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1 Introduction

Atmospheric aerosols are ubiquitous in the natural and

human environment. Bioaerosols are an important part of

atmospheric aerosols. Bioaerosols, mainly including

bacteria, fungi, and other microorganisms and biological

substances, usually range from a nanometer to one-tenth of

a millimeter in size (Matthias-Maser and Jaenicke, 1995;

Smets et al., 2016). The largest mode diameter observed by

fungal spores ranged from 1 to 30 mm, followed by that for

bacteria (0.2–0.8 mm). The smallest diameter are viruses

about 0.3 mm. The size distribution of bioaerosols from
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H I G H L I G H T S

•Emission of microbe from local environments is

a main source of bioaerosols.

•Regional transport is another important source of

the bioaerosols.

•There are many factors affecting the diffusion

and transport of bioaerosols.

• Source identification method uncovers the con-

tribution of sources of bioaerosols.
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G R A P H I C A B S T R A C T

A B S T R A C T

Recent pandemic outbreak of the corona-virus disease 2019 (COVID-19) has raised widespread
concerns about the importance of the bioaerosols. They are atmospheric aerosol particles of biological
origins, mainly including bacteria, fungi, viruses, pollen, and cell debris. Bioaerosols can exert a
substantial impact on ecosystems, climate change, air quality, and public health. Here, we review
several relevant topics on bioaerosols, including sampling and detection techniques, characterization,
effects on health and air quality, and control methods. However, very few studies have focused on the
source apportionment and transport of bioaerosols. The knowledge of the sources and transport
pathways of bioaerosols is essential for a comprehensive understanding of the role microorganisms
play in the atmosphere and control the spread of epidemic diseases associated with them. Therefore,
this review comprehensively summarizes the up to date progress on the source characteristics, source
identification, and diffusion and transport process of bioaerosols. We intercompare three types of
diffusion and transport models, with a special emphasis on a widely used mathematical model. This
review also highlights the main factors affecting the source emission and transport process, such as
biogeographic regions, land-use types, and environmental factors. Finally, this review outlines future
perspectives on bioaerosols.
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animal and plant fragments was more different, ranging

from 0.001 to 100 mm (Poschl and Shiraiwa, 2015). Each

year, different potential sources release large amounts of

bioaerosols, which enter the atmosphere as particles

(Burrows et al., 2009a; Burrows et al., 2009b; Fröhlich-

Nowoisky et al., 2016). Because of their small size and

lightweight, bioaerosols can be transported over long

distances through the wind, thus causing various acute and

chronic diseases in humans, animals, and plants (Burrows

et al., 2009b; Rodo et al., 2011; Tang et al., 2018). In

addition to health effects, bioaerosols indirectly influence

global climate change by absorbing and reflecting sunlight

and promoting the formation of cloud droplets and ice

crystals (Bauer et al., 2003; Burrows et al., 2009a;

Fröhlich-Nowoisky et al., 2016).

Bioaerosols are attracting increasing levels of public

attention in recent years. Figure 1 shows the number of

articles published on bioaerosols has been rising over the

past two decades. The central area of research on

bioaerosols includes sampling and detection techniques,

temporal and spatial characteristics, and the potential roles

of bioaerosols in atmospheric chemistry and physics,

climate, public health, and ecological systems (Jones and

Harrison, 2004; Burrows et al., 2009b; Després et al.,

2012; Bowers et al., 2013; Amato et al., 2015; Fröhlich-

Nowoisky et al., 2016; Kim et al., 2018; Xie et al., 2018).

Bioaerosol control technology has become another active

research area since the outbreak of airborne infectious

diseases like the H1N1, SARS, and COVID-19 (Wei and

Li, 2016; Ma et al., 2020). However, among the vast

number of studies on bioaerosols, relatively few articles

(9.9%�3.6%) have focused on the source and transport of

bioaerosols. In order to better manage and control the

transmission of pathogens via aerosols, it is also essential

to investigate their sources and understand their modes of

diffusion and transport.

Here, we review the progress of contemporary research

on the sources, diffusion, and transport mechanisms of

bioaerosols. We also highlight the major environmental

conditions that affect the diffusion and transport of

bioaerosols as well as the techniques for the identification

of the spatial location of microbial sources. Finally, we

provide perspectives for future studies on the sources and

transport pathways of microbes in the atmosphere based on

current progress.

2 Sources of bioaerosols

Bioaerosols are ubiquitous in natural and working

environments. Since air does not generally provide

nutrients for microbial growth, the atmosphere acts only

as a temporary residence rather than a source. As a result,

the concentration and community composition of microbes

in the air depend primarily on their emission sources.

Bioaerosols are generated mainly from natural emissions

and human activities, as shown in Fig. 2. The annual global

budgets of bacteria, fungi, and pollen are reported to be

28.1, 186, and 84 Tg/year, respectively (Després et al.,

2012). Water bodies, soil, plants, and anthropogenic

activities are recognized as the primary sources of bacteria,

fungi, viruses, and biologically derived compounds in the

air (Bowers et al., 2011b; Bowers et al., 2013; Szylak-

Szydlowski et al., 2016).

2.1 Natural sources

Microorganisms existing in nature are usually released by

carriers such as soil, water bodies, plant surfaces, and

animals. Soil is the leading terrestrial natural source of

bioaerosols. A large number of microbial communities

thrive in soil (Veresoglou and Rillig, 2014) as the rich

organic matter provides a natural medium for the growth of

microorganisms. The estimated number of prokaryotes

(both bacteria and archaea) in the desert and cultivated

soils (~2�109 cells/g) is significantly larger than the forest

soils (4�107cells/g) (William et al., 1998). It was estimated

that the total number of bacteria emitted from land ranges

from 1.5�1023 to 3.5�1024 cells/year (Burrows et al.,

2009a). The action of wind releases a large amount of

bioaerosols into the atmosphere. Núñez et al. (2019) found

that most of the pathogenic bacteria originated from the

soil in Madrid air. Likewise, Qi et al. (2020), more recently,

observed that soil was one of the primary sources which

released large amounts of fungi into the air. Rainfall can

also facilitate the release of bioaerosols from the soil into

the air. In the process of raindrops hitting the soil surface,

the droplets containing soil bacteria are dispersed. It is

reported that 0.01% of bacteria in soil could enter the

atmosphere when a raindrop falls, and the total number of

bacteria dispersed by raindrops can range from 1.2�1022 to

8.5�1023 cells/year (Joung et al., 2017).

In addition, natural water bodies such as rivers, lakes,

Fig. 1 Number of published articles on bioaerosols (The data

from Web of Science).
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and marine are also rich in various microorganisms. When

the foams or bubble burst in water, a large amount of

microorganisms would form and enter the atmosphere

under the action of other external forces such as wind

power and water power (Burrows et al., 2009b). It is

reported that the concentration of prokaryotes over the East

Sea was about 104–105 cells/m3 (Cho and Hwang, 2011).

The airborne bacterial concentration over the Kuroshio

Extension region of the northwest Pacific Ocean was of the

order of 104–105 cells/m3, with high viability of 93% on

average (Hu et al., 2017). The high loading of micro-

organisms over marine air was mainly released from the

sea. So it is not surprising that the bacteria over Tokyo has

long been affected by the seawater in the Tokyo Bay

(Uetake et al., 2019).

Animals and plants usually release sensitized micro-

organisms in the air. Barberan et al. (2015a) found that

indoor pets, especially cats and dogs, had a more

significant contribution to indoor microflora. In rooms

with cats and dogs, the abundance of 24 and 56 species of

bacterial flora increased significantly, respectively (Bar-

beran et al., 2015b). An increasing number of studies

indicate that some animals could spread diseases to other

animals or human beings through bioaerosols (Alves et al.,

2010; Han et al., 2015; Hagerman et al., 2018; Bui et al.,

2019). For instance, bats are considered as the natural

reservoirs of viruses such as SARS-CoV, MERS-CoV,

NiV, HeV, Ebola virus, and Marburg viruses. The viruses

released by the bats spread through aerosols, causing

diseases in intermediate hosts (horses, pigs, civets, or non-

human primates) and later humans, or directly causing

human infection (Han et al., 2015). Diseases from other

animals, such as bird flu and foot-and-mouth disease, can

also spread through aerosols, causing human illnesses and

Fig. 2 Sources and transport of bioaerosols in nature. Adapted from Smets et al. (2016) and Fröhlich-Nowoisky et al. (2016).
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resulting in major public safety incidents (Hagerman et al.,

2018; Bui et al., 2019).

Many microorganisms attached to the surface of plant

leaves can migrate to the atmosphere under the action of

wind. It is estimated that the bacterial community in the

global plant circle consists of up to 1026 cells, with an

average of 106–107 cells per square centimeter of the leaf

(Vorholt, 2012). Lymperopoulou et al. (2016) collected the

air above the vegetation area and the adjacent non-

vegetation area simultaneously. They found that the

abundance of airborne bacteria and fungi of the vegetation

area was 2–10 times higher than the non-vegetation site.

Further, more than 50% of the bacteria in the downwind air

samples were traced back to local plants. Pollen and fungal

spores also come from various plants (Gopalakrishnan

et al., 2019). While helping plants to carry out reproductive

activities, pollen and fungal spores may cause an increase

in the incidences of asthma and allergies (El Jarroudi et al.,

2020).

The emissions of bioaerosols exist widely in nature, and

their emission characteristics vary significantly with their

sources. However, the mechanism of bioaerosol emission

is not very well understood so far, and the available

information on emission fluxes is also scarce. These

limitations have immensely affected our understanding of

the dynamics of microbes in the atmosphere and applica-

tion of preventing their health risks. Therefore, relevant

studies need to be strengthened further.

2.2 Anthropogenic sources

In addition to the airborne microorganisms from natural

sources, human bodies and their daily activities can also

release large amounts of bioaerosols, resulting in potential

health risks, indoor and outdoor air pollution. Numerous

kinds of bacteria live in different parts inside and outside

the human body (Costello et al., 2009). Among them,

about 1012–1014 types of microbes live in the skin and the

digestive tract of the human body (Luckey, 1972).

Therefore, in an enclosed environment, human beings

may be the largest artificial source of bioaerosols and can

directly influence the structure and composition of the

indoor microbial flora (Hospodsky et al., 2015).

Many studies have shown that the virus may be

transmitted through aerosols released from patients

(Lindsley et al., 2010; Wei and Li, 2016; Ma et al.,

2020). When the patients breathe, speak, cough, and

sneeze, they produce droplets or bioaerosols with a

considerable amount of pathogenic microbes (seeing

Fig. 3). Respiratory infections such as COVID-19,

SARS, and influenza primarily spread through virus-

bearing liquid particles (droplets and aerosols) from the

carriers’ nose and mouth while breathing, coughing, and

sneezing (Lindsley et al., 2010; Wei and Li, 2016; Asadi et

al., 2020). The aerosols laden with viruses can stay in the

air for hours, making people sick (Vejerano and Marr,

2018; van Doremalen et al., 2020). These bioaerosols have

a relatively short propagation distance and prolonged

survival times in indoor spaces, which poses a significant

threat to human health (Ghanizadeh and Godini, 2018;

Stockwell et al., 2019). Hence, it is particularly essential to

attach importance to the study of indoor microbial sources

(Kim et al., 2018).

Bioaerosols can be emitted from various working

environments such as farms (hennery, pig farm, and cattle

farm), landfills, wastewater treatment plants (WWTPs),

Fig. 3 The different transport routes of bioaerosols emitted by humans. Small water droplets (< 5 mm) are responsible for short-range

airborne route, long-range airborne route, and indirect contact routes. Adapted from Wei and Li (2016).
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and other sites with frequent anthropogenic activities

(Degois et al., 2017; Fraczek et al., 2017; Pagalilauan et al.,

2018; White et al., 2019; Zhang et al., 2019). The airborne

microbial characteristics at various working environments

have been intensively examined (Table 1) to gain insights

into the effects of bioaerosol emission on workers and

residents near these sites.

Farm environments (poultry, pig farms and) release high

concentrations of bioaerosols, ranging from 103 to 105

CFU/m3 (culturable microorganisms) (Martin et al., 2010),

which also affects the ambient aerosol concentrations

(Skora et al., 2016; White et al., 2019). Theofel et al.

(2020) showed that dust and bioaerosols moved a short

distance into an almond orchard from an adjacent upwind

Table 1 Characteristics of bioaerosols released from various artificial sources

Sampling

Site
Basic Information

Enumeration

Technique

Bacteria Fungi

Reference
Conc.

Dominant

Genera

Pathogenic

Microorganism
Conc.

Dominant

Genera

Pathogenic

Microorganism

Poultry

Farms

Chicken number:

6000

(China)

Biochemical

Identification

– Brachybacter-

ium, Brevibacter-

ium, Salinicoc-

cus, Staphylo-

coccus, Faecali-

bacterium

Enterococcus,

Parabacteroides,

Escherichia,

Megamonas

– Microascus,

Aspergillus,

Paraglomus

Scopulariopsis,

Wallemia,

Fusarium

Dai et al.,

2020

Bird number:

8000–42000

(Poland)

Cultivation

Microscopy

(3.2�5.0)�

109 (CFU/g)

Bacillus,

Clostridia,

Corynebacter-

ium,

Enterobacter,

Chlamydia

ornithosis,

Bacillus anthracis,

Mycoplasma spp.,

Staphylococcus

aureus

(1.2�1.1)�

106 (CFU/g)

Cladosporium,

Penicillium,

Aspergillus,

Alternaria

Paecilomyces

variotii

A. fumigatus

Skora

et al., 2016

Swine

Houses

Swine number:

140–480

(Republic of

Korea)

Biochemical

Identification

– – – – Clavaria,

Fusarium,

Rhodotorula,

Mortierella,

Fusarium

(10.8%)

Kumari

et al., 2016

Cattle Feed

Yards via

Cattle number:

20000–50000

(USA)

Biochemical

Identification

– Corynebacter-

ium,

Leptospira,

Clostridium,

Bacteroides,

Staphylococcus

Corynebacterium

(present in 90% of

all

samples)

– – – McEa-

chran

et al., 2015

Waste

Sorting

Plants

Garbage type:

paper

Weight: 4000

tons per month

(France)

Biochemical

Identification

– unclassified

Enterobacteria-

ceae, Staphylo-

coccus, Acineto-

bacter

– – Penicillium,

Aspergillus,

Rhizopus,

Wallemia

– Degois

et al., 2017

Landfill

Area

Total area of 37 ha

Since 1974

(Poland)

Cultivation

Microscopy

112–16445

(CFU/m3)

Aspergillus,

Cladosporium,

Penicillium

– Fraczek

et al., 2017

The largest open

dumpsite in the

Philippines

Since: 2000

Cultivation

Microscopy

and

Biochemical

Identification

7.87�102–

5.57�103

(CFU/m3)

Staphylococcus,

Bacillus,

Enterococcus,

Pseudomonas,

Acinetobacter

B. Subtilis,

S. Aureus, K.

Pneumoniae

– – – Pagali-

lauan

et al., 2018

Wastewater

Treatment

Plant

Type: anaerobic–

anoxic–oxic

(A2/O)

Number: 6.0�105

m3/day

(China)

Cultivation

Microscopy

and

Biochemical

Identification

459–4364

(CFU/m3)

Brevundimonas,

Bacillus,

Thauera,

Zooglea,

Dechloromonas

– – – – Xu et al.,

2018

Type: activated

sludge

(Poland)

Cultivation

Microscopy

5.1�101

–6.9�103

(CFU/m3)

Staphylococcus,

Bacillus,

Pseudomonas,

Microbacterium

Staphylococcus

gallinarum,

Staphylococcus

xylosus,

Bacillus firmus,

Pseudomonas

stutzeri

6.3�102

–3.9�103

(CFU/m3)

Cladosporidies,

Rhodotorula,

Penicillium

C.herbarum

Fusarium

graminearum

Kowalski

et al., 2017
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poultry operation and altered the microbial community of

the plant leaves in the orchard. This study provides

evidence for the spread of bioaerosols from farms.

Meanwhile, many pathogenic bacteria can often be

detected in the air near these farms. The main pathogenic

bacteria in the atmosphere of farms include Bacillus,

Corynebacterium, and Streptococcus (McEachran et al.,

2015; Skora et al., 2016; Dai et al., 2020), which are

mainly derived from animal excrement and feed or are

related to the farming activities in the farm (Zhang et al.,

2019).

The WWTP is another well-studied source of bioaer-

osols. Each treatment process of WWTPs was found to

have variable effects on the release of bioaerosols

(Michalkiewicz, 2019). The reported concentration of

culturable fungus aerosol was 6.3�102–3.9�103 CFU/m3,

and that of culturable bacteria aerosol was 5.1�101–

6.9�103 CFU/m3 in the WWTPs (Kowalski et al., 2017;

Xu et al., 2018). Many microorganisms, toxins, and

metabolites are released from most of the treatment units

into the air to form bioaerosols (Hsiao et al., 2020). These

bioaerosols concentrated in the air and were carried by the

wind to the neighboring regions. At the receptor site, the

transported bioaerosols became a source of pollution for

plants, animals, and surface water, and affected people

inhabiting in places both near and far fromWWTPs (Sialve

et al., 2015; Michalkiewicz, 2019). Compared with

WWTPs, the landfill sites had relatively higher concentra-

tions of microorganisms and were richer in pathogenic

bacteria (b. Subtilis, s. Aureus, k. neumoniae) (Pagalilauan

et al., 2018; Xu et al., 2018). As landfill sites generally are

an open space, their impact on the surrounding environ-

ment is far more significant than that of other workplaces.

It is evident that the concentration and composition of

bioaerosols in artificial sources are different due to

different release processes (Xu et al., 2018). The knowl-

edge of bioaerosol emission characteristics in various

workplaces will enhance the understanding of pollution

sources. Further, this will aid in estimating pollution levels,

formulating mitigation measures, and improving air

quality. Therefore, more emission and distribution studies

on bioaerosols around the multifarious workplaces should

be given additional focus in the field of airborne

microorganisms.

3 Diffusion and transport

After their release into the atmosphere, most bioaerosols

combine with the ambient particulate matter for diffusion

and transport. Bioaerosols can be dispersed or transported

over long distances, and thus may become another source

of bioaerosols.

3.1 Diffusion and transport process

As also shown in Fig. 2, the diffusion and transport

mechanisms of bioaerosols are extraordinarily complex.

Microorganisms enter the atmosphere as aerosols from the

sources mentioned above. Once in the air, microbes are

carried upward by the airflow owing to their small size,

where they attach onto existing particles. Therefore,

particle size has a significant impact on the transport of

bioaerosols. The presence of bioaerosols in the air for long

durations provides favorable conditions for their transport.

Under the action of wind, bioaerosols may travel from a

source to a receptor site. Ultimately, bioaerosols are

scavenged from the atmosphere either by precipitation or

by direct deposition to the surface. However, some human

activities may prevent the settling of bioaerosols, causing

the microbes to re-levitate.

Long-distance transport is an important mode of the

dispersal of bioaerosols that affects the ecosystem, human

health, agricultural productivity, and climate change

(Burrows et al., 2009b; Rodo et al., 2011; Fröhlich-

Nowoisky et al., 2016; Murata and Zhang, 2016; Uetake

et al., 2019; Mu et al., 2020). The bioaerosols released

from the earth’s surface are under the constant influence of

pressure and temperature. Only a small fraction of

bioaerosols will mix with the air in the troposphere with

the help of wind. For example, Firmicutes are present in

large quantities on the surface of the Gobi Desert, and they

are mostly eliminated because of pressure and thereby

constitute only 5% in the air sample as a mixture of

bioaerosols that undergo atmospheric transport with air

masses (Tang et al., 2018).

During the atmospheric transport process, bioaerosols

may interact with ultraviolet (UV) radiation, photoox-

idants, and various air pollutants. These interactions may

lead to further chemical and physical transformations and

biological aging of bioaerosols during transport. When

bioaerosols are exposed to atmospheric oxidants (such as

OH, NO3, and O3) in the air, they rapidly change from their

original emission state (Estillore et al., 2016). These

oxidants could significantly alter the composition and

properties of bioaerosols by homogeneous and hetero-

geneous chemical reactions. For example, a direct attack

by reactive oxygen species could damage the biological

systems (Anglada et al., 2015). However, aggregation of

cells or protective envelopes may influence the viability of

bioaerosols (Amato et al., 2015; Fröhlich-Nowoisky et al.,

2016). Some highly stress-resistant microorganisms found

in the deserts can thrive in severe environmental conditions

(lack of water, extreme temperatures, and UV radiation)

(Varin et al., 2012; Makhalanyane et al., 2015).

Extreme weather conditions such as rain, snow, or dust

storms, scavenge the microorganisms from the atmosphere

and return them to the ground to influence the local

microbial community structure. The dust-laden weather is

also recognized as one of the dry sedimentation methods in

the long-distance transport process. For example, with the

spread of East Asian dust, the airborne microbial

communities in China, Japan, Republic of Korea, and

6 Front. Environ. Sci. Eng. 2021, 15(3): 44



other places have been seriously affected, increasing the

prevalence rate of some respiratory diseases (Tang, 2009;

Rodo et al., 2011; Cha et al., 2016; Maki et al., 2018; Tang

et al., 2018). In addition, Saharan dust also had a

significant impact on airborne microbial communities

and human health in Europe and America (Garrison

et al., 2014; Barnaba et al., 2017; Oduber et al., 2019).

Hence, exploring the transport process and transport route

of airborne microorganisms can help to gain a more in-

depth insight into the biogeochemical cycles of bioaerosols

and improve the understanding of air pollution and public

health induced from bioaerosols.

3.2 Diffusion and transport models

In order to control haze pollution and health risks

associated with bioaerosols, it is necessary to understand

the physical and biological dynamics inherent in the

microorganisms transmitted by aerosols. Because it is

challenging and expensive to test the diffusion and

transport process of airborne microorganisms, a diffusion

and transport model has become a promising alternative.

At present, three kinds of models are commonly used:

mathematical models, physical models that use non-

biological simulation, and physical models that use

biological simulations. Each of the three simulation

methods has its advantages and disadvantages (Table 2).

Among the three models, mathematical models are used

most widely in the present (Sesartic et al., 2012; Burrows

et al., 2013; Ansari et al., 2015; Hummel et al., 2015). Such

models allow the generation of relevant data without the

risk of being associated with a living biological organism

and are relatively simple to operate. Since they are freely

used in simulations to simplify calculations, mathematical

models raise critical questions about their accuracy and

realism. In order to determine the accuracy of a given

model, it should be directly compared with empirical

results gathered from a similarly constructed physical

simulation. Therefore, the establishment of a physical

model plays a vital role in the validation of mathematical

models. However, it must be noted that physical models

(such as the gas dispersion model and particulate model)

are more suitable for the simulation of general aerosols

(Chao et al., 2014). Microorganisms are the best indicator

to track the movement of bioaerosols. The advantage of

using microbial indicator is that the uncertainty of whether

the indicator correctly simulates a particular scene can be

significantly reduced, even almost completely, and the use

of bacterial growth as a detection parameter is allowed

(Wong et al., 2010; Garza et al., 2014). However, the

potential pathogenic issues that may arise in the process of

biological simulation should not be ignored.

Below we summarize some of the commonly used

models:

The computational fluid dynamics (CFD) model is a

complex computational model that simulates the diffusion

trajectory of fluids in different environments. It is widely

used to simulate the diffusion of bioaerosols in local

regions, especially in indoor environments. For example,

Lee et al. (2013) simulated the diffusion trajectories of

various phenomena in the agricultural environment, such

as gaseous pollutant emissions from livestock farms and

particulate emissions from farmlands. Similarly, Thatiparti

et al. (2017) and Lin et al. (2018) used the CFD model to

simulate the spread of the virus and provide a basis for

disease prevention and control. The use of this model can

significantly reduce the cost of fieldwork. At the same

time, different environmental conditions can be adjusted

easily to obtain the diffusion mode of bioaerosols under

variable environmental conditions.

The Hybrid Single Particle Lagrange Integrated Trajec-

tory model (HYSPLIT) is one of the most frequently used

mathematical models in atmospheric science to investigate

long-distance transport (Stein et al., 2015). HYSPLIT

provides possible long-distance transport routes of the air

mass, which is valuable for determining the potential

origin of microorganisms. For instance, Cáliz et al. (2018)

used HYSPLIT to analyze the airflow tracks and identify

possible source regions of microbial communities trans-

ported to the receptor sites with air masses. Their study

Table 2 Advantages and limitations of different types of diffusion and transport models

Model Type Characteristic Advantage Limitation

Mathematical Model Mathematics and computer model;

Simulate under specific parameters

Avoid building complex structures;

Detect different scenarios by changing

variables;

No environmental pollution problem;

Reduce time and expenses

Need to integrate data across the

environment;

Test in the ideal environment

Non-biological Simulant Model Create an artificial environment

similar to the simulated scene

Have authenticity;

Experimental particles are less harmful to

human body

Cause environmental pollution;

Spend a lot of money;

Be differences between test particles and

biological particles

Biological Simulant Model Use a biological simulant Experimental particles are more realistic;

Significantly reduce model uncertainty

Cause environmental pollution or the

spread of pathogenic bacteria;

Spend a lot of money;

Need to design experimental apparatus

Wenwen Xie et al. The source and transport of bioaerosols in the air: A review 7



provides reliable information for determining the long-

distance migration rule of microorganisms. Besides, it was

reported that the composition and size distribution of

bacterial communities in marine bioaerosols might be

affected by the long-distance transport of bioaerosols from

land (Ma et al., 2019).

The models mentioned above do not consider the

activity changes and atmospheric chemical reactions of

microorganisms during the transport process. To overcome

this limitation, global and regional models have been

proposed to simulate aerosol spread, transportation, and

their effects in the atmosphere (Burrows et al., 2009a;

Burrows et al., 2009b; Hoose et al., 2010; Burrows et al.,

2013; Ansari et al., 2015). Burrows et al. (2009a)

simulated bacterial exchange between different ecosystems

and their migration in the global atmosphere using the

Global Chemical-Climate model (EMAC). Using their

simulations, they obtained the typical concentration and

flux distribution of atmospheric bacteria. Currently,

General Circulation Model (GCM) and its evolution

model (ECHAM5, the rope-climate model CAM-Oslo)

are commonly used (Hoose et al., 2010; Sesartic et al.,

2012) to explore the regional diffusion of bioaerosols.

These models can improve prediction accuracy by

considering the emission and biochemical properties of

the particles and their possible changes in the atmosphere.

However, more accurate determination of these properties

and changes in the atmosphere are still required.

4 Factors affecting the diffusion and trans-
port of bioaerosols

4.1 Geographical location

As discussed earlier, soil and plants are one of the primary

natural sources of bioaerosols. The structure and species

diversity of microorganisms in soil and plant have distinct

geographical differences, so-called biogeography, and are

greatly influenced by a wide range of climatic and

geomorphic conditions (Chi et al., 2014; Wang et al.,

2019). Therefore, significant variations in the composition

of airborne microbial communities can be expected at

different geographical locations. Geographical location is

one of the main factors affecting the composition of

airborne microorganisms.

Table 3 compares the microbial community structures in

air samples from different regions around the world. Most

regions of China fall in the subtropical and temperate zone,

with a vast territory and complex landforms. The main

climate types are continental climate and monsoon climate.

The dominant bacteria in Changsha (Runlan et al., 2019)

and Urumqi (Gou et al., 2016) were found to be

Proteobacteria (81.2%, 74.10%). On the other hand, the

more abundant bacteria observed in Beijing were Actino-

bacteria (28.12%) and Firmicutes (19.30%) (Du et al.,

2018). Furthermore, apparent differences at the genus level

are also observed in different geographical regions. For

example, the dominant bacteria were Serratia and Delftia

in Urumqi (Gou et al., 2016), Comamonadaceae and

Bacillus in Changsha (Runlan et al., 2019), Pseudomonas

in Xi’an (Lu et al., 2018), Lactococcus in Jinan (Xu et al.,

2017), and Arthrobacter in Beijing (Li et al., 2018).

Although the dominant Ascomycota and Basidiomycota

account for more than 95% of the relative abundance of

fungi, regional variations in relative abundance are

observed (Changsha, 44.6%, 54.9%; Beijing, 95.37%,

1.51%) (Du et al., 2018; Runlan et al., 2019).

Denver is located in the western USA and belongs to a

highland climate. The dominant bacteria phylum in Denver

is Proteobacteria (34.6%) and Firmicutes (28.2%), while

the dominant phylum of fungi is Ascomycota (78%) and

Basidiomycota (21%) (Bowers et al., 2013). Thessaloniki

and Madrid belong to the Mediterranean climate type.

Proteobacteria, Actinobacteria, and Firmicutes are the

dominant phylum in the two cities, but there are large

variations in the predominant bacteria phylum (Genitsaris

et al., 2017; Núñez et al., 2019). The bacteria and fungi

communities detected at the two mountainous sites of

Mount Tai and Mount Fuji are also quite different (Tanaka

et al., 2019; Xu et al., 2019), which might be related to

differences in mountain climates and vegetation types. In

addition, the main bacterial phylum above the sea surface

(the western Pacific Ocean) was Bacteroidetes, which was

significantly different from the inland bacterial commu-

nities (Ma et al., 2019).

The community composition of airborne microorgan-

isms varies significantly in different geographical regions.

This is due to the significant differences in species

diversity of the microbial communities in different habitat

types (Nemergut et al., 2011; Xiong et al., 2012), which

further affects the discharge of bioaerosols. This means

that the biogeographical differences significantly affect the

concentration and composition of bioaerosols, which are

directly related to microbial emission sources and diffusion

conditions.

4.2 Different types of land-use

Land-use is a kind of intervention to the circumstance, for

meeting the needs of human production and life. Land-use

may create a “microenvironment” with specific environ-

mental attributes, which may play a critical role in the

generation, propagation, aerosolization, re-suspension,

diffusion, transport, and intermolecular interactions of

bioaerosols (Balyan et al., 2017).

At present, there is no unified standard for the

classification of land-use types. We introduce the four

categories of urban, suburban, agriculture, and forest in

this review. In general, there are significant differences in

the total microbial abundance, total ice core number, and

bacterial communities in the suburbs, farming, and
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forested environments (Bowers et al., 2011a) (Fig. 4). The

microbial concentration and communities in the suburbs

were markedly different from the mountainous areas due to

frequent human activities in the former (Mu et al., 2020; Qi

et al., 2020). Urban land can be further divided into urban

green spaces, residential areas, and commercial areas.

Balyan et al. (2020) found significant differences in the

concentrations of fungal and bacterial bioaerosols in urban

land with different usages (green space, residential area,

and commercial area). The concentration of bacterial

aerosols was higher in commercial areas. In comparison,

the concentration of fungal aerosols was more elevated in

Table 3 The airborne microbial communities in different regions worldwide

Region
Geographical

conditions
Climate type Sampling

Bacteria Fungi
Reference

Phyla Dominant genera Phyla Dominant genera

Urumqi,

China

An important

central city in

north-west

China

Temperate conti-

nental climate

PM10 Proteobacteria

(74.1)

Firmicutes (15.3)

Actinobacteria (6.2)

Pseudomonas

Delftia

Serratia

Acinetobacter

– – Gou et al.,

2016

Changsha,

China

A city in the

middle reaches

of the Yangtze

river in China

Subtropical

monsoon climate

PM2.5 Proteobacteria

(95.6)

Firmicutes (3.4)

Acinetobacter

Massillia

Xanthomonadaceae

Ascomycota (44.6)

Basidiomycota

(54.9)

Polyporales

Aspergillus

Schizophyllum

Runlan

et al., 2019

Mount Tai,

China

The highest

mountain in the

North China

Plain

Monsoon climate

of medium lati-

tudes (Significant

vertical variation)

PM2.5 Proteobacteria

(60.6)

Firmicutes (3.0)

Actinobacteria

(15.3)

Cyanobacteria (9.8)

Methylobacterium

Rhodococcus

Pseudomonas

Acinetobacter

Ascomycota (84.2)

Basidiomycota (3.8)

Alternaria

Davidiella

Epicoccum

Cryptococcus

Xu et al.,

2019

Beijing, China The capital of

China, located

in the north of

the North

China Plain

Monsoon climate

of medium

latitudes

PM2.5 Proteobacteria (33)

Actinobacteria

(28.1)

Firmicutes (19.30)

Bacteroidetes (8.14)

Streptophyta,

Kocuria,

Paracoccus,

Sphingomonas,

Rubellimicrobium

Ascomycota (95.37)

Basidiomycota

(1.51)

Zygomycota (0.13)

Epicoccum

Penicillium

Selenophoma

Mycosphaerella

Cladosporium

Du et al.,

2018

Denver, USA The largest

urban city in

the Colorado

Front Range

Highland climate PM10&PM2.5 Actinobacteria (22)

Bacteroidetes (9.7)

Firmicutes (28.2)

Proteobacteria

(34.6)

– Ascomycota (78)

Basidiomycota (21)

– Bowers

et al., 2013

Thessaloniki,

Greece

The largest port

and second city

in northern

Greece

Mediterranean

climate

Bioaerosol Proteobacteria

(56.0)

Firmicutes (20.0)

Actinobacteria

(20.0)

Pseudomonas

Herbaspirillum

Bacillus

Genitsaris

et al., 2017

Madrid,

Spain

The capital and

largest metro-

polis of Spain

Temperate conti-

nental climate with

Mediterranean

climate character-

istics

Bioaerosol Proteobacteria

Firmicutes

Actinobacteria

Kocuria

Arthrobacter

Sphingomonas

Pantoea

Ascomycota

Basidiomycota

Chytridiomycota

Davidiella

Cladosporium

Alternaria

Aureobasidlum

Núñez

et al., 2019

Gwangju

Metropolitan

City, Republic

of Korea

Located in the

south-west of

Republic of

Korea

West coast type

climate

PM2.5 – – Ascomycota

Basidiomycota

Phaeosphaeria

Pyrenophora

Botryotinia

Abd Aziz

et al., 2018

The North-

western Paci-

fic Ocean,

China

The Bohai Sea;

The Yellow

Sea; The north-

western Pacific

Ocean

(a ship cruise)

Monsoon climate

of medium

latitudes

Bioaerosol Bacteroidetes

(26.99)

Firmicutes (26.72)

Proteobacteria

(21.8)

Bacteroides (9.56)

Prevotella (5.42)

Megamonas (3.22)

Ma et al.,

2019

Toyama Pre-

fecture, Japan

Surrounded by

steep

mountains on

three sides and

spreading fields

Oceanic climate

(snow coverage

throughout the

year in top)

Bioaerosol Proteobacteria

(49.1)

Actinobacteria

(26.3)

Firmicutes (14.0)

– Basidiomycota

(41.7)

Ascomycota (30.9)

Streptophyta (14.9)

Alternaria

Epicoccum

Curvularia

Cladosporium

Tanaka

et al., 2019
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green spaces. Besides, the urban green space area also

influenced the bacterial community in the air (Mhuireach

et al., 2016).

The differences in agricultural land is mainly due to

farming methods and the main crops cultivated. A study

showed that the effects of fungi released during the harvest

process were related to the types of grain and cultivated

land (Pellissier et al., 2016). The effects of fertilization on

airborne microorganisms could not be ignored (Jahne

et al., 2016). Factories, WWTPs, landfill plants, farms, and

other human activities areas are mostly located in the

suburban regions. As indicated earlier, different activities

will produce different bioaerosols. These bioaerosols could

also have an impact on the surrounding environment

(Michalkiewicz, 2019). Forested areas are less affected by

human activities and have their own unique ecosystems.

Different plant types have different microbial communities

on the leaf surface, making the forest have a very unusual

microbial community (Redford et al., 2010). The adhesion

and maintenance of leaves to air particles reduce the re-

suspension of particles (Nguyen et al., 2015).

Since airborne microorganisms change with the source,

and specific microbial communities have been found on

different soil and leaf surfaces, it can be expected that land-

use types will also have a vital influence on airborne

microbial communities (Després et al., 2007; Bowers et al.,

2011a; Balyan et al., 2020; Qi et al., 2020). Further studies

should investigate the characteristics of airborne micro-

organisms in varying land-use types. This analysis will be

conducive to rational planning of land-use patterns and

control of the impact of bioaerosol emissions on human

beings.

4.3 Environmental factors

As mentioned above, the structure of the bioaerosol

community varies regionally. However, even at the same

site, the microbial community structure has been found to

have a distinct seasonal distribution pattern. This indicates

that the structure of the microbial community is also linked

to environmental conditions (meteorological factors and

air pollution).

4.3.1 Meteorological factors

Jones and Harrison (2004) wrote an insightful overview of

the influences of meteorological factors on bioaerosol

concentrations. Their results indicated that temperature and

relative humidity affected the amount of emission from the

source and controlled the release process of actively

released fungal spores. Further, compared with soil surface

microorganisms, microorganisms on the surface of plants

were affected more at lower wind speeds and re-suspended

in the air. In addition, solar UV radiation can potentially

sterilize the ambient air from bioaerosols, a phenomenon

more effective for airborne bacteria (Kowalski and

Pastuszka, 2018).

Rainfall could also affect the concentration of micro-

organisms in the air. On the one hand, some studies

showed that raindrops released a large number of

bioaerosol particles from the plant and soil surface into

the atmosphere, increasing the concentration of micro-

organisms. On the other hand, some studies have also

shown that raindrops transported bioaerosols from high

altitudes to the surface environment (Kang et al., 2015).

We used correlation analysis based on high-throughput

sequencing data to study the extent to which various

meteorological factors affect different species and genera

of bacteria. Spearman’s rank correlation was used to

examine the correlation between airborne bacteria with

relatively high abundance and meteorological factors. The

results show that bacteria of different genera had different

responses to various meteorological factors (Fig. 5). The

atmospheric levels of most bacteria were positively

correlated with temperature, relative humidity, and wind

speed. However, some bacteria, such as Thermus, Bacillus,

Fig. 4 Bioaerosol characteristics of different land-use types. (a) “A” Bacterial abundance of varying land-use types, “B” the total

number of ice nuclei. (b) The dominant bacterial phyla in samples of different land-use types. Adapted from Bowers et al. (2011a).
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and Variovorax, were negatively correlated with ambient

temperature. Therefore, correlation analysis may provide a

possibility for further exploring the relationships between

bioaerosols and meteorological factors from the point of

view of specific components.

4.3.2 Air pollution

Zhen et al. (2017) and Xie et al. (2018) presented two

overviews of the effects of air pollutions on atmospheric

bioaerosols, respectively. Xie et al. (2018) concluded that

the concentration of bioaerosols was higher during the

haze, but tended to decline under conditions with high

pollutant loading. Toxic substances and heavy metals on

the particulate matter also increase with the increase in

pollutant concentration, proving harmful to the micro-

organisms. In addition, they concluded that the effects of

gaseous air pollutants (SO2, CO) on bioaerosols were

controversial and needed further exploration. Zhen et al.

(2017) found that the impact of air pollutants on

bioaerosols was smaller than the meteorological factors.

This might have been the result of the apparent seasonality

of gas-phase and particle-phase pollutant emissions.

Besides, the pollutant loading was constrained by

meteorological factors.

In addition, most studies on the effects of pollutants on

bioaerosols focused on qualitative correlation analysis.

However, little is known about the quantitative impact of

different types of pollutants on bioaerosols. Recently, two

quantitative methods were used to determine the relation-

ship between environmental factors and bioaerosols:

aggregated boosted trees (ABT) (Fan et al., 2019) and

Fig. 5 Analysis of heatmap of dominant bacteria genera in Xi’an, China, based on Spearman rank correlation (**p< 0.01; *p< 0.05).
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multivariate regression trees (MRT) (Qi et al., 2020). Fan

et al. (2019) indicated that atmospheric pollutants had

varying levels of effects on the potential airborne

pathogenic bacteria (Fig. 6(a)). Among them, the mass

concentration of PM10 and PM2.5 were the dominant

factors that affected the potential pathogenic bacteria in

PM, accounting for 27.56% and 19.88% of the relative

influence, respectively. In addition, SO2 and NO2 also had

different effects on pathogenic bacteria community

composition in PM10 (6.70%, 6.79%) and PM2.5

(11.36%, 11.92%). As for fungal bioaerosol, Qi et al.

(2020) showed that the abundance of airborne fungal

community was significantly affected by the level of

particulate pollution (42.8%), followed by O3 (22.57%)

(Fig. 6(b)).

The above sections summarize the effects of geographi-

cal location, land use types, and environmental conditions

on bioaerosols. It can be seen that the factors affecting

bioaerosols are very complex. At present, we have not

been able to reach a unified conclusion on the transport and

diffusion of bioaerosols. Hence, further research studies

should use advanced statistical methods such as indepen-

dent variable screening, collinear diagnosis, principal

component analysis to re-integrate the potential influen-

cing factors and better clarify the interactions between

them.

5 Source identification

In order to accurately identify the origin of airborne

microorganisms and reliably estimate the effects of

bioaerosols on the atmosphere, it is essential to know the

exact contribution rate of each source of microorganisms.

Various source identification methods have been devel-

oped to accomplish this. At present, the identification of

bioaerosol sources is mainly based on biochemical

Fig. 6 Effects of environmental factors on bioaerosols. (a) Relative effects of environmental conditions on opportunistic pathogens in

particulate matter (Reprint from Fan et al. (2019) with permission of Elsevier); (b) Effect of environmental conditions on the richness and

diversity of airborne fungus (Reprint from Qi et al. (2020) with permission of Elsevier).
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techniques.

5.1 Source identification methods

There are three ways to identify the sources of micro-

organisms in aerosols, namely database analysis method

(DAM), correlation analysis method (CAM), and model

analysis method (MAM). Table 4 presents the advantages

and limitations of the methods mentioned above.

DAM is a way to identify the source of airborne

microorganisms. This method can identify the specific

source of microorganisms and further calculate the

contribution of various sources to airborne microorgan-

isms. Based on BLAST (Basic Local Alignment Search

Tool) searches and MetaMetaDB analysis in DAM, Uetake

et al. (2019) determined what fraction of airborne bacteria

originated from the Pacific Ocean, providing a basis for

deciding the long-distance transport of microorganisms.

By using the Global Catalogue of Microorganisms (GCM)

database, Fan et al. (2017) calculated the source distribu-

tion of microorganisms in the air of the Beijing subway.

However, this approach does not reflect the specific

relationship between the microorganisms and the local

potential source contribution.

To judge the relationship between different potential

sources and airborne microorganisms, CAM, another

method, has also been used by several researchers (Bowers

et al., 2013; Lu et al., 2018). This method requires

microbiological samples such as potential sources (soil,

leaves, etc.) around the sampling site. It primarily

determines which one or several potential sources

contribute more to airborne microorganisms by calculating

the correlation between air samples and the microbial

community composition of spatially co-located potential

sources, based on the principal component analysis (PCA).

Bowers et al. (2011a) employed this method to find that the

bacterial community on the leaf surface closely resembled

the bacterial community in the air. However, this method

cannot accurately reflect the contribution rate of potential

sources.

To further obtain the rate of contribution potential

sources to the airborne microorganisms, Knights et al.

(2011) developed Source Tracker Method (STM), a new

model analysis method (MAM). STM is a Bayesian-based

method used to identify pollution sources and pollution

proportions in a marker gene and functional metagenomics

studies. The main features of STM include its ability to

directly estimate the source proportions and uncertainties

in both known and unknown source environments. Uetake

et al. (2019) employed STM to analyze the sources of

bacteria over Tokyo, Japan. In China, Qi et al. (2020)

identified the contribution of potential local sources of

fungi in the air and found that the contribution of the leaf

surfaces exceeded that of soil. Similar results were also

obtained for the bacterial source analysis (Mu et al., 2020).

Since the STM algorithm can provide the contribution rate,

it makes up for the shortage of principal component

analysis. The results of this model also reveal that the

sources of some microorganisms are not from the collected

samples, but from long-distance transport.

5.2 Source identification results

Microorganisms in the air mainly consist of fungi and

bacteria, some of which cause diseases in humans and

plants. The results of the research carried out using existing

source identification methods suggest that the local sources

of fungi and bacteria in the air mainly included soil and leaf

surfaces (Bowers et al., 2011a; Bowers et al., 2011b;

Bowers et al., 2013; Lymperopoulou et al., 2016; Fan et al.,

2019; Qi et al., 2020). Another major source might be from

the long-distance transport of bacteria and fungi (Maki et

al., 2018; Šantl-Temkiv et al., 2018; Uetake et al., 2019;

Mu et al., 2020). Moreover, each source contributed

differently to bioaerosols.

Table 5 summarizes the potential sources of airborne

Table 4 Advantages and limitations of various source identification methods

Source Identification

Method
Main Content Advantage Limitation

Database Analysis Method BLAST searches;

MetametaDB;

Global Catalogue of

Microorganisms (GCM) database

No need to collect samples from potential

sources;

Accurate microbial sources;

Further analysis of various source

contribution rates

Unknown relationship to local sources;

Need of long time and a lot of work

Correlation Analysis

Method

Principal component analysis

(PCA)

Known relationship to local sources;

Easy to operate

Need to collect samples from potential sources

and identify microbial communities;

Unable to determine the contribution rate of

local sources

Model Analysis Method Source Tracker Determining the contribution rate of local

sources;

Easy to operate

Need to collect samples from potential sources

and identify microbial communities;

Limited to collected source samples;

Calculation error
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microorganisms in published references based on the

aforementioned source identification methods. The arctic

air was found to contain a rich diversity of bacteria, which

were likely from a local land environment (mainly soil and

rotting vegetation) or through long-distance transport into

the arctic atmospheric boundary layer (Smets et al., 2016).

Near the coast of Tokyo, Japan, bioaerosols had long

received local inputs of soil and seawater from the Tokyo

bay (Uetake et al., 2019). Snow samples collected from the

mountains indicated that local air microorganisms were

significantly affected by long-distance transport (Maki et

al., 2018). According to a study by Bowers et al. (2011b),

the dominant sources of bacteria in cities in the Midwest of

USA were different in summer and winter because the

contribution rate of the soil, water, and plants significantly

decreased in winter, while the contribution rate of animal

feces increased (Bowers et al., 2011b).

Figure 7 shows our recent source identification results of

airborne bacteria and fungi in Xi’an, China, based on the

STM model. The results demonstrate that the microorgan-

isms in the air mainly came from leaf surfaces. In addition,

differences in microbial sources were observed at different

sampling sites. Qi et al. (2020) and Mu et al. (2020)

indicated that the contribution of leaf surfaces to the

bioaerosol loading was higher in mountainous areas than in

urban areas, which might be due to different plant species

and land cover area. Fan et al. (2019) also showed that

airborne pathogens were affected by potential local

sources, mainly from leaf surfaces in autumn. Therefore,

the influence of plant types on the sources of airborne

microorganism merits further investigation.

As discussed earlier, several methods exist to determine

the significant sources of bioaerosols. The analysis of

microbial sources is beneficial to assess and control

microbial pollution. Therefore, it is necessary to further

develop more precise methods of microbial source

Table 5 Distribution of bacterial sources in different regions worldwide

Region Time Environmental sample Analysis method Source distribution Reference

Tokyo, Japan 2016.8–2017.2 Soil; Bay; River; Pond SourceTracker2 Summer: bay>soil>river>pond

Autumn: soil>river>bay>pond

Winter: bay>soil>river>pond

Uetake et al.,

2019

Mayville, USA

2007 (min-summer;

min-winter)

Soil;

Leaf surface;

Feces

A procedure to calculate

different source

contributions

Summer: feces>leaf surface>

soil

Winter: feces>leaf surface>soil

Bowers et al.,

2011b

Chicago, USA Summer: feces>soil>leaf sur

face

Winter: feces>soil>leaf surface

Detroit, USA Summer: soil>feces>leaf sur-

face

Winter: feces>soil>leaf surface

Cleveland,

USA

Summer: soil>leaf surface>-

feces

Winter: feces>soil>leaf surface

Xi’an, China 2017 (autumn; winter) Soil;

Leaf surface;

A procedure to calculate

different source

contributions

Autumn: leaf surface>soil>

feces

Winter: soil>leaf surface>feces

Fan et al.,

2019

Southnest

Greenland

2013.7–8 Soil; Plant; Snow;

Water; Rain

Correlation analysis Major: soil, decaying vegetation,

long-range transport

Šantl-Temkiv et al.,

2018

Fig. 7 The sources of bacteria and fungi in Xi’an, China. (a) The contribution of different sources to the airborne bacterial loading; (b)

The contribution of various sources to airborne fungi.
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identification to uncover the contribution of various

potential sources of microorganisms in the air. Biomarkers

such as proteins, amino acids, carbohydrates, and lipids

have been recently applied to aid the identification of

aerosol sources and study the aerosol transport trajectory

(Hu et al., 2020). Besides, the influence of the chemical

components in aerosols on the source distribution of

airborne microorganisms remains unclear. This factor

should be considered in the development of novel source

identification methods.

6 Conclusions and perspectives

The knowledge of sources and transport of bioaerosols is

of crucial importance to better understand the role of

microorganisms in the atmosphere and control the spread

of epidemic diseases associated with bioaerosols. Over the

past two decades, significant progress has been made on

the source characteristics, source identification, and

diffusion and transport modeling of bioaerosols. However,

some vital scientific questions on bioaerosols remain

unaddressed so far.

The existing studies on bioaerosols focused primarily on

the changes in microbial concentration and community

structure. However, future research should dive into the

emission characteristics (emission flux) of bioaerosols

from various sources, especially from artificial sources.

This can provide a sound basis for estimating bioaerosol

emissions, transport, and their impact on the atmosphere

and public health.

The diffusion and transport models can immensely help

to improve the understanding of the transport process of

bioaerosols and their influencing factors. Therefore, more

accurate comprehensive models that consider the emission

and biochemical properties of microorganisms and their

possible changes in the atmosphere are required in the

future.

The interactions between the factors affecting the

diffusion and transport of bioaerosols are incredibly

complicated and are far from resolved. Hence, sophisti-

cated statistical methods such as independent variable

screening, collinear diagnosis, principal component ana-

lysis are recommended to re-integrate the potential

influencing factors and thus obtain a more precise

correlation between each factor and bioaerosols.

Although several statistical methods have been devel-

oped to identify the possible sources of bioaerosols, more

precise techniques are still needed to uncover the

contribution of various potential sources of microorgan-

isms in the air.
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