furthermor e, syner gistic r elationships
a y emerge , where the presence of certain microbes enhances

he survival or growth of others, thereby changing genetic con-
ent as well. One of the best studied examples of such synergies
s that of k e ystone species that, incidental to their local dynam-
cs , alter en vironmental conditions to facilitate colonization by
thers . For example , cross-feeding, i.e. the exchange of vitamins,
mino acids, and nucleotides, is common across bacteria (D’Souza
t al. 2018 ). Ho w e v er, k e ystone species may also alter other factors,
uch as metabolic regulation (Tudela et al. 2021 ). Bacterial interac-
ions also suggest emergent functionality, i.e. molecular functions,
vailable to the community, but not individual microbe (Chung et
l. 2024 ). 

What might we expect of the metagenome of the built environ-
ent? As mentioned abo ve , the microbiome of the built environ-
ent is simplified compared to that of natural microbial commu-

ities, yet more dynamic because of human actions and interven-
ions. One possible result of these occurrences is that population
nd community dynamics might be transient, rather than exist-
ng in stable states (Fujita et al. 2023 ). Consequentl y, the micr o-
ial community might be more difficult to characterize (because

t has limited stability) and surface sampling to investigate the
icrobiome (e.g. Perkins et al. 2022 ) might need to be more fre-

uent than otherwise expected to tr ac k c hanges ov er time . T his
lso might reduce the predictability of community responses to
uilding alter ations, c hanges in human activity, or interv entions. 

A clinical conception of the built environment also allows for
esigning spaces to effectiv el y monitor pathogens—e.g. the place-
ent of plumbing in such a way as to allow potentially targeted
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w astew ater monitoring as well as to mitigate spread, e.g. by allow- 
ing for spacing and distancing needs to be considered in the design 

phase , impro ving ventilation, or providing opportunities for hand 

hygiene in ar eas wher e pathogen burdens are likely to be strongest 
(Dai et al. 2017 , National Academies of Sciences and Medicine 
2017 ). While narrow in its ecological scope, the clinical concep- 
tion of the built-envir onment micr obiome allows clinicians and 

r esearc hers to optimize built environments for safety and func- 
tionality. 

Fr om a pr actical point of vie w, the physical distribution of mi- 
crobes in the built environment, as well as expectations of com- 
m unity structur e and function, ar e driv en by numer ous on-site 
factors . For example , if the space is used differ entl y than intended,
such as turning a bank into a fast-food r estaur ant, the high-touc h 

or dirty areas are likely to be very different (e.g. a food waste site 
where none had existed). Human behavior can also alter the mi- 
crobiome: space designed for one purpose may be used contrary 
to its original design, such as over cro wding or temporarily using a 
school gym as a make-shift hospital (Turroni et al. 2017 ). Finally,
there is a plethora of problems the built environment can experi- 
ence that alter the micr obiome, suc h as arc hitectur al design fail- 
ures (e.g. inadequate drainage), function failures (e.g. po w er out- 
a ges, water suppl y disruption, HVAC failur e , and disasters (e .g.
Smith and Casade v all 2022 ), as well as building degradation (e.g.
concr ete br eakdown), all of whic h hav e the potential to alter sub- 
strates, colonization potential, and microhabitats (Kiledal et al. 
2021 ). 

Dispersal and colonization 

T he built-en vir onment micr obiome r a pidl y tr ansitions to r eflect 
its human inhabitants (Young et al. 2023 ). Ignoring, for now, move- 
ment between built en vironments , there are many ways in which 

micr obes can mov e within the built environment, and the dif- 
ferent methods of transmission can affect population dynamics 
and metagenomics . T hese ha ve been of interest to clinicians in- 
terested in human health, and their knowledge will help us un- 
derstand the built micr obiome mor e br oadl y. While in lar ge, open 

ar eas, suc h as atria or enclosed arenas, a diffusion model might be 
sufficient (e.g. Scott et al. 1995 ), in a built environment there may 
be mechanisms that affect microbe dispersal that r equir e specific 
consider ation. Her e, we briefly r e vie w br oad micr obial tr ansmis- 
sion mechanisms—dispersal and colonization—within the built 
envir onment. Eac h could be modeled separ atel y to predict micro- 
biome dynamics in a particular built environment. 

Aerial dispersal 
Microbes can be transported through the air by a variety of mech- 
anisms . Air systems , suc h as HVAC, ar e fundamental driv ers of 
circulation and exposur e (Bur ge 1985 , Sodiq et al. 2021 ). Unique 
to the built environment is the impact of HVAC systems on the 
way pathogens and other micr obes ar e tr ansported thr ough the 
air. HVAC systems impact the microbiome by altering the tem- 
per atur e and humidity of the circulating air (Walther and Ewald 

2004 , Lin and Marr 2019 ) and they determine how long pathogens 
remain suspended as aerosols or droplets before settling/falling 
onto surfaces (Drossinos and Stilianakis 2020 ). The existence of 
these systems r epr esents a contr ol on the micr obiome whic h is 
uncommon outside of the built en vironment. Sub-HVAC systems ,
such as filters or purifiers, are meant to extract contaminants, in- 
cluding pathogens from the circulating air (Nazarenko et al. 2023 ),
but can also themselves act as centralized sources of contami- 
ation (e.g. Prussin et al. 2017 ). We also note that dispersal is af-
ected by the degree to which a building is sectored, such as having
VAC systems that separate , e .g. human and animal ventilation

ystems. 
Exhaled air, expelled dir ectl y fr om infected hosts, also driv es

icrobial dispersal (de Oliveira et al. 2021 , Walker et al. 2021 ).
ombined with corresponding inhalation creates a net effect of 
 complicated source-sink dynamic (Roy et al. 2010 ). Ultimately,
he fate of the inhaled pathogens is dependent, in part, on the ef-
ectiveness of the innate and ada ptiv e imm unity of the host, as
ell as the tissue tropism of the pathogen and/or its community

Kim et al. 2020 ). 
Of course, these sets of factors are not independent of each

ther—HVAC systems alter the spatial dynamics (and ther efor e
atterns of exposure) of exhaled air (Zhang et al. 2019 ). Sub-HVAC
ystems ar e specificall y designed to w ork betw een the HVAC and
 espir atory la yers , but also dir ectl y impact HVAC performance
Feng and Cao 2019 ) and concomitant pathogen transmission 

isks (Duill et al. 2021 ) throughout a building. HVAC-driven alter-
tions in air can e v en impact the physiological processes of exha-
ation (Yang and Marr 2011 ) and susceptibility to exposure (Mäki-
en et al. 2009 ). Additionall y, the complicated spatial structur e of
he built environment creates a highly interconnected network or 
atc hes, eac h with their own parameters for uptake into the air,
ltration out of the air, deposition onto surfaces and into water. 

ater dispersal 
he distribution of water in the built environment is highly en-
ineered to minimize contamination of potable water and to ef-
ectiv el y r emov e waste water fr om the built environment. How-
 v er, water can still provide a way for microbes to be transmitted
hroughout a building and provides a crucial reservoir for some 
arts of the microbiome. 

Pr emise plumbing (tr ansport system for water throughout a
uilding) is c har acterized by ele v ated temper atur e, diminished
isinfectant concentr ation, pr olonged sta gnation, and incr eased
iofilm growth, making it an ideal ecological niche for opportunis-
ic establishment, growth and dispersal of pathogens, such as 
egionella , Mycobacterium , and Pseudomonas . As a result, bacterial
e v els in premise plumbing systems can be orders of magnitude
igher than in the water main (Li et al. 2021 ). Often protected by
iofilms, these communities can readily disseminate throughout 
 building and are often extremely difficult to control due to the
r otectiv e natur e of the biofilm itself (Maillard and Centeleghe
023 ). In addition, contaminated moisture leaking into a built en-
ir onment pr o vides a pathwa y for micr obes to be aer osolized and
ecome transmitted aerially. 

uman occupancy dispersal 
umans affect microbial dispersal in a built environment by af-

ecting the spatial distribution of microhabitat and by actively 
r ansporting micr obes. Human pr esence at differ ent densities al-
ers temper atur e and humidity, whic h c hange habitat suitability
rofiles (Qiu et al. 2022 ). Physical contact involved in human use
f the space (e.g. sitting on chairs, leaning against walls, etc.) can
isrupt spatial patterns in microbial colony growth and also intro-
uce nov el micr obes into an otherwise established system (Lopez
t al. 2013 , Stephens et al. 2019 , Wang et al. 2022 ). Concomitantly,
ontact can reduce existing populations of microbes by transfer- 
nce from the environment to the humans who then carry them
either passiv el y or under activ e ongoing r eplication) to other lo-
ations (Zhang et al. 2021 ). Humans also activ el y clean ar eas of
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heir environment, though frequently in response to visible stim-
li (e.g. dirt) rather than in dir ect r esponse to micr obial activity

Campkin and Cox 2012 ). Ev en lar ge numbers of people moving
own r elativ el y narr ow corridors can transport microbes in their
ake (Jha et al. 2021 ). 
We also note that within a building there is human-mediated

ispersal of microbes through ‘hitchhiking’ on people, food, or
oods, and that these movement patterns can be centralized or
ecentralized. Food services , e .g. tend to be centralized, with a sin-
le source of food either radiating outw ar d, or people moving cen-
r all y to get food. In contrast, the movement of some goods, like
heelchairs or continuous positive airway pressure machines to
her e v er they ar e needed is decentr alized. These differ ent dis-
ersal patterns will differ entiall y affect r ecolonization of cleaned
urfaces, and of standing microbial communities. 

Of course, each of these examples relates to the extrinsic in-
erface between humans and their environment. Humans also
arbor diverse and complicated microbial communities within
heir bodies and have multiple pathways for shedding species into
he environment, facilitating microbe dispersal (Stein 2011 ). While
 uc h work has been done to c har acterize r ates of bacterial shed-

ing for a variety of pathogens in veterinary medicine (Crisler-
oberts et al. 2005 , Subharat et al. 2012 , Chen et al. 2013 , Krebs
t al. 2023 ), very little work has been done studying rates of repli-
ation and shedding for non-pathogenic bacteria, and e v en less
as been done when restricted to those carried on/in humans. 

One of the main purposes of arc hitectur al design is to guide
umans through spaces in a manner that encourages appropri-
te and efficient use of the space pr ovided. Narr ow hall ways that
an become bottle-necks to traffic flow are less likely to con-
ain benches than wider atria, meant to encourage gathering and
eisure . T hese use cases also affect how humans impact the mi-
r obial comm unities of eac h r egion of the built envir onment. Ar-
as built to encour a ge lingering of large groups (e.g. atria, open
oor plan cubicle offices, etc.) will likely encourage a different
icr obial comm unity fr om those that foster maintained pr es-

nce from a more limited number of humans (e.g. private offices,
mall meeting rooms, etc.), which again will likely differ meaning-
ull y fr om shorter dur ation use, but high throughput areas (e.g.
le v ators, office kitc hens, r estr ooms, etc.). While the patterns of
ow have been well studied, their implications for how those use
atterns result in distinct microbial communities is less well ex-
lored. The majority of such studies have occurred in the context
f infection control in healthcare settings (Anderson et al. 2018 ,
utala et al. 2018 , Kanamori et al. 2021 ). 

Beyond human-mediated dispersal, there are also a variety of
uman-adjacent animal mediators of similar phenomena. Com-
anion animals and urban pests such as rats , mice , or coc kr oac hes
re also likely to affect microbial communities in similar wa ys ,
lbeit via different precise routes through the built environment.
ngineer ed design occasionall y does consider how best to discour-
ge pests, but to the best of our knowledge, does not consider the
dditional complexity of accounting for the impact of their pres-
nce and movement on the micr obial comm unity of the environ-
ent. 

volution 

he e volutionary ca pacities and mec hanisms of micr obes hav e
een r e vie wed befor e (e.g. Morsc hhäuser et al. 2000 , Kussell 2013 ,
rennan and Logares 2023 ), so here we will limit our comments
o ways in which microbial evolution might be modified by the
uilt en vironment. T he built en vir onment is selectiv e, sha ping the
omposition and c har acteristics of its microbial inhabitants . T hat
s , o ver time , microorganisms within the built environment can
da pt and e volv e to better thriv e in these human-made habitats.
ertain microbes may develop specialized traits or mechanisms

o withstand environmental stresses, resist antimicrobial agents,
r use novel resources . T his evolutionary process contributes to
he ongoing dynamics and resilience of the metagenome , i.e . the
otality of the genetic information present in the microbiome. 

We see two broad ways in which microbial evolution could be
odified by the built environment. First, the frequency and sever-

ty with which surface cleaning is done creates strong selective
r essur es on the microbiome (Artasensi et al. 2021 ). The built en-
ir onment, particularl y r esidences , offices , e v ent centers, etc., ar e
leaned r egularl y. In the clinicall y focused liter atur e, ther e ar e ex-
ellent studies that have considered the impact of different pat-
erns and types of cleaning efforts (Mitchell et al. 2019 ), and how
t might be best to tailor such efforts to the type of built en-
ir onment tar geted for micr obial r eduction (Carling and Huang
013 ). Cleaning to r emov e micr obes is a harsh disturbance that is
 strong selective pressure , fa voring cleaning agent-resistant mi-
r obes, suc h as spor e-forming bacteria or those that form biofilms.
n addition, if cleaning is frequent, the continued disturbance cre-
tes a selective pressure for rapid population growth and it creates
n invadable surface for colonizing microbes (McDonnell 2020 ).
f microbes show life-history c har acteristics par allel to lar ger or-
anisms, this type of disturbance pattern would favor r-selected
pecies—i.e. those with good dispersal capacity, high re producti ve
ates, and short life-spans (Stearns 1976 , Reznick et al. 2002 ). 

Second, the regular clearing and r einv asion of cleaned surfaces,
ombined with the high opportunity for colonization associated
ith human intrusion r ates, will cr eate nov el comm unities (mi-

robiomes) and favor a high rate of mutation. T his , in turn, will
ikel y intr oduce nov el str ains and incr ease the likelihood of mi-
r obes with nov el functionalities favor ed by these dynamic en-
ironments, most often acquired via lateral gene transfer (Wool-
ouse et al. 2005 , Mohsin et al. 2021 ). 

andscape ecology 

n viewing the microbiome of the built environment from an eco-
ogical perspective, we note a tremendous opportunity for draw-
ng on the concepts and tools of landscape ecology and biogeog-
 a phy. It has been proposed that there is a landscape ecology of
icrobes in the built environment (Mony et al. 2020 ) although it

as onl y r ar el y (to our knowledge) been formalized in any wa y (e .g.
attni et al. 2023 ). Landscape ecology concepts have already been
nvok ed to stud y microbiomes within an individual (e.g. Proctor
nd Relman 2017 , Couch and Epps 2022 ); we belie v e that with little
ffort they could be scaled up spatially to the built environment.
 he built en vir onment can easil y be vie wed as par allel to a natu-
 al landsca pe ecology: ther e ar e habitat patc hes (buildings), con-
ected by corridors (transport systems), embedded within a ma-
rix of non-habitat (Francis et al. 2022 ). The degree of connectivity
etween structures in a built environment includes both trans-
ortation systems, which are part of the built environment, and
he degree to which people move between structures on a daily
asis outside built structures. 

This type of connectivity of the built environment can be mod-
led using a network a ppr oac h (e.g. Krüger 1979 ), and could be
pplied to microbial communities. While we think this is one use-
ul a ppr oac h, ther e is a panopl y of concepts and r esearc h tools
r om tr aditional landsca pe ecology that could be a pplied to the
uilt-envir onment micr obiome. Further, it lends itself well to r a pid
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adv ances thr ough modeling, fr om ordinary differ ential equations 
to Markov chains to spatially explicit, agent-based models. 

In addition to deliberate and incidental transport of mi- 
crobes between built structures, there is also the possibility of 
incidental—system adjacent—micr obial spillov er to (or fr om) the 
built en vironment. For instance , when considering the place- 
ment of new structures where there can be a risk of microbial 
(pathogen) spillover. An example is the Pirbright Institute in Eng- 
land which incited a foot and mouth outbreak on an adjacent 
farm in 2007 (Cottam et al. 2008 ). Taking a pathogen-specific per- 
spective to understanding the microbial community as a whole 
could help inform decisions about placement and design of the 
built envir onment r anging fr om the landsca pe-le v el to what ma- 
terials to build and furnish a space with, and what compounds 
might be used to help clean it. 

This highlights a tremendous opportunity to increase collabo- 
rations in built-environment projects among civil engineers, ma- 
terial scientists , architects , microbial and macrobial ecologists,
health-care workers, and the intended end-users of new construc- 
tion. 

Additional opportunities for 
multidisciplinary work on the microbiome 

of the built environment 
T he built en vir onment pr ovides excellent opportunities to study 
microbial ecology via adoption of a landscape-ecological perspec- 
tive to large-scale assessments of the microbiome just discussed,
including integrating research across disciplines. While the oppor- 
tunities ar e div erse and limitless, within the scope of this brief 
r e vie w, we outline thr ee examples that highlight the inher entl y 
interdisciplinary scope of r esearc h in this area. 

The materials used in constructing the built environment in- 
fluence microbial communities and provide opportunities for 
pathogen reduction. For example, building materials interact with 

humidity and moisture to facilitate microbial establishment and 

gr owth, whic h differ entiall y affects their deterioration (Gaylarde 
and Morton 1999 ). Construction materials also differ in their 
susceptibility to support micr obial r eservoirs (Munir et al. 2020 ,
Course et al. 2021 ). Interfacing with materials science and engi- 
neering, an activ e ar ea of r esearc h is making building materials 
mor e r esistant to micr obes, including cr eating antimicr obial con- 
cr ete, natur e-based antimicr obial surface structur es, and surface 
tr eatments via pol ymers, nanotec hnology, and doping with metal- 
lic ions (Qiu et al. 2020 , Soni and Brightwell 2022 , Kirthika et al.
2023 ). In an inter esting twist, ther e is r esearc h showing that mi- 
crobes might be used to decrease materials degradation (Junier 
and Joseph 2017 ), so there is much to explore at this interface. 

It turns out that plants do more than just impr ov e the psy- 
chological health of occupants of a building (Bringslimark et al.
2009 )—they also affect the microbiome (Mahnert et al. 2015 ). At a 
basic le v el, plants pr o vide no v el micr ohabitats for micr obes, par- 
ticularly due to the presence of soil. Plants in sealed buildings 
incr ease oxygen locall y, and they and their associated root mi- 
cr oor ganisms (rhizobiome)—a micr obiome in its own right—can 

r emov e volatile organic compounds and some pollutants, such as 
ammonia and asbestos (Aydogan and Cerone 2021 ). In fact, plants 
ha ve been in vestigated as biofiltration systems to supplement air 
filter systems (Darlington et al. 1996 ). All of these actions and ac- 
tivities affect the microbiome of a built environment. 

As a final example, e v en the social and physiological interac- 
tions with the built environment can hav e sur prising latent inter- 
ctions with the micr obiome. Man y buildings r el y on tempor all y
istinct shifts of people with equally distinct roles (and therefore

nteractions with the environment) (Mangkuto et al. 2014 ). For ex-
mple, professional office workers may occupy spaces during the 
ay that are occupied at night by janitorial staff, while conv ersel y
otel rooms are commonly cleaned during the day by a regular
taff member of the hotel, while the occupancy of those same
ooms during the evening involves continuous turn-over. Since 
leaning and janitorial activities constitute regular perturbations 
f micr obial comm unities, these alternating patterns in when and
y whom they are re-seeded with new microbes may have pro-
oundl y differ ent outcomes r elativ e to envir onments without this
lanned, r egularl y alternating pattern of (r e)intr oduction. This
ay be further complicated by the circadian disruption endured 

 y night w ork that can depr ess imm une function (Riv er a et al.
020 ) and in other ways alter individual microbiomes, thus po-
entially shifting the distribution of likely microbes carried by the
ighttime occupiers of the environment (Morta ̧s et al. 2020 , Neroni
t al. 2021 ). 

onclusions 

 he built en vir onment is driv en by human population density,
eeds , material a v ailability, and a wide r ange of circumstances
r om car eful planning to ad hoc construction to emer gency r e-
ponses. As we have tried to highlight here, there is already sci-
nce addr essing micr obial comm unities in other contexts, includ-
ng colonization ca pacity, r a pid population gr owth, and r a pid, flex-
ble evolution, and the built environment is qualitativ el y simi-
ar, (2) microbiome disruption is consistent and can be modeled,
nd (3) all of it is important to human health. The suite of char-
cteristics and situations found in the built environment pro- 
ides ample opportunities for disasters such as pathogen out- 
r eaks. It also pr ovides equall y ample opportunities for effective
r oss-disciplinary r esearc h, and r esolution. Experience in man y
iffer ent ar eas of the human–natur al interface has shown that
ultidisciplinary teams have the potential to be effective at un-

erstanding and resolving complex issues where siloed research 

ight fail or be slo w er to a solution (e.g. Doyle 2008 , Cue v as et al.
012 , Islam and Susskind 2012 , Mooney et al. 2013 , Piorkowski et
l. 2021 ). We propose that understanding and manipulating the
icrobiomes of the built environment offers a suite of issues and

pportunities and we hope these perspectives will help excite oth-
rs to join us in pursuing them. 
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