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Abstract 

Dust events are concerning due to their potential to cause environmental pollution and health issues by carrying 
numerous particles from various regions. However, the risks of airborne bacteria from dust have not yet been thor-
oughly investigated. This study aimed to reveal the particle size distribution, antibiotic resistance, microbial com-
munity structure, and diversity of airborne bacteria by using culture methods, and assess the potential health risks 
by calculating the dose expectation (d) , daily short-term intake (STI), and Hazard Index (HI) during an extreme dust 
event in urban Beijing (China). Airborne bacteria were sampled before, during, and the day after a severe dust event 
in March 2021 in Beijing using the six-stage impactor. The major findings were as follows: (1) airborne bacterial con-
centration increased during the dust event, and inhalable bacteria account for 67.93%. The Hazard Index (HI) of culti-
vable and inhalable airborne bacteria in men, women, and children exposed to dust events was up to 1.42 and 1.54 
times higher than that in individuals who were not exposed, respectively. HI was 1.52 times higher in children 
than in men when exposed to the dust event. (2) The percentage of Gram-positive bacteria (GPB) resistant to different 
antibiotics was altered. The abundance of ciprofloxacin-resistant bacteria increased by 24.51%, while that of clinda-
mycin-resistant bacteria decreased by 34.64%. The d , STI, and HI of antibiotic-resistant bacteria per breath for men, 
women, and children after the dust event were 14 times greater than those before the dust event. (3) The diversity 
of airborne bacteria increased throughout the dust event. Opportunistic bacteria were found after the dust event. 
From a health perspective, airborne bacteria during extreme dust events should be further studied for their sources, 
changes, human exposure, and so forth. Government-scale measures are necessary to control dust dissemination.

Highlights 

•	 Airborne bacterial concentration reached 27,611.31 CFU/m3 during dust event
•	 Health risk of inhalable bacteria exposed to dust increased to 1.54 times
•	 Risk of antibiotic-resistant bacterial exposure increased to 14 times after dust
•	 Staphylococcus hominis and Kocuria rosea were discovered
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Introduction
Dust events are defined as strong winds that roll up large 
amounts of dust from the ground, making horizontal vis-
ibility less than 1 km, and are characterized by sudden-
ness, short duration, small probability, and high hazard 
[1]. In Asia, they mostly occur in early spring and affect 
the atmosphere and, consequently, human health. High-
speed winds can aerosolize dry soil into dust in the 
atmosphere, and the deserts of Mongolia and northwest-
ern China alone release an average of 800 trillion grams 
of dust each year [2]. Chemicals (organic substances and 
heavy metals) and biological components (bacteria, fun-
gus, and allergies) bonded to dust particles can travel vast 
distances from a source [3].

Dust particles are present in the atmosphere at sev-
eral hundred times the normal level during a dust event. 
Dusts containing various toxic chemicals, germs, etc., 
can pass through layers of defense to enter the mouth, 
nose, eyes, and ears, causing adverse human health out-
comes [4, 5]. There was a 39% increase in emergency 
admissions in Brisbane and a 20% increase in respiratory 

emergency department attendances in Sydney during the 
first extreme dust event across Australia in 2009 [6, 7]. 
There was an increase of 7.66% and 4.92% in the num-
ber of deaths due to respiratory diseases on the first and 
second days after a dust storm in Taipei, respectively [8]. 
All-cause mortality increased by 7.4% and cardiopulmo-
nary mortality increased by 7% on the day of the dust 
event, and its effect on mortality lasted until the next day 
[9].

The content and concentration of bioaerosols also 
altered dramatically during dust episodes [5, 10]. Bacte-
rial concentration could reach 495.95 CFU/m3 during the 
dust events in Iran, which is four times higher than it is 
on non-dust days [11]. The majority of cultivable airborne 
bacteria were brightly colored GPB during a dust event 
in Beijing, with strains belonging to the Actinobacteria 
and Firmicutes phyla dominating [12]. The relative abun-
dance of desert soil-associated bacteria increases during 
dust events, which carry virulence factors and antibiotic 
resistance genes that can be horizontally transferred to 
local microbes, while that of anthropogenic-influenced 
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taxa decreases [13]. But the relative abundance of the 
intI1, qnrS, and sul1 genes decreased by two orders of 
magnitude during the Eastern Mediterranean dust event 
[14]. The surge in bioaerosols carried by dust events 
increases the allergen burden, the  incidence of asthma, 
and the spread of diseases such as Kawasaki disease [15, 
16].

Inhalation and cutaneous exposure are the main ways 
that humans are exposed to bioaerosols. They may have 
negative health effects depending on the microorganism’s 
host, pathogenicity, antibiotic resistance, and exposure 
level [17–22]. Previous research on bioaerosol health 
risk assessment has primarily focused on environments 
like wastewater treatment plants, landfills, hospitals, and 
farms [18, 20, 23, 24]. Zhang et  al. conducted a quanti-
tative microbial risk assessment (QMRA) and found that 
airborne pathogens from wastewater treatment plants 
pose exponentially decreasing health risks to work-
ers and nearby residents with increasing distance [18]. 
Yang et al. used a U.S. Environmental Protection Agency 
(EPA)-recommended model to calculate the average daily 
dose (ADD) and assessed the health risks of exposure to 
airborne bacteria in various treatment facilities within 
wastewater treatment plants [20]. Wendy et al. used the 
BIOGAVAL method to assess the  occupational expo-
sure of landfill workers to antibiotic-resistant bacteria 
bioaerosols, finding notably high average concentrations 
[23]. Zhou et al. suggested using STI exposure doses for 
antibiotic resistance risk assessment. They observed that 
the occupational intake of antibiotic resistance genes 
(ARGs) in pig farms and hospitals was 110 and 29 times 
higher in suburban areas, respectively [24]. Yet, accept-
able bioaerosol threshold limits remain undefined, and 
suitable dose–response relationships are lacking.

The risks of inhalation or antibiotic-resistance of air-
borne bacteria caused by the sharp rise in microbial 
concentrations during dust events are currently not suffi-
ciently understood by the public. This study investigated 
a mega dust event in Beijing, China, based on the culture 
method. Potential risks were quantitatively evaluated 
based on bacterial concentration and exposure dose. Par-
ticle size distribution, antibiotic resistance, and bacte-
rial community structure were also analyzed to further 
highlight possible risks. The purpose is to look into the 
distribution of cultivable bacteria and their antibiotic 
resistance during dust events, to quantify the health risks 
associated with regional bioaerosols, to understand the 
potential health issues, and to provide useful references 
for the development of preventive and control measures 
during dust events.

Materials and methods
Site description and air sampling
Air samples were collected before, during, and after the 
dust event, i.e., at 9 a.m. on March 11, 15, and 16, 2021, 
respectively (Fig. 1D). During this event, the sand swirled 
through the air and the skies were a hazy orange, with 
the PM10 concentration reaching 6450  µg/m3 and ris-
ing fourfold within an hour on March 15 in Beijing [25]. 
The sampling point was the sixth floor (approximately 
15  m above the ground) of the Experiment Building at 
the National Institute of Environmental Health (NIEH, 
39°52′48″N, 116°27′26″E) of the  Chinese Center for 
Disease Control and Prevention in the Chaoyang district 
of Beijing [26]. Air samples were collected using the six-
stage impactor (Liaoyang Kangjie Instrument Research 
Institute, China) with cut-off diameters > 7.0, 4.7–7.0, 
3.3–4.7, 2.1–3.3, 1.1–2.1, and 0.65–1.1 μm at a flow rate 
of 28.3 L/min for 5 min. Each successive stage represents 
the nose and mouth, pharynx, trachea and primary bron-
chi, secondary bronchi, terminal bronchi, and alveoli of 
the human respiratory system. The third to sixth stages 
of the sampler correspond to the inhalable particulate 
matter mentioned in this study [27]. Inhalable particles 
were defined as particles with an aerodynamic diameter 
less than 4.7 μm that can enter the lower respiratory tract 
(the bronchi, fine bronchi, and alveoli) [28]. Nutrient agar 
(NA; Guangzhou Detgerm Microbiological Science Ltd., 
China) culture plates with a diameter of 90  mm were 
directly placed on all six stages of the sampler to collect 
airborne bacteria.

Sample culture and counting
After collection, the culture medium was placed in a 
constant temperature incubator at 37 ℃. The number of 
colony-forming units (CFUs) was counted manually after 
48  h. Concentrations are expressed as colony-forming 
units per cubic meter of air (CFU/m3). During sampling, 
superposition occurred when microbial particles touched 
the same spot through the same pore of the sampler. The 
counting results of each sample were therefore statisti-
cally corrected according to Andersen [26].

Bacterial isolation and identification
Each colony from the samples taken on March 11 and 
March 16, 2021—representing the day before and after 
the dust event, respectively—was picked up separately 
onto the blood agar media (Columbia) (Thermo Fisher 
Scientific, USA) using an inoculation loop and incubated 
at 37 °C for 24 h. To make sure that the colonies develop-
ing on each final culture plate were of a single bacterial 
species, the aforementioned stages were done twice.
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Each isolated purified cultivable bacterial total genomic 
DNA was extracted using a prepGEM® Bacteria DNA 
Extraction Kit (ZyGEM, New Zealand). Following poly-
merase chain reaction (PCR) amplification of the 16S 
ribosomal RNA (rRNA) gene using the universal primer 
pair 27F/1492R, the amplified gene was cloned and 
sequenced (ABI3730XL, Majorbio, China). Nucleotide 
Basic Local Alignment Search Tool (BLAST) searches 
against the National Center for Biotechnology Informa-
tion (NCBI)’s 16S rRNA gene sequence reference data-
base (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi) were used 
to identify each purified cultivable bacterial isolate, and 
taxonomic data, including information on Gram positiv-
ity, were obtained for each identified cultivable bacterium 
from the NCBI Taxonomy database (https://​www.​ncbi.​
nlm.​nih.​gov/​Taxon​omy/​Brows​er/​wwwtax.​cgi).

Antimicrobial susceptibility testing (AST)
The AST was carried out using  the minimal inhibitory 
concentration (MIC) agar dilution method with AST 
plates (Biofosun, China). Specific antibiotics from more 

than 10 popular classes that are used to treat both GPB 
and Gram-negative bacteria (GNB) were applied to the 
wells of each AST plate in gradient concentrations [29] 
(Additional file  1: Tables S1 and S2). Antibiotic classes 
included penicillins, β-lactam/-lactamase inhibitor com-
binations, cephems, lipopeptides, glycopeptides, penems, 
macrolides, lincosamides, macrolide–lincosamide com-
binations, pseudomonic acid, fluoroquinolones, folate 
pathway inhibitors, tetracyclines, phenicol, and amino-
glycosides. Antibiotics were not used to treat the negative 
and positive control wells. Single bacterial isolate colo-
nies were suspended in nutrient broth (NB) and diluted 
to 1.5 × 108 CFU/mL according to the McFarland stand-
ard. Each bacterial suspension was applied to all wells of 
one AST plate except the negative control well, which 
contained just NB. The AST plates were then incubated 
for 18–20  h at 37  °C. Following incubation, the plates 
were manually read according to the manufacturer’s 
instructions and assessed using the MIC values given in 
the Clinical and Laboratory Standards Institute’s stand-
ards [30].

Fig. 1  Airborne bacterial composition during a dust event. A Distribution of cultivable airborne bacterial concentration at different particle sizes 
before, during, and the day after the extreme dust event. B Proportions of cultivable airborne bacterial concentration at different particle sizes 
before, during, and the day after the extreme dust event. C Proportions of cultivable airborne antibiotic-resistant bacteria at different particle 
sizes before and the day after the extreme dust event. (The Roman numerals I to VI represent the different stages of the six-stage sampler.) D 
Representative photographs before, during, and the day after an extreme dust event of Beijing’s urban area (taken at the same spot). E Composition 
of cultivable airborne bacteria at genus level. The inner and outer rings represent before and the day after the extreme dust event, respectively

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi
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Health risk assessment
Dose expectation
The average dosage of exposure is the d . The number of 
microorganisms in the media and the volume of media 
consumed are also issued in calculating exposure. Quantity 
refers to the concentration of cultivable airborne bacteria 
in this study, while medium consumption refers to the vol-
ume of air inhaled. The following formula can be used to 
calculate the dose expectation [31]:

where μ is the concentration and m is the consumption 
per exposure (Additional file 1: Table S3). If μ and m are 
statistically independent, the d can be estimated using 
the formula below:

Daily short‑term intake
The following equations were used to assess airborne bac-
terial exposure [24]:

where Ci is the bacterial concentration, IRi is 
the inhalation rate, and ti is the exposure time. If 
∑n

i=1ti(hr) = 24(hr) , then STI represents the popula-
tion’s daily inhalation of bacteria.

Non‑carcinogenic risk
The exposure rates and risk assessment of airborne bacte-
ria were estimated using the models recommended by the 
U.S. EPA, which have been verified in previous studies [20, 
32, 33]. The ADD through the inhalation and skin exposure 
pathways and the risk quotient characterized by the hazard 
quotient (HQ) and HI were calculated using the following 
equations:

d = E (µm),

d = µm.

STI (CFU/person) =

n
∑

i=1

Ci

(

CFU/m3
)

× IRi

(

m
3/hr

)

× ti (hr),

ADDinhalation =
C × IR × EF × EDinhalation

BW × AT
,

ADDskin =
C × SA× ABS × AF × EF × EDskin

BW × AT
,

HQ =
ADD

RfD
,

HI =

∑

HQi,

where ADDinhalation and ADDskin represent the average 
daily doses of exposure by inhalation and skin contact 
[CFU/(kg · d)], respectively; C is the airborne bacte-
rial concentration (CFU/m3); IR is the inhalation rate 
(m3/d); EF is the exposure frequency (d/yr), assuming 
most individuals spend about 20% of their time outdoors 
[34]; EDinhalation and EDskin are the durations of expo-
sure by inhalation and skin contact (yr), respectively; SA 
is the surface area of skin contact (m2); ABS is the der-
mal absorption factor (m/h); AF is the skin adherence 
factor; BW is the body weight (kg); and AT is the aver-
age lifetime (d). RfD is the reference dose [CFU/(kg · 
d)], representing the maximum acceptable daily dose of 
a substance. The RfD of airborne bacteria has not been 
determined until now. Concentrations of the cultivable 
bacterial exposure should not exceed 500  CFU/m3 on a 
working day, as recommended by the Bioaerosols Com-
mittee of the American Conference of Governmental 
Industrial Hygienists (ACGIH). Therefore, the limit of 
500  CFU/m3 was applied in this study. All the parame-
ters are summarized in Additional file 1: Table S3. Health 
risks could be ignored when HQ and HI are lower than 1; 
however, the risks should be examined further when the 
HQ and HI are higher than 1 [35].

The urban area of Beijing was assumed to experience 
3  days of dust events annually based on the number of 
dust events that have occurred over previous years. HQ 
for individuals exposed to dust events was estimated 
using the following formulas:

Select the cultivable bacteria concentration from 10 air 
samples of dust-free weather between January and March 
2021 as the non-dust concentration (cultivable bacte-
ria: 550.53 CFU/m3; inhalable bacteria: 289.04 CFU/m3, 
Additional file 1: Table S4).

Data analysis
Statistical analyses were conducted using Microsoft Excel 
2010. A database was established first, and the data were 
then analyzed and visualized.

Results and discussion
Health risks of airborne bacteria concentration 
through the dust event
Airborne bacterial concentrations increased dur-
ing the  dust event. The concentration was as high as 

HQdust = HQno−dust

(

71.8day/year
)

+HQDD

(

0.6day/year
)

+HQAD

(

0.6day/year
)

,

HQno−dust = HQno−dust

(

73day/year
)

.
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27,611.31  CFU/m3 during the dust event (DD), which 
was 260 and 16 times higher than that before the dust 
event (BD) and after the dust event (AD), respectively, 
and the airborne bacterial concentration in AD was 16.5 
times higher than in BD (Fig.  1A and Additional file  1: 
Table S5). This is in line with previous studies that have 
shown that severe dust events can elevate airborne bac-
terial concentrations [36]. For example, the respective 
airborne bacterial concentration increased by 4.3- and 
7-times during dust events in Daejeon and Seoul, Korea 
[37, 38]. There is a 1000-fold increase in bacterial abun-
dance during a severe Asian dust event in Beijing, relative 
to non-Asian dust days [8]. According to the Bioaerosols 
Committee of ACGIH, the concentration of cultivable 
bacteria surpassed the limit of 500  CFU/m3 by nearly 
55 and 5 times for DD and AD, respectively. Airborne 
microorganisms mostly adhere to particulate matter [39, 
40]. We observed that the AQI, PM2.5, and PM10 con-
centrations were quite high, which was compatible with 
the elevated levels of bacterial concentrations observed 
during the dust events (Additional file  1: Tables S5 and 
S6). The PM10 concentration in DD reached 9753  µg/
m3, which is 58 and 137 times higher than that in BD 
and AD, respectively. Meanwhile, the PM2.5 concentra-
tion reached 705 µg/m3, which is 3 and 47 times higher 
than that in BD and AD, respectively (Additional file  1: 
Table S6). The majority of airborne bacteria are found in 
bacterial aggregates or in combination with other parti-
cles. Particles can give nutrients and a bigger surface area 
for bacteria to survive in the air, as well as protection 
from UV radiation and desiccation [39, 40]. The signifi-
cant increase in airborne bacterial concentration is pri-
marily attributed to the elevated particulate matter levels 
during dust events [41]. Consider that  many airborne 
bacteria cannot grow on culture media. The rise in the 
number of cultivated bacteria during DD and AD sug-
gests that the actual health risks may be higher because 
of the more viable bacteria that are able to proliferate in 
the environment [42].

The proportion of inhalable airborne bacteria increased 
during the dust event. 67.93% of airborne bacteria were 
inhalable in the DD group, which means they settled on 
stages 3 to 6 (0.65–4.7 μm) of the sampler, while 53.33% 
and 52.63% were inhalable in the  BD and AD groups, 
respectively (Fig. 1B and Additional file 1: Table S5). The 
proportion of inhalable airborne bacteria carried on such 
smaller particles increased by more than 10% in the DD 
group. Bacterial particle sizes differed among groups. 
The AD group had the highest concentration on stage 5 
(1.1–2.1 μm), DD on stage 1 (> 7.0 μm), and BD on stage 
3 (3.3–4.7 μm). The cut-off diameter from the 3rd to the 
6th stage of the sampler corresponds to the regions of the 
human respiratory system, including the trachea and pri-
mary bronchi, secondary bronchi, terminal bronchi, and 
alveoli, respectively. As wind blows dust from the ground, 
airborne bacteria mainly inhabit large-sized particles. 
These larger particles gradually settle after the dust event, 
while the smaller, inhalable particles remain suspended 
in the air. A study conducted in Italy has shown that dur-
ing dust storms, there is a significant increase in the con-
centration of small-sized bacteria. However, research on 
airborne microorganisms transported by Saharan dust in 
the Mediterranean region indicated a faster increase in 
the concentration of larger-sized bacteria. This suggests 
that there may be differences in the particle size distri-
bution of airborne bacteria during different dust events 
[43–45]. An increase in the proportion of inhalable air-
borne bacteria during the dust event also indicates an 
elevated health risk in the lower respiratory tract.

Exposure risks to airborne bacteria were dramatically 
increased by the dust event. The d and STI of cultiva-
ble bacteria per breath for men, women, and children in 
the  DD group were 260 times greater than those in the 
BD group (Table  1). The d and STI of cultivable bacte-
ria per breath for men, women, and children in the AD 
group were 16 times greater than those in the BD group. 
The  HI of individuals exposed to dust events was 1.42 
times higher than that of  individuals who were not 
exposed. Inhalable bacteria exhibit a more noticeable 

Table 1  Exposure dose and health risk of cultivable airborne bacteria and inhalable airborne bacteria in Beijing’s urban area

Group d per breath (CFU) Daily STI (CFU/person) HIdust
HInon−dust

BD DD AD BD DD AD

Cultivable bacteria Men 0.09 22.63 1.43 45033.05 11729284.49 741522.38 1.42

Women 0.07 18.54 1.17 36891.48 9608735.88 607461.84 1.42

Children 0.04 9.72 0.61 19336.22 5036302.94 318393.79 1.42

Inhalable bacteria Men 0.05 15.37 0.75 24018.19 7967625.26 390276.50 1.54

Women 0.04 12.59 0.62 19675.92 6527150.64 319718.04 1.54

Children 0.02 6.60 0.32 10312.90 3421127.23 167576.35 1.54
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disparity before, during, and after the dust event. The d 
and STI of inhalable bacteria per breath for men, women, 
and children in the  DD group were 332 times greater 
than those in the BD group (Table 1). The d and STI of 
inhalable bacteria per breath for men, women, and chil-
dren in the AD group were 16 times greater than those 
in the BD group. HI of individuals exposed to dust events 
was 1.54 times higher than that of individuals who were 
not exposed. HI was 1.52 times greater in children than 
in men when exposed to the dust event (Additional file 1: 
Table  S7). Inhalation exposure poses far greater health 
risks to both adults and children than does skin exposure. 
Although inhaled dose of airborne bacteria was high, the 
total HI in the  DD group was less than 1. The d value 
represents the average of a single exposure, while STI is 
the daily intake for the population. Both are quantitative 
indicators, but corresponding limits have not been estab-
lished yet. HI is a qualitative assessment that can be used 
to determine the presence of health risks based on their 
magnitude, but it cannot quantify the extent of the risk. 
Therefore, combining multiple assessment methods can 
yield a more comprehensive conclusion.

Health risks before and after the dust event
Antibiotic resistance of cultivable airborne bacteria
Antibiotic resistance of cultivable airborne bacte-
ria altered after the  dust event. Resistance to penicil-
lin, ampicillin, ciprofloxacin, and sulfamethoxazole 
increased, while resistance to clindamycin decreased in 
the AD group compared to the BD group (Table 2). Some 
of the airborne bacterial genera that are resistant to these 
antibiotics have properties such as resistance to desic-
cation or ultraviolet light, which allow them to survive 
during atmospheric transport [46]. Antibiotic-resistant 

bacteria in soil may also be transported through the 
atmosphere on dust particles [47]. The proportion of bac-
teria resistant to these antibiotics was greater in soil in 
areas where dust originated and passed than in Beijing. 
Given the increase in concentrations of airborne bacte-
ria carried by dust, a high number of bacteria resistant to 
these above antibiotics may enter the atmosphere during 
the  dust event. But several previous studies conducted 
using high-throughput sequencing have shown that dur-
ing dust events, there was a decrease in the abundance of 
ARGs in the air compared to clear days [13]. Most nota-
bly, the majority of cultivable bacteria (BD: 77.78%, AD: 
89.22%) displayed β-lactam resistance (including penicil-
lin and ampicillin). Approximately 52% of the cultivable 
airborne GPB were found to be β-lactam resistant during 
another dust event in Beijing [48]. Horizontal gene trans-
fer of β-lactam resistance can spread antibiotic resist-
ance in the environment [49]. β-Lactam resistance genes 
threaten the last frontier for antibiotics and therefore 
pose a serious threat to human health. The sources of air-
borne ARGs are likely local, and dust events do not seem 
to be an important vector for the transport of ARGs. A 
higher percentage of cultivable airborne bacteria in the 1 
to 2 stages were resistant to ampicillin, vancomycin, ami-
kacin, and ciprofloxacin in the first and second stages in 
the AD group (Fig. 1C). The concentrations of PM10 and 
PM2.5 sharply increase as strong winds transport particu-
late matter laden with microorganisms to Beijing during 
a sandstorm. High quantities of bacteria that are resistant 
to the aforementioned kinds of antibiotics may be present 
in soil or air in dust source and dust pathway areas. Con-
siderably more bacteria in the 3–6 stages (inhalable par-
ticle size) were resistant to penicillin and trimethoprim/
sulfamethoxazole in the AD group. A greater quantity of 

Table 2  Antibiotic resistance of Gram-positive bacteria (GPB) and MDR bacteria before and after an extreme dust event in Beijing’s 
urban area

Categories Antibiotics
GPB

(111/128, 86.72%) 

MDR bacteria

9.01%, 10/111

BD AD BD AD
Penicillins* Penicillin* 77.78% 89.22% 100.00% 100.00%

Penicillins* Ampicillin* 44.44% 63.73% 0.00% 88.89%

Fluoroquinolones Ciprofloxacin 0.00% 24.51% 0.00% 66.67%

Folate pathway inhibitors Sulfamethoxazole 11.11% 17.65% 100.00% 77.78%

Lincosamides Clindamycin 44.44% 9.80% 0.00% 33.33%

Aminoglycosides Amikacin 0.00% 4.90% 0.00% 44.44%

Aminoglycosides Gentamicin 0.00% 1.96% 0.00% 22.22%

Glycopeptides Vancomycin 0.00% 2.94% 0.00% 22.22%

Macrolides Erythromycin 11.11% 2.94% 0.00% 0.00%

Carbapenems* Meropenem* 0.00% 0.00% 0.00% 0.00%

Phenicol Chloramphenicol 0.00% 0.00% 0.00% 0.00%

Tetracyclines Tetracycline 11.11% 0.00% 100.00% 0.00%

* β-lactams
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microscopic particles lingered in the air for a consider-
able amount of time after dust events. They act as vehi-
cles which transport tiny antibiotic-resistant bacteria into 
the  lower respiratory systems of people and even enter 
the alveoli. Once colonized, they can spread horizontally 
and vertically, passing on resistance genes to other bac-
teria in the body and increasing the risk to human health 
[50].

The distribution of multidrug-resistant (MDR) bacteria 
was not much different before and the day after the dust 
event. MDR accounted for 9.01% (10/111) of all cultiva-
ble bacteria (BD: 1/9, 11.11%; AD: 9/102, 8.82%, Table 2). 
MDR bacteria in the BD group were resistant to penicil-
lin (1/1), sulfamethoxazole (1/1), and tetracycline (1/1), 
and those in the AD group were resistant to penicillin 
(9/9), ampicillin (8/9), sulfamethoxazole (7/9), and Cipro-
floxacin (6/9). Most of the aforementioned antibiotics are 
broad-spectrum antibiotics. MDR bacteria are an acute 
risk factor for respiratory illness, and thus, the manage-
ment and regulated use of broad-spectrum antibiotics 
should be strengthened in the future [51].

Exposure to airborne antibiotic-resistant bacteria 
increased after the dust event. The concentrations of 
cultivable airborne antibiotic-resistant bacteria (bacteria 
resistant to at least one antibiotic) were 49.47  CFU/m3 
and 592.58  CFU/m3 in the  BD and AD groups, respec-
tively. The d , daily STI values and HI of airborne antibi-
otic-resistant bacteria per breath for men, women, and 
children in the  AD group were 14 times greater than 
those in the  BD group (Table  3). HI of airborne antibi-
otic-resistant bacteria was 1.52 times greater in children 
than in men (Additional file 1: Table S8). Previous studies 
have indicated that the inhalation risk values for adults, 
regardless of heavily or lightly polluted days, are less than 
1 in Qingdao [12]. Similarly, the maximum HQ values for 
airborne bacteria and fungi were also lower than 1 in the 
Pearl River Estuaries [52]. Additionally, the average inha-
lation risks for both adult males and females in waste-
water treatment plants were less than 1 [20]. All above 
suggests that the inhalation risks can be neglected. How-
ever, it is important to note that more attention should 
be paid to the health hazards posed by bioaerosols when 

special weather occurs. Further research on antibiotic-
resistant bacteria introduced in the atmosphere during 
dust events is warranted to assess the health risks posed 
by these bacteria.

Diversity of cultivable airborne bacteria
The diversity of airborne bacteria increased after the dust 
event. At the  phylum level, Firmicutes and Actinobac-
teria were dominant among cultivable airborne bacteria 
in the BD and AD groups, respectively (Additional file 1: 
Fig. S1B). Proteobacteria, Firmicutes, Actinobacteria, and 
Bacteroidetes were the main phyla in the atmospheric 
dust of the Red Sea dust event [53]. Similar bacterial clas-
sification distributions were found in previous Beijing 
dust events, albeit with differences in their relative abun-
dances [5]. Another research in Beijing found dominant 
bacterial phyla and classes were Actinobacteria, Bacilli, 
and Acidobacteria during Asian dust [54]. At the  genus 
level, Bacillus was dominant among 7 genera in the BD 
group (40.00%, Fig.  1E). 16 genera were found in AD 
group, with Arthrobacter being the dominant genus 
(45.83%) and Bacillus falling to 13.33%. Previous studies 
found the absolute dominance of Bacillus in non-dust 
conditions using culture methods [55, 56]. Arthrobacter 
is widely present in various environments, especially soil, 
where its abundance is related to its ability to degrade a 
variety of contaminants, such as dibutyl phthalate [57]. 
Moreover, Arthrobacter is strongly resistant to dry con-
ditions and is easily transported by air. Its capability to 
preserve DNA integrity while traversing the atmosphere 
may have played a role in its prevalence. Coarse particu-
late matter can protect microbial cells against damage in 
harsh environmental conditions and can provide them 
with energy and a carbon source [58]. Dust particles tend 
to introduce soil microorganisms into the atmosphere, 
resulting in changes in composition of the airborne bac-
terial community. During the Asian dust event, air sam-
ples from the East China Sea yielded a significant amount 
of bacteria that could be effectively isolated and culti-
vated, proving that the dust contained live bacteria [59]. 
Air samples taken 15 days after the dust event were more 
similar in microbial composition to those taken during 
the dust event than to those taken before the dust event 
in the Iberian Peninsula [60]. Thus, dust events can cause 
significant perturbations in the composition of airborne 
bacterial communities.

Opportunistic pathogenic bacteria were discovered in 
AD group, e.g., Staphylococcus hominis (2 strains) and 
Kocuria rosea (1 strain). S. hominis is a common com-
mensal bacterium found on human skin and has been 
found to possess extracellular toxins that can cause 
cytopathic effects [61]. Both strains of S. hominis were 
resistant to penicillin, ampicillin, and erythromycin. K. 

Table 3  Exposure dose and health risk of airborne antibiotic-
resistant bacteria in Beijing’s urban area

Group d per breath 
(CFU)

Daily STI(CFU/person) HIdust
HInon−dust

BD AD BD AD

Men 0.04 0.57 21014.86 294207.98 14.00

Women 0.03 0.46 17215.56 241017.84 14.00

Children 0.02 0.24 9023.33 126326.59 14.00



Page 9 of 12Luo et al. Environmental Sciences Europe           (2024) 36:41 	

rosea can cause opportunistic infections in species with 
impaired immune systems [62]. K. rosea strain found 
in this study was not resistant to any of the antibiotics 
tested. The bacterial diversity associated with dust events 
may have an important influence on human, plant, and 
animal health.

Limitations
First, only air samples before and the day after the dust 
event were tested for isolation culture and antimicrobial 
susceptibility testing. The bacterial count in air samples 
was exceptionally high during the dust event (~1805 col-
onies). While the appropriate experimental equipment, 
lab and incubator spaces, financial and labor sources 
were in shortage. Moreover, we focused on the changes 
in air bacteria brought by dust events rather than on brief 
exposure to dust. Second, culture-based methods may 
have underestimated the concentration of airborne bac-
teria, as only approximately 0.1% to 75% of the sampled 
bacteria can be cultured [63]. Some bacterial aerosol par-
ticles cannot adhere to the surface of culture medium or 
are failed to survive during sampling process [64, 65]. In 
addition, 16S rRNA sequencing is considered the gold 
standard for bacterial species identification, as it can 
accurately identify species up to the genus level, surpass-
ing other methods such as biochemical identification 
[66]. However, it relies on the data available in databases, 
and the discriminatory power at the inter- and intraspe-
cies level may be insufficient for certain bacterial gen-
era [67]. Third, only one site in a single dust event was 
examined due to the brief sampling period, limited study 
area, short sampling durations, high bacterial counts, and 
heavy workloads.

Conclusion
To the best of our knowledge, this is the first attempt to 
assess the health risks of cultivable and antibiotic-resist-
ant bacteria before, during, and after an extreme dust 
event in Beijing, using culture methods. First, the air-
borne bacterial concentration increased during the dust 
event, and inhalable bacteria account for 67.93%, indi-
cating a potential health risk to the respiratory tract. The 
HI of cultivable and inhalable airborne bacteria in men, 
women, and children exposed to dust events was up to 
1.42 and 1.54 times higher than that in individuals who 
were not exposed, respectively. HI was 1.52 times greater 
in children than in men when exposed to the dust event. 
Second, the percentage of GPB resistant to different 
antibiotics was altered simultaneously. The abundance 
of ciprofloxacin-resistant bacteria increased by 24.51%, 

while that of clindamycin-resistant bacteria decreased 
by 34.64%. The d , daily STI values and HI of airborne 
antibiotic-resistant bacteria per breath for men, women, 
and children after the dust event were 14 times greater 
than those before the dust event. Third, the diversity of 
airborne bacteria at the  genus level increased through-
out the dust event, and the predominant genus changed 
from Bacillus to Arthrobacter. Opportunistic pathogenic 
bacteria Staphylococcus hominis and Kocuria rosea were 
cultivated after the dust event.

These findings clarify potential health risks by reveal-
ing the particle size distribution, antibiotic resistance, 
and community structure of bioaerosols during dust epi-
sodes. These discoveries indicate the need for appropriate 
preventive and control measures when sandstorms occur. 
From the perspective of the government, it is important 
to intensify public awareness campaigns prior to extreme 
sandstorm events, reminding citizens to take protective 
measures and, if necessary, implement work-from-home 
arrangements. From the perspective of the healthcare 
system, establishing emergency plans for respiratory out-
patient services and enhancing relevant healthcare sup-
port may have a  crucial effect. From the perspective of 
an individual, it is advisable to stay informed and follow 
guidelines provided by authorities, e.g., keep windows 
closed during dust events and for a period afterwards. 
Usage of an air conditioner or a HEPA filter air purifier 
is highly recommended. Outdoor activities should be 
reduced as much as possible. Outdoor workers should 
halt work, or wear a mask that provides a high level of 
protection and properly wash their nasal passages and 
gargle with water after arriving home. Children are 
more susceptible than adults to respiratory issues dur-
ing dust events. Hence, it is advisable to keep a close eye 
on children’s movements and prevent them from engag-
ing in outdoor sports during dust events. Additionally, 
maintaining good personal hygiene practices and seek-
ing medical attention if necessary are important steps to 
mitigate potential health impacts.

Future research may (1) observe a longer period after 
the dust event to collect more data and thus make a more 
solid conclusion, considering few evidences were found 
on how long dust events can affect the airborne bacte-
rial community; (2) bring into more representative sites 
in Beijing or other cities to obtain more general results 
and scientific insights; (3) combine culture methods, cul-
turomics, and high-throughput sequencing to analyze 
the diversity and antibiotic resistance of airborne bacteria 
on dust days to completely assess the relevance of envi-
ronmental factors and biological risks of the entire dust 
event.
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