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ABSTRACT

The atmosphere represents an unappreciated compartment for the environmental dissemination
of antibiotic resistance genes (ARGs), particularly via airborne fine particles (PM> s), with strong
implications for the inhalational exposure of the general population. We examined the seasonal
variations in airborne bacteria and several ARGs in PMzs across an industrial— urban—rural
transect in a megacity of China over an annual cycle. Seasonality was most apparent at the rural
site with a remarkable wintertime reduction in the total level of bacteria and an enrichment of
certain ARGs in winter but dilution in spring. This contrasted with the relative consistency across
seasons at urban and industrial sites. The statistical correlation between ARGs and the mobile
genetic element (MGE), infl1, weakened from ruralto urban and industrial sites, which hints
at the diluting role of intIl in horizontal gene transfers across the land use gradient. Differing
mechanisms may regulate site-specific population exposure to transferable ARGs, and the
identification of additional MGEs is warranted. Compared to drinking water and the accidental
ingestion of agricultural soil, airborne PM> s contributes to a similar extent to the human daily
intake of certain ARGs and infI1. Collectively, this study highlights the importance of PM; s in the

dissemination of, and pathways of human exposure to, common environmental ARGs.

INTRODUCTION

Antimicrobial resistance has been listed by the United Nations Environment Programme as one of
the six global emerging environmental issues, [1] and there is widespread interest in elucidating
its origin for informed risk management.[2,3] These efforts have led to a growing awareness of
the distribution and dissemination of antibiotic resistance genes (ARGs) in natural environments

(e.g., surface water, sediment, and soil [4—7]) and across engineered systems (e.g., wastewater
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treatment plants and drinking water networks [8—14]). Among the environmental compartments
for the dissemination of ARGs, the atmosphere, particularly via fine particulate matter (PMa.s), is
the least appreciated compared to its terrestrial counterparts, leaving the environmental loop of
ARG flows unclosed. As a critical atmospheric component, airborne PM; s influences air quality,
regional climates, and human health. In particular, PM; 5 can penetrate deeply into the alveolar
region of the human lung. Disproportionate to the physico chemicaln characterization of PMa s,
the understanding of its biological components is still in its infancy. [ 15—18] Evidence has emerged
to distinguish airborne microbial communities [19] and associated antibiotic resistomes [20] from
those in terrestrial and marine systems. Moreover, ambient air is subject to virtually no treatment
upon inhalation, in contrast to processed food and water resources upon their ingestion. All of
these factors would mean that airborne PM>s is a unique pathway for the environmental
dissemination of ARGs and for human exposure to these biological contaminants. The growing
body of literature on airborne ARGs mainly focuses either on coarser particles (e.g., total
suspended particulate and PMio [21—23]) or on typical sources (e.g., clinical settings, dairy farms,
and wastewater treatment plants [24,25]), with little consideration of ambient PM> s, which has
greater implications for the exposure of the general population. [26,27] The highly dynamic nature
of the atmospheric environment requires a spatiotemporally resolved characterization of airborne
bacteria and ARGs. Therefore, we dedicated this study to investigating the distribution of total
bacteria (16S rRNA gene), three representative ARGs (ermB, tetW, and gnrS), and a mobile
genetic element (integron class 1, int/1) over an annual cycle along an industrial-urban—rural
transect in Nanjing, China. Using a real-time quantitative polymerase chain reaction (qQPCR), we
elucidated the abundance, composition, and transferability of PMa s-associated ARGs as they

evolved with seasonal cycles and land use gradients. We further assessed the relative importance
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of PM2 5 in human exposure pathways by estimating the daily intake of ARGs via the inhalation
of PM, sin comparison with that from drinking water and the accidental ingestion of agricultural
soil. With the above quantitative information, the central aim of the study was to identify the
contribution of ambient PMb> s to the dissemination of ARGs in the environment and eventually

to human exposure.

MATERIALS AND METHODS

PM2.s Sampling

PM>s samples were synchronously collected at industrial (37 m above ground), urban (17 m
above ground), and rural (1.5 m above ground) sites (Figure S1 and Table S1) by high-volume
(1000 L min™!) samplers (TH- 1000C II, Wuhan Tianhong Instruments Co., Ltd.), using quartz
microfiber filters (QMA, 203 mm X% 254 mm, Whatman 1851-65; prebaked at 400 °C for 4 h). One
24 h sample (from 8:00 a.m. to 8:00 a.m.) was collected every 7—10 days at the industrial (n = 46)
and urban (n = 48) sites and nearly every month at the rural site (z = 18) from March 2016 to May
2017. A filter was placed in an air sampler accessory box at each site throughout the sampling
campaign to serve as field blanks. The seasonal variations in PM2 5 concentrations at each site are

summarized in Figure S2.

DNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (QPCR) Detection

A quarter of each filter sample from industrial and urban sites was used for DNA extraction, while
half of each sample was needed for the ruralsite because of the smaller amounts of DNA that
were extracted there. A blank filter was treated simultaneously using the same operation that was

used for the samples. After the filter was cut into pieces (one-eighth segments), each portion of


http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00561/suppl_file/ez7b00561_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00561/suppl_file/ez7b00561_si_001.pdf

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

the filter sample was extracted with sterilized 1x phosphate-buffered saline following the
procedures used in a previous study. [28] The extracts of each sample from the same month were
combined and filtered through a 0.2 um PES membrane disc filter (47 mm, Pall). All of the tools
used in the pretreatment process were sterilized.

DNA was extracted from the disc filters (cut into small pieces) using the FastDNA SPIN Kit
for Soil (MP Biomedicals) according to the manufacturer’s instructions,except using Agencourt
AMPure XP beads (Beckman Coulter) in the last step for purification.?® Several selected ARGs
(ermB, tetW, and gnrS) and MGEs (intl1), as well as the 16S rRNA gene, were quantified on a
StepOnePlus Real-Time PCR System (Applied Biosystems). Detailed information about the
primer sets, thermocycling protocols, standard constructions, and quality control procedures can
be found in Section S1 ofthe Supporting Information and Table S2.

Chemical Analysis

Trace metals were analyzed by inductively coupled plasma-mass spectrometry (Agilent model
7700) after acid digestion.”” Major water-soluble inorganic ions (CI~, NOs~, SO+, POs*", Na*,
K*, and NHs ) were analyzed by ion chromatography (Dionex). [30] Organic carbon and
elemental carbon were analyzed using a carbon analyzer (model 2001, Desert Research Institute)

[31] The seasonal average chemical compositions are summarized in Figure S3.

RESULTS AND DISCUSSION

Seasonal Contrast in Atmospheric Bacterial Loadings between Urban and Rural Sites

A general seasonal showed a distinct seasonal pattern in which the levels dramatically
declined in winter while recovering in the following spring [one-way analysis of variance

(ANOVA); p< 0.05 (Figure 1)]. The seasonal disparities were likely a resultof the different
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contributions of site-specific biological sources. Natural origins (e.g., soil and plant materials)
and anthropogenic sources (e.g., wastewater treatment plants, composting facilities, and livestock
farms) have already been identified as potential sources of ambient airborne microbes.
[18,32,33] We reasoned that airborne bacteria at the urban and industrial sites may largely
originate from seasonally independent sources, for example, from fugitive dust from paved roads
and human daily activities. Vegetation-related bacteria might dominate in rural areas, resulting
in the total bacteria loading changing with the blooming (spring and summer) and withering
(winter) of plants. It should be noted that, as the sampling height differed between the sites,
vertical gradients, particularly of bacteria resuspended from soil and vegetation, may exist as a
modifying factor of our site comparisons.

The total amount of airborne bacteria and their community structures could be regulated by
multiple meteorological conditions, including humidity and precipitation during their transfer
from sources to the atmosphere [34] (like the higher emission flux of soil-related bacteria in
autumn caused by the low level of humidity, which is then lower in winter because the soil is
frozen and covered by snow), and reshaped under different environmental factors, including
solar radiation, as selective pressures among seasons. [34—36] In addition, higher pollution
levels in winter (Figures S2 and S3) with frequent haze episodes in urban and industrial sites are
likely to provide considerable amounts of nutrients, such as soluble inorganic ions and low-
molecular weight organic acids, for the survival and replication of bacteria, [37,38] which could
partially explain the higher concentrations of bacteria in the atmosphere during this season at
urban and industrial sites compared to those in rural areas. The airborne microbial loadings
detected in other locations using staining or the qPCR technique are summarized in Figure S4,

where comparable bacterial loadings in outdoor PM» 5 between eastern China (this study) and
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northeastern America [39] could be found. These results indicate that there is some consistency
in bacterial loadings within regions and possibly even across continents in large-scale urban
areas, without significant disturbances from sources or long-range transports, an issue that needs
to be further investigated in the future. Unlike those in PM> s, airborne bacteria attached to larger
particles, including inhalable particulate matter (PMio) and TSP, were unsurprisingly present at
either comparable or higher concentrations in the atmosphere but with great spatial variations.
This finding could be attributed to various factors, ranging from different sampling seasons to
diverse capture and extraction efficiencies of particle-attached bacteria, as well as the influence

of different dominant biological sources in different studies and regions.

Differential Seasonal Enrichment of Atmospheric

ARGs between Urban and Rural Sites. The absolute abundance and the relative abundance of
ARG:s in this study, with the exception of those of gnrS, are comparable to, or several orders of
magnitude lower than, those reported previously (Figure S5 and S6). This is understandable
because most existing studies of airborne ARG were conducted at sitesin the vicinity of ARG
sources. Nevertheless, urban ambient PM» s has broader implications for the dissemination and
exchange of ARGs among the large urban populations that are affected by them.

Echoing the temporal evolution of total bacteria, the seasonality of associated tetW and ermB
was most pronounced at the rural site, in contrast to the relative seasonal consistency at the urban
and industrial sites, the exception being gnrS, with no notable trend due to frequent nondetection
in the samples (Figure 2). The increasing level of enrichment of ARGs from spring to winter and
their decline in the following spring at the rural site suggested the seasonal cycling of these

genetic elements at the less impacted site. Similar characterizations at background sites are
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desirable for understanding the natural baseline of ARGs. In more densely populated urban and
industrial areas with greater anthropogenic activities (Table S1), human-derived ARB from
domestic activities [40] or outdoor fugitive dust may consistently contribute to airborne resistomes
across seasons, resulting in the relatively small seasonal fluctuations in ARGs at these two sites.
To quantify the direct human contribution, multiple lines of evidence from specific anthropogenic
markers (e.g., Hmt, a human mitochondrial gene target) and the metagenomic profiling of host
bacteria would berequired to test the hypotheses described above.

The class 1 integron located on mobile genetic elements (MGEs) is often related to the
dissemination of ARGs subject to anthropogenic impacts. [41] In our study, the relative
abundance (normalized to the 16S rRNA gene) of ARGs, with the exception of gnrS (mostly
below LOQ), strongly positively correlated with that of infI1 at the rural site (Figure 3 and Figure
S7). Interestingly, the association weakened at the urban site and diminished at the industrial site.
This finding is somewhat contradictory to the general belief that terrestrial infI1 of clinical origin
is a proxy for elevated levels of anthropogenic pollution. [41] However, the nature of the airborne
intll is yet to be determined with a broad coverage of MGEs and antibiotic resistance
mechanisms. The current statistical results supported our hypothesis that different mechanisms in
the propagation of airborne ARGs across land use gradients may exist in the environment.
Horizontal gene transfer (HGT) by integrons may be mainly responsible for the dissemination
of ARGs at the rural site, as opposed to the joint effects of multiple transfer mechanisms at urban
and industrial sites, where the dominant role of the integron in HGT could possibly be substituted.
The disparate mechanisms of ARG dissemination across land use gradients with specific local
sources may have implications for site-specific exposure scenarios among populations upon

inhalation and exchange with lung micro- biomes, even when integrons are present in quantities
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similar to those in other studies (Figures S5 and S8).

The limited set of genes targeted in this study revealed spatially explicit signatures of biological
components between rural and urban areas (Figure S9), although the total amount of bacteria
accounted for <0.01% of the PM2.s by mass (assuming one copy of the 16S rRNA gene per cell
and 1 pg per cell). This observation suggests the predominance of local sources in shaping the
profiles of airborne bacteria and associated ARGs. Further evidence of this process is required
through an analysis of the bacterial community and multiple resistance mechanisms. By contrast,
the chemical components that were identified as the major contributors of mass to PMaz.5 [>70%
(Figure S3)] displayed relative spatial homogeneity across the industrial-urban—rural transect
(Figure S9), reflecting the regional influence predominantly on the chemical characteristics of
PM>s. [29] The chemical-microbial differentiation in the spatial distribution highlighted the
significance of the biological aspects in PM>s. Regional- and continental-scale investigations

should be conducted so that a complete picture of the situation can be obtained.

Relevance of Inhalation to the Human Intake of Environmentally Disseminated ARGs

To evaluate the relevance of airborne bacteria and ARGs in PM2s to human exposure, we
estimated the daily intake (DI) of the studied genes via the inhalation of PM: s and drinking water
and the accidental ingestion of agricultural soil from Nanjing or adjacent cities according to
eqs S1-S3 (Section S3 of the Supporting Information). Data on the concentrations of the targeted
genes in drinking water and agricultural soil were sought from the literature, [12,42,43] assuming
equal DNA extraction efficiencies across various environmental media.

It is interesting to note that the three exposure pathways contribute similar daily intakes of

macrolide resistance genes and MGEs in the studied region, although total bacteria and
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tetracycline resistance genes via ingestion of drinking water or agricultural soil went beyond those
via inhalation by at least 2 orders of magnitude. Given that Chinese people normally drink boiled
water, these genes would likely be subject to substantial thermal degradation, suggesting that the
inhalation of ambient PM» s may outcompete the consumption of drinking water inthe human
intake of ARGs. Overall, the comparative analysis in this study highlights an emerging research
need globally to ascertain the relative contribution of urban PM» s as an exposure pathway to

the human uptake of environmentally disseminated ARGs (Figure 4).

Environmental Implications

Our study demonstrated the critical role of ambient PM>s, a vector for ARGs that can be
environmentally disseminated for consequent human exposure. Considering the high deposition
efficiency of PM> 5 in the respiratory tract, a number of research questions would arise, including
whether and how airborne bacteria would, upon inhalation, interact with lung microbiomes and
exchange potentially hazardous genetic elements such as ARGs. The seasonal dynamics of ARGs
specific to functional categorizations of land use, in contrast with the relatively homogeneous
chemical compositions across spatiotemporal scales (Figure S3), has significant implications for
site-specific population exposure to PMb» s-associated biological components. Using the study
presented here, regional or continental comparisons are warranted to fully uncover the mechanisms
regulating geo- graphical patterns in the abundance, transferability, and exposure of common
environmental ARGs.

In addition, investigations of airborne ARGs in this study ranged from quantification of genetic
levels to estimations of exposure intake by inhalation. However, the major hosts of ARGs in

airborne microbial communities and their roles in driving the dissemination of ARGs are still
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unknown but are of great significance if a complete picture of antibiotic resistance transfer is to
be obtained, as well as of more types of ARGs and MGEs. Metagenomics-based host tracking
may be conducted if the biomass available in PM> s suffices for such an analysis to be conducted,
[44,45] which is also conducive to the source apportionment of ARGs through a comparison of
their host profiles with those of potential sources. [32,46] Moreover, assessments of the
intercompartmental gene flow and of human exposure to these biological contaminants (e.g.,
biosolid—soil—plant continuum [47]) are desirable beyond the focus on ARGs in a confined
environmental medium. To this end, internationally consistent efforts are needed to address the
uncertainty of DNA extraction efficiencies among extraction methods and different sample types.
It would then be possible to accurately report the absolute abundance of ARGs in environmental

media, which is required to assess intercompartmentas mechanisms and human exposure.
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446 Figure 1. Seasonal variability in the PM;;s-associated 16S rRNA gene indicative of total
447 bacterial loading at the rural, urban, and industrial sites. The box plot presents the median,
448 quartile, and 10% and 90% percentiles, with the dot symbol inside representing the seasonal
449 mean value. The black arrow points out the most significant change across the seasonal cycle
450 and land use gradient, i.e., wintertime reduction in bacterial load at the rural site (two-way
451 ANOVA; p <0.05).
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454 Flgure 2. Seasonal patterns in (a) the absolute abundance of targeted ARGs normalized to air
455 volume and (b) the relative abundance of targeted ARGs normalized to the 16S rRNA gene.
456 Note that gnrS was not detected in most samples and that for the purpose of plotting figures the
457 detection limit was assigned to those samples in which itwas not detected.
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Figure 3. Weakening statistical correlation between ARGs and intI1 from the rural to urban
and industrial sites.
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Figure 4. Comparison of the human daily intake of ARGs and 16S rRNA genes between inhalation
(gray circles for PMs) and ingestion (blue triangles for drinking water and orange squares for
agricultural soil). The calculation was based on eqs S1—S3. The data on concentrations of targeted
genes in outdoor PM2.5 from urban Nanjing were generated by this study. Those in drinking water
from urban Nanjing were from ref 43. The soil concentrations of targeted genes from adjacent
cities in eastern China (data unavailable in urban Nanjing) were from refs 12 and 42.





