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We conducted a critical review to establish what is known about the sources, characteristics, and dissemination
of ARGs in the atmosphere. We identified 52 papers that reported direct measurements of bacterial ARGs in air
samples and met other inclusion criteria. The settings of the studies fell into the following categories: urban,
rural, hospital, industrial, wastewater treatment plants (WWTPs), composting and landfill sites, and indoor
environments. Certain genes were commonly studied and generally abundant: sull, intl1, B-lactam ARGs,
and tetracycline ARGs. Abundances of total ARGs varied by season and setting, with air in urban areas having
higher ARG abundance than rural areas during the summer and vice versa during the winter. There was
greater consistency in the types and abundances of ARGs throughout the seasons in urban areas. Human
activity within indoor environments was also linked to increased ARG content (abundance, diversity, and
concentration) in the air. Several studies found that human exposure to ARGs through inhalation was
comparable to exposure through drinking water or ingesting soil. Detection of ARGs in air is a developing

field, and differences in sampling and analysis methods reflect the many possible approaches to studying
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Accepted 24th May 2022 ARGs in air and make direct comparisons between studies difficult. Methodologies need to be standardized

to facilitate identification of the dominant ARGs in the air, determine their major sources, and quantify the
DOI: 10.1039/d2em00091a role of atmospheric transport in dissemination of ARGs in the environment. With such knowledge we can

rsc.li/espi develop better policies and guidelines to limit the spread of antimicrobial resistance.

Environmental significance

The spread of antimicrobial resistance is considered one of the greatest threats to global health. While the presence and transport of antibiotic resistance genes
(ARGs) in water and soil are well documented, less is known about them in the air. Our critical review synthesizes the current state of knowledge about ARGs in
the air, including their sources, temporal and spatial patterns, and potential for human exposure. We identify knowledge gaps and present a list of questions for
future research. This work contributes to a more complete picture of ARGs in the total environment and will inform development of policies and guidelines to
more effectively limit the spread of antimicrobial resistance.

a US National Academies workshop identified better under-
standing of ARGs in the environment as a high-priority knowl-

1. Introduction

Antimicrobial resistance (AMR) looms as a major threat to
public health and is estimated to be responsible for $20 billion
in direct healthcare costs and $35 billion in lost productivity per
year in the US."” Overuse and abuse of antibiotics in human
medicine and agriculture are key drivers of increased rates of
AMR among infections afflicting humans.* Anthropogenic
inputs of antimicrobials (e.g., antibiotics, antifungals, antipar-
asitics), antibiotic resistant bacteria, and antibiotic resistance
genes (ARGs) to the environment* have markedly augmented
their occurrence in soil, sediment, and permafrost relative to
background levels.® Given that ARGs driving clinical resistance
have in many cases been traced back to environmental sources,®

Civil and Environmental Engineering, Virginia Tech, Blacksburg, VA, USA. E-mail:
Imarr@vt.edu
available. See

T Electronic supplementary information

https://doi.org/10.1039/d2em00091a

(ESI)

870 | Environ. Sci. Processes Impacts, 2022, 24, 870-883

edge gap.” While the behavior and fate of ARGs in soil and water
have been studied extensively, along with mitigation strate-
gies,*®® far fewer studies have considered ARGs in the atmo-
sphere. Among these, the focus is usually on short-range
transport. Very few studies have addressed the potential for
long-range transport of ARGs across continents.

Suspension of ARGs in the air is of concern because this can
potentially enhance their long-distance transport, increase trans-
mission across environmental and ecosystem boundaries, and
increase human and animal exposure via inhalation. Atmospheric
transport can lead to greater dissemination of AMR in the envi-
ronment beyond that facilitated by international movement of
humans, animals, and goods. Taking advantage of a recent
proliferation of studies of ARGs in the atmosphere, here we criti-
cally review the current state of knowledge regarding ARGs in the
air and identify critical research needs that must be addressed in
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order to more holistically understand and mitigate their contri-
bution to the spread of AMR.

2. Search strategy and data extraction

Fig. S1f summarizes the approach and criteria applied to selecting
articles for inclusion in this critical review, and Table S1}
summarizes the exact searches used for each of the databases.
Three databases (Web of Science, PubMed, and SCOPUS) were
searched on 20 January 2021 to identify publications describing
ARGs in indoor and/or outdoor air. The following keywords and
terms were used for the search: “air”, “airborne”, “air-borne”,
“bioaerosol”, “atmosphere”, “antimicrobial”, “antibiotic”, “anti-
bacterial”, and “resist”. No date limit was applied to the searches. A
total of 2488 articles were captured through these searches (886
from WOS, 972 from PubMed, and 630 from SCOPUS). Duplicates
were removed based on title by using the Excel Fuzzy Lookup add-
in with a similarity of greater than 0.85, then removed by exact
matching of DOI. Each set of duplicates was verified manually.
There were 1529 distinct papers remaining (873 removed accord-
ing to title, 86 removed according to DOI). Titles and abstracts were
scrutinized to remove those that did not report direct measure-
ment of ARGs in air samples, as described in the ESIL{ reducing
the total number of papers to 52 (Fig. S1t). Data were then cate-
gorized by setting (urban/suburban, rural/agricultural, industrial,
hospital, WWTPs, landfills, indoor environments, or a combina-
tion of two or more) and analysis method (polymerase chain
reaction (PCR), quantitative PCR (qPCR), high throughput qPCR
(HT-qPCR), droplet digital PCR (ddPCR), metagenomic analysis, or
a combination of methods).

The settings defined for the purpose of this review are not
always mutually exclusive. Urban/suburban air refers to outdoor
air sampled at urban and suburban areas, away from known point
sources of ARGs. For all of the studies included in the urban/
suburban section, it is noted whether the sampling location was
urban or suburban (generally based on population density), and
our classification was based on the original studies. For the
purposes of this review, rural/agricultural settings were limited to
crop or livestock farms. Typically, there are several buildings on the
grounds of a livestock farm, so discussion of rural air will include
both indoor and outdoor settings, resulting in some overlap
between indoor air and rural settings. We expect farm buildings to
differ in many ways from those designed for human occupancy.
Hospitals, WWTPs, and landfills are discussed within their own
sections because they are known sources of ARGs to the atmo-
sphere. These locations may be also categorized under urban or
rural settings, and where applicable those broader classifications
are mentioned. Sampling in residences, offices, or labs is dis-
cussed in the indoor air section, and their broader classification as
either rural or urban is also addressed within the section.

3. Sample collection approaches for
airborne ARG analysis

Air sampling for the purpose of microbial analysis presents
many challenges. ™ For ARGs in particular, the ideal sampling
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method would capture both intracellular and extracellular
nucleic acids while maintaining their integrity during collection
to support downstream analysis. The sampling devices utilized
in the studies reviewed here collected airborne particles onto
different media, including filters (n = 51) and agarose (n = 4). In
some studies, total suspended particles were collected, while in
others, a size-selective inlet was used to exclude larger particles
and collect only coarse particulate matter 10 pm and smaller
(PM,,), fine particulate matter 2.5 um and smaller (PM, s), or
other size fractions. Such size fractionation is valuable for
studying transport, as size dictates how long particles can
remain suspended in the atmosphere. PM,; can travel
hundreds to thousands of kilometers, while larger particles
cannot travel as far because they will be more rapidly removed
from the atmosphere by gravitational settling.'> The most
notable similarity among the studies was the use of 1.5 m as the
sampling height, to simulate human height (n = 42).

4. ARG analysis of air samples

Analytical methods for the ARGs themselves fell into four
distinct categories: PCR (n = 6), qPCR (n = 34), HT-qPCR (n = 5),
ddPCR (n = 2), metagenomics (n = 10), or a combination of two
or more of these methods (n = 4). The PCR-based methods
target pre-determined subsets of ARGs, up to 285 for HT-qPCR,
34 for qPCR, 23 for ddPCR, and 15 for PCR. Metagenomic
analysis, on the other hand, affords the advantage of capturing
the full profile of ARGs across the microbial assemblage (i.e.,
the “resistome”), without a priori selection of targets. However,
metagenomics yields relative abundance quantification, has
a higher detection limit and higher cost, and requires
substantial bioinformatic expertise for analysis.’*™® It is also
challenging to collect sufficient mass of DNA in air samples to
support metagenomic analysis. Thus, it is not surprising that
few air studies were found that employed metagenomics for
ARG detection (n = 8). The use of metagenomics in ARG analysis
is an ever-evolving process, and other reviews have covered the
advances extensively."*™*®

The most commonly employed method for ARG analysis
among the studies was qPCR, which has the advantages of high
sensitivity (often as low as 1-10 gene copies per reaction can be
detected), specificity, and broad quantitative range (typically six
logs). The newer approach of ddPCR is thought to be more
sensitive, precise, and reproducible, while also not requiring
a standard curve.®® qPCR still provides a greater range of
quantification than does ddPCR,* but ddPCR will likely eclipse
gPCR in application in future studies due to the other
advantages.

5. Comparing airborne ARG profiles
reported across studies

Existing studies of ARGs in air typically focus on either urban,
rural, or indoor air, or outdoor air near specific sources, such as

hospitals, WWTPs, waste sites, or industrial sites. Relevant
studies are summarized in Tables S2-S9,T with their setting,

Environ. Sci.. Processes Impacts, 2022, 24, 870-883 | 871


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2em00091a

Open Access Article. Published on 25 May 2022. Downloaded on 1/18/2026 6:50:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Processes & Impacts

sample type, list of all ARGs and other genes screened, and the
dominant ARGs found. Dominance is defined here as reported
by the studies reviewed, or otherwise if the gene of interest was
orders of magnitude higher in concentration or abundance in
relation to others. If not explicitly stated, if a gene was detected
in more than 50% of samples, occurred at a relative abundance
higher than 107> copies per 16S rRNA gene, or was at
a concentration higher than 10> copies per m?, it was usually
considered dominant. Genes targeted included ARGs encoding
resistance to various types of antibiotics (e.g., sulfonamides,
tetracyclines, B-lactams, glycopeptides, macrolides, quinolones)
as well as mobile genetic elements (MGEs) involved in hori-
zontal gene transfer (e.g., intl1, tnpA). The studies employed
various sample collection methods that amassed either total
suspended particles from the air or only those smaller than
a given cut-off, usually PM;, or PM, 5. As an alternative to col-
lecting samples using traditional particle sampling equipment,
some researchers collected material from commercial filters
used in automobiles and air conditioning units.

We considered various aspects to support comparisons
across studies, while noting that such comparisons were chal-
lenged by different sampling and analysis methods and
ambiguous terminology. Here, we use the following common
terminology: (1) relative abundance in air refers to gene copies
per 16S rRNA gene (gc/16S) (2) airborne concentration refers to
gene copies per cubic meter of air (gc m*) (3) loading in
airborne particles (total suspended particles, PM;,, or PM, 5)
refers to gene copies per mass of particulate matter (gc ug ™ >)
and (4) diversity of samples refers to the number of unique
ARGs per sample (richness). The conclusions of some of these
studies are based solely on relative abundances, which provide
an incomplete picture of trends in airborne ARGs. Total
concentrations of bacteria, which appear in the denominator of
the relative abundance calculation, may fluctuate widely during
a study. Such shifts can influence the observed dynamics. For
example, a large shift in relative abundance may not be as
significant as it appears if a dust storm rich in bacteria but not
ARGs passes through an area with a high ARG concentration.

Metagenomics inherently produces relative abundance data,
typically reported as a function of total ARGs detected in the
sample, normalized to total reads or another denominator.
Because conventional PCR does not provide quantitation,
frequency of detection is reported. In terms of ARG diversity,
richness can be particularly informative when seeking to iden-
tify sources of ARGs in a given sample. An additional challenge
is that studies often target different types of ARGs (e.g., tetra-
cycline resistance versus sulfonamide resistance types and cor-
responding sub-types), making it impossible to compare results
directly. Type of ARG refers to the class of antibiotic, such as
sulfonamide, and sub-type refers to the specific gene within the
type, such as sul1. A few studies compared the same ARGs in
different settings,”** but whether differences are due to
geographic location (e.g., China vs. US) or the settings of air
samples collected (e.g., urban, rural, industrial) is not readily
apparent. It would also be useful if studies applied the same
analytical methods and targeted the same ARGs in different
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media (e.g., air, water, and soil) in order to make relative
comparisons and to begin populating mass transfer models.

a. ARGSs in urban and suburban air

Twenty-one studies were identified that sampled urban or
suburban air, representing four different continents, with more
than half including sampling locations in China (n = 13). In this
section, we focus on samples collected away from known point
sources of ARGs. The ARGs targeted and those reported to be
most abundant were largely inconsistent across the studies;
however, some trends were clear. A few genes were consistently
dominant, including sul1, intl1, certain B-lactam ARGs, and
certain tetracycline ARGs, which is not surprising because sul1,
intl1, and tetW are well established as indicators of anthropo-
genic sources of antibiotic resistance.* A large study of 864
publicly-available metagenomes from humans, animals, sedi-
ment, soil, water, mines, wastewater/sludge, and pharmaceu-
tical pollution revealed that air samples from Beijing exhibited
the highest diversity of ARGs compared to other samples.” A
global study of urban air found that among 19 sites surveyed,
the highest total relative abundance (total gc of ARGs/16S rRNA
gene) of 30 ARG sub-types detected by qPCR was in the US (San
Francisco), at a level more than twice as high as in other
countries.”®

In a city in China with longitudinal data, the relative abun-
dance of certain ARGs grew by 30-180% over a period of 10
years, showing the increasing dominance of specific ARGs (e.g.,
gepA and blaTEM) in the environment.”® This finding agrees
with a metagenomics study of Beijing smog, which indicated
blaTEM to be one of the most abundant ARG sub-types.*® These
results are somewhat inconsistent, however, with another large-
scale metagenomics study in China showing that chloram-
phenicol exporter gene and sul1 were the most common ARG
sub-types in both urban and suburban communities, followed
by bacA in the urban community and aadE in the suburban
community. Genes conferring resistance to tetracycline (tet)
were also especially abundant in both urban and suburban
communities.”” These inconsistencies could be explained by
differences in analytical methods, as mentioned previously, or
differences in the background environment and antibiotic
usage patterns. A general challenge with such field studies is
that it is difficult to isolate the factors contributing to the
observed patterns, especially across multiple locations.

A study in California contrasted ARG profiles in 26 parks in
four major cities (Bakersfield, San Diego, Fresno, and Los
Angeles) and three different media (soil, drinking water, and
air) during a single season. The samples were examined for sul1
and blaSHV, while soil samples were further examined for ermF
and ermB. The largest and most significant differences in ARG
abundances between the cities were observed in soil. ARG
abundances in air were highly variable, even between parks
within the same city.”® These results show how ARG content can
vary substantially within the same region and media.

One key study found that air pollution in an urban envi-
ronment correlated strongly with relative abundance of total
ARGSs annotated in metagenomic data (i.e., number of the hits

This journal is © The Royal Society of Chemistry 2022
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of all ARGs types detected per one million sequencing reads, as
“ppm”). Levels were higher during a severe smog event than on
clean days in Beijing. Thus, emissions of anthropogenic ARGs
may be correlated with emissions of traditional air pollutants.
Interestingly, tetW was found to be equally abundant on both
clean and polluted days, consistent with reports of this ARG
being widespread in the environment,**° potentially related to
the fact that tetracycline is a very common type of antibiotic
used for treating humans and livestock. Dominant levels of tetW
in urban air were confirmed in a metagenomic study of PM, 5 at
Beijing University,* but one study of PM, 5 and PM,, fractions
in Harbin, China reported that concentrations of sul1, intl1, and
gnrS were orders of magnitude higher than those of tetw.>* A
study in Bolu, Turkey indicated similarly high abundances of
sull, intl1, and gnrS in PM,, fractions.** Additionally, it has
been shown that contaminated water sources from urban
environments in Bolivia emitted bioaerosols enriched with
ARGs, particularly blaTEM and intl1.>* The contrast between
these findings illustrates that one study alone cannot fully
characterize AMR due to the limited number of genes screened.

The total “ppm” of ARGs in the PM, 5 fraction in Beijing was
as much as 7 times higher during the smog event than on clean
days, and as much as 5 times higher in the PM,, fraction. The
concentrations of PM, s and PM,, were not reported, making it
difficult to define the relationship between PM and ARG
abundance. The higher relative abundance of ARGs on polluted
days suggests that at least some of the same sources contrib-
uting to elevated PM may also be rich sources of ARGs; tet,
blaTEM, and aminoglycoside ARGs were most abundant on
polluted days.*® blaTEM and other B-lactamase ARGs (ampC-02,
blaIMP-01, blaSHV-01, and blaCTX-M) were also dominant in
a metagenomic study of PM, s and PM,, fractions in Beijing*
and in Tianjin, China.*® Several other studies also confirmed
elevated ARGs in hazy and polluted air.*****® Conversely, intl1,
gnrS, and sul1 abundance measured by qPCR decreased during
dust storms in urban areas.***

In contrast, another study in Beijing found that total relative
abundances of ARGs decreased during a period of high pollu-
tion, with some specific (and more clinically-relevant) genes
increasing in relative abundance. Additionally, ARG relative
abundances differed greatly (up to 3-fold) between day and
night. MGE genes tnpA and intl1 occurred at higher relative
abundances during high PM, ;5 episodes, while blaTEM and sul1
were high in relative abundances in all cases. The
carbapenemase-producing blaNDM-1, which is a highly
clinically-relevant ARG, was high in abundance in the early
morning of polluted days. In this study, PM, 5 concentrations
on the cleaner days ranged from 14 to 93 ug m ™, while on the
polluted days concentrations ranged from 36 to 251 ug m >.*
For reference, the World Health Organization's guideline value
for PM, 5 is 15 pg m ™ over a 24 hours average. The changes in
the distribution and makeup of ARG sub-types in the PM, 5 on
polluted vs. clean days could be due to higher emissions from
certain sources, varying resuspension patterns at different
times of the day, or differences in atmospheric stability.

These studies illustrate that the relationship between air
pollution and ARGs in the atmosphere is not straightforward.

This journal is © The Royal Society of Chemistry 2022
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On one hand, emissions of ARG may be associated with human
activities that also release traditional air pollutants, but the
observation of a decrease in total ARG relative abundance under
severely polluted conditions may indicate that deteriorating air
quality hinders ARG dissemination in some cases. Severely
polluted air could contain toxins and harmful substances that
inhibit bacterial growth, driving changes in the relative abun-
dance of ARG sub-types. This is confirmed by a study published
after our literature search in Xinxiang, China, which showed
that under moderate pollution levels, concentrations of sui1,
sul2, intl1, ermC, and blaTEM were higher than when air quality
was excellent, but at higher levels of pollution these concen-
trations drastically decreased. tetW concentrations started to
decrease at low/moderate levels of pollution, showing how
different ARGs may respond differently to varying pollution
levels.”* Atmospheric transport from different regions could
also play a role, as it has been shown to contribute 15-55% of
PM, 5 levels during different haze events in Beijing.** Shifts in
relative abundance profiles of individual ARGs while in the air
could also lead to variability throughout the day; however, these
mechanisms are still not understood.*

There was also some indication that specific ARGs were
associated with different regions, like blaTEM in urban areas
and sul1 near the Pearl River Delta, while the ARG tetW was
more widespread in both urban and rural regions in China.*® tet
ARGs (tetA and tetB) and ARGs conferring resistance to amino-
glycoside (sat) and B-lactam were also found to be abundant in
an estuary area in one study.*® This study found a relationship
between the microbial community taxonomic composition and
the ARG profiles utilizing a Spearman correlation heatmap,
finding positive correlations between specific genes and genera,
with some bacteria having intrinsic resistance, and some
bacteria able to acquire resistance from MGEs. The 21 most
abundant ARGs detected by qPCR and 20 of the top 30 genera
detected through sequencing were included in the correlation
analysis.

b. Rural and agricultural air

In rural settings, the dissemination of ARGs in the environment
is heavily influenced by agricultural activity. One study found
that ARG composition was similar between animal feces and
airborne particles at farms, with feces having a higher relative
abundance of total ARGs.*” Thus, animal feces could be one of
the major sources of airborne ARGs at and downwind from
animal farms. Interestingly, this study also found that some
genes (especially the multidrug mexF), was higher in relative
abundance in aerosols than in feces, suggesting that ARGs from
other contaminants and sources were also present. Antimicro-
bial usage in livestock over the years may have enriched the
resistomes of feces, which subsequently influence the dust and
air resistomes of farms, affecting the spread and dissemination
of ARGs in these environments.***°

Some of the earliest studies demonstrating the occurrence
and transport of ARGs in air were conducted at rural agricul-
tural sites.****** One rural study documented that tetracycline
resistance genes (tetB, tetL, tetM, tetO, tetQ, and tetW) in air were
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100-1000 times higher downwind of 10 beef cattle yards
compared to upwind.* The relative abundance of ARGs in total
suspended particles was also comparable to that in manure and
soils, suggesting that the latter are sources of ARGs in airborne
PM.* tet ARGS, especially tetQ, tetW, and tetM, have commonly
been found at high frequencies of detection and high
concentrations/abundances across many different agricultural
sites, including swine, turkey, poultry, and cattle farms.>**%%>-6>

Different kinds of farms, livestock, and methods used for the
production phase are likely to affect the ARG profile and
microbial community composition of the local atmosphere. A
metagenomic survey found high diversity across the ARG
profiles of different swine confinement buildings on a farm in
Guizhou, China, with approximately 300 sub-types detected and
ARG concentrations ranging from 50 000-70 000 gene copies
per type of housing.®® Type of housing refers to the different
production phases of the swine, as each is housed in a separate
building, such as weaning piglets and breeding boars, and
occupancy ranged from 24 to 480 animals, which could affect
normalization of results. In the aerosol samples, the top ten
most abundant sub-types were those conferring resistance to
aminoglycosides, aminocoumarin, mupirocin, elfamycin, fluo-
roquinolone, pleuromutilin, rifampin, and lincosamide. Fin-
ishing pigs carried the highest occurrence and diversity of
ARGs, likely due to longer exposure to antibiotics. Weaning
piglets was high in abundance of aminoglycoside ARGs, likely
due to the use of aminoglycoside antibiotics. A smaller study of
specific ARGs by use of qPCR observed lower concentrations of
sull, blaSHV, ermB, and blaTEM in air at organic beef cattle
farms compared to conventional beef cattle farms, confirming
how different farm practices could affect the resistome of the
air.** Another study published after our systematic literature
search analyzed air samples from 333 poultry and pig farms in
nine different countries for tetW, ermB, sul1, and aph(3')-IIl. ARG
concentrations and relative abundances were correlated with
different conditions within the farm including biosecurity
measures at the facility (scored by an online aggregate system).
Higher biosecurity measures were associated with lower ARG
relative abundance at poultry farms but higher ARG relative
abundance at pig farms, showing that biosecurity measures for
pathogens may not be effective for ARG control.*

The finding of ARGs in rural environments, where the cor-
responding antibiotics have not been used, suggests that
atmospheric transport may play a role in disseminating ARGs.
The aminocoumarin ARG in the previously discussed meta-
genomics study of a large-scale swine farm in China® was
notably abundant in certain swine confinement buildings,
despite the fact that novobiocin, an aminocoumarin, was not
used at this farm.* Novobiocin is commonly used for boars
elsewhere in China. Another study similarly found a high
frequency of the colistin resistance gene (mcr-1) in Eastern
Canada, despite the restriction of colistin in Eastern Canada,
indicating possible long-distance transport of this ARG.*® A
study in China was conducted at a swine farm that utilized
biogas digestate storage using HT-qPCR to analyze 45 ARGs.*”
The most abundant ARGs detected in the airborne particulate
matter at this facility belonged to the B-lactam type. MGEs (tnpA
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and intl1) were detected and seemed to be correlated with
different ARG sub-types (tet and sul), indicating possible hori-
zontal gene transfer.’” In horizontal gene transfer, ARGs are
carried by MGEs, and since ARGs had a more significant
correlation with MGEs than with bacterial communities in this
study, and there were higher levels of in¢/7 in the winter, it is
likely the main pathway from ARGs in the winter.**

Composting may also be a source of ARG emissions to the
atmosphere. A study at four compositing plants found higher
concentrations of Intl1 in air samples collected downwind
compared to those collected upwind.®”

c. Hospitals

We identified 11 studies of air in 18 hospitals, more than half of
these in China (n = 10). Within urban and suburban areas, the
richness and relative abundance of ARGs was higher in hospital
air at the entrance of the hospital compared to that of outdoor
air of surrounding communities.”” Air near the entrance to
a hospital in the center of a city in China was higher in relative
abundances of ARGs conferring multidrug and quinolone
resistance than did urban and suburban environments 0.5 km
and 10 km away, respectively.”” ARGs conferring multi-drug
resistance and resistance to aminoglycoside, tetracycline,
chloramphenicol and the macrolide-lincosamide-streptogra-
min (MLS) types of antibiotics were most abundant. These ARGs
are commonly found in medicine (antibiotic use in humans)
and the animal breeding industry (antibiotic use by veterinar-
ians).”” In a hospital study in Beijing, aminoglycoside, baci-
tracin, P-lactam, chloramphenicol, MLS, multidrug,
tetracycline, bleomycin, and sulfonamide ARGs were the most
frequently detected types by metagenomics, with intI1 and tetW
being the two most abundant sub-types according to qPCR,
while aadD, CE, tetK, tetA, tetZ, and norA were widespread in
most of the departments of the hospital.®® Slight variations in
ARG profiles between the two studies may be a function of
actual differences between the hospitals, such as the local pool
of ARGs carried by patients, differences in antibiotic use, and
differences in human activity. However, differences in sampling
and detection methods may also influence the dominant ARGs
identified. Other hospital studies that used qPCR*"”* or PCR™"7>
for targeted ARGs also indicated a high frequency of ermA and
ermB,”*7* tetracycline’®” and methicillin ARGs,*”* with low
frequency of B-lactam®”® and vancomycin ARGs.”»”> A meta-
genomics study found aminoglycoside, multidrug, and fluo-
roquinolone, quinolone, florfenicol, chloramphenicol,
amphenicol (FCA) were the most abundant ARGs in air and
confirmed that these ARGs were higher in indoor hospital
samples than in dust samples and outdoor air samples.”

Two studies compared the ARG abundances and concen-
trations in multiple environments, including hospitals.?*”* One
of these studies employed qPCR on air samples collected from
a WWTP (fine screens and sludge thickener), dormitory bath-
room, hospital infusion room, and outdoors at Tianjin
University during a haze episode.”” The highest concentrations
of blaOXA-1, blaTEM, blaAmpc, ermC, tetC, and tetM were found
in the hospital. It had the highest diversity and second highest

This journal is © The Royal Society of Chemistry 2022
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concentration (behind hazy outdoors) among the environments
tested, likely due to the high use of antibiotics in hospitals. The
second study collected air conditioning filter samples from
hospitals, farms, and residences in Ningbo City, China and
detected ARGs with HT-qPCR.” Similar to the previous study, -
lactams had one of the highest detection rates in hospitals after
multidrug, followed by aminoglycoside, MLSB, and tetracycline.
bl3_cpha gene was the most abundant sub-type. Total ARG
relative abundance was highest in hospitals at 8.76 x 10>
copies per 168, followed by the farm at 3.29 x 10~ copies per
168, village residences at 3.29 x 10 copies per 16S, and city
residences at 3.64 x 10~ ° copies per 168.

One metagenomic study showed how ARGs
throughout the hospital air and were able to accumulate in air
conditioning units.”® Some of the ARG-carrying bacteria within
these units were found to be associated with humans through
interpretation of metagenome assemblies, including bacteria
known to grow in oral and nasal passages that could enter the
environment via respiratory aerosols.®®* Such movement
patterns of ARGs in hospitals are consistent with observations
of general microbial movement in hospital microbiome
studies.” Additionally a metagenomic study published after the
literature search found that human sources accounted for 30%
of the PM, s microbiome in a hospital, and that these bacteria
were strongly correlated with the resistome. This study also
confirmed higher total relative abundances of ARGs in hospitals
versus the surrounding urban community, with an increase of
0.2 to 0.5 magnitudes for each ARG type. Some clinically rele-
vant ARG sub-types were significantly higher in hospital vs.
urban samples. These included rpoB2 (tuberculosis drugs),
vanRk, ugd, blaOXA, class-a, msrA, tetL, and bacA.”® These findings
suggest that human activity inside of a hospital, and any indoor
environment, could lead to an increase of ARGs in the air, and
therefore increase the likelihood of exposure to ARGs.

moved

d. Wastewater treatment plants (WWTPs)

Five studies were found that investigated the air around
WWTPs, spanning urban and suburban areas and three
different countries (Korea, China, and the US). Certain units in
WWTPs are more likely to generate bioaerosols,”” especially
aeration basins and sedimentation tanks, so it is not surprising
that WWTPs are a source of ARG emissions to the atmosphere.
A study employing PCR in Beijing illustrated that the frequency
of detection of ARGs were higher downwind of WWTPs than
upwind and found high frequency of detection of sui2 and
intI1,”® The emission of aerosols containing ARGs from aeration
of a wastewater and sludge mixture in the laboratory was
confirmed by metagenomics.” Of the 55 ARG sub-types
belonging to 32 ARG types detected in the aerosols, BacA,
which confers resistance to bacitracin, was the most abundant
ARG detected, followed by tet (tetM, tetO, tetP, tetQ, tetS, tetT,
tetW) and unspecified sulfonamide resistance genes.”” Most of
the ARGs found in the aerosols in this study were confirmed to
be from the wastewater and sludge mixture, based on compar-
ison of the metagenomic analyses of the aerosols and mixture.”
Another study utilizing metagenomic analysis in the field in

This journal is © The Royal Society of Chemistry 2022

View Article Online

Environmental Science: Processes & Impacts

South Korea similarly found high abundances of sul (sul1, sul2)
and tet (tetA, tetG, tetQ, tetW) in the air, along with MLS (ermB,
ermG, ermF).*® The total ARG relative abundances in gene copies
per 16S rRNA gene in air found in this study were comparable to
levels found in activated sludge and dewatered sludge, while the
diversity of ARGs in the aerosol samples was lower. This study
also only detected 19 ARG types, 13 fewer than the previous
study employing metagenomics.” Again, it is difficult to discern
if this is due to true differences between the settings (a WWTP
located in South Korea versus a laboratory model of aerated
wastewater from a WWTP located in Beijing), or if they are due
to differences in metagenomic sequencing or analysis.*

One study examining 84 ARG sub-types by qPCR found high
similarity of ARGs (68% similar) between downwind aerosol
samples and sludge samples at a WWTP in South Carolina,
further confirming the aerosolization of ARGs from sludge.*
Also, the types and relative abundance of ARGs were higher in
downwind samples than upwind ones, illustrating a clear effect
of WWTPs. A further conclusion from these observations was
that ARGs can potentially travel many miles away from the
WWTP, depending on wind speed, and can also deposit onto
surrounding land and water.** A wide range of ARGs (17 out of
84 ARGs tested by qPCR) was found in the downwind samples,
with blaTEM being the most abundant. Other abundant ARGs
included ermB, ermC, tetA, tetB, aadA1, gnrB5, mefA, and msrA. A
more recent study utilizing metagenomics compared PM, 5
samples from coastal, urban, and WWTP environments and
determined that the relative abundance of ARGs were elevated
at WWTPs, and comparable to the sewage and water samples
from the plant. The results provided further evidence for the
effect of WWTPs and human activity on the airborne resistome.
The four most abundant types of ARGs in this study at Stone-
cutters Island Sewage Treatment Works in Hong Kong were
multidrug, peptide, MLS, and aminoglycoside, followed by
tetracycline, lactam, rifamycin, and glycopeptide. Some ARG
sub-types, including tetA, mtrA, mexF, cpxR, bacA, and rosB, were
found in much higher abundance in air samples than in the
water and sewage samples, indicating that sources other than
the WWTP affected the resistome.®

e. Landfills

Only one study that involved ARG detection at a landfill site was
identified. Antibiotics and other selective pressures imposed by
the extreme conditions (e.g., low pH, heavy metals) in landfills,
could potentially contribute to enriched abundance of ARGs in
the surrounding environment, including the atmosphere. High
levels of ARGs, many associated with MGEs, have been found in
landfills in cities.”*** Air was sampled upwind, downwind, and
directly above a landfill site in Changzhou, China. Intl1 was
prevalent in all media, including air, leachate, and solid waste,
along with blaTEM, followed by sul1, tetQ, and ermB.** The
estimated daily intakes of ermB, sul1, and tetA through inhala-
tion of PM were comparable to those through drinking water,
and the intake by inhalation was higher for blaTEM. These
levels were lower compared to those via ingestion of vegetables
(up to 5 orders of magnitude for sul1).
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f. Indoor environments

Five studies have sampled indoor air for ARGs in three different
countries (Australia, China, US). Two studies at universities in
Tianjin, China indicated that indoor aerosols was higher in
relative abundances compared to outdoor samples of common
ARG types and sub-types (B-lactams, multidrug, and tet) and
MGEs, emphasizing the potential for higher inhalation expo-
sure to these ARGs in such settings.**®* In Australia, PCR con-
ducted on dust from vacuum cleaner bags and airborne
particles collected during vacuuming revealed high frequencies
of tetA/C and ermB, low frequencies of vanD and tetG, and no
detection of ribosomal protection protein (tetM, tetO, tetP, tetQ,
tetS, tetT, tetW), erythromycin (ermA, ermB, ermkF), or vatD
ARGs.* In contrast, tetW and tetX were detected by qPCR in
indoor environments in Colorado in another study,* while tetM
was detected in high abundance, and ¢etC in low abundance, in
the air in two laboratories.?” Relative abundances of the genes
detected indoors in the Colorado study were much lower than
those found in nearby rural environments.

In a study at a wet poultry market in China (live poultry, pork,
live fish, and vegetables), the highest concentrations of ARGs (tetG,
tetC, sul2, and ermC) were observed in the live poultry area (indoor)
and second highest in the indoor market.** Concentrations in
outdoor air up to 400 m away were measurable but much lower. It
is not known whether the ARGs observed in outdoor air originated
from the market or another source. There is, however, the possi-
bility that ARG levels this far away could be influenced by sources
other than the market, presenting a need for consideration of wind
direction when interpreting these results.

A study of the resistomes in kindergartens in Hong Kong using
gPCR documented various ARGs in indoor air, the surrounding
soil, and nearby farm soil samples.* Sul1 was abundant in dust
samples, which represents material that settled from the air, and
urine samples. Within the kindergarten environment, intl1 co-
occurred with multiple ARGs* while plasmids co-occurred with
multi-drug ARGs. Notable abundances of blaTEM and ermF might
be related to high rates of use of B-lactam and macrolide antibi-
otics in the area, according to the authors. Possible sources of
ARGs found in the kindergarten environment include nearby
vegetation and soil, pollution from the surrounding community,
as well as exhaled aerosols containing ARGs.”*®

In a study comparing ARGs observed in air conditioning
systems, hospitals and farms were associated with the highest
diversity of ARGs, followed by residences in cities and villages,
respectively. The most abundant ARG types were multidrug,
blaTEM, aminoglycoside, tetracycline, and MLSB across all four
environments. City samples was the lowest in ARG abundance
by a significant margin. Although the abundances of ARGs in air
conditioning units were up to five orders of magnitude lower
than those in soil, wastewater, and sludge, the units could still
be a source of inhalation exposure to humans.”

6. Season and weather

Seasonal differences in atmospheric ARGs appear to be minor
in urban areas and more pronounced in rural areas. One study
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comparing urban, rural, and industrial sites found that relative
abundance of a few ARGs was higher in hot urban areas (Beijing
summer) than in suburban and rural areas, while rural areas
had higher abundances of ARGs during the winter. ARG abun-
dances were comparable during the spring and fall.* Suburban
areas consistently had lower ARG levels than both urban and
rural areas for the entire year. A recent study in a smaller urban
area (Handan, China) reported conflicting trends, with ARG
concentrations increasing in the winter as compared to
summer, perhaps due to the winter haze events in the area. They
also found that samples collected in winter were heavily influ-
enced by local and inland sources while summer samples were
influenced by long-range and remote sources, including the
marine environment. Thus, along with urbanization, seasonal
ARG trends may also be influenced by wind patterns.®®

Urban sites in these studies also demonstrated greater
consistency in the types and abundance of ARGs throughout the
seasons, demonstrating that with greater urbanization, rela-
tionships between temperature and climate and MGE and ARG
abundance diminished.* This pattern may be due to seasonally
independent sources of airborne microbes in urban and
industrial areas, like human activity, and lesser influence of
seasonal sources such as vegetation. A metagenomics study of
hospitals and urban and suburban environments in China
determined that ARG abundance in the urban environment and
hospital was highest in the summer, and suburban ARG
abundance was highest in the winter. The hospital had the
highest total abundance of ARGs in general, especially during
the summer and autumn.”” Confirming this finding, a recent
study showed that 11 different types of ARGs (multidrug, MLS,
aminoglycoside, tetracycline, rifamycin, B-lactam, bacitracin,
sulfonamide, glycopeptide, peptide, and fluoroquinolone) all
increased in relative abundance from winter to summer.
Interestingly, they also found that the difference between the
relative abundance of ARGs in the urban and hospital settings
was much more pronounced in the summertime, especially for
MLS and B-lactam.” Another hospital study in China showed
that the diversity of ARGs was higher during the winter, but the
abundances were comparable. In this study, samples were
collected from the air filtration system in the hospital and could
have been more affected by seasonal changes in operation
rather than by the weather itself.®® Most other hospital studies
utilized high volume samplers placed in different rooms in the
hospitals, often for a period of 24 hours.?*?”%”* The windows
were open throughout the winter, and sampling periods lasted
a full month. This could indicate that more ARGs came in from
the surrounding urban environment during the winter,
affecting the diversity more than in other studies in which
sampling periods were shorter.

Rural sites showed a reduction in total bacteria but enrich-
ment of ARGs in winter.*** Given that the amount and kind of
vegetation changes substantially by season, this result is
consistent with the role of vegetation as a main source of
bacteria in the air. Further seasonal disparities were attributed
to different sources, such as those of natural (soil and plants)
and anthropogenic origin (livestock, composting, and WWTPs).

This journal is © The Royal Society of Chemistry 2022
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Humidity and precipitation may also affect the abundance of
ARGs in urban areas, as evidenced by one study in Beijing where
ARG concentration and loading in PM, 5 was highest the day
before a heavy rain event, compared to the day after the rain
event, and lowest during the rain event.*® The observed pattern
could have been due to removal of PM, 5 by wet deposition (i.e.,
scavenging of particles from the air by rain droplets). A study
conducted in Handan, China and published after our literature
search was conducted, showed that rainfall can carry and
transfer ARGs to soil. ARG concentrations in PM, 5 increased
during rainfall and decreased afterward. ARG concentrations
were higher in soil treated with rainwater than in soil treated
with sterile water. intl1, cIntl1, tnpA-04, tetA, and sul2. ermB and
OXA-10 were only present in air samples during rainfall, indi-
cating the rainwater was the main mode of transport for these
ARGs.”

7. Transport of ARGs in the air

While most of the studies reviewed above demonstrated short-
range transport of ARGs (i.e., several meters to hundreds of
meters), the aerosols sampled, and therefore the ARGs within
them, may also be subject to long-range transport. We posit that
there is greater potential for ARGs to spread long distances in
the environment through the atmosphere compared to the
hydrosphere, lithosphere, and biosphere. Long-distance atmo-
spheric transport is responsible for distributing chemical
pollutants, mineral dust, and microbes around the globe,
including to remote regions.”~** Similarly, ARGs may be carried
long distances through the atmosphere and then deposit on
land or water. This process introduces novel ARGs to new sites
and shapes the existing resistome there.

It is challenging to provide direct evidence to confirm the
atmospheric transport of ARGs due to the difficulties in col-
lecting sufficient samples and establishing effective approaches
for source tracking. One study found that ARGs of apparent
anthropogenic origin—clinical (aac(3) and blaIMP) and agri-
cultural (strA and tetW)—were present in remote glaciers,
possibly due to airborne bacteria and migrating birds.’® Another
study found evidence that snowfall could contribute to the
spread of ARGs from different point sources, especially when air
pollution levels were high.*” A study published after our search
of the literature found sul1, tetO, and intl1 in up to 60% of
precipitation samples at a mountain site in Spain.”” The loca-
tion of the sampling site above the atmospheric boundary layer
means that these ARGs were present in the free troposphere and
thus subject to long-range transport by global circulation
patterns. Two studies in Israel found that dust storms origi-
nating in distant countries had distinct bacterial communities
that could harbor pathogens. These dust storms, however, were
associated with lower relative abundance of ARGs. This lower
abundance could be related to the source of the dust storms,
since antibiotic use in deserts would be rare in comparison to
cities, or the possible unreliability of relative abundance as
a measurement for events like dust storms, with large changes
in bacterial load. Additionally, these studies considered only
a few ARGs (intl1, sul1, and gnrS), so further analysis utilizing
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more primers or metagenomics is needed to better understand
these trends.***°

Knowledge about the atmospheric transport of bacteria® could
yield insight into patterns of atmospheric ARG transport, as it is
likely that the bacteria are accompanied by ARGs. The correlation
between ARGs in air and bacterial community composition has
been investigated near typical bioaerosol emission sources.”’
Results suggested that certain bacterial strains were strongly
correlated with several ARGs in the air samples. In other studies,
researchers compared the amount of intracellular and extracel-
lular ARGs in water and sludge samples and found that the
majority of ARGs existed in intracellular DNA.**** Even if the
opposite were true for ARGs in PM,;,'” there is likely to be
a relationship between presence of ARGs and presence of
bacteria. Direct evidence from future studies is needed to deter-
mine the magnitude of atmospheric transport of ARGs compared
to other routes of dissemination in the environment.

There are several factors that can impact the extent of ARG
transport in the air. First, the size of the associated particle
determines its settling velocity and lifetime in the atmosphere.
Smaller particles settle slowly and thus are more likely to travel
farther in the atmosphere than larger particles, which settle
more rapidly. Secondly, meteorological parameters, including
wind speed, wind direction, and the height of the mixing layer,
can affect the range of transport. Additionally, the altitude
reached by these particles is a determining factor in long-range
transport. Those that traverse the boundary layer and reach the
free atmosphere can be readily transported continental-scale
distances. Precipitation enhances removal from the atmo-
sphere and deposition on the Earth's surface. Lastly, environ-
mental factors that accelerate decay of bacteria and their
genomic material may affect the spread of ARGs. The persis-
tence of airborne bacteria is a function of temperature,
humidity, and radiation.’®*% The inactivation of airborne
bacteria may lead to damage to bacterial structures and induce
the release of bacteria DNA, which will be more susceptible to
degradation and deactivation via UV light exposure and other
mechanisms when in extracellular form. The difference
between the susceptibility of intracellular and extracellular
ARGs has been previously reported in water bodies.**® Similar
studies are needed for ARGs in air to advance understanding of
their persistence in the atmosphere.

8. Closing thoughts and path forward

It is apparent that the atmosphere is an important and under-
studied reservoir of ARGs. There is a need for research aimed at
building a quantitative, mechanistic understanding of ARG
transport in the atmosphere. Additional studies are needed to
delineate the impacts of inhaled ARGs on human health and
how they might interact with the human microbiome.*”” The
urgency of the AMR problem and paucity of knowledge about
ARGs in the atmosphere raise numerous questions, summa-
rized in Fig. 1. Among them:

- What are the actual concentrations of ARGs in air, in terms
of number per cubic meter of air, rather than just relative
abundances?
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- Is the abundance of ARGs correlated with the total number
of bacteria in air?

- Are atmospheric ARGs primarily intracellular and confined
to a few major taxa?

- How do ARG types and abundances vary among different
locations, and how do they compare to profiles in potential
sources, such as soil and wastewater?

- What are the major sources of ARGs to the atmosphere and
at what rate do these sources emit ARGs into the atmosphere?

- Are ARGs in the air mobile and what conditions generally
enhance their mobility?

- To what extent do airborne sources contribute to the global
spread of antimicrobial resistance, e.g., new forms of resistance
appearing in clinics in different parts of the world?

- What is the size range of particles with which airborne
ARGs tend to be associated, and how far can they be transported
in the atmosphere?

- Are ARGs in the atmosphere subject to decay, and if so, by
what mechanisms?

- What are the exposure risks related to airborne ARGs and
could epidemiological studies provide insight into this
question?

To date, most studies have reported ARGs in terms of relative
abundance, which is helpful for identifying “hot spots” where
there is an abundant source and/or selective pressure enriching
ARGs. However, concentration data (ARGs per volume of air) are
needed to inform emission and exposure rates; only 19 of the
studies reviewed here reported data in concentration-based
units. It would be most useful to report an emission rate in
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gene copies per unit time, along with concentrations of ARGs
per volume of air, ideally resolved by particle size. This infor-
mation would enable others to predict downwind concentra-
tions, deposition fluxes to soil and water, and exposure.
Concentrations can be calculated from both qPCR and meta-
genomics, and both techniques have value, depending on the
question being answered.

There is also a need to standardize analytical approaches and
reporting of data to support reproducibility and comparability
across studies. Sampling methods should be informed by prior
reviews of different sampler types and filters.'***** Collection
and recovery efficiencies can vary widely by filter type. For
example, one study reported that different filter materials had
recovery efficiencies for the 16S rRNA gene ranging from 1% for
polyvinylidene fluoride (PVDF) to 113% for polytetrafluoro-
ethylene (PTFE), and we expect these values to apply to ARGs
also.' Recently, standardized methods for qPCR of ARGs has
been proposed"* and similar efforts are needed for
metagenomics.

Through interdisciplinary approaches that leverage state-of-
the-science methods in air quality engineering, microbiology,
and aerosol science, we can achieve a fundamental under-
standing about the sources, transport, and fate of ARGs in the
atmosphere. Advancing knowledge about ARGs in air will
provide a more complete picture of ARGs in the total environ-
ment, encompassing the hydrosphere, biosphere, lithosphere,
and atmosphere, and will inform development of policies and
guidelines to more effectively limit the spread of antimicrobial
resistance.
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Fig. 1 Overview of the sources, characterization methods, atmospheric transport, and future research questions of airborne ARGs.
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