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Abstract Exposure to bioaerosols can have adverse
effects on human health and contribute to allergies,
asthma, infectious diseases and pulmonary conditions.
Bioaerosols are airborne particles of microbial, animal
and plant origin. Animal- and plant-derived particles,
which may disperse over long distances, are being
increasingly addressed by environmental studies in
addition to microorganisms. In this study, air samples
were collected in various planned areas of three cities
in China (Beijing, Hangzhou and Wuhan) using a new
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liquid-based sampler. Animal, plant and bacterial
components were quantified according to the expres-
sion levels of housekeeping genes via real-time PCR
and analysis of cycle threshold (Ct) values. The level
of animal-derived particles in the air of Hangzhou was
higher than those in the other two cities. More
bacterial particles than animal or plant particles were
detected in the air in Beijing compared with other
cities. We also found a negative correlation between
the bacterial content of bioaerosols and relative
humidity and a positive correlation between bacterial
content and temperature. By contrast, bioaerosol
animal content was positively correlated with relative
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humidity and negatively correlated with temperature.
In summary, high levels of bacterial particles were
detected in atmospheric samples in China, although
the lower concentrations of animal- and plant-derived
particles should not be ignored. These data may
provide important evidence for structural analyses of
animal- and plant-derived bioaerosols as well as for
risk assessment.

Keywords Bioaerosol - Beijing - Wuhan -
Hangzhou - PCR

1 Introduction

Bioaerosols, also known as atmospheric biological
particles, can originate from a variety of natural and
anthropogenic sources (e.g., husbandry, industrial and
agricultural activities) and a variety of locations (e.g.,
land, ocean, freshwater, soil, forest, desert and urban
areas) (Brodie et al. 2007; Gandolfi et al. 2013; Yoo
et al. 2017). Bioaerosols have significant effects on
atmospheric chemistry, physics and cloud formation
and influence the global climate (Pdschl 2005; Morris
et al. 2014). Moreover, exposure to bioaerosols may be
detrimental to human health and contribute to infec-
tious diseases, acute toxic effects, allergies, cardio-
vascular disease and cancers (Humbal et al. 2018;
Bowers et al. 2011; Walser et al. 2015). Generally,
biological aerosol particles can include microorgan-
isms and many types of intact or fragmented biological
cells, dispersal units, or tissues (Després et al. 2012;
Yoo et al. 2017). Microorganism-derived materials
include live or dead intact microbes (e.g., fungi,
bacteria, viruses and protozoa) as well as fragments
including endotoxins, mycotoxins, spores, proteins,
nucleic acids and metabolic products (Veillettea et al.
2018). Human activities, such as agriculture, animal
feed production, traffic, wastewater treatment and
composting, are the major causes of airborne microor-
ganisms in urban areas (Skotak et al. 2016). Bioaer-
osols account for approximately 30% of the aerosol
load in urban air (Després et al. 2012; Huffman et al.
2013; Frohlich-Nowoisky et al. 2016). In recent years,
the temporal and spatial distributions of bioaerosols
(bacteria, fungi and viruses) in modern cities around
the world have been investigated using culture-based,
molecular or optical methods. Numerous studies have
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demonstrated that bioaerosol levels vary across sea-
sons and regions (Bowers et al. 2013; Gabey et al.
2013; Haas et al. 2013; Helin et al. 2017; Huffman
et al. 2012; Hurtado et al. 2014; Innocente et al. 2017;
Lee et al. 2016; Wu et al. 2012; Maki et al. 2015; Xie
et al. 2018a, b; Cao et al. 2014; Gao et al. 2016; Lu
et al. 2018a, b; Xie et al. 2018a, b a).

Most published studies of bioaerosols have focused
on detecting airborne microorganisms (especially
bacteria) under different weather conditions or in
high-risk work environments such as farms, livestock
or poultry feeding areas and slaughterhouses (Chien
et al. 2011; Hu et al. 2015; Lutgring et al. 1997;
Millner 2009; Straumfors et al. 2016; Veillettea et al.
2018) for the purpose of risk assessment. However,
bioaerosols of animal and plant origin have often been
overlooked. Animal- and plant-derived particles con-
tain uncultivable, dead, or fragmented plant and
animal cells derived from multiple sources including
leaf litter, algae, brochosomes, pollen, grains, aero-
solized feed, feces droplets, dandruff, insect parts,
feathers, flaked bird skin debris and broken feather
barbules (Cox and Clark 1973; Després et al. 2012;
Chien et al. 2011; Millner 2009; Wittmaack et al.
2005). Such particles may be emitted from trees,
grasses, rocks, animal skin or hair, poultry and
livestock, food processing, agricultural production
and composting facilities. Bioaerosol constituents
may have adverse health impacts despite their gener-
ally low concentrations at a distance from the source.
Exposure to such particles may produce a variety of
clinical responses including allergy, asthma, pneumo-
nia, chronic bronchitis, organic dust toxic syndrome
and other chest illnesses (Iversen 1999; Millner 2009;
Straumfors et al. 2016). In addition, animal- and plant-
derived bioaerosols vary in size from 0.001 pm to
100 pm in diameter (Poschl 2005) but are normally at
the larger end of this range; for example, pollen from
anemophilous plants has aerodynamic diameters of
17-58 pum (Després et al. 2012; Yoo et al. 2017).
These particles have high settling velocities, and their
residence time in the atmosphere influences the
distance they can travel (Després et al. 2012). Some
particles may be lifted to high altitudes and have long
residence times (Diehl et al. 2001; Després et al.
2012). They may also be resuspended from the ground
and travel short or long distances along with dust in the
air due to wind-driven or traffic-related effects
(Esmaeil et al. 2014; Hallar et al. 2011; Jochner
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et al.2015; Frohlich-Nowoisky et al. 2016; Ortiz-
Martinez et al. 2015). Dust aerosols can be transported
over thousands of kilometers from their source
(Goudie 2014; Yoo et al. 2017). Animal- and plant-
derived particles in complexes with dust can become
carriers for airborne microorganisms and provide
nutrition for their growth (Maron et al. 2005; Park
et al. 2018; Yamaguchi et al. 2012). In addition,
proteins including airborne allergens may be con-
tained in coarse biological particles such as pollen
grains, which can form from plant debris (Pdschl
2005). Since the specific components that are respon-
sible for health threats from bioaerosol exposure
remain unclear (Yoo et al. 2017), biological aerosol
particles originating from animal and plant sources
should be monitored for occupational safety and
public health purposes.

It is estimated that only 1% of microorganisms in
bioaerosols can be cultured (Després et al. 2012), and
detection of animal- and plant-derived particles is
currently not possible using culture methods. Cur-
rently, PCR-based assays play an important role in the
analysis of environmental samples. Housekeeping
genes, which are expressed at relatively constant
levels, provide ideal targets for discriminating taxo-
nomic groups (Hebert et al. 2003; Radonic et al. 2004).
Thus, airborne biological particles derived from
animal, plant and bacterial sources can be quantified
by analyzing the levels of these housekeeping genes.
In this study, the spatial distributions of animal-, plant-
and bacteria-derived atmospheric biological particles
were investigated in three cities in China using real-
time PCR. The correlations between bioaerosol levels
and meteorological factors were also evaluated.

2 Materials and methods

2.1 Design and evaluation of housekeeping gene
primers and probes

The universality and specificity of housekeeping genes
for animals, plants and bacteria were evaluated.
Primers and TagMan probes used for the detection
and amplification of housekeeping genes were syn-
thesized by Invitrogen (Thermo Fisher Scientific,
Waltham, MA, USA; Table 1). Pork, beef, fish and
chicken purchased from the Yonghui Supermarket in
Beijing were selected as representative sources of

animal DNA to test the designed primers and probes.
For plant samples, DNA from two types of vegeta-
bles (Brassica napus and Lactuca sativa), leaves of
outdoor plants (Ilex paraguariensis, Prunus persica,
Eucommia ulmoides and Ginkgo biloba) and leaves of
pot-cultured plants (Alocasia macrorrhiza and Scin-
dapsus aureus) were used to assess the specificity and
sensitivity of the primers and probes (Gu et al. 2014;
Song et al. 2018). Staphylococcus aureus, Escherichia
coli, Salmonella typhimurium and Streptococcus fae-
cium were chosen as representative bacterial species to
evaluate the primers and probes (Wan 2015).

DNA was extracted from meat and bacterial
cultures using the Blood and Tissue Kit (QIAGEN
GmbH, Hilden, Germany) according to the manufac-
turer’s protocol. Plant DNA samples were extracted
using the Plant Genomic DNA Kit (TTANGEN Inc.,
Beijing, China). Real-time PCR assays were per-
formed using an ABI 7500-Fast real-time PCR system
(Applied Biosystems, Thermo Fisher Scientific, Wal-
tham, MA, USA). The instrument’s on-board software
was used for data analysis. Assays were carried outin a
25-puL reaction volume with an ABI one-step RT-PCR
kit (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA). Each PCR mixture contained 1
pL of 25 x enzyme mix, 12.5 pLL of 2 x PCR buffer,
1 pL each of the forward and reverse primers, 1 pL of
probe, 7 pL. of DNA template and 2.5 pL. of DNase/
RNase-free water. The PCR cycling conditions were
as follows: 95° C for 9 min, followed by 40 cycles of
95° C for 15 s and 60° C for 1 min. Cycle threshold
(Ct) values were recorded after each experiment.
Genomic DNA from nontarget organisms was used as
a negative control, and deionized water was used as a
blank control for each target gene.

2.2 Field sampling
2.2.1 Sampling sites

Geographically, China consists of seven major
regions: northeast, north, east, central, south, southeast
and southwest. In this study, sampling of ambient
bioaerosols was carried out in three prosperous cities
with high population densities (> 10 million individ-
uals): Beijing, Hangzhou and Wuhan. These three
cities represent the northern, eastern and central
regions, respectively, and have continental, subtrop-
ical monsoon and temperate monsoon climates,
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Table 1 Primers and probes for the housekeeping genes of different organisms

Sample source Primer/probe Sequences (5'-3')
Animal Forward ACCGTGCAAAGGTAGCATAATCA

Reverse GCTCCATAGGGTCTTCTCGTCTT

Probe FAM-ACTTGTATGAATGGCCGCACGAGGGTT-BHQI1
Plant (Gu 2014; Song et al. 2018) Forward CGAAATCGGTAGACGCTACG

Reverse TTCCATTGAGTCTCTGCACCT

Probe FAM-ATTGGATTGAGCCTTGGTATGGAAACCTGC-BHQ1
Bacteria (Wan2015) Forward CATGAAGTCGGAATCGCTAGTAATC

Reverse CATCGGCTACCTTGTTACGACTTC

Probe FAM-CGGTGAATACGTTCCCGGGCCTTG-BHQI1

respectively  (Fig. 1). Beijing (39.4° —41.6° N,
115.7° —117.4° E), the capital of China, is located in
the northern part of the North China Plain and is
surrounded by the Taihang Mountains to the west and
the Yanshan Mountains to the north and northeast. The
terrain is high in the northwest of the city
(1000-1500 m above sea level) and low in the
southeast (20-60 m above sea level). The city has a
total population of 21 million individuals and an area
of 16,410 km?. Beijing has four distinct seasons with a
long summer and winter and a shorter spring and
autumn. The average annual temperature is 12.6 °C
and 620.6 mm of precipitation fell in 2017. Hangzhou
(29°11-30°33'N, 118°21'-120°30'E), the capital of
Zhejiang Province, is located along the southeastern
coast of China and is in the southern wing of the
Yangtze River Delta. The world’s longest canal (the
Grand Canal) winds through the city, in addition to the
Qiangtang River. The city has a total population of
10.1 million individuals and an area of 16,853 km®.
Hangzhou has a subtropical monsoon climate with
plentiful rainfall and sufficient sunshine. Its average
annual temperature is 17.8 °C, the average relative
humidity is 70%, and the average annual rainfall is
1454 mm. Wuhan (29°58'-31°22'N, 113°41'-
115°05'E, 19.2-873.7 m above sea level), the only
subprovincial city in central China, is the capital of
Hubei Province. The city has a total population of 10.9
million individuals and an area of 8,494 km?>. The
world’s third longest river (the Yangtze) flows through
the city. Wuhan has a humid subtropical monsoon
climate with abundant rainfall, abundant sunshine and
four distinct seasons. The average annual temperature
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is 15.8-17.5 °C, and the average precipitation is
1150-1450 mm.

Seven sampling areas were selected in the cities of
Beijing, Wuhan and Hangzhou based on the Ambient
Air  Quality Standards  (National  Standard
GB3095-2012). Each site represented a different
planned area of the city (Table 2). Environmental
functional zones were divided into three levels: level
1, natural protection and scenic areas; level 2,
residential-commercial mixed areas, residential areas,
cultural industry parks, industrial parks and rural
areas; and level 3, specific industrial areas with
enhanced restrictions. In each city, the seven sampling
areas included two level 1 zones (rich in vegetation
and/or forests) and five level 2 zones (including areas
with high human population density and rural areas
where dairy farms are located). Therefore, within the
three cities that represent different climactic regions,
we selected seven sites for sampling while covering
different environmental functional zones.

2.2.2 Collection of environmental samples

Three teams were assigned for air sampling in each
city from July 30 to August 20, 2018, using the
BioCapture-6 sampler (Fig. 2; Bio-enrichment Tech-
nology Co., Ltd., Hangzhou, China). Each team
worked at an individual sampling site for three
continuous days. All sampling time arrangements are
listed in Supplementary Table 1, and the temperatures
and relative humidities are listed in Supplementary
Table 3. Air (1000 L) was sampled continuously using
a BioCapture-6 sampler at a rate of 80 L/min. Each
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Fig. 1 Schematic diagram of sampling sites in three cities in China

sample took 13 min to obtain. The sampler was
designed by the Bio-enrichment Technology Co., Ltd.
It is a lithium battery-powered bioaerosol sampler and
weighs 4.8 kg. The sampler was operated at flow rate
of 80 L/min, and airborne particles were effectively
collected into liquids under inertia and centrifugal
force. The sampler has a dismountable sampling head
as well as a sampling bottle. Before sampling, the
plastic head and sampling bottles were disinfected
using 75% ethanol, cleaned with deionized water and
then baked at 80 °C in an oven overnight.

A bottle was filled with 45 mL of phosphate-
buffered saline (PBS) as the sampling liquid, and then
150 pL of magnetic bead solution (Bio-enrichment

Legend
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Urban Functional Area Il
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® Urban Functional Areal [
@ Urban Functional Area Il

20 km

Technology Co., Ltd., Hangzhou, China) was added to
the sampling liquid. These magnetic beads were
specially developed for bioaerosol collection. The
collected organisms are adsorbed onto the surface of
the beads during sampling, where they aggregate and
survive better due to reduced levels of reaerosoliza-
tion. The air sampler was set at a height of 1.2-1.5 m
above the ground. Temperature and relative humidity
were also recorded during sampling. After sampling,
the sampling head was disassembled and immersed in
75% ethanol for disinfection. The sampling liquid was
placed on the magnetic rack of the sampler for 3 min
at room temperature. Subsequently, the supernatant
was carefully discarded, and the magnetic beads were
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Table 2 Sampling sites in the three cities

Sampling Place name Longitude and latitude City planning area Urban
sites functional
area
Beijing 1  Baihua Mountain 115° 33" E, 39°50' N Natural protection area I
2 Ming Tombs 116° 14’ E, 40°57' N Scenic area I
3 798 Art District 116° 29" E, 39°59' N Cultural industry park 1T
4  Han’s Plaza 116° 30" E, 39°47' N Residential- 11
commercial mixed
area
5  Gemdale Green Town 116° 29" E, 39°47' N Residential area 11
6  Yizhuang Industrial Park 116° 31'E, 39°48' N Industrial park 11
7  Songge Village 116° 19" E, 39°37' N Rural area I
Wuhan 1 Shangshe Lake Wetland 114° 17" 23.15“ E, 30° 8’ 50.77” N Natural protection area I
2 East Lake Luoyan Scenic Area 114° 26/ 29.49“ E,30° 33’ 47.18” N  Scenic area 1
3 Moore City of New Life 114° 19 43.97“ E, 30° 39’ 41.77” N Residential- 11
commercial mixed
area
4 Central China Normal University ~ 114° 22’ 1.98“ E, 30° 31’ 26.41” N Cultural industry park 1T
5 Dongjia wan in Jiangxia District ~ 114° 17’ 36.88“ E,30° 15’ 34.21” N Rural area I
6  Zhongnan fiber reinforced plastic ~ 114° 28’ 33.99¢“ E,30° 38’ 51.18” N Industrial park I
Plant
7  Shidajia Shiji Cheng 114° 19’ 51.92¢ E,30° 39’ 39.65” N Residential area I
Hangzhou 1 West Lake 120° 8’ 30.00¢ E,30° 14’ 45.00” N Scenic area 1
2 Xixi National Wetland Park 120° 3’/ 58.74“ E,30° 16’ 5.00” N Natural protection area 1
3 Master Kang Company 120° 21’ 37.70“ E,30° 20’ 26.65” N Industrial park II
4 Tiancheng Road/Hangzhou East 120° 12’ 50.94« E,30° 17 50.18” N Residential- II
Railway station commercial mixed
area
5 Line Park 120° 3’ 12.99“ E,30° 13/ 47.05” N Cultural industry park  1I

Mingyue jiayuan Zone 3
7  Zhong Village

120° 13’ 39.72“ E30° 17' 41.51” N
119° 59’ 11.54“ E,30° 7/ 13.91” N

Residential area 1I
Rural area II

resuspended in 200 pL of PBS. The mixture was then
transferred to a microcentrifuge and transported to the
laboratory for the next experiment.

Nucleic acids were extracted using a DNeasy
Power Water Kit (QIAGEN GmbH, Hilden, Ger-
many). The presence of genetic material derived from
animal, plant and bacterial components in environ-
mental samples was analyzed by real-time PCR as
described in Sect. 2.1. Ct values were recorded after
each experiment. DNA extracted from pork and
lettuce was used as the positive control for animal-
derived and plant-derived amplifications, respectively.
DNase/RNase-free water was used as the blank control
for all amplifications.
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2.2.3 Data analysis

Data analysis was performed using SAS 8.2 software
(SAS Institute, Inc.). An independent-sample t test or
Wilcoxon two-sample test was used to compare Ct
values between datasets. A one-way analysis of
variance (ANOVA) or Kruskal-Wallis test was used
to assess differences in Ct values across three or more
datasets. Differences were considered statistically
significant at P < 0.05. Linear regression was per-
formed using Prism version 6.02 (GraphPad Software,
Inc.).
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Fig. 2 The BioCapture-6 bioaerosol sampler
3 Results
3.1 Evaluation of housekeeping genes

Each pair of primers and probes listed in Table 1 was
evaluated separately. Mitochondrial 16S rRNA-en-
coding genes were detected as the housekeeping genes
for animals. Following assessment of primers and
probes, the average Ct values for pork, beef, fish and
chicken were 14.8, 11.3, 26.66 and 26.02, respec-
tively. The chloroplast tRNALeu gene was used as the
housekeeping gene for detecting plant-derived aero-
sols (General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of
China 2003). The probe sequences for the chloroplast
tRNA genes of different plants were designed in our
laboratory. Following assessment of the primers and
probes, the Ct values for Brassica napus, Lactuca
sativa, Ilex paraguariensis, P. persica, E. ulmoides,
Ginkgo biloba, Alocasia macrorrhiza and Scindapsus
aureus were 12.88, 11.64, 24.55, 13.85, 19.0, 22.13,
1545 and 12.93, respectively. Pure cultures of
Staphylococcus  aureus, E. coli, Salmonella

Table 3 Concentration levels of animal-, plant- and bacteria-derived particles

Average Ct values of collected air samples (animal/plant/bacteria)

City

Urban functional area II

Urban functional area I

Rural area

Cultural industry

park

Industrial area

Residential-commercial

mixed area

Scenic area Residential area

Natural

protection area

38.35/35.58/22.58
36.30/37.60/26.37

37.67/-/25.08

36.82/37.87/22.28
34.08/36.49/25.14
37.66/-/25.36

36.95/34.54/22.69
30.96/34.53/25.70

37.56/36.38/23.20
29.64/33.06/25.05

39.76/35.05/25.13

34.40/29.75/20.98

33.93/36.66/24.31
36.02/32.03/26.54

38.04/36.88/23.77

37.49/35.73/21.25

Beijing

35.72/34.58/26.34
38.90/36.53/23.90

32.49/29.06/25.08

Hangzhou
Wuhan

38.29/34.04/23.72

37.74/37.11/25.20
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typhimurium, and S. faecium were used for nucleic
acid extraction and amplification to evaluate the
primers and probes. The Ct values for the correspond-
ing genomic DNA samples were 15.81, 12.62, 12.07
and 9.05, respectively. These results showed that
housekeeping genes from different organisms could be
successfully amplified by real-time PCR and that these
amplification methods could be used for the detection
of animal-, plant- and bacteria-derived particles in air.

3.2 Variations in bioaerosol particle distributions
from the atmospheres of three cities

Animal-, plant- and bacteria-derived particles were
collected and detected (Table 3). Their relative
amounts were quantified based on the Ct values of
the housekeeping genes. The Ct values (< 40) of
housekeeping genes detected in the collected samples
are listed in Supplementary Table 2 and Supplemen-
tary Fig. 1. In Beijing, bioaerosols in urban functional
area I did not differ significantly from those in
functional area II regardless of particle type (animal:
t= — 131, P>0.05 plant: t=0.50, P> 0.05,
bacteria: z = — 0.71, P > 0.05; Fig. 3a). The con-
tents of animal-, plant- and bacteria-derived particles
for each city as a whole were also evaluated and were
found to differ significantly (F' = 279.74, P < 0.0001;
Fig. 3d). The average Ct values for animal-, plant- and
bacteria-derived aerosol particles were 36.62, 35.65
and 22.32, respectively. In Hangzhou, the levels of
animal- and bacteria-derived particles in urban func-
tional areas I and II were similar (animal: z = 0.64,
P > 0.05, bacteria: t=0.17, P> 0.05; Fig. 3b),
whereas the levels of plant-derived particles in these
two functional areas were significantly different
(t= — 3.33, P <0.05). Thus, more plant-derived
particles were detected in functional area I than in
functional area II (Ct value: 30.55 versus 35.11). The
levels of animal-, plant- and bacteria-derived particles
in the city as a whole were also different (> = 27.01,
P < 0.0001; Fig.3d). The Ct values for animal-,
plant- and bacteria-derived aerosol particles were
33.60, 33.71 and 25.74, respectively. Student—New-
man—Keuls grouping analysis showed that there were
no statistically significant differences in the quantity
of animal- and plant-derived particles. In Wuhan, none
of the three types of bioaerosol particles in urban
functional area I differed significantly in quantity from
those in functional area II (animal: r= — 0.83,
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P> 0.05, plant: z=1.17, P> 0.05, bacteria:
t= — 0.31, P> 0.05; Fig. 3c). The Ct values for
animal-, plant- and bacteria-derived particles in the
city were 38.16, 35.65 and 24.59, respectively. Thus,
the levels of animal-, plant- and bacteria-derived
particles were significantly different (%> = 25.99,
P < 0.0001; Fig. 3d), and more bacterial particles
than plant-derived and animal-derived particles were
detected.

The differences in the distribution of bioaerosols
from Beijing, Hangzhou and Wuhan were also
analyzed. There were no statistically significant dif-
ferences in the levels of animal-derived particles
detected in urban functional area I of the three cities
()(2 =4.90, P > 0.05; Fig. 4a). In urban functional
area II, the concentration of animal-derived particles
in Hangzhou (Ct value: 33.34) was higher than that in
the two other cities ()(2 = 14.80, P < 0.05; Fig. 4a).
There were no significant differences in the concen-
trations of animal-derived particles between Beijing
(Ct: 36.81) and Wuhan (Ct: 38.32). The highest levels
of plant-derived particles were detected in urban
functional area I of Hangzhou (F = 7.96, P < 0.05;
Fig. 4b). The Ct values for plant-derived particles in
Hangzhou, Beijing and Wuhan were 30.55, 36.04 and
37.00, respectively. The quantities of plant-derived
particles in urban functional area II of the three cities
were not significantly different (%* = 1.08, P > 0.05;
Fig. 4b). Airborne bacteria levels in urban functional
area I of Beijing (Ct: 22.27) were higher than those in
Hangzhou (Ct: 25.81) and Wuhan (Ct: 24.49), with no
differences observed between the levels of the latter
two cities (F =7.41, P <0.05; Fig. 4c). In urban
functional area II, the levels of airborne bacteria
differed among the three cities (F = 41.42, P < 0.05;
Fig. 4c¢), with the levels in Beijing being the highest,
followed by those in Wuhan and Hangzhou
(22.34 < 24.63 < 25.72).

Bioaerosol particles from different sources in the
three cities were analyzed without considering the
functional areas. Compared with Beijing and Wuhan,
Hangzhou contained more animal-derived particles
(x* = 19.94, P < 0.0001; Fig. 4d). The corresponding
Ct values for animal-derived particles in Hangzhou,
Beijing and Wuhan were 33.60, 36.62 and 38.16,
respectively. No differences were observed in the
levels of airborne plant-derived particles in the three
cities (F =2.30, P > 0.05; Fig. 4d). However, the
levels of airborne bacteria in the three cities were
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Fig. 3 Ct values for animal-, plant- and bacteria-derived particles in air samples collected from two functional areas in a Beijing,
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significantly  different (F =43.77, P < 0.0001;
Fig. 4d). The levels of airborne bacteria in Beijing
were highest, followed by those in Wuhan and
Hangzhou (22.32 < 24.59 < 25.74).

3.3 Linear correlations between bioaerosol levels
and meteorological factors

Data from all three cities were pooled for analysis.
Overall, the levels of bacteria-derived particles in the
air were much higher than those of animal- and plant-
derived particles (X2 = 85.03, P < 0.0001; Fig. 5a).
The average Ct values for bacteria-, plant- and animal-
derived particles were 24.13, 34.95 and 36, respec-
tively. Regardless of their origin, the bioaerosol levels
in functional area I were not significantly different
from those in functional area II (animal: z = 0.01,
P > 0.05; plant: z=0.15, P> 0.05; bacteria:
t=0.55, P> 0.05; Fig. 5b). No differences in
bioaerosol levels of any origin were detected among
the seven planned areas of any city (animal:

¥x2 =2.27, P > 0.05; plant: F = 0.86, P > 0.05; bac-
teria: y2 = 3.68, P > 0.05; Fig. 6).

The influences of temperature, relative humidity
and altitude on bioaerosol distributions were evaluated
using linear correlation analyses for animal-, plant-
and bacteria-derived bioaerosols (Fig. 7). The Ct
values for animal-derived bioaerosols were positively
correlated with relative humidity (r = 0.4425,
R? = 0.1958, P =0.0038, Fig. 7d) but negatively
correlated with temperature (r = -0.3800,
R% = 0.1444, P = 0.014, Fig. 7g). Thus, as relative
humidity rose, the levels of airborne animal-derived
particles increased. By contrast, the levels of these
particles decreased as the relative temperature
increased. None of these three environmental param-
eters were correlated with the levels of plant-derived
particles (P = 0.1220, P = 0.1132, and P = 0.4928 for
temperature, relative humidity and altitude, respec-
tively; Fig. 7b, e and h). The Ct values for bacteria-
derived particles were negatively correlated with
relative  humidity and  altitude  (altitude:
r= — 05495, R*=0.3019, P =0.0001, Fig. 7c;
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relative  humidity: r=-0.3165, R? = 0.1002,
P =0.0363, Fig. 7f) but positively correlated with
temperature (r = 0.35377, R? = 0.1251, P = 0.0185,
Fig. 7i). Thus, bacterial levels in the air decreased
with increasing relative humidity and altitude but
increased with increasing temperature.

@ Springer

4 Discussion
4.1 Geographical and ecological factors

In this study, atmospheric bioaerosols of animal, plant
and bacterial origin from Beijing, Hangzhou and
Wuhan were analyzed using real-time PCR. Beijing,
Hangzhou and Wuhan, which are located in northern,
eastern and central China, respectively, are densely
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populated and have undergone rapid urbanization and urban functional area II, urban functional area I has
industrialization over the last two decades. Each city abundant vegetation and is sparsely populated. How-
was divided into two functional areas. Compared with ever, increased levels of plant-derived particulates
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were only detected in urban functional area I of
Hangzhou, and these levels were higher than those in
area | of the other two cities. Based on geographical
effects, Hangzhou has the highest plant coverage, at
69.8%, followed by Wuhan (65.1%) and Beijing
(43.5%) (Ma et al. 2019; Huang and Xie 2009).
Findings of previous studies support these results. For
example, the plentiful vegetation and forest coverage
in Hangzhou resulted in higher levels of plant-derived
particles during summer (Song and Zheng 2012; Tang
et al. 2019; Wang et al. 2009; Shen et al. 2011). In
addition, despite their very low concentrations, ani-
mal-derived particles were still detected in urban
areas. More than one-third of the Ct values measured
in our study were below 36, with a minimum of 29.
The levels of animal-derived particles in the air of
Hangzhou were higher those in the other two cities. A
previous study showed that the distributions and
habitats of bird populations were positively correlated
with plant coverage in scenic areas and national parks
in Hangzhou (Zhou 2018). The large bird population
may explain the higher levels of animal-derived
particles in the city of Hangzhou (Lu et al. 2010).

Considering the influence of altitude, microorgan-
isms have been detected in the air at elevations as high
as 20-70 km (Després et al. 2012; Womack et al.
2010). In the present study, altitude as a geographical
factor ranging from — 20 to 1100 m was also evalu-
ated, although more than 85% of measurements were
below 100 m. More systematic data are needed to
thoroughly assess the relationship between bioaerosol
level and altitude.

4.2 Anthropogenic factors

Bioaerosols are important components of atmospheric
aerosols, and 80% of total airborne microorganisms
are bacteria (Cao et al. 2014; Frohlich-Nowoisky et al.
2016; Jaenicke 2005). In our study, we found signif-
icantly higher levels of bacteria-derived particles than
of plant- or animal-derived particles in the air for all
cities. Based on previous studies on the analysis of
aerosol pollutant levels among these three cities in
summer from 2014-2016, PM2.5 levels were higher in
Beijing than in Hangzhou and Wuhan (Jia et al. 2018;
Li 2017; Lu et al. 2018a, b). PM2.5 levels reflect the
pollutant levels of particles with aerodynamic diam-
eters less than 2.5 pum, including bacteria. This may be
the reason for the higher levels of bacterial than of

@ Springer

animal and plant particles in Beijing compared with
other cities. This result is consistent with those of a
previous analysis of PM2.5 pollutant levels among
these three cities. This finding may be attributed to the
fact that Beijing is a super metropolis with a total
population of 21 million individuals. A high popula-
tion density with large gatherings in public places, as
well as a windy dry climate, promotes suspension of
bacteria in the air (Ma et al. 2018; Wu et al. 2012).

4.3 Meteorological factors

Bioaerosols play important roles in atmospheric
chemistry and the nucleation process and may influ-
ence the global climate (Morris et al. 2014). Meteo-
rological factors, including temperature, relative
humidity, wind direction, wind speed, solar radiation,
precipitation and chemical factors, have significant
impacts on the generation, composition, concentration
and transmission of bioaerosols (Bertolini et al. 2013;
Ferguson et al. 2019; Xie et al. 2018a, b a; Zhen et al.
2017).

For bacterial aerosols, temperature and relative
humidity are two key factors that influence the
viability and growth of microorganisms in the atmo-
sphere (Harrison et al. 2005; Lu et al. 2018a, b; Mouli
et al. 2005; Smets et al. 2016). Bragoszewska and
Pastuszka (2018) reported that the propagation and
survival of airborne bacteria increase in fall and winter
and decrease in spring and summer (Bragoszewska
and Pastuszka 2018). A study in western Oregon,
USA, found that the abundance of airborne bacteria
was positively correlated with temperature but nega-
tively correlated with relative humidity (Tong and
Lighthard 2000). Santl-Temkiv et al. (2018) showed
that bacterial densities were positively correlated with
air temperature and negatively correlated with relative
humidity in western Greenland during mid-summer.
In our study, data from all three cities were pooled for
linear correlation analysis with environmental factors.
The temperatures ranged from 26° to 38° C. Positive
correlations were observed between bacteria-derived
particle levels and temperature, and negative correla-
tions were observed between bacterial content and
relative humidity. These results are consistent with
those of previous studies (Uetake et al 2019; Santl-
Temkiv et al. 2018; Tong and Lighthard 2000;
Bragoszewska and Pastuszka 2018). Microorganisms
grow faster at higher temperatures (Xie et al.
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2018a, b). Thus, our study is consistent with other
published reports and supports the idea that high
relative humidity keeps the ground surface wet. The
resulting surface tension may keep particles attached
to the surface and reduce the levels of bacteria-derived
particles in the air (Jones and Harrison 2004; Santl-
Temkiv et al., 2018; Bragoszewska and Pastuszka
2018; Gao et al. 2016; Ferguson et al. 2019; Dybwad
et al. 2014; Zhai et al. 2018). In our study, no
correlation was detected between the level of plant-
derived particles and temperature or humidity.
Because of data collection limitations, we could not
identify the correlations between pollen levels and
meteorological factors. This finding was inconsistent
with the results of Lo and Levetin (2007), who
reported positive correlations between pollen levels
and temperature. In future studies, specific primers
and probes for detecting specific families or species of
plants, including pollen, will be used in selected
regions from each city to assess the correlations
between meteorological factors and bioaerosol levels
derived from specific plant species. Moreover, the
levels of airborne animal-derived particles were
negatively correlated with temperature and positively
correlated with relative humidity. Generally, biolog-
ical particles of animal origin have large size distri-
butions and settle quickly due to gravitational forces.
Once settled, particles may be re-suspended by wind
or aeolian dust events and dispersed over long
distances by air flow (Lutgring et al. 1997; Millner
2009; Park et al. 2018; Serrano-Silva and Calderdn-
Ezquerro 2018). However, recent research for the
influence mechanism of meteorological conditions
including temperature and relative humidity on the
concentration and species composition of animal-
derived bioaerosol is still insufficient. In future
research, wind speed and precipitation must be
considered as meteorological factors, and their effects
on our monitoring results should be studied.

4.4 Uncertainties and limitations

As this was a preliminary study, it should be noted that
Ct values instead of DNA copy numbers were used to
quantify relative bioaerosol levels. Although copy
number is a better indicator, we believe that our results
still provide useful estimates. The experimental design
needs to be refined in follow-up studies. More
significant sampling sites will be selected with better

climatic characteristics, including those in temperate
zones, subtropical zones, tropical zones, plateaus and
mountainous areas. In addition, long term monitoring
is necessary to obtain more accurate temporal and
spatial information on bioaerosol distributions. Sam-
ples must be taken at different locations simultane-
ously during all four seasons. The resulting data can be
used for multiple analyses; for example, bacterial or
viral detection can be carried out through culture
methods or next-generation DNA sequencing
approaches, but this is contingent on funding. Such
an approach would enable more detailed and conclu-
sive analyses of species diversity in relation to the
impact of bioaerosols on human health. Further studies
may focus on particle size distributions, compositions,
microscopic structures, origins, dispersal capabilities
and correlations with anthropogenic air, and these will
be crucial to further developing processes to study
transmission routes, animal sources of viruses and
pathogenesis of global respiratory diseases.
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