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Abstract

As the significance of human health continues to rise, the microbiome has shifted its focus
from microbial composition to the functional roles it plays. In parallel, interest in ultraf-

ine particles associated with clinically important impact has been increasing. Bacterial
extracellular vesicles (BEVs), involved in systemic microbiome activity, are nano-sized
spherical vesicles (20 - 100nm in diameter) containing DNA, RNA, proteins, and lipids.
They are known to be absorbed into the body potentially through air and soil, circulate

in the blood, and directly impact diseases by affecting organs. Therefore, the aim of this
study is to examine the biodiversity of bacteria and BEVs and predicted functional path-
ways. We sampled air and soil samples in Seoul, Korea and analyzed metagenomics
based on 16S rRNA sequencing. At the phylum levels, Firmicutes in BEVs from soil and
air were significantly higher than in bacteria, and Acidobacteria in both bacteria and BEVs
from soil were significantly higher than from air (p <0.05). The most dominant genera
were Pseudomonas in bacteria from air and soil; and Escherichia—Shigella in BEVs from
air and soil. In addition, Two-component system (ko02020) and ATP-binding cassette
transporters (ko02010) were dominant functional pathways in both air and soil. The most
functional pathways and orthologous groups were significantly different between air and
soil (p<0.05). In conclusion, human health can be affected differently depending on type
of environment. Future study is necessary to have a better understanding of human health
effects from environmental microbiota.

1. Introduction

There are numerous microorganisms in the air and soil. Soil supports the richest variety

of biological life on Earth, providing a habitat for numerous microorganisms, whereas the
atmosphere is less conducive to their survival [1,2]. However, many airborne microbes are
metabolically active [3,4]. Both metabolically active and inactive microbes affect human
health; for example, several airborne bacteria are associated to negative health effects, includ-
ing respiratory and infectious diseases, acute toxic effects, allergies, and even cancer [5]. In
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addition, soil biodiversity is associated with human health, such as ecological complexity and
robustness [6]. Humans are exposed to environmental microbiomes through various routes,
including ingestion and inhalation, as these microbiomes circulate among soil, water, and air.
Consequently, the assessment of environmental microbiomes is crucial for understanding
their impact on human health.

Recently, interest in the microbiome has shifted from composition to functional roles in
human health. Furthermore, public concern for ultrafine particles, including bioaerosols,
has increased due to their ability to remain airborne for extended periods and penetrate deep
into the respiratory tract. Among these bioaerosols, bacterial extracellular vesicles (BEVs)
are emerging as key factors in airborne microbial exposure, potentially influencing immune
responses and respiratory health [7,8]. Understanding the differences between airborne and
soil microbiomes, including BEVs, is critical for assessing their environmental and health
implications. Ultrafine particles, when inhaled, rapidly distribute to various organs, including
the lungs, liver, kidneys, and intestines. These particles penetrate tissue and persist within lung
cells, suggesting a prolonged impact of particle accumulation in deep lung tissue on lung func-
tion over a period of four weeks [9]. Extracellular vesicles (EVs), a type of ultrafine particle,
are produced as a result of systemic cellular activity. The biogenesis of EVs is a highly regu-
lated process controlled by various signaling molecules and initiated by receptor activation
specific to each cell type [10]. The biogenesis of eukaryotic EV's has been well characterized,
with eukaryotic cell-derived EV's being classified into exosomes, ectosomes (or shedding vesi-
cles), and apoptotic bodies [11]. In contrast, the biogenesis of prokaryotic cell-derived EV's has
only recently been elucidated. Prokaryotic cell-derived EV's are categorized as ectosomes and
apoptotic bodies [12]. BEVs are further classified into Gram-negative bacteria-derived outer
membrane vesicles and Gram-positive bacteria-derived membrane vesicles. Previous studies
have highlighted the role of BEVs in the pathogenesis of various diseases, including skin, lung,
and gut diseases, metabolic disorders, central nervous system conditions, and cancers. For
examples, Staphylococcus aureus EVs have been linked to the pathogenesis of atopic derma-
titis, asthma, chronic obstructive pulmonary disease, chronic inflammatory airway diseases,
and lung cancer. Additionally, Escherichia coli EVs was associated with emphysema, inflam-
matory bowel disease, and lung cancer [12]. Furthermore, Pseudomonas aeruginosa EVs and
Paenalcaligenes hominis EVs have been related to pulmonary inflammation and cognitive
impairment in vivo tests, respectively [13,14]. BEVs are nano-sized (20-100 nm in diameter),
spherical, and composed of a lipid bilayer, which contributes to their high stability [15]. In
addition, BEVs, including DNA, RNA, proteins, and lipids, play roles in intercellular trans-
port and communication, as they deliver microbial components [16-18]. Some studies show
that BEV's are absorbed into the body and can circulate in blood and affect the body’s organs
[19]. Overall, focus has increased regarding the influence of BEVs on health and disease, and
many BEV studies have demonstrated that they can directly affect disease [20,21].

Culture-based methods in microbiology have been used to analyze microbial communities,
enabling the direct observation of bacteria and fungi. In particular, airborne bacteria and fungi
are monitored based on colony-forming unit (CFU) concentrations, as regulated by the World
Health Organization using culture-based methods. Culture-based studies have shown that
most airborne bacteria are Gram-positive bacteria (Staphylococcus, Corynebacterium, Bacillus,
and Micrococcus), although some Gram-negative bacteria (such as Acinetobacter, Moraxella,
Pantoea, and Pseudomonas) have been analyzed at lower frequencies [22-28]. In addition,
culture-based methods cannot detect BEVs, as BEV's cannot be cultured. The composition of
airborne microbial communities differs between culture-based methods and 16S rRNA gene
sequencing [29,30]. The total 16S DNA vyield from a sample can include approximately a quar-
ter of that derived from BEVs [31].
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Therefore, research on environmental applications of BEVs is crucial. BEVs hold signif-
icant potential for various environmental applications, including serving as bioremediation
agents in environmental disaster mitigation, removing problematic biofilms, and aiding in
waste treatment. Further investigation in this field is essential to fully understand the environ-
mental and ecological significance of BEVs and to explore how they can be effectively utilized
as tools in a wide range of environmental contexts [32].

While previous studies have examined airborne and soil microbiomes separately, there has
been no in-depth study comparing bacterial communities and BEV's between these two envi-
ronments. Furthermore, little is known about the functional roles of BEVs in environmental
microbiomes and their potential implications for human health. Therefore, this study aims to
provide a comprehensive analysis of bacterial and BEV microbiota in air and soil using 16S
rRNA sequencing, with a specific focus on their biodiversity and predicted functional path-
ways. We hypothesize that the bacterial community composition and functional pathways of
BEVss differ significantly between air and soil, which may influence human health in distinct
ways.

2. Materials and methods
2.1. Sampling

Air samples for airborne microorganisms were collected in sterilized Petri dishes using the
gravitational settling method for a day per sample [33]. Ambient air sampling was conducted
on the rooftop of a building during a period without precipitation or strong winds, after
obtaining access permission. Simultaneously, soil samples were gathered in sterilized tubes
from the surface near a mountain path close to the building. Sampling was conducted over

20 sunny days from May to July 2016 in Seoul, South Korea (37.58° N, 126.88° E), during
which there were no significant events, such as the rainy season or yellow dust occurrences. In
total, 80 samples were collected, consisting of 20 airborne bacteria (AB) samples, 20 airborne
bacterial extracellular vesicles (AE) samples, 20 soil bacteria (SB) samples, and 20 soil bacterial
extracellular vesicles (SE) samples. All samples were stored below -20 °C.

2.2. DNA isolation and sequencing

Air samples in a Petri dish and 5 g soil samples were each diluted in 10 mL of phosphate-
buffered saline (PBS) for 24 hours at 4°C, vortexed, and filtered through a cell strainer. Addi-
tionally, two PBS samples were analyzed as blanks (negative controls), and a standard material
was used to monitor for errors, such as contamination and excessive growth. The pellet and
supernatant—containing cells and EVs, respectively—were separated via centrifugation at
10,000 x g for 10 minutes at 4 °C. To eliminate cell and foreign particles in the supernatant,
filtering was performed using a 0.22 um filter. After the filtered samples were boiled and
centrifugated at 13,000 rpm at 4 °C, DNA was extracted from the pellets and supernatant
using a DNeasy PowerSoil kit (QIAGEN, Germany) [34,35]. Therefore, DNA in the pellets
represents bacteria, while DNA in the supernatant indicates BEVs. In this study, we employed
16S rRNA-based metagenomic analysis to characterize bacterial communities rather than
whole macrogenome sequencing. This approach was chosen to efficiently compare bacterial
and BEV compositions in airborne and soil environments. Bacterial genomic DNA targeting
the V3-V4 hypervariable regions of the 16S rRNA gene was amplified with the 16s_V3_F and
16s_V4_R primers [34,35]. Library preparation was conducted using PCR products, which
were quantified with QIAxpert (QIAGEN, Germany), and each amplicon was sequenced
using MiSeq (Illumina, USA). Raw pyrosequencing reads obtained from the sequencer were
filtered based on barcode and primer sequences using MiSeq technology (Illumina, USA).
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2.3. Taxonomic assignment and functional pathway profiles.

Taxonomic assignment was performed based on SILVA database 128 with UCLUST. This
program uses Cutadapt (ver. 1.1.6) for trimming, CASPER for merging, and VSEARCH for
clustering into operational taxonomic units (OTUs) as previously described [34,35]. To ensure
high-quality sequencing reads, sequences with read lengths shorter than 350bp or longer than
550bp, as well as those with Phred quality scores below 20, were discarded [36]. During this
process, subsampling was conducted based on the sample with the lowest read count among
all samples to ensure comparability between them. Taxonomic assignments were made based
on sequence similarities, with thresholds set as follows: species level (>97% similarity), genus
level (>94% similarity), family level (>90% similarity), order level (>85% similarity), class level
(>80% similarity), and phylum level (>75% similarity). OTUs with fewer than 10 sequences in
only one sample were excluded from further analysis. To predict the possible functional path-
way, we used Tax4Fun [37] to calculate the contributions of various OTUs to known biologi-
cal pathways based on KEGG orthology groups (KOs) using Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases [38].

2.4. Statistical analysis

Significant differences in microbiome, functional pathway, and orthologous groups between
the sample types were assessed using a Mann-Whitney test for continuous variables. Findings
were considered significant for p < 0.05. The alpha diversity of the microbial composition was
measured using the observed OTUs, Chaol, Shannon index, and Simpson index and rarified
to compare species richness and evenness. To adjust for uneven sequencing depth among the
samples, the samples were rarefied to even depths of 10,000 before diversity analysis. Beta
diversity (diversity among samples within a group) was calculated based on the Bray-Curtis
dissimilarity index and visualized using Principal Coordinate Analysis (PCoA). The p-value
for PCoA was calculated via Permutational Multivariate Analysis of Variance (PERMANOVA)
using distance matrices. Correlations among microbiome, functional pathway, and ortholo-
gous groups were analyzed using Pearson correlation coefficients. All statistical analyses were
carried out using R version 4.3.2.

3. Results
3.1. Difference in diversity between air and soil

We obtained a total of 3,000,193 high-quality sequences. The average number of valid reads
was 33,974.1 + 12,211.2 for AB, 42,293.5 + 28,041.7 for AE, 43,822.1 + 26,526.2 for SB, and
41,829.3 + 23,282.8 for SE.

To analyze the alpha diversity for richness and evenness, Chaol, observed OTUs, the
Shannon index, and the Simpson index were analyzed. These alpha diversity indexes were
significantly higher for SB than the other sample types (p < 0.05) (Fig. 1A). However,
there was no significant difference in alpha diversity between AB, AE, and SE. PCoA,
representing beta diversity, yielded significantly distinct clustering between air and soil
(p < 0.05). Additionally, differences were observed between bacteria and BEVs in air and

soil samples (Fig. 1B).

3.2. Metagenomic analysis of bacteria and bacterial extracellular vesicles in
air and soil

At the phylum level, Proteobacteria were the most dominant in every sample type, with
74.9 + 20.6% in AB, 40.4 + 21.4% in AE, 44.1 £ 20.4% in SB, and 47.5 + 12.1% in SE.
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Fig. 1. Differences in alpha and beta diversity between airborne bacteria (AB), airborne BEVs (AE), soil bacteria (SB), and soil BEVs (SE). (A) Alpha diversity:
observed OTUs, Chaol, Shannon index, and Simpson index. (B) Beta diversity: PCoA of the bacteria and BEVs. (*: p < 0.05.).

https://doi.org/10.1371/journal.pone.0320916.9g001

Firmicutes, Bacteroidetes, and Actinobacteria were also among the next most abundant
phyla in every sample type. Firmicutes were the second most abundant in AB, AE, and
SE, while Bacteroidetes were the second most abundant in SB. In addition, Firmicutes
were significantly more abundant in BEVs from both air and soil than in bacteria (p <
0.05). Acidobacteria in soil (9.9 £ 8.5% in SB and 3.3 + 5.7% in SE) were significantly
higher than in air (0.2 = 0.3% in AB and 0.0 + 0.2% in AE) (p < 0.05) (Fig. 2A, Supple-
mentary Table S1). At the genus levels, the most dominant genera were Pseudomonas in
AB at 12.6 + 28.4% (62,355 reads) and SB at 18.1 + 16.9% (141,722 reads); and Esche-
richia-Shigella in AE at 14.5 + 10.9% (139,158 reads) and SE at 19.5 + 14.0% (176,979
reads). However, the next most dominant genera in SB and SE differed based on the
average relative abundance and the total read counts (Fig. 2B, 2C, Supplementary Table
S1). In addition, there was a difference between air and soil; Methylobacterium in air was
significantly higher than in soil, while Arthrobacter in air was significantly lower than in
soil (p < 0.05). Furthermore, Escherichia-Shigella, Proteus, Lactobacillus, and Enterococ-
cus in bacteria were significantly lower than in BEVs from air and soil (p < 0.05) (Sup-
plementary Table S1).
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Fig. 2. Dominant microbiome in air and soil. (A) Averaged microbiota at the phylum level. (B) Dominant genera of bacteria and BEV's based on total read counts in
air samples. (C) Dominant genera of bacteria and BEVs based on total read counts in soil samples.

https://doi.org/10.1371/journal.pone.0320916.g002

3.3. Functional pathway and orthologous groups

The dominant functional pathways in air samples were the ATP-binding cassette (ABC)
transporters (ko02010) and the two-component system (ko02020) (Supplementary Fig. S1A).
In addition, the dominant functional pathway in soil was the metabolic pathway (ko01100),
followed by microbial metabolism in diverse environments (ko01120), the biosynthesis of
secondary metabolites (ko01110), the biosynthesis of antibiotics (ko01130), ABC transporters
(ko02010), and the two-component system (ko02020) (Supplementary Fig. S1B). The most
functional pathways were significantly different between air and soil (p < 0.05), while the met-
abolic pathway (ko01100), microbial metabolism in diverse environments (ko01120), biosyn-
thesis of secondary metabolites (ko01110), the biosynthesis of antibiotics (ko01130), and ABC
transporters (ko02010) were not significantly different between bacteria and BEV's (Fig. 3A).
In the orthologous groups, the dominant groups in the air included the iron complex
outer-membrane receptor protein (K02014); the ATP-binding cassette, subfamily B, bacte-
ria (K06147); the methyl-accepting chemotaxis protein (K03406); hydrophobic/amphiphilic
exporter-1 (mainly G- bacteria); and the HAEI1 family (K03296) (Supplementary Fig. S2A). In
addition, the dominant orthologous groups in the soil were 3-oxoacyl-[acyl-carrier protein]
reductase (K00059) and ATP-binding protein in several systems (K02031, K02003, K02032,
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Fig. 3. Difference in dominant (A) functional pathway and (B) orthologous groups between airborne bacteria (AB), airborne BEVs (AE), soil bacteria (SB), and

soil BEVs (SE).

https://doi.org/10.1371/journal.pone.0320916.9003

K01990, K02049, K02028, K02013, K02010, K02052, K01995, K10112, and K01996) (Supple-
mentary Fig. S2B). The most orthologous groups were significantly different between the air
and soil (p < 0.05), whereas hydrophobic—amphiphilic exporter-1 (mainly G- bacteria), the
HAE]1 family (K03296), the putative ABC transport system ATP-binding protein (K02003),
the iron complex outer-membrane receptor protein (K02014), the peptide—nickel transport
system ATP-binding protein (K02031), and the peptide-nickel transport system ATP-binding
protein (K02032) were not significantly different between bacteria and BEVs (Fig. 3B).

3.4. Genera correlated with functional pathway and orthologous groups

Escherichia-Shigella in AB was highly correlated with dominant functional pathways and
orthologous groups. In particular, correlation coefficients with Purine metabolism (ko00230)
and Aminoacyl-tRNA biosynthesis (ko00970) of the functional pathway were high (r > 0.9,

p <0.01), while correlation with the iron complex outer-membrane receptor protein (K02014)
and the HAE1 family (K03296) were extremely negative (r = -0.95 and -0.93, respectively,

p < 0.05) (Fig. 4A). Bacteroides in AE showed significant positive correlation with Pyrimidine
metabolism (ko00240) in functional pathway and the iron complex outer-membrane receptor
protein (K02014) and the putative ABC transport system permease protein (K02004) in the
orthologous group (r > 0.9, p < 0.01) (Fig. 4B). In SB, opposite correlations with dominant
functional pathways were found between Pseudomonas and Arthrobacter. In addition, Pseudo-
monas, Chryseobacterium, and Flavobacterium in SB were significantly negatively associated
with microbial metabolism in diverse environments (ko01120) (r <-0.5, p < 0.05) (Fig. 4C).
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Escherichia-Shigella, Proteus, Lactobacillus, and Enterococcus in SE were significantly nega-
tively correlated with dominant orthologous groups and two functional pathways, including
microbial metabolism in diverse environments (ko01120) and biosynthesis of antibiotics
(ko01130) (p < 0.05). Furthermore, Pseudomonas in SE exhibited a significant negative cor-
relation with the metabolic pathway (ko01100) (r = -0.89, p < 0.05) (Fig. 4D).

4. Discussion

In this study, significant differences in bacterial and BEV composition were observed between
air and soil samples. Pseudomonas, Massilia, and Escherichia-Shigella were dominant in
airborne bacteria, while Escherichia-Shigella, Methylobacterium, and Bacteroides were the
most abundant in airborne BEVs. Comparisons with previous studies indicate that microbial
community composition can vary based on environmental conditions, including geographical
location, season, and methodology. While previous research has identified Methylobacterium,
Streptomyces, Pseudonocardia, Sphingomonas, and Bacillus as dominant airborne bacteria
[33,39], our findings highlight the need to further investigate the factors shaping microbial
distributions in different environments. In soil, the dominant genera were Pseudomonas,
Corynebacterium, and Flavobacterium in bacteria and Escherichia-Shigella, Pseudomonas, and
Proteus in BEVs, while Sphingomonadaceae(f), Xanthomonadaceae, Comamonadaceae(f), and
Sphingomonas were the dominant genera in control soil in a previous study [40]. In addition,
Proteobacteria, Actinobacteria, and Acidobacteria are the dominant phyla in Mediterranean
mountains [41]. Variability in microbial community composition can be attributed to differ-
ences in methodology, environmental conditions, and sample processing techniques. One
critical factor is the separation of bacteria and BEVs, as genomic DNA extractions typically
contain both bacterial and BEV-derived DNA [31]. A methodology that can separate micro-
sized bacteria and nano-sized BEVs is essential for clear microbiome analysis. In addition,
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many environmental factors affect the soil microbiome. Acidobacteria in soil were the most
abundant phylum in this study. The abundance of Acidobacteria in the low-altitude forest
sample was higher than in some studies of altitudinal gradients [42,43]. In some cases, the
abundance of Acidobacteria showed a negative correlation with soil pH [43] or a positive
correlation with carbon inputs [44]. Soil microbial communities are strongly affected by pH,
altitudinal gradient, and abiotic factors [45,46]. Therefore, we suggest that assessing environ-
mental factors is necessary for managing microbial environments since environmental factors
strongly influence microbiomes.

Both airborne and soil microbiomes play a significant role in human health, with airborne
BEVs receiving increasing attention due to their potential to influence immune responses.
The composition of BEVs in air and soil differs significantly, which may lead to distinct health
effects based on exposure routes. For example, inhalation of BEV's from airborne bacteria,
such as S. aureus EVs, has been associated with neutrophilic pulmonary inflammation and
neutrophilic asthma [47,33]. Further research is required to elucidate the mechanisms by
which BEVs interact with the human body and their potential long-term health effects. Addi-
tionally, exposure to E. coli BEV's has been linked to gut and lung inflammatory responses,
suggesting a possible systemic impact. In contrast, soil-derived BEVs may enter the body
through ingestion or dermal contact, potentially modulating immune responses in the gut
microbiome. While some BEVs have been shown to have antitumor properties, such as their
ability to induce an immune response against metastatic carcinoma in lung tissues [48-50],
the exact mechanisms by which BEVs interact with human immune systems remain unclear.
Future studies should investigate the immunomodulatory properties of environmental BEV's
to determine their potential risks and benefits in different exposure scenarios. BEVs derived
from indoor dust are also associated with pulmonary disease. In vivo testing has shown that
BEVs in indoor dust can induce emphysema in the lungs [51,52]. S. aureus EVs and E. coli EV
have been shown to trigger the Th17 immune response. Specifically, these EVs promote IL-17
production through the activation of polarized Th17 cells, leading to neutrophilic inflam-
mation. This inflammatory response, characterized by neutrophil recruitment, can induce
epithelial cell dysplasia and upregulate expression of matrix metalloproteinases, potentially
contributing to the development of lung cancer [7]. Lung cancer is one of the most prevalent
and fatal diseases globally, leading to a rise in prediction research, and BEV's have shown
potential as a factor in lung cancer prediction and medicine [53-55]. These previous studies
have shown that BEVs derived from environmental samples can elicit an immune response.
Therefore, we suggest that it is important to analyze the BEV microbiome for human health,
especially pulmonary and respiratory diseases.

In a previous study, oxidative phosphorylation (ko00190; Level2: energy metabolism) was
the most functional pathway in mountain soil [41]; however, in this study, the metabolic
pathway (ko01100; Level2: global and overview maps) was the most functional pathway.
Interestingly, ABC transporters (ko02010) and two-component systems (ko02020) were the
most common functional pathways analyzed in all groups, and they were significantly higher
in the air groups than in the soil group. While this superfamily is ubiquitous in all domains of
life, many ABC transporters are associated with bacterial pathogenicity, with contributions to
toxins; protein and polysaccharide secretion; drug efflux functionality; and lipopolysaccharide
biogenesis in Gram-negative bacteria [56]. Additionally, two-component signal transduc-
tion systems are widespread in prokaryotes and extensively mediate adaptive responses to
environmental changes [57,58]. The ABC transporter is related to lung functions [59], and
two-component systems in pathogens are concerned with sensing antibiotics and regulating
the gene expression of antibiotic resistance in response to antibiotic exposure signals [60]. The
arc two-component signal transduction system plays a role in adapting E. coli by changing the
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respiratory conditions of growth [61]. In addition, the GacS/GacA two-component system
critically affects the many beneficial and pathogenic communications of Gram-negative
bacteria with their host organisms [62]. Our results indicate that functional pathways related
to signaling, bacterial pathogenicity, and immune system interactions are more abundant in
airborne microbiomes compared to soil. This suggests a potential link between environmental
exposure and immune responses, particularly through inhalation. Further studies utilizing in
vivo and in vitro models are necessary to establish the functional relevance of these pathways
and their potential health implications.

The composition of the airborne microbiome is closely associated with aerosol
sources, such as freshwater, cropland, soil, and urban environments [63]. Moreover,
ambient bioaerosols can influence indoor bioaerosols, leading to human exposure
through inhalation and skin contact. Consequently, we can be exposed to microbiomes
present in any environment. The growth and death of bacteria in the environment,
including soil, water, and air, are largely affected by environmental conditions, and in
the same way, BEVs such as the ectosome and the apoptotic body are derived from the
growth and death of bacteria [12]. Since bacteria and BEVs circulate between air and
soil, the microbiota of air and soil can be affected by each other. However, there were
differences in microbiota and functions between air and soil in this study. Although
these influences are mutual, bioaerosols are influenced by more environmental factors,
so it is not enough to judge the human health impact of bioaerosols based on environ-
mental assessment. Additionally, there are studies on microorganisms based on CFUs,
cultures, and sequencing, and studies based on new generation sequencing (NGS) and
shotgun sequencing have recently increased. This study is the first to analyze the differ-
ences between air and soil microbiomes, especially regarding BEVs. We also analyzed
the functional pathway and orthologous groups based on microbiomes in air and soil.
Our results showed differences between the sample types. We suggest that health effects
may be different depending on the type of environment we are exposed to. Therefore,
management using CFU concentrations has limitations, and we propose that nano-sized
particles, including BEVs, should be controlled. However, the technology to monitor
nano-sized bioaerosols is currently insufficient, making developing new technology nec-
essary [64]. Recently, filters capable of removing nano-sized particles have been devel-
oped to improve indoor air quality using air purifiers [65,66].

This study has several limitations. First, sampling was conducted during a single season at a
limited number of locations, which may not fully capture the variability of microbial com-
munities across different temporal and geographical scales. Expanding the dataset to include
multiple seasons and diverse environmental conditions would provide a more comprehensive
understanding of microbial dynamics. The number of samples was insufficient to characterize
environmental microbiome. Second, we used a gravitational settling method for sampling,
but this approach did not capture airborne microbiomes sufficiently, particularly BEVs. BEV's
are nano-sized and do not readily sediment or flocculate, resulting in a longer retention time
in the atmosphere [67,68]. Third, NGS has limitations in analyzing bacterial species owing
to a lack of reference sequences [69]. Shotgun metagenome sequencing offers more compre-
hensive information compared to 16S rRNA sequencing and may therefore provide greater
accuracy in microbial analysis [70]. Using shotgun sequencing would enable a more precise
identification of species. However, shotgun sequencing presents challenges related to time and
cost, which can limit its practical application. To assign taxonomy to sequences, researchers
commonly use public databases such as GREENGENES, RDP, NCBI, Silva, and EzTaxon The
choice of database can vary between studies, with each offering distinct differences in terms
of diversity, accuracy, and update frequency. Finally, the methodologies for isolating BEV's
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from environmental samples remain non-standardized. Variations in ultracentrifugation
techniques—including differences in speed, duration, repetition, and the specific kits used—
contribute to inconsistencies. Furthermore, there are currently no established quality assur-
ance and quality control criteria for assessing BEV purity, such as size and quantity. These
factors can lead to discrepancies in BEV data depending on the research methods employed.
To address these issues, future studies should implement standardized methodologies and
include samples from diverse sites.

5. Conclusions

This study reveals distinct differences in bacterial and BEV microbiomes between air and
soil, emphasizing their potential influence on human health through varied exposure
routes. Airborne BEVs may play a role in respiratory immune responses, while soil-
derived BEVs could impact gut microbiota via ingestion or dermal contact. Given their
biological significance, further research should investigate the functional roles of BEVs in
immune modulation and disease mechanisms using in vitro and in vivo models. Expand-
ing environmental sampling across different seasons and locations, along with standard-
ized BEV isolation methods, will improve our understanding of their health impacts.
Additionally, the development of BEV-based biomarkers could enhance environmental
monitoring and public health risk assessments, contributing to improved air and soil
quality management.

Supporting information
S1 Fig. Dominant functional pathway of bacteria and BEVs in (A) air and (B) soil.
(PPTX)

$2 Fig. Dominant orthologous groups of bacteria and BEVs in (A) air and (B) soil.
(PPTX)

S1 Table. Relative abundance of microbiome at the phylum and genus levels.
(XLSX)

S1 File. Metagenomics raw data.
(XLSX)

Acknowledgment

We would like to acknowledge Semyung University and MD Healthcare Inc. for supporting
article processing.

Author contributions

Conceptualization: Yoon-Keun Kim, Jinho Yang.
Formal analysis: Hyunjun Yun, Ji Hoon Seo, Jinho Yang.
Funding acquisition: Jinho Yang.

Investigation: Hyunjun Yun, Ji Hoon Seo.
Methodology: Ji Hoon Seo, Yoon-Keun Kim, Jinho Yang.
Project administration: Yoon-Keun Kim, Jinho Yang.
Supervision: Yoon-Keun Kim, Jinho Yang.

Visualization: Hyunjun Yun, Ji Hoon Seo, Jinho Yang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0320916  April 1, 2025 11/15



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320916.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320916.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320916.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0320916.s004

PLOS ONE

The Bacterial Diversity including Extracellular Vesicles in Air and Soil

Writing - original draft: Hyunjun Yun, Ji Hoon Seo.

Writing - review & editing: Yoon-Keun Kim, Jinho Yang.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Crowther TW, van den Hoogen J, Wan J, Mayes MA, Keiser AD, Mo L, et al. The global soil commu-
nity and its influence on biogeochemistry. Science. 2019;365(6455):eaav0550. hitps://doi.org/10.1126/
science.aav0550 PMID: 31439761

Romero F, Hilfiker S, Edlinger A, Held A, Hartman K, Labouyrie M, et al. Soil microbial biodiversity
promotes crop productivity and agro-ecosystem functioning in experimental microcosms. Sci Total
Environ. 2023;885:163683. https://doi.org/10.1016/j.scitotenv.2023.163683 PMID: 37142020

Gandolfi I, Bertolini V, Ambrosini R, Bestetti G, Franzetti A. Unravelling the bacterial diversity in the
atmosphere. Appl Microbiol Biotechnol. 2013;97(11):4727-36. https://doi.org/10.1007/s00253-013-
4901-2 PMID: 23604562

Womack AM, Bohannan BJM, Green JL. Biodiversity and biogeography of the atmosphere. Philos Trans
R Soc Lond B Biol Sci. 2010;365(1558):3645-53. https://doi.org/10.1098/rstb.2010.0283 PMID: 20980313

Douwes J, Thorne P, Pearce N, Heederik D. Bioaerosol health effects and exposure assessment:
progress and prospects. Ann Occup Hyg. 2003;47(3):187—-200. https://doi.org/10.1093/annhyg/
meg032 PMID: 12639832

Wall DH, Nielsen UN, Six J. Soil biodiversity and human health. Nature. 2015;528(7580):69-76.
https://doi.org/10.1038/nature15744 PMID: 26595276

Yang J, Kim EK, Park HJ, McDowell A, Kim Y-K. The impact of bacteria-derived ultrafine dust particles
on pulmonary diseases. Exp Mol Med. 2020;52(3):338—-47. https://doi.org/10.1038/s12276-019-0367-3
PMID: 32203101

Schraufnagel DE. The health effects of ultrafine particles. Exp Mol Med. 2020;52(3):311-7. https://doi.
0rg/10.1038/s12276-020-0403-3 PMID: 32203102

Son T, Cho Y-J, Lee H, Cho MY, Goh B, Kim HM, et al. Monitoring in vivo behavior of size-
dependent fluorescent particles as a model fine dust. J Nanobiotechnology. 2022;20(1):227. https://
doi.org/10.1186/s12951-022-01419-4 PMID: 35551612

Azmi AS, Bao B, Sarkar FH. Exosomes in cancer development, metastasis, and drug resistance: a
comprehensive review. Cancer Metastasis Rev. 2013;32(3-4):623—-42. https://doi.org/10.1007/s10555-
013-9441-9 PMID: 23709120

Akers JC, Gonda D, Kim R, Carter BS, Chen CC. Biogenesis of extracellular vesicles (EV): exosomes,
microvesicles, retrovirus-like vesicles, and apoptotic bodies. J Neurooncol. 2013;113(1):1-11. https://
doi.org/10.1007/s11060-013-1084-8 PMID: 23456661

Yang J, Shin T-S, Kim JS, Jee Y-K, Kim Y-K. A new horizon of precision medicine: combination of the
microbiome and extracellular vesicles. Exp Mol Med. 2022;54(4):466—82. https://doi.org/10.1038/
§12276-022-00748-6 PMID: 35459887

Park K-S, Lee J, Jang SC, Kim SR, Jang MH, Létvall J, et al. Pulmonary inflammation induced by
bacteria-free outer membrane vesicles from Pseudomonas aeruginosa. Am J Respir Cell Mol Biol.
2013;49(4):637-45. https://doi.org/10.1165/rcmb.2012-03700C PMID: 23713467

Lee K-E, Kim J-K, Han S-K, Lee DY, Lee H-J, Yim S-V, et al. The extracellular vesicle of gut microbial
Paenalcaligenes hominis is a risk factor for vagus nerve-mediated cognitive impairment. Microbiome.
2020;8(1):107. hitps://doi.org/10.1186/s40168-020-00881-2 PMID: 32669127

Russell AE, Sneider A, Witwer KW, Bergese P, Bhattacharyya SN, Cocks A, et al. Biological mem-
branes in EV biogenesis, stability, uptake, and cargo transfer: an ISEV position paper arising from the
ISEV membranes and EVs workshop. J Extracell Vesicles. 2019;8(1):1684862. https://doi.org/10.1080/
20013078.2019.1684862 PMID: 31762963

Brown L, Wolf JM, Prados-Rosales R, Casadevall A. Through the wall: extracellular vesicles in
Gram-positive bacteria, mycobacteria and fungi. Nat Rev Microbiol. 2015;13(10):620-30. https://doi.
0rg/10.1038/nrmicro3480 PMID: 26324094

Lee E-Y, Bang JY, Park GW, Choi D-S, Kang JS, Kim H-J, et al. Global proteomic profiling of native
outer membrane vesicles derived from Escherichia coli. Proteomics. 2007;7(17):3143-53. https://doi.
org/10.1002/pmic.200700196 PMID: 17787032

Lee E-Y, Choi D-Y, Kim D-K, Kim J-W, Park JO, Kim S, et al. Gram-positive bacteria produce mem-
brane vesicles: proteomics-based characterization of Staphylococcus aureus-derived membrane
vesicles. Proteomics. 2009;9(24):5425-36. https://doi.org/10.1002/pmic.200900338 PMID: 19834908

PLOS ONE | https://doi.org/10.1371/journal.pone.0320916  April 1, 2025 12/15



https://doi.org/10.1126/science.aav0550
https://doi.org/10.1126/science.aav0550
http://www.ncbi.nlm.nih.gov/pubmed/31439761
https://doi.org/10.1016/j.scitotenv.2023.163683
http://www.ncbi.nlm.nih.gov/pubmed/37142020
https://doi.org/10.1007/s00253-013-4901-2
https://doi.org/10.1007/s00253-013-4901-2
http://www.ncbi.nlm.nih.gov/pubmed/23604562
https://doi.org/10.1098/rstb.2010.0283
http://www.ncbi.nlm.nih.gov/pubmed/20980313
https://doi.org/10.1093/annhyg/meg032
https://doi.org/10.1093/annhyg/meg032
http://www.ncbi.nlm.nih.gov/pubmed/12639832
https://doi.org/10.1038/nature15744
http://www.ncbi.nlm.nih.gov/pubmed/26595276
https://doi.org/10.1038/s12276-019-0367-3
http://www.ncbi.nlm.nih.gov/pubmed/32203101
https://doi.org/10.1038/s12276-020-0403-3
https://doi.org/10.1038/s12276-020-0403-3
http://www.ncbi.nlm.nih.gov/pubmed/32203102
https://doi.org/10.1186/s12951-022-01419-4
https://doi.org/10.1186/s12951-022-01419-4
http://www.ncbi.nlm.nih.gov/pubmed/35551612
https://doi.org/10.1007/s10555-013-9441-9
https://doi.org/10.1007/s10555-013-9441-9
http://www.ncbi.nlm.nih.gov/pubmed/23709120
https://doi.org/10.1007/s11060-013-1084-8
https://doi.org/10.1007/s11060-013-1084-8
http://www.ncbi.nlm.nih.gov/pubmed/23456661
https://doi.org/10.1038/s12276-022-00748-6
https://doi.org/10.1038/s12276-022-00748-6
http://www.ncbi.nlm.nih.gov/pubmed/35459887
https://doi.org/10.1165/rcmb.2012-0370OC
http://www.ncbi.nlm.nih.gov/pubmed/23713467
https://doi.org/10.1186/s40168-020-00881-2
http://www.ncbi.nlm.nih.gov/pubmed/32669127
https://doi.org/10.1080/20013078.2019.1684862
https://doi.org/10.1080/20013078.2019.1684862
http://www.ncbi.nlm.nih.gov/pubmed/31762963
https://doi.org/10.1038/nrmicro3480
https://doi.org/10.1038/nrmicro3480
http://www.ncbi.nlm.nih.gov/pubmed/26324094
https://doi.org/10.1002/pmic.200700196
https://doi.org/10.1002/pmic.200700196
http://www.ncbi.nlm.nih.gov/pubmed/17787032
https://doi.org/10.1002/pmic.200900338
http://www.ncbi.nlm.nih.gov/pubmed/19834908

PLOS ONE

The Bacterial Diversity including Extracellular Vesicles in Air and Soil

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

ChoiY, Kwon Y, Kim D-K, Jeon J, Jang SC, Wang T, et al. Gut microbe-derived extracellular vesi-
cles induce insulin resistance, thereby impairing glucose metabolism in skeletal muscle. Sci Rep.
2015;5:15878. https://doi.org/10.1038/srep15878 PMID: 26510393

Xie J, Haesebrouck F, Van Hoecke L, Vandenbroucke RE. Bacterial extracellular vesicles: an emerg-
ing avenue to tackle diseases. Trends Microbiol. 2023;31(12):1206—24. https://doi.org/10.1016/j.
tim.2023.05.010 PMID: 37330381

Nahui Palomino RA, Vanpouille C, Costantini PE, Margolis L. Microbiota-host communications: Bac-
terial extracellular vesicles as a common language. PLoS Pathog. 2021;17(5):e1009508. https://doi.
org/10.1371/journal.ppat.1009508 PMID: 33984071

Andersson AM, Weiss N, Rainey F, Salkinoja-Salonen MS. Dust-borne bacteria in animal sheds,
schools and children’s day care centres. J Appl Microbiol. 1999;86(4):622—34. hitps://doi.org/10.1046/
j:1365-2672.1999.00706.x PMID: 10212408

Aydogdu H, Asan A, Otkun MT, Ture M. Monitoring of fungi and bacteria in the indoor air of primary
schools in Edirne City, Turkey. Indoor and Built Environment. 2005;14(5):411-25. https://doi.org/10.117
7/1420326x05057539

Aydogdu H, Asan A, Tatman Otkun M. Indoor and outdoor airborne bacteria in child day-care centers
in Edirne City (Turkey), seasonal distribution and influence of meteorological factors. Environ Monit
Assess. 2010;164(1—-4):53-66. https://doi.org/10.1007/s10661-009-0874-0 PMID: 19404760

Bartlett KH, Kennedy SM, Brauer M, van Netten C, Dill B. Evaluation and determinants of airborne
bacterial concentrations in school classrooms. J Occup Environ Hyg. 2004;1(10):639—47. https://doi.
0org/10.1080/15459620490497744 PMID: 15631055

Fang Z, Ouyang Z, Zheng H, Wang X, Hu L. Culturable airborne bacteria in outdoor environments in Bei-
jing,China. Microb Ecol. 2007;54(3):487-96. https://doi.org/10.1007/s00248-007-9216-3 PMID: 17308950

Kim KY, Kim CN. Airborne microbiological characteristics in public buildings of Korea. Build Environ.
2007;42(5):2188-96.

Kim KY, Kim YS, Kim D, Kim HT. Exposure level and distribution characteristics of airborne bac-
teria and fungi in Seoul metropolitan subway stations. Ind Health. 2011;49(2):242-8. https://doi.
org/10.2486/indhealth.ms1199 PMID: 21173524

Cho BC, Hwang CY. Prokaryotic abundance and 16S rRNA gene sequences detected in marine aero-
sols on the East Sea (Korea). FEMS Microbiol Ecol. 2011;76(2):327—41. hitps://doi.org/10.1111/j.1574-
6941.2011.01053.x PMID: 21255051

Fierer N, Liu Z, Rodriguez-Hernandez M, Knight R, Henn M, Hernandez MT. Short-term temporal
variability in airborne bacterial and fungal populations. Appl Environ Microbiol. 2008;74(1):200-7.
https://doi.org/10.1128/AEM.01467-07 PMID: 17981945

Yang J, McDowell A, Kim EK, Seo H, Lee WH, Moon C-M, et al. Development of a colorectal cancer
diagnostic model and dietary risk assessment through gut microbiome analysis. Exp Mol Med.
2019;51(10):1-15. https://doi.org/10.1038/s12276-019-0313-4 PMID: 31582724

Ahmed AAQ, McKay TJM. Environmental and ecological importance of bacterial extracellular vesicles
(BEVs). Sci Total Environ. 2024;907:168098. hitps://doi.org/10.1016/j.scitotenv.2023.168098 PMID:
37884154

Yang J, Seo J-H, Jee Y-K, Kim Y-K, Sohn J-R. Composition analysis of airborne microbiota in
outdoor and indoor based on dust separated by micro-sized and nano-sized. Aerosol Air Qual Res.
2023;23(7):210231. https://doi.org/10.4209/aaqr.210231

An J, Yang J, Kwon H, Lim W, Kim Y-K, Moon B-I. Prediction of breast cancer using blood microbi-
ome and identification of foods for breast cancer prevention. Sci Rep. 2023;13(1):5110. https://doi.
0rg/10.1038/s41598-023-32227-x PMID: 36991044

Yang J, McDowell A, Kim EK, Seo H, Yum K, Lee WH, et al. Consumption of a Leuconostoc holzapfelii-
enriched synbiotic beverage alters the composition of the microbiota and microbial extracellular vesicles.
Exp Mol Med. 2019;51(8):1-11. hitps://doi.org/10.1038/s12276-019-0288-1 PMID: 31371728

Ram JL, Karim AS, Sendler ED, Kato |. Strategy for microbiome analysis using 16S rRNA gene
sequence analysis on the lllumina sequencing platform. Syst Biol Reprod Med. 2011;57(3):162—-70.
https://doi.org/10.3109/19396368.2011.555598 PMID: 21361774

ABhauer KP, Wemheuer B, Daniel R, Meinicke P. Tax4Fun: predicting functional profiles from metag-
enomic 16S rRNA data. Bioinformatics. 2015;31(17):2882—4. https://doi.org/10.1093/bioinformatics/
btv287 PMID: 25957349

Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, et al. Predictive func-

tional profiling of microbial communities using 16S rRNA marker gene sequences. Nat Biotechnol.
2013;31(9):814-21. https://doi.org/10.1038/nbt.2676 PMID: 23975157

PLOS ONE | https://doi.org/10.1371/journal.pone.0320916  April 1, 2025 13/15



https://doi.org/10.1038/srep15878
http://www.ncbi.nlm.nih.gov/pubmed/26510393
https://doi.org/10.1016/j.tim.2023.05.010
https://doi.org/10.1016/j.tim.2023.05.010
http://www.ncbi.nlm.nih.gov/pubmed/37330381
https://doi.org/10.1371/journal.ppat.1009508
https://doi.org/10.1371/journal.ppat.1009508
http://www.ncbi.nlm.nih.gov/pubmed/33984071
https://doi.org/10.1046/j.1365-2672.1999.00706.x
https://doi.org/10.1046/j.1365-2672.1999.00706.x
http://www.ncbi.nlm.nih.gov/pubmed/10212408
https://doi.org/10.1177/1420326x05057539
https://doi.org/10.1177/1420326x05057539
https://doi.org/10.1007/s10661-009-0874-0
http://www.ncbi.nlm.nih.gov/pubmed/19404760
https://doi.org/10.1080/15459620490497744
https://doi.org/10.1080/15459620490497744
http://www.ncbi.nlm.nih.gov/pubmed/15631055
https://doi.org/10.1007/s00248-007-9216-3
http://www.ncbi.nlm.nih.gov/pubmed/17308950
https://doi.org/10.2486/indhealth.ms1199
https://doi.org/10.2486/indhealth.ms1199
http://www.ncbi.nlm.nih.gov/pubmed/21173524
https://doi.org/10.1111/j.1574-6941.2011.01053.x
https://doi.org/10.1111/j.1574-6941.2011.01053.x
http://www.ncbi.nlm.nih.gov/pubmed/21255051
https://doi.org/10.1128/AEM.01467-07
http://www.ncbi.nlm.nih.gov/pubmed/17981945
https://doi.org/10.1038/s12276-019-0313-4
http://www.ncbi.nlm.nih.gov/pubmed/31582724
https://doi.org/10.1016/j.scitotenv.2023.168098
http://www.ncbi.nlm.nih.gov/pubmed/37884154
https://doi.org/10.4209/aaqr.210231
https://doi.org/10.1038/s41598-023-32227-x
https://doi.org/10.1038/s41598-023-32227-x
http://www.ncbi.nlm.nih.gov/pubmed/36991044
https://doi.org/10.1038/s12276-019-0288-1
http://www.ncbi.nlm.nih.gov/pubmed/31371728
https://doi.org/10.3109/19396368.2011.555598
http://www.ncbi.nlm.nih.gov/pubmed/21361774
https://doi.org/10.1093/bioinformatics/btv287
https://doi.org/10.1093/bioinformatics/btv287
http://www.ncbi.nlm.nih.gov/pubmed/25957349
https://doi.org/10.1038/nbt.2676
http://www.ncbi.nlm.nih.gov/pubmed/23975157

PLOS ONE

The Bacterial Diversity including Extracellular Vesicles in Air and Soil

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

Shin S-K, Kim J, Ha S, Oh H-S, Chun J, Sohn J, et al. Metagenomic insights into the bioaerosols in
the indoor and outdoor environments of childcare facilities. PLoS One. 2015;10(5):e0126960. https:/
doi.org/10.1371/journal.pone.0126960 PMID: 26020512

Thelusmond J-R, Strathmann TJ, Cupples AM. The identification of carbamazepine biodegrading
phylotypes and phylotypes sensitive to carbamazepine exposure in two soil microbial communities.
Sci Total Environ. 2016;571:1241-52. hitps://doi.org/10.1016/j.scitotenv.2016.07.154 PMID: 27481454

Cobo-Diaz J, Fernandez-Gonzalez A, Villadas P, Toro N, Tringe S, Fernandez-Lépez M. Taxonomic
and functional diversity of a quercus pyrenaica willd. rhizospheric microbiome in the mediterranean
mountains. Forests. 2017;8(10):390. https://doi.org/10.3390/{8100390

Bryant JA, Lamanna C, Morlon H, Kerkhoff AJ, Enquist BJ, Green JL. Colloquium paper: microbes on
mountainsides: contrasting elevational patterns of bacterial and plant diversity. Proc Natl Acad Sci U S
A.2008;105 Suppl 1(Suppl 1):11505-11. https://doi.org/10.1073/pnas.0801920105 PMID: 18695215

Shen C, Xiong J, Zhang H, Feng, Lin X, Li X, et al. Soil pH drives the spatial distribution of bacterial
communities along elevation on Changbai Mountain. Soil Biology and Biochemistry. 2013;57:204—11.
https://doi.org/10.1016/j.s0ilbio.2012.07.013

Wang J, Soininen J, Zhang Y, Wang B, Yang X, Shen J. Contrasting patterns in elevational diversity
between microorganisms and macroorganisms. Journal of Biogeography. 2010;38(3):595-603. https://
doi.org/10.1111/j.1365-2699.2010.02423.x

Defossez E, Courbaud B, Marcais B, Thuiller W, Granda E, Kunstler G. Do interactions between plant
and soil biota change with elevation? A study on Fagus sylvatica. Biol Lett. 2011;7(5):699-701. https://
doi.org/10.1098/rsbl.2011.0236 PMID: 21525055

Fierer N, McCain CM, Meir P, Zimmermann M, Rapp JM, Silman MR, et al. Microbes do not follow
the elevational diversity patterns of plants and animals. Ecology. 2011;92(4):797-804. https://doi.
org/10.1890/10-1170.1 PMID: 21661542

Dagnelie M-A, Corvec S, Khammari A, Dréno B. Bacterial extracellular vesicles: A new way to deci-
pher host-microbiota communications in inflammatory dermatoses. Exp Dermatol. 2020;29(1):22—8.
https://doi.org/10.1111/exd.14050 PMID: 31633842

Kim M-R, Hong S-W, Choi E-B, Lee W-H, Kim Y-S, Jeon SG, et al. Staphylococcus aureus-
derived extracellular vesicles induce neutrophilic pulmonary inflammation via both Th1 and Th17 cell
responses. Allergy. 2012;67(10):1271-81. https://doi.org/10.1111/all.12001 PMID: 22913540

Simpson JL, Grissell TV, Douwes J, Scott RJ, Boyle MJ, Gibson PG. Innate immune activation
in neutrophilic asthma and bronchiectasis. Thorax. 2007;62(3):211-8. https://doi.org/10.1136/
thx.2006.061358 PMID: 16844729

Kim QY, Park HT, Dinh NTH, Choi SJ, Lee J, Kim JH, et al. Bacterial outer membrane vesicles sup-
press tumor by interferon-y-mediated antitumor response. Nat Commun. 2017;8(1):626. https://doi.
0rg/10.1038/s41467-017-00729-8 PMID: 28931823

Kim Y-S, Lee W-H, Choi E-J, Choi J-P, Heo YJ, Gho YS, et al. Extracellular vesicles derived from
Gram-negative bacteria, such as Escherichia coli, induce emphysema mainly via IL-17A-mediated
neutrophilic inflammation. J Immunol. 2015;194(7):3361-8. hitps://doi.org/10.4049/jimmunol.1402268
PMID: 25716999

Lee J, Lee E-Y, Kim S-H, Kim D-K, Park K-S, Kim KP, et al. Staphylococcus aureus extracellular vesi-
cles carry biologically active B-lactamase. Antimicrob Agents Chemother. 2013;57(6):2589-95. https://
doi.org/10.1128/AAC.00522-12 PMID: 23529736

McDowell A, Kang J, Yang J, Jung J, Oh Y-M, Kym S-M, et al. Machine-learning algorithms for
asthma, COPD, and lung cancer risk assessment using circulating microbial extracellular vesicle
data and their application to assess dietary effects. Exp Mol Med. 2022;54(9):1586—-95. https://doi.
0rg/10.1038/s12276-022-00846-5 PMID: 36180580

de Jong B, Barros ER, Hoenderop JGJ, Rigalli JP. Recent advances in extracellular vesicles as drug
delivery systems and their potential in precision medicine. Pharmaceutics. 2020;12(11):1006. https:/
doi.org/10.3390/pharmaceutics 12111006 PMID: 33105857

Lee E, Jang JY, Yang J. Uncommon adverse events of immune checkpoint inhibitors in small cell

lung cancer: a systematic review of case reports. Cancers (Basel). 2024;16(10):1896. https://doi.
org/10.3390/cancers16101896 PMID: 38791974

Lewis VG, Ween MP, McDevitt CA. The role of ATP-binding cassette transporters in bacterial pathoge-
nicity. Protoplasma. 2012;249(4):919-42. https://doi.org/10.1007/s00709-011-0360-8 PMID: 22246051

Hoch J, Silhavy T, Bourret R. Two-component signal transduction. 1995.

Parkinson JS, Kofoid EC. Communication modules in bacterial signaling proteins. Annu Rev Genet.
1992;26:71-112. hitps://doi.org/10.1146/annurev.ge.26.120192.000443 PMID: 1482126

PLOS ONE | https://doi.org/10.1371/journal.pone.0320916  April 1, 2025 14/15



https://doi.org/10.1371/journal.pone.0126960
https://doi.org/10.1371/journal.pone.0126960
http://www.ncbi.nlm.nih.gov/pubmed/26020512
https://doi.org/10.1016/j.scitotenv.2016.07.154
http://www.ncbi.nlm.nih.gov/pubmed/27481454
https://doi.org/10.3390/f8100390
https://doi.org/10.1073/pnas.0801920105
http://www.ncbi.nlm.nih.gov/pubmed/18695215
https://doi.org/10.1016/j.soilbio.2012.07.013
https://doi.org/10.1111/j.1365-2699.2010.02423.x
https://doi.org/10.1111/j.1365-2699.2010.02423.x
https://doi.org/10.1098/rsbl.2011.0236
https://doi.org/10.1098/rsbl.2011.0236
http://www.ncbi.nlm.nih.gov/pubmed/21525055
https://doi.org/10.1890/10-1170.1
https://doi.org/10.1890/10-1170.1
http://www.ncbi.nlm.nih.gov/pubmed/21661542
https://doi.org/10.1111/exd.14050
http://www.ncbi.nlm.nih.gov/pubmed/31633842
https://doi.org/10.1111/all.12001
http://www.ncbi.nlm.nih.gov/pubmed/22913540
https://doi.org/10.1136/thx.2006.061358
https://doi.org/10.1136/thx.2006.061358
http://www.ncbi.nlm.nih.gov/pubmed/16844729
https://doi.org/10.1038/s41467-017-00729-8
https://doi.org/10.1038/s41467-017-00729-8
http://www.ncbi.nlm.nih.gov/pubmed/28931823
https://doi.org/10.4049/jimmunol.1402268
http://www.ncbi.nlm.nih.gov/pubmed/25716999
https://doi.org/10.1128/AAC.00522-12
https://doi.org/10.1128/AAC.00522-12
http://www.ncbi.nlm.nih.gov/pubmed/23529736
https://doi.org/10.1038/s12276-022-00846-5
https://doi.org/10.1038/s12276-022-00846-5
http://www.ncbi.nlm.nih.gov/pubmed/36180580
https://doi.org/10.3390/pharmaceutics12111006
https://doi.org/10.3390/pharmaceutics12111006
http://www.ncbi.nlm.nih.gov/pubmed/33105857
https://doi.org/10.3390/cancers16101896
https://doi.org/10.3390/cancers16101896
http://www.ncbi.nlm.nih.gov/pubmed/38791974
https://doi.org/10.1007/s00709-011-0360-8
http://www.ncbi.nlm.nih.gov/pubmed/22246051
https://doi.org/10.1146/annurev.ge.26.120192.000443
http://www.ncbi.nlm.nih.gov/pubmed/1482126

PLOS ONE

The Bacterial Diversity including Extracellular Vesicles in Air and Soil

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

van der Deen M, de Vries EGE, Timens W, Scheper RJ, Timmer-Bosscha H, Postma DS. ATP-binding
cassette (ABC) transporters in normal and pathological lung. Respir Res. 2005;6(1):59. https://doi.
0rg/10.1186/1465-9921-6-59 PMID: 15967026

Bhagirath AY, Li Y, Patidar R, Yerex K, Ma X, Kumar A, et al. Two component regulatory systems
and antibiotic resistance in gram-negative pathogens. Int J Mol Sci. 2019;20(7):1781. https://doi.
0rg/10.3390/ijms20071781 PMID: 30974906

Georgellis D, Kwon O, Lin EC. Quinones as the redox signal for the arc two-component system of
bacteria. Science. 2001;292(5525):2314—6. https://doi.org/10.1126/science.1059361 PMID: 11423658

Heeb S, Haas D. Regulatory roles of the GacS/GacA two-component system in plant-associated
and other gram-negative bacteria. Mol Plant Microbe Interact. 2001;14(12):1351-63. hitps://doi.
org/10.1094/MPMI.2001.14.12.1351 PMID: 11768529

Caliz J, Triadé-Margarit X, Camarero L, Casamayor EO. A long-term survey unveils strong seasonal
patterns in the airborne microbiome coupled to general and regional atmospheric circulations.

Proc Natl Acad Sci U S A. 2018;115(48):12229-34. https://doi.org/10.1073/pnas.1812826115 PMID:
30420511

Yun H, Yang J, Seo J-H, Sohn J-R. Methodology for sampling and detection of airborne coronavirus
including SARS-CoV-2. Indoor and Built Environment. 2020;31(5):1234—41. https://doi.org/10.1177/142
0326x20980160

Yun H, Seo JH, Yang J. Development of particle filters for portable air purifiers by combin-
ing melt-blown and polytetrafluoroethylene to improve durability and performance. Indoor Air.
2024;2024(1):5055615. https://doi.org/10.1155/2024/5055615

Attia YA, Ezet AE, Saeed S, Galmed AH. Nano carbon-modified air purification filters for removal and
detection of particulate matters from ambient air. Sci Rep. 2024;14(1):621. hitps://doi.org/10.1038/
s41598-023-50902-x PMID: 38182636

Karottki DG, Spilak M, Frederiksen M, Jovanovic Andersen Z, Madsen AM, Ketzel M, et al. Indoor and
outdoor exposure to ultrafine, fine and microbiologically derived particulate matter related to cardio-
vascular and respiratory effects in a panel of elderly urban citizens. Int J Environ Res Public Health.
2015;12(2):1667-86. hitps://doi.org/10.3390/ijerph120201667 PMID: 25648225

Stone V, Miller MR, Clift MJD, Elder A, Mills NL, Mgller P, et al. Nanomaterials versus ambient
ultrafine particles: an opportunity to exchange toxicology knowledge. Environ Health Perspect.
2017;125(10):106002. https://doi.org/10.1289/EHP424 PMID: 29017987

Sabat AJ, van Zanten E, Akkerboom V, Wisselink G, van Slochteren K, de Boer RF, et al. Targeted
next-generation sequencing of the 16S-23S rRNA region for culture-independent bacterial identi-
fication - increased discrimination of closely related species. Sci Rep. 2017;7(1):3434. https://doi.
0rg/10.1038/s41598-017-03458-6 PMID: 28611406

Durazzi F, Sala C, Castellani G, Manfreda G, Remondini D, De Cesare A. Comparison between 16S

rRNA and shotgun sequencing data for the taxonomic characterization of the gut microbiota. Sci Rep.
2021;11(1):3030. https://doi.org/10.1038/s41598-021-82726-y PMID: 33542369

PLOS ONE | https://doi.org/10.1371/journal.pone.0320916  April 1, 2025 15/15



https://doi.org/10.1186/1465-9921-6-59
https://doi.org/10.1186/1465-9921-6-59
http://www.ncbi.nlm.nih.gov/pubmed/15967026
https://doi.org/10.3390/ijms20071781
https://doi.org/10.3390/ijms20071781
http://www.ncbi.nlm.nih.gov/pubmed/30974906
https://doi.org/10.1126/science.1059361
http://www.ncbi.nlm.nih.gov/pubmed/11423658
https://doi.org/10.1094/MPMI.2001.14.12.1351
https://doi.org/10.1094/MPMI.2001.14.12.1351
http://www.ncbi.nlm.nih.gov/pubmed/11768529
https://doi.org/10.1073/pnas.1812826115
http://www.ncbi.nlm.nih.gov/pubmed/30420511
https://doi.org/10.1177/1420326x20980160
https://doi.org/10.1177/1420326x20980160
https://doi.org/10.1155/2024/5055615
https://doi.org/10.1038/s41598-023-50902-x
https://doi.org/10.1038/s41598-023-50902-x
http://www.ncbi.nlm.nih.gov/pubmed/38182636
https://doi.org/10.3390/ijerph120201667
http://www.ncbi.nlm.nih.gov/pubmed/25648225
https://doi.org/10.1289/EHP424
http://www.ncbi.nlm.nih.gov/pubmed/29017987
https://doi.org/10.1038/s41598-017-03458-6
https://doi.org/10.1038/s41598-017-03458-6
http://www.ncbi.nlm.nih.gov/pubmed/28611406
https://doi.org/10.1038/s41598-021-82726-y
http://www.ncbi.nlm.nih.gov/pubmed/33542369
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

