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ABSTRACT: Extracellular vesicles (EVs) are newly recognized as
important vectors for carrying and spreading antibiotic resistance
genes (ARGs). However, the ARGs harbored by EVs in ambient
environments and the transfer potential are still unclear. In this
study, the prevalence of ARGs and mobile genetic elements
(MGEs) in EVs and their microbial origins were studied in indoor
dust from restaurants, kindergarten, dormitories, and vehicles. The
amount of EVs ranged from 3.40 × 107 to 1.09 × 1011 particles/g
dust. The length of EV-associated DNA fragments was between 21
bp and 9.7 kb. Metagenomic sequencing showed that a total of 241
antibiotic ARG subtypes encoding resistance to 16 common
classes were detected in the EVs from all four fields. Multidrug,
quinolone, and macrolide resistance genes were the dominant types. 15 ARG subtypes were exclusively carried and even enriched in
EVs compared to the indoor microbiome. Moreover, several ARGs showed co-occurrence with MGEs. The EVs showed distinct
taxonomic composition with their original dust microbiota. 30.23% of EV-associated DNA was predicted to originate from potential
pathogens. Our results indicated the widespread of EVs carrying ARGs and virulence genes in daily life indoor dust, provided new
insights into the status of extracellular DNA, and raised risk concerns on their gene transfer potential.
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1. INTRODUCTION

Antibiotic resistance has been a serious global health threat to
the world over the last few decades.1 Its prevalence, especially
in the bacteria of clinical contexts, has compromised antibiotic
therapy for pathogen infections greatly.2 It is estimated that
antimicrobial resistance (AMR) infections took 4.95 million
lives, including 1.27 million deaths attributable to bacterial
AMR in 2019.3 The spread of antibiotic resistance genes
(ARGs) largely accounted for the AMR. ARGs are widely
distributed in the environment. Accumulating evidence has
revealed that the air environment is a large reservoir of
ARGs.4−6 Airborne transmission has been contempered to be a
crucial route for ARGs’ spread and exposure.7,8 Particle matter
(PM), which is an important airborne contaminant, offers a
large volume of adhering sites, thus enhancing the stability of
ARGs in the air.9 ARGs harbored in PM can be a resource
providing antibiotic resistance from the “One Health”
perspective.10 As people spend approximately 90% of their
time on indoor activities in modern life,11 the indoor
environment is vital for public health. Therefore, under-
standing the prevalence, status, and transmission mechanism of
ARGs in indoor dust is of great importance for assessing the
exposure risk of humans to antibiotic resistance.

In addition to transduction, transformation, and conjugation,
which are the three well-characterized routes of the horizontal
gene transfer (HGT), extracellular vesicles (EVs) have been
proposed to be the fourth approach.12,13 EVs are spherical and
lipid bilayer membrane structures, ranging from 30 to 400 nm
in diameter. These nanosized particles can be released by
almost all types of microorganisms.14 EVs have been known to
carry and transfer cargoes including lipids, proteins, RNA, and
DNA, facilitating communication within cells. Laboratory
culture experiments have revealed the roles of EVs in
interbacterial ARG transportation. For example, EVs derived
from Acinetobacter baumannii can deliver plasmid DNA
containing carbapenemase genes (e.g., blaOXA-24) to the
recipient bacteria, thus transfering beta-lactam antibiotic
resistance.15

It is exciting to consider that EVs can act as a transfer vector
for DNA and other cargoes in the environment. First, EVs can
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protect and prolong the half-life of extracellular DNA.
Exporting DNA in a vesicle rather than directly releasing a
free-floating DNA molecule into the extracellular milieu can
protect DNA from degradation. Second, with a bilayer
phospholipid membrane, EVs show high affinity within cells.
Third, EVs can form relatively high local concentrations of
cargoes. All these can enhance the probability of cargo delivery,
such as HGT between cells.
Although several studies have started to focus on the

distribution of EVs in the environmental matrices, only one
paper looked at the change of ARGs associated with EV-likes
particles in the wastewater upon antibiotic treatment.16

However, currently, studies on the existence of ARGs in EVs
and their mediating roles were primarily based on laboratory
bacterial culture experiments. The abundance and resistome
cargoes of EVs in the air and other in situ environments remain
largely unknown, impeding understanding of their ARG
transfer roles in the environment. In this work, EVs from the
dust of four typical indoor fields were isolated, including
restaurants, kindergarten, dormitories, and vehicles. Then, the
abundance and diversity of EV-associated DNA, as well as the
microbiome from the corresponding field samples, were
analyzed using metagenomic sequencing. The objectives of
this study were (1) to determine the prevalence of EVs in
indoor dust, (2) to elucidate the diversity and abundance of
antibiotic resistome in indoor dust-borne EVs, and (3) to
reveal the source of EVs in indoor dust. This study provided
new insights into the prevalence of ARGs in EVs in daily life
indoor dust.

2. METHODS AND MATERIALS
2.1. Sampling of Indoor Dust. Indoor dust was obtained

using a vacuum cleaner during the summer of 2020 in Xiamen
City, Southeast China. Four types of indoor fields were
selected including restaurants, kindergarten, dormitories, and
vehicles. For the vehicle sample, dust was collected from
vacuum cleaners at seven car wash shops over a month. Dust
from the surfaces of floors, shelves, and tables, as well as filters
of air conditioners, was harbored from the other three sites.
For each sampling field, at least 13 g dust was pooled. The
environmental parameters of the sampling sites are listed in
Table S1.
2.2. Isolation of EVs from Indoor Dust. Extraction of

EVs from the dust samples was processed according to a
previous study.17 Briefly, indoor dust was incubated in
phosphate-buffered saline (PBS) in a ratio of 1: 25 (weight:
volume) under a rotation speed of 180 rpm for 12 h at 4 °C. A
gauze of 75 μm thickness was employed to filter insoluble
matters. Bacteria and other large particles were eliminated by
centrifugation at 8000 g × 20 min at 4 °C, followed by
filtration through 0.45 and 0.22 μm PVDF filters (Millipore)
and centrifugation at 10,000 g for 45 min at 4 °C. Then,
ultracentrifugation with a Type 41 Ti rotor (Beckman Coulter,
USA) at 120,000 × g for 90 min at 4 °C was used to pellet EVs
finally. To further remove the contaminating proteins, the
pellets were redissolved in PBS and re-centrifuged one more
time as above. The prepared indoor dust EVs were stored at
−80 °C for further experiments.
2.3. Characterization of EVs from Indoor Dust.

Characterization of indoor dust EVs was performed with
transmission electron microscopy (TEM) and nano-flow
cytometry (nano-FCM). For TEM observation, the EVs were
subjected to 4% paraformaldehyde (Sigma-Aldrich) in 0.1 M

PBS (pH 7.4), and the solution was placed on a copper mesh.
TEM was conducted with a Tecnai G2 Spirit transmission
electron microscope (Hitachi, JPN). The size distribution and
total particle concentration of EVs were measured by a nano-
flow cytometer (N30, NanoFCM, Xiamen, China) according
to a previous study.18 Nano-FCM silica nanosphere cocktail
was used as the size reference. The cocktail contained a
mixture of silica nanospheres of four different diameters
ranging from 68 to 155 nm. The EVs were diluted with PBS to
a suitable concentration before analysis, and then three
replicates of measurement were performed.

2.4. DNA Extraction. DNA was extracted from EVs and
their corresponding dust microbiota using the HiPure soil
DNA kit B (Magen, China), following the manufacturers’
manual. For indoor dust DNA, the dust samples (2 g) were
dissolved in PBS and filtered through a sterile PVDF filter
(Millipore). The filter was then subjected to DNA extraction.
EV-associated DNA was isolated from the extracted EV
samples. The quantity and quality of DNA were determined
using a Qubit 3.0 fluorometer (Thermo Fisher, Waltham,
USA) and agarose gel electrophoresis, respectively. The
extracted DNAs were kept at −20 °C for further use. To be
noted, we also studied the interference of the contaminating
cellular DNA. In brief, we isolated the EVs from dust and
subjected them to DNase (2 U/μL reaction) for 30 min at 37
°C. As a control, another aliquot of EVs was incubated under
the same conditions without adding the enzyme. After
terminating the incubation, we performed DNA extraction,
concentration measurements, and absolute quantification of
16S rRNA genes for both samples (Figure S1). Genomic DNA
was used as control to ensure the efficiency of DNase activity.

2.5. Measurement of the Length of EV-Associated
DNA Fragments. The length of DNA fragments associated
with EVs was analyzed on a 2100 Bioanalyzer (Agilent
Technologies, USA) with an Agilent high-sensitivity DNA kit
(kit number: 5067-4626), following the manufacturers’
manual.

2.6. Absolute Quantification of 16S rRNA Gene. Roche
480 with the SYBR Green method was employed to determine
the absolute copy number of the 16S rRNA gene. 10 μL of 2×
Light Cycler 480 SYBR Green I Master Mix (Roche Inc.,
U SA ) , 1 μM o f e a c h p r im e r ( 3 4 1 F : 5 ′ -
CCTACGGGNGGCWGCAG-3′ and 806 R: 5′-GGAC-
TACHVGGGTWTCTAAT-3′), 1 μL of DNA template, and
7 μL of nuclease-free water were used to make a reaction
solution of 20 μL. Roche 480 was used for PCR amplification,
with an initial preincubation at 95 °C for 5 min, followed by 40
cycles of 95 °C for 15 s, 60 °C for 1 min, and 72 °C for 15 s. A
10-fold dilution of a standard plasmid comprising a cloned and
sequenced 16S rRNA gene fragment (1.39 × 1010 copies/L)
was used to create an eight-point calibration curve. The PCR
reaction was carried out three times in duplicate, including
negative and positive controls.

2.7. Metagenomic Analysis. The sequencing library was
constructed using a VAHTS Universal DNA Library Prep Kit
for Illumina at Genewiz Company in Suzhou, China, following
the manufacturer’s protocol. A total of 200 ng DNA was used
for each sample. End-repair and dA-tailing were performed
using the NEBNext Ultra II End-Repair/dA-tailing Module.
VAHTSTM DNA Clean Beads were used for purification, and
fragments of ∼470 bp (with the approximate insert size of 350
bp) were recovered. Then, each sample was amplified by PCR
for eight cycles using P5 and P7 primers, with both primers
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carrying sequences which can anneal with the flow cell to
perform bridge PCR. The P7 primer carries a six-base index
allowing for multiplexing. VAHTSTM DNA Clean Beads,
Agilent 2100 Bioanalyzer, and Qubit 3.0 fluorometer were
employed for cleaning up, validating, and quantifying the PCR
products, respectively.
An average of about 66 million clean reads was generated for

each DNA sample, resulting in a total of 78.85 Gbps of clean
data (Table S2). The software Bcl2fastq (v2.17.1.14) was used
to process the raw sequences obtained through Illumina
sequencing. Reads with quality score lower than 20 sequences,
ambiguous bases (N > 10%), and improper primers were
filtered using Cutadapt (v1.9.1) before clustering. The clean
data were assembled using MEGAHIT (v1.1.3) with default
parameters. Open reading frames (ORFs) from each sample
were predicted for the assembled contig set using Prodigal
(v2.6.3). The gene sequences of all samples were integrated,
and the sequence clustering software CD-HIT (v4.5.6) was
used to cluster the genes derived from all samples. A single
sequence from each cluster was retained with 95% identity and
90% coveragethis corresponds to one copy of a particular
gene per species, which is hereafter referred to as the
“unigene”. To analyze the relative abundance of unigenes in
each sample, paired-end clean reads were mapped to unigenes
using SOAPAligner (version 2.2.1) to generate reads’ aligned
information for unigenes. Gene abundance was calculated
based on the number of aligned reads and gene length in each
unigene alignment.
2.8. ARG Annotation. Diamond (version v0.8.15.77) was

used to search the protein sequences of the nonredundant gene
catalog with the Comprehensive Antibiotic Resistance Data-
base (CARD, https://card.mcmaster.ca/),19,20 with an E-value
<1 × 10−5 to explore ARGs. A unigene was annotated as an
ARG if the best BLASTP hit showed at least 80% identity over
a query coverage of 80%.21 The identified ARG-like sequence
was then manually sorted into various ARG types (e.g.,
multidrug resistance genes) and subtypes (e.g., mexK)
according to CARD. The relative abundances of all ARG
sequences from the same type or subtype were calculated to
examine the relative abundance of each ARG type and subtype.
2.9. Taxonomic Annotation. For the exploration of the

microbial composition, a sequence database of bacteria, fungi,
archaea, and viruses from the NR database of NCBI was
constructed. The sequences were blasted against the
constructed microbial database. MEtaGenome ANalyzer
(MEGAN, v6.4.4) was used to determine the lowest common
ancestor. The abundance of species in one sample is equal to
the sum of the gene abundance annotated for the species. The
statistically significant threshold of the sequence alignment was
set at 1 × 10−5,22 and the sequence alignment length was set as
no less than 80% of the reference gene-encoding protein length
with the identity >80%.23 The matched result with the best
score was selected for annotation.
2.10. MGE Annotation. To explore the diversity and

abundance of MGEs, including integrons, insertion sequences
(ISs), and plasmid sequence, BLASTN (BLAST Version
2.2.31+) was employed to align the nonredundant gene catalog
(for the arrangements of MGEs) against the databases
INTEGRALL24 and Isfinder.25 We aligned the nonredundant
gene catalog to the RefSeq database using BLASTP. Integron
or IS sequences were annotated if the best BLASTN (1 ×
10−5) hit had a nucleotide sequence identity no less than 80%
over an alignment length >75 bp.26 A read or contig was

determined as a plasmid-like sequence if the best BLASTP (1
× 10−5) hit showed at least 80% identity.

2.11. Virulence Factor Annotation. VFDB database
(http://www.mgc.ac.cn/VFs/) was employed to predict the
virulence factor-encoding genes in our study. The virulence
factor-encoding genes were annotated if the best BLASTP (E-
value 10−10) hit had an amino acid sequence identity higher
than 80%.27

2.12. Statistical Analysis. Unpaired t tests were
conducted using SPSS 25.0 (SPSS, Chicago, USA) after
verifying the normality. All statistical tests were considered
significant at p < 0.05. Principal coordinate analysis (PCoA)
based on Bray−Curtis distances and Adonis test was
performed by R software (version 4.0.3) with the vegan
package 2.2.0.27

3. RESULTS
3.1. Existence of EVs in Indoor Dust. To determine the

prevalence of EVs in the airborne environment, we isolated
EVs in indoor dust collected from four different types of
indoor fields. In each field, to make the samples more
representative, dust was pooled from multiple sites in multiple
spaces. The TEM images showed spherical, homogeneous, and
membrane-enclosed structures of EVs (Figure 1a), which were

similar to those extracted from the culture media of Gram-
negative Escherichia coli and Gram-positive Staphylococcus
aureus (Figure S2). The average diameters of EVs from the
four sampling fields were very similar, 69.7 ± 11.8 nm in
restaurants, 69.9 ± 10.3 nm in kindergarten, 71.7 ± 12.2 nm in
dormitories, and 71.2 ± 10.6 nm in vehicles, respectively
(Figure 1b). The amount of EVs varied in different fields,
ranging from 3.40 × 107 to 1.09 × 1011 particles/g dust. The
concentrations of EVs were similar to or even multiple orders
of magnitude higher than that of the number of bacteria
determined by the absolute copies of 16S rRNA in the
respective fields (Table 1). This showed the wide distribution
of EVs together with bacteria across indoor areas. The lengths

Figure 1. EVs in indoor dust. (a) TEM images of EVs from four fields
of indoor dust. Scale bar = 200 nm. (b) Particle size distribution
histograms of indoor dust EVs analyzed by nano-FCM analysis. Silica
nanosphere cocktails containing four different diameters (68 ± 2, 91
± 3, 113 ± 3, and 155 ± 3 nm) were used as reference nanoparticles.
RT, restaurant; KG, kindergarten; DT, dormitory; VH, vehicle.
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of EV-associated DNA were in the range from 21 bp to 9.7 kb.
Among them, those between 100 bp and 1 kb accounted for
the majority (87.34%) (Figure S3 and Table S3).
3.2. Diversity and Abundance of EV-Associated ARGs

from Indoor Dust. A metagenomic approach based on
CARD was used to profiling the antibiotic resistome of EV-
associated DNA. A total of 241 ARG subtypes encoding
resistance to 16 common classes of antibiotics were detected.
The highest diversity was found in the EVs from restaurants
(211), followed by kindergarten (167), dormitories (158), and
vehicles (66) (Figure 2a). Twelve out of 16 antibiotic classes
were prevalent in all the four field-derived EVs. These
indicated that EVs harbored a variety of ARG subtypes.
Multidrug (46.27%), quinolone (21.07%), and macrolide
(9.05%) resistance genes were the top three dominant types
in these samples (Figure 2b). Among the types of mechanisms
leading to multidrug resistance, antibiotic efflux accounts for
39.64%, followed by antibiotic target alteration (5.23%),
antibiotic target protection (1.26%), and reduced permeability
to antibiotics (0.14%). With regard to the 241 ARG subtypes,
genes encoding EF-Tu (macrolide), rpoB (rifampicin), and
parC (quinolone) were the most prevalent, respectively, with
the abundance of 7.27, 5.82, and 5.22%. Notably, 29 ARG
subtypes were shared within the four sampling fields (Figure
2c). These data evidenced the high diversity of EV-harboring
ARG subtypes in indoor dust.

3.3. Distinct ARG Profiles in EV-Associated DNA
Compared to the Genomic DNA of Microbiota. To
clarify specific ARG patterns in indoor dust-derived EVs, we
compared the ARG profiles between EVs and their original
indoor dust microbiota. The ARG profiles in EV-associated
DNA differed significantly from that in microbial DNA across
all four sampling fields (Adonis test, p < 0.05) (Figure S4a).
Notably, the number of ARG subtypes detected in EVs (241)
was, on average, 28.9% less than that carried by dust (339),
indicating that only a subset of microbial ARGs was
incorporated into EVs. A total of 29 and 87 ARG subtypes
were shared across the four EV populations and the original
indoor dust microbiota, respectively. Only 13.72% of the ARG
subtypes was shared between EVs and indoor dust. Notably, 15
detected ARG subtypes carried by EVs (14.70%) were absent
in dust microbiota (Figure 3a), suggesting that the source of
certain EV-associated ARGs may be from nonlocal microbiota.
These unique genes in EVs encoded resistance to multidrug
(H-NS, TriA, TriC, mdtG, mdtK, mexD, mexI, mexK, mexN,
mexW, phoP, and ramA) and quinolone (pmrA, pmrB, and
parE) (Figure S4b).
We further compared the relative abundance of ARGs

(annotated as ARGs in each sample) between EVs and indoor
dust microbiota. ARG subtypes that confer resistance to
multidrug or quinolone occupied a relatively high proportion
in each EV sample. The average relative abundance of

Table 1. Size, Concentration, and Double-DNA Concentration of EVs in Indoor Dust

size nm (mean ± sd) double-DNA concentration (ng/g) particle concentration (particles/g) bacteria concentration (number/g)

RT-EV 69.75 ± 11.28 71.38 3.05 × 1010 8.88 × 107

KG-EV 69.98 ± 10.29 126.02 1.09 × 1011 1.38 × 108

DT-EV 71.71 ± 12.36 4.82 9.17 × 109 1.14 × 109

VH-EV 71.24 ± 10.62 3.61 3.40 × 107 7.05 × 108

Figure 2. Diversity and abundance of ARGs in indoor dust-borne EVs. (a) Total number of ARG subtypes detected in EVs from indoor dust. (b)
Relative abundance of 16 ARG types in EVs from indoor dust. (c) Heatmap of ARG subtypes (relative abundance >1%) in EVs from indoor dust
samples.
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multidrug and quinolone was 46.27 and 21.07% in EVs
compared to 35.36 and 12.03% in the counterpart dust
microbiota (Figure 3b). Within these ARG subtypes, the
relative abundance of mexK and mexW conferring multidrug
resistance was significantly higher in EVs compared to the
microbiota (t test, p < 0.05), with the relative abundance ratio
of 217.35 and 187.89, respectively. Significant enrichment of
ARG subtypes also occurred in quinolone types (t test, p <
0.05), in which GyrA, parE, and parC have amplification
factors of 5.54, 5.49, and 5.86, respectively (Figure 3c).
Moreover, ARGs being selectively enriched in EVs may be
another reason for some unique ARGs in EVs. Therefore, the
distribution patterns of the antibiotic resistome in EVs are
largely distinct to that of the source indoor dust microbiota.
3.4. Mobility of EV-Associated ARGs. In total, 2−8

integrons, 22−26 ISs, and 2560−19,320 plasmid-like sequen-
ces were identified in EV-associated DNA (Figure 4a−c). After
further classification, we found that intI1 was the most
abundant integron type, accounting for 82.70−89.78% of the
total integron abundance. Tn3, IS3, and IS5 were the three
dominant IS families, totally occupying 46.98−52.51% of the
IS abundance (Figure 4d,e). Next, we compared the MGE
profiles between EVs and indoor dust microbiota. The number
of MGE subtypes is comparable between EVs and dust,
especially in integrons and ISs (4−9 integrons, 24−26 ISs, and
16,820−27,741 plasmid-like sequences were detected in dust)
(Figure S5a−c). IntI1 is still the most dominant integron type
in dust microbiota (67.00−94.42% of the total integron
abundance). In contrast, Tn3, which was the most abundant IS
type in EVs, only accounted for about 3% in dust (Figure
S5d,e). A total of 2566 co-occurring contigs were found. The
length range of these contigs was between 153 and 4029 bp,

and over 75% of contigs were between 400 and 1000 bp in
length. The distribution of sequence lengths is listed in Figure
S6. ISL3 was the only IS type co-occurring with the ARGs in
EVs from restaurants and kindergarten. Further, the type of
ARG that ISL3 carried was multidrug (Figure 4f). In contrast,
there was no ARG−MGE cluster detected in dormitories and
vehicles. IntI1 was the only integron type that co-occurred with
ARGs in all four samples except vehicles. Aminoglycoside and
beta-lactam were the two most dominant types of ARGs co-
occurring with IntI1, accounting for 73.24−83.02% (Figure
4g). We also observed several plasmid-like sequences co-
occurring with ARGs, mainly consisting of multidrug,
quinolone, and macrolide (Figure 4h). Examples of the
arrangement of ARG−MGE clusters in the EVs are shown in
Figure S7. Compared to EVs, ARG−MGE clusters were
detected in all the dust microbiota samples. In addition to
ISL3, both IS1595 and IS481 in the microbiota also co-
occurred with some ARGs (Table S4). IntI1 was still the only
integron type that co-occurred with ARGs in all four dust
samples. It mostly co-occurred with aminoglycoside instead of
aminoglycoside and beta-lactam compared to IntI1 from
vesicles (Figure S5f). Similar to the EV group, the top three
ARG classes that co-occurred with plasmid-like sequences are
multidrug, macrolide, and quinolone in dust samples (Figure
S5g).

3.5. Enrichment of EVs Derived from Antibiotic-
Resistant Pathogenic Species. Compared to the taxonomic
profiles of the indoor dust microbiota sample, EV-associated
DNA showed less microbial diversity (Figure S8). The
microbial composition which produced EVs in all four fields
differed significantly from that of the surrounding indoor dust
(Adonis, p < 0.01) (Figure 5a). At the species level, the top five

Figure 3. Comparisons of ARG profiles between indoor dust-borne EVs and the microbiota in indoor dust. (a)Venn diagram showing different
ARGs in EVs isolated from indoor dust. (b) Comparison of ARGs abundance and diversity (number of ARG subtypes) between EVs and their
source indoor dust. The circle plots below indicate the number of ARG subtypes corresponding to this bar. EVs represent the number of genes
unique in EVs, dust represents the number of genes unique in dust, and All represents the number of genes co-occurring in both groups. (c)
Relative abundance of ARG subtypes in EVs and indoor dust across four fields. The top five abundant types in each group are shown for the
respective samples.
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in EVs were dominated by Pseudomonas aeruginosa (11.46%),
P. putida (7.82%), Aeromonas caviae (3.95%), Enterobacter
hormaechei (1.08%), and Vibrio fluvialis (0.98%) (Figure 5c).

By contrast, the top five species in dust microbiota were
Klebsiella pneumoniae (3.52%), P. stutzeri (2.29%), Bacillus
megaterium (1.79%), E. cloacae (1.62%), and V. fluvialis

Figure 4. Distribution of mobile genetic elements in indoor dust-borne EVs. (a−c) Number of ISs, integrons, and plasmids. (d) Relative abundance
of varied types of ISs classified by family name. (e) Relative abundance of varied types of integrons classified by gene name. (f) Relative abundance
of ARG types carried by ISs. (g) Relative abundance of ARG types carried by integrons. (h) Relative abundance of ARG types carried by plasmids.
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(1.56%) (Figure 5b). Further comparison of the microbial
community showed that rare taxa (relative abundance <1%)
made a huge contribution to the EV population (Figure 5c).
For example, the relative abundance of P. putida in EVs was
7.82%, whereas that in the dust was 0.32%. We also detected A.
caviae in EVs with the relative abundance of 3.95% compared
to 0.04% in indoor dust samples. These results demonstrated
the distinct taxonomic composition between EVs and the
original indoor dust microbiota.
To detect the potential pathogen composition in EV taxa,

the species-level taxonomic list was further compared with the
pathogen list proposed in a previous study.28 Approximately
6.41% of all species were identified to be potential pathogens
affiliated to 57 bacterial pathogenic species (Figure 5d).
Remarkably, EVs possessed a higher pathogen abundance, with
the total average relative abundance of 30.23% compared to
that of 17.38% in dust. Using VFDB as the reference, a total of
342 virulence factors were predicted in EV-associated DNA,
including pyoverdine, lipo-oligosaccharide, lipopolysaccharide,
and fbpABC (Table S5). Together, dust EVs can be a reservoir
of virulence genes from pathogens.
The pathogenic host of EV-associated ARG subtypes was

further determined. A total of 10 potential pathogenic bacteria
species ranking top five in each sample are presented in Figure
6a. All the identified potential pathogenic bacteria species
primarily belonged to the Gammaproteobacteria class
(99.62%), including Aeromonas, Acinetobacter, Escherichia,
Enterobacter, Klebsiella, Pseudomonas, and Serratia. Among
them, Enterobacter was the most abundant genus, accounting

for 41.76%. Remarkably, four species in the panel of pathogens,
E. cloacae (21.62%), E. hormaechei (20.07%), E. coli (5.53%),
and K. pneumoniae (2.51%), harbored a high diversity of ARGs
(at least eight types). Further, the most abundant ARGs
carried by these potential pathogens were those conferring
multidrug and quinolone resistance, accounting for 63.01% of
the total detected ARG subtypes (Figure 6b). The presence of
these potential pathogens was further investigated. Six species
(A.baumannii, Serratia marcescens, P. aeruginosa, E. cloacae, E.
coli, and K. pneumoniae) were found across all four EV
populations (Figure 6c). Furthermore, contigs which were
defined as ARG−MGE clusters were also found in EVs’
potential pathogenic hosts (Table S6).

4. DISCUSSION
4.1. EVs Are Prevalent in Daily Indoor Dust. The

existence of EVs in the environmental media is receiving great
attention. EVs were found in indoor dust.17,29 For other types
of environmental matrix, the concentration of EVs (∼105−106
vesicles mL−1) comparable to that of bacterial cells was
reported in open ocean sea water.30 EVs formed the
components of wastewater effluent as well, with the levels at
2 × 106 mL−1.16 In this study, we demonstrated the high
abundance of EVs existed in all four fields of indoor dust.
Comparable amounts or even multiple orders of magnitude
more abundant of EVs than bacterial cells in the same site
indicated the prevalence of EVs in indoor dust environment.
To be noted, the particle concentration could be overestimated
in the EV samples extracted from ultracentrifuguation.18 Our

Figure 5. Taxonomic profiles of microbial communities in indoor dust-borne EVs and the microbiota in indoor dust. (a) PCoA based on Bray−
Curtis distances showing the patterns of microbial communities (Adonis, P < 0.001). (b) Dominant species present in EVs and surrounding indoor
dust (top 10 in each group). (c) Sankey diagram shows that rare taxa make a large contribution to the secretion of EVs (top 10 in each group). (d)
Heatmap of the pathogen species types and the relative abundances predicted in EVs.
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work further expanded the sampling range of dust covering
various fields of indoor daily life and found that EVs are
ubiquitous in varied indoor airborne environments, high-
lighting the close contact with our body. Moreover, as a dry
and nutrition-poor atmosphere, the abundance of EVs in
indoor dust extended our understanding on the existence
scope of EVs. Combined with previous studies, we conclude
that EVs are abundant in a variety of environments, raising the
importance of further studies about their cargo and roles in the
environment.14

4.2. EVs Act as Reservoirs of ARGs. We found that the
dust EVs carried a wide array of DNA fragments. The length of
EV-associated DNA was heterogeneous, with the range
between 21 and 9.7 kb. Diverse lengths were also found in
EV-associated DNA from seawater.31 This length range was
enough to encode multiple genes. We did predict diverse EV-
associated ARGs with a total of 241 subtypes. A number of
ARGs are often located on MGEs to facilitate the spread
between various bacterial species.32,33 We also found different
types of MGEs in EV samples. Moreover, multiple ARG−MGE
clusters were predicted, indicating the high spread probability
of ARGs carried by EVs. These findings provide new insights
into the transfer risk of antibiotic resistome via EVs in the field.
Previous studies have reported the distribution of ARGs in

dust and ambient environments.6,34,35 As DNA fragments,
ARGs can stay inside the bacteria as genomic or plasmid DNA.
They can also stay outside the bacteria, as free extracellular
DNA or bound to particles. Our study provided a new layer of
the existing form of ARGs in EVs. As lipid bilayer vesicles, EVs
can protect their cargoes from degradation by extracellular
degrading enzymes. The prolonged extracellular DNA in the
environment can thus enhance the probability of HGT events

upon successful interactions with new host cells. In addition,
EVs can also favor gene transfer by concentrating relatively
high local DNA concentrations. The low barrier within
bacteria due to the lipid membrane is another advantage.
Packing with EVs could provide ARGs a possible transfer route
in the environment.
Significant differences in abundance were observed in

specific ARGs between EVs and dust microbiota (t test, p <
0.05). EVs showed notable enrichment of ARGs to multidrug
and quinolone compared to their original dust microbiome.
Specific genes, such as gyrA, parE, parC, mexK, and mexW
were detected at a high level in EVs but almost below the
detection limit in indoor dust. Our results demonstrated that
EVs do not simply mimic cellular ARGs but can be specifically
enriched or depleted in some components. This indicates that
the low abundance of ARGs among indoor dust bacteria
cannot be ignored, as they could be selectively encapsulated by
EVs and potentially spread within the microbial community.

4.3. Distinct Taxonomic Composition of EV-Associ-
ated DNA and Cellular DNA from the Source Dust
Microbiome. We performed the metagenomic analysis of
DNA from indoor dust microbiota and the derived EVs to
figure out the potential origin of EVs. The diversity of
taxonomic composition on EV-associated DNA was less than
that of the habitat microbial genomic DNA. This implied that
in the real environment, the release of EVs was largely
influenced by environmental conditions, including, but not
limited to, nutrition and environmental stress. Relatively poor
growth conditions might restrain the generation and release of
EVs by indoor dust microbes. However, active secretion from
the bacteria in dust might not be the only source of EV
production. Cell lysis, which occurred as a natural process in

Figure 6. Pathogenic host range of EV-associated ARGs. (a) Composition and relative abundance of the EV-associated ARG hosts (the top five
species in each group are shown). (b) Diversity and relative abundance of the ARGs (18 types) carried by the corresponding potential pathogens.
The ARG types are colored as indicated in the figure. (c) Distribution of the pathogen hosts of ARGs across four sampling fields. The existence is
indicated by the presence of color balls.
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dust, could be another way of EV generation in dust.14 In
addition, as EVs possess high stability,36,37 they could be
transported from nonlocal bacteria over long distances in air.
We do not rule out the possibility that EVs may be from
potential human pathogens or enteric microbes and be “picked
up” by the dust particles.
EVs have been shown to act as mediators during the

pathological process between the pathogen and its host. It
elicited inflammation, immune evasion, and finally the
pathology of various infective diseases. For example, EVs
from Bacteroides and Prevotella, which are the commensal
microbes in lungs, induced the expression of interleukin-17β
and promoted the pathogenesis of pulmonary fibrosis.38 EVs
secreted by Neisseria gonorrhoeae, uropathogenic E.coli, and P.
aeruginosa induced immune responses in macrophages.39 EVs
spread in indoor dust can enter the respiratory system through
inhalation, thus posing a potential health risk. One study
showed that indoor dust EVs from a dormitory building,
mainly from Pseudomonas, can enhance melanoma lung
metastasis in a dose-dependent manner in mice.17 Further,
pathogen-derived EVs were abundantly found in body fluids
and tissue biopsies of human patients in vivo studies.40−42 In
our study, a total of 57 potential pathogens were identified as
potential hosts of indoor EVs. Their relative abundance in EV
taxa was significantly higher than that in the microbiome of
indoor dust. As EVs have been shown to be an effective factor
for the virulence of Pseudomonas, the threat should be
concerned even though Pseudomonas is a “rare species” in
the microbial community of dust. Furthermore, these
pathogen-secreted EVs also harbored virulence factor-encoding
genes and ARGs, which could exacerbate the potential health
risk via the transfer of antibiotic resistance.
To be noted, the lack of DNase treatment to the EV samples

prior to DNA extraction means that our analysis may include
some contaminating cellular DNA, which might be co-pelleted
in the sample. Further works related to EVs in the
environmental milieu need to consider the influence of
extracellular DNA, especially in cellular DNA-abundant fields,
such as sewage.
In summary, the study presented the diverse taxonomic

composition of EVs in indoor dust from various daily life fields.
A higher relative abundance of pathogen-derived EVs was
found compared to the original dust microbiota. Indoor dust
EVs harbored a diversity of ARGs. ARGs encoding resistance
to multidrug, quinolone, and macrolide coexisting with MGEs
were carried by EVs. The reservoir roles of EVs for airborne
ARGs extend our knowledge of the existing form of
extracellular DNA in dust. Considering the long persistence,
protection, local concentration, and mediation roles of EVs on
their cargoes, the spread of ARGs and their transfer risk on
antibiotic resistance via EVs in the indoor environment are
worth more attention from the “One Health” perspective.
Future studies are warranted to assess the risk of threat from
the urban airborne transmission of ARGs.
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