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ABSTRACT

Aerosol transport of enteric microbiota including fecal pathogens and antimicrobial resistance genes (ARGs) has
been documented in a range of settings but remains poorly understood outside indoor environments. We con-
ducted a systematic review of the peer-reviewed literature to summarize evidence on specific enteric microbiota
including enteric pathogens and ARGs that have been measured in aerosol samples in urban settings where the
risks of outdoor exposure and antibiotic resistance (AR) spread may be highest. Following PRISMA guidelines, we
conducted a key word search for articles published within the years 1990-2020 using relevant data sources. Two
authors independently conducted the keyword searches of databases and conducted primary and secondary
screenings before merging results. To be included, studies contained extractable data on enteric microbes and AR
in outdoor aerosols regardless of source confirmation and reported on qualitative, quantitative, or viability data
on enteric microbes or AR. Qualitative analyses and metric summaries revealed that enteric microbes and AR
have been consistently reported in outdoor aerosols, generally via relative abundance measures, though gaps
remain preventing full understanding of the role of the aeromicrobiological pathway in the fate and transport of
enteric associated outdoor aerosols. We identified remaining gaps in the evidence base including a need for broad
characterization of enteric pathogens in bioaerosols beyond bacterial genera, a need for greater sampling in
locations of high enteric disease risk, and a need for quantitative estimation of microbial and nucleic acid
densities that may be applied to fate and transport models and in quantitative microbial risk assessment.

1. Introduction

Katzenelson, 1978), composting facilities (Pankhurst et al., 2011; Pahari
et al., 2016), meat markets (Gao et al., 2016), urban areas (Cronholm,

Studies in high-risk outdoor settings in the USA and in other high-
income countries have revealed that bioaerosols containing enteric
(intestinal) microbes are common where concentrated human or animal
fecal waste and one or more mechanisms for aerosolization co-occur.
Presence of enteric microbes in aerosols has been best characterized in
ambient air surrounding specific point and area sources such as waste-
water treatment plants (Fannin et al., 1985; Benami et al., 2016; Sawyer
et al.,, 1993, 1996; Vermeulen et al., 2021; Lin and Marr, 2017;
Sanchez-Monedero et al., 2008; Gangamma et al., 2011; Lue-Hing et al.,
1982; Cronholm, 1980; Heinonen-Tanski et al., 2009; Paez-Rubio et al.,
2005) land applied biosolids (Dungan, 2014; Tanner et al., 2008; Viau
et al., 2011; Paez-Rubio et al., 2007; Pillai, 2007; Brooks et al., 2005a,
2005b, 2007; Baertsch et al., 2007; Shuval et al., 1989; Teltsch and
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1980; Fang et al., 2007; Gangamma, 2014), landfills (Fraczek et al.,
2014; Huang et al., 2002), and concentrated animal feeding operations
(Green et al., 2006; Ko et al., 2008; Pillai and Ricke, 2002). In many of
these cases, adequate waste disposal technology exists but bioaerosols
containing these targets are consistently detected. A growing body of
literature acknowledges the potential risk accompanying enteric mi-
crobes and antibiotic resistant (AR) enteric microbes in aerosols where a
source is suspected or confirmed. Studies of exposure to these point and
area sources typically assess nearby residents (Brooks et al., 2005b;
Jahne et al., 2015) or facility workers (Rendon et al., 2017; Yang et al.,
2019) who might be at greatest risk.

Settings less well characterized in the context of enteric pathogens
and associated AR are ambient urban outdoor environments where
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sources may be diffuse and related to generally inadequate or poorly
performing environmental controls or waste management (Mukherjee
et al., 2019; Berendes et al., 2018). Establishing and maintaining
effective and sustainable infrastructure to improve population health in
cities is becoming increasingly difficult due to factors including accel-
erating urbanization and densification, climate change and its effects on
infrastructure, and financing constraints; these and other limiting fac-
tors are most acute in low- and middle-income countries (LMICs). In-
formation on ambient fluxes of enteric pathogens and AR in cities
lacking good waste management is needed, targeting settings with
potentially elevated exposure risks and AR spread. Cities in high-income
countries (HICs) are not generally considered high risk for exposure to
enteric pathogens via sanitary deficits: human excreta is typically
directed into covered or underground wastewater infrastructure,
creating a separation between humans and their waste to interrupt
transmission of enteric infections via well understood pathways (Wag-
ner and Lanoix, 1958). However, in LMICs where wastewater and bio-
solids present greater risks due to the high number of circulating
infectious diseases — and poorly controlled antibiotic stewardship
(Torres et al., 2021) — in the population contributing waste and the
presence of unsequestered waste in closer proximity to more people, risk
may be higher for exposure through inhalation or ingestion, including
indirectly following surface deposition of bioaerosols (Johnson et al.,
2020; Salazar et al., 2020a; Farling et al., 2019; Ginn et al., 2021).
Recent studies have described novel detections along with aero-
microbiological transport of enteric pathogens in aerosols, drawing
attention to this pathway in the context of disease transmission (Ginn
et al., 2021; Balderrama-Carmona et al., 2014) and AR emergence and
dissemination. In order to advance understanding of the current and
potential impact of enteric pathogens and AR in bioaerosols in high-risk
settings, we seek to describe the rich emerging literature on this topic
and identify gaps in evidence. Therefore, we conducted a systematic
review of published estimates reporting detections of enteric microbiota
and AR in cities.

2. Methods

We followed PRISMA guidelines for reporting of systematic reviews
(Moher et al., 2009) as recommended in the WHO Handbook for
Guideline Development (Organization, 2014), including all meta-data
from searches per the recommended PRISMA flow diagram. We
pre-specified our methods (https://osf.io/6Q7E9/) and provide a full list
of preferred reporting items in Supplemental Material. Our outcomes
included any report of enteric microbe (bacteria, virus, protozoa) or any
AR from pre-determined lists meeting our site criteria, from either
qualitative or quantitative studies assessing their presence. Site criteria
were: urban areas with either no known source or a point or area source
related to concentrated animal feeding operations (CAFOs), wastewater
treatment plants (WWTPs), composting facilities, landfills or other
identified source.

2.1. Database sources and search string strategy

A priori, we chose a list of relevant and well-known databases in
which to conduct our search for academic peer-reviewed literature
including: ISI Web of Science, PubMed, SCOPUS, EBSCOhost, and Scienc
e.gov. We conducted additional searches in ProQuest Dissertations and
Theses Global.

We compiled the string of keywords for searching the literature da-
tabases from our own knowledge of the topic, and from suggestions by
experts and existing reviews in related topics (Ahmed et al., 2014;
Penakalapati et al., 2017; OProgress on, 2019; Li et al., 2018; Gao et al.,
2018). These search terms were refined based on synonyms, abbrevia-
tions, and alternate spellings and were expanded and adjusted as initial
searches were performed. Searches were in the form of a one line string
that included all fields from the scope (e.g., aerosol, extramural, urban
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...), pathogens (e.g., enteric, fecal indicator, adenovirus ...), exposures
(e.g., inhalation, ingestion, viable ...), mechanisms (e.g., aerosolization,
bubbles, aeration ...), sampling methods (e.g., impaction, impinger,
filter ...), AR associated (e.g., intl1, tetA, qnrB ...), and antibiotics (e.g.,
tetracycline, fluoroquinolones, multidrug resistance ...). Search strings
used “or” and “and” statements to include multiple fields such as “fecal
indicator bacteria OR FIB” AND “bioaerosol OR ambient OR air OR
aerosol OR airborne”. The full search string is detailed in Supplemental
Material.

Two authors independently conducted the keyword searches in each
database and compiled findings in Zotero (Version 5-0-96). After
deduplication of search results, the authors each conducted an initial
screening based on titles and abstracts of papers. Papers passed the
initial screening if the title or abstract suggested relevance to the key-
words in the search. The full text of papers that passed initial screening
were reviewed independently by the two authors if papers were: (1)
published in English; (2) published from 1990-2020; and (3) published
or accepted for publication in a peer-reviewed journal, refereed con-
ference proceedings, government or multilateral document, thesis or
dissertation, book, or other document appearing on indexed databases
we identified; (4) contained extractable data on enteric microbes
including pathogens and AR in outdoor bioaerosols; (5) contained data
on targets that could be related to no source, a specific point source, or
an area source but must have been from an urban site; and (6) reported
on qualitative (presence/absence), quantitative (culture or PCR-based),
or viability (culture) data that was sufficient for interpretation within
the three aforementioned groups.

After independent searches, we consulted and compared our findings
to achieve consensus on inclusion. For any dissent on inclusion of a
paper, a third party was consulted for discussion before again reaching a
consensus decision on inclusion. Backward searches examined the ref-
erences, authors and contributors, and keywords identified in the liter-
ature resulting from the initial keyword searches. Forward searches
examined articles not initially identified that have referenced literature
resulting from the initial keyword searches.

2.2. Data collection and analysis

For each study, data were extracted and recorded; the full compila-
tion is included in Supplemental Material. We recorded document
identifiers such as authors, publication year, document type, and
whether the document was found through initial, backward, or forward
searches. We categorized documents meeting inclusion criteria first by
subject, either AR or enteric microbes detection. Some publications re-
ported both. We then categorized these by analysis method: culture,
PCR, or sequencing.

We extracted and recorded general study characteristics such as
location, sampling method, sample size, and intended targets. Depend-
ing on the category, we recorded qualitative, quantitative, and semi-
quantitative data, indicating relevant targets and results within the
scope of our review. A formal meta-analysis of the disparate findings was
not deemed possible given the limited evidence on this topic and the
wide diversity of methods employed in measurement in this emerging
area. Therefore, we synthesized review data through categorization and
descriptive summary, a common approach when quantitative meta-
analysis is not possible (Yasin et al., 2020), revealing both a broad
description of what is known as well as identifying gaps requiring
further evidence.

3. Results
3.1. Search results
Searches returned 1226 publications from 6 databases. Upon

removal of duplicates, initial screening of the title and abstract, and full
text screening, 52 publications met search criteria. Forward and
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backward searches yielded additional publications for a total of 101 to
be included in this review.

3.2. Study characteristics

Of the 101 studies we included, ten reported multiple data types or
multiple subjects and methodologies, reflected in Fig. 1 and Table 1.
Table 1 details the intended targets for each study. The full table listing
each publication by first author and year can be found in Supplemental
Material. Overall, 28% of the studies identified in this systematic review
reported on AR related data and 82% reported on enteric microbe
related data (1% reported both). We observed sequencing to be the most
frequent analysis method, accounting for 75% across all studies. A ma-
jority of studies took place in upper-middle and high-income countries
(n = 89), with only ten studies based in LMICs including India, Mali,
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Bolivia, and Vietnam (Fig. 2). A few studies collected data from both
income categories. China accounted for almost 50% of all studies. Only
9% of studies were published since 2010.

Bioaerosol sampling can typically be categorized by three different
methods: filtration, impaction, and impingement. In our review, the
majority of studies employed filtration to collect bioaerosol samples (n
= 60 studies). Filtration was followed by active impaction (n = 28),
impingement (n = 10), and passive impaction via gravitational settling
(n = 8). Some studies used multiple methods, often when performing
culture-dependent analyses in addition to culture-independent analyses.

3.3. Results from specific studies

3.3.1. Enteric microbes
Overall, studies reporting on enteric microbe detection in
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Fig. 1. Modified PRISMA flow diagram applied to our systematic review process.
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Table 1

Studies included in the review by categories of target type (antibiotic resistance
related or enteric microbe related) and by data type and analysis method. The
intended targets are also categorized.

Data Type Method Count  Intended Targets
AR Qualitative PCR 1 Antibiotic Resistance Genes
(ARGs) specified a priori
Quantitative Culture 6 AR associated microbes
specified a priori
PCR 13 ARGs specified a priori
Semi- PCR
quantitative Sequencing 7 Any ARGs
Total AR 28
Enteric  Qualitative Culture Enteric microbes specified a
Quantitative Culture 10 priori
PCR 2 Enteric microbes specified a
Semi- PCR 1 priori
quantitative Sequencing 68 All microbial communities
Total Enteric 83
Repeats 10
TOTAL 101

bioaerosols in urban settings targeted a limited range of microbes,
focusing on well-established fecal indicators and in the case of detection
via culture, easily culturable bacteria such as Enterococcus, Enterobacter
and Escherichia genera (Gao et al., 2017). One study reported detection
through culture of Yersinia enterocolitica, Salmonella spp. and others in
Chinese live poultry markets in urban Tai’an (Wu et al., 2017), though in
general the city includes extensive sanitation infrastructure throughout
(Jia et al., 2010). For quantitative PCR (qPCR), reported enteric mi-
crobes included pathogens as well as possibly commensal enteric bac-
teria (Escherichia coli, Enterococcus spp, Enterobacter spp., Yersinia
enterocolitica, and Salmonella spp.) (Gao et al., 2017; Santos et al., 2019)
and enteric virus (human adenovirus, human enterovirus, and human
rotavirus). (Rocha-Melogno et al., 2020; Gonzalez-Martin et al., 2018;
Cao et al., 2014).

A majority of studies assessed overall microbial communities
through sequencing, typically employing 16S rRNA. Of these 67 studies,
nine classified the population taxonomy to order level (Bertolini et al.,
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2013; Bowers et al., 2011; Fang et al., 2018; Gandolfi et al., 2015; Jang
et al., 2018; Ouyang et al., 2020; Pan et al., 2019; Zhen et al., 2017),
eight classified to family level (Bowers et al., 2013; Brodie et al., 2007;
Mhuireach et al., 2019; Serrano-Silva and Calderon-Ezquerro, 2018;
Franzetti et al., 2011; Fierer et al., 2008), 37 classified to genus (Li et al.,
2018; Gandolfi et al., 2015; Fan et al., 2019a; Fykse et al., 2015; Gat
et al., 2017; Gou et al., 2016; Hai et al., 2019; Hurtado et al., 2014;
Innocente et al., 2017; Garcia-Mena et al., 2016; Li et al., 2019; Liang
et al., 2020; Abd Aziz et al., 2018; Lu et al., 2018; Mu et al., 2020;
Nanclares Castaneda et al., 2020; Nunez et al., 2019; Romano et al.,
2020; Shen et al., 2019; Soleimani et al., 2016; Stewart et al., 2020; Sun
et al., 2018; Wei et al., 2020; Agarwal et al., 2016; Ntnez and Moreno,
2020; Xu et al., 2017; Yan et al., 2018; Yang et al., 2018; Yooseph et al.,
2013; Zhao et al., 2020; Soto et al., 2009; Amarloei et al., 2020; Cha
et al., 2016; Cuthbertson et al., 2017; Du et al., 2018a; Du et al., 2018b;
Fan et al., 2019b), 12 classified to species (Gangamma, 2014; Gao et al.,
2017; Gonzalez-Martin et al., 2018; Li et al., 2019; Xu et al., 2017;
Rodriguez-Gomez et al., 2020; Sun et al., 2020; Velez-Quinones, 2013;
Zhou et al., 2019; Cao et al., 2015; Chen et al., 2013; Hu et al., 2020; Ji
et al., 2019; Najafi et al., 2014) and only one identified a strain-specific
(Woo et al., 2013) species (Fig. 3). When classified to order or family,
Enterobacteriales and Enterobacteriaceae (respectively) were detected as
less than 1% of the bacterial community. However, one study detected
the families Campylobacteraceae (Arcobacter) and Helicobacteraceae
(Brodie et al., 2007) and another study detected the orders Clostridiales
and Campylobacterales (Jang et al., 2018). Escherichia or Escherichia--
Shigella, Enterococcus and Clostridium were detected most frequently at
the genus level. Vibrio, Campylobacter, Yersinia, Klebsiella, and Aeromonas
were also detected in a few studies at the genus level. Enteric microbes
detected at the genus or species level through sequencing included
Aeromonas spp, Enterobacter spp, Escherichia coli, Enterococcus faecium,
Clostridium spp, Vibrio parahaemolyticus, Salmonella enterica, Campylo-
bacter coli, Yersinia enterocolitica, Shigella spp., Klebsiella pneumonia, and
Escherichia fergusonii. One study in a tropical urban setting identified,
through sequencing, the pathogenic strain of Escherichia coli 0157:H7
(Woo et al., 2013).

The review revealed only three studies assessing enteric viruses in
urban outdoor aerosols. Viral detections include human adenovirus and

Income Bracket

Unknown
[ Low-income
I Lower-middle income
I Upper-middle income
Il High-income

Number of Studies

South Africa

Fig. 2. Total number of studies by country of measurement, with circle size proportional to number of studies (n = 1 to 44 in China).
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Fig. 3. Taxonomic organization of enteric bacterial targets detected in studies included in the review. The number of manuscripts in which bacteria were detected

are included in parenthesis where relevant.

human adenovirus C; enterovirus A, B and C; and rotavirus A (Rocha--
Melogno et al., 2020; Gonzalez-Martin et al., 2018; Cao et al., 2014)
Generally, the range of enteric microbes identified in bioaerosols in
urban settings is small and we see an even smaller range represented
among the culturable targets across studies. A complete breakdown by
taxonomic classification of enteric microbes detected in the reviewed
studies by all methods is in Table 2.

3.4. Antibiotic resistance

We identified fewer studies reporting on antibiotic resistant bacteria
and antibiotic resistance encoding genes (ARGs) in bioaerosols (n = 28).
Using selective culture and often using disk diffusion methods (Hud-
zicki, 2009), studies reported viable bacterial resistance to a broad range
of antibiotic groups also highlighted on the US Food and Drug Admin-
istration’s, National Antimicrobial Resistance Monitoring System as
existent or emerging threats (Karp et al., 2017), Some of these groups
include B-lactams (penicillins, cephalosporins and carbapenems), tet-
racyclines, quinolones, aminoglycosides, sulfonamides, and phenicols.
Through qPCR, a wide range of AR related genetic targets have been
detected in urban aerosols such as ARGs, mobile genetic elements
(MGEs) encoding horizontal gene transfer ability, or mobile integrons
(MIs) encoding the ability to undergo recombination and functional
conversion of ARGs (Table 3). (Barraud et al., 2010; Ma et al., 2017;
Mazel, 2006). However, of the studies that detected ARGs in bioaerosols
via PCR, 79% took place in upper-middle and high-income countries.

4. Discussion

Results of this systematic review suggest that fecal signatures are
present in ambient urban air across the globe, along with evidence
suggesting aerosols may play a role in urban AR spread. Notably, studies
conducted in cities in LMICs show a broad and diverse range of airborne
microbial gene targets of possibly human fecal origin, potentially related
to sanitation infrastructure deficits (Jones et al., 2021) that permit
uncontained waste flows in densely populated urban areas (Ginn et al.,
2021). However, the results also reveal large gaps in the characteriza-
tion and detection of important enteric microbes and AR in bioaerosols
in ambient urban air. An especially concerning gap is that LMICs make
up a minority of all study locations within the scope of this review,
despite the fact that cities in these countries may be characterized by
inadequate sanitation infrastructure and high population density, lead-
ing to widespread fecal contamination and disproportionately bearing
the global burden of diarrheal disease, the cause of 1-8 million deaths
worldwide in 2017 (GBD 2017 Causes of Death Collaborators, 2018).
Given widespread carriage and shedding of important enteric patho-
gens, poor containment of sanitary waste near population centers, and
the limited evidence that enteric pathogen-associated nucleic acids are
widely present in aerosols, these sites should be an explicit focus of
future monitoring efforts to understand the extent and implications of
fecal microbe transport in aerosols.

Studies that do assess enteric microbes and AR are dominated by
quantal (presence/absence) or semi-quantitative data obtained through



O. Ginn et al.

Table 2
Number of studies reporting enteric microbe (commensal and pathogenic) detections broken down by taxonomic classification.
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NUMBER OF STUDIES REPORTING VIRAL DETECTIONS

Order Genus

Human adenovirus

Family

.

Strain

Species
1 enterovirus A*
enterovirus B*
enterovirus C*
rotavirus A*
Human adenovirus C

NUMBER OF STUDIES REPORTING BACTERIAL DETECTIONS

Order Family Genus
Enterobacteriales 9 Enterobacteriaceae 8 Enterococcus
Clostridiales 1 Campylobacteraceae 1 Enterobacter
Campylobacterales 2 Helicobacteraceae 1 Salmonella

Escherichia-
Shigella
Clostridium
Vibrio
Campylobacter
Yersinia*
Aeromonas

Species Strain
22 Escherichia coli 13 Escherichia coli O157:H7* 1
19  Enterobacter aerogenes 1
5 Enterobacter asburiae 1

(8]

Enterococcus faecalis
Enterococcus hirae
Yersinia pestis*
Enterobacter cloacae
Enterococcus faecium
Aeromonas hydrophila
Pseudomonas aeruginosa
Yersinia enterocolitica*
Escherichia fergusonii
Clostridium butyricum
Clostridium perfringens
Vibrio parahaemolyticus
Salmonella enterica*
Campylobacter coli*
Enterobacter coli
Enterobacter hormaechei
Shigella flexneri*

N W W N oo W

[ T T Y Sty NG S UV S UU SN NN NSy V)

*Generally pathogenic in immunocompromised hosts

sequencing. Such estimates target abundance in terms of the microbial
community within each sample, as opposed to the environment in which
the communities exist. While sequencing is useful in broadly charac-
terizing and understanding infectious diseases and microbial commu-
nities in general, it is less useful in the context of transport phenomena
and exposure measurements without additional contextual data, typi-
cally quantitative measurements that report density of specific genes or
microbes per unit volume or mass (Van Goethem et al., 2019). In the
case of whole-genome sequencing, selection bias may be introduced if
the microorganisms chosen for analysis are not representative of the
broader population in the sample (Van Goethem et al., 2019). When
entire communities are sequenced, selection bias is resolved to a degree
but additional shortcomings remain or are introduced such as quality
control, quantification limitations, high limits of detection or lack of
comparability across other methods and studies (Tan et al., 2015).
Furthermore, characterizing specific genes such as those encoding
antibiotic resistance requires increased sequencing depth which is not
always possible with low concentration samples like bioaerosols (Zaheer
et al., 2018). The studies that do quantitatively assess gene targets of
enteric microbes (n = 2) and AR (n = 14) in bioaerosols provide more
context, assessing targets in relation to the environmental media in
which they are found as opposed to in relation to other targets present.
Importantly, many of the most critical AR pathogens globally are known
to be enriched in fecal wastes, including E. coli, Klebsiella spp., and
Pseudomonas aeruginosa (Murray et al., 2022). All of the studies identi-
fying these pathogens leverage real-time qPCR which is limited to
interpretation based on standard curves as opposed to absolute quanti-
fication which allows for lower limits of detection (Taylor et al., 2017).
While molecular detections are important in characterizing enteric mi-
crobes including pathogens of concern, detection of microbe-specific
nucleic acid sequences do not indicate viability. Co-culture with fecal
indicator bacteria most often detected in these studies (E. coli, Entero-
bacter spp., or Enterococcus spp.) may indirectly indicate potential

viability of other microbes; vegetative bacteria are typically a conser-
vative proxy for pathogen viability since they are readily inactivated in
aerosols (Bagley et al., 1998; Kouimtzi et al., 1997). The combination of
absolute quantification with an expansion of viability detection methods
would contribute to advancing understanding of the potential public
health relevance of this poorly understood pathway of transmission
(Taylor et al., 2017). The need for data characterizing aerosol transport
of enteric pathogens and AR is most critical in settings where the risks of
sanitation-related infections and AR spread are highest, typically LMICs
where economic resources and laboratory capacity may be most limited.
Although high-volume sample collection and methodologically sophis-
ticated pathogen assays may often be unavailable in such settings,
affordable and accessible detection of culturable fecal indicator bacteria
and phenotypic resistance testing can provide valuable insight into po-
tential health impacts for exposed populations (Rocha-Melogno et al.,
2020; Medina et al., 2020; Salazar et al., 2020b).

Studies included in this review reporting on enteric microbes
including pathogens in bioaerosols in urban settings targeted a limited
range of enteric microbes, with many studies (38%) reporting detection
of commonly used fecal indicator bacteria (Escherichia coli and Enter-
occocus). Only one study in a tropical urban setting identified, through
sequencing, the pathogenic strain of Escherichia coli, 0157:H7 (EHEC)
yielding a limited data pool that excludes other strains such as ETEC,
EPEC and others that were responsible for over 60,000 deaths across the
globe in 2016 (GBD 2016 Diarrheal Disease Collaborators, 2018).
Furthermore, though Campylobacter coli was detected in one study
through sequencing at the species level, other pathogenic strains of
Campylobacter remain uncharacterized in bioaerosols, even though it
was responsible for 75,000 diarrheal deaths worldwide in 2016 (GBD
2016 Diarrheal Disease Collaborators, 2018). Overall, the majority of
enteric bacteria and viruses reported in the studies targeted and detected
commensal enteric microbiota or opportunistic pathogens that typically
only cause disease in immunocompromised individuals. Recent
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Table 3
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Antibiotic Resistance related categorization with number of studies citing each target (at various levels) in parenthesis.

Drug Drug Class
Mechanism

Resistance genes

Drug

Antibiotics  p-lactams (2) Multiple Classes

SHV (2), TEM (5), ampC (1), AMP (1), OXA (1), IMP (1), OXA-212 (1), OXA-278 (1), -

0XA-360 (1), VEB (1), GES (1), TEM-193 (1), NDM-1 (2)

penem (1) CME3 (1), mecA (4), PBP-2x (1)
cephalosporin CTX-1 (1), CTX-M1 (2), CTX-M-32 (1)
cephamycin CMY (1), CMY-2 (4)
carbapenem -

Folate sulfonamide

Synthesis (1) diaminopyrimidine dfrA12 (1)
diaminopyrimidine/ -

sulfonamide combination
MDR efflux Multiple Classes
pump (1)

aminoglycoside (2)

aac (6')-1b (3), aph (3")-1b (1), aac (6')-1l (3), aac (6')-1 (1), aacA/aphD (1), aad (6)
(1), strA (1), str (1), strB (1), aadE (4), apHA 1 (1), aph (6)-1 (2), aph (3)-1L1 (1), aph
(3)-llla (1), aph (3)-lL (1), aph (3)-1 (1), aph (3) (1), aph (3')-lla (1), aadA (5), ant

piperacillin (1)
penicillin (2)
ampicillin (3)
oxacillin (1)
carbenicillin (1)
cloxacillin (1)
amoxicillin (2)
amoxicillin/clavulanic
acid (1)
cefotaxime (2)
ceftazidime (1)
cephalorodine (1)

imipenem (3)
meropenem (1)

sull (10), sul2 (6), sul3 (4) -

sulfamexoxazole-
trimethoprim (1)

qacEdeltal-02 (1), emrD (1) -

gentamicin (4)
streptomycin (2)
streptomycin (2)

(3")-Ih-aac (6')-Iid (1), ant (9)-I (1), aadB (1), aacC (1), aadd (3)

tetracycline (2)

phenicol

tetK (4), tetM (7), tetC (6), tetG (4), tet 32 (2), tet 34 (1), tet 37 (1), tetL (4), tetO (6),
tetQ (4), tetW (8), tetX (5), tetA (3), tetB (3), tetS (2), tetR (1), tetT (1)

cmlA1 (1), catA 1 (1), cmX(A) (1), catB3 (1), catB8 (1), dfrA1 (1), cat-

tetracycline (5)
minocillin (1)
doxycycline (1)
chloramphenicol (3)

acetyltransferase (1), cmlB (1), floR (1), catB (1)

lincosamide (1)
macrolide
fluoroquinolone (2)
gylcopeptides (1)
rifamycin -
macrolide, lincosamide,
streptogramin (MLS) (1)
nitrofuran -
peptide
mupirocin/pseudomonic acid
@

cycloheximide (1) -
polymixins
Kasugamycin
Fosmidomycin
nucleoside
multidrug (1)

nuA (1)

ksgA (1)
rosA (1), rosB (1)
SAT (1)

(1), acrB (2)
Mobile Genetic Elements

ermC (6), erm 35 (2), erm 36 (2), ermA (4), ermB (8), ermF (3), ermT (1), ermX (2),
ermQ (1), lnuA (2), ermG (1)

bacA (4), berA (2), MCR (1)

clindamycin (1)

mphE (1), mphA (1), mefA (1), macA (1)
qnrS (6), qnrB (1), gnrD (1), qepA (2)
vanA (1), vanB (2), vanRA (1), van HB (1), van-TC (1), vanSA (1)

ciprofloxacin (4)
vancomycin (3)
rifampicin (1)
oleandomycin (1)
erythromycin (2)
nitrofurentoin (1)
lipopeptide (1)

polymixinB (1)

mexT (1), mdtL (1), mdtH (1), mdtE (1), mexF (3), mexD (1), acrA (1), tolC (1), ceoA -

intl1 (7), tnpA (2), ICR3 (1), IS613 (1), tnpA-02 (1), tnpA-04 (1)

evidence reveals the growing relevance of opportunistic pathogens in
clinical settings, particularly in the context of their low susceptibility to
antibiotics and environmental origins (Sanz-Garcia et al., 2021). Frank
pathogens, which cause disease even in immunocompetent individuals
are less represented in the review, making up less than half (39%) of all
unique microbes reported at the strain and species levels across all
studies (Table 2).

Few studies targeted and detected enteric viruses, even though fecal
microbes are present and often are co-occurring with enteric viruses
(Ginn et al., 2021; Gerba et al., 2017; Symonds et al., 2009; Hellmér
etal., 2014). Viruses may be highly mobile in aerosols, but would not be
captured in 16S rRNA sequencing that represents the bulk of analytical
methods used in bioaerosols analysis. The available evidence from our
review and other emerging evidence (Ginn et al., 2021) suggests that
enteric viruses are important potential targets in urban aerosols,
particularly norovirus given its well documented transport in aerosols
(Marks et al., 2000, 2003; O’Neill and Marks, 2005; Alsved et al., 2020).
Of the studies that employed methods that would be suited to the

detection of enteric viruses (6 out of 101 covered in this review), 33% (n
= 2) identified them, including detections of human enterovirus, human
rotavirus, and human adenovirus (Table 2).

No study included in our review targeted or reported enteric pro-
tozoans in bioaerosols in an urban setting, but an absence of evidence on
detection of this class of enteric microbes should not be interpreted as
evidence that they are not present in aerosols. These microbes tend to be
larger in size (5-15 pm) and therefore experience rapid settling, and so
may be of less interest in aerosol transport modeling, however. Despite
this, some evidence suggests they could be widely detected in aerosols
and may therefore merit further study. A study from rural Mexico
detected Cryptosporidium and Giardia in air samples via microscopy
(Balderrama-Carmona et al., 2014). A study published following our
review reported detection of Giardia duodenalis and Cryptosporidium spp.
near open sewers in both urban La Paz, Bolivia and Kanpur, India via
gPCR, with G. duodenalis detected in 22% of samples in La Paz and 18%
of samples in Kanpur (Ginn et al., 2021). In this study, Cryptosporidium
spp. was detected in 9% and 3% of samples in La Paz and Kanpur,
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respectively, at average densities ranging from 9.3 to 560 gc/m?> (Ginn
et al., 2021).

The results of this review should be considered alongside a number of
important limitations. First, though we used a double-blind search
strategy and agreed a priori on inclusion criteria and other methods, bias
or human error may have introduced some inconsistency in including
literature for the review. Though we used a consensus-based approach to
inclusion of studies, we may have missed or mischaracterized individual
studies given the large number of papers we reviewed. Second, we
excluded studies that were not translatable to English or that had non-
extractable data that may have been valuable contributions within
this scope of work. Third, because of the broad range of analysis
methods, diagnostic tools, and variability in interpretation of data, we
did not perform a structured meta-analysis and limited our results and
discussion to a broad characterization and categorization of the litera-
ture. Future reviews of an expanded number of papers may be able to
quantitatively synthesize and compare study findings according to
methods and metadata using robust statistical methods well suited to
meta-analysis.

5. Conclusion

Based on our interpretation of the results of this review, we can offer
the following conclusions. First, enteric microbes and AR are widely
detected in outdoor urban aerosols. A wide range of targets have been
detected, though bacteria are most prominent; most analytical methods
in the studies covered in this review employed methods that limited
detection to bacteria only. Further attention on specific pathogens of
interest and especially studies targeting enteric viruses and protozoa are
needed. Second, we observe major gaps in evidence around microbial
viability and quantitative estimation of specific enteric pathogens of
global risk relevance. Quantitative data are needed alongside aerosol
size data to advance fate and transport modeling, and viability of
pathogens - even if indirect via bacterial indicator co-culture - is criti-
cally important to any assessment of the public health relevance of
pathogen detection in aerosols. Third, we can conclude that important
gaps in evidence are apparent specifically in settings where the risks of
enteric pathogen exposure and AR emergence and spread are most
acute: cities of LMICs, which are characterized in part by poor sanitation
and high population density in close proximity to potential sources of
bioaerosols containing enteric targets. We propose that future studies
should address these gaps so that we will be able to better understand
the potential for enteric microbes and AR in aerosols to impact global
public health and to inform control strategies that can limit exposures
when and where they are most critical.
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