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Toxic blooms of cyanobacteria, which can produce cyanotoxins, are prevalent 
in freshwater, especially in South Korea. Exposure to cyanotoxins via ingestion, 
inhalation, and dermal contact may cause severe diseases. Particularly, toxic 
cyanobacteria and their cyanotoxins can be  aerosolized by a bubble-bursting 
process associated with a wind-driven wave mechanism. A fundamental question 
remains regarding the aerosolization of toxic cyanobacteria and cyanotoxins 
emitted from freshwater bodies during bloom seasons. To evaluate the potential 
health risk of the aerosolization of toxic cyanobacteria and cyanotoxins, the 
objectives of this study were as follows: 1) to quantify levels of microcystin in 
the water and air samples, and 2) to monitor microbial communities, including 
toxic cyanobacteria in the water and air samples. Water samples were collected 
from five sites in the Nakdong River, South Korea, from August to September 
2022. Air samples were collected using an air pump with a mixed cellulose ester 
membrane filter. Concentrations of total microcystins were measured using 
enzyme-linked immunosorbent assay. Shotgun metagenomic sequencing was 
used to investigate microbial communities, including toxic cyanobacteria. Mean 
concentrations of microcystins were 960 μg/L ranging from 0.73 to 5,337 μg/L 
in the water samples and 2.48 ng/m3 ranging from 0.1 to 6.8 ng/m3 in the air 
samples. In addition, in both the water and air samples, predominant bacteria 
were Microcystis (PCC7914), which has a microcystin-producing gene, and 
Cyanobium. Particularly, abundance of Microcystis (PCC7914) comprised more 
than 1.5% of all bacteria in the air samples. This study demonstrates microbial 
communities with genes related with microcystin synthesis, antibiotic resistance 
gene, and virulence factors in aerosols generated from cyanobacterial bloom-
affected freshwater body. In summary, aerosolization of toxic cyanobacteria and 
cyanotoxins is a critical concern as an emerging exposure route for potential risk 
to environmental and human health.
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1. Introduction

Events of harmful algal blooms (HABs) caused by cyanobacteria 
in freshwater (e.g., rivers, lakes, and reservoirs) are a critical issue 
worldwide (Lu et  al., 2020). Climate change may exacerbate the 
dangers associated with increased occurrence and severity of HABs 
(Lee et al., 2021). Furthermore, human activities, such as agricultural 
practice, may create optimal conditions for promoting the growth of 
toxic cyanobacteria (Hur et al., 2013). Cyanobacteria are a group of 
oxygenic photosynthetic bacteria widely distributed in freshwater and 
marine environments (Gonçalves et al., 2016). Cyanobacteria, which 
do not contain a membrane-bound nucleus, mitochondria, and 
chloroplasts, are primitive micro-organisms with an intermediate 
structure between bacteria and plants (Hachicha et al., 2022). Despite 
formerly being considered algae due to their photosynthetic ability, 
cyanobacteria are currently classified as bacteria (prokaryotic) (Oren, 
2011; Palinska and Surosz, 2014). Several cyanobacteria can produce 
toxic compounds (known as cyanotoxins) that are problematic when 
freshwater is used for drinking, agricultural, and recreational purposes 
(Wood and Dietrich, 2011). Animals and humans can become 
exposed to cyanotoxins, including anatoxins, cylindrospermopsins, 
microcystins (MCs), nodularins, and saxitoxins, via inhalation, 
ingestion, and dermal contact; in particular, MCs are selectively 
hepatotoxic in fish, birds, and mammals (Dawson, 1998). MC 
poisoning can cause hepatocyte necrosis and hemorrhage 
(Bhattacharya et al., 1997). MCs have also been associated with tumor 
promotion over long-term exposure (Ito et al., 1997). Recent studies 
focused on human exposure to aerosolized MCs that are significantly 
related with proinflammatory response in human airway epithelium 
(Orrell, 2022; Labohá et al., 2023). Both toxic cyanobacteria and MCs 
either float around the water column or attach to the surface and 
subsequently enter the atmosphere when they are undulated by the 
wind or introduced by waves, rainfall, and ship traffic. In a study 
measuring MC concentrations in the nasal mucosa of residents during 
a cyanobacterial bloom in a river in Florida, 115 of 121 participants 
(95.0%) had MC concentrations above the detection limit, with an 
average concentration of 0.61 + 0.75 μg/L. This result suggests that 
aerosolization of cyanotoxins is an important pathway for evaluating 
potential health risk (Schaefer et al., 2020). In addition, in a previous 
study examining the toxicity of aerosolized MCs to mice, the risk of 
inhaled MCs was found to be ten times higher than that of orally 
administered MCs (Benson et  al., 2005). Furthermore, in the 
United Kingdom, respiratory illnesses such as pneumonia have been 
reported in many people canoeing in reservoirs where Microcystis 
HABs have progressed (Stewart et al., 2006). The results of Sharma 
et al. (2007) suggest that inhaling cyanotoxins may have worse effects 
than ingesting cyanotoxins. These studies have emphasized the 
importance of monitoring cyanotoxins in the air (Olson et al., 2020; 
Lad et al., 2022; Vigar et al., 2022; Rogers and Stanley, 2023).

The Nakdong River is the longest river in the Republic of Korea 
(hereafter South Korea), with a total length of 525 km and a watershed 
area of 23.859 km2 (Ryu et al., 2016). Water from the Nakdong River 
has been used as a source of tap water by two metropolitan cities 
(Daegu and Busan) and several small cities, for recreational activities, 
and for agricultural purpose (Kim et al., 2021). However, the Nakdong 
River is afflicted with eutrophication with nitrogen (N) and 
phosphorus (P), which are critical factors for triggering occurrence of 
HABs (Kim et al., 2021). Furthermore, since 2012, eight large artificial 

weirs have been constructed along a 200 km section of the Nakdong 
River. These weirs reduce the flow velocity and artificially alter the 
water flow to form stagnant waterbodies, which can lead to the 
flourishing of cyanobacteria and occurrence of HABs (Choi et al., 
2002; Lee et al., 2018; Park et al., 2021). HABs caused by cyanobacteria 
have occurred frequently in the Nakdong River (Kim et al., 2019). As 
the Nakdong River is a major source of drinking water, agricultural 
water, and commercial water, HABs that can produce cyanotoxins 
pose a serious problem for water use (Park et al., 2021). In particular, 
cyanobacteria and their toxins may be aerosolized and exposed to 
people through recreational activities, ship operation, and wind 
friction (Tesson et al., 2016). However, research on the aerosolization 
of toxic cyanobacteria and MCs is insufficient in the context of the 
Nakdong River in South Korea.

Furthermore, eutrophication and HABs can impact the aquatic 
environment in several ways. Firstly, eutrophication may promote the 
survival and proliferation of pathogens in aquatic environments 
(Smith and David, 2009). Recently, it has been proposed that HABs, 
triggered by eutrophication, could also contribute to the emergence 
and dissemination of antibiotic resistance genes in aquatic 
environments (Zhang et  al., 2020; Li et  al., 2021). Therefore, it is 
essential to examine the presence of both the pathobiome and the 
resistome. The concept of pathobiome refers to the collection of host-
associated organisms associated with potential health risk (Bass et al., 
2019). The resistome refers to all antibiotic resistance genes (ARGs) 
and their precursors in both pathogenic and nonpathogenic bacteria. 
The resistome serves as a comprehensive overview of ARGs, 
accounting for different resistance mechanisms and their potential 
evolution within microbial communities (Kim and Cha, 2021). In this 
study, metagenomic analysis was used to examine profiles of microbial 
communities in water and aerosol samples during HAB events in 
Nakdong River, South Korea, with quantification of MCs. In addition, 
the relationship between environmental factors (wind speed, 
precipitation, air temperature, and humidity) and aerosolization of 
toxic cyanobacteria and MCs was examined. We aimed to understand 
the microbial communities, including cyanobacterial community, 
ARGs, and virulence factors, in aerosols emitted from the Nakdong 
River during bloom seasons. This study may also provide evidence of 
potential health risk related to aerosolization of toxic cyanobacteria 
and cyanotoxins to which humans can be exposed via inhalation.

2. Materials and methods

2.1. Sample collection, meteorological 
data, and DNA extraction

Water and aerosol samples were collected from the five sites of 
Nakdong River (Daedong Wharf, Samnakdunchi, Hwawon 
Amusement Park, Leports Valley, Hapcheon Hakri Reservoir) on 
August 30 and September 2, 2022. A sterile mixed cellulose ester 
membrane filter (diameter 37 mm, pore size 0.8 μm, Merck Millipore, 
Billerica, MA, USA) was used for the aerosol sampling. The filter 
paper was placed in an aluminum filter holder with a stainless-steel 
support connected with a silicone tube to a vacuum pump (Model 
SIP-32 L, Sibata Scientific Technology Ltd., Tokyo, Japan). The flow 
rate of sampling was adjusted to about 0.02 m3/min and aerosol 
samples were collected for a total of 4 h (total volume: 4.8 m3). To 
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validate the quality control of aerosol samples, additional aerosol 
samples were collected in a sterile environment (clean bench) for 8 h. 
The 16S rRNA and mcyE genes were amplified using polymerase chain 
reaction (PCR) method from extracted DNA of the aerosol samples 
and the samples of quality control. Gel electrophoresis was performed 
to confirm microbial contamination.

Water samples (100 mL per hour for 4 h, total volume: 400 mL) 
were collected from the surface water of the river using a van dorn 
water sampler (depth: 30 cm, PDNN19080900002, Daihan chemlab, 
South Korea). For delivering the water and aerosol samples, the 
samples were kept at 4°C. In addition, meteorological data (i.e., wind 
speed, precipitation, air temperature and humidity) were obtained by 
Korea Meteorological Administration (https://www.kma.go.kr/eng/
index.jsp).

In the laboratory (Pukyong National University, Busan, South 
Korea), water samples were filtered with a MultiVac 610-MS-T Multi-
Branch Filtration system; each 100 mL water sample was filtered 
through a sterile 0.22 μm, 47 mm Whatman Nuclepore Hydrophilic 
Membrane filter (Wilson, 2022). For extracting microbial DNA from 
the filters (water and aerosol samples), the DNeasy PowerSoil Pro kit 
(QIAGEN, Germany) was used according to the 
manufacturer’s instructions.

2.2. Measurement of water quality

Water parameters, including conductivity, dissolved oxygen (DO), 
and pH, were measured using a water quality meter (AZ-8603, AZ 
Instrument, Taiwan). The biochemical oxygen demand (BOD) value 
was also examined (Zhao et al., 2019). Concentrations of total nitrogen 
(N) and total phosphorus (P) were measured using Hach Digital 
Reactor Block 200 (Hach Co., Loveland, CO, USA) following by 
Persulfate Digestion Method 10,071, and USEPA PhosVer 3 with Acid 
Persulfate Digestion Method 8,190, respectively.

MCs were extracted from the air filters and measured according 
to the previous study (Murby et al., 2016; Swe et al., 2021). Briefly, each 
sample was conducted with frozen and thawed at three times, and 
then the samples were applied with sonicating for 1 min and vortexing 
for 30 s. For measuring levels of MCs in the water samples, US EPA 
Method 546 was used. Briefly, for cell lysing, the samples were 
conducted with frozen and thawed at three times. MC concentration 
was analyzed in triplicate with an enzyme-linked immunosorbent 
assay (ELISA) kit (PN.520011SAES, Eurofins Abraxis, Warminister, 
PA, USA) according to the manufacturer’s protocol. The detection 
limit of the kit is 0.016 μg/L (detection range: 0.05 to 5 μg/L). For 
measuring high concentrations of MCs (more than 5 μg/L) in the 
water samples, the samples were diluted with double-distilled water 
and then levels of MCs were re-measured.

2.3. Quantification of MC-producing 
Microcystis

Levels of MC-producing Microcystis in water and aerosol samples 
were quantified with Quantstudio 1 Real-Time PCR system (Applied 
Biosystems, Foster City, CA, USA) by targeting the mcyE gene that 
encodes Microcystis-specific MC production with the set of primers 
and PCR conditions from a previous study (Sipari et al., 2010). PCR 

reaction solutions contained TOPreal™ qPCR 2x PreMIX with SYBR 
green (Enzynomics, Daejeon, South Korea), 10 μM of each primer 
and the extracted DNA (total volume was 20 μL). The thermal cycling 
conditions were 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C 
for 30 s, and 62°C for 1 min, and by a melting curve stage of 95°C for 
15 s and 60°C for 1 min (Lee et  al., 2021). The output data were 
analyzed by associated software (Design and Analysis Software 2.6.0, 
Applied Biosystems, CA, USA). All experiments were performed 
in triplicate.

2.4. Library preparation and shotgun 
metagenomic sequencing

For the aerosol filtered samples, amplification was conducted 
using REPLI-g Single Cell Kit (Qiagen, Germany) according to 
manufacturer’s protocol to ensure sufficient concentration of 
DNA. DNA concentration and quality were measured using Qubit™ 
Flex Fluorometer (Thermo Fisher Scientific, USA) and Nanodrop One 
spectrophotometer (Thermo Fisher Scientific, USA), respectively. The 
sequencing library was prepared using the MGIEasy FS DNA Library 
Prep Kit, Circularization Module, and DNBSEQ-G400RS High-
throughput Sequencing Kit PE100 (MGI Tech, China) following the 
manufacturer’s instructions. Shotgun metagenome sequencing was 
performed at NGS Core facility (Kyungpook National University, 
Daegu, Korea). The raw sequences were deposited in the National 
Center for Biotechnology Information (NCBI) SRA dataset under 
BioProject accession number PRJNA949880 (https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA949880).

2.5. Preprocessing of sequencing raw data 
and taxonomy classification

For trimming low quality sequences of raw reads, Trimmomatic 
(v.0.39) was performed (Bolger et al., 2014). Reads were scanned with 
a 50-base wide sliding window, and average quality per base below 28 
were trimmed. Using quality filtered reads, taxonomy classification 
was conducted using Kraken2 (Wood et al., 2019). Custom database 
was built from NCBI sequences which were include bacterial, fungal, 
archaeal, and viral genomes. Additional estimation was performed 
using Bracken to accurately predict the abundance of microbial 
features at each taxonomic rank based on the resulting output report 
(Lu et al., 2017).

2.6. Shotgun metagenome assembly and 
annotation of functional genes

Preprocessed reads from all the samples were merged for 
co-assembly with MEGAHIT (v1.2.9) (Li et al., 2015). The minimum 
k-mer was set to 27 and did not add mercy k-mers. We utilized the 
assembled contigs to carry out two processes: taxa identification of 
each contigs using Kraken2 and gene prediction. Protein-coding 
sequences (CDS) were predicted using Prodigal (v2.6.3), and 
redundant protein sequences with more than 95% identity were 
clustered using CD-HIT. (v4.8.1) (Li and Godzik, 2006). RPKM (reads 
per kilobase of exon per million reads mapped) of each predicted gene 
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was calculated using BBMap (Bushnell, 2014). In case of ARGs, the 
abundance was calculated by following equation:
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Ni ARG Like sequence−( )  is the total number of reads which 
predicted to ARG with CARD reference, Li ARGreference sequence ( ) is 
each read length of predicted ARG, Lreads is the average read length 
of preprocessed raw read, N S sequence16  is the total number of reads 
which encoding 16S rRNA gene using SILVA database from 
Kraken2 custom database. L S sequence16  is the average length of the 
16S rRNA gene sequence in the database (1,080 bp). Gene 
annotation for functional analysis was done using DIAMOND 
(v2.0.15.153) (Buchfink et al., 2015). For functional analysis, gene 
annotation of predicted CDS was carried out using DIAMOND 
(v2.0.15.153) with parameters set to 70% identity and 80% query 
coverage. The microcystin biosynthetic gene cluster (BGC0001017: 
Microcystis aeruginosa PCC 7806) was retrieved from the Minimum 
Information about a Biosynthetic Gene Cluster (MIBiG) database, 
while the CARD (Alcock et al., 2019) and VFDB (Liu et al., 2022) 
databases were utilized for resistome and pathobiome analysis, 
respectively.

2.7. Statistical analysis

Statistical analyses and visualization were processed in R studio 
(v3.6.3). Importing of microbiome data including taxonomy 
information, feature table, and metadata was conducted using 
phyloseq package. Diversity analysis and visualized using vegan and 
ggplot package, respectively. Bray–curtis dissimilarity was computed 
for beta diversity analysis and visualized using principal coordinate 
analysis (PCoA). To statistically test the sample distance between 
freshwater and aerosol samples, adonis test in the vegan package for 
permutational multivariate analysis of variance (PERMANOVA) was 
conducted. Alpha diversity indices including Chao1 and Simpson 
were calculated using the microbiome package. To perform statistical 
tests comparing the indices between freshwater and aerosol groups, 
the Wilcoxon rank-sum test was conducted. The core microbiome and 
genes were filtered using microbiome package to elements that were 
found in more than 50% of each group and enriched by more than 1 
and 0.001%, respectively.

3. Results

3.1. Quantification of total MCs and 
MC-producing Microcystis

Total MCs in the water and aerosol samples were measuring 
(Table 1). The mean concentration of MCs in freshwater samples was 
approximately 1,158 μg/L. This value was about 48 times higher than 
that of the world health organization (WHO) recreational guideline 

(24 μg/L). The highest concentration of MCs was the FW5 sample 
(5337.39 μg/L). In addition, the mean concentration of MCs in the 
aerosol samples was 1.22 ng/m3 (ranging from 0.10 to 3.68 ng/m3).

To reveal concentration of MC-producing Microcystis in water 
and aerosol samples, the levels of Microcystis (gene copy/100 mL of 
freshwater and gene copy/m3 of aerosol) were measured using the 
quantification PCR system targeting the mcyE gene, which is related 
with MC-producing genes (Table 2). The mcyE gene was detected in 
all freshwater and aerosol samples. The mean concentration of 
Microcystis (gene copies/100 mL of freshwater) in the water samples 
was 9.7 × 108. The FW5 sample had the highest concentration of the 
mcyE gene at 2.8 × 109 copies/100 mL. In the aerosol samples, the mean 
concentration of MC-producing Microcystis (gene copies/m3) was 
1.7 × 101. The highest concentration of MCs was detected from the 
AR1 sample (9.4 × 101 gene copies m3).

3.2. Microbial compositions of water and 
aerosol samples during algal bloom

The freshwater microbiome was dominated by Microcystis, but in 
the aerosol microbiome, various organisms, such as eukaryotes and 
viruses, were detected (Figure  1; Supplementary Figure S1). The 
freshwater microbiome was composed of 99.79% bacteria, which was 
composed of 76.65% Microcystis, followed by 0.31% Pseudanabaena, 

TABLE 1 Concentrations of total MCs in the freshwater and aerosol 
samples.

Freshwater Aerosols

Site MCs 
concentration 

(μg/L)

Site MCs 
concentration 

(ng/m3)

FW1 15.12 AR1 0.20

FW2 5.20 AR2 0.19

FW3 366.44 AR3 3.68

FW4 70.46 AR4 0.28

FW5 5337.39 AR5-1 2.40

AR5-2 0.10

AR5-3 1.70

TABLE 2 Concentrations of MC-producing Microcystis in the freshwater 
and aerosol samples.

Freshwater Aerosols

Site mcyE 
concentration 

(copies/100 mL)

Site mcyE concentration 
(copies/m3)

FW1 4.0 × 107 AR1 9.4 × 101

FW2 1.8 × 108 AR2 1.4 × 100

FW3 1.0 × 109 AR3 4.2 × 100

FW4 7.8 × 108 AR4 1.7 × 100

FW5 2.8 × 109 AR5-1 7.7 × 100

AR5-2 1.2 × 100

AR5-3 5.8 × 100
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0.26% Flavobacterium, 0.22% Synechococcus, and 0.19% Planktothrix 
(Figure 1; Supplementary Table S1). The aerosol microbiome was 
composed of 56.33% bacteria, 41.88% eukaryotes, and 1.29% viruses 
(Supplementary Figure S1). Especially, Klebsiella (13.8%) and 
Microcystis (8.54%) were dominant in the aerosol microbiome, as were 
fungi such as Fusarium (7.04%) and Aspergillus (4.07%) (Figure 1; 
Supplementary Table S1).

3.3. Microbial diversity and core 
microbiome of the freshwater and aerosols

PCoA based on Bray–Curtis dissimilarity showed that microbial 
communities differed significantly between the freshwater and 
aerosols (Figure 2A). The aerosol microbiome had a greater variety of 
microbes and a higher level of evenness (Simpson’s index) than the 
freshwater microbiome (Figure  2B). Furthermore, the core 
microbiome of the each group was explored. The core microbiome 
refers to a set of microbial taxa that are consistently found across 
multiple individuals or groups, representing a stable and shared 
component of the overall microbiome (Neu et al., 2021). Total of five 
core microbiome genera, including Aeromonas, Microcystis, 

Burkholderia, Pseudomonas, and Streptomyces, were identified that 
were common to each groups (Figure  2C). The stacked bar chart 
showed the proportion of core microbiomes within each group 
(orange and blue), with the core microbiome shared between 
freshwater and aerosol samples shown in yellow. The freshwater 
samples are dominated by water-aerosol core microbiome (yellow), 
whereas the aerosol samples were predominantly composed of 
aerosol-unique core microbiome (orange) (Figure 2D). Biosynthetic 
genes of microcystin.

3.4. Identifying MC biosynthetic gene 
cluster (BGC) from freshwater and aerosols

The microcystin BGC, produced by Microcystis, was identified 
in high abundance in both freshwater and aerosol samples 
(Figure 3A). The biosynthetic genes of microcystin (mcyA, mcyB, 
mcyC, mcyD, mcyE, and mcyG) were found in all freshwater samples, 
whereas these biosynthetic genes of microcystin were detected in the 
AR5-1, AR5-2, and AR5-3 samples (Figure 3A). Furthermore, the 
taxonomy of contigs annotated with each gene was examined and it 
is found that some contigs were classified as Planktothrix and Nostoc; 

FIGURE 1

Sampling sites and the microbial composition at the genus level in the collected samples. Bar plots depicting the taxonomic composition at the genus 
level for both freshwater and aerosol samples across different sites.
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however, 95.1% of the contigs were classified as Microcystis 
(Figure 3B).

3.5. Functional profiling of ARGs and 
virulence factors

Functional diversities were also significantly different between 
freshwater and aerosol samples in both the resistome and pathobiome 
(Figures  4A,C). ARGs were also found in the aerosol samples, 
although at lower concentrations than in the freshwater samples 
(Figure 4B). In the freshwater samples, ARGs associated with target 
modification mechanisms constituted the highest percentage, whereas 
in the aerosol samples, ARGs with efflux pump mechanisms were 
more prevalent (Figure  4B). Regarding virulence factors (VFs), 
although they were significantly more abundant in freshwater, both 
groups were enriched in genes belonging to the adherence type 
(Figure 4D). Interestingly, the abundance of a specific gene, named 

PhoQ, was notably high in AR2 samples. Upon examining genes with 
a high proportion of each virulence type, we observed that the tufA 
gene had the highest abundance in the Adherence type, followed by 
gmd in the Immune Modulation type, katB in the Stress Survival type, 
and hemB in the Nutritional/Metabolic Factor type. 
(Supplementary Table 3). To identify commonly found VFs in 
freshwater and aerosol samples, we defined core genes as detected to 
50% in each group sample. A total of ten core VFs were identified in 
both freshwater and aerosol samples (Figure  5A). Additionally, 
we analyzed the taxonomic origins of contigs harboring core VF genes 
and found that contigs encoding groEL, htpB, pgi, rpoS, and tufA genes 
were part of the core microbiome associated with Aeromonas, 
Microcystis, Pseudomonas, and Streptomyces taxa (Figure 5B). For the 
core ARGs, we compared the freshwater and aerosol samples at each 
site individually, each site had their unique core ARGs including 
aac(6′)-Ie-aph(2″)-Ia, rphB, MexB, ugd, ceoB, lnuA, rpoB2, mdtC, 
rsmA, and sul1 genes (Figures 6A-E). Notably, among the core ARGs, 
it was confirmed that ugd, rsmA, rpoB2, and ceoB were presented in 

FIGURE 2

Microbial diversity and core microbiome of aerosol and freshwater. (A) Beta-diversity of microbiome through principal coordinates analysis (PCoA) 
based on Bray–Curtis dissimilarity (p = 0.004). (B) Chao1 and Simpson indices for alpha-diversity was visualized using bar plot (Wilcoxon rank sum test, 
p = 0.003 for Chao1, p = 0.005 for Simpson). (C) The Venn diagram illustrated the genera commonly found in both aerosol and freshwater samples 
(Detection = 0.1, Prevalence = 0.5). (D) Stacked bar chart displaying the relative abundance of aerosol, freshwater, and core microbiome constituents for 
each sample.
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contigs classified as part of the core microbiome, with the exception 
of Microcystis (Supplementary Table 2).

4. Discussion

Due to eutrophication and increased water temperature, the 
increasing frequency and intensity of HABs in freshwater 
environments are becoming a global problem (O’Neil et al., 2012). 
Particularly, in recent years, there has been growing interest in the 
toxic factors present in aerosols emitted from freshwater bodies. For 
instance, Wood and Dietrich (2011) detected aerosolized MCs 
concentrations of up to 1.8 pg./m3 in two lakes in New Zealand, and 
Backer et al. (2010) detected an average of 0.052 ng/m3 of MCs in the 
air of bloom-affected lakes in California. Numerous studies have 
extensively explored the composition of microbial communities in 
aerosols, with a particular emphasis on harmful algae (Madikizela 
et al., 2018; Olson et al., 2020; Harb et al., 2021; Plaas et al., 2022). 

Especially, Plaas et al. (2022) identified aerosolized Dolichospermum, 
Microcystis, and Aphanizomenon. However, limited research has been 
conducted on the function of microbial communities that are related 
to pathogenicity factors (Olson et al., 2020). This study investigated 
the microbial communities in freshwater environments and nearby 
aerosol samples using metagenomic sequencing, to explore the 
composition and function of micro-organisms. We aimed to assess the 
potential hazards of aerosols generated from HAB-affected freshwater 
bodies with identifying profiles of pathogenic and virulence factors in 
microbial communities.

Our results demonstrated the taxonomic composition of the 
freshwater samples: 30–90% of the Microcystis genus and MCs were 
discovered at five sites in the Nakdong River basin. The Microcystis 
genus represents one of the key cyanobacteria and is known for its 
carcinogenic properties, hepatotoxicity, and reproductive toxicity, 
among other effects (Svirčev et al., 2010; Lone et al., 2015). Conversely, 
in the aerosol samples, Microcystis was not detected in large quantities 
across all samples but was found to be present in high proportions at 

FIGURE 3

Identification of microcystin BGC and taxonomy composition of contigs. (A) Heatmap displaying the log-scaled abundance of the mcy genes in each 
sample. (B) Stacked bar plot showing the taxonomy information of contigs encoding for each mcy genes.
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specific sites (AR5-1 ~ 3). A previous study indicated that microbial 
diversity of aerosols varies according to climate; this difference is likely 
influenced by the climate (water temperature, humidity, and wind 
direction) at the time of sampling (Lone et al., 2015).

The microbial community diversity is markedly distinct between 
freshwater and aerosol samples, with the freshwater group exhibiting 
greater bacterial richness but significantly less evenness compared 
to the aerosol group. This disparity is attributable to the dominance 
of Microcystis in the freshwater group during bloom seasons. 
However, in the aerosol group, various micro-organisms, including 
bacteria, fungi, and viruses, are relatively evenly distributed. 
Collectively, these results indicate that the aerosol environment, 
which can change rapidly in response to climatic and ambient 

conditions, is only marginally influenced by the adjacent water 
microbial community. This observation aligns with the higher 
proportion of the aerosol-core microbiome than the aerosol-
freshwater core microbiome in the taxonomic composition of the 
aerosol samples. Interestingly, AR5-1 ~ 3 samples exhibited a high 
proportion of Microcystis, which was consistent in neighboring 
freshwater samples. Among the regions identified in this study, FW5 
had the highest abundance of Microcystis.

We examined specific genes related with MC biosynthesis (mcy 
gene) produced by toxin-producing cyanobacteria. The core genes 
mcyA-E and mcyG, which are responsible for the synthesis, assembly, 
and modification of MCs (Tillett et al., 2000), were present in high 
abundance in the freshwater samples. We also observed the mcy genes 

FIGURE 4

Analysis of functional diversity and density of resistome and pathobiome genes identified in AR and FW samples. (A) Beta-diversity of ARGs through 
PCoA based on Bray–Curtis dissimilarity (p = 0.003). (B) Stacked bar plot representing the density of ARGs and the proportion of each ARG type in the 
samples. (C) Beta-diversity of VFs through PCoA based on Bray–Curtis dissimilarity (p = 0.003). (D) Stacked bar plot representing the density of VFs and 
the proportion of each virulence type in the samples.
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in the aerosol samples. The abundance of mcy genes was consistently 
higher in the AR 5–1, 5–2, and 5–3 samples with high Microcystis 
abundance than in other samples (e.g., AR 1–4). Furthermore, most 
of the contigs encoding MC BGC are classified as Microcystis, which 
suggests that Microcystis found in aerosols may indeed have a toxin-
producing function and raises the possibility of transporting harmful 
substances via aerosols.

Furthermore, the genera Aeromonas, Burkholderia, 
Pseudomonas, and Streptomyces were identified as common 
components of the core microbiome. These Gram-negative bacteria 
form biofilms and are highly adapted and widespread in various 
environments due to their remarkable metabolic versatility (Seshadri 
et al., 2006; Rojo, 2010; Kaltenpoth and Flórez, 2020; Kumar et al., 
2023). Consequently, they have the potential to colonize multiple 

FIGURE 5

Core VFs in both groups and the taxonomic information of the contigs encoding genes. (A) The Venn diagram illustrated the number of core VFs found 
in both aerosol and freshwater samples (Detection = 0.001, Prevalence = 0.5). For the VFs present in the intersection of the Venn diagrams, the gene 
names were annotated using distinct colors corresponding to their respective virulence types. (B) A stacked bar plot illustrating the distribution of 
contigs encoding each gene, categorized according to taxonomic information.

FIGURE 6

Commonly found ARGs in individual FW and AR samples at the same site. (A-E) The Venn diagram visualizing common ARGs in each site, colors 
indicating the resistance mechanism.
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environments when dispersed through aerosols. Additionally, the 
presence of these four genera among the contigs encoding ARGs 
implies the potential existence of ARG carriers within the core 
microbiome. Indeed, Aeromonas and Burkholderia are already well 
established as ARG carriers in river (Esiobu et al., 2002; Piotrowska 
and Popowska, 2014). Although no direct evidence exists to attribute 
the presence of these core microbiomes in aerosol samples to 
freshwater sources, microbes found in freshwater samples are also 
commonly detected in aerosol samples, and these microbes have 
pathogenic characteristics that can cause dissemination of harmful 
agents through aerosols.

In addition, VFs and ARGs were analyzed to determine the 
distribution of potential harmful factors in the aerosol 
microbiome. Both types of genes exhibited significant differences 
between the aerosol and freshwater groups, with freshwater 
samples displaying higher gene abundance than aerosol samples. 
However, ARGs and VFs were also detected in the aerosol samples, 
albeit at low concentrations. Previous studies have demonstrated 
that aerosol samples can be dispersed over considerable distances, 
indicating a potential risk of harmful agents in aerosols spreading 
to humans (Gorbunov, 2020). Benson et al. (2005) suggested that 
trace amounts of MCs could potentially induce adverse effects 
when MCs are introduced into the human respiratory tract via 
aerosols. Moreover, the acute toxicity of MCs may be more potent 
when exposure occurs via inhalation rather than ingestion 
(Creasia, 1990). A major contributor to the proliferation and 
outbreak of ARGs is the misuse of antibiotics (Shallcross and 
Davies, 2014). Although antibiotics are extensively employed in 
human, livestock, and agricultural settings (Madikizela et  al., 
2018; Chang et al., 2019; Tian et al., 2021), to our knowledge, they 
are not applied to or transported through the air. Nonetheless, the 
detection of ARGs in aerosols can be  attributed to antibiotic-
resistant bacteria carrying ARGs. Indeed, prior studies have 
reported the detection of ARGs in aerosols near livestock barns, 
where ARGs are frequently found (Li et  al., 2019). Given the 
detection of ARGs in aerosols around freshwater environments, 
ARGs present in aerosols in areas with minimal human activity 
are likely to have been transferred from freshwater environments, 
which are known as ARG reservoirs.

Furthermore, a total of ten VFs were identified as common in 
both AR and FW samples, among which the groEL, groEL2, htpB, 
rpoS, tuf, and tufA genes are of the adherence type. If bacteria carrying 
these functional genes become aerosolized, they may play a crucial 
role in the subsequent attachment of aerosolized bacteria to host cells 
or surfaces, a critical step in establishing infections (Hennequin et al., 
2001; Srivastava et al., 2008). Moreover, in accordance with previous 
findings, the presence of VFs in core microbiome taxa suggests that 
harmful, functional microbes indeed exist in aerosols.

5. Conclusion

In this preliminary study, we employed metagenomic sequencing 
to explore the microbial communities within aerosols and their 
associated MC-producing genes, which have not yet been thoroughly 
investigated. Aerosols have been inadequately studied due to 
challenges in sample collection and their susceptibility to the 

surrounding environment. However, recent outbreaks of COVID-19 
and pneumonia infections (Mycobacterium tuberculosis), both 
prevalent nosocomial infections, are transmitted via aerosols (Li et al., 
2020; Borges et al., 2021). Furthermore, the major limitation of this 
study is a lack of collecting field blanks, which is for ensuring the 
quality of aerosol samples, concurrently during the day. However, in 
this study, collection of blank samples was conducted on a clean bench 
under controlled laboratory conditions, potentially influencing the 
results. For a future study, it is necessary to consider measuring the 
blanks in the field under the same conditions to guarantee the 
accuracy of the data.

Consequently, monitoring harmful microorganisms and their 
genes in aerosols is essential. This study underscores the importance 
of aerosol metagenomics by identifying detrimental microorganisms 
and genes in aerosols from environments with minimal human 
interaction. Moreover, because of the limited data on contributing 
factors and the small sample size in this study, we could not establish 
a direct link between freshwater environments and aerosols. Therefore, 
future research is needed to confirm the transfer of harmful 
microorganisms from freshwater environments to aerosols.
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