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ABSTRACT: This study examined particulate matter with a diameter of 2.5 um or less (PM,5)
samples to investigate seasonal shifts in bacterial and fungal communities in Seoul, Republic of Korea.
To assess these variations and the influence of environmental factors, DNA was extracted from PM, s
samples and subjected to sequencing analysis. The results showed distinct seasonal changes in microbial
communities. Pseudarthrobacter dominated in winter, Arthrospira in spring, Rhodococcus in summer,
and Pelomonas in autumn among the bacterial communities, while Candida in winter, Coprinopsis in
spring, and Cutaneotrichosporon in both summer and autumn were prevalent in fungal communities.
Bacterial richness peaked in spring, whereas fungal richness was highest in winter. These shifts were
driven by environmental factors: air pollutants and chemical compositions had a greater influence in
winter and spring, while meteorological conditions, such as temperature and humidity, were dominant in
summer and autumn. Functional gene analysis revealed a prevalence of metabolic pathways essential for
microbial survival, with fungi showing a higher proportion of saprotrophs, particularly in spring. This
comprehensive analysis, considering a wide range of environmental factors including meteorological
conditions, air pollutants, and atmospheric organic compounds such as polyaromatic hydrocarbons
(PAHSs) and dicarboxylic acids (DCAs), provides novel insights into the dynamic relationships between
environmental factors and microbial communities in PM, s, highlighting the significant role of
anthropogenic influences. This research advances our understanding of atmospheric microbial
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ecosystems and their seasonal dynamics.
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1 Introduction

Particulate matter with a diameter of 2.5 pum or less
(PM, ;) has been a subject of sustained concern owing
to its potential harm to human health (Jung et al., 2019;
Tucker, 2000; Ting etal., 2022). It causes various
health conditions, including respiratory diseases,
respiratory infections, chronic obstructive pulmonary
disease, lung cancer, heart diseases, and in severe cases,
even death (Di et al., 2017; Bu et al., 2021; Yang et al.,
2022). Typically, it is composed of heavy metals,
carcinogenic atmospheric organic compounds, and
microorganisms, which contribute to these discases
(Alghamdi etal., 2014). The composition and
concentration of heavy metals, carcinogenic
atmospheric organic compounds, and microorganisms
within PM, s can vary depending on the season, and this
variation in PM, s constituents can lead to different
health effects that vary seasonally (Zheng et al., 2005;
Alghamdi etal.,, 2014; Du etal., 2018a; Pan etal.,
2025). Additionally, gaseous air pollutants, such as O,
NO,, and SO,, exhibit complex interactions with PM, s,
affecting human health (Crouse et al., 2015).

The concentration and composition of these gaseous
air pollutants and the ions, atmospheric organic
compounds, and organisms within PM, can vary
depending on the season (Boreson et al., 2004; Zheng
etal., 2005; Zhang et al., 2010; Cao et al., 2022). For
example, a study conducted in Beijing, China in 2000
reported that carbonaceous aerosols in PM,, were
highest in January (winter), whereas SO42*, NO;, and
NH," were highest in July (summer) (Zheng et al.,
2005). Additionally, another study conducted in
Nanjing, China, in 2019, reported that sugars in PM, ;
and NO, concentrations were highest in winter (Cao
et al., 2022). Further, a survey conducted in urban areas
in 2002-2003 found that SO,>~, NO,~, NH,*, CI", and
elemental carbon (EC) in PM, 5 were highest in summer
(Boreson et al., 2004).

Studies have reported seasonal variations in the
microbial communities of PM, 5 in regions with distinct
seasonal characteristics. For example, a study reported
changes in the microbial communities in PM,;
collected over 14 months in Colorado, USA, with
variations in the source environment, with the highest
diversity observed in summer and spring (Bowers et al.,
2013). An analysis of the PM, 5 microbial communities

in Beijing, China, in 2014 revealed seasonal variations
in the bacterial and fungal community composition in
this region, with microbes thriving the most in summer
and pathogenic bacteria and fungi being most abundant
in winter (Du et al., 2018a). In another study, Du et al.
(2018b) observed the seasonal variation in the dominant
phylum in PM, samples in Beijing in 2016, with
Actinomycetota (Actinobacteria) being most abundant
in both summer and winter, and Firmicutes and
Proteobacteria being dominant in fall. Additionally,
among the fungal class, Dothideomycetes were most
abundant in winter, with Sordariomycetes and
Eurotiomycetes also dominating during this season.
Wang et al. (2021) reported that the Dbacterial
abundance in PM, s in Xi’an and Linfen, China, was
highest in fall, whereas the fungal abundance peaked in
summer. Additionally, the comparison of the relative
abundance of bacteria revealed that Actinobacteria
dominated the bacterial community in fall, whereas
Firmicutes dominated in summer; for the fungal
community, Basidiomycota dominated both in summer
and fall (Wang et al., 2021).

Despite the existence of studies on the seasonal
characteristics of PM, 5 microbial communities and the
various factors influencing these communities, there are
few to no studies specifically focusing on Seoul
(Bowers etal., 2013; Du etal., 2018a; 2018b; Wang
etal., 2021). This makes it crucial to gather data from
various regions, such as Seoul, to identify general
trends across different areas. Additionally, there is a
significant lack of research on the influence of
atmospheric  organic compounds on microbial
community structure. Particularly, the effects of
atmospheric organic compounds such as PAHs on
microbial ~communities remain  underexplored.
Therefore, this study, which includes an analysis of the
influence of atmospheric organic compounds, provides
valuable insights by investigating the bacterial and
fungal communities in atmospheric PM,, samples
collected in Seoul in 2018. We examined their
correlations with various environmental factors,
including meteorological factors, pollutants, ions, and
atmospheric organic compounds. This research focused
on the following key research questions: (i) Does the
composition of PM, s microbial communities vary
seasonally? (i1)) How do the impacts of different types
of environmental factors on PM,; microbial

2 https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6

Sookyung Kang et al., Front. Environ. Sci. Eng. 2025, 19(6): 75

https://doi.org/10.1007/s11783-025-1995-6

communities differ by season? (iii) Does natural or
anthropogenic influence play a more significant role in
shaping community structure with changing seasons?
(iv) How does the functions of PM,, microbial
communities differ seasonally? The findings of this
study will provide insight into the changes in PM,
microbial communities with seasonal variations,
particularly in relation to environmental factors. They
will shed light into how human activities impact PM, s
microbial communities and offer insights into the
differences in the genetic functions of PM, s microbial
communities across different seasons. This information
will contribute to our understanding of the complex
interactions between microbial communities and
environmental conditions, which is essential for
addressing the public health concerns related to PM, .
and expanding our knowledge on microbial dynamics
in the atmosphere.

2 Materials and methods

2.1 Samples and data collection

For this study, PM, s samples were collected in the
Korean Environmental Industry & Technology Institute
building (37.61°N, 126.930°E), Seoul, Republic of
Korea. The PM, 5 samples were collected from the roof
of the six-story building, approximately 20 m high,
over a period of 23 h, from 10 AM to 9 AM the
following day. The climate of Seoul varies notably with
season: mild and occasional yellow dust winded spring,
hot and humid summer, cool and clear autumn, cold
and dry winter. A total of 75 PM,. samples were
collected from January to November 2018. Sampling
was conducted across different seasons: 20 samples
were collected during winter (January 16th to February
8th), 20 samples during spring (March 16th to April
5th), 20 samples during summer (August 20th to
September 12th), and 15 samples during autumn
(November 5th to November 19th). The PM, 5 samples
were collected using quartz filters (Tissuequartx-
2500QAT-UP, 8 x 11 inch, Pall®, New York), which
were sterilized at 550 °C for 12 h. The samples were
collected at a flow rate of 1000 L/min for 23 h using
high-volume air samplers (HV-RW, SIBATA, Japan &
6070V-2.5, Tisch, USA). After sampling, the collected
PM,s samples were stored at 20 °C until
microbiological and chemical analysis. Information on
the meteorological data, pollutant gas, and ions was
obtained from the Korea Environment Corporation
(Table S1). The data of the chemical components

(atmospheric organic compounds) were obtained from a
previous paper analyzing the same PM,. samples
(Kang, 2021) (Table S1).

2.2 Microbial analysis

For the microbial analysis, each of the sample filters
was cut into a 6 cm? size and placed, with their dusty
side inside, in 5 mL-Eppendorf tubes. DNA was
extracted from each individual PM, s filter collected on
each sampling day. Thereafter, a total of 1.5 mL of
corrosive buffer solution, containing a mixture of
sodium  hydroxide, potassium hydroxide, and
ethanolamine, along with 25 pL of Proteinase K
provided by the NucleoSpin eDNA Water kit
(MACHEREY-NAGEL, Germany), was added into the
5-mL centrifuge tube. To evenly wet the sample filters,
the tubes were rocked at 90 r/min for 20 min, after
which all tubes, containing the solution and filter, were
moved into a 5 mL-syringe and injected into a bead
tube. During this process, care was taken to prevent the
damage of the filter. Subsequent steps were performed
following the protocol of a NucleoSpin eDNA Water
kit (MACHEREY-NAGEL, Germany) (Kang and Cho,
2023).

The V3-V4 regions of the bacterial 16S rRNA gene
were amplified by PCR using the primer set amp-515F
(5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGAC
AGGTGCCAGCMGCCGCGGTAA-3") and amp-806R
(5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGA
CAG GGACTACHVGGGTWTCTAAT-3") (Hugerth
et al, 2014; Lee et al, 2019). The bacterial
amplification procedure was performed as follows:
94 °C for 3 min, 35 cycles at 94 °C for 45 s, 58 °C for
60 s, 72 °C for 90 s, and 72 °C for 10 min. The target
gene for fungi was the ITS2 gene, and the primer set,
amp-ITS3 target mix3 (5'- TCGTCGGCAGCGTCAGAT
GTGTATAAGAGACAGCTAGACTCGTCACCGATG
AAGAACGCAG-3")andamp-1TS4 (5'-GTCTCGTGGG
CTCGG AGATGTGTATAAGAGACAG TCCTCCGC
TTATTGATATGC-3"), was used for PCR (Bellemain
et al., 2010; Tedersoo et al., 2015). The fungal PCR
program was performed under the following condition:
95 °C for 3 min; 35 cycles at 95 °C for 30 s, 58 °C for
30 s, 72 °C for 30 s, followed by 10 min at 72 °C. The
concentration and band size of the PCR product were
examined using gel electrophoresis with 1.5% agarose
gel. To obtain the DNA library, each of the products
was purified with NucleoSpin® Gel and PCR Clean-up
Kit (Macherey-Nagel GmbH), and indexed by
amplifying with each combination of primer set (N701-
N712 and S501-S507) (Lee et al., 2019). The indexing
PCR products were run on a 2% agarose gel, and

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6
https://doi.org/10.1007/s11783-025-1995-6

Sookyung Kang et al., Front. Environ. Sci. Eng. 2025, 19(6): 75

https://doi.org/10.1007/s11783-025-1995-6

appropriately-sized bands were cut and purified with
QIAquick Gel extraction kit (Qiagen Inc., Valencia,
CA, USA). The purified samples were diluted to similar
concentration and pooled in a tube to a similar quantity
to achieve DNA library. The concentration was
examined using a Molecular Imager Gel Doc XR +
Imaging System (BIO-RAD, CA, USA), Nanodrop
200c Spectrophotometer (Thermo Fisher Scientific,
MA, USA), and CFX96 Real-time system C1000
Touch Thermal Cycler (BIO-RAD, CA, USA). The
total sequences of the DNA library were analyzed using
the Illumina MiSeq sequencing platform by Macrogen
Inc. (Seoul, South Korea).

The complete set of sequence reads was subjected to
analysis using Quantitative Insights into Microbial
Ecology (QIIME) (Gregory Caporaso etal., 2010).
Sequences falling below 250 bp or exceeding 350 bp
were eliminated using the FLASH software (Mago¢
et al., 2011). Noise data and the OTU clustering process
were performed using the De Novo approach and the
CD-HIT program (Schloss et al., 2009). The following
OTU clustering procedure was performed to analyze
the sequencing data. First, short reads were removed
from the raw sequences, and long tails were trimmed.
The filtered reads were clustered at 100% identity using
CD-HIT-DUP, during which chimeric sequences were
identified and removed. Secondary clusters were then
recruited into primary clusters, and noise sequences in
clusters of size x or below were removed based on
statistically calculated x values. Finally, the remaining
representative sequences were clustered at a 97%
similarity threshold. Through this process, we
established high-quality OTUs and provided reliable
data for biodiversity analysis. The outcome of the
sequencing process was determined using UCLUST,
and compared against the RDP database for 16S rDNA.
To assess the a-diversity, the Chaol, Shannon index,
and Simpson index were calculated using QIIME
(Caporaso et al., 2010). The obtained bacterial and
fungal community sequences have been submitted to
the National Center for Biotechnology Information
(NCBI) Sequence Read Archive, with accession
numbers SRP456353, SRP456560, SRP436939, and
SRP436979.

Blank samples were prepared using quartz filters that
were sterilized at 550 °C for 12 h, the same way as the
samples collected. However, after DNA extraction and
PCR by the same manners, there was no PCR
amplification.

2.3 Chemical analysis

The data on the organic compounds (DCAs, fatty acids

(FAs), PAHs, sugars, and alkane) were obtained from a
previous paper analyzing the same PM,, samples
(Kang, 2021) (Table S1). To determine the
concentrations of atmospheric organic compounds , a
gas chromatograph/mass spectrometer (7890B GC and
6977A MS, Agilent) was employed. Internal
standardization was applied for the analysis of PAHs,
DCAs, FAs, and sugars. The surrogate standards used
in the analysis included Phenanthrene-d10,
Fluoranthene-d10, Chrysene-d12, Perylene-d12,
Benzo(ghi)perylene-d12 for PAHs; Succinic acid-d6 for
DCAs; Myristic acid-d27 for FAs; and Levoglucosan-
d13 for sugars. The filters, containing a mix of these
surrogate compounds, were placed in 125 mL amber
vials, filled with a DCM/MeOH (3:1, v/v) solvent, and
subjected to two rounds of 30-min ultrasonication. The
extracted solvent was then evaporated using a
TurboVapll evaporator at 40 °C until the total volume
was reduced to 10 mL. The extracts were filtered
through 0.45 pm pore-sized filters (Acrodisc 25 mm
Syringe Filter, Pall) and further concentrated to 500 pL
using a needle concentrator (TS-18821, Reacti-therm)
with a gentle nitrogen (N,) stream at 40 °C. The
concentration of non-polar atmospheric organic
compounds, such as PAHs, was determined via
GC/MS, while other atmospheric organic compounds
required derivatization. For this process, 50 uL of each
extracted sample was evaporated at 40 °C for 30 min
using a nitrogen stream. Afterward, 50 uL of 99% N,
O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) with
1% trimethylchlorosilane and 50 pL of pyridine were
added, followed by vortexing for 40—-50 s. The mixture
underwent derivatization by heating at 75 °C for 90 min
on a hot plate, and then the samples were analyzed
using GC/MS.

The National Institute of Environmental Research
(NIER, Republic of Korea) provided concentration data
for the inorganic fraction. Ion concentrations (sulfate
(SO,%), nitrate (NO;7), chloride (CI"), ammonium
(NH,")) were measured using ion chromatography,
while sodium (Na®), potassium (K*), magnesium
(MgZ%), and calcium (Ca%") were analyzed via ion

chromatography and atomic absorption/emission
spectrophotometry.  PM, s  concentrations  were
measured using a gravimetric method, and

concentrations of other air pollutants were measured
with the following methods: the pulse UV fluorescence
method for SO,, the non-dispersive infrared method for
CO, the chemiluminescent method for NO,, and the UV
photometric method for Oj.

2.4 Statistical analysis

To identify seasonal variation in the bacterial and
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fungal community structure, as well as the effect of
environmental factors, various statistical analysis
methods were employed. The environmental factors
considered meteorologic data, air pollutants (PM, s, O,
NO,, CO, SO,, organic carbon (OC), and elemental
carbon (EC)), ions (SO,>-, NO;~, CI, Na¥, NH,", K*,
MgZ*, Ca?"), and atmospheric organic compounds
(DCAs, FAs, PAHs, sugars, and alkane). To understand
the effect of the seasonal variation in environmental
factors on the bacterial and fungal distribution,
canonical correlation analysis was performed using
CANOCO 4.5 software (Microcomputer Power, Ithaca,
NY, USA). Pearson coefficients between environmental
factors and the seasonal dominant genera were
calculated using corrplot and Hmisc package in R
version 3.6.3 (R Core Team, Austria). To analyze the
correlation between environmental factors and seasonal
alpha-diversity indices, Spearman coefficients were
calculated in R. The variations in the bacterial and
fungal alpha-diversity during different seasons were
evaluated using one-way analysis of variance
(ANOVA) in R. Functional prediction of the bacterial
communities was performed using the Tax4Fun2,
which can be found in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database in R
(Wemheuer etal.,, 2020). Functional redundancy
prediction of fungal communities was conducted using
the microeco based on FUNGuild database in R (Liu
etal., 2021).

3 Results and discussion

3.1 Seasonality of PM, . bacterial and fungal
community structures

In the 2018 Seoul PM, s samples, the most commonly
found bacteria  overall were  Proteobacteria,
Actinobacteria,  Firmicutes, Cyanobacteria, and
Bacteroidetes (Fig. 1(a)), which are consistent with
commonly observed bacterial phyla in the atmosphere
(Seifried et al., 2015; Park et al., 2020; Wei et al., 2020;
Kang and Cho 2022). However, the relative abundance
of PM, 5 bacteria in this study varied with season. In
winter, Proteobacteria, Actinobacteria, and Firmicutes
held the highest proportions, whereas Cyanobacteria,
Actinobacteria, and Proteobacteria were the most
dominant phyla in spring. The differences were more
pronounced at the genera level than at the phyla level.
Pseudarthrobacter and Janthinobacterium, which were
dominant genera in winter, have been isolated from
Antarctic soil (Shivaji et al., 1991; Kit et al., 2020; Shin

et al., 2020; Kim and Seo, 2023). Among the dominant
spring bacteria, Arthrospira has been previously found
in aquatic environments, such as lakes and coastal
wetlands (Mussagy etal., 2006; Dong etal., 2015;
Misztak et al., 2021), whereas Mycolicibacterium has
been identified in various environments, such as peat
bogs, bays, and soils (Nouioui et al., 2019; Dahl et al.,
2021; Ou et al., 2023). Rhodococcus, Pelomonas, and
Acinetobacter, which were dominant during summer
and autumn, have been found in diverse habitats,
including soil, freshwater, and even human bodies. The
composition of PM, ; bacterial communities differed
significantly across seasons, with dominant bacteria in
each season originating not only from soil but also from
various other environments. This implies that bacteria
dominating each season originate from diverse media,
suggesting a stronger influence of seasonal
environmental a-diversity rather than terrestrial origins,
underscoring the substantial impact of seasonal
variations on bacterial dominance.

To comprehend the microbial community
characteristics of PM, ,, the a-diversity indices of the
microbial communities were determined (Table S2).
o-Diversity indices serve as indicators of community
structure, reflecting the environmental conditions of
atmosphere as microbial habitats. Chaol reflects
richness, Shannon index indicates diversity, and Gini-
Simpson index portrays evenness (Basualdo, 2011;
Thukral etal., 2019). The seasonal variations in
community structures were also confirmed through
o-diversity indices (Fig. S2). The results of ANOVA
analysis indicated significant differences in Chaol and
Shannon index between the four seasons. The highest
richness was observed during spring, whereas diversity
peaked during winter. Both indices reached their lowest
points in summer, which is similar to the trend of the
seasonal a-diversity indices reported for Xi’an and
Linfen (Wang et al., 2021). Previous study reported that
the a-diversity indices of bacterial communities were
lowest during winter and highest in spring (Wang et al.,
2021). This discrepancy could be attributed to
variations in the PM,. concentrations, with their
samples reaching up to 312 pg/m3, indicating higher
PM, s levels than that considered in this study and
substantial ~ differences in the seasonal PM, s
concentrations (Wang et al., 2021). In this study, the
maximum PM, s concentration was 108 pg/m?3, and the
seasonal differences, except for summer, were not as
pronounced as in the previous study (Table S1). Despite
the relatively minor differences in the PM,;
concentrations, the observed variations in the diversity
indices of PM, 5 bacterial communities imply that the
bacterial diversity in this study was significantly
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influenced by various environmental factors beyond
PM, ; concentrations. Therefore, to investigate the
impact of a wide range of environmental factors, this
study analyzed the influence of meteorological
conditions, air pollutants, and chemical composition,
including both atmospheric organic and ionic
components, on microbial community structure. The
results of this analysis are discussed in the following
sections.

For the PM, 5 fungal communities, Ascomycota was
dominant during winter and spring, whereas
Basidiomycota prevailed during summer and autumn
(Fig. 1(b)). In contrast, previous studies conducted in
Beijing, China, reported the > 90% dominance of

Ascomycota throughout all seasons (Du et al., 2018a;
2018b). However, a research conducted in Xi’an
Bacterial Phyla
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reported similar trends in the variation on the fungal
communities as this study (Wang et al., 2021). Previous
studies have highlighted the dominance of
Basidiomycota in forest soil environments, as well as
its prevalence in continental atmospheric samples
compared to marine environments (Frohlich-Nowoisky
et al., 2012; Weber et al., 2013; Womack et al., 2015).
The richness and diversity were higher during winter
and spring (Fig. S1). The comparison of previous
studies regarding fungal a-diversity revealed that the
fungal diversity of PM, s samples collected from Mt.
Tai in China was higher in winter compared to summer
(Xu et al., 2017). The fungal richness and diversity of
samples collected in Beijing, China were highest in
winter and lowest in summer, indicating marked
seasonal variations (Du et al., 2018a; 2018b). However,
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Fig.1 Seasonal variation in the relative abundance of (a) bacterial phyla, (b) bacterial genera, (c) fungal phyla, and (d) fungal
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according to previous studies, the fungal richness in
Xi’an, was higher in summer, and the diversity was
higher in autumn, whereas in Linfen, both the richness
and diversity were higher in summer (Wang et al.,
2021). Since wind speed and rainfall affect fungal
abundance, they also influence fungal richness and
diversity. (Aira et al., 2013; Xu et al., 2017). In this
study, wind speed and air pressure exhibited a
significant correlation with the fungal diversity during
winter (Fig. 3(a)). Excessively low wind speeds (<
2 m/s) are known to limit fungal dispersion due to
sedimentation effects, whereas abundant vegetation in
the direction of wind flow might increase atmospheric
fungal abundance (Xu et al.,, 2017). Reports on the
a-diversity of fungal communities seem to display
varying trends based on the region and sampling time.
However, differences in the values across seasons have
been consistently reported, suggesting the contribution
of seasonal factors to the differences. This study also
observed varied diversity indices across seasons,
highlighting seasonal differences in the PM, s fungal
community  structures influenced by  various
environmental factors.

In Fig. S3, we present the temperature, microbial o-
diversity indices, PM, levels, OC/EC ratios, and
atmospheric organic compounds categorized by
sampling date. Our findings indicate that both microbial
diversity indices and the concentrations of PM, 5 and
atmospheric organic compounds were elevated during
the winter and spring seasons. This suggests that the
high levels of PM,. and atmospheric organic
compounds during these periods may have a significant
impact on the structure of PM,s microbial
communities. These observations are further confirmed
through various statistical analyses presented in the
subsequent sections.

3.2 Seasonal communities of bacteria in response to
environmental factors

To interpret the impact of environmental factors on the
clustering structure of PM, s microorganisms at the
genus level with a change in season, CCA was
performed (Fig. 2). During winter, the PM, 5 bacterial
community appeared to be significantly influenced by
pollutants and atmospheric organic compounds (Fig. 2).
In Seoul, winds tend to blow from the north during the
winter. Since heating systems that involve burning
wood are commonly used in areas located north of
Seoul, the overall concentration of air pollutants is
generally higher, which may have also impacted the
PM, ;-associated bacteria. In the Republic of Korea,
PM, s concentrations exhibit a distinct seasonal pattern,

showing high levels during winter (December to
February) and in March (Allabakash et al., 2022; Lee
et al., 2024). This is attributed to factors such as the
influx of PM,  from abroad, increased fossil fuel usage,
and the downward movement of the atmospheric
boundary layer during winter (Lee et al., 2024). In
summer, the concentration of PM, significantly
decreases due to the cleansing effects of precipitation,
while in autumn, the levels of most pollutants are
relatively low (Allabakash et al., 2022; Park, 2021).

To analyze the correlation between the PM,

microbial ~community  structure and  various
environmental factors, the Spearman coefficients
between the a-diversity indices of microbial

communities and environmental factors were calculated
and plotted in Fig. 3. The a-diversity indices exhibited a
negative correlation with most pollutants, whereas the
top three dominant bacterial genera displayed a positive
correlation (p < 0.05) (Figs. 3 and S2). This suggests
the possible utilization of pollutants as nutrients by
some dominant bacteria or a certain level of resistance,
as these nutrients might not be accessible for other
minor species, thus impacting the a-diversity negatively
(Fan etal., 2019). In winter, higher pollutant
concentrations correlated with the increased dominance
of certain bacterial species but reduced diversity,
emphasizing the role of pollutants as significant
determinants of microbial community structure.
Additionally, the CCA analysis revealed the significant
influences of PAHs and sugars on the composition of
winter PM, 5 bacterial communities (Fig. 2(a)). All
atmospheric organic compounds exhibited significant
negative correlations with diversity indices (p < 0.05).
Further, PAHs, known for their carcinogenic properties
and primarily arising from human activities, were likely
interconnected with pollutants, particularly during the
influential winter period (Ghosal et al., 2016). Sugars,
serving as microbial constituents and nutrients, likely
exhibited a close relationship. Additionally, DCAs, the
largest component of the atmospheric organic
compounds, displayed the strongest negative correlation
with winter bacterial diversity, but exhibited a
significant positive correlation with the top three
dominant  bacterial genera  (Pseudarthrobacter,
Janthinobacterium, and Pseudomonas) (p < 0.05) (Figs.
3(a) and S2(a)). The primary emission sources of DCAs
include fossil fuel combustion, biomass burning,
vehicular exhaust, or atmospheric secondary organic
aerosols (SOA) resulting from photochemical reactions
(Kawamura and Bikkina, 2016). In the atmosphere,
biogenic hydrocarbons, such as isoprene, might
contribute to DCAs production, and this may involve
the metabolism of hydrocarbon gases that contribute to
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DCAs formation by specific microbes (Shennan, 2006;
Kawamura and Bikkina, 2016). Although the
a-diversity indices exhibited a negative correlation with
pollutants (PM,,, NO,, CO, SO,, OC, EC), three
dominant bacteria (Pseudarthrobacter, Janthino-
bacterium, Pseudomonas) exhibited a positive
correlation with pollutants (p < 0.05). Since the winds
blowing from the north of Seoul come from land where
people live rather than from the sea, the impact of these
winds on Seoul’s atmosphere in winter is more likely to
be influenced by human activities than by marine
factors. Additionally, the CCA analysis highlighted the
significant influence of PAHs and pollutants (EC,
NO,), indicating a more pronounced anthropogenic
impact than natural influences on the winter PM,
bacterial community.

In spring, pollutants (PM, 5, O5) and ions exhibited a
close relationship with the structure of the PM,;
bacterial community (Fig. 2(a)). The correlation
between the a-diversity indices of the PM, s bacterial
community and environmental factors (pollutants, ions)
differed in spring and winter (Figs. 3(a) and 3(b)), with
a comparatively weaker correlation observed in spring
compared to winter. The dominant genera in spring,
particularly  Atrhrospira and  Mycolicibacterium,
displayed  contrasting correlations  with  most
environmental factors, particularly with Na*, where
Atrhrospira showed a positive correlation, and
Mycolicibacterium showed a negative correlation (p <

0.05) (Fig. S2b). Atrhrospira is known as an
alkaliphilic cyanobacterium primarily found in soda
lakes characterized by high pH, Na® concentration,
solar light intensity, and temperature (Berry etal.,
2003). Consistent with these characteristics, this study
observed a positive correlation between Arthrospira
and Na*, temperature, and solar radiation. Generally,
Cyanobacteria exhibit Na* extrusion through an ATP-
dependent primary sodium pump (Berry et al., 2003).
Mycolicibacterium displayed a positive correlation with
NO;~, an inorganic nitrogen source predominantly
utilized by microbes (Lundberg etal, 2004).
Mycolicibacterium  produces assimilatory nitrate
reductase, which is involved in the reduction of NO;™ to
NO, (Tan et al., 2020). Thus, this study confirmed the
close association between the spring bacterial
community structure and dominant species with ions.
Ions, such as Na*, K*, Mg2", CaZ", primarily originate
from natural sources, such as sea salts or forest-derived
mineral dust, whereas SO,>~ and NO;" originate largely
from anthropogenic sources (Warneck, 2000). The
PM, s bacterial community structure in spring was
significantly influenced by pollutants (PM, s, O;) and
ions originating from both natural sources (Na', K*,
Mg?*, Ca*") and anthropogenic sources (SO,>-, NO;~,
NH,") (Figs. 2(a) and 5(b)). Hence, the influential
environmental factors shaping the PM,, bacterial
community structure in spring were primarily attributed
to anthropogenic impacts, with the simultaneous co-
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existence of natural impacts.

During summer and autumn, the PM, s bacterial
community structure displayed close associations with
meteorological factors, such as precipitation and wind
speed (Fig. 2(a)). The examination of the correlation
between dominant bacteria and environmental factors
during these seasons revealed the strong positive
relation between Rhodococcus, Pelmonas, and
Acinetobacter and temperature in summer (P < 0.01)
(Fig. S2(c)). Particularly, Pelmonas displayed a
negative correlation with temperature during autumn
(p > 0.05), whereas Acinetobacter showed a significant
positive relationship during both summer and autumn
(» < 0.01) (Fig. S2(d)). In contrast, Rothia exhibited a
significant positive correlation with temperature only
during autumn (p < 0.01). Hence, this study confirmed
the seasonal variation in the correlation between the
same bacteria and environmental factors. Given the
temperature range of 21-31 °C in summer and 5-15 °C
in autumn, Pelmonas seemed to thrive at temperatures
below 15 °C but comparatively less so at 21 °C or
higher. In contrast, Rothia appeared to thrive more in
the temperature range of 21-31 °C. Additionally,
Rothia aeria has been associated with Infective
Endocarditis in Korea, indicating its pathogenic
potential (Kim et al., 2014). Given its activity within
the human body temperature range, we presumed it
exhibited a positive relationship with temperatures
above 21 °C. As each microorganism has an optimal
growth temperature, temperature is considered the most
critical meteorological factor (Zhai et al., 2018; Santl-
Temkiv et al., 2022). However, as temperature not only
directly affects microorganisms but also influences
atmospheric  chemical reactions, the optimal
temperature for microbial diversity in the atmosphere
remains unclear (Zhai et al., 2018; Santl-Temkiv et al.,
2022). In this study, the a-diversity indices of PM, .
bacterial communities during summer and autumn were
strongly influenced by wind speed and precipitation,
whereas dominant bacteria were significantly affected
by temperature. Consequently, during summer and
autumn, which are meteorologically sensitive seasons,
bacterial communities appeared to be more influenced
by natural impacts than anthropogenic impacts.

3.3 Seasonal communities of fungi in response to
environmental factors

Similar to the bacterial community, the PM, 5 fungal
community in winter exhibited close associations with
atmospheric organic compounds, such as PAHs and
Alkanes, along with pollutants, such as NO, (Fig. 2(b)).
In winter, the fungal a-diversity index showed a non-

significant Spearman correlation with PAHs, and the
top three dominant genera also displayed no significant
Spearman correlation with PAHs. (Figs. 3(a) and
S2(a)). However, compared to Spearman correlation,
the CCA analysis, which examined the multivariate
relationships  between  groups, depicted linear
relationships between individual variables, displayed a
notably high correlation with PAHs (Fig. 2(b)). The
CCA analysis is a method for measuring the
relationships between multidimensional variables,
enabling complex group correlations, compared to the
simple linear relationships between single variables
depicted by Spearman correlation (Borga, 2001; Hérdle
and Simar, 2015). Therefore, despite the lower
Spearman correlation with a-diversity indices, it can be
inferred that PAHs exerted a significant influence on
the fungal community group comprising over 1%. It is
known that PAHs, which are recognized as major
atmospheric organic compounds, are harmful to the
environment owing to their carcinogenic, mutagenic,
toxic, and genotoxic properties (Mallick et al., 2011).
They are mainly produced from the incomplete
combustion of fossil fuels and organic matter (Li et al.,
2019b), and exhibit toxicity toward microorganisms,
potentially disrupting their growth (Li etal., 2019b;
Zhou etal., 2022). However, despite this inhibitory
effect on the growth of microorganisms, certain
microorganisms can utilize PAHs in their metabolic
activities (Cerniglia, 1997; Zhou et al., 2022). Through
co-metabolism or the formation of enzyme-substrate
complexes, microorganisms can either utilize PAHs as
a carbon source or enzymatically degrade them (Liu
et al., 2017). Fungi, through bioremediation processes,
can either completely degrade PAHs or transform them
into less hazardous compounds, indicating their
ecological significance owing to their ability to break
down these compounds (Cerniglia, 1997). Although the
Spearman correlation coefficient between Alternaria
and PAHs was low in this study, it exhibited a highly
significant positive correlation (p < 0.001) (Fig. S2a),
aligning with previous research reporting its ability to
efficiently remove PAHs (Alvarez-Barragan etal.,
2021). In winter, the fungal community displayed a
close association with pollutants, particularly showing a
strong correlation with NO, and EC (Fig. 2(b)). This is
consistent with the findings of previous studies that
reported NO, as a significant atmospheric pollutant
affecting the structure of fungal communities within
particulate matter (PM) (Ho etal., 2005; Alghamdi
etal., 2014; Pan etal., 2020). Particularly, during
winter, the microbial impact of NO, can be substantial
owing to increased fuel combustion and reduced
atmospheric convection. Additionally, OC is composed
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of particulate matter derived not only from fossil fuel
but also from biological activities, including biogenic
sources such as plant debris and microbial processes,
which contribute to biogenic secondary OC (SOC) (Cao
etal., 2004; Han etal., 2009; Meng et al., 2020). In
contrast, EC comprises graphite-like particles produced
from the incomplete combustion of fossil fuels or
biomass (Cao et al., 2004; Han et al., 2009; Meng et al.,
2020). It possesses high solar radiation absorption
capabilities and adsorption sites, which enhance
catalytic processes (Cao et al., 2004; Han et al., 2009).
These traits enable its participation in chemical

.05.

reactions with gaseous pollutants, such as NO, and
SO,, contributing to global warming (Cao et al., 2004).
Therefore, the fungal community structure within
winter PM, s, influenced significantly by PAHs, EC,
and NO,, reflects a substantial anthropogenic impact.
The fungal community in spring was closely
associated with OC/EC, pollutants (PM, s, O5) and ions
(NO;~, SO,%-, Mg?") (Fig. 2(b)). The OC/EC ratio can
provide insights into the sources and contributions of
organic carbon, helping to differentiate between
anthropogenic and biogenic origins of OC (Wang
etal.,, 2019; Zeng and Wang, 2011). A higher OC/EC
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ratio may indicate a more significant influence from
biogenic sources particularly during periods of
heightened biological activity (Wang et al., 2019; Zeng
and Wang, 2011). In spring, increased solar radiation
enhances photochemical reactions in the atmosphere,
promoting the oxidation of VOCs and increasing the
formation of SOC (Huang et al., 2023). This increase in
SOC formation can elevate OC concentrations,
resulting in a higher OC/EC ratio, which may influence
the microbial community in spring (Huang et al., 2020).
Additionally, rising temperatures during spring can
enhance microbial decomposition activities,
contributing to OC production (Shigyo etal., 2019).
Furthermore, increased plant activity in spring may
affect the microbial community and the OC/EC ratio, as
the growth of plants leads to greater root exudation,
which stimulates soil microbial activity (Shigyo et al.,
2019). The increase in biogenic VOC emissions from
plants further promotes SOC formation (Huang et al.,
2023).

Pollutants, excluding ozone, and ions, excluding
sodium, showed negative correlations with fungal
richness and diversity indices in spring (Fig. 3(b)).
These findings indicate that anthropogenic activities
heavily influenced the fungal community structure in
spring. NO;~ and SO,?~ are the primary components of
secondary inorganic aerosols, a major component of
atmospheric particles (Lin and Cheng, 2007; Hung and
Hoffmann, 2015). In the atmosphere, NO;~ typically
exists as ammonium nitrate (NH,NO;), and is formed
through the gas reaction of NO, to produce HNO;,
which reacts with NH; to form NO,~ particulates,
linking NO, and NO;~ (Lin and Cheng, 2007).
Additionally, SO,?~ is produced by the oxidation of
SO, gas (Hung and Hoffmann, 2015). The correlation
analysis results in Fig. 3(b) indicate the positive
relationships between NO;~ and SO,>~ and PM, 5, NO,,
and SO,, indicating their association with air pollutants.
However, O; exhibited a negative relationship with
NO, and a positive correlation with the a-diversity
indices of the fungal community (Fig. 3(b)). This is
contrary to the known toxicity of O; to microbes, as it
is known to hinder microbial growth (Li et al., 2019a).
This discrepancy might be linked to NO,, as NO reacts
with O; to form NO,, potentially reducing O,
concentration owing to urban NO, emissions
(Alghamdi et al., 2014). Therefore, rather than a direct
positive impact of O; on microbial community
diversity, these results suggest a complex interplay of
atmospheric components, which resulted in such
correlations. The spring samples demonstrated a
significant relationship with atmospheric pollutants,
indicating the substantial impact of air pollutants on the

fungal community, suggesting a  significant
anthropogenic influence.

In summer and autumn, the fungal community was
significantly influenced by meteorological factors,
particularly wind speed and precipitation (Fig. 2(b)).
Fungal a-diversity indices exhibited a significant
negative correlation with both wind speed and
precipitation in summer, whereas in autumn, a
substantial negative correlation was predominantly
observed with precipitation (p < 0.05) (Figs. 3(c) and
3(d)). The negative correlation with the a-diversity can
be attributed to the increased microbial washout due to
rainfall (Wisniewska etal., 2022). Furthermore,
rainfall-induced alterations in the ion concentrations
(Ca?*, Mg?*, K") and pH, along with changes in the
concentration of organic carbon, were speculated to
modify microbial habitats, potentially influencing
community structures (Peter et al., 2014). Three out of
the top four dominant species remained consistent in
summer and autumn (Figs. S2(c) and 2(d)).
Cutaneotrichosporon exhibited a positive relationship
with precipitation during both seasons, whereas
Alternaria showed a negative correlation. In a total
suspended particles (TSP) study conducted in Tianjin,
China, during the summer of 2018,
Cutaneotrichosporon was identified as a dominant
species (Niu et al., 2021), with higher occurrences in
rainy samples compared to non-rainy samples. In Xi’an,
however, during the winter transition from 2018 to
2019, Cutaneotrichosporon emerged as the dominant
species. Despite the different seasons, the discovery of
Cutaneotrichosporon during similar periods in the
North-east Asia region was notable. Alfernaria is
recognized as a dry-air spore, thriving in warm and low
humidity conditions (Peternel et al., 2004; Stepalska
and Wotek, 2005). Hence, its dominance and negative
association with precipitation during summer and
autumn in this study can be considered consistent with
previous findings. Investigations on bioaerosols in
Granada also reported a significant negative correlation
between Alternaria and precipitation (Sabariego et al.,
2000). The PM, s fungal community during summer
and autumn appeared heavily influenced by weather
conditions, suggesting a more substantial natural impact
compared to anthropogenic influence.

3.4 Seasonal microbial function dynamics

Understanding the functionality of atmospheric
microbes enabled predictions of how these microbes
utilize atmospheric components and the potential
impact of microbial metabolic activities on the
atmospheric environment. Therefore, in this study,
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functional pathways of PM,. bacterial community
genes were predicted using the KEGG database
(Fig. 4). Within KEGG Level 3, metabolism pathways
accounted for over 70%, followed by environmental
information processing with approximately 10% and
cellular processes with approximately 6.5%. These
findings are consistent with results obtained from a
study conducted in Xi’an and Linfen, during a nearly
identical period (Wang etal., 2021). In this study,
metabolism pathways constituted the highest proportion
within PM, ; bacterial communities during spring,
whereas prior study observed the highest proportion
during autumn (Wang etal, 2021). However,
considering that both spring and autumn provide
suitable conditions for microbial habitation, such as
favorable temperatures in both seasons, they share
similarities. Our study indicated that the richness and
diversity were greater in spring compared to autumn,
suggesting that spring might offer a more conducive
environment for microbial activities involving various
substances. Examining the Top 20 KEGG Level 2
pathways shown in Fig. 4(b) indicates that during
spring, the PM, 5 bacterial community during spring,
significant proportions were occupied by pathways,
such as global and overview maps, carbohydrate
metabolism, amino acid metabolism, lipid metabolism,
and xenobiotics biodegradation and metabolism.
Among the dominant spring bacterial genera mentioned
previously, Mpycolicibacterium, Acinetobacter, and
Loriellopsis exhibited notable positive correlations with
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these pathways (Fig. S4b). Particularly,
Mycolicibacterium and  Acinetobacter had high
correlation ~ with  amino  acids  metabolism.
Mycolicibacterium, a non-pathogenic  organism,

engages in tryptophan biosynthesis, a process not
conducted by mammals (Chen etal., 2020; Czubat
etal., 2020). Acinetobacter, when provided with
phenylalanine as a single carbon source, catalyzes the
reaction of phenylacetic acid to 2-hydroxyphenylacetic
acid in amino acid metabolism (Keil etal., 1983).
Staphylococcus aureus, a commensal bacterium, has
been known to act as a pathogen in humans, leading to
outbreaks in hospital or community settings (Shinefield
and Ruff 2009).

The functional analysis of PM, s fungal community
genes was conducted using the FUNGuild database,
analyzing fungal functional groups based on the
concept of ecological guilds (Nguyen et al., 2016) (Fig.
5). When classified based on the trophic modes,
Saprotroph was observed as the predominant fungal
group throughout all seasons, with minimal variation.
The most diverse functional distribution (with 14
modules) was observed in spring. In both winter and
spring, the percentage occupied by a single function
was lower, suggesting a more even distribution of the
functions collectively. This is consistent with the higher
o-diversity values observed during winter and spring.
However, considering the trophic mode of the dominant
fungi, the spring-dominant fungi, including Calvatia,
Scorias, Crustoderma, Ctenomyces, and Radulomyces,
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were all identified as saprotrophs (Table S3).
Saprotrophic ~ fungi  obtain  nutrients  through
extracellular digestion, playing an ecologically

significant role by decomposing dead organic matter,
such as wood or plant debris (Asiegbu and Kovalchuk,
2021). It is speculated that the minor fungal
communities within spring PM, 5 use various trophic
modes. Examining the Guilds based on FUNGuild
database revealed that PM, 5 fungi in Seoul in 2018
displayed a higher proportion of plant pathogens
(Fig. 5), and the dominant fungi groups in all seasons
except spring were largely comprised of plant
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pathogens and endophytes (Table S3). Endophytes refer
to microbes residing within plants without causing
explicit diseases (Asiegbu and Kovalchuk, 2021). This
strong association of PM, s fungal communities with
plants aligns with reports identifying soil and plants as
significant sources of bioaerosols (Qi et al., 2020; Xie
et al., 2021). Particularly, fungal spores are reported to
be heavily influenced by plant growth and weather
conditions (Qi et al., 2020; Xie et al., 2021). Although
microbial thriving and growth may be limited in low
temperatures, such as winter, long-term survival is
feasible (Qi etal, 2020). Moreover, fungal
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Fig.5 Seasonal heatmap demonstrating functional redundancy of airborne fungal communities in (a) winter, (b) spring,
(c) summer, and (d) autumn. The X-axis indicates modules (M) which represent groups of interacting entities within a functional
network of fungi and share similar functions or ecological roles. (Module: a set of functionally related genes or pathways that
collectively perform a specific biological role or function within an ecosystem or biological system. In the context of functional
redundancy analysis, modules help to assess the resilience and stability of microbial communities by indicating how multiple
genes or pathways can compensate for each other’s loss. The greater the number of modules, the more functional redundancy is
provided, enhancing adaptability to environmental changes and overall health).
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communities originating from soil, plants, or oceans,
and transported into the atmosphere are more likely to
adhere to particles, which could enhance their survival
(Xie et al., 2021; Kang and Cho, 2022). Therefore, it is
plausible that more diverse fungi survived during
periods of high PM, concentration in winter and

spring.
3.5 Limitation

This study aims to analyze the seasonal variation of
PM, s microbial communities. In Fig. 2, the explained
variance ratio of CCA1 and CCA2 is approximately
20%, which is considered low; however, microbial
communities exhibited distinct seasonal differences,
and each environmental factor was categorized into
varying positions during the analysis. Previous studies
utilizing constrained ordination methods, such as CCA
and RDA, have similarly reported relatively low
variance in the analysis of atmospheric microbes and
environmental factors (Lee et al., 2017; Li et al., 2018;
Xue etal.,, 2023). Given this context, the variation
observed in this study has been interpreted as indicative
of seasonal differences related to PM, 5 microbes. It is
important to note that the complexity of atmospheric
conditions and the various factors influencing the
proliferation of PM, s microbes have been insufficiently
addressed in existing literature. Therefore, this study
conducted a correlation analysis across seasons in
Fig. 3, emphasizing the observed differences to aid in
the readers’ understanding. While conclusions were
drawn by categorizing the findings into natural and
anthropogenic factors, it should be recognized that the
sources of the analyzed constituents do not strictly
adhere to this binary classification. The primary
objective of this research was to analyze overall
seasonal trends, leading to straightforward conclusions.
However, it is essential to consider that meteorological
elements categorized as natural factors can also
significantly influence the emissions of air pollutants
identified as  anthropogenic  factors. = Thus,
environmental factors do not exert merely primary
effects on microbial communities; rather, they can have
secondary and tertiary complex influences as well. This
study has not fully explored such complexities,
indicating a need for further research.

Future studies should investigate these multifaceted
interactions by incorporating a broader range of
environmental variables and exploring their collective
impact on microbial diversity within the atmospheric
context. Moreover, longitudinal studies examining
these relationships could provide deeper insights into
how seasonal changes and varying environmental

conditions affect the dynamics of PM, microbial
communities over the years.

4 Conclusions

This study analyzed the microbial dominance and
diversity indices of PM, 5 samples collected in Seoul in
2018 to identify seasonal variations in airborne
bacterial and fungal communities. Bacterial Chaol
peaked in spring, whereas the bacterial Shannon index
peaked in winter, with both indices being lowest in
summer. Similarly, both Chaol and Shannon indices
for the fungal communities were higher in winter and
spring. The seasonal environmental factors influencing
PM, ; bacterial communities indicated a significant
anthropogenic impact in winter owing to the presence
of pollutants and atmospheric organic compounds. In
spring, PM, s and ions (Na®, NO;") experienced a
complex mix of anthropogenic and natural impacts.
Summer and autumn showcased meteorological factors,
such as precipitation and wind speed, suggesting a
predominant natural impact. For fungal communities,
considerable influence from atmospheric organic
compounds (PAHs, Alkanes), as well as pollutants (EC,
NO,) was observed in winter. In contrast, spring
exhibited a significant influence from PM, 5, NO;~, and
SO,?", indicating a strong anthropogenic impact in both
seasons. Summer and autumn exhibited meteorological
factors, particularly wind speed and precipitation,
highlighting a larger natural impact. Predicting the
seasonal function of microbial genes revealed that
metabolism pathways dominated the Dbacterial
community, with spring exhibiting the highest
proportion, indicating a thriving environment for
microbes during spring. A prevalence of Saprotrophs
was observed in the fungal community in all seasons,
with spring displaying 14 modules, indicating diverse
functional distribution. This significance of this study
resides in the investigation of the atmospheric microbial
communities in regions with distinct seasonal climate
variations, such as Seoul, and providing valuable
insights into the behavior of atmospheric bacterial and
fungal communities in response to  various
environmental factors, thus contributing essential data
to the atmospheric ecosystem.
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