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• Submicron aerosol (SA) propertieswere
analyzed from wastewater treatment
process.

• The unimodal SA size distribution
ranges largely from 68 to 350 nm.

• In 170 nm aerosol, aerosol liquid water
content (ALWC) was between 11 and
21 μg/m3.

• Eight of the twenty elements detected
in the WSM were also detected in the
SAs.

• Antibiotic resistant genes in SAmay lead
to high risk to human.
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Submicron aerosols (SAs) emitted during wastewater treatmentmay harm the human circulation system, respi-
ratory cells, and deep lungs. Despite this threat, SAs remain poorly understood. In this study, a laboratory simu-
lation aerosol generator was manufactured, and the particle number size distributions, aerosol liquid water
content (ALWC), and chemical andmicrobial composition of SAs from aeration were analyzed. Under stable aer-
ation conditions, the unimodal SA size distribution ranged from 68 to 350 nm. The ALWC of peak size (170 nm)
was 11–21 μg/m3. Nawas the dominantmajor element in SAswith the concentration of 5.61 μg/m3. Total organic
carbon accounted for 97% of the total carbon in the SAs. Arcobacter, Methanobrevibacter, and Fusariumwere the
dominant SA bacteria, archaea, and fungi, respectively, and a number of viruses were also detected. Thirty-two
antibiotic resistant genes, and virulence factors of which 23% were offensive virulence factors, were detected in
the SAs. The results predicted that 2% of the genes in SAs were directly related to human health. Thus, SAs may
pose disproportionately high risks to human health.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Wastewater treatment plants (WWTPs) release aerosol particles
into the ambient air, and are therefore important aerosol sources. The
characteristics of aerosols emitted from WWTPs have been studied in
recent decades (Han et al., 2013; Masclaux et al., 2014). These aerosols
have been proven to contain harmful substances from wastewater/
sludge (Sánchez-Monedero et al., 2008; Uhrbrand et al., 2017). Respira-
tory symptoms and impaired lung function are related to aerosol inha-
lation (Kim et al., 2017), and aerosol size is strongly related to particle
deposition in the human respiratory tract (Pastuszka et al., 2000). Parti-
cles larger than 0.5 μm are deposited via sedimentation and mainly im-
pact the upper airways. Particles smaller than 0.5 μm can reach the
lower airways by diffusion (Fröhlich-Nowoisky et al., 2016).

In particular, submicron aerosols (SAs) can be deposited deep in the
lungs and penetrate human respiratory cells and the circulation system,
resulting in respiratory and cardiovascular diseases (Delfino et al., 2008,
2009; Deshmukh et al., 2013; Izhar et al., 2016; Singh and Gupta, 2016).
Furthermore, SAs can remain suspended in the air for long periods and
be transported over long distances with the wind (Chakraborty and
Gupta, 2010). These characteristics exacerbate the potential hazards
arising from SAs. Thus, a comprehensive and in-depth understanding
of SA characteristics is of great significance for research into human
health and control technology in WWTPs.

Quantitative characterization of particle number size distributions
(PNSDs) is imperative for adequate understanding of the fate of aerosols
and to develop effective control or mitigation (Nguyen et al., 2014). The
use of aerodynamic particle sizers (APS; Armendariz and Leith, 2002)
and scanning mobility particle scanners (SMPS; Quant et al., 1993) en-
able the online detection of submicron PNSDs. This method has been
widely used to study the characteristics of submicron particles in atmo-
spheric particulate matter (Bian et al., 2014; Tan et al., 2016). It has also
been applied to study the size distribution characteristics of SAs in
WWTPs (Piqueras et al., 2016; Uhrbrand et al., 2017). Piqueras et al.
(2016) reported that the average peak mode diameter of WWTP aera-
tion basins and simulative wastewater bioreactors were 45 and
48 nm, respectively. Uhrbrand et al. (2017) determined that the geo-
metric mean aerodynamic diameter of particles was 351.8 nm at a
wastewater outlet.

Aerosol liquid water content (ALWC) is another important charac-
teristic of aerosols that significantly contribute to aerosol mass (Tan
et al., 2016), optical properties (Bian et al., 2014), air-particle heteroge-
neous reactions (Wu et al., 2018), and survival of aerosol microorgan-
isms (Wang et al., 2018). Despite the abundance and significance of
ALWC, it remains poorly understood in aerosols emitted from WWTPs.

Previous studies have suggested that various microorganisms (bac-
teria and fungi) and chemicals were present in aerosols emitted from
WWTPs (Han et al., 2018, 2019; Yang et al., 2019). In particular, the
presence of potential pathogens (such as Aeromonas, Arcobacter, Entero-
bacter, Enterococcus, Pseudomonas, Shinella, Aspergillus, and Penicillium)
and toxic metal(loid)s (such as As, Mn, Ni, Co, and Cr) indicated consid-
erable exposure risks in and around WWTPs (Fathi et al., 2017; Han
et al., 2019; Yang et al., 2019). Furthermore, the discovery of antibiotic
resistance genes (ARGs) in the atmosphere caused significant public
health concern (Li et al., 2018). Airborne diffusion, as an air dissemina-
tion mode of ARGs, has important effects on human exposure through
inhalation (Xie et al., 2019). In viewof theminification and penetrability
of SAs, the characteristics of ARGs, microorganisms, and chemical com-
positions associatedwith SAs fromWWTPs need to be comprehensively
determined, which will aid the systematic evaluation of SA risks.

The number of WWTPs in China reached 4463 in mid-2017 (Han
et al., 2019), of which N95% use biological processes. SAs have been
found in and around WWTPs (Piqueras et al., 2016; Uhrbrand et al.,
2017). Thus, comprehensive, systematic, and in-depth studies on SA
properties are required to understand the potential harm caused by
SA emissions and associated mitigation strategies.
In this study, a laboratory aeration bioreactor simulator was com-
bined with SMPS and APS, a hygroscopic tandem differential mobility
analyzer (HTDMA), and a particulate matter sampler. The sampling du-
ration was 24 h. The objectives were to 1) analyze the PNSDs of SAs
from a wastewater and sludge mixture (WSM) and determine the
ALWC, 2) determine the chemical and microbial composition of the
SAs, and 3) provide data relevant to understanding the human health
risks posed by SAs, such as ARGs and offensive virulence factors
(OVFs). The results of this study provide a theoretical basis for aerosol
control from WWTPs.

2. Materials and methods

2.1. Experimental protocol

In this study, a laboratory simulation aerosol generator was
manufactured to prevent the interference of particulate matter in the
atmosphere (Figs. 1 and S1). PNSDs and ALWC were analyzed using
on-site SMPS and APS, and HTDMA. SAs collected with a particulate
sampler were used for microbial and chemical analyses.

2.2. Aerosol generation

The simulation aerosol generator (Fig. 1-I) design and calibration
protocol were based on principles from the liquid sparging aerosolizer
(Mainelis et al., 2005; Simon et al., 2011). A detailed description of the
generator is given in S1 (Supporting information). The WSM was
taken from the aerobic tank of a municipal WWTP in Beijing, which
uses an anaerobic/anoxic/oxic process. The conventional WSM control
index is shown in Table S1. To guarantee the system seal, unit I was con-
nected to units II or III (Fig. 1-II and -III) using flanges and gaskets. The
experimental end gas was discharged after ultraviolet disinfection.

2.3. SA size distribution and ALWC

The aerosol after the splitter (Fig. 1-III) was used to measure PNSDs
(Fig. 1-IV) and ALWC. SA PNSDs were measured by SMPS and APS sys-
tems (described in S2, Supporting information). An HTDMA (Fig. 1-III)
was used to determine the size-resolved hygroscopic growth factor.
ALWCwas calculated using PNSDs andHTDMA data under different rel-
ative humidity (RH) conditions. A brief presentation is shown in S2, and
a comprehensive description of this method is given by Bian et al.
(2014) and Tan et al. (2016).

2.4. SA collection and pre-treatment

As shown in Fig. 1-II, SAs were collected using a particulate matter
sampler (TH-PM1.0-100, TianHong, Wuhan, China; http://www.thyb.
cn/products_detail/productId=220.html) and sampling pump (TH-
150, TianHong, Wuhan, China). The SA (b1.0 μm) emission flux was
314.28 ± 132.03 μg/(m2·min), and they were collected onto a quartz
film surface (90 mm in diameter). The quartz films were sterilized at
500 °C for 5 h before sampling, individually packaged in sterilized alu-
minum foil, and stored in self-sealing plastic bags. All apparatus used
in the experiment were cleaned with 75% ethanol to avoid cross-
contamination. Sampling was repeated six times (each collected at a
100 L/min flow rate for 24 h on a quartz filter). Each sample was stored
at−80 °C for subsequent analysis. Six SA samples were pre-treated be-
fore morphological observation and chemical and microbial analyses
(Fig. 1-V).

One eighth of each filter was used for morphological observation
using scanning electron microscopy (SU8000, HITACHI, Japan). The re-
maining 7/8 of each filter was shred into small pieces. These pieces
were rolled and soaked with deionized water and then pelleted at 4 °C
and centrifuged at 200g for 3 h. The resuspension was filtered through
a 0.2 μm Supor 200 PES membrane disc filter (Jiang et al., 2015). The

http://www.thyb.cn/products_detail/productId=220.html
http://www.thyb.cn/products_detail/productId=220.html


Fig. 1. Aerosol generating device and testing flow chart. WSM: wastewater and sludge mixture; SAs: submicron aerosols.
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enrichment and filtrate were subsequently used for microbial and
chemical analyses, respectively.
2.5. Chemical composition, microbial community, and metagenomic
analysis

The collected filtrate andWSMwere also used tomeasure dissoluble
chemical substances (S3, Supporting information). Filter enrichment
(PES filter collection) and WSM were used for DNA extraction via a
MO-BIO Power Soil DNA Isolation Kit (USA) according to the manufac-
turer's instructions. DNA purity and mass were measured through
micro-spectrophotometry (NanoDrop ND-1000, NanoDrop Technolo-
gies, USA).

Species abundance and diversity in the SAs andWSMwere analyzed
via Illumina MiSeq high-throughput sequencing (Illumina, San Diego,
USA) of the 16S rRNA-V4 and 18S rRNA-ITS1 regions. The hypervariable
V3, V4, and ITS1 regions of the bacterial, archaeal, and fungal genomes
were respectively amplified with 338F/806R (Dennis et al., 2013),
524F/958R (Pires et al., 2012), and 817F/1196R primers (Rousket al.,
2010) in Illumina MiSeq sequencing. A detailed description of this
method is given by Han et al. (2018).

DNA from integrated SA and WSM samples were processed using
whole genome amplification. Whole genome amplification,
metagenome library construction, and sample sequencing were per-
formed using the Illumina X-ten platform at the Shanghai Majorbio
Bio-Pharm Technology Co., Ltd. (Majorbio, Shanghai, China). Sequence
quality control, genome assembly, andmetagenomic sequencing analy-
sis were processed according to the method of Wang et al. (2017). All
raw microbial diversity and metagenome datasets were deposited into
the NCBI Sequence Read Archive database (accession number:
SRP142178).

3. Results

3.1. SA size distribution and ALWC

The SA size distributions were relatively stable during the aeration
process (180 min), and most of the SAs were N100 nm, as shown by
the red area in Fig. 2a. The SA size distribution was distinctly unimodal



Fig. 2. PNSDs and ALWC of SAs. (a) PNSDs of SAs during 180min continuous aeration. (b) Average PNSDs of SAs from stable aeration process. (c) ALWC in 170 nmaerosol during sampling
time. (d) RH of gas-water interface and environment during sampling time. (e) ALWC under different RHs. PNSD: particle number size distribution; ALWC: aerosol liquid water content;
SAs: submicron aerosols; RH: relative humidity.
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(Fig. 2b), and the SA mean size was distributed primarily from 68 to
350 nm. The peak size was 170 nm under stable operating conditions.

Aerosols from wastewater treatment processes generally contain
large amounts of liquid water owing to the aqueous environment. SA
ALWC was considered in this study, as ALWC plays an important role
in heterogeneous aerosol chemical reactions and the formation of sec-
ondary aerosols. As shown in Fig. 2c, the environmental RH was
22–41% during sampling. However, the generator sampling site RH, at
N80%, was much higher than that of the environment. This indicates
that aerosols escaping from the aeration process greatly increased the
environmental RH and likely had high water contents.

ALWCwasmeasured by the calculated Gf of different sizes at certain
RH values according to Eq. S4 (Supporting information). The ALWC of
the peak size (170 nm) was continuously monitored for 24 h (Fig. 2d),
Fig. 3. Property of elements and ion composition in SAs and WSM. (a) Chemical composition i
liquid to SAs. (d) Escape rate of minor chemicals frommixed liquid to SAs. WSM: wastewater
and the range value was 11–21 μg/m3. The ensemble ALWC increased
sharply with increasing particle number, and the RH also gradually in-
creased. There was a significant correlation between RH and ALWC
(Fig. 2e; P b 0.05).

3.2. SA chemical composition

The chemical compositions of SAs andWSMare shown in Fig. 3a and
b. Identified compounds accounted for 55 and 33% of the SAs andmixed
liquor suspended solid concentrations, respectively. The total carbon
(16.69 μg/m3) in SAs consisted of 97% total organic carbon (16.19 μg/
m3) and 3% inorganic carbon (0.5 μg/m3). In comparison, the total car-
bon TC (237.30 mg/L) in WSM consisted of 7% total organic carbon
TOC (16.61 mg/L) and 93% inorganic carbon IC (220.69 mg/L). Cl− was
n SAs. (b) Chemical composition in WSM. (c) Escape rate of major chemicals from mixed
and sludge mixture; SAs: submicron aerosols.



5Y. Han et al. / Science of the Total Environment 696 (2019) 134019
themost abundant of the fourmajor anions both in the SAs (1.93 μg/m3)
and WSM (211.40 mg/L). The SO4

2−, PO4
3−, and NO3

− concentrations in
SAs were 0.83, 0.83, and 0.35 μg/m3, respectively, and 76.24, 31.19,
and 27.72 mg/L in WSM, respectively. The proportions of major and
minor elements in the SAs andWSMwere similar, both nearlywith per-
centages of 99 and 1% for all elements, respectively.

Nawas the dominantmajor element in SAs (5.61 μg/m3; Fig. 3a) and
WSM (119.98 mg/L; Fig. 3b), with percentages of 58 and 42%, respec-
tively. Cu was the dominant minor element in SAs with a concentration
of 0.02 μg/m3 and percentage of 48%, followed by V, Ti, Zn, and As. Fe
was the dominant minor element in WSM with a concentration of
0.13 mg/L and percentage of 20%, followed by Al, Zn, Ti, Cu, Rb, V, Cr,
Ni, Mn, and Ba.

The escape rates of different components were calculated according
to Eq. S5 (Supporting information) and are shown in Fig. 3c and d. Total
organic carbon had the highest emission rate (0.07%; Fig. 3c) among the
identified chemical components. The results indicate that organic mat-
ter was enriched in the SAs relative to the WSM. The escape rates of
the four anions were almost equal, and those of dominant anions
(e.g., Cl−) were relatively high. Si and Cu had the highest escape rates
among the elements, both being 0.03% (Fig. 3d).
3.3. Microbial characteristics

The bacterial, archaeal, fungal, and viral populations in the SAs and
WSM were analyzed using high-throughput sequencing and
metagenomic analysis. The population diversity results revealed that
the microbial population in the SAs was much lower than that in the
WSM (Table S2). The bacterial, fungal, and archaeal Shannon indices
for the SAs and WSM were 4.28 and 4.93, 1.81 and 2.38, and 2.65 and
3.02, respectively. Using gene-based taxonomic annotations, the sample
species were compared with those in the NR database to produce taxo-
nomic annotation information. The SAs and WSM contained 7036 and
14,451 virus species, respectively. In terms of population, bacteria dom-
inated both the SAs and WSM (Fig. S3).
Fig. 4. Bacterial, fungal and archaeal population distribution of SAs and W
At the phylum level (Fig. 4), Proteobacteria, Bacteroidetes, and
Firmicutes dominated in both the SAs and WSM. The proportion of
Proteobacteria was lower in the WSM (34%) than in the SAs (39%), as
was that of Firmicutes (8% in theWSM vs. 24% in the SAs). The propor-
tion of Bacteroidetes was higher in the WSM (40%) than in the SAs
(29%), and the same was true of Acidobacteria (6% in the WSM vs. b1%
in the SAs). Euryarchaeota archaea were dominant in similar propor-
tions in both theWSM (83%) and SAs (82%; Fig. 4). TheWSM contained
prominent Ciliophora (48%), Ascomycota (24%), Choanoflagellida
(14%), Basidiomycota (8%), and Ichthyosporea (4%) fungi; the main
fungi in the SAswere Ascomycota (89%) and Basidiomycota (9%; Fig. 4).

Arcobacter (28 and 17%), Prevotella (16 and 13%), and Bacteroides
(4 and 4%)were the dominant bacterial genera in the SAs andWSM, re-
spectively. The archaea genera Methanobrevibacter (51 and 29%),
Methanospirillum (6 and 5%), Methanobacterium (6 and 11%),
Methanocorpusculum (4 and 5%), Lokiarchaeota (1 and b1%), and
Methanosaeta (1 and 14%) were detected in the SAs and WSM, respec-
tively. The fungal genus Fusarium, which produces tiny round or oval
spores and is potentially pathogenic to mammals, was detected in
both the SAs andWSM at proportions of 56 and 12%, respectively. How-
ever, some fungi, such as Opercularia (36% in WSM) and
Pseudocohnilembus (8% in WSM), which are widespread in sewage,
were not detected in the SAs, possibly owing to the fungal particle size.

The WSM and SAs contained 22 and 19 virus families, respectively
(Fig. S4). On the whole, the virus content (of different families) in the
SAs was much lower than that in the WSM. Myoviridae, Podoviridae,
Siphoviridae, Phycodnaviridae, unclassified Caudovirales, and other un-
classified viruses were dominant in the SAs and WSM. Myoviridae and
Phycodnaviridae contributed 18 and 1% of the WSM viral load and 51
and 2% of the SA viral load, respectively. Siphoviridae and Podoviridae
accounted for 25 and 21% of the WSM viral load and 8 and 12% of the
SA viral load, respectively. Unclassified viruses and Caudovirales
accounted for 31 and 2% of the WSM viral load and 24 and 1% of the
SA viral load, respectively. Ampullaviridae, Ascoviridae, Herpesviridae,
and Lipothrixviridae were only detected in the WSM and Poxviridae
only in the SAs.
SM. WSM: wastewater and sludge mixture; SAs: submicron aerosols.
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3.4. Genic characteristics

Using high-throughput sequencing-based metagenomic analysis
with a structured ARDB database, 55 and 196 ARG subtypes belonging
to 32 and 66 ARG types were identified in the SA andWSM samples, re-
spectively. The SA andWSM samples contained 32 ARGs, and 97% of the
ARGs in the SAs came from the WSM. Eleven and twelve ARG classes
were detected in the SAs and WSM, respectively, and were dominated
by BacA (Fig. S5). The absolute advantage of BacA was higher in the
SAs (91%) than in the WSM (54%). Tet_rpp (2 and 9%), Sul (b1 and
10%), Ant (1 and 5%), Aph (1 and 3%), Aac (2 and 3%), Tet_efflux (b1
and 3%), Tet_mod (0 and 2%), Bla_a (0 and 2%), Ere (0 and 1%), Vat (1
and b1%), and other ARGs (1 and 7%) were also detected in the SAs
and WSM, respectively. These ARGs can induce antibiotic resistance to
N20 antibiotics, including penicillin, tobramycin, erythromycin, strepto-
mycin, tetracycline, and sulphonamides.

Virulence factors (VFs) were detected by high-throughput
sequencing-based metagenomic analysis (Fig. 5). OVFs, defensive VFs,
nonspecific VFs, and regulation of virulence-associated genes accounted
for 23, 63, 13, and 1% of the VFs in the SAs, respectively; these factors
accounted for 55, 25, 15, and 5% of the VFS in the WSM, respectively.
OVFs consist of four offensive qualities: adherence, secretion, invasion,
and toxicity. As shown in Fig. 10, 32 and 48 genes that invade the host
through adhesion were detected in the SAs and WSM, respectively. Of
these, LOS (6 and 5%), Type IV pili (3 and 7%), and Flagella (2 and 6%)
genes were dominant in the SAs and WSM, respectively. The SAs and
Fig. 5. The property of VFs in SAs and WSM. WSM: waste
WSM respectively contained 3 and 8 genes that invade the host via in-
vasion and 12 and 15 genes that invade the host via secretion. Hsi-I (1
and 6% in the SAs and WSM, respectively) was the dominant secretion
system gene in both sample types. The SAs and WSM respectively
contained 1 and 3 genes that invade the host through toxicity, which
was dominated by Cya (3 and 1% in the SAs and WSM, respectively).

4. Discussion

The characteristics of pure SAs from aeration were studied by elim-
inating the influence of atmospheric particles, conditions under which
the SAs featured a unimodal size distribution. The primary aerosols
were 68–350 nm in size under stable operating conditions. This is con-
sistent with previous work on the size distributions of aerosol formed
byWWTP,which also found aerosols of b1 μmwith a unimodal distribu-
tion (Piqueras et al., 2016). Thus, the size of the SAs did notfluctuate sig-
nificantly, especially during the 180-min sampling period, and the
generated aerosol was homogeneous. Previous simulation studies
have shown that SAs of different sizes have different deposition posi-
tions, rates, and efficiencies in the human lung. SAs from aeration are
likely deposited primarily in the upper right and lower left lobes of
the lung and are harmful (Islam et al., 2017). Furthermore, unlike atmo-
spheric aerosols, aerosols from WSM originate from a liquid–solid
mixing system. Thus, they have high ALWC, which can increase the
RH of the surrounding environment, sustain active substances in the
aerosols, and provide a substrate for the chemical transformation and
water and sludge mixture; SAs: submicron aerosols.
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survival of active substances. SAs from WWTPs are easily inhaled into
the lungs, especially by WWTP workers.

WWTPwastewater has a wide range of sources and contains a vari-
ety of elements. During aeration, some elements escape into the SAs,
e.g., 8 of the 20 elements detected in the studied WSM were also de-
tected in the SAs, and their contents could be ranked in the following
order: Na N Ca N K N Mg N Cu N V N Ti N Zn. The major metal contents
were similar in the WSM (Na N Ca N K N Mg), but the minor metal ele-
ments were in the following order: Zn N Ti N Cu N V. Other minor
metal elements detected in the WSM, such as Fe, Al, Rb, and Cr, were
not detected in the SAs. Tian et al. (2018) indicated a relationship be-
tween metal content (type and amount) and atmospheric SA particle
size. Both the WSM and SAs contained S, Si, P, and As. In the SAs, these
were ranked as P N Si N S N As in terms of detectable quantity, but as
Si N As N P N S in terms of dissipation rate. A previous study showed
that the presence of small amounts of toxic chemicals ismore important
in the assessment of particulate health effects than their mass concen-
trations (Forsberg et al., 2005).

Similarly, both the WSM and SAs contained Cl−, SO4
2−, PO4

3−, and
NO3

−, which also differed in terms of detectable quantity and dispersion
rates. In the SAs, these were ranked as Cl− N SO4

2− N PO4
3− N NO3

− in
terms of detectable quantity but as PO4

3− N NO3
− N SO4

2− N Cl− in terms
of dissipation rate. During aeration, different WWTP elements and
ions had different dispersion capacities in the SAs. The above results in-
dicate that compounds in SAs may include NaCl, Na2SO4, CaCl2, and
CaSO4. The stable existence of these compoundsmay have an important
influence on the atmospheric quality and human health in regional
environments.

The SA microbial populations were analyzed via high-throughput
sequencing. The dominant bacterial genera detected in SAs included
Arcobacter, Prevotella, and Bacteroides, archaea genera were
Methanobrevibacter, Methanospirillum, Methanobacterium,
Methanocorpusculum, Lokiarchaeota, and Methanosaeta, and the only
fungal genus was Fusarium. Previous studies have shown that the
above genera are all extremely small. For example, Arcobacter and
Bacteroides bacteria are 0.2–0.9 × 1–3 μm and 0.3–0.8 × 0.6–4.5 μm in
size, respectively, Fusarium fungi can produce tiny round or oval spores
of b1 μm, andMethanobrevibacter archaea are b1 μm in size (Lepp et al.,
2004; Snelling et al., 2006; Lainhart, 2018). Therefore, these microor-
ganisms can escape from WSM into the atmosphere encased in SAs.
They also exist as single cells in SAs (Fig. S6).

Moreover, most are potential or opportunistic pathogens. Numerous
Arcobacter species can cause diarrhea and bacteremia in humans (Hsu
and Lee, 2016). Prevotella species can cause anaerobic infections of the
respiratory tract, including aspiration pneumonia, lung abscesses, pul-
monary empyema, chronic otitis media, and chronic sinusitis (Falagas
and Siakavellas, 2000). Bacteroides are opportunistic human pathogens
associated with infections of the peritoneal cavity, infections after gas-
trointestinal surgery, and appendicitis (Ryan and Ray, 2004). Recent re-
ports have indicated that numerous opportunistic Fusarium species can
cause devastating human disease, especially in immunocompromised
patients with prolonged neutropenia (Lainhart, 2018).

A total of five potential bacterial pathogens, namely
Acinetobacter, Arcobacter, Bacteroides, Prevotella, and Pseudomonas,
were detected in SAs and WSM (Fig. 4). These potential pathogens
have been detected in airborne particles from WWTPs (Li et al.,
2016) and found to be the dominant bacterial genera in wastewater
(Kumaraswamy et al., 2014). This suggests that these potential bac-
terial pathogens could easily be released into the air from wastewa-
ter. Their universal detection, especially in association with SAs,
indicate a higher potential risk. Two potential fungal pathogens,
namely Fusarium and Trichosporon, were found in SAs. Fusarium spe-
cies were themost abundant fungal species in the SAs, with a relative
abundance of 56%. Furthermore, Fusarium species have been associ-
ated with size-segregated particulate matters in ambient air, and
this genus was the third most abundant genus in PM2.5 and PM10
samples and the fourthmost abundant genus in total suspended par-
ticulate samples in Beijing on hazy days (Yan et al., 2016).

Reports on dangerous archaea are scarce, and only
Methanobrevibacter has been shown to be a potential gastrointestinal
pathogen (Grine et al., 2017). All of the viruses detected in the SAs
were affiliated with Caudovirales. In the SAs, Myoviridae, Podoviridae,
Siphoviridae, and Phycodnaviridae accounted for 74% of all detected vi-
ruses. The natural hosts of these viruses are bacteria or archaea
(Capparelli et al., 2007). SAs may therefore pose a higher risk to
human health from these pathogens than from their deposition in the
deep lungs.

The metagenomic analysis indicated that almost all of the ARGs
detected in the SAs came from the WSM. BacA mainly inhibits the
production of bacitracin, which is used to treat penicillin-resistant
staphylococcus and streptococcus infections. Relatively high BacA
content was detected in the SAs in this study. These aerosols may
therefore have extremely serious consequences when inhaled, such
as pharyngitis and pneumonia caused by streptococcus infection.
Other ARGs (e.g., Tet, Sul, and Aac) also induce resistance to antibi-
otics such as penicillin, tobramycin, and erythromycin (Christgen
et al., 2015). Thirty-two ARG types were found in SAs fromwastewa-
ter in this study. These results were slightly higher than those of Li
et al. (2018), who found 30 ARG types in airborne particulate matter
collected from 19 cities globally. The high richness of ARGs in SAs
from wastewater identified wastewater as an important source. In
addition, since inhalation is an integral part of the aggregate expo-
sure pathways of environmentally disseminated ARGs (Xie et al.,
2019), ARGs in SAs should be urgently treated because of SA
minification and penetrability.

Moreover, the results suggest that OVFs are crucial in the studied
SAs. LOS, Type IV pili, Flagella, C5a peptidase, and Hsp60 were the
dominant adherence genes in the SAs. For example, LOS from Cam-
pylobacter jejuni can generate cross-reacting antibodies based on
the similarity between LOS structures and host gangliosides (Dasti
et al., 2010). Bsa T3SS from Burkholderia pseudomallei was a domi-
nant invasion gene in the SAs andWSM and can deliver effector pro-
teins into host cells to manipulate host cell functions (Vander et al.,
2015). Dot/Icm was the dominant secretion gene in the SAs and
WSM. This gene comes from Legionella pneumophila and can facili-
tate the translocation of numerous bacterial effector proteins across
bacterial and vacuole membranes into the host cytoplasm, where ef-
fector proteins mediate their activities to manipulate a variety of
host cell processes (Shames et al., 2017). Cya, from Bordetella pertus-
sis, was a dominant toxin gene in the SAs andWSM and contains a bi-
functional toxin that performs both adenylate cyclase and hemolytic
activities; its primary function is anti-inflammatory (Vealcarr and
Stibitz, 2005). Thus, these SA VFs increase potential human health
risks from aerosols.

Bacteria, fungi, archaea, and viruses from the WSM were present
in the SAs, which also contained large numbers of ARGs and VFs. Mi-
crobial species contributions to the major ARGs and VFs were ana-
lyzed (Fig. S7). Obvious differences existed between the main ARG
and VF sources in the SAs and WSM. BacAwas contributed primarily
by Bacteroidetes, Proteobacteria, and Firmicutes in the SAs and by
Bacteroidetes, Proteobacteria, Firmicutes, and Actinobacteria in the
WSM. LOS came mainly from Bacteroidetes and Firmicutes in the
SAs and from Proteobacteria, Bacteroidetes, Actinobacteria, and
Chloroflexi in the WSM. Although the SAs were derived from the
WSM, the microbial species and functional genes differed between
the SAs and WSM possibly owing to differences in dissipation capac-
ity. The size distribution, ALWC, and elemental composition of the
SAs show that although they originated from the WSM, SAs have
unique characteristics.

Overall, the gene prediction results (Fig. 6) showed that 2% of genes
in the SAs were directly related to human health. SAs may therefore
pose potential risks to human health.



Fig. 6. The circos of gene prediction. WSM: wastewater and sludge mixture; SAs:
submicron aerosols.
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5. Conclusions

Integrated and comprehensive analyses showed that SAs from a
WWTP were mainly composed of aerosol particles between 68 and
350 nm in size. These SAs contained a large number of metals, non-
metallic elements, and anions as well as a certain amount of potentially
pathogenic bacteria, fungi, archaea, and viruses. Microgenomic analyses
showed that a large number of ARGs and VFswere present in SAs. Based
on these properties, attention should be paid to the dispersion of SAs in
WWTPs.
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