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ABSTRACT: The long-range transport of bioaerosols by dust events significantly impacts 
ecological and meteorological networks of the atmosphere, biosphere, and anthroposphere. 
Bioaerosols not only cause significant public health risks, but also act as efficient ice nuclei for 
inducing cloud formation and precipitation in the hydrological cycle. To establish risk manage-
ment for bioaerosol impacts on the Earth system, a large-scale investigation of bioaerosols must 
be performed under different environmental conditions. For this purpose, a Dust–Bioaerosol 
(DuBi) field campaign was conducted to investigate the distribution of bioaerosols by collecting 
∼950 samples at 39 sites across East Asia from 2016 to 2021. Concentrations and community 
structures of bioaerosols were further analyzed using fluorescence microscopic observations and 
high-throughput DNA sequencing, and these factors were compared to environmental factors, 
such as PM10 and aridity. The results indicated that microbial concentrations at dryland sites 
were statistically higher than those at humid sites, while the microbe-to-total-particle ratio 
was statistically lower in drylands than in humid regions. Microbial cells per microgram of PM10 
decreased when PM10 increased. The proportion of airborne particles at each site did not vary 
substantially with season. The richness and diversity of airborne bacteria were significantly higher 
in drylands than in semiarid regions, while the community structures were stable among all 
sampling sites. The DuBi field campaign improves our understanding of bioaerosol characteristic 
variations along the dust transport pathway in East Asia and the changes of bioaerosols under 
the trend of climate warming, supporting the efforts to reduce public health risks.

SIGNIFICANCE STATEMENT: We first conducted large-scale Dust–Bioaerosol (DuBi) field obser-
vations in East Asia from 2016 to 2021. We used unified sampling and analysis methods to collect 
950 samples at 39 sites and analyzed bioaerosols’ concentration and community structure. This 
study aims to find the relationship between bioaerosols with atmospheric particles and aridity, 
which fills gaps in the field. These results improve our understanding of bioaerosols’ impacts on 
ecological and meteorological networks of the atmosphere, biosphere, and anthroposphere. The 
comprehensive observations will promote prediction of bioaerosol change under the trend of 
climate warming, supporting the efforts to reduce global climate, ecological security, and public 
health risks in the future.
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B ioaerosols, including bacteria, fungi, pollen, viruses, and plant and animal fragments, 
are dominant in the atmosphere (Després et al. 2012; Fröhlich-Nowoisky et al. 2016). 
Atmospheric circulations can suspend bioaerosols in the atmosphere for many days 

and, therefore, carry them for long distances. In far downwind environments, transportation of 
bioaerosols impact public health and indirectly influence climate change. Some bacteria, such 
as Pseudomonas, Erwinia, Pantoea, and Xanthomonas species, are thought to initiate ice-cloud 
formation with high ice nucleation activities (Bauer et al. 2003; Fröhlich-Nowoisky et al. 
2016; Hill et al. 2017; Pratt et al. 2009; Yankofsky et al. 1981). Other gram-negative bacteria 
can initiate the formation of water clouds as cloud condensation nuclei (Bauer et al. 2003; 
Möhler et al. 2007). In addition, recent studies have revealed that aerosols spread several 
respiratory diseases, such as coronavirus disease 2019 (COVID-19), measles, tuberculosis, and 
influenza (Hoseinzadeh et al. 2013; Huang et al. 2020; Jiang et al. 2021; Kutter et al. 2018; 
Lane et al. 2020). The prevalence and risks of asthma, allergies, and respiratory diseases are 
enhanced by bacteria, fungi, and viruses in the atmosphere (Kim et al. 2018). Overall, the 
roles of bioaerosols in many disciplines such as climate and human health are important and 
significant (Shen and Yao 2022).

Furthermore, events from arid and semiarid regions not only reduce visibility but also 
possibly carry several pathogens to human health. For example, some surveys in Kansas 
and the western part of China suggested that dust events could have contributed to the dis-
persion of the measles epidemic (Brown et al. 1935; Ma et al. 2017). And Wang et al. (2023) 
found that spectroscopic lidar system their built could pick up the robust fluorescence signal 
emitted by dust aerosols, which showed the dust contains bioaerosols. Additionally, some 
bacterial genera, Mycobacterium and Brucella, in dust samples of Middle East arid areas have 
been demonstrated to cause respiratory diseases and brucellosis (Soleimani et al. 2020). The 
mineral-dust transported from large desert areas carries large amounts of microorganisms 
over long distances (Du et al. 2023; Liu et al. 2022; Qi et al. 2023). The Asian dust originating 
from the Taklimakan Desert circulates even around Earth within 13 days through the upper 
troposphere (Uno et al. 2009). Dust events are known to increase microbial communities 
and concentrations in the atmosphere of dust sources and transported environments (Chen 
et al. 2020; Hara and Zhang 2012; Jeon et al. 2011; Maki et al. 2014, 2018; Puspitasari et al. 
2015; Tang et al. 2018), and airborne microbial particles are reported to be strongly related 
to inorganic aerosols. For example, there are significant correlations of bacterial concentra-
tions to several anthropogenic and natural dust mineral particles, such as PM2.5 (particulate 
matter with aerodynamic diameter < 2.5 μm), PM10 (particulate matter with aerodynamic 
diameter < 10 μm), and coarse particles (Santos-Burgoa et al. 1994; Hara and Zhang 2012; 
Liu et al. 2019).

Bioaerosol samplings have been carried out at various sites worldwide, and the impact 
of seasonal, meteorological elements and atmospheric components to bioaerosols has also 
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been frequently researched in the past (Bowers et al. 2012; Dong et al. 2016; Du et al. 2018; 
Ghosh et al. 2015; Herrero et al. 1996; Huang et al. 2023; Sousa et al. 2008; Wu et al. 2012; 
Xie et al. 2018b; Xie et al. 2020; Xu et al. 2021; Zhai et al. 2018; Zhen et al. 2017). However, 
there are few studies investigating bioaerosol distributions under several atmospheric and 
underlying surface conditions using unified methods in large scale (especially at dust sources 
and transport paths), and the focus on bioaerosols and aridity were less noticed in previous 
studies (Tignat-Perrier et al. 2019; Xie et al. 2018b). Due to the climate change, the desertifica-
tion risks are projected to increase with high confidence and East Asia will be greatly affected 
(Mirzabaev et al. 2019). Considering the vast arid and semiarid areas in East Asia, and the 
large population in downwind regions, the potential threat from bioaerosols is relatively high 
in East Asia. In this study, to understand the East Asian distribution of bioaerosols related to 
climate and ecosystems, we performed the Dust–Bioaerosol (DuBi) field campaign at 39 sites 
across East Asia from 2016 to 2021 to investigate the dynamics of bioaerosol concentration 
and community structure that are influenced by environmental factors (aridity index) and 
aerosols (PM10). The microbe communities in the samples were analyzed through advanced 
analysis methods, which were combined with microscopic observations and high-throughput 
DNA sequencing. The bioaerosol samples were collected during the period from 2016 to 2021 
based on unified sampling, which have large temporal and spatial research scales and can 
facilitate comparative analysis from multiple areas collected samples. The statistical relation-
ships demonstrate the distribution of bioaerosols presented at different levels of aridity and 
atmospheric pollution, contributing to better understanding of possible public health threats 
under climate change.

Sampling sites and methodology
Observation sites. The DuBi observation sites were located throughout northern China, 
and most of them were in the dust source and transport pathway of East Asia, with small 
areas on the Tibetan Plateau (Fig. 1). There are several underlying surface types at the 
sampling sites: desert, grassland, wetland, cropland, alpine meadow, urban, etc. (Table S1).  

Fig. 1. Distribution of the sampling sites during the DuBi field campaign from 2016 to 2021 over East Asia.  
Colored circles represent the locations of the sampling sites, and the orange line represents the track of 
the aircraft for the bioaerosol investigation in the upper troposphere in summer 2021.

Brought to you by Lanzhou University | Unauthenticated | Downloaded 03/11/24 01:38 AM UTC



A M E R I C A N  M E T E O R O L O G I C A L  S O C I E T Y M A R C H  2 0 2 4 E504

Figure S1 in the supplemental material uses the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model to investigate the transport paths of dust storms over a 
period in March 2021, and it can be seen that the dust paths by the HYSPLIT model overlap 
considerably with the distribution of the sampling sites. Most of the DuBi sites are situated 
on the source and transport pathways of East Asian Dust, except some of the sites on the 
Tibetan Plateau. Due to most of the DuBi sites are concentrated in arid and semiarid regions 
of China, we expand the range of aridity index (adding more arid and wetter sites) and 
increase samples size to ensure more reliable statistical results. Apart from the samples 
collected at these sites in Fig. 1, some samples from China, Japan, and Mongolia were also 
used in this paper. These samples are listed in Table S2. During the study period, a total of 
950 DuBi samples were collected at the 39 sampling sites, but samples were not all analyzed 
in this study.

Bioaerosol sampling.  The bioaerosol samplers designed by Maki et  al. (2010, 2013) and 
Tang et  al. (2018) were used for the samplings during the DuBi campaign. The bioaerosol 
samples were collected on sterilized 0.2 μm pore-size polycarbonate filters (Whatman 111106  
and GTTP01300) in a Swinnex 13 mm filter holder (Millipore SX0001300), which were 
connected to an air pump (AS ONE MAS-1, Japan). Before the experiments, all filters are  
sterilized by using 75% alcohol, ultraviolet light (30 min), and autoclaving (120°C for 20 min).  
The bioaerosol samplers were installed at a height of approximately 1.5 m above ground 
level during field observations (Figs. 2a–f).

In addition, the complex laboratory processes required for membrane sampling, fluores-
cence microscopy analysis, and 16S rRNA gene sequencing are mainly used to analyze col-
lected samples for obtaining bioaerosols’ concentration and community structure in this study. 
The sampling times and locations were listed in Table S1 in supplemental material. The DuBi 
observation sites were more extensive, and some samples were even collected from remote and 
harsh environment areas. Thus, it was very difficult to collect and maintain samples for long 
periods at these sites due to the harsh weather and lack of electricity and household goods. 
And due to the high cost in terms of human and financial resources, continuous sampling 
for more than one year was difficult, even at other sites with good conditions. But if we have 
more opportunities and resources, we will conduct more field observation experiments in 
the future.

Fluorescence microscopy analysis. A variety of methods and instruments can be used to 
detect, test, and analyze bioaerosols. This study used DAPI-stained and fluorescence  
microscopy to count the bioaerosols concentration. Under ultraclean conditions, 250 μL of 
4% paraformaldehyde solution was added to the filter to fix for more than an hour, and 
then the solution was removed and rinsed with sterile ultrapure water. Then, 250 μL of  
10 μg mL−1 DAPI (4′,6-diamidino-2-phenylindole, D9542, Sigma) was added to stain the 
samples for 15 min. Afterward, clean the stained solution following the previously mentioned  
cleaning step.

We removed the treated filter membrane, added a drop of nonfluorescent immersion oil 
(IMMOIL-F30CC, Olympus) to the slide, placed the membrane on it, added another drop of im-
mersion oil, covered it with a coverslip, and then pressed it firmly. The samples were observed 
using a fluorescence microscope (Olympus, BX53 and DP72) with UV excitation light in the 
wavelength range of 340–390 nm. Notably, the bioaerosols in this study refer to DAPI-stained 
blue-green and presenting cellular form microbial particles, and the calculation formula listed 
in Eq. (1) in the supplemental material was used for bioaerosol concentration. This method 
has been widely used in many previous studies (Dong et al. 2016; Gong et al. 2019, 2020; 
Li et al. 2017; Maki et al. 2019b; Tang et al. 2018; Xie et al. 2018a; Yin et al. 2021).
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Four kinds of particles were demonstrated in Fig. S2 in the supplemental material. Based 
on the fluorescence microscopic observations, the particles were classified into blue, yellow, 
white, and black. The blue and blue–green particles were DAPI-stained microbial cells (exci-
tation light at a wavelength of 365 nm), the white particles were mineral particulate matter, 
and the black particles were black carbon (Kepner and Pratt 1994; Maki et al. 2013). Yellow 
particles are thought to be DNA-free aerosols (Kepner and Pratt 1994), while Mostajir et al. 
(1995) indicated that organic matter in coastal seawater was observed as yellow particles. 
And the particles with water-soluble salts can also appear to be yellow–green (Liu et al. 
2023). Furthermore, the yellow–green particles in most arid and semiarid DuBi samples are 
presented in mineral dust in the form of grain. The composition of yellow particles is complex. 
Therefore, the yellow particles in this paper refer to mineral dust containing water-soluble 
salts and organic matter.

16S rRNA gene sequencing.  The bacterial diversity and community structures were ana-
lyzed using 16S rRNA gene sequencing. Bacterial DNA was extracted using the UltraClean 
Soil DNA kit (MoBio, San Diego, CA) by following the manufacturer’s instructions. During 
PCR amplification, the hypervariable V4-V5 region of the 16S rRNA gene was determined 
using 515F and 907R primers (Caporaso et al. 2012). Taxonomic analyses of raw sequences 
were performed using ultrafast sequence analysis (USEARCH). The taxonomic assignment 

Fig. 2. Unified methods for sampling and analysis of bioaerosols during the DuBi field campaign from 2016 to 2021. (a)–(f) 
The scene, time, longitude, and latitude information of several DuBi sampling experiments. (g)–(k) The analytical methods and  
instruments. (l)–(q) Examples of the results. Some subgraphs are with reference to some instruments, such as (h) Olympus 
BX53 of Olympus Corporation, (i) FLS980 of Edinburgh Instruments, (k) CUBE-II Smart Benchtop Scanning Electron Microscope of  
EmCrafts Corporation. And examples (l) and (p) are quoted from Mendis et al. (2018) and Xu et al. (2017), respectively. In this 
study, fluorescence microscopy analysis and DNA sequencing methods were mainly used.
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of the amplicon sequence variants (ASVs) was performed against the SILVA v132 reference 
database (Quast et  al. 2012). The raw sequences in this study were uploaded to the 
National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database  
(BioProject accession number PRJNA1054501).

A diversity index is a quantitative measure that reflects the number of types (such as spe-
cies) in a dataset and simultaneously considers the evenness of the basic entities (such as 
individuals) among these types. The alpha-diversity indices (Shannon and Chao1 indices) were 
calculated in the R environment. The Games–Howell test is a nonparametric post hoc analysis 
approach for performing multiple comparisons for two or more sample populations. It was 
used to test the significance of the differences between the different groups. Distance-based 
community analyses were calculated based on Bray–Curtis dissimilarity. The beta-diversity 
statistical analyses were tested using permutational multivariate analysis of variance (PER-
MANOVA) based on Bray–Curtis dissimilarity and 999 permutations. All analyses were 
conducted using the vegan and ggplot2 packages in the R environment.

HYSPLIT model.  The HYSPLIT model is a complete system for calculating simple air par-
cel trajectories, as well as complex transport, dispersion, chemical transformation, and de-
position simulations, and it continues to be one of the most extensively used atmospheric 
transport and dispersion models in the atmospheric sciences community (https://www.ready.
noaa.gov/HYSPLIT.php). Many studies have simulated the East Asian dust transport pathway by 
HYSPLIT (Ganbat and Jugder 2019; Huang et al. 2015; Maki et al. 2019b; Shin et al. 2015; 
Zhao et al. 2022). In this study, the HYSPLIT model was also used to determine the trajecto-
ries of dust transport paths in East Asia. The dust transport path map cases for the two East 
Asian starting points on 14 March 2021 are listed in Fig. S1 in the supplemental material.

PM10 dataset and aridity index. The PM10 mass concentration data in China were obtained 
from the China National Urban Air Quality Real-Time Publishing Platform (https://air.cnemc.
cn:18007/). The PM10 air quality index (AQI) data in Japan were obtained from the Real-Time 
AQI website (https://aqicn.org/city/).

Typically, dryland extent is determined by the aridity index, which can be calculated as 
the ratio of precipitation (PRE; unit: mm) to potential evapotranspiration (PET; unit: mm) 
(Mirzabaev et al. 2019). The PRE and PET dataset was obtained from the CRU TS4.05: 
Climatic Research Unit (CRU) Time-Series (TS) version 4.05 of high-resolution gridded data of 
month-by-month variation in climate (January 1901–December 2020), (https://catalogue.ceda.
ac.uk/uuid/c26a65020a5e4b80b20018f148556681; University of East Anglia Climatic Research 
Unit et al. 2021).

As reported by the Intergovernmental Panel on Climate Change (IPCC), aridity is a long-term 
climatic feature, characterized by low precipitation or available water (Mirzabaev et al. 2019). 
And the aridity index was applied to distinguish lands. The geographical distribution in this 
study were simply classified as arid (aridity index ≤ 0.2), semiarid (0.2 < aridity index ≤ 0.65), 
and humid (aridity index > 0.65) (Mirzabaev et al. 2019). And most of the sampling sites are 
located in arid and semiarid regions. Arid regions exhibit characteristics of low precipitation, 
wide daily temperature ranges, strong solar radiation, high evaporation, and unfavorable for 
plants growing. And in semiarid regions, precipitation is slightly higher than that in arid areas, 
but also have fragile ecological environment. There are dust events in arid and semiarid regions. 
In addition, the sites in Japan are located in humid areas with abundant rainfall and vegetation, 
which is quite different from the climate and land cover in arid and semiarid regions.

Most of the sampling sites were divided into six categories depending on their geographical 
locations and aridity index. From west to east in Fig. 3 in the next section, they are referred to 
as Dunhuang (DH), Qinghai and Yuzhong (QH-YZ), Tsogt-Ovoo and Dalanzadgad in Mongolia 
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(TO-DZ), central Inner Mongolia and Zhangbei (IM-ZB), eastern Inner Mongolia (East-IM), and 
sites in Japan (JP). The DH and TO-DZ are in arid regions. The IM-ZB sites correspond to mixed 
arid and semiarid regions. The QH-YZ and East-IM groups are in semiarid regions, and the 
sites in JP are in humid regions as these belong to coastal areas.

Results and discussion
Concentration of bioaerosols in East Asia. First, according to location and aridity, the sites 
are divided into several groups to understand the approximate distribution and variation of 
mean bioaerosol concentrations and percentages at different scales in East Asia. Most of the 
DuBi field observation sites are in arid and semiarid regions in northern China and Mongo-
lia, and some of these sites are in natural areas with minimal human activity. While other 
sites are humid and belong to Japan as shown in Fig. S1, these sites are located on the source 
and transport path of East Asia dust. Due to the harsher environment in many sites, it was 
difficult to collect the sampling for longer periods.

The microbial cell concentrations and the ratio of microbes to total particles varied among 
the sampling sites in East Asia (Fig. 3). In the arid regions, the microbial cell concentrations 
and the microbial ratios in DH and TO-DZ exceeded 9.0 × 105 particles m−3 and 30%, respec-
tively. Kakikawa et al. (2009) estimated approximately 4 × 106 microbial cells in 0.7 m−3 air in 
Dunhuang aerosol samples in August 2007. Similar experiments at Tsogt-Ovoo during March 
and April 2015 also indicated that the microbial cell concentrations fluctuated by approxi-
mately 104–105 particles m−3 during the nondust periods, while they increased to more than 
106 particles m−3 during dust events (Maki et al. 2017). The cell concentrations of airborne 
microorganisms in arid areas consistently range from 105 to 106 cells m−3 and increase to 
higher values during dust events.

Fig. 3. Mean microbial cell concentrations and the ratios of the microbes to total particles change in different parts of East  
Asia. The blue circles represent the sampling sites of the DuBi field observations and those in Dunhuang, China; Japan; and  
Mongolia. The blue bars represent the average microbial cell concentration at adjacent sites within the gray dashed oval, while 
the green bars show the ratio of microbes to total particle concentration. There are three land surface types according to the 
2001–20 average aridity index: arid (aridity index ≤ 0.2), semiarid (0.2 < aridity index ≤ 0.65), and humid (aridity index > 0.65).
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In terms of the observation results, except for the arid sampling sites, the microbial 
cell concentrations and ratios at the other four groups of sites (IM-ZB, QH-YZ, East-IM, 
and JP) showed some patterns of change. The mean concentration of microbial cell 
mean concentrations was higher at drier sites: IM-ZB (1.17 × 106) > QH-YZ (6.7 × 105) and  
East-IM (4.8 × 105) > JP (3.1 × 105). The ratios of microbes to total particles showed the op-
posite trend: IM-ZB (6.4%) < QH-YZ (14.8%) and East-IM (11.7%) < JP (50.7%). The microbial 
cell concentrations were higher in drier regions, while the ratios of microbes to total particles 
were higher in humid regions.

Portion of bioaerosols in total suspended particles. The aridity index averaged over 20 years  
were classified at all sampling sites into three types (Fig. 4). At the humid sites, microbe 
particles usually accounted for the majority of the four kinds of particles. For the widely 
distributed arid and semiarid sampling sites, the proportional patterns of the four kinds  
of particles differed. However, it was also determined that yellow and white particles that 

Fig. 4. Percentage of four particles at sampling sites during the DuBi field campaign and sampling time in 
the different seasons (MAM: March–May, spring; JJA: June–August, summer; SON: September–November, 
autumn; DJF: December–February, winter). The outer circle (red) is arid, the inner circle (green) is humid, 
and the middle circle (yellow) is semiarid. The site names are abbreviated and can be found in Tables S1 
and S2 in the supplemental material.
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contain mineral dust were usually present in large proportions. The proportional pattern of 
the four particles in the atmosphere was changed due to the variations in geographic location 
and aridity. In terms of seasonal changes in proportions, seasonal variations were less  
frequently observed at NM and KZ. In the samples of EL, yellow and white particles 
containing mineral dust were dominant in spring and summer, while black carbon and 
microorganisms occupied a small proportion. Thus, the proportion of particles in the 
atmosphere at each site was not varied substantially with the season.

Generally, yellow and other particles mix with each other in arid and semiarid regions. 
This mixing is due to the arid climate, abundant sources of dust, and weak wet deposition 
processes. In the BN, DH, TO, and DZ samples, the microbial cell ratios were high, possibly 
because local animal husbandry, agriculture, and dust events increased airborne bacteria. 
DAPI-stained microorganisms were reported to increase during dust events in Tsogt-Ovoo 
and Dalanzadgad in 2015 and 2016 (Maki et al. 2017, 2019a).

The concentrations of yellow, white, and black particles increased in correspondence 
with the increase in microbial particles (Fig. 5). This finding indicates that overall, microbial 
particle concentrations and the other three kinds of particles were usually synchronized in 
their variation. PM10 mass concentration and the total particles are two different variables 
reflecting the content of particulate matter in the atmosphere; the former represents the 
mass concentration of particles with aerodynamic diameter < 10 μm, while the latter is used 
to characterize the number concentration without size limitation. There was also a negative 
correlation between PM10 and the ratio of microbial concentrations to PM10 in Fig. 6. Although 
the particle number concentration and PM10 mass concentration are two different variables, 
it can be inferred that the rate of increase of the sum of the other three particles was faster 
than that of the microbes.

Effects of aridity and PM10 on bioaerosol concentration. After the statistical analysis, the  
microbial cell concentrations were negatively related to the aridity index (R2 = 0.09, p < 0.001),  
while the relations of the ratio of microbes to total particles and the aridity index were posi-
tive (R2 = 0.38, p < 0.001) (Figs. 6a,b). This result suggests that drier regions often had higher 
microbial cell concentrations and lower microbial ratios to total particles. Hara and Zhang 
(2012) and Tang et al. (2018) reported that dust mineral particles are vectors that carry high 
amounts of microorganisms in dry climates and loose surfaces in arid and semiarid regions. 

Fig. 5. Relation between microbe particles and the other three types of particles observed by fluorescence microscopy during the 
DuBi field campaign.
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We surmised that microbe and microbe-attached particles were more likely to suspend in 
more arid areas. Therefore, the total concentrations of microorganisms were relatively high 
in the arid areas, while the microbial ratio among particulate matter was lower.

The airborne microbial cells were aerosolized mostly in the accompanying mineral par-
ticles (Zhai et al. 2018). The microbial cell ratio to PM10 mass concentration can be considered 
as a measure of the ability to PM10 that contained microbial cells. The co-relations of the 
ratio of microbes to PM10 and the aridity index and PM10 concentrations were weak positive  
(R2 = 0.08, p < 0.001) and negative (R2 = 0.22, p < 0.001), respectively, after the statistical 
analysis (Figs. 6c,d).

Many studies have demonstrated a positive correlation between airborne microbial cell 
concentrations and PM10 and coarse particle concentrations (Santos-Burgoa et al. 1994;  
Hara and Zhang 2012; Wu et al. 2012; Liu et al. 2019), and this study shows the correla-
tion between PM10 and its ability to contain bioaerosols. According to the above results, the  
microbial cells per microgram of PM10 decreased when PM10 increased. In other words, when 
the atmosphere becomes dirty, the ability of PM10 to contain microbes is reduced. It could be 
speculated that other particles increased more rapidly when all particles increased.

Fig. 6. Effects of monthly aridity index and PM10 mass concentration on microbes and the capacity of particles carrying microbes, 
respectively. The red lines are the fitted lines, and the red shaded areas are the 95% confidence intervals.
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However, it must be noted that in addition to the aridity index and PM10, many other 
factors (e.g., temperature, humidity, precipitation, wind speed and direction, solar radia-
tion, emissions, atmospheric components, season, and human activities) can affect the 
bioaerosol concentration and community structure in the atmosphere. In this study, we 
focused on the relationships between these two variables and bioaerosols, and the long 
duration of the sampling experiments that passed significance tests and are the evidence 
of these associations.

Community composition, diversity, and structure of bioaerosols.  For the analyses using 
the aridity index and field observations, a total of 122 aerosol samples were obtained from 
eight sampling sites for which sequencing data were obtained and classified into two regions: 
arid and semiarid, whose subsurface types were dominated by bare ground and sparse grass-
land, respectively. The airborne bacterial compositions at the phylum level in all samples 
were dominantly composed of members of Proteobacteria (55%), Firmicutes (15%), Actino-
bacteria (13%), and Bacteroidetes (9%) (Fig. 7). Almost all samples have similar airborne 
bacterial compositions, except for those of YZ and EL, which contained local bacterial popu-
lations. Large dust events carry bacteria and disperse them over long distances via wind flow 
(Maki et al. 2019b). Moreover, Huang et al. (2008) and Tang et al. (2018) found that airborne 
bacteria transported by dust events could significantly change the atmospheric bioaerosol 
content in downwind ecosystems. Thus, atmospheric transport can cause similar community 
compositions to occur among different sampling sites. However, since the YZ and EL samples 
were collected during dust-free events, local bacterial species were thought to be dominant.

A total of 7,901 ASVs were obtained from all samples. The Shannon diversity and Chao1 
indices of the EL samples were significantly higher than those of the DH, IM, QH, and YZ 
samples (Games–Howell test, p < 0.05, Figs. 8a,b). The ZB and YZ samples had similar Shan-
non diversity values, which were significantly higher than those of the DH and QH samples 
(Games–Howell test, p < 0.05, Fig. 8a). The observations showed that the aerosols in the arid 
regions contained high diversities of airborne bacterial communities in comparison to those 
in the semiarid regions (Games–Howell test, p = 0.005, Figs. 8c,d). Airborne bacterial diver-
sity is known to be influenced by aerosol components originating from local arid terrestrial 
ecosystems (Qi et al. 2021; Zhai et al. 2018) and distant air masses (Qi et al. 2022). Aerosol 
emissions depend on land surface conditions, such as the compositions of vegetation cover 
(Zhou et al. 2021) and the wind forces imposed on the land (Šantl-Temkiv et al. 2022). In ad-
dition, soil dust from bare land increases the chances of bacteria entering the atmosphere 
(Mu et al. 2020). The bacterial populations in bare ground soil could be easily transported 

Fig. 7. Relative abundances of bacterial 16S rRNA gene sequences at the phylum level (relative abundance > 2%) in the aerosol 
samples across the different sampling sites and regions during the DuBi field campaign.
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to the atmosphere by the upward blowing of desiccated soil particles (Burrows et al. 2009). 
However, since grasses covering sparse grasslands protect soil bacteria from being transported 
into the atmosphere, the bacterial communities in semiarid regions are less diverse than those 
in other regions (Zhou et al. 2021). Moreover, in the sand-desert environments of DH, the low 
diversity of terrestrial bacteria reduces the diversity of airborne bacteria (Rao et al. 2015).

A principal coordinate analysis (PCoA) of the Bray–Curtis dissimilarity revealed that  
the samples at DH, DZ, EL, IM, QH, TO, and ZB sites were closely clustered with each other, 
while the samples at YZ site formed a separate cluster from the other samples (PERMANOVA, 
p = 0.001, Fig. 9a). Although the community structures of airborne bacteria seem to be dif-
ferent between arid and semiarid regions, the YZ samples from both regions remained in a 
single cluster. Some samples in ZB were still clustered with the arid region samples, but they 
belonged to the semiarid region samples on the PCoA coordinate (PERMANOVA, p = 0.001, 
Fig. 9b). Dust transport is expected to mix airborne bacterial communities from several  
sampling sites regardless of ground conditions. Furthermore, transported dust can also  
carry pathogens and allergens, potentially impacting the health of downwind populations 
and ecosystems (Jones and Brosseau 2015).

Summary and outlook
Bioaerosols are related to the interactions among the atmosphere, hydrosphere, biosphere, 
and anthroposphere; hence, they have significant impacts on the Earth system. However,  
their influence mechanisms on climate, environment, and human health, especially in relation 

Fig. 8. Comparison of bacterial Shannon diversity at different (a) sampling sites and (c) regions and the 
Chao1 richness at different (b) sampling sites and (d) regions during the DuBi field campaign. Signifi-
cance was tested using the Games–Howell test, with p < 0.05 is considered significant. The significant 
differences in the subgroups are denoted by (a)–(c).
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with aridity, are still unclear because of limited information on the spatial–temporal distri-
bution of bioaerosol characterization. In this study, the DuBi field campaign led by Lanzhou 
University in China was performed at 39 sites across East Asia from 2016 to 2021 to rigorously 
investigate the quantitative and qualitative characteristics of bioaerosols using the unified 
methods at large scale.

Many previous studies have studied how several meteorological and environmental factors 
can affect the concentration and community structure of bioaerosols. This study focuses on 
the statistical correlation between bioaerosols and the aridity index and PM10 concentration. 
In more arid regions, there are usually higher microbe concentrations and lower microbe 
ratios than those in humid aeras. The richness diversities of the airborne bacteria were also 
significantly higher in drylands than in semiarid regions. And for the amount of bioaerosol 
in a single gram of PM10, it is higher in moist and cleaner atmospheres. These results sug-
gest characteristics of bioaerosols under varying aridity and atmosphere particulate matter 
content conditions.

It is worth mentioning that the experiments in this study were limited due to the lack of 
financial, material, and human resources, and some samples were collected at some harsh 
sites. And continuous observations at many sites in large scale for more than one year were 
hard to accomplish. If available, we will continue to improve the experiment by adding 
long-time and multiple sampling of arid deserts in East Asia continuing to prove the above 
experiments’ results.

As a whole, the bioaerosol investigation through the DuBi field campaign will improve our 
understanding and assessment of the links between bioaerosol with aridity and atmospheric 
particulate matter in the Earth–atmospheric system. These comprehensive observations will 
also support efforts to reduce global climate, ecological security, and public health risks in 
the future.
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