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Abstract
Background: Environmental spread of antibiotic resistance has become a public health problem, but the
relationship between air quality and antibiotic resistance has not been fully investigated, the effect and
mechanism of air pollutants on horizontal genes transfer of antibiotic resistance are rarely mentioned.

Results: In the present study, signi�cant correlation ( P < 0.05) between resistance rates of 10 clinical
antibiotic-resistant pathogens and number of days when air quality index was below 100 were observed
in an extensive survey from 2014 to 2017 in China. In addition, characterization of antibiotic resistance
genes (ARGs), mobile genetic elements (MGEs), and bacterial communities in airborne particulate matter
(PM), dust, and human airway sputum samples were pro�led in a hospital. PM 2.5 and PM 10 were
shown to contain ARGs and MGEs high relative abundance and diversity index. Importantly, transferable
multi-resistant plasmids were identi�ed from air, e.g., pTAir-3 with 26 MGEs and 10 ARGs, using
conjugative mating assays and nanopore sequencing . Furthermore, PM 2.5 and PM 10 signi�cantly
enhanced the conjugative transfer frequencies between bacteria, via inducing increased levels of reactive
oxygen species and cell membrane permeability; upregulated gene expression levels were con�rmed by
genome-wide RNA sequencing.

Conclusions: These �ndings provide a new perspective on antibiotic resistance research and have
profound implications for antibiotic resistance control in clinics and environments.

Introduction
Antibiotic resistance is a serious threat to public health [1]. Diverse and abundant antibiotic resistance
genes (ARGs) are widespread in most environments (e.g., air, water, soil, remote and pristine glacier and
caves, urban sewage, and drinking water) [2–11]. Horizontal gene transfer (HGT) is a major driver for
disseminating ARGs within and across bacterial genera, via mobile genetic elements (MGEs), such as
plasmids, integrons, transposes, and prophages [12]. In this regard, conjugation is the most dominant
HGT mechanism to transfer DNA between donor and recipient bacteria [13]. Increasing antibiotic-resistant
bacteria (ARB) infections and multi-environmental spreading of ARGs are associated with increasing
patient hospitalization and mortality rates [14–17].

Antibiotic resistance and air pollution are included in the WHO reports “ten threats to global health in
2019", but 90% of people breathe polluted air every day [1]. Microscopic pollutants in�ltrate respiratory
and circulatory systems, whose antibiotic resistance potential might exacerbate morbidity and mortality.
ARGs are found in a number of aerial environments including hospitals, cattle feed yards, sewage
treatment plants, and urban and rural areas [18–25]. These researches demonstrated ARGs presence and
abundance in air environments, however, little is known about the linkage between air quality and
antibiotic resistance, and the effects and mechanisms of air pollutants on ARGs spread. To address these
issues, this study tested the hypothesis that air quality correlates with antibiotic resistance, and
particulate matter (PM) promotes HGT of ARGs. Antibiotic resistance and air quality data across different
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geographical regions in China from 2014 to 2017 were evaluated, including correlation between the
number of days with good air quality (here de�ned as number of days when air quality index is below
100) and antibiotic resistance rates (here de�ned as percent of pathogens resistant to a particular
antibiotic). Furthermore, Sampling sets were designed in a hospital to investigate ARGs, MGEs, and
bacteria in the air, dust, and human airway sputum samples, as well as conjugation mating system to
identify the effects of PM2.5 and PM10 on ARGs conjugation transfer and mechanisms. The �ndings
provided a comprehensive view of ARGs and MGEs in a hospital aerial environment, and shed light on the
relationship between air pollutions and antibiotic resistance.

Materials And Methods
Data sources and Sampling.

Data sets on air quality and antibiotic resistance (percent resistant) in 13 common pathogens i.e.,
carbapenem resistant Escherichia coli (CREC), Pseudomonas aeruginosa (CRPA), Acinetobacter
baumannii (CRAB), and Klebsiella pneumoniae (CRKP), as well as erythromycin resistant Streptococcus
pneumoniae (ERSP), methicillin resistant Staphylococcus aureus (MRSA), and coagulase negative
staphylococci (MRCNS), penicillin resistant Streptococcus pneumoniae (PRSP), quinolones resistant E.
coli (QREC), third-generation cephalosporin resistant E. coli (3GCREC) and Klebsiella pneumoniae
(3GCRKP), and vancomycin resistant Enterococcus faecalis (VREFS) and Enterococcus faecium (VREFM)
were downloaded from publicly available data from the National Bureau of
Statistics(http://www.stats.gov.cn/) and Antimicrobial Resistance Surveillance System of
China(http://www.carss.cn/), respectively. The �nal data sets of antibiotic resistance bacteria represented
over 10 million clinically-relevant bacterial pathogens from over 1.3 thousand hospitals across thirty-two
provincial administrative regions of China from 2014 to 2017. The used clinically-relevant bacterial
pathogens were mainly derived from sputum specimens (averagely accounting for 41.6%), urine
specimens (averagely accounting for 17.6%) and blood specimens (averagely accounting for 9.5%). In
China, air quality index (AQI) is divided into six levels, ranging from �rst-level excellent (0–50), second-
level good (51–100), third-level mild pollution (101–150), fourth-level moderate pollution (151–200), to
�fth-level severe pollution (201–300), and sixth-level severe pollution (more than 300). The number of
days with the AQI below 100 can more effectively represent the air quality of a year than the average
concentration of pollutants. To characterize ARGs, MGEs, and bacteria community distribution in clinical
aerial environment, 70 samples were collected from a hospital during July 27 to August 2 in 2018,
including 17 patient airway (P) sputum samples (the samples were collected from volunteers in Inpatient
Respiratory Department) and 11 healthy human airway (H) sputum samples, and respiratory-related
environmental samples such as 7 indoor dust (ID), 7 outdoor dust (OD), 7 indoor PM2.5 (I-PM2.5), 7
outdoor PM2.5 (O-PM2.5), 7 indoor PM10 (I-PM10), and 7 outdoor PM10 (O-PM10) samples (detailed
sampling protocols, ethics approval, and DNA extraction procedures are described in Supplementary
Information Text S1).

High-throughput qPCR.
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ARGs and MGEs were analyzed by high-throughput qPCR (HT-qPCR) using the Takara SmartChip™. For
this, 285 antibiotic resistance gene primer sets for all major classes of antibiotics, 9 transposase gene
primer sets, one clinical class 1 integron-integrase gene primer set, and one 16S rRNA gene primer set
were evaluated (Table S1)[6, 26]. The antibiotics resistance genes to aminoglycoside, beta-lactams,
�uoroquinolone/quinolone/�orfenicol/chloramphenicol/amphenicol (FCA),
macrolide/lincosamide/streptogramin B (MLSB), sulfonamide, and tetracycline, vancomycin, and genes
coding multidrug e�ux pumps or antibiotic deactivation protein resistance to other antibiotic and
bactericide (multidrug) resistance genes were targeted by the 285 ARGs primer sets [5, 27] (detailed HT-
qPCR procedures are described in Supplementary Information Text S2).

Bacterial 16S rRNA gene sequencing.

Bacterial community structures were determined by 16S rRNA gene sequencing on a HiSeq PE250
platform (Illumina Inc., San Diego, CA). V4 to V5 regions of bacterial 16S rRNA were ampli�ed with the
universal primer set 515F (5’- GTGCCAGCMGCCGCGG-3’) and 907R (5’-CCGTCAATTCMTTTRAGTTT-3’)
[28] labeled with unique barcodes (7-nucleotide barcodes) for each sample. All sequences of each sample
were screened by �ltering adaptor sequences and removing low-quality reads, ambiguous nucleotides,
and barcodes. High-quality sequences were analyzed using Quantitative Insights into Microbial Ecology
(QIIME) and clustered into operational taxonomic units (OTUs) at 97% similarity level, using UCLUST.

Physiochemical characterization of PM 2.5 and PM10 samples.

PM2.5 and PM10 sample size distributions were evaluated in Zetasizer Nano ZS90 and Mastersizer 2000
equipment (Malvern, UK). Metal elements were analyzed by Inductively coupled plasma emission
spectrometer (Perkin Elmer, Norwalk, CT), after acid digestion.

Isolation of airborne conjugative plasmids and nanopore sequencing.

Filter mating assays were applied to capture airborne conjugative plasmids using Escherichia coli
NK5449 (nalidixic acid and rifampicin-resistant) as recipients and airborne sample isolations as donors.
Airborne sample isolations cultured from collected air sample �lters using LB media. Donor and recipient
strains initial bacterial concentrations were approximately 108 CFU/mL, which were monitored at an
optical density (OD) at 600 nm (OD600 value was approximately 0.8). After culturing for 12 h at pH 7.0

and 37 oC, suspension was plated on LB agar supplemented with 50 mg/L kanamycin, 50 mg/L
rifampicin, 100 mg/L cycloheximide, 100 mg/L ampicillin, 4 mg/L cipro�oxacin, 20 mg/L
chloramphenicol, 50 mg/L gentamicin, 30 mg/L streptomycin, 10 mg/L tetracycline, and 50 mg/L
erythromycin, respectively. Transconjugants showed more resistance than recipients, grew on selective LB
agar plates, and were identi�ed using denaturing gradient gel electrophoresis (DGGE), following
transconjugant plasmids extraction by the Qiagen Midi kit (Qiagen, Germany). Harvested plasmids DNA
were detected by agarose gel electrophoresis and quanti�ed by Qubit® 2.0 Fluorometer (Thermo Fisher
Scienti�c, Waltham, MA). The whole plasmid genome was sequenced using nanopore sequencing on
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PromethION platform and Illumina NovaSeq PE150 equipments at Beijing Novogene Bioinformatics
Technology Co., Ltd.; NCBI reference sequence database, comprehensive antibiotic resistance database,
and antibiotic resistance genes database were used to identify antibiotic, biocide, and metal resistance
genes. Presence of genomic islands within plasmids was predicted using Island-Viewer 4 and plasmid
pro�les were created using the SnapGene software 3.2.1.

Conjugation experiments after PM 2.5 and PM10 exposure.

An optimized conjugation model to evaluate the conjugative transfer of ARGs between E. coli HB101 and
E. coli RP4 was used, as previously reported [29]. E. coli HB101, which harbors RP4 plasmid carrying
resistance to tetracycline, ampicillin, and kanamycin, was selected as the donor strain in this study; E. coli
NK5449 represented the plasmid recipient. Donor and recipient strains were mixed and treated with
PM2.5/PM10 at 31.25, 62.5, 125, 250, and 500 µg/mL for 12 h at pH 7.0 and 37 oC [30]. PM2.5 and PM10

solutions were prepared as previously reported [30]. Amount of recipient bacteria and transconjugants
were counted on LB-selective solid medium as colony-forming units per milliliter (CFU/mL).
Transconjugants were identi�ed using DGGE and ampli�ed by PCR with RP4F 5’-
AAAGCGGACAGCATCAGTAACGAA-3’) and RP4R (5’- GAGCTTGGTGGCCGCATAGTGTAG − 3’) primers. The
conjugative transfer frequency was calculated as the amount of transconjugant cells to recipient cells
ratio.

ROS levels evaluation.

Intracellular ROS levels were determined using the 2′,7′- dichloro�uorescein diacetate (DCFH-DA) probe
(Invitrogen, Carlsbad, CA), according to manufacturer’s instructions. A CytoFLEX �ow cytometer
(Beckman Coulter, Brea, CA) was used to detect ROS at 488 nm excitation and 525 nm emission
wavelengths, and evaluated by the �uorescence intensity of treated sample and control group ratio. All
assays were performed in triplicate.

Transmission electron microscopy (TEM) detection.

Cell membrane permeability was visualized using a JEM-1010 transmission electron microscope (JEOL,
Tokyo, Japan) at 75 kV with a CCD camera (detailed procedures are described in Supplementary
Information Text S3).

RNA extraction, genome-wide RNA sequencing, and bioinformatics.

Conjugation mating systems were established as described above, using PM2.5 and PM10 at 0.0 (control),
31.25 (low-dosage), 125 (medium-dosage), and 500 µg/mL (high-dosage). After a mating period, QIAGEN
miRNeasy Mini Kit (QIAGEN, Germany) was used to extract the total RNA from the mixture, following
manufacturer’s instructions. RNA samples were analyzed in a Qubit 2.0 (Thermo Fisher Scienti�c) and
quality controlled on an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA). cDNA libraries
were constructed using the rRNA-depleted RNA by NEBNext® Ultra RNA Library Prep Kit (New England
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Biolabs, Inc., Ipswich, MA). According to supplier’s instructions. Sequencing was performed on Illumina
NovaSeq PE150 (Illumina Inc.). Gene expression was calculated as fragments per kilobase of a gene per
million mapped reads (FPKM). Differences in fold changes between different groups were calculated by
log2 fold-change (LFC) between control and airborne PM-treated samples.

Statistical analysis.
Diversity index, Mantel test, and Procrustes analysis were generated by R with ‘vegan’ packages.
Heatmaps of China were generated by R with ‘mapdata’, ‘maptools’, ‘plyr’, ‘mapproji’, ‘sp’, ‘maps’, and
‘ggplot2’ packages. Linear regression analysis graphs were generated by R with ‘ggplot2’ package.
Heatmap was generated by R with ‘pheatmap’ packages. PCoA (Bray–Curtis distance based) was
generated by CANOCO 5. Box and bar charts were generated by OriginPro 9.0 (OriginLab Corp.,
Northampton, MA). Network analysis was conducted in the Gephi platform and only statistically robust
correlations of Spearman’s correlation coe�cient (ρ) > 0.9 and signi�cance level P < 0.01 were used to
form the �nal networks by Frucherman Reingold algorithms [26, 31, 32]. Phylogenetic tree was extracted
from the taxa in MEGA7 program, using the maximum-likelihood tree with 500 bootstraps. SourceTracker
1.0.1 was used to estimate the relative contribution of the microbial taxa and ARGs from the source
environments to the sink environments by Bayesian methods [33] (details are described in Supplementary
Information Text S4).

Results

Relationship between antibiotic resistance and air quality
Four-year average number of days when air quality index was below 100 and antibiotic resistance
patterns across China from 2014 to 2017 heatmaps were generated (Fig. 1 and S1). Resistance rates of
10 antibiotic resistance pathogens (QREC, CREC, 3GCREC, CRAB, CRPA, MRSA, MRCNS, VREFM, CESP,
and 3GCRKP) showed signi�cant correlation with the number of days when air quality index was below
100 (Fig. 1b, P < 0.05), indicating, less antibiotic resistance pathogens emergence, as the number of clean
air days increases. Most antibiotic resistance bacteria used in this correlation are from respiratory
samples, so there is rationale for the increase of antibiotic resistance with increased air pollution.
Although high air pollution increases respiratory infections, the increase in the antibiotic resistance
(percentage of antibiotic resistance bacteria) is unexpected.

Abundant aerial antibiotic resistance genes
Seventy samples including air, dust, and human airway sputum samples were collected for seven
consecutive days to further identify ARGs in air or in its relevant matters, observing differential number
and Shannon index of detected ARGs in samples (Fig. 2a and b). Principal coordinate analysis (PCoA)
was performed based on ARGs pro�les abundance, using the Bray-Curtis dissimilarity index (Fig. 2c).
PCoA showed that I-PM2.5, I-PM10, O-PM2.5, O-PM10, and OD samples formed one cluster on the projection
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plot (Fig. 2c), whereas airway sputum and ID samples formed two separate clusters. I-PM10 and ID
samples contained the highest ARGs abundance with an average of 5.4 copies and the least ARGs
abundance with an average of 0.5 copies per 16S rDNA gene copies, respectively (Fig. 2d). ARGs
abundance had no signi�cant difference between indoor and outdoor samples, whereas ARGs
abundances in PM10 and PM2.5 were higher than those in dust and airway sputum samples (P < 0.05).
ARGs distribution among 8 different samples is shown in Fig. 2e, whereas that of ARG subtypes are
shown in the heatmap (Fig. S2). Genes providing resistance to aminoglycoside and multidrugs were
mostly present in dust and air samples. Tetracyclines and MLSB resistance genes contributed to 22% and
53% in human airway sputum, respectively.

Mobile genetic elements
The total abundance of transposase and integron-integrase genes in samples is shown in Figures S3 and
S4. PM10 samples contained higher transposase and integron-integrase abundance than others, with an
average of 0.4 and 2.9 copies per 16S rDNA gene, respectively. Furthermore, ARGs abundance
signi�cantly (P < 0.01) correlated with that of transposases and integron-integrase genes (Fig. S5).

Microbial Taxa in air
From the 16S ribosomal gene amplicon sequencing, raw data consisted of 3237776 reads for all
samples, and quality-�ltered data consisted of 2767855 reads with an average value of 43247 reads per
sample, corresponding to 829 operational taxonomic units, after �ltering and quality control. ID samples
harbored more observed species and showed higher bacterial diversity than others (Fig. S6a and b). PCoA
results of bacteria communities indicated that airway sputum and other environmental samples formed
two separate clusters (Fig. S6c), which was consistent with PCoA of ARGs pro�les. In addition, airway
sputum samples contained low observed species and bacterial diversity; bacterial communities’
composition was signi�cantly different among airway sputum samples and other environmental samples
at the phylum level (P < 0.05; Fig. S6d). Firmicutes were the dominant phylum in the airway sputum
samples, accounting for 43% of total bacterial 16S rRNA gene sequences. Proteobacteria was the
prevailing phylum in dust and air samples, accounting for 30–65%.

Correlation between ARGs and bacterial community
Microbial taxa and ARGs-based PCoA plots showed similar sample clustering patterns. To further
investigate whether the microbial community correlated with ARG composition, Procrustes analysis and
Mantel test were used to correlate both pro�les. Results showed that ARG pro�les signi�cantly correlated
to bacterial compositions and structures (Bray-Curtis, M2 = 0.63, r = 0.61, P < 0.001, based on 9999
permutations; Fig. S6e). The Mantel test also revealed a signi�cant correlation between ARG pro�les and
microbial OTUs (r = 0.28, P < 0.01).

Co-occurrence patterns among ARGs, MGEs, and microbial
taxa
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The resultant network consisted of 224 nodes (each node represented a subtype of ARGs, MGEs or
microbial taxa) and 440 edges, with a node connectivity of 3.93 (Fig. 3a). The clustering coe�cient was
0.73, and the modularity index was 0.89 (values > 0.4), suggesting that the network had a modular
structure [34, 35]. Based on the modularity class, the entire network was clearly separated into eight major
modules. Compared with a random association, clusters of nodes in the same module contained more
interactions among themselves than with other nodes. In some modules, some clinical critical microbial
taxa were supposed to carry some speci�c ARGs. For example, Campylobacter spp. positively correlated
with ARGs, conferring resistance to �uoroquinolone (vatC-02, mexD), β-lactams (fox5), tetracycline (tet36-
01, tetA-01, tetPB-02), and vancomycin (vanSB, vanSE, vanTC-02, vanTE, vanYB) in module I, whereas
Staphylococcus spp. positively correlated with ARGs, conferring resistance to β-lactams (blaZ, mecA),
aminoglycoside (aacA_aphD, aadA-1, aadE), and multi-drug (sat4) in module II. The phylogenic tree at the
genus level showed the phylogenic relationship of genera and their associated MGEs and ARGs (Fig. 3b).

SourceTracker analysis of bacteria and antibiotic resistance
genes
SourceTracker was used to analyze the relative contribution of environmental bacteria and ARGs to
human airway sputum (Fig. S7). SourceTracker analysis has been performed to identify the extent of
contribution of each source to the sink, as previously reported [36–38]. It can be used for estimating the
relative contributions of taxa and ARGs from exposed environments (sources) in the human airway
sputum (sinks). In healthy human airway sputum, I-PM10 was the highest relative contribution of bacteria
from six environments, accounting for 2.5%. In patient airways sputum, O-PM2.5 and I-PM2.5 contributed
to a higher proportion of bacteria than others, accounting for 3.5% and 3.6%, respectively. Similar trends
were observed when SourceTracker analyses were run on ARG data, whereas the relative contribution of
ARGs was signi�cantly (P < 0.05) lower than bacterial taxa (Fig. S7b). In the patient airways sputum, O-
PM2.5 contributed to a higher proportion of ARGs than others, accounting for 1.8%.

Conjugative multi-resistant plasmids in air
Three conjugative multi-resistant plasmids were demonstrated from air. The plasmid pTAir-3 was 146,145
nucleotides in length, had a GC content of 51% and carried 26 horizontal transfer genes and 10 antibiotic
resistance genes, as well as type IV secretion systems and �mbrial genes (Fig. 4). Nine metal resistance
genes (including cusB/F copper, silC/E/R silver, and merA/C/D/E/P cadmium resistance genes) and four
antibiotic resistance genes (bleO bleomycin, EamA family, and tetG and tetR tetracycline resistance
genes) were present in the genomic island regions spanning nucleotide positions 38656–68101; four
horizontal transfer genes and three antibiotic resistance genes (qacE disinfectants, aadA21
aminoglycoside, and drfA1 trimethoprim resistance genes) were present in another genomic island
regions from 72848–80820. Other conjugative multi-resistance plasmids’ genetic maps are shown in
Figures S8 and S9.

Effects of PM2.5 and PM10 on conjugative transfer
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Physiochemical characterization of PM2.5 and PM10 samples were described in Table S2, in the
supporting information. PM2.5 and PM10 size distributions were 832 to 1096 nm and 2884 to 11482 nm,
respectively. Signi�cant (P < 0.05) increases in transfer frequency fold changes occurred in the presence
of PM2.5 and PM10 Fig. 5). For example, at 125 µg/mL, PM2.5 and PM10 increased in the conjugative
transfer rate by 1.3- and 2.1-fold, respectively, compared with that of control. Effects of PM2.5 and PM10

on ROS generation and cell membrane permeability were analyzed. ROS is considered to enhance the
frequency of bacterial conjugative transfer [12]. Results of the present study showed that PM2.5 and PM10

induced a signi�cant (P < 0.05) increase in donor intracellular ROS (up to 3.6- and 4.6-fold increases for
PM2.5 and PM10, respectively, compared with that of control). TEM graphs showed the structure of
bacteria during conjugation (Fig. S10).

Genes expression during PM10 and PM2.5 exposure
Exposure to all levels of PM10 and PM2.5 evidenced increased expression of conjugative processes
relevant genes (Fig. 6). In this concern, ROS (ytfE, uspF, and napF), conjugation (ihfA and ompA) and
pilus generations (htrE, sfmC, ybgP, yehB, and yraJ) genes increased expression during PM exposure.
Increased changes in SOS (yafO, recQ, umuC, sulA, and yebG) gene expression were also detected. Genes
relevant to drug transmembrane transport (mdtM and ompF) were upregulated. PM10 and PM2.5 further
increased antibiotic response genes expression.

Discussion
This research provides a new perspective between air quality and human health. By integrating four-year
data on resistance rates of ten clinic antibiotic-resistant pathogens and air quality, we compared the
relationship between air quality and clinical antibiotic resistance across China. Signi�cant relationship (P 
< 0.05) between air quality and antibiotic resistance was further demonstrated. We generated robust
correlation tests based on four-year data sets, which are universal in most antibiotic-resistant bacteria.
The robust correlation can be a powerful driver to an in-depth study of ARGs behavior in air environments.

ARGs in the clinical air environment were comprehensively characterized. ARGs from air may be
mobilized and transferred to human commensals and abundant ARGs in PM10 and PM2.5 may in�ltrate
the respiratory system, causing an increased health risk to humans. In addition, air environments may be
suitable ARGs carriers for long-distance propagation. A probable reason to explain the high abundance of
ARGs and MGEs in air samples is that air environments contain low nutrition, high UV exposures, and
multiple environmental pollution particles, which agree with previous reports demonstrating that such
factors may increase abundance and transfer of ARGs in microbes [29, 39, 40]. In microbial taxa,
Proteobacteria were mostly found in dust and air samples, whereas Firmicutes prevail in airway sputum
samples, as reported by others [25]. Furthermore, daylight exposure can affect dust communities [41],
particularly, Actinobacteria are associated with darkness and light exposure, which may be the reason for
a higher abundance of Actinobacteria in ID samples than in other environments. Human beings are
surrounded by dust and air, whose ARGs and bacteria content are relevant to public health. Moreover, the
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signi�cant correlation between bacteria community and ARGs indicated bacterial communities may
shape ARGs distribution and abundance in air.

Network analysis indicated co-spread of ARGs, MGEs, and bacteria among air, dust, and human sputum.
Co-occurrence between �uoroquinolone resistance gene and Campylobacter spp., methicillin/
vancomycin resistance genes, and Staphylococcus spp. were observed. Campylobacter spp. and
Staphylococcus spp. are zoonotic disease pathogens, exhibiting high levels of acquired antibiotic
resistance, which has a worldwide public health impact [42–44]. In particular, �uoroquinolone-resistant
Campylobacter spp. and methicillin/vancomycin-resistant Staphylococcus aureus are “high priority
pathogens”, according to the WHO; Campylobacter spp. causes serious diarrhea and Staphylococcus
aureus is associated with skin infections, pneumonia, and bloodstream infections [45]. Methicillin-
resistant Staphylococcus aureus has previously been found in hospital and poultry farming air
environments [46, 47]. Prevotella which is known to be resistant to tetracycline [48], shows strong
associations with tetracycline resistance genes such as tetA-01, tet(36)-01, and tetPB-02; Veillonella,
which is resistant to erythromycin and gentamicin, correlated to MLSB resistance genes (ermK-02) in the
present study. Furthermore, Prevotella and Veillonella are commonly detected in airway sputum in high
abundance; these genera can potentially in�uence airway microbiota composition by their metabolic
products or by forming intergeneric coaggregates with other microbes[49–51]. Moreover, co-occurrence
between these genera and MGEs (IS613, intI2) were observed; MGEs may contribute to ARGs spread in
the microbial community via horizontal gene transfer (HGT). In this regard, Campylobacter spp.,
Prevotella, multiple ARGs, and MGEs co-occurred in module I. This module may represent a typical
community revealing the potential co-spread pattern of bacteria and ARGs in the environments, in which
common bacteria may maintain the structure of community with pathogens and MGEs are more actively
transferring resistance genes among microbial communities to resist environmental exposures.

Based on SourceTracker analysis, the relative contributions of bacteria and ARGs from PM2.5 samples are
higher than that of other environmental samples, probably due to the increased in�ltration of small
particles to the airways. The relative contributions of environmental microbial to human airway sputum
are higher than those of ARGs. It is reasonable that bacteria can be inhaled into human airways, whereas
competitions from growth and reproduction may lead to the loss of antibiotic-resistant bacteria or loss of
ARGs, and some extracellular ARGs degradation in human airways. Researchers have also noted that
antibiotic resistance results in reduced �tness, compared with that of antibiotic-sensitive bacteria, which
is known as the �tness cost [52, 53]. Furthermore, most bacterial community and ARGs contributions in
airway sputum are predicted to be of unknown origin, which may result from the large variety of
individuals and other factor contributions, such as age, foodborne origin, home environment, personal
care products, and different ecological conditions [54].

Importantly, conjugative multi-resistance plasmids were identi�ed from the air. It seems possible that the
plasmid can be transported by air, and transfer ARGs into human commensals at suitable conditions.
pTAir-3 carried gene resistance to aminoglycoside, bleomycin, quinolone, tetracycline, trimethoprim,
copper, and mercury. Plasmids carrying antibiotic and metal resistance genes allow bacteria to survive
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under di�cult air conditions. Furthermore, pTAir-3 carried intI1, transposons, type IV secretion systems
and �mbrial genes, which related to conjugation transfer processes. This research provides a feasible
and effective way to identify the conjugative multi-resistance plasmids in the air.

PM2.5 and PM10 were observed to enhance conjugation transfer e�ciencies indicating that air pollutants
promoted ARGs transfer between bacteria. Conjugation experiments were conducted in liquid solution
which is a helpful method to identify the effect and mechanism of PM2.5 and PM10 on the horizontal
transfer of ARGs [30]. These results are similar to those reported by Xie et al., 2019 [30]. The average daily
inhaled air volume of for an adult is 20 m3, whereas the average lung pleural �uid volume is 20 mL; when
PM2.5 and PM10 concentration is 125 µg/m3 in air, the concentration of PM2.5 and PM10 in the lung �uid
after 24-hour exposure will be 125 µg/mL. In this scenario, conjugation between bacteria will be
signi�cantly enhanced. The results concerned us on the biological impact of air pollutants, particularly,
ARGs spread.

We also investigated potential mechanisms to explain the role of PM2.5 and PM10 in the enhancement of
conjugative transfer of RP4 plasmid. Multiple investigative approaches were used to reveal the underlying
mechanisms, including �ow cytometry and TEM to measure ROS response level and membrane
permeability, and whole-genome RNA sequencing to evaluate gene expression. We veri�ed the increased
ROS level and membrane permeability with exposure to PM. ROS was activated in the presence of PM10

and PM2.5; increased ROS levels induces SOS, which damage cell membranes. This can weaken the
barriers of cell membranes and promote horizontal ARGs dissemination [38]. RNA genomics revealed
comprehensive gene expression of bacteria during PM exposure, which provides solid data to uncover the
physiological changes of bacteria. Genes of pilus generation were upregulated on exposure to PM, which
could facilitate physical cell-to-cell contact between donor and recipients, and enhance plasmid transfer.
In addition, PM could increase the expression of genes response to antibiotic and drug transmembrane
transport, augmenting bacteria antibiotic tolerance. Thus, PM2.5 and PM10 were con�rmed to promote
ARGs transfer.

Conclusion
In conclusion, this study demonstrates a signi�cant relationship between resistance rates of ten clinic
antibiotic-resistant pathogens and air quality. Abundant ARGs were found in clinical air, which may
accelerate ARGs transfer between distant places. Importantly, conjugative multi-resistance plasmids and
other MGEs in the air may frequently transfer between environments and within bacteria, exacerbating
ARGs dissemination. In addition, PM2.5 and PM10 air pollutants were shown to increase HGT of ARGs.
This research is major contribution to public health, involving the role of air pollutants in antibiotic
resistance dissemination. Further studies could be applied to quantify the linkage between air pollutions
and antibiotic resistance burden and analyze more air pollutant effects on HGT.
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ARGs
antibiotic resistance genes; MGEs:mobile genetic elements; PM:particulate matter; ARB:antibiotic-
resistant bacteria; CREC:carbapenem resistant Escherichia coli; CRPA:carbapenem resistant
Pseudomonas aeruginosa; CRAB:carbapenem resistant Acinetobacter baumannii; CRKP:carbapenem
resistant Klebsiella pneumoniae; ERSP:erythromycin resistant Streptococcus pneumoniae;
MRSA:methicillin resistant Staphylococcus aureus; MRCNS:methicillin resistant coagulase negative
staphylococci; PRSP:penicillin resistant Streptococcus pneumoniae; QREC:quinolones resistant E. coli;
3GCREC:third-generation cephalosporin resistant E. coli; 3GCRKP:third-generation cephalosporin resistant
Klebsiella pneumoniae; VREFS:vancomycin resistant Enterococcus faecalis; VREFM:vancomycin
resistant Enterococcus faecium; AQI:air quality index; P:patient airway sputum samples; H:healthy human
airway sputum samples; ID:indoor dust; OD:outdoor dust; I-PM2.5:indoor PM2.5; O-PM2.5:outdoor PM2.5;
I-PM10:indoor PM10; O-PM10:outdoor PM10; HT-qPCR:high-throughput qPCR; FCA:�uoroquinolone/
quinolone/ �orfenicol/ chloramphenicol/ amphenicol; MLSB:macrolide/ lincosamide/ streptogramin B;
QIIME:Quantitative Insights into Microbial Ecology; OTUs:operational taxonomic units; DGGE:denaturing
gradient gel electrophoresis; TEM:Transmission electron microscopy; FPKM:fragments per kilobase of a
gene per million mapped reads; LFC:log2 fold-change.
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Figure 1

Linkages between antibiotic resistance and air quality. a, A heat map of the 4-year average number of
days when air pollution index is below 100 across China. b, heat maps of the carbapenem resistant
Escherichia coli (CREC), Pseudomonas aeruginosa (CRPA) and Acinetobacter baumannii (CRAB),
erythromycin resistance Streptococcus pneumoniae (ERSP), methicillin resistant Staphylococcus aureus
(MRSA), and coagulase negative staphylococci (MRCNS), quinolones resistance E. coli (QREC), third-
generation cephalosporin resistant E. coli (3GCREC) and Klebsiella pneumoniae (3GCRKP), and
vancomycin resistance Enterococcus faecium (VREFM) across China and mean antibiotic resistance
versus average number of days for the antibiotic resistance pathogens, unadjusted weighted linear
relationships for the years 2014– 2017 are shown. Gray, no data reported.
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Figure 2

Pro�les of antibiotic resistance genes. a, b, Number and diversity of ARGs in each sample (error bars
mean s.d.; centre bars mean median). c, Principal coordinate analysis showing the distribution of ARGs
pro�les using the Bray-Curtis dissimilarity index. d, Violin plot showing the median and quartile ranges
(box and whiskers) as well as the density distribution (shaded area) of the total relative abundance of all
antibiotic resistance genes, red represents outdoor samples, cyan represents indoor samples, purple
represents patient airway samples, pink represents health human airway samples. e, Bar graph showing
the relative abundance of resistance genes to different classes of antibiotics across environments.
Patient airway sputum (P), healthy human airway sputum (H), indoor dust (ID), outdoor dust (OD), indoor
PM2.5 (I-PM2.5), outdoor PM2.5 (O-PM2.5), indoor PM10 (I-PM10) and outdoor PM10 (O-PM10).

Figure 3

Co-occurrence patterns of ARGs, MGEs and bacteria. a Network analysis, the nodes were coloured
according to modular classes. A connection represents a strong (Spearman's correlation coe�cient (ρ) >
0.9) and signi�cant (P < 0.01) correlation. Node size was weighted according to the number of
connections (that is the degree) and edges weighted according to the correlation coe�cient. b,
Phylogenetic tree of 124 taxa (that are nodes of bacteria from the Network) using a maximum likelihood
method, with small colour stars and strips indicating the classes of MGEs and ARGs.
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Figure 4

Genomic map of the conjugative multi-resistant plasmid pTAir-3 obtained from air. Positions of gene
classes are indicated by colour. The inner two rings represent GC content and GC skew. a, b, Expanded
view of the putative genomic island consisting of antibiotic and mental resistance gene and MGEs.

Figure 5
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Conjugation transfer e�ciency and ROS response level. a, Fold changes of conjugative transfer
frequency. b, Fold changes of ROS production by PM2.5. c, Fold changes of ROS production by PM10.

Figure 6

Gene expression level. a, Fold changes of expression of genes in donor bacteria with exposure to PM10.
b, Fold changes of expression of genes in donor bacteria with exposure PM2.5. c, Fold changes of
expression of genes in recipient bacteria with exposure to PM10. d, Fold changes of expression of genes
in recipient bacteria with exposure to PM2.5. Low, medium, and high refer to 31.25, 125.0, and 500.0
μg/mL, respectively.
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