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Abstract

Antibiotic-resistant pathogens pose a significant threat to human health. Several dispersal mechanisms have been described,
but transport of both microbes and antibiotic resistance genes (ARGs) via atmospheric particles has received little attention
as a pathway for global dissemination. These atmospheric particles can return to the Earth’s surface via rain or snowfall, and
thus promote long-distance spread of ARGs. However, the diversity and abundance of ARGs in fresh snow has not been
studied and their potential correlation with particulate air pollution is not well explored. Here, we characterized ARGs in
44 samples of fresh snow from major cities in China, three in North America, and one in Europe, spanning a gradient from
pristine to heavily anthropogenically influenced ecosystems. High-throughput qPCR analysis of ARGs and mobile genetic
elements (MGEs) provided strong indications that dissemination of ARGs in fresh snow could be exacerbated by air
pollution, severely increasing the health risks of both air pollution and ARGs. We showed that snowfall did effectively
spread ARGs from point sources over the Earth surface. Together our findings urge for better pollution control to reduce the

risk of global dissemination of antibiotic resistance genes.

Supplementary information The online version of this article (https://
doi.org/10.1038/541396-020-00780-2) contains supplementary
material, which is available to authorized users.

P4 Guibing Zhu
gbzhu@rcees.ac.cn

P4 Zifa Wang
Zifawang @mail.iap.ac.cn

>< Yong-Guan Zhu
ygzhu@rcees.ac.cn

Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences, Beijing 100085, China

State Key Laboratory of Atmospheric Boundary Layer Physics
and Atmospheric Chemistry, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing 100029, China

Key Lab of Urban Environment and Health, Institute of Urban
Environment, Chinese Academy of Sciences, Xiamen 361021,
China

SPRINGER NATURE

Introduction

Antibiotic-resistant pathogens pose a significant threat to
human health and have become a serious global challenge
in the 21st century. Antibiotic resistance genes (ARGs) are
widely disseminated from anthropogenic sources, such as
sewage, sludge, hospitals, and animal wastes, into soil [1],
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freshwater [2, 3], estuarine [4], and marine ecosystems
[5, 6]. Terrestrial surface ecosystems have been reported as
important reservoirs for ARGs [7, 8]. The continuous dis-
charge of these emerging microbial contaminants could lead
to an increase in the background levels of resistance,
therefore enhancing the likelihood of global dissemination
of ARGs via wind, diffusion, and water vapor loop into
air [9, 10].

ARGs could enter the atmosphere adsorbed on biolo-
gical aerosols from wind-borne dust, wastewater treatment
plants, or biomass burning [11-13], that are subsequently
disseminated globally via jet streams [14-16]. These
aerosols can then return to the Earth’s surface through
deposition in snow and rain, connecting the atmosphere
and the Earth’s surface and creating a global ARG cycle
[10]. Snowfall is particularly effective in this regard, since
it precipitates matter in ice nuclei on a large regional
scale. In contrast, rain precipitates particles underneath
clouds, which is a much more local process [17-19].
Observations from 2008 to 2015 showed that fine parti-
culate matter (PM,5) was generally detected at twofold
higher concentrations in cold seasons than in warmer
seasons [20]. Moreover, long-term weather monitoring in
China revealed a higher air pollution in colder snow
seasons, mainly caused by fossil fuel burning [21, 22].
This may yield more (ARG) deposition onto the land
surface. However, the occurrence, fate, and dynamics of
ARGs in the atmosphere remain largely unexplored,
especially under cold snow conditions.

Antibiotic resistance and ARGs are inherent char-
acteristics of microorganisms [23]. However, the inap-
propriate use of antibiotics and/or the release of
antimicrobial pollutants generates selection pressure on
microorganisms, which could lead to a large-scale
increase in ARG abundance and drive the generation of
new ARGs [4, 8, 10]. ARGs enter atmospheric cycles via
evaporation and wind [13, 16, 24], and can be dis-
seminated globally with pollutant transportation [14, 25].
Under the influence of long-term atmospheric circulation,
ARGs are completely mixed in the air, and the abundance
and profiles of ARGs could reach a relatively stable and
homogeneous state. Hence the community composition of
ARGs in air may be similar, to a certain extent, at a global
scale. However, within the air pollution area, the frequent
occurrence of haze under low-pressure airflow conditions
in winter, coupled with high-level PM could lead to
an increase of the heterogeneity of ARGs in air
[11-13, 21, 22]. The degree of association between par-
ticulate pollution and snow could vary as a function of
local pollution. As a result, ARG communities could
show different diversities related to local air pollution.
Because of the difference in disseminating mode and
mechanism, some ARGs will show increase or decrease

in abundance with air pollution [4, 9, 11-13, 20] and
therefore they may be used as an indicators of local air
pollution. Against this background, we hypothesize that
particulate pollution especially via snowfall could lead to
dissemination of ARGs in the atmosphere and that ARGs
might serve as biomarkers for anthropogenic atmospheric
pollution.

Hence, the objective of this study was to investigate the
abundance and composition of ARGSs in snow so as to
identify the potential drivers shaping the biogeography of
ARGs and to determine key ARG indicators for air pollu-
tion. To achieve these goals, we sampled fresh snow from
2016 to 2019 in 33 cities (29 in China, 3 in North America
and 1 in Europe) across the world (13,000-km transect belt)
in the Northern Hemisphere. High-throughput quantitative
PCR (HT-gPCR) was used to estimate the abundance,
number and diversity of ARGs, and the relations between
ARG profiles and bacterial communities were examined.
Combined with molecular biology results, various statistical
analysis methods including partial redundancy analysis,
correlation analysis, nonmetric multidimensional scaling
analysis (NMDS), fitting curve analysis, and network co-
occurrence tests were performed to investigate the biogeo-
graphy of ARGs in snow and determine key ARG indica-
tors for air pollution.

Methods
Fresh snow sampling

A total of 48 snow sampling sites, 44 fresh snow samples
from major cities in China, and three in North America and
one in Europe, were collected (across a 13,000-km transect
belt) in the Northern Hemisphere (23°05'N-66°05'N). Of
these, 22 national-scale sampling sites were taken from
China in 2016-2017, and 22 sites were further collected in
2018-2019 to verify the previous results. At the same time,
in order to better reveal the occurrence, distribution, and
inherent underlying mechanism, we also collected four
samples from Munich, Washington, New Jersey, and
Edmonton, where the level of local air pollution is lower
than that of China. These sample sites have different energy
structures, population, socio-economic development levels,
and air pollution levels. For each location, five replicate
samples were taken at each sampling site (100 x 100 m; all
four corners and the central point) and measured separately.
Details of sampling sites are presented in the Supplementary
Table S1.

Sampling dates were determined from forecasts for
snowfall. Fresh snow samples were taken from the begin-
ning until the end of one snow event. When the snow began
to land, it was collected on the ground on top of a plastic
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sheet; the collected samples were stored in a portable
freezer and immediately sent to the laboratory. In
the laboratory, the snow samples were melted and mixed at
4 °C, and divided into two portions for DNA extraction and
chemical analyses. To ensure a sufficient sample size, from
each point, we collected at least 30 L of snow (about 4-8 L.
snow can melt into 1 L of snow water). The extracted DNA
was stored at —80 °C until analysis.

Air quality index (AQI)

The AQI is used by Chinese government agency to com-
municate to the public how polluted the air currently is or
how polluted it will, most likely, become. There are six
pollutant monitoring items in the AQI: sulfur dioxide (SO,),
nitrogen dioxide (NO,), inhalable particles (PM;q), PM; s,
carbon monoxide (CO,), and ozone (O3). Public health risks
increase with increasing AQI levels, and different countries
have their own air quality indices, corresponding to differ-
ent national air quality standards. The computation of the
AQI requires an air pollutant concentration over a specified
averaging period; it can be calculated either per hour or per
24 h. An individual score (Individual Air Quality Index) is
assigned to each pollutant, and the final AQI is the highest
of these six scores (for detailed information, see the Sup-
plementary Table S2).

Backward trajectory analysis

The 2-day (48 h) backward trajectories were calculated
every hour at a height of 100 m above the ground level,
ending at each snow sampling day, using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT,
NOAA) 4.9 model [26]. The trajectories were then grouped
into five clusters using the algorithm of cluster analysis. The
clustering of trajectories is based on the total spatial var-
iance method [27], which minimizes the inter-cluster dif-
ferences among trajectories while maximizing the outer-
cluster differences; it has been widely used in previous
studies [22, 28].

Sample chemical analysis

Concentrations of NH,, NO;~, and NO,~ were measured
using continuous flow analyzers (Germany, SEAL, AA3),
while CI~ and SO,>~ were determined using ion chro-
matography (USA, Diana, ICS-1000). The Na®, KT,
Ca*", and Mg”>" cations were measured using a full-
spectrum direct-reading plasma emission spectrometer
(USA, Leeman, Prodigy). Specific-surface area and con-
centration of particulate matter were measured by a Laser
Particle Size Meter (Supplementary Table S3). Socio-
economic parameters were collected and calculated from
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governmental statistical yearbooks, bulletins, and reports
(Supplementary Table S1).

DNA extraction and HT-qPCR

The water from the melted snow (0.5-2 L, depending on the
pollution level) was filtered through a 0.22-um-pore-size
filter (diameter, 45 mm; Millipore, New Bedford, MA),
which was then used for DNA extraction, using the Fas-
tDNA Spin Kit for Soil (MP Biomedicals) according to the
manufacturer’s protocol. The DNA quality analysis was
performed using a NanoDrop2000 UV-visible spectro-
photometer (Thermo Fisher Scientific Inc., Wilmington,
DE, USA) and 1% (w/v) agarose gel electrophoresis, and
the OD260/0D280 ratio of the DNA was between 1.8 and
2.0. The extracted DNA was quantified using the Quanti-
Fluor dsDNA kit (Promega) in a 96-well microplate
reader (SpectraMax M5, Molecular Devices), diluted to
50ng uL~! using sterile water, and stored at —80°C for
further analysis.

A total of 296 primer sets were selected to investigate
genes present in the atmospheric snow DNA. These primer
sets targeted resistance genes for all major classes of anti-
biotics (285 primer sets), transposase genes (8 primer sets),
one universal class I integron-integrase gene (intl), and one
clinical class 1 integron-integrase gene (cintl), and the 16S
rRNA gene. The HT-qPCR was performed using the
Wafergen Smart Chip Real-time PCR system at the Key
Lab of Urban Environment and Health, Institute of Urban
Environment, Chinese Academy of Sciences. For each
primer set, a non-template negative control was included.
The PCR cycle consisted of 10 min at 95 °C, followed by 40
cycles of denaturation at 95 °C for 30 s and annealing at
60 °C for 30s. Melting curve analyses were automatically
generated by the Wafergen software. All quantitative PCRs
were carried out in technical triplicates. Wells with effi-
ciencies beyond the range of 1.7-2.3 or an R* under 0.99
were discarded. Only data for samples with at least three
repeated sampling replicates, which generated amplification
products, were regarded as positive and used for further data
analysis. The relative copy numbers of ARGs generated by
the HT-qPCR were transformed into absolute copy numbers
by normalization, using the absolute 16S rRNA gene copy
number.

The standard curve method of quantification by the
Roche 480 system was used to determine the absolute 16S
rRNA copy numbers at the same Key Lab facility. Each
gPCR reaction mixture (20 uL) contained 10 uL 2x Light
Cycle 480 SYBR Green I Master (Roche Applied Sciences),
1 g uL‘l bovine serum albumin, 1 M of each primer,
1 ng uL™! template DNA, and 6 uL nuclease-free PCR-grade
water. The thermal cycle consisted of a 10 min of initial
enzyme activation at 95 °C, followed by 40 cycles of
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denaturation at 95 °C for 30s, annealing at 60 °C for 30 s
and extension at 72 °C for 15s. A plasmid control con-
taining a cloned and sequenced 16S rRNA gene fragment
(1.39x 10'° copies per liter) was used to generate eight-
point calibration curves from tenfold dilutions for standard
calculation. All gPCRs were performed in technical tripli-
cates with negative controls.

Bacterial 16S rRNA gene sequencing

The V4-V5 region of the 16S rRNA gene was amplified,
purified, quantified, pooled-, and multiplex-sequenced on
an Illumina Miseq platform at Novogene to characterize
bacterial communities. Each of the 50-uL PCR reaction
mixtures contained 25 uL TaKaRa ExTaq, 0.5 uL bovine
serum albumin, 1 uL of each primer, 1 uL DNA as template,
and 21.5 pL nuclease-free PCR-grade water. The thermal
cycle consisted of 3 min of initial enzyme activation at
94 °C, followed by 30 cycles of denaturation at 94 °C for
30 s, annealing at 58 °C for 1 min, and extension at 72 °C
for 1 min, with a final extension step at 72 °C for 5 min.
Raw, paired-end reads were merged to clean sequences after
filtering the adapter sequences and removing low-quality
reads, ambiguous nucleotides, and barcodes. Raw sequen-
ces were demultiplexed and quality-filtered using QIIME
[29] and Mothur [30].

Statistical and network analysis

Spearman correlations were performed to test the associa-
tions between ARGs and mobile genetic elements (MGEs)
in fresh snow samples with bacterial abundances, environ-
mental variables, social-economic factors, and atmosphere
climate factors, using the software package SPSS 10.0.
One-way ANOVA was used to analyze the differences in
ARG abundance under different air pollution levels or
elevations, using SPSS 10.0. Heatmaps were generated in
Heml. The NMDS analysis was conducted in Canoco 5.
Venn plot was generated using VennDiagram package in R
3.6.1. Distance-decay was calculated in the vegan package
in R 3.6.1. Partial redundancy analysis was used to
delineate the effects of explanatory variables including
physiochemical factors (NO;~, NH,*, NO,~, CI~, SO427,
Na®, K", Mg*", Ca’", specific-surface area, and con-
centration of particulate matter), social-economic factors
(population, GDP, healthcare level (number of hospitals),
and sewage treatment (number of sewage treatment plants)),
and bacterial community on the ARG profiles of snow
samples, using R 3.6.1 with the vegan package.
Combined with molecular biology results, environmental
factors, socio-economic factors, and natural factors were
analyzed in parallel to identify potential drivers shaping the
biogeography of ARGs in snow. Partial redundancy

analysis, correlation analysis, fitting curve analysis, and
network co-occurrence analysis were performed to deter-
mine key ARG indicators for air pollution and biogeo-
chemical cycles. Specifically, Spearman’s rank correlations
were calculated in the R environment using psych package
and the correlation between two items was considered sta-
tistically robust with »>0.8 and a p value < 0.01 according
to Li et al. [31]. Network visualization was conducted on
the interactive platform of Gephi with Fruchterman Rein-
gold placement algorithm [32]. The network parameters
such as high average degree, high closeness centrality, and
low betweenness centrality were used to identify the key
ARG subtypes in each module [33]. Spearman’s correlation
coefficients were calculated between the ARG subtypes and
the total abundance or AQI, where ARGs with Spearman’s
correlation coefficients > 0.7 and a p value <0.05. The
linear regressions between ARG indicators and total ARGs
or AQI were analyzed using Origin 9.0. The p values were
adjusted with a multiple testing correction using the
Benjamini—-Hochberg method to reduce the chances of
obtaining false-positive results in R environment [34]. The
broken line plot was used to fit the correlation between the
abundance of ARG indicators and total ARGs. All bar
charts, scatter diagrams, pie charts, and broken line graphs
were generated in Origin 9.0.

Results
ARGs and MGEs in snow

A total of 205 different ARGs and 10 MGEs were detected
from the subset of urban fresh snow samples (Fig. la),
respectively ranging from 1.55 x 10* to 3.83 x 10" and from
2.07x10° to 7.38x10° copies L™' snow water. The
detected ARGs and MGEs showed a high temporal and
spatial heterogeneity (one-way ANOVA, p=0.041 and p
= 0.046, respectively). The abundance of ARGs and MGEs
were significantly correlated with AQI and fine particulate
matter (PM,5) (all <p =0.05, Supplementary Table S4).
Analysis of the detected ARGs showed that the most
common genes were most likely involved in conferring
resistance to aminoglycosides, p-lactams, or were multidrug
resistance determinants (Fig. 1b). Antibiotic transformation/
deactivation was the dominant resistance mechanism
encoded by the ARGs, followed by efflux pumps, and
cellular protection (Fig. 1c and Supplementary Fig. S1). The
relative abundance, the number of ARGs detected and
bacterial abundance all increased significantly with
increasing air pollution (all <p =0.05) (Fig. 1b, d, and
Supplementary Table S4).

Partial redundancy analysis showed that a suite of
environmental factors (NO;3, NH,*, NO,™, CI, SO42_,
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Fig. 1 Spatiotemporal distribution of antibiotic resistance genes
(ARGs) and mobile genetic elements (MGEs) in global atmo-
spheric snow under different air quality index (AQI) values. a
Sampling sites and years of atmospheric snow. A total of 48 snow
sampling sites, 44 fresh snow samples from major cities in China and
three in North America and one in Europe, were collected across the
world, covering different climatic and geological zones. The sites were
affected by different climatic, socio-economic, and physiochemical
factors, at various degrees. The size of the solid circles represents the
AQI value. b Absolute abundance, numbers of different ARGs and
MGEs, and bacterial abundance at sampling sites, binned by different
AQI values. Sampling sites are divided into different pollution levels

Na®, K*, Mg?", and Ca®>" levels, specific-surface area, and
concentration of particulate matter) explained over 86% of
the observed variations in ARGs (Supplementary Fig. S2
and Table S5). Increasing levels of air pollution sig-
nificantly and positively influenced ARG abundance (Sup-
plementary Fig. S3). Temperature, solar radiation, and
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cc
HEB

+
Moderate

Polluted

based on AQI intervals of <50, 50-100, and >100, representing good,
moderate, and polluted air, respectively. The unit of abundance was
copies per liter of snow water. Error bars represent standard error (SE)
of the replicates at each site (n=3). ¢ The pie charts show the pro-
portions of four resistance mechanisms (antibiotic deactivation, efflux
pumps, cellular protection, and others) under different pollution levels.
d Heatmap of detected ARGs, classified by resistance mechanisms,
from snow collected under different AQI values. Only ARGs of which
the total abundance was accounted over 60% of each resistance
mechanism were shown. The values of the heatmap was the log of
ARG absolute abundance.

socio-economic factors such as population, GDP, medical
level, and sewage treatment conditions were not sig-
nificantly correlated with any of the ARGs (Supplementary
Table S6). In summary, particulate pollution of the atmo-
sphere was strongly correlated with the occurrence and
dissemination of ARGs in air, and subsequent snowfall
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and ARG and MGE in snow under different categories of air
quality. In the ARG and MGE networks, nodes and edges are colored
according to the homology of ARGs and MGEs. The nodes with a
high degree of significance are labeled, being classified into the aadA
family, vancomycin resistance, the class A and C p-lactamase families,

resulted in pollution of the land surface with both particulate
matter and ARGs.

The community composition and diversity of atmo-
spheric ARGs in urban fresh snow was further investigated.
The NMDS analysis of ARG profiles showed that there was
no significant clustering under different air pollution levels
or under the same pollution level (Supplementary Fig. S4),
which implied that the atmospheric ARGs shared a similar
dominant community. In seventy percent of the total sam-
ples, the three most abundant ARGs at the resistance class
were similar, namely, multidrug, aminoglycoside, and f-
lactamase resistance genes. The ARG diversity measures
showed that the numbers of unique ARG subtypes in pol-
luted sites were significantly higher than that in clean sites
(Supplementary Fig. S5). For example, aadA1-01 was only

Moderate
50<AQI<100

Polluted
AQI>100

MGE:s
@ Transposase )
Others Integron @ Bacteria
Bacteria & ARG & MGE

Interaction with ARGs & MGEs
Interaction with bacteria

and transposase, respectively. Node size was proportional to node
degree; edges represent interactions between nodes. In the bacterial
and ARG and MGE networks, nodes were colored for the types of
ARGs and genera of bacteria. Edges were colored for the interactions
with ARGs and bacteria, respectively (see Supplementary Tables S7
and S8 for detailed network parameters).

detected in polluted sites, but was absent from clean sites.
Moreover, the Chaol index of ARGs increased significantly
with the increase of air pollution (r=0.412, p<0.05,
Supplementary Fig. S6). These results indicated that the
composition of dominant resistance classes of ARGs was
independent of the air pollution levels, while air pollution
could increase the richness of ARGs.

Co-occurrence of atmospheric ARGs, MGEs, and
bacteria

The elevated interaction among ARGs and MGEs with
increasing air pollution was also confirmed by Spearman’s
rank correlation-based network analysis (Fig. 2, Supple-
mentary Tables S7 and S8). ARG abundances were
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Fig. 3 Global distribution of airflow trajectory under different
pollution levels and correlation between antibiotic resistance genes
(ARGS) and air quality index (AQI) in snow. Plane graphs of air-
flow trajectory under different air qualities with a-1 AQI <50 (good),
a-2 50<AQI< 100 (moderate), and a-3 AQI> 100 (polluted), and a-
4 stereogram of the pressure variation of air trajectory under different
pollution levels. The green bar indicates clean sampling sites where the
airflow trajectory showed both horizontal and vertical dimensions; the
orange bar indicates light pollution, and red bars indicate heavy pol-
lution, where the airflow descent trajectory decreased. b Distance-
decay analysis of ARG similarity revealed a significant spatial pattern
of ARG distribution. National scale, from 0 to 4000 km, Pearson’s r =

correlated at a high significance level with the abundance of
transposase genes across all AQI levels (all <p = 0.05), and
significantly correlated with integron-integrase genes at
polluted sites (Supplementary Fig. S7 and Table S9). Spe-
cifically, the most frequently detected mpA genes (tnpA-02,
tmpA-07, and Tp614 genes), were closely connected with
ARGs in networks from the different environmental sam-
ples (Supplementary Table S10). These genes mediate gene
transfer within chromosomes or plasmids [35-37], sug-
gesting a significant contribution of horizontal gene transfer
to ARG dissemination. Network co-occurrence analysis of
ARGs and the 16S rRNA genes of co-occurring bacteria
had a strong positive correlation at the family level, while at
the genus level, the diversity of bacteria and their connec-
tions with ARGs increased with higher pollution levels
(Fig. 2). For example, the vancomycin resistance gene
vanC-03 exhibited a stronger connection with a wider range
of bacteria in polluted sites (Supplementary Table S11).
Pseudomonas only connected with aadA5-01 in clean sites
while they showed significant connections with both ARGs
(aac(6')-Ib(aka aacA4)-01, aadA5-01, aadA5-02, terR-02)
and MGEs (intl-1(clinic), tmpA-01) in polluted sites (Sup-
plementary Table S11).This suggests that air pollution may
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—0.28, p =0.002. Global scale, from 0 to 13,000 km, Pearson’s r =
—0.006, p > 0.05. ¢ Correlation between AQI value and the abundance
of typical ARG families (aadA family, vancomycin resistance, the
class A and C p-lactamase families) (expressed as copies per L snow
water, plotted on a log scale). The left column shows that parts of the
ARG subtypes of the families were significantly positively related to
AQI. The upper two graphs on the right column show that parts of the
subtypes of the vancomycin resistance and aadA family showed no
obvious difference as pollution increased, while the latter graph shows
that some in the class A f-lactamase families decreased with increasing
pollution levels.

promote co-occurrence of atmospheric ARGs, MGEs, and
bacteria.

Air pollution and dissemination of ARGs

Since ARGs can be recovered in samples deposited from
the atmosphere, air movement potentially promotes the
dissemination of resistance genes. In this study, ARG
abundance and diversity were similar (one-way ANOVA,
p>0.05) among sampling sites below and above an ele-
vation of 500 m (regions below altitude 500 m are more
significantly affected by human activities). The correlation
between ARGs, cations, and anions also showed no sig-
nificant differences above and below 500 m (Supplementary
Fig. S8). No distance-decay pattern was observed for ARG
profiles in snow along the entire 13,000-km transect
(Fig. 3b, all >p=0.05). Taken together, these findings
suggest that atmospheric ARGs were fully mixed via ver-
tical and horizontal air movement. Meanwhile, there were
no significant relationships between microbial community
similarity and geographical distance in the ranges of 4000
km and 13,000 km (Supplementary Fig. S9). This suggests
that ARGs are present as intracellular DNA, but also as
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Fig. 4 Potential ARG biomarkers and their correlation with total
ARGs and air pollution. a Co-occurrence network analysis of ARG
biomarkers and their correlation with total ARGs. The network shows
the potential interaction among the ARG biomarkers (different colors).
The line plots show the abundance of each biomarker (different colors)
along with the total ARG abundance (gray) in all sampling sites.
Biomarkers were colored differently for both the nodes in the network
and the lines in the curves, with vanC-03 in blue, blaCMY2-02 in
magenta, aadAl in light cyan, blaCTX-M-04 in dark cyan, aadA2-02

extracellular DNA in contaminated particles (in accordance
with previous results in sediments [38], wastewater [39] and
sludge [40]), and are thus more susceptible to atmospheric
dissemination.

Since we have data on the abundance of ARGs; the
settling velocity and mass of snowflakes; and the number of
snowflakes per cubic meter, we were able to estimate the
rate of ARG deposition via snowfall. ARGs flux via
snowfall was calculated to be between 7 + 3 and 1007 +474
copies per m? per second (Supplementary Fig. S10 and
Table S12). Detailed explanations of these calculations are
shown in the Supplementary data. The estimated ARG flux
showed significant correlation with AQI and PM,5 (all
<p =0.05) with strong heterogeneity in the air (Supple-
mentary Table S13), further emphasizing the dissemination
of antibiotic resistance via air pollution.

Each sampling site has different prevailing wind direc-
tions that change with climatic conditions and seasons
(Fig. 3a and Supplementary Fig. S11). This means that
weather patterns act to diffuse ARGs at a regional scale.
Distance-decay analysis showed a significant negative cor-
relation between the similarity of ARG profiles and the
geographical distance within 4000 km (r=—0.28, p<
0.001, Fig. 3b). Other than horizontal directions in all
sampling sites, airflow trajectory in pristine sampling sites
showed both up and down directions, while in polluted
sites, it shifted to downward movements due to the low
pressure (700-1000 hPa atmospheric pressure, Supplemen-
tary Fig. S12). This resulted in the accumulation of resis-
tance genes, which is consistent with the static nature of

blaCMY2-02
0 S0 100 150 200 250

Inassociate

+ 20162017

blaSFO (copies/L) aadA2-02 (copies/L) blaCTX-M-04 (copies/L)

Negative

0 S0 100 150 2
AQI

250

in yellow, and blaSFO in light gray. The linear regression curves in the
upper left of each line plot show the correlation between abundance of
potential biomarkers and the total ARGs. b Correlation between
potential biomarkers and AQI. Data for 2016-2017 and 2018-2019 are
shown in the black and the blue plot, respectively. The blue line with
light cyan represents the linear regression of biomarker and AQI in
total snow samples from 2016 to 2019. The gray line with light gray
represents the linear regression of biomarker and AQI in the snow
samples from 2016 to 2017.

haze without the external force of atmospheric movement,
such as winds [20]. This was also consistent with the results
that there was a background value of resistance genes in the
atmosphere, and air pollution led to the dissemination of
some specific genes.

Curve fitting and co-occurrence network reveal
resistance genes as markers of atmospheric
pollution

The network co-occurrence analysis showed that the van-
comycin resistance genes, the aadA family, and the class A
and C fp-lactamase gene families were the key connecting
ARG families under different pollution conditions (Fig. 2
and Supplementary Table S14). Through component ana-
lysis, we found that these three ARG families and their
subtype genes possessed distinct distribution characteristics
(Fig. 3c). The abundance of the vancomycin resistance
genes and the aadA family showed an increasing or
unchanged trend with increased pollution, while the class A
and C f-lactamase families showed an increase or
decreasing trend. This made it possible to identify potential
indicators for total abundance of ARGs, and the severity of
air pollution.

The co-occurrence patterns among ARG subtypes
revealed that the genes blaCTX-M-04 and blaCMY2-02
in the class A and C B-lactamase families, aadAl and
aadA2-02 in the aadA family, and vanC-03 belong to the
vancomycin resistance were the hub of their respective
modules (Fig. 4a and Supplementary Table S15).
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Correlation and linear fitting analysis also showed that the
abundance distributions of blaCTX-M-04, blaCMY2-02,
aadAl, aadA2-02, and vanC-03 were in agreement with
total ARG abundance, while the blaSFO abundance
showed an opposite trend (Fig. 4a). Moreover, they
showed different co-efficient with increasing air pollution
levels. ARGs blaCMY2-02, aadAl, vanC-03 showed an
increasing trend, aadA2-02 and blaCTX-M-04 showed a
stable trend, and blaSFO gene showed a decreasing trend
(Fig. 4b and Supplementary Table S16). Therefore, we
propose that blaCTX-M-04, blaCMY2-02, aadAl,
aadA2-02, vanC-03, and blaSFO genes are most suitable
indicators, or proxies, to estimate the abundance of other
co-occurring ARG subtypes, total ARGs, and the severity
of air pollution.

Further verification of temporal and spatial scales

We collected further fresh snow samples in 2018-2019 to
verify the results of the initial study. A total of 245 ARGs
and 12 MGEs were detected from the 22 urban fresh snow
samples (Supplementary Fig. S13), with absolute abun-
dances ranging from 2.64 x 10% to 2.29 x 10% copies L.
Both ARG and MGE abundances were significantly corre-
lated with air pollution (all <p =0.05, Supplementary
Table S4). Resistance genes against f-lactams, aminogly-
cosides, and multidrug resistance determinants were again
the most prevalent genes, in good agreement with the initial
results. Both transposase and integron genes showed strong
relationships with ARGs (all <p =0.05, Supplementary
Table S17), indicating that horizontal transfer promotes the
potential spread of ARGs. In particular, the integron-
integrase gene was significantly correlated with almost all
resistance genes in polluted sites (p < 0.05), but not in clean
sites (Supplementary Table S17), again consistent with
previous results.

Component analysis showed that the proposed ARG
indicator genes showed similar trends with air pollution
and total ARG abundance, although some ARG subtypes
of the aadA family, vancomycin resistance, and the
class A and C p-lactamase families showed different
trends with increasing pollution levels. The blaSFO gene
in the class A p-lactamase family decreased in the follow-
up study with increasing air pollution. The aadAl in the
aadA family, the blaCMY2-02 gene in the class C f-
lactamase family, and vanC-03 were strongly and posi-
tively related with AQI (all <p =0.05), while aadA2-02
in the aadA family and blaCTX-M-04 in the class A B-
lactamase family showed no significant differences under
distinctive contamination conditions (one-way ANOVA,
p>0.05). Here, we showed again that all six indicator
genes could predict the trends in total ARGs and air
pollution conditions.
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Discussion

In this study we report ARG pollution in fresh snow on a
planetary scale. ARGs are widely distributed among
environmental bacteria, which exist in air mainly in the
form of biological aerosols adsorbed onto particle surfaces
[41, 42]. Particulate matter with sizes less than 10 um can
be transported over long distances in the atmosphere and
have a relatively long residence time [14, 25, 43, 44].
Diverse and abundant air-borne ARGs can then return to the
land surface via precipitation, especially snowfall. This
indicates that ARGs from major point sources (sewage
[3, 45], sludge [46], hospitals [45], and animal manure [1])
can potentially contaminate the entire surface of the Earth.
This generates an “environmental ARG loop” (Fig. 5),
connecting human activity to the whole earth’s surface via
deposition of particulate pollutants, including those that
carry resistant bacteria or resistance genes.

Furthermore, our results provide direct evidence that
precipitation of ubiquitous ARGs in fresh snow was exa-
cerbated by air pollution. We found a significant impact of
air pollution on both the diversity and abundance of ARGs
and MGE:s. Integrons are widely known for their role in the
transfer of ARGs [47]. There was a strong significant
positive correlation between integrons and ARGs and poor
air quality, while there was hardly any correlation with good
air quality, suggesting that particulate pollution may
accelerate both ARG dissemination and horizontal transfer
of ARGs, which is consistent with previous results that the
cities with different air pollution levels have different levels
of ARGs [11, 48]. The possible microbial mechanism is that
bacteria, such as the Pseudomonas detected in this study,
could be metabolically active in the snow water and mul-
tiply with nutrients derived from the air pollution, especially
in highly polluted air [18, 49]. This is also potentially driven
by selection of resistance determinants by co-polluting
selective agents. An increasing number of studies record
metals [50], antibiotics [12, 51], pathogens [52, 53], and
microplastics [54-56] as being associated with air-borne
particulates, and this effect is worse during haze episodes
[57, 58]. These selective agents are known to interact, and
could drive co-selection, because resistance genes for these
various agents are often clustered in genomic islands and
plasmids. Therefore, particulate matter could be a hotspot
for the development of new resistance combinations due to
co-contamination of particles with toxic chemicals. We
believe that air pollution can translate local pollution of
ARGs into global impact, which gives a further urgent need
for a strong reduction of air pollution.

Our finding that ARG transport by air could be exacer-
bated by anthropogenic air pollution is an additional strong
indication for the impact of the Anthropocene to changes in
geological, ecological, sociological, and anthropological
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Fig. 5 Schematic representation of the ARGs environmental loop.
The ARGs generated from hospitals, livestock farms, and sewage
treatment plants (among others) could emit from terrestrial surface soil
and water ecosystems into the atmosphere through wind action, water
evaporation, and dust transport, and return to ground again via wet or
dry precipitation. The increase of particulate matter (PM) in the air will
significantly increase ARGs’ habitats. Particularly in winter, these

influences in the recent Earth history [59]. Increased
population and human activities have dramatically changed
atmospheric biogeochemical cycles and leave strong
imprints [60, 61]. Geochemical isotopic markers (such as
15N, 13C, and 18O) can be used to trace human activities, but
are currently limited for environmental samples >100 years
old without disturbance, with a higher accuracy at the
millennium scale [50, 62-65]. It is still unknown how to
retrieve the human footprint at the centennial scale under
obvious allochthonous disturbance. Compared with stable
and passive geochemical markers, community structure and
genetic information of microorganisms are significantly
shaped by the external environments, thereby quickly
reflecting these imprints. In this study, we estimated the flux
of ARGs (7 +3 to 1007 £ 474 copies per m” per second) in
snowfall carried down from the air. Such large volume of
ARGs will leave a distinct mark in sediment and ice thus
potentially form clear stratigraphic signatures. The time
point of commercial development and large-scale applica-
tion for each antibiotic is different. In this study we found
that a subset of six unique resistance genes can be used as
biomarkers to trace human activities. Further environmental
ARG bioindicator research may focus on centennial-scale
dating in sediments and ice cores to estimate the lower
boundary of the Anthropocene, to complement chemical

ARGs mainly come back to the surface via snowfall deposition,
making it more accessible again to the human, animals, and other
pathogenic microorganisms. The ARGs cycle among the atmosphere,
terrestrial and aquatic ecosystems will result in a continuity of
hazardous exposure to ARGs. The red, yellow, and blue points
represent various ARGs, and the gray irregular circle represents par-
ticulate matter.

and mineralogical dating methods. In summary, particulate
matter pollution can accelerate ARG dissemination, and
snowfall monitoring can potentially be used as a mean to
surveil global dissemination of ARGs. In addition to the
geochemistry and atmospheric physics, we provide a novel
biological method to study the influences of human activ-
ities on the atmospheric cycle across a 100-year scale.
Future environmental ARG biomarker research should
focus on other centennial-scale dating studies, such as
sediment core, soil core, and ice core analysis to estimate
the human footprint.
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could be requested from the corresponding author.
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