? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Tieyu Wang,
Shantou University, China

REVIEWED BY

Chui Wei Bong,

University of Malaya, Malaysia

Chingakham Chinglenthoiba,

National University of Singapore, Singapore

*CORRESPONDENCE
Huiwang Gao
hwgao@ouc.edu.cn

RECEIVED 05 September 2024
ACCEPTED 06 January 2025
PUBLISHED 24 January 2025

CITATION

Jia S, Yao X, Qi J, Liu X and Gao H (2025)
Abundance, occurrence, and degradation of
airborne antibiotic resistance genes in coastal
and marine atmospheres.

Front. Mar. Sci. 12:1491484.

doi: 10.3389/fmars.2025.1491484

COPYRIGHT

© 2025 Jia, Yao, Qi, Liu and Gao. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 24 January 2025
p0O110.3389/fmars.2025.1491484

Abundance, occurrence, and
degradation of airborne
antibiotic resistance genes in
coastal and marine atmospheres

Shijie Jia'?, Xiaohong Yao*, Jianhua Qi'?, Xiaohuan Liu*?
and Huiwang Gao'*

'Frontiers Science Center for Deep Ocean Multispheres and Earth System and Key Laboratory of
Marine Environment and Ecology, Ministry of Education, Ocean University of China, Qingdao, China,
2Laboratory for Marine Ecology and Environmental Science, Qingdao Marine Science and Technology
Center, Qingdao, China

Antibiotic resistance genes (ARGs) may have significant impacts on human health
and ecosystems. Airborne ARGs are reportedly widely distributed across inland
cities, but little is known about their abundance in marine atmospheres. Here, we
report observations of ambient ARGs during a cruise over the marginal seas of the
Bohai Sea and Yellow Sea and compare them with ARGs in the coastal
atmosphere. We characterized the ARGs in terms of their abundance,
occurrence, degradation, and risk in the marine and coastal atmospheres.
Using Na* and Ca®" as indicators of marine and continental aerosol sources,
respectively, we quantified the mutual transport of airborne ARGs. Our results
revealed that the airborne ARG abundances and the number of ARG types
increased concomitantly with the mass concentrations of particulate matter
because of the accumulation effect, but the ratios of ARG abundance/particulate
matter concentration gradually decreased. The inconsistent trend suggested that
the reduction in airborne ARGs was greater than their increase with bacterial
reproduction during their accumulation and transport in the atmosphere. In
addition, the number of ARG types in marine aerosols was greater than that in
coastal aerosols. However, the airborne ARG abundance in marine aerosols was
greater than that in clean coastal aerosols but not in polluted coastal aerosols.
Some ARG types detected in marine aerosols were significantly and positively
correlated with wind speed and relative humidity, implying that they may be
derived from marine emissions, whereas the other ARGs are likely derived from
long-range continental transport. Sea-derived airborne ARGs serve as important
sources in coastal aerosols, but their contributions decrease with increasing air
pollution levels. Our findings highlight the complex role of marine aerosols as
both potential sources and reservoirs of airborne ARGs and highlight the critical
importance of investigating the transport dynamics and variation mechanism
during the long-range transport of ARGs.
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1 Introduction

The widespread presence of antibiotic resistance genes (ARGs)
in various environments has emerged as a critical issue in global
public health (Zheng et al., 2021; Hernando-Amado et al., 2019;
Martinez et al., 2015; Zainab et al., 2020). Approximately 0.7 million
people reportedly die due to antibiotic resistance every year
worldwide, and the number is projected to reach 10 million by
2050 (Willyard, 2017). ARG pollution caused by the overuse and
mismanagement of antibiotics poses a major threat not only to
human health but also to the ecosystem (Li et al., 2023; Sathicq et al.,
2021). For example, marine environments are particularly
vulnerable to ARG pollution, as coastal ecosystems often receive
wastewater effluent and runoff containing ARGs, which can disrupt
marine biodiversity (Ohore et al., 2023; Siri et al., 2023). Studies
have detected ARGs in different environmental media (soil,
waterbodies, sediment, and aerosols) and regions in recent years
(Lu et al.,, 2022; Makkaew et al., 2021; Agarwal et al., 2023). The
long-range transport of airborne ARGs is a major concern.

Atmospheric aerosols are generally considered important
carriers of bacteria and ARGs, which may pose additional health
risks together with traditional toxic substances to humans (Hu et al.,
2018; Li et al, 2018; Xie et al, 2019). As potential reservoirs of
ARGs, atmospheric bioaerosols released from natural and
anthropogenic sources may spread to distant areas (Wooten et al.,
2019; Wu et al,, 2020; Zhang et al., 2018). During the transport of
bioaerosols in the atmosphere, meteorological conditions and
chemical components of particulate matter are proposed to affect
the spread and evolution of airborne bacteria and the associated
ARGs (Ouyang et al.,, 2020; Santarpia et al., 2013; Xu et al., 2017),
whereas mobile genetic elements (MGEs), including plasmids,
integrons and prophages, reportedly promote the horizontal gene
transfer (HGT) of ARGs among different bacteria, which makes
them widespread in the environment and further affects human
health (Ben et al., 2019; Martinez et al., 2015). The transport of
airborne ARGs to downwind regions has also been proposed to
affect local aquatic ecosystems through dry or wet sedimentation
(Ahmed et al, 2018; Zhang et al, 2022). Technically, a major
challenge that persists is to effectively reduce the spread and
abundance of ARGs in ambient environments (Liu et al., 2022).
Moreover, in the process of long-distance transport, ARGs may be
degraded and inactivated through oxidation, photolysis, and other
processes (Meng and Zhao, 2012), in addition to amplification via
bacterial proliferation and HGT. However, little is known about the
relative importance of a series of proliferation, diffusion, and
degradation processes of ARGs that occur through long-
range transport.

QOceans constitute two-thirds of the Earth. In recent decades, an
increasing number of people have migrated from inland areas to
coastal areas for better natural and economic environments
(Merkens et al., 2016; Qi et al,, 2021). To satisfy the increasing
demand for seafood, antibiotic-dependent mariculture has
developed rapidly in developing countries (Luthman et al., 2024;
Shao et al,, 2021). Many studies have revealed the abundance of
ARGs in different water and sediment samples (Su et al., 2020; Zago
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et al,, 2020; Kang et al,, 2022). ARGs in seawater may theoretically
be released into the atmosphere via sea spray aerosols and
potentially be transported to downwind marine atmospheres or
the coastal atmosphere via land-sea breezes. The sea spray aerosols
generated by the interaction between wind and waves are largely
affected by meteorological parameters, such as the wind speed
(Lewis and Schwartz, 2004). Liang et al. (2020) measured aerosols
at a seaside observatory and hypothesized that the abundance and
composition of airborne ARGs around the Pearl River Estuary were
affected by both marine and land sources. However, knowledge of
airborne ARGs in the marine atmosphere over marginal seas that
are far from coastlines is virtually nonexistent. The key questions
need to be addressed, 1) What types of airborne ARGs are
dominantly derived from marine sources? 2) Do marine airborne
ARGs amplify or decay during long-range transport?

In this study, we aimed to characterize and compare ARGs in
marine and coastal atmospheric aerosols by measuring the
abundance of ARGs via real-time qPCR. Multiple correlation
analysis techniques have been used to explore the origins,
evolution, influencing factors and long-range transport of ARGs
to address the abovementioned knowledge gaps. Moreover, the
inhalation exposure doses of ARGs were calculated to evaluate the
risk to humans in these two environments.

2 Materials and methods

2.1 Sampling of the coastal and
marine atmospheres

A total of 40 samples of total suspended particles (TSP) were
collected at an observation site in the Laoshan Campus of Ocean
University of China (OUC), which is located in Qingdao, a coastal
megacity in northern China (36°06'N, 120°33’E), between
December 2019 and June 2020 (Figure 1). This site is located at
least 5 km away from large anthropogenic ARG sources, such as
wastewater treatment plants, breeding farms and sea farms, and is
7 km away from the coastal line of the Yellow Sea. The nearest
mariculture farm to the sampling point is a shrimp farm, located
10 km away from the sampling site. In addition, there is a dairy farm
located 10 km from the sampling point. The 24 h TSP samples were
collected on quartz microfiber filters (8x10 in%, GE Whatman Inc.,
England) via a high-volume TSP sampler (Qingdao Laoying Co.,
Ltd., China) at a flow rate of 1.05 m*/min.

From May to June, 2020, 13 TSP samples were collected over
the Yellow Sea and Bohai Sea during the cruise onboard R/V
LanHail01 (Figure 1). The samples marked Marine 1 and Marine
2 were collected at the rural port of Qingdao in the Yellow Sea.
Marine 3 - Marine 9 and Marine 11 - Marine 12 samples were
collected over the Yellow Sea and the Bohai Sea, respectively.
Marine 10 and Marine 13 samples were collected across the
Yellow Sea and Bohai Sea (Supplementary Table S1). An identical
TSP sampler as that employed at the coastal site on the Laoshan
Campus of OUC was placed at the front of the compass deck. For
the marine samples, the sampling was performed only when the

frontiersin.org


https://doi.org/10.3389/fmars.2025.1491484
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jia et al.

10.3389/fmars.2025.1491484

FIGURE 1

Map of the coastal sampling site and the cruise route (each sample is marked on the route where it was collected; the red dot represents the coastal
campus sampling site in Qingdao, the blue dot represents the location where Marine 1 and Marine 2 were sampled and the shallow and dark blue
lines represent the samples from Maine 3 to Marine 13 along the cruise route).

research vessel was sailing to minimize the probability of
contamination from the self-vessel stack and onboard human
interferences. Each marine sample was collected for
approximately 20 h, considered the suspension time during vessel
stop, it usually covered 24 h. Detailed descriptions of the sample
pretreatment, chemical analysis (Shi et al, 2020) and DNA
extraction (Jiang et al., 2015) procedures are presented in
Supplementary Text SI.

2.2 Analyses of ARGs and the chemical
composition of aerosols

PCR was used to detect 15 ARG types associated with 7 types of
major antibiotics: tetracyclines (tetW, tetL, and tetA), sulfonamides
(sull, sul2, and sul3), macrolides (ermB and ermC), B-lactams (bla-
TEM1, bla-CMY2, and bla-NDM1I), quinolones (qnrB and gnrS),
aminoglycosides (strB) and vancomycin (vanA) (Li et al, 2018; Lv
et al.,, 2020; Zhao et al., 2018). However, the abundance of ARGs related
to quinolones (gnrB, gnrS, and vanA) was too low to be quantified.
Supplementary Table S2 lists the information about the primer sets
used in the present study. In addition, to facilitate the analysis of ARGs,
we also detected one mobile genetic element (MGE), intI1, because it is
commonly used to assess the potential horizontal transfer of ARGs and
the influence of anthropogenic sources. Additionally, the abundance of
16S rRNA was measured as it serves as a marker for bacterial
abundance and helps to evaluate the proportion of bacteria carrying
ARGs. A 7500 Real-Time qPCR System (Applied Biosystems Inc.,
America) was used to quantify the 12 detected types associated with 5
major antibiotics (excluding the undetected quinolone and
vancomycin), 1 MGE (intIl) and 16S rRNA. Detailed information
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on the primers and qPCR conditions for each ARG is listed in
Supplementary Table S2. Detailed information on the qPCR system
is provided in Supplementary Text S2.

The chemical composition was analyzed via a Dionex ICS-6000
ion chromatograph. Anions (F, Cl', NO5’, S0,%, and PO,*) were
analyzed via an AS11 column, whereas a CS12A column was used to
determine cations (NH,*, Na®, K*, Ca®", and Mg“)
(Supplementary Figure S1). The detection limits, precisions and
recoveries were listed in our previous studies (Qi et al., 2018).

2.3 Meteorological and air quality data

The meteorological data at the coastal site were measured via
a real-time meteorological station at the same location as those
used for the TSP sampling, whereas those over the Yellow Sea
and Bohai Sea were measured via an onboard real-time
meteorological station (Supplementary Table S3). The air
quality data and the concentrations of air pollutants were
obtained from the Qingdao Environmental Protection Bureau
(http://hbj.qingdao.gov.cn/slairhour.aspx) (Supplementary Table
S4). According to the air quality index (AQI), the TSP samples
collected at the coastal site were divided into three categories: clean
Coastal-C (AQI<50), lightly polluted Coastal-L (50<AQI<75), and
polluted Coastal-P (AQI=75).

2.4 Statistical analysis

Spearman’s rank correlation coefficients between
environmental factors and ARGs were calculated via SPSS
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Statistics (version 19.0) (IBM, Armonk, NY, USA). The sampling
route was drawn by Ocean Date View (Schlitzer, 2021). The co-
occurrence and contributor networks based on Spearman’s
correlation coefficients were visualized using Gephi (version 0.9.1)
(Bastian et al., 2009). The heatmap of ARG abundance in different
samples and Spearman’s correlation coefficients were generated via
R (version 4.0.2) (Revolution Analytics, Mountain View, CA, USA)
with the pheatmap package. The prcomp function in R was used for
principal coordinate analysis (PCoA) of the regional differences in
ARGs, and the PCoA diagram was drawn via the ggbioplot package.
A redundancy analysis (RDA) between environmental factors and
ARGs was performed via CANOCO (version 4.5) (Gilliam and
Saunders, 2003). Welch’s t test was performed with STAMP
(version 2.1.3) and was used to compare the differences in ARG
abundances between coastal and marine samples at the 95%
2014). The NOAA HYSPLIT-4
model (Hybrid Single-Particle Lagrangian Integrated Trajectory
Model, http://ready.arl.noaa.gov/HYSPLIT.php) was used to
identify and cluster the transport pathways of the coastal and

confidence level (Parks et al.,

marine aerosol samples; 24 h backward trajectories with starting
levels of 500 m, 1000 m and 2000 m a.s.l. were calculated.

2.5 Human exposure risk

The respiratory intake of ARGs in humans exposed to the
atmosphere was calculated to assess the human risk of exposure to
airborne ARGs in coastal and marine environments in China. In
accordance with the human health evaluation manual (Part A) and
supplemental guidance for inhalation risk assessment (Part F)
(USEPA, 2002), the ARG daily intake (ADI) was estimated to
assess the risks posed by ARGs via inhalation and ingestion (Nie
et al,, 2018). The following equation was used to calculate the ADI
of the target gene:

10.3389/fmars.2025.1491484

X IR X EF x ED

ADI = CARGs
BW x AT

2-1

Cargs indicate the concentration of ARGs in aerosols (copies/
m?). The respiratory intake targets were divided into children, adult
males, and adult females. The inhalation rate (IR), average weight
(BW), exposure rate (EF), exposure duration (ED) and average life
expectancy time (AT) were determined according to the China
Population Exposure Factor Handbook (Ministry of Ecology and
Environment of the People's Republic of China, 2014), the human
health evaluation manual (Part A) and supplemental guidance for
inhalation risk assessment (Part F) (USEPA, 2002). Detailed
descriptions of the parameters are provided in Supplementary
Text S3.

3 Results

3.1 Overview of ARG abundance in marine
and coastal aerosols

The heatmap of ARGs, MGE and 16S rRNA abundances in each
sample is shown in Figure 2. B-lactam (bla-TEM1I, bla-CMY2) and
tetracycline (tetA, tetL, and tetW) resistance genes were the most
- 10° copies/m>. The
+ 1.69x10*
(average + standard deviation) copies/m’ and was lower than that of

detected genes, with abundance of 10*
abundance of intIl varied by approximately 1.30x10*

the B-lactam and tetracycline resistance genes detected in this study.
Additionally, subject to B-lactam ARGs, the abundance of bla-
NDM1 was approximately 2-3 orders of magnitude lower than that
of bla-TEM1 and bla-CMY2. The macrolide resistance genes ermC
and ermB were present at lower levels of 10° and 10" copies/m?,
respectively. Even lower abundances were detected for sul2 and sul3,
which were present at 10> and 10 copies/m?, respectively. However,
the abundance of sull remained at the level of 10* copies/m>. The
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abundances of strB in the marine aerosols were similar to those of
sul3, whereas those in the coastal aerosols were comparable to those
of tetW. When the ARGs in the marine and coastal aerosols were
examined separately, the proportions of bla-NDM]I, bla-CMY2,
sul2, and tetA were significantly greater in the marine aerosols
than in the coastal aerosols (p<0.01). In contrast, the proportions of
strB, sull, sul3, tetL, and tetW were significantly greater in coastal
aerosols (p<0.01).

3.2 Analysis of the composition of ARGs in
coastal and marine aerosols

We further compared the composition of the analyzed ARGs in
coastal and marine aerosols (Figure 3). In 17 of the 40 coastal
aerosol samples, the sum of the tetracycline resistance genes tetW
and fetL accounted for more than 50% of the total analyzed ARG
abundances (here after referred to as total ARGs). However, the
percentages of these two ARGs were always less than 24% in the 13
marine aerosol samples. The sum of the B-lactam resistance genes
bla-TEM1 and bla-CMY2 accounted for over 50% of the total ARGs
in only 10 of the 40 coastal aerosol samples. In contrast, the
percentages of those two ARGs exceeded 57% in 11 of the 13
marine aerosol samples. An appreciable percentage of strB was
detected in most of the coastal aerosol samples, but it was generally
negligible in the marine aerosols, except for three samples collected
over the Bohai Sea. The composition patterns of ARGs in marine
and coastal aerosols differ (Supplementary Figure S2). As presented
in Section 3.3, RDA was conducted to establish the link between
different ARGs in coastal and marine aerosols and
environmental factors.

Welch’s t test was then used to examine the differences in the
proportion of each ARG among the total ARGs between coastal and
marine aerosols. Only the differences with p<0.05 are shown in
Supplementary Figure S3, where the left panel shows the mean

10.3389/fmars.2025.1491484

proportion and the standard deviation. In the right panel of
Supplementary Figure S3, it depicts the differences in abundance
of ARGs between the groups, with error bars representing the 95%
confidence intervals of the differences. The largest negative
difference was observed for bla-CMY2, suggesting that bla-CMY2
may be uniquely associated with the use of antibiotics in marine
mariculture. This will be discussed in Section 4.1. A moderately
larger positive difference existed for tetL, strB and tetW. These three
ARGs may be associated mainly with the use of antibiotics on
continents. Although the remaining five ARGs were significantly
different between coastal and marine aerosols, the absolute values of
the differences were small. In the third case, ambient factors may
overwhelm the use of antibiotics and cause differences, as analyzed
in Sections 3.3 and 4.1.

In the co-occurrence network of different ARGs in coastal
aerosols (Figure 4A), most ARGs were significantly associated with
macrolide resistance genes, followed by B-lactam resistance genes,
tetracycline resistance genes, and sulfonamide resistance genes. A
significant correlation was not detected between the aminoglycoside
resistance gene strB and most ARGs, which is consistent with the
limited use of aminoglycoside antibiotics for decades. The macrolide
resistance genes ermC and ermB were relatively low in abundance
(Figure 2) but exhibited a significant correlation with most ARG
types. In addition, tetW, tetA, sull, and sul2 were significantly
correlated with intIl, suggesting high potentially high activities in
horizontal gene transfer of those ARGs as discussed in Section 4.1.
Similarly, ermC was significantly correlated with most ARGs in
marine aerosols, followed by the B-lactam resistance gene bla-
CMY?2, the tetracycline resistance gene fetA and the sulfonamide
resistance gene sul2 (Figure 4B). In contrast to coastal samples, tetA
and ermC were significantly correlated with intI1 in marine aerosols,
suggesting that these two ARGs may have a high risk of horizontal
gene transfer. Notably, the correlations between the ARGs associated
with the same antibiotics were not necessarily stronger than those
between the ARGs associated with different antibiotics.
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FIGURE 4

10.3389/fmars.2025.1491484

Co-occurrence network of different ARGs: (A) coastal aerosols and (B) marine aerosols [each connection represents a significant difference
(p<0.05)]. The thickness of the line is proportional to the value of Spearman’s correlation coefficient. The colored nodes represent different ARGs,
and the size of each node is proportional to the number of related genes. The green lines represent correlations existing in both coastal and marine
aerosols, and the orange lines represent correlations existing only in either coastal aerosols or marine aerosols.

3.3 Relevance of the associations of
different ARGs with environmental factors

Ambient conditions, including meteorological factors and air
pollutants, may affect the activities of microorganisms and
subsequently change the abundance of bioaerosols. RDA was
thereby used to establish the link between ARGs in coastal and
marine aerosols and environmental factors, particularly
concentrations of those particulate ions (Figure 5). In the coastal
samples, Ca>* was strongly positively correlated with all the ARGs,
whereas PO,> was strongly negatively correlated with the ARGs
(Figure 5D). NO5™ was strongly positively correlated with most
ARGs, except for sul2, bla-NDM1I or bla-CMY2, and similar results
were obtained for NH," and SO,* (Supplementary Figure S4C). In
contrast, all detected ions, excluding Ca®*, had strong negative
correlations with most ARGs, except for tetW, strB, and sul3, in the
marine samples (Figure 5E). The ions in the marine samples presented
positive correlations with tetW, strB and sul3 (Supplementary Figure
$4D); however, their abundance was substantially lower. Secondary
ions such as NH,", NO; and SO,> were positively correlated with
most ARGs in coastal aerosols (Supplementary Figure S4C) but
negatively correlated with most ARGs except fetW, strB, and sul3 in
marine aerosols (Supplementary Figure $4D).

We further conducted RDA of ARGs with meteorological
factors (Figures 5B, C). In coastal areas, most ARGs (except bla-
CMY2) were negatively correlated with wind speed. In contrast, in
marine areas, most ARGs (except tetW, tetL, and strB) were
positively correlated with wind speed. The RDA also revealed a
negative correlation of different ARGs with relative humidity in the
coastal atmosphere. However, a consistent negative correlation of
airborne ARGs with relative humidity in the marine atmosphere
was not observed. For example, a positive correlation existed
between tetA and relative humidity. In contrast, a negative
correlation of ermC and ermB with relative humidity was

Frontiers in Marine Science

identified. In addition, there were negative correlations of
different ARGs with ambient temperature in the coastal
atmosphere, except for intIl and bla-CMY2. In the marine
atmosphere, a positive correlation of airborne ARGs, excluding
bla-NDMI and tetA, with ambient temperature was obtained.

Moreover, RDA was performed between ARGs and air pollutants
in the coastal atmosphere (Figure 5A). Most ARGs were positively
correlated with the AQI, except for bla-NDMI and sul2. Similar
results were obtained when the correlations of ARGs with PM,, were
analyzed. However, the correlations of ARGs with AQI were always
better than those with PM,,. Overall, ermB and ermC were the most
sensitive ARGs to AQI and PM,,. In contrast, a negative correlation
was observed between most ARGs and Os.

4 Discussion

4.1 What caused the difference in the ARG
profile between marine and
coastal aerosols?

When the coastal samples were classified into three categories,
i.e., Coastal-C, Coastal-L and Coastal-P, an additional comparison
of ARGs in coastal and marine aerosols revealed that 1) the
abundances of the total ARGs in the marine atmosphere were
generally located between those in Coastal-C and Coastal-L; and
that 2) the values were substantially lower than those in Coastal-P
(Supplementary Figures S5A, S6). The number of ARG types in the
marine atmosphere was greater than that in the coastal atmosphere,
regardless of the pollution level (Supplementary Figure S5B). The
greater number of ARG types in the marine atmosphere may imply
complex sources of ARGs.

Although the sampling point is not directly adjacent to a source
of anthropogenic pollution, distant pollution sources located several

frontiersin.org
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RDA of chemical species, meteorological factors, air pollutants and ARGs in coastal and marine aerosols: (A) chemical species in coastal aerosols,
(B) chemical species in marine aerosols, (C) meteorological factors in coastal areas, (D) meteorological factors in marine atmospheres, and (E) air

pollutants measured in the coastal city.

kilometers away or more may still influence the composition and
abundance of ARGs in aerosols (Chen et al., 2022). For example, Bai
etal. (2022) reported that ARGs in aerosols can disperse from farms
along the wind direction, reaching environments up to 10 km away.
Additionally, pollutants in seawater can be transferred into the
atmosphere through sea spray aerosols and transported over long
distances (Piazzola et al., 2015). Moreover, marine microorganisms
have been shown to travel even thousands of kilometers through
atmospheric processes (Mayol et al, 2017). These findings
collectively indicate that anthropogenic activities, even those
located far from the sampling site, could influence the ARGs
detected in marine and coastal aerosols. This supports the
potential impact of distant pollution sources on our study site.

In fact, the causes of airborne ARGs in China are highly
complicated considering the large number of producers and
consumers of antibiotics (Zhu et al., 2013). Macrolides, B-lactams,
tetracyclines, and sulfonamides accounted for 26%, 21%, 7%, and
5%, respectively, of the 92,700 tons of 36 common antibiotics.
Eighty-four percent of antibiotics are used for animals, with over
half of them being excreted and entering the environment (Zhang
et al, 2015). Amoxicillin, a B-lactam, is the most commonly used
antibiotics, which may explain the high abundance of bla-TEMI.
Although the abundance of bla-TEM1 was reasonably high at 10° -
10° copies/m’, a significant difference in its abundance was not
detected between the coastal and marine aerosols in this study. The
comparison results for bla-TEMI were inconsistent with other
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ARGs detected in this study. Previous studies have reported high
abundances of bla-TEMI in various regions, suggesting its
widespread presence. This may explain the lack of significant
differences in bla-TEMI abundance between coastal and marine
aerosols in this study. For example, Wang Y. et al. (2019) reported
that the abundance of bla-TEMI at 10° copies/m® in outdoor air
largely exceeded the indoor air values of wastewater treatment plant
and laboratory site in Tianjin, China. However, the values were
reportedly as high as 10° - 107 copies/m’ in PM,, collected in
ambient air near a municipal solid waste treatment system in
Changzhou, China (Li et al, 2020). The unexpectedly high
abundance of the B-lactam resistance gene bla-CMY2 in marine
aerosols may be related to the extensive use of B-lactam antibiotics
to treat fish vibriosis in intensive mariculture settings (Aller et al.,
2005). Previous studies have reported that B-lactam resistance genes
account for a relatively high proportion of ARGs in seawater and
sediments from marine fish cage-culture water and non-
mariculture areas (Muziasari et al., 2016; Wu et al., 2019).
Moreover, Tian et al. (2023) recently reported that in wastewater
treatment, B-lactam resistance genes exhibit a greater aerosolization
capability than other ARGs, thus the high abundance of bla-CMY2
in seawater is likely to enter the aerosol environment
through aerosolization.

Higher abundances of strB, sull, sul3, tetL, and tetW in coastal
aerosols than in marine aerosols were expected compared with the
continental observations reported in the literature (Supplementary
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Table S5). For example, high abundances of tetW (10 - 107 copies/
m®) were reported in TSP samples from the swine-feeding
operations (Liu et al., 2018). The reported values were 1-3 orders
of magnitude larger than those measured in the coastal atmosphere
in the present study, this could be due to the campus sampling site is
far from the animal husbandry farms. Typically, sulfonamide- and
tetracycline resistance genes are the dominant ARGs in wastewater
treatment plants and farms (Zhuang et al., 2021). For example,
Wang et al. (2024) reported that the antibiotic concentrations of
China’s sewage treatment plants ranked in descending order as
follows: B-lactams (1462.3 ng/L) > sulfonamides (846.9 ng/L) >
macrolides (676.3 ng/L) > tetracyclines (456.3 ng/L) > quinolones
(351.3 ng/L), whereas the dominant ARGs included sulI, sul2 and
tetW. Wang et al. (2024) also argued that strB was dominant in the
bioreactors of hospital wastewater treatment facilities, which may
be the source of strB in ambient aerosols. In the detected hospital
aerosols, aminoglycoside, tetracycline, and chloramphenicol
resistance genes were the most abundant (Kormos et al., 2022). In
addition, the lower abundances of tetA in coastal aerosols than in
marine aerosols have yet to be explained because of the opposite
results for tetL and tetW. Both ftetA and tetL are efflux pump genes,
wheras tetW encodes a ribosomal protection protein (Michalova
et al., 2004). The different distributions of tetA and tetW might be
related to their functions but not those of tetA and tetL.

For macrolide resistance genes, although ermB and ermC had
lower abundances, they were still strongly correlated with most
ARGs, both in marine and coastal areas. These findings suggest
these ARGs may exist on the same plasmid and thereby cause co-
resistance mechanisms and multidrug resistance (Parkhill et al,
2001; Wang Y. et al., 2019). Given that MGEs are often used as
vectors for HGT, relatively low intI1 abundance was argued to be
conventionally due to low horizontal gene transfer risk and low
anthropogenic contribution (Gao et al., 2018; Gillings et al., 2015;
Sun et al., 2020).

Furthermore, the results of the RDA largely demonstrated that
there were differences in the sources of ARGs, especially some
specific ARGs, in the marine and coastal aerosols. In the coastal
atmosphere, the positive correlation of all ARGs and Ca®" implied
that dust or soil particles were important carriers of
microorganisms containing ARGs (Figure 5D). Water-soluble
inorganic phosphates such as PO,> are necessary nutrients for
the growth of microorganisms and may be consumed during the
growth of microorganisms (Kerrnjespersen and Henze, 1993),
leading to their expected negative correlation with ARGs. Han
et al. (2018) also reported that water-soluble PO,> was negatively
correlated with bacterial abundance. Furthermore, the positive
correlation between secondary ions and ARGs might be due to
the accumulation effect and/or bioaccumulation of ARGs (Sun
et al,, 2018; Ying et al., 2021) (Supplementary Figure S4C).
However, the accumulation effect and/or bioaccumulation were
not detectable for sul2, bla-NDM1I or bla-CMY2. The three ARGs
also did not display significant correlations with AQI or PM,,
(Figure 5A), which means that these three ARGs may be affected by
other sources. In contrast, all ARGs except tetW, strB, and sul3 in
marine aerosols were negatively correlated with Ca*" and secondary
ions but positively correlated with wind speed. However, tetW, strB,
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and sul3 exhibited the opposite pattern. Secondary ions in marine
aerosols, such as NH,*, NO;™ and 5042’, can be used as indicators of
transported continental particulate pollutants (Chen et al., 1997,
2021; Savoie et al, 1987), which is supported by their close
correlations in coastal samples (Supplementary Figure S4C). The
negative correlations in marine aerosol further suggested that most
marine airborne ARGs with relatively high abundances were likely
derived from marine sources, e.g., sea spray aerosols enriched in
organics and microorganisms, whereas the tetW, strB, and sul3 may
be derived from long-range continental transport. The generation
of sea spray aerosols is a strong function of sea surface wind speed
(Feng et al., 2017; Prather et al,, 2013; Quinn et al., 2015). The
correlation with the wind speed further confirms this suspicion.
Positive correlations were clearly identified in the marine aerosols,
as shown in Figure 5C. Notably, negative correlations generally
existed when the RDA was conducted for different ARGs in coastal
samples with respect to wind speed (Figure 5B) because of the
dilution eftects of wind on land.

In addition, the prevalence of the human respiratory symptoms
is high in dry and cold seasons, and the use of antibiotics has
substantially increased, which reportedly induces the production of
ARGs (Caucci et al., 2016; Suda et al., 2014). In the cold season, the
accumulation of carriers of ARGs such as PM;, and TSP was always
increased, this might explain the negative correlation between
temperatures, humidity and ARGs (except bla-CMY2 and sul2) in
coastal aerosols. The bla-CMY2 is considered an indicator of ARGs
from marine sources (Muziasari et al., 2016; Wu et al.,, 2019).
Typically, relatively high temperatures favor the growth of
phytoplankton and bacteria in seawater, which leads to an
increase in ARG abundance (Sato-Takabe et al, 2019; Xiong
et al, 2015). In addition, O3 has been reported to damage the cell
structure and biological macromolecules such as DNA (Meng and
Zhao, 2012), and this mechanism might also result in a negative
correlation of Oj levels with some genes. The lack of correlation of
intll with AQI and O; requires further investigation.

4.2 The transport of ARGs between
continental and marine atmospheres

The presence of ARGs in marine aerosols has been reported in
seawater and sediments (Chee-Sanford et al., 2009; Han et al., 2021;
Su et al, 2017). In the present study, most ARGs in the marine
aerosols presented negative correlations with secondary ions but
strong positive correlations with wind speed (Figure 5). These
results indicate that these ARGs are more likely to enter marine
aerosols via sea spray aerosols. As some ARGs, such as bla-NDM1,
bla-CMY2, sul2 and tetA, were present at significantly higher
abundances in marine aerosols than in coastal aerosols (p<0.01)
(Supplementary Figure S3), sea spray aerosols might be a source of
those ARGs in coastal aerosols under the influence of onshore
winds. In fact, ARGs may be released into the environment and
exist for a long time even when ARG-containing microorganisms
have already died (Crecchio et al, 2005; Hill and Top, 1998).
Atmospheric aerosols with microorganisms are transported
hundreds of kilometers from their sources and remain suspended
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in aerosols for several weeks (Li et al., 2018; Sun et al., 2020).
Supplementary Figure S7 shows that the southeast winds had the
highest occurrence frequency and the highest average speed in the
clean coastal atmosphere, which may decrease the concentrations of
PM;, and thereby reduce the abundance of continent-derived
ARGs to some extent. The analysis of the 24 h backward
trajectories of coastal samples also revealed consistent patterns
when the trajectory data were clustered (Supplementary Figure
S8). Cluster 1, accounting for most of the data, mostly originates
from the Jiaodong Peninsula and contains 33% clean samples, 28%
lightly polluted samples, and 39% polluted samples. Cluster 2,
which traverses the Bohai Sea and northern inland areas, is
composed primarily of lightly polluted samples (50%). Cluster 3,
originating from southern inland regions, has similar distributions
of clean (36%), lightly polluted (36%), and polluted (27%) samples.
Conversely, Cluster 4, which is associated with air masses moving
from the direction of the Yellow Sea without crossing inland areas,
consists solely of clean samples, and Cluster 5, which tracks air
masses moving from inland directions, contains exclusively
polluted samples. This disparity shows the differential impact of
source regions, indicating that inland sources are more likely to
contribute to higher pollution levels, whereas marine influences
tend to coincide with cleaner air quality days.

Based on the assumption that bla-NDM1, bla-CMY2, sul2 and
tetA are derived mainly from marine sources, the ratios of the ARGs
to Na® in the marine sample were used to roughly estimate the
marine contributions of ARGs in the coastal aerosols via the
following equation:

ARGsfrom marine sources

= (ARG/Na+)marine samples X Na;asml samples (4 - 1)

Similarly, the ARGs, including strB, sull, sul3, tetL, and tetW, in
the coastal aerosol sample with the highest concentration of Ca**
(4.3 pg/m®) were used to roughly estimate the contributions of
continental ARGs in the marine aerosols via the following equation:

ARGSfram continental sources

= (ARG/Ca2+)coastal—p X Calzf;;zrine samples (4 - 2)

For bla-NDM1, bla-CMY2, tetA and sul2, ARGs from marine
sources accounted for 84%->100% of the Coastal-C samples, 14-
43% of the Coastal-L samples, and 7-26% of the Coastal-P samples.
The ARGs derived from marine sources overwhelmingly
contributed to the four ARGs in the Coastal-C samples, but their
contributions substantially decreased in the lightly polluted and
polluted coastal samples. Notably, ARGs derived from marine
sources might proliferate or degrade during long-range transport.
Their evolution cannot be accurately qualified, leading to
uncertainties in the abovementioned estimates.

The calculated values for tetW, strB and sul3 from continental
transport accounted for more than 100% of the measured values in
the marine samples, implying overwhelming continental
contributions. The percentages exceeding 100% may also reflect
the uncertainties of the three ARGs during long-range transport or
other factors. This discrepancy, with the estimated value exceeding
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the actual measurement, may be attributed to the degradation of
ARGs during long-range transport. Compared with ARGs, airborne
water-soluble ions are more stable and do not degrade or proliferate
during atmospheric transport. In contrast, ARGs may proliferate or
degrade in response to multiple factors, such as bacterial growth
and decay, ultraviolet radiation, temperature fluctuations, oxidative
stress, and interactions with microorganisms during atmospheric
transport (Meng and Zhao, 2012). Section 4.3 provides a detailed
exploration of these degradation processes contributing to the
observed phenomena. The percentages were, however, only 30%
for sull and 46% for tetL, implying that their contributions from
marine sources still dominated. The abundance of airborne stB in
the Bohai Sea was much greater than that in the Yellow Sea, as the
Bohai Sea is encircled by continents in three directions with strong
effects from continental sources of ARGs, as expected.

However, the sample from Marine 4 should be considered an
exception, in which the abundances of total ARGs were significantly
greater than those in other marine samples. In Marine 4, the
calculated value for tetW from continental sources also accounted
for >100% of the measured value, potentially due to the
amplification of ARGs and other influencing factors. Surprisingly,
the calculated continental source contributions for tetL, strB and
sull accounted for only 5%, 11%, and 2%, respectively. The latter
implied strong marine emissions of the three ARGs. Notably, sul3
was undetectable in the Marine 4 sample. A 24 h backward
trajectory analysis was conducted to explore the possible cause of
the high abundances of total ARGs in Marine 4 (Supplementary
Figure S9). During the sampling period, both marine and
continental air masses formed at some time points
(Supplementary Figure S9B). The backward trajectories frequently
passed through Yancheng and Rizhao. Within 48 h before the end
of the Marine 4 sampling, Yancheng experienced severe particulate
pollution. The elevated particle concentrations may provide more
carriers for the spread of ARGs (Supplementary Figures S9C, D).
However, this situation did not occur in Rizhao. The long-range
transport of airborne ARGs in this direction may be limited.

4.3 Proliferation or degradation of ARGs in
coastal and marine atmospheres

Particulate matter mass concentration may be one of the key
factors that may determines ARG distribution, as microorganisms
and ARGs are primarily suspended in air by adsorption to the
particulate surface (Jang et al., 2018). As expected, the total ARGs
were positively correlated with the mass concentrations of TSP in
coastal and marine aerosols, with r=0.42 (p<0.05). Similar positive
correlations were generally obtained when different ARGs were
correlated with the mass concentrations of TSP. Considering the
exponential growth of bacteria, the lg (ARG abundance) was
normalized to the mass concentration of TSP to eliminate the
accumulation effect. Thus, potential proliferation related to
bacterial reproduction or the degradation of ARGs caused by
photodegradation, cellular oxidative damage, and other processes
in continental and marine atmospheres can be analyzed.
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The normalized Ig (ARG abundance) was plotted against the  properties (Meng and Zhao, 2012). During the aerosol transport
mass concentration of TSP in Figures 6A-]. Regardless of the  process, ARGs may undergo various changes. These changes
coastal or marine atmosphere, the normalized Ig (ARG include potential increases associated with the proliferation of
abundance) always decreased with increasing mass concentration  host bacteria, as well as the contribution of HGT processes (Ben
of TSP. Multiple factors may account for the observed  etal,2019; Martinez et al., 2015). Conversely, in this process, ARGs
phenomenon, especially bacterial proliferation, HGT, atmospheric ~ may be degraded by atmospheric oxides, such as O3, and the toxic
degradation processes (e.g., oxidation by Oj), and particle  and harmful substances present in the particulate matter could also
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FIGURE 6
Linear relationship between coastal and marine lg (ARG abundance)/TSP and TSP: (A—E) results from coastal samples and (F-J) results from
marine samples.
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contribute to this effect (Meng and Zhao, 2012). When the
degradation effect is greater than the proliferation effect during
the transport of aerosols, the normalized lg (ARG abundance)
decreases with increasing particle concentration. Furthermore, the
source of particulate matter may also impact pollution levels, which
in turn influences the concentrations of particulate matter and
ARGs, as depicted in Supplementary Figures S5, S6 and S8.
Additionally, larger particles, with relatively smaller specific
surface areas, offer fewer sites for attachment, potentially resulting
in a lower abundance of ARGs associated with these particles. To
further explore whether variations in particle size contribute to
these results, the ratio of PM,s to PM,, was examined as an
indicator of the relative proportions of smaller to larger particles.
There was no significant correlation between the concentration of
particles and the PM, s/PM, ratio (p>0.05), suggesting that, within
this study, the high concentration of particulate matter was not
attributed to larger particle sizes. The source and degradation
process of particulate matter are more likely to be the major
factors leading to this result. To further investigate whether
different sources are the cause of this variation, the normalized lg
(ARG abundance) was plotted against the TSP mass concentration
for each cluster, which was derived from distinct clustering
outcomes (Supplementary Figure S10). Despite the similarity in
sources, the normalized lg (ARG abundance) still decreased with
increasing TSP concentration. This finding indicates that different
sources are not the main reason for this phenomenon. In the coastal
atmosphere, the results implied that the degradation of ARGs likely
overwhelmed their proliferation with particulate matter
accumulation. The same explanation was reasonably applied to
the ARGs derived mainly from continents in the marine
atmosphere. For those ARGs derived from sea spray aerosols in
the marine atmosphere, the results were more complicated because
of increasing emissions of sea-derived ARGs with increasing wind
speed. Notably, the results align with the hypothesis in Section 4.2,
which posits that the discrepancy between the estimate of Ca®" and
the actual abundance of ARGs can be attributed to degradation
during long-range transport. Notably, the ARG types with a
detection rate of less than 2/3 were not included in the
normalization analysis because of large analytical errors.

In the coastal atmosphere, the normalized 1g (ARG abundance)
with TSP mass concentrations less than 60 pug/m? generally deviated
because of the low concentration. Thus, only TSP mass
concentrations greater than 60 pg/m’> were used to extract the
regression equations and r* values. A moderately good negative
correlation was obtained between the normalized lg (total-ARG
abundance) and the TSP mass concentration with r> = 0.70
(Figure 6A). The r* increased to 0.91 between the normalized g
(intll abundance) and TSP. In coastal aerosols, most ARGs showed
similar degradation rates, with slopes ranging from -1.1x10* to
-1.6x10™, except for sul3. The slope for sul3 was only half that of the
other curves, implying that either the degradation of sul3 was less
sensitive to TSP accumulation or its proliferation may be stronger
than that of other ARGs. Moderately good negative correlations
were obtained for normalized Ig (ARG abundance), including ermC,
ermB, strB, sull and sul3, with r* values ranging from 0.61 to 0.82.
The value of 1 decreased to some extent for bla-TEM1, bla-CMY?2,
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tetW, tetL and tetA, with the lowest values of 0.39-0.42 observed for
bla-CMY2 and tetA. bla-CMY?2 and tetA in the coastal atmosphere
may be partially derived from sea spray aerosols, as described above,
complicating their responses to TSP accumulation. Various
components in aerosols may cause the degradation of ARGs.
UVA ultraviolet rays, which are common in the atmosphere can
also lead to bacterial death and degradation in aerosols (Wang C.
et al,, 2019), which may also affect ARGs. The RDA in Section 3.3
also confirmed the negative correlation between ARGs and O3, a
prevalent atmospheric oxide.

For marine aerosols, the degradation rates show minimal
variation, with slopes ranging from -1.5x107* to -4.7x107%.
Among these, most ARGs, except bla-NDM]I, exhibit relatively
low degradation rates. Notably, bla-NDM1I degrades more slowly,
suggesting that it is better adapted to the marine environment.
When the slopes and r* values in the marine atmosphere were
compared with those in the coastal atmosphere for the
corresponding ARGs, the slopes of the former increased by 2- to
4-fold, except for bla-CMY2 and sul3. The larger slopes implied that
either the degradation of ARGs in the marine atmosphere was more
sensitive to TSP accumulation or that their proliferation may be
weaker there. For bla-CMY2, the slope in the marine atmosphere
was comparable to that in the coastal atmosphere and substantially
smaller than others in the marine atmosphere. This unique result
might be related to strong sea-derived emissions of bla-CMY2 and
other complicated factors. Although the slope for su/3 in the marine
atmosphere increased by 6-fold compared with that in the coastal
atmosphere, the former was comparable with the slopes of other
ARGs in the marine atmosphere. In addition, no clear trend in the
1* values for different ARGs was observed in the marine atmosphere
compared with those in the coastal atmosphere.

4.4 Potential risks associated with
airborne ARGs

Long-term exposure to opportunistic pathogens with ARGs
might increase the risk of respiratory tract infections, such as
cardiopulmonary diseases, which might be ineffectively treated
with antibiotics (Ben et al, 2019; Liang et al, 2020). The ADI
values for different populations exposed to three pollution levels were
estimated to evaluate human respiratory tract exposure to airborne
ARGs, and the results are shown in Figure 7. In addition, the average
ADI value on an annual scale was also calculated. In this case, we first
calculated the annual average abundances of different ARGs. From
2019 to 2020 in Qingdao, clean, lightly polluted and polluted days
accounted for 20%, 43%, and 37%, respectively. Thus, the annual
average abundance of a certain ARG equaled the sum of its
abundance in each type of day multiplied by the corresponding
percentage. The annual abundances were subsequently used to
calculate the average ADI values for each ARG associated with
different populations. As shown in Figure 7, children presented the
highest respiratory inhalation, with ADI values ranging from
1.25x10" - 4.57x10* copies/kg/d during the study period, followed
by adult males at 1.04x10" - 3.79x10* copies/kg/d and adult females
at 9.55x10° - 3.49x10* copies/kg/d, owing to the differences in
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ADI via inhalation in coastal and marine areas (Coastal-A is the average daily intake of ARGs in Qingdao calculated by the weighted average value for

each pollution condition).

average weight and inhalation rate. In general, B-lactam resistance
genes, i.e., bla-TEMI, bla-CMY2, and tetracycline resistance genes,
ie., tetL, tetA and tetW, presented high daily respiratory intake. 3-
lactams play a central role in the treatment of various bacteria
because they are members of the antibiotic category with the greatest
number of prescriptions and the largest sale volume (Klein et al.,
2018; Tooke et al., 2019). As another commonly used drug for the
treatment of human and animal diseases, tetracycline has good
efficacy against various microorganisms, including gram-positive
and gram-negative bacteria, mycoplasmas, chlamydia and many
protozoan parasites (Chopra and Roberts, 2001). Although the
ADI values of 1.22x10° - 3.97x10* copies/kg/d in the marine
atmosphere were slightly lower than those of 4.40x10° - 9.81x10*
copies/kg/d in the polluted coastal atmospheres, the values for some
ARGs (such as tetA, bla-TEMI1 and bla-CMY2) in the marine
atmosphere were much greater than those in the clean coastal
atmosphere. The higher ADI values in the marine atmosphere
might impose health risks to inshore operators, such as fishermen
and seafarers, considering the harsh living conditions.

When the ADI values of ARGs via inhalation were compared
with those from other pathways in the literature (Supplementary
Figure S11, Supplementary Table 56), the ADI values of tetracycline,
macrolide and B-lactam resistance genes via inhalation exceeded
those reported from drinking tap water. However, these values were
much lower than those associated with the consumption of raw
fruits, vegetables, and aquatic products. With respect to the
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sulfonamide resistance gene, the ADI values from drinking water,
vegetables and aquatic products were greater than those from
inhalation. However, the ADI associated with inhalation was still
higher than that associated with the consumption of raw meat such
as pork. Typically, people treat food and drinking water with a
variety of techniques to remove bacteria and reduce the risk of
disease. For example, cooking processes reportedly destroy the
structure of ARGs (Claire et al., 2013). Thus, the risk of ARG
exposure from drinking water and food is theoretically avoidable
to some extent. Exposure to airborne ARGs is unavoidable, as people
breathe constantly. The risk of ARG exposure by respiratory
inhalation is almost unavoidable and should be monitored
dynamically for a long time, although the ADI of inhalation is
temporally lower than that of most other routes.

4.5 Challenges and future studies

The marine environment, as a major destination for human-
produced pollutants, also serves as a natural reservoir for ARGs.
Based on our findings, some ARGs in marine aerosols likely
originate from continental areas, whereas others may originate
from the marine sources. However, their specific sources and
contributions remain unclear because of the lack of data and
spatial-temporal samples collected in this study. In addition, our

research indicates that as particulate matter accumulates, the
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number of ARGs per unit particle decreases, this suggests that the
degradation of ARGs exceeds their amplification during the
accumulation in ambient air. However, the specific mechanisms
driving these changes require further investigation to improve the
accuracy of ARG emission assessments and simulations.
Additionally, our study strongly suggested that mariculture may
be a strong source of ARGs in ambient aerosols. However, there is
still a lack of quantitative research on airborne ARGs in mariculture
zones. This study also raised important issues related to marine
airborne ARGs. Although B-lactam antibiotics are reportedly
undetectable in marine aquaculture seawater because of their easy
degradation, the abundances of bla-NDM1 and bla-CMY2
dominated over those of the other ARGs in the marine aerosols
and were greater than their abundances in the coastal atmosphere.
Some studies have also shown that B-lactam resistance genes
dominate in seawater. This study underscores the critical
necessity for further exploration into the sources and transport
mechanisms of airborne ARGs in marine atmospheres, highlighting
the crucial role of airborne ARGs in marine aerosols as potential
sources. This finding also implies that more comprehensive
analyses are needed to determine the relative importance of
transmission mechanisms with respect to the use of antibiotics.

5 Conclusions

Owing to their diverse sources, the number of ARG types in
marine aerosols was greater than that in coastal aerosols. However,
the abundance of airborne ARGs in marine aerosols was greater
than that in coastal aerosols under clean ambient conditions but
lower than that in coastal aerosols under polluted ambient
conditions. Some airborne ARGs, such as bla-NDM]1, bla-CMY2,
sul2, and tetA, observed in the marine atmosphere had significantly
higher abundances than those observed in the coastal atmosphere.
These ARGs are more likely to enter marine aerosols via air-sea
exchanges. The rough estimates obtained here showed that bla-
NDM]I and bla-CMY2 from marine sources overwhelmingly
contributed to their abundances in coastal atmospheres. These
findings suggest the importance of reducing the abundance and
dissemination of sea-derived airborne ARGs in control strategies.
Although continental transport may be an important source of
airborne ARGs such as tetW, tetL, strB and sul3 in the marine
atmosphere, they may be degraded more rapidly than they are in the
coastal atmosphere. Marine aerosols have been shown to be a
significant source of airborne ARGs in coastal atmospheres, but
their contribution decreases as air pollution levels rise. Our analysis
also suggested that the degradation of ARGs was likely greater than
the proliferation of ARGs induced by bacterial reproduction in both
marine and coastal atmospheres, leading to a detectable net
degradation effect in the normalized Ig (ARG abundance). In the
future, it is essential to explore the composition, evolution and
controlling factors of ARGs in marine aerosols from marginal seas
to the open ocean so that the maximum transport distance of
terrestrial airborne ARGs in the marine atmosphere can be
estimated, further understand the global propagation and impact
of ARGs.
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