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of the bioaerosols present at the boundary of the landfill site. Furthermore, the health consequences of the exposure to bioaerosols were evaluated based on the average daily dose rates.
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Results showed that the concentrations of airborne bacteria in the operation area (OPA) and
the leakage treatment area (LTA) were in the range of (4684 ± 477)–(10883 ± 1395) CFU/m3
and (3179 ± 453)–(9051 ± 738) CFU/m3 , respectively. The average emission levels of fungal

Factors

aerosols were 4026 CFU/m3 for OPA and 1295 CFU/m3 for LTA. The landfill site received the

Exposure risk

maximum bioaerosol load during summer and the minimum during winter. Approximately

Landfill site

41.39%– 86.24% of the airborne bacteria had a particle size of 1.1 to 4.7 μm, whereas 48.27%–
66.45% of the airborne fungi had a particle size of more than 4.7 μm. Bacillus sp., Brevibacillus
sp., and Paenibacillus sp. were abundant in the bacterial population, whereas Penicillium sp.
and Aspergillus sp. dominated the fungal population. Bioaerosols released from the working
area and treatment of leachate were the two main sources that emerged in the surrounding
air of the landfill site boundary. The exposure risks during summer and autumn were higher
than those in spring and winter.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Introduction
Bioaerosols are suspensions of airborne particles that contain
living microorganisms, their constituent parts, and byproducts. They are ubiquitous in both indoor and outdoor environments. High concentrations of bioaerosols (up to 105 –107
CFU/m3 ) have been found in polluted areas, such as livestock
farm (Dróżdż et al., 2020), composting (Wei et al., 2017), landfill
sites (He et al., 2019; Joo et al., 2017), and wastewater treatment
plants (Han et al., 2013). A landfill site is used for the burial of
waste materials. Because of its low economical cost, satisfactory hygiene, and convenient management, sanitary landfills
are major routes for waste disposal in several locations globally. Some landfills, especially those in rural areas, are additionally used for waste management purposes, such as temporary storage, consolidation and transfer, or the processing
of waste material. Solid waste contains a vast number and variety of microorganisms. During the landfill process, microorganisms that are attached to the surface of waste enter the atmosphere around the landfill site to form microbial aerosols
after aerosolization.
Bioaerosols consist of both living and non-living components, including pathogens and viruses, which are positively
correlated to the risk of air pollution and associated human
health implications. The concentrations of fungal and bacterial aerosols reached 1358 and 3609 CFU/m3 , respectively, in
the air of an open-air landfill in Dehradun. Cyprowski’s research group found that there were 2.36 × 103 CFU/m3 of total
viable bacteria and 1.98 × 102 CFU/m3 of gram-negative bacteria in a landfill site, and their atmospheric concentrations
changed depending on the season, location, and landfill activity level (Cyprowskia et al., 2019). Efforts were made in discovering the origin of airborne particles, particularly in the
aspect of understanding the relationship between the emission source and air quality (Korzeniewska and Harnisz, 2013).
A new approach has been developed to simulate the relationship between the emission surface and the total amount of
airborne particles, such as bacteria, fungal spores and pollen
grains, in order to discover the dynamics of bioaerosols in
the air (Oteros et al., 2015). SourceTracker is a Markov-Chain
Monte Carlo based method. It can be used to analyze sources
and attributions in a specific environment. The initial library
showed SourceTracker had a 91% accuracy in identifying the
presence of source contamination using local sources. While
such techniques are widely applied for traceability analysis of
microorganisms in the soil and water environment, very few
studies have reported their application in understanding the
sources of microbes in aerosol particles released from landfill
site.
Most of the bioaerosols have particle sizes ranging from
micrometers to submicrometers. Akpeimeh’s research group
reported that nearly 41% of the total bacteria and 63% of all the
fungi collected at Olusosun dumpsite were sized at < 2.1 mm
aerodynamic diameter representing deposition in the alveoli (Akpeimeh et al., 2019). The total average concentration
of coarse particles with aerodynamic diameter less than 10
μ m was the highest, with 7534.78 ± 2043.99 CFU/m3 for fungi
and 6075.13 ± 1699.58 CFU/m3 for bacteria. In the fine particles
with aerodynamic diameter smaller than 2.1 μ m, the concen-
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trations of fungi and bacteria were 1617.09 ± 725.53 CFU/m3
and 1086.20 ± 282.36 CFU/m3 respectively (Madhwal et al.,
2020). Microorganisms in bioaerosols can either survive as single cells or can adhere to solid particles. They are suspended
with the bioaerosols in the air for prolonged periods and can
diffuse far away from their source. It will cause infectious diseases, respiratory diseases, cancer and other diseases when
human is exposed to bioaerosols. Scientific reports have indicated that lung damage and allergies may occur when exposed to gram-negative bacteria, actinomycetes, and fungi
from composting sites (Huang et al., 2002; Kim et al., 2018).
As a result, bioaerosols may pose health hazard to workers at
landfill sites and to surrounding inhabitants with high exposure. Quantitative estimation of emission rate and conversion
of air concentration representing exposure level into doses by
dosimetry model can be used for quantitative microbial risk
assessment (QMRAs). A sensitivity analysis of ADMS dispersion model relevant to bioaerosol emissions indicated that
predicted exposure was most sensitive to the wet and dry deposition modules, emission velocity, geometry and height of
sources (Douglas et al., 2016).
Developed countries commonly have a high landfill rate,
such as 61% in the United States, 60% in France. In China,
about 120 million tons of MSW was disposed by sanitary landfilling which accounted for more than 60% of the total waste.
Until recently, there has been no standard to regulate the level
of bioaerosols in landfill sites. There has been little discussion
about the risk bioaerosol emissions pose to on-site workers
and nearby residents when it is released from the landfill site.
The present study assessed the emission level, particle size,
and populations of bioaerosols in a landfill site in North China.
Sampling sites were set up at the operation area, leachate
treatment area, and landfill site boundary for bioaerosol capture. The main species in bioaerosols were identified using
high-throughput sequencing. The SourceTracker method was
utilized to identify the sources of airborne bacteria present in
the area surrounding the landfill site. The aims were to examine the temporal variations in the emissions of airborne bacteria and fungi, to identify the environmental factors that influence the emission levels and particle size, and to estimate the
health effects of exposure to bioaerosols. This study provides
knowledge regarding bioaerosols and their associated health
effects to apply appropriate measures to reduce them in landfill sites.

1.

Materials and methods

1.1.

Overview of the landfill site and bioaerosols capture

The investigation of bioaerosols emission was carried out in
the operation areas in a sanitary landfill site located in North
China. The landfill site occupies 160,000 m2 and over 3000
tons of domestic waste was dumped each day. The region under dumping covers an area of 50,000m2 . In order to divert
rainwater and reduce the production of leachate, areas (over
80,000m2 ) not to be filled temporarily were covered with high
density polyethylene (HDPE) film.
Air samples were collected at December 2016, April 2017,
July 2017 and October 2017 and the situations of sampling
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Fig. 1 – Schematic diagram of sampling locations at the landfill site. UWC: Upwind for control; OPA: Operation area; HCA:
Covered area by HDPE film; LTA: leachate treatment area; DWB: Downwind boundary; WD: Wind direction.

points are exhibited in Fig. 1 and Table S1. The office area located upwind direction far from the operation area was used
as the sample point for outdoor control. The Six Stage Viable
Andersen Cascade Impactor (228-9530K, SKC Gulf Coast Inc.
USA.) with 400 holes in each stage was utilized for bioaerosols
capture. The 6 stages were arranged in gradually decreasing
order of hole size and a glass Petri dish (90 mm in diameter) containing LB agar or Rose Bengal medium (BR, Aoboxing
Biotech Co., China) was placed under each stage. The impactor
worked at a flow rate of 28.3 L/min. Particle velocity increases
as the air flows through successively smaller holes. As a result, the aerodynamic diameter ranges are > 7 μm for stage
1, 4.7-7 μm for stage 2, 3.3-4.7 μm for stage 3, 2.1-3.3 μm for
stage 4, 1.1-2.1 μm for stage 5, and 0.65-1.1 μm for stage 6, respectively. Bioaerosol particles with different sizes in the air
deposited on their respective medium when passing through
the collector. Samples were taken between 9 to 11 a.m. Triplicates were taken consecutively at every sampling site. After
each sampling, the dishes were removed from the sampler.
They were covered, inverted, and cultured at 37°C for 48 hr (for
bacteria) and at 30°C for 7 day (for fungi). Colonies on each dish
were counted as the geometric mean of the triplicates and
positive-hole correction method was applied to check colony
number. The concentration of bioaerosols was expressed as
colony forming units per cubic meter of air (CFU/m3 ).
Select meteorological parameters shown in Table S1 such
as relative humidity (RH) and temperature, were recorded
by a Dewpoint Thermohygrometer (WD-35612, OAKTON, Germany) during air sampling process. The portable irradiance
meter (HD2302.0, Delta OHM, Italy) and anemometer (HD2303,

Delta OHM, Italy) were used respectively to detect solar radiation (SR) and wind speed (WS).

1.2.

Microbial assay

The colonies on each dish were collected and re-suspended
in 2.0 ml sterilized water for microbial assay. DNA was
isolated by using the PowerSoil® DNA Isolation Kit (MoBIo, Carlsbad, U.S.A.) in accordance with manufacturer’s
protocols and was accomplished by using DNA Autoplate
with Automatic Plateform for Magnetic System-16 (TanBead, TaiWan). The V3 and V4 regions of the bacterial
16S rRNA were amplified by PCR using primer pair 338F
(5’-barcode-ACTCCTACGGGAGGCAGCAG-3’) with a GC clamp
and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (Xu et al., 2018).
The ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 (5’GCTGCGTTCTTCATCGATGC-3’) was employ as the primer of
fungi 18S rDNA gene. Each sample was amplified in replicate. The extracted DNA (5 μL), primers (1 μL), dNTPs (4 μL),
10 × Ex Taq buffer (5 μL, Mg2+ Plus), and Ex Taq polymerase
(1.5 U, TaKaRa, Dalian, China) were mixed within a 50-μL reaction tube. All PCRs were performed with a thermal cycler
(C1000TM, Bio-Rad, USA). The processes for the DNA extraction and bacterial polymerase chain reaction (PCR) were described in previous report (Wang et al., 2018). The fungal thermocycler program was as follows: denatured at 94°C for 5
min, followed by 35 cycles of 94°C for 30 sec, 50°C for 30 sec,
and 72°C for 30 sec. The PCR products were extracted, purified, pooled, and then sequenced using the Illumina MiSeq
platform. The QIIME program (version 1.9.1) was applied to
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de-multiplex and filter the raw FASTQ files. The chimeric sequences were identified and removed with UCHIME. The operational taxonomic units (OTUs) with 97% similarity were clustered by the UPARSE (version 7.1 http://drive5.com/uparse/).
The taxonomy of each representative sequence was assigned
using the RDP classifier (http://rdp.cme.msu.edu/) against the
SILVA database (Release115 http://www.arb-silva.de), with a
confidence threshold of 80% (Joo et al., 2017). The Fungal taxonomy was assigned using RDP Classifier and the UNITE fungal ITS database (QIIME release, v7.0). In the present study,
fungal cultures were also identified using routine morphological tests (Dai, 1987).

1.3.

Traceability analysis

SourceTracker was used to analyze the potential sources of
microbial communities of bioaerosols collected from the landfill site. The method utilized in the present study was the same
as that described in Knights’s report (Knights et al., 2011).

1.4.

Exposure risk assessment

The dosage received through the inhalation (DDin) and direct skin contact (DDde) of bioaerosols were assessed using
Eqs. (2) and (3). Relative exposure parameters for human risk
assessment were obtained from the Exposure Factors Handbook of the Chinese Population (Li et al., 2013; Liu et al., 2017).
DDin =

Cbio × IR × FE × ETin
WP × LEa

(1)

DDde =

cbio × SA × PC × EDde × 24
WP × LEa

(2)

where, DDin (CFU/d/kg) and DDde (CFU/d/kg) are daily
dosage in average for inhalation and for direct skin contact;
Cbio (CFU/m3 ) is concentration of bioaerosols at the exposure
site; IR (m3 /day) is inhalation rate; FE (day/year) is frequency
for exposure; ETin (year) is exposure time for inhalation; WP
(kg) is weight of the exposed person; LEa (day) is average life
expectancy; SA (m2 ) is surface area for skin contact; PC (m/hr)
is skin penetration rate; EDde is exposure time of skin contact
route (a).
For non-carcinogenic risk assessment, the daily dosage
was compared with the chronic exposure reference dose (Rf D)
to evaluate the risk of contaminants present on human health.
The risk for non-carcinogenic pollutants expressed by the
hazard quotient (HQ ) was the ratio of DD (daily dosage) to Rf D
(Li et al., 2013). The hazard index, expressed as HI , represents
the sum of the risks of each pollutant via multiple exposure
pathways. HQ and HI were assessed using Eqs. (4) and (5). In
the cases where the Rf D for the airborne bacteria or fungi was
not available, concentration of 500 CFU/m3 proposed by the
American Conference of Governmental Industrial Hygienists
(ACGIH) was taken as the acceptable guideline for risk assessment in the present study (Kalogerakis et al., 2005).When HQ
is below 1, the risks are non-carcinogenic and can be ignored.
The risks are considered potentially carcinogenic and are of
concern when they are greater than 1.
HQi =

DDi
R f Di

(3)

2.

Results and discussion

2.1.

Bioaerosols emissions

2.1.1.

Site-related variation of bioaerosols
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Airborne bacteria and fungi collected from the landfill site
could be detected at all sampling sites. All the mean values
of triplicate analyses are shown in Fig. 2. The emission level of
airborne bacteria was within the range of (792±132)–(10883 ±
1395) CFU/m3 which was much greater than that of airborne
fungi ((491±75)-(5372±870) CFU/m3 ) found in the landfill site.
Among all the sampling sites, the concentration of airborne
bacteria found in the air of the landfill operation area (OPA)
reached 7209 CFU/m3 on average, which is significantly higher
than that detected in the coverage area (HCA), with an average of 2587 CFU/m3 , and that of the sampling site upwind for
control (UWC) (600 CFU/m3 on average). The airborne bacteria present at OPA was 3.4 times higher than those of the HCA
site and 9.1–15.1 times higher than those of the UWC. Hence,
bioaerosol emissions were above ambient background levels.
Ji et al. (2009) undertook an investigation of airborne bacteria released from a landfill site over all four seasons within
one year. The emission level reached a maximum value of
18045 CFU/m3 in autumn. Airborne bacteria present in the air
of the operation area were higher than those found in the coverage area. A similar pattern was observed when comparing
the concentration of bioaerosols in the air of the landfill under operation with that of a closed landfill in southern Taiwan
(Huang et al., 2002). The bioaerosols present in the air of the
covered area were 2–3 times that of the uncovered area, with
an average concentration of 3769 CFU/m3 .
Compared with values determined from other sampling
sites, the concentration of airborne fungi in OPA was also
the highest, reaching (3098 ± 444) – (5372 ± 870) CFU/m3 .
The average concentration of airborne fungi detected from
the surrounding air of HCA and UWC was 1869 CFU/m3 and
448 CFU/m3 , respectively. Fungi containing various species
will commonly appear in the bioaerosols around the landfill site, especially those that dump large amounts of domestic waste. In previous studies, the concentrations of airborne fungi within the landfill area usually ranged from 103
to 104 CFU/m3 (Schlosser et al., 2016). Fungal aerosols with
concentrations ranging from 112–16,445 CFU/m3 were present
in the air surrounding a municipal landfill located in Poland
(Frczek et al., 2017). Compared with other environments, landfill sites are one of the primary sources of bioaerosol emissions
with a high release capacity (Breza-boruta, 2012). In the landfill process, the waste collection vehicles unload their contents in the dumping area and after the loads are deposited,
compactors or bulldozers spread and compact the waste on
the working face. There are a variety of microbes in domestic waste, and the concentration of heterotrophic bacteria can
be as high as 108 CFU/g. The content of organic matter in
domestic waste is high, and it can be used as food for microbial growth. Organic compounds are oxidized and decomposed into simple inorganic compounds e.g. H2 O and CO2 , via
microbial metabolic processes and microorganisms obtain the
energy needed for life activities. At the same time, another
part of organic matter is transformed to synthesize new cell
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Fig. 2 – Variability of bioaerosols emission level at each sampling site. (a) airborne bacteria; (b) airborne fungi.

material, which makes microorganisms proliferate greatly. In
the OPA of the landfill site, a large amount of fresh domestic waste dumped in the working face was exposed to the
air. When the microbes in the waste are disturbed by air
movement or machinery, they will escape from the solid surface and enter the atmosphere, and bioaerosols will form
after microbial aerosolization. Mechanical disturbance, such
as dumping, overturning, paving and compaction, promotes
the migration of microorganisms from the waste surface to
the surrounding air. During the process of domestic waste
biodegradation, bacteria with strong specific surface area can
quickly absorb soluble substrates into cells for intracellular
metabolism. Fungi can not only secrete extracellular enzymes
and hydrolyze organic matter, but also destroy the structure of
organic compounds and promote biochemical reaction by the
mechanical interpenetration of fungal hyphae in waste. Generally, the amount and species of bacteria in domestic waste

are much more than that of fungi. Therefore, the number of
bacteria was more than that of fungi in the bioaerosols escaping into the air of landfill site.
In the HCA, the waste surface was covered with a clay layer
and HDPE film. HDPE film is a high-density polyethylene film
with strong air tightness, which hinders the exchange of air
in both directions. Therefore, it makes it difficult for microorganisms, gases, and small particles in waste to diffuse into the
atmosphere. Covering the area where the waste is not to be
dumped temporarily with a layer of this film can avoid waste
exposure to the air. Hence, it can effectively reduce the discharge of landfill gas and biological aerosol while preventing
rainwater from penetrating into the garbage layer.
For the area of LTA, the concentration ranges of airborne
bacteria and fungi were (3179 ± 453)–(9051 ± 738) CFU/m3
and (973 ± 284)–(1827 ± 315) CFU/m3 , respectively, which
were 6.2–12.6 and 2.3–3.4 times that of the background level
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detected from UWC. Compared with that found in the OPA,
more airborne fungi emerged in the surrounding air of the LTA.
The oxidation ditch process was adopted to treat leachate at
the landfill site. In previous reports, this process was one of
the main sources of bioaerosol contamination in municipal
wastewater treatment plants. This report showed that there
were 4726 ± 915 CFU/m3 of airborne bacteria detected in the
air near the rotating brushes in the oxidation ditch (Li et al.,
2011). The highest amounts of airborne fungi were found in
summer with a concentration of 1.44 × 104 CFU/m3 . An earlier study reported that 8.5 × 103 –5.0 × 104 CFU/m3 of fungi
was detected in a BIO-PAK WWTP (Korzeniewska et al., 2009).
Moreover, the airborne bacteria and fungi discharged from the
aeration tanks of the largest urban sewage treatment plants
in the Middle East were 7.05 × 102 CFU/m3 and 9.44 × 102
CFU/m3 , respectively (Niazi et al., 2015). The oxidation ditch
process involves the installation of a set of rotating discs in
the oxidation ditch that rotate under the motor drive. Under
powerful agitation, the water surface is constantly in contact
with the atmosphere; this gaseous transfer provides sufficient
oxygen for the biotransformation of organics in the leachate.
When the disc rotates, water is thrown into the air due to the
tangential projection effect, and splashing water forms on the
water surface. The large droplets fall back to the water body,
whereas the small droplets are suspended in the air. Microorganisms contained in the leachate enter the atmosphere with
small droplets and become bioaerosols after aerosolization.

2.1.2.

Seasonal variation of bioaerosols

As shown in Fig. 2, the concentration of both airborne bacteria
and fungi vary over time. Maximum concentrations of the airborne bacteria occurred in July, and relatively high amounts
were also found in October. The minimum concentration of
airborne bacteria, in the range of (931 ± 181)–(4684 ± 477)
CFU/m3 , was found in December. Concentrations of airborne
fungi varied over a wide range, from (973±284) CFU/m3 (detected in December) to (5372 ± 870) CFU/m3 (found in July).
Variations in bioaerosol emissions at the landfill site was
possibly due to the components of dumped waste, deposited
time and weather conditions, and meteorological parameters.
Bioaerosols are influenced by the atmosphere from the first
moment they are exposed to the environment. The most important factors that influence the ability of microorganisms
to survive are relative humidity (RH) and temperature. The
temperature and RH of ambient air in the landfill site investigated ranged from 5.6–38.3°C and 26.7%–62.3%, respectively. The ambient temperature, relative humidity, and solar radiation gradually increased from December to July and
decreased to October, with July also experiencing the lowest
average wind speed (Table S1). Bioaerosol concentrations are
highly dependent on weather conditions, and high average
temperature and higher relative humidity favor microbiological growth (Jones and Harrison, 2004). An investigation of cultivable airborne bioaerosol emissions revealed that microbiological growth was favored by temperatures of 18.5–31.9°C and
an RH of 43.1%–75.7% (Tsai and Liu, 2009). This report was consistent with the findings of Lin’s research group which investigated the relationship between fungal spore emission levels
and meteorological parameters (Lin and Li., 2000). Airborne
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fungi had a maximum concentration when the temperature
was 25–30°C and RH was 60–70%.
Landfill sites are usually large open systems. Wind velocity
and solar radiation are the factors that should also be considered. Both dilution by wind and destruction by ultraviolet
rays are responsible for the decrease in bioaerosol concentration in the air. In this study, the highest concentrations of airborne bacteria and fungi were obtained in July, likely due to
the higher temperature, suitable RH, and lower wind speed. In
North China, spring occurs from March to May, summer from
June to August, autumn from September to November, and
winter from December to February. Therefore, the landfill site
investigated in this study received the maximum bioaerosol
load during summer and the minimum during winter.

2.2.

Distribution characteristics of aerosol particle size

As the larger bioaerosols will impact on the stage with greater
diameter holes of the sampler and the smaller particles will
pass through the successively smaller stage until they are deposited during air sample collection, the Andersen cascade
impactor can provide information not only about cell density but also particle size distribution. Fig. 3 and Fig. 4 demonstrate the particle size distributions of the airborne bacteria
and fungi at individual sampling sites. The particle size distribution of bioaerosols changed with season and exhibited
site-related variation. The highest percentage of airborne bacteria (26.55%–43.95%) collected from OPA, HCA, and LTA was
detected in stage 4, with hole sizes between 2.1 and 3.3 μm,
whereas the lowest (2.33%–14.37%) was found in stage 6, with
hole sizes within 0.65–1.1 μm. Most of the bacteria (41.39%–
86.24%) presented at the sampling sites of OPA, HCA, and LTA
had particle sizes in the range of 1.1–4.7 μm. Approximately
57% of the bacterial particles in the air of the UWC are in the
range of 1.1–3.3 μm, and they are distributed throughout the
fourth and fifth stages. Due to the diffusion of bioaerosol particles, the particle size distribution of bioaerosols in the DWB
was similar to that in the UWC. In the present study, most
of the airborne fungi (48.27%–66.45%) produced in the landfill site were distributed in larger sizes (> 4.7 μm), which were
associated with coarse airborne particles. Only 0.27%–7.95%
of airborne fungi were found to be less than 1.1 μm in size.
Usually, airborne fungi exist as spores, whereas bacteria exist
as cells. Airborne fungi had a larger particle size compared to
that of airborne bacteria.

2.3.

Microbial populations of bioaerosols

The landfill site investigated in this study received the maximum bioaerosol emission level in July (summer) and the minimum in December (winter). The particle size distributions of
bioaerosols presented in these two months were also quite
different. Therefore, microbial populations of bioaerosols collected in July and December were assay by using highthroughput sequencing in this study.

2.3.1.

Bacterial populations

Bacterial populations in bioaerosols demonstrated that Bacillus sp., Brevibacillus sp., and Paenibacillus sp. were the main bacteria present at each observation site (Fig. 5a). Bacillus sp. and
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Fig. 3 – Particle size distribution of airborne bacteria.

Brevibacillus sp., were found in the surrounding air of OPA with
percentages of 16.19% and 8.43%, respectively. Their proportions in July reached 10.51% for Bacillus sp. and 24.53% for Brevibacillus sp., respectively. Bacillus sp. was reported to be the
most predominant genus of bacterial bioaerosols generated
from the waste treatment facility and its vicinity (Pahari et al.,

2016). Brevibacterium thermophilus and Paenibacillus sp. were
shown to be related to the biodegradation of plastic waste
dumped in landfills or polyethylene materials utilized in
landfills (Bardají et al., 2019; Skariyachan et al., 2018). In
addition, Brevibacterium sp. was often identified from the population associated with landfill leachate biotreatment. Bacil-
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Fig. 4 – Particle size distribution of airborne fungi.

lus sp. (23.17%), Sphingomonas sp. (9.16%), and Pseudomonas sp.
(8.49 %) dominated the bioaerosols in LTA in July, and Bacillus sp. (8.01%) and Bradyrhizobium sp. (7.16%) were abundant
in December. A high percentage of Pseudomonas sp. (50.94%)
was found in the water of a wastewater treatment plant lo-

cated in the Jing-Jin-Ji region (Wang et al., 2018). As organic
degrading strains, Pseudomonas sp. and Sphingomonas sp. were
often isolated and identified from wastewater (Wu et al., 2018),
which likely contributed to the high percentage of these bacterial species present in the surrounding air.
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Fig. 5 – Heatmap of microbial population at each sampling site. (a) bacterial population; (b) fungal population.

Among the identified bacterial species, some species, for
example, Pseudomonas sp., Aeromonas sp., and Arcobacter sp. are
common potential pathogens. They have been isolated and
identified from landfill sites or wastewater treatment plants in
previous studies. Some Pseudomonas species are pathogenic to
humans, potentially causing secretion systems disease. Pseu-

domonas aeruginosa, a clinically relevant antibiotic-resistant
bacterium, was found to be abundant in pathogenic microorganisms in a hospital’s atmospheric environment (Gao et al.,
2018). Aeromonas sp. are the pathogenic species associated
with gastroenteritis, which may be caused by inhalation, soft
tissue, and skin infections and may also affect the immune
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system (Percival and Williams, 2014). Arcobacter sp. might enter the body through ingestion and cause acute diarrhea or
acute gastroenteritis (Drancourt, 2017).

2.3.2.

Fungal populations

As shown in Fig. 5b, fungi, including Penicillium sp. and Aspergillus sp., dominated the fugal population. The majority of
the fungal isolates obtained at the site of OPA in July were Penicillium sp. (15.78%), Aspergillus sp. (10.26 %), and Sagenomella
sp. (8.70 %). Besides Aspergillus sp. (19.31 %), Monodictys sp.
(15.22%) was also abundant in the population in December.
For the site of LTA, Talaromyces sp. (23.98%) and Aspergillus sp.
(10.82%) were the major species in the fungal aerosols in July,
whereas Cladosporiumin sp. (14.11%) and Cutaneotrichosporon
sp. (10.93%) were abundant in the surrounding air in December. Among the airborne fungi identified in the previous investigation, the main genera included Aspergillus niger, Penicillium notatum, Rhizopus oryzae, and S. Sclrotorium, whereas Ecoccum Nigrum and Phasepermum sp. made up the smallest proportion of isolated fungi (Akpeimeh et al., 2019). Frczek’s investigation found that Botrytis cinerea, C. cladosporioides, and A.
fumigatus predominated in fungal aerosols within the active
sector, whereas Fusarium equiseti, C. cladosporioides, and Acremonium butyri prevailed in the air during the standstill phase
(Frczek et al., 2017).
Previous studies have identified potential pathogenic
species, such as Aspergillus fumigatus herbarium and Alternaria
alternata (Breza-boruta., 2012). Mycotoxins produced by Aspergillus sp. and Penicillium sp. can be toxic to humans and
livestock, which are manifested by nerve and endocrine disorders, immunosuppression, carcinogenesis, teratogenicity,
and liver and kidney injury (Cruzperez et al., 2001). When
spores of Talaromyces are inhaled into the alveoli, they are
may cause infection, with fever, difficulty breathing, hepatosplenomegaly, and skin lesions as common symptoms
(Kauffman and Opal, 2017). Cladosporium sp. has been proven
to be the most problematic allergen species, as it can easily
spread its breeding spores into the air (Swärd-nordmo et al.,
1989). If regularly inhaled, it is easy to settle in the terminal
bronchus, alveoli, and sinus cavity, causing serious allergic
reactions (Howard., 2002). Cutaneotrichosporon was extracted
from the samples of patients with cystic fibrosis and may be
pathogenic showing chronic lung infection (van der Bruggen
et al., 2018).

2.3.3.

Traceability analysis

Based on the microbial structure, the SourceTracker method
was applied to analyze the sources of bioaerosols at the DWB
site. In July, 12.03% of airborne bacteria were obtained from
those presented at OPA, and 6.02 % originated from the LTA, as
shown in Fig. 6. A very small proportion of airborne bacteria
(1.01 %) was recovered from the HCA, and sources of the others
were unknown (78.93%). In December, 9.02% of the bacterial
aerosols in the air of the DWB came from that in the UWC. For
airborne fungi, 2.01% (in July) and 6.02% (in December) came
from the OPA. At the same time, 2.14 % (in July) and 3.01% (in
December) originated from the LTA. The proportions of fungal
aerosols from these two sites were higher than those found at
the sites of HCA and UWC. The unknown sources were likely
to be the surrounding plants, soils, and dust. The bioaerosols
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released from the OPA and LTA were important sources of the
bioaerosols present in the surrounding air of the DWB. Some
dominant species e.g. Pseudomonas sp., Moraxella sp., Penicillium
sp. and Aspergillus sp. identified in the microbial populations of
OPA and LTA, were also detected in the population of DWB. The
bioaerosols generated during landfill and leachate treatment
will diffuse to the downwind area.

2.4.

Risks assessment

The assessment of exposure risk provides insight into the
hazards bioaerosols pose. Bioaerosols can invade the human
body, mainly through respiration and swallowing, therefore
the risk of inhalation was calculated in the present study;
Table 1 presents the calculation results. The range of HQ was
0.09–1.56, which indicates that some of the individual risks exceeded the maximum acceptable levels issued by the USEPA.
The HQ reached its highest level (1.56) at OPA in July. The exposure risks in summer and autumn were higher than those
in spring and winter. All sampling sites set up in the landfill
were 1.5 m above ground level, which is generally regarded
as the human respiratory height at which plant workers may
be exposed to these strains, both through the inhalation of
aerosols or by hand-to-mouth contamination. For the operators working at the dumping surface and leachate treatment
area, the exposure hazard quotient by inhalation (HQ ) of males
was larger than that of females due to their higher intake.
The exposure risks in summer and autumn were higher than
those in spring and winter. Large numbers of plant workers
handle potentially dangerous biological materials as part of
their daily routine. Therefore, it is necessary to pay attention to the health risk of on-site workers brought about by
chronic exposure to bioaerosol particles, especially in the seasons of summer and autumn. Appropriate measures must
be taken to protect workers from the health hazards associated with exposure to bioaerosols in highly contaminated
environments.
The risk of bioaerosols at the HCA can be granted as negligible, as all the values of HQ were below 1. The HDPE film
covered on the surface of domestic waste can effectively prevent the escape of bioaerosols and reduce the risk exposure
to on-site workers. The HQ was found to decrease gradually
with increasing distance from the sources of bioaerosols (e.g.,
OPA and LTA). At the sampling site of UWB located at the
boundary of the landfill site, the risk values were within 0.09
to 0.37, which was several times lower than that detected
at OPA.
The concentrations of fine bioaerosol particles for OPA,
HCA, LTA and DWB were 370-1621 CFU/m3 , 320-1081 CFU/m3 ,
671-3115 CFU/m3 , and 186-1268 CFU/m3 , respectively. The calculated risks exposure to fine particles were all reduced to
negligible (HQ < 1) (Table 2). For residents living in communities around the landfill site, the HQ s for children were much
more than those for adults. The bioaerosols diffusing to the
UWB were mainly fine particles (particle size of less than 2
μm), which were easier to inhale. The species identified in
this study were based on culture-dependent methods. However, only a small proportion (less than 10%) of all microorganisms can be cultivated, especially in the atmospheric environment. Until recently, there has been no standard to reg-
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Fig. 6 – Sources of bioaerosols presented at downwind direction of the landfill boundary. (a): airborne bacteria; (b): airborne
fungi.

ulate the level of bioaerosols in landfill sites. Considering the
presence of pathogenic bacteria in aerosol particles, the risks
posed to nearby residents should not be neglected.

3.

Conclusions

The emission level of bioaerosols in the landfill site investigated in this study presented site-related and seasonal variations. High concentrations of bioaerosols were found at the
working face: (4684 ± 477) – (10883 ± 1395) CFU/m3 of airborne
bacteria and (3098 ± 444) – (5372 ± 870) CFU/m3 of airborne
fungi. The emission levels during the leachate treatment process were 3179 ± 453–9051 ± 738 CFU/m3 for airborne bacteria and (973 ± 284) – (1827 ± 315) CFU/m3 for airborne fungi.

The landfill site received the maximum bioaerosol load during summer and the minimum during winter. The collected
airborne bacteria were mainly distributed in the third to fifth
grade with particle sizes ranging from 1.1 to 4.7 μm, whereas
most airborne fungi had particle sizes larger than 4.7 μm. Bacillus sp., Brevibacillus sp., and Paenibacillus sp. dominated the
bacterial population, whereas Penicillium sp. and Aspergillus
sp. were abundant in the fungal population of bioaerosols.
Both airborne bacteria and fungi released from landfill sites
showed temporal variations in concentration and species. The
bioaerosols released from the working face and treatment of
leachate were the two main sources of the bioaerosols that
emerged in the surrounding air of the landfill site boundary.
HQ by inhalation was within the range of 0.09–1.56. In the
present study, all sampling points were located 1.5 m above
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Table 1 – HQ of airborne bacteria via inhalation or dermal contact.
Site
Inhalation

OPA
HCA
LTA
DWB

Dermal
contact

OPA
HCA
LTA
DWB

Classification

April

July

October

December

Male
Female
Male
Female
Male
Female
Male
Female
Children
Male
Female
Male
Female
Male
Female
Male
Female
Children

0.89
0.72
0.34
0.28
0.66
0.54
0.16
0.13
3.10
1.00 × 10−5
1.09 × 10−5
3.82 × 10−6
4.18 × 10−6
7.49 × 10−6
8.20 × 10−6
1.81 × 10−6
1.98 × 10−6
4.69 × 10−5

1.56
1.27
0.50
0.41
1.30
1.06
0.37
0.30
7.16
1.76 × 10−5
1.93 × 10−5
5.71 × 10−6
6.25 × 10−6
1.47 × 10−5
1.60 × 10−5
4.18 × 10−6
4.57 × 10−6
1.08 × 10−4

1.02
0.83
0.51
0.41
1.02
0.83
0.35
0.29
6.81
1.15 × 10−5
1.26 × 10−5
5.73 × 10−6
6.27 × 10−6
1.15 × 10−5
1.26 × 10−5
3.97 × 10−6
4.35 × 10−6
1.03 × 10−4

0.67
0.55
0.13
0.11
0.46
0.37
0.11
0.09
2.20
7.59 × 10−6
8.30 × 10−6
1.51 × 10−6
1.65 × 10−6
5.15 × 10−6
5.64 × 10−6
1.28 × 10−6
1.40 × 10−6
3.33 × 10−5

OPA: Operation area; HCA: Covered area by HDPE film; LTA: leachate treatment area.; DWB: Downwind boundary.

Table 2 – HQ of fine particles airborne bacteria via inhalation or dermal contact.
Site
Inhalation

OPA
HCA
LTA
DWB

Dermal
contact

OPA
HCA
LTA
DWB

Classification

April

July

October

December

Male
Female
Male
Female
Male
Female
Male
Female
Children
Male
Female
Male
Female
Male
Female
Male
Female
Children

0.07
0.05
0.05
0.04
0.13
0.10
0.03
0.02
0.52
7.43 × 10−7
8.14 × 10−7
5.18 × 10−7
5.67 × 10−7
1.43 × 10−6
1.56 × 10−6
3.01 × 10−7
3.30 × 10−7
7.81 × 10−6

0.23
0.19
0.06
0.05
0.10
0.08
0.18
0.15
3.52
2.63 × 10−6
2.87 × 10−6
6.50 × 10−7
7.11 × 10−7
1.09 × 10−6
1.19 × 10−6
2.05 × 10−6
2.25 × 10−6
5.32 × 10−5

0.18
0.14
0.15
0.13
0.45
0.36
0.12
0.10
2.29
2.00 × 10−6
2.19 × 10−6
1.75 × 10−6
1.92 × 10−6
5.05 × 10−6
5.52 × 10−6
1.33 × 10−6
1.46 × 10−6
3.46 × 10−5

0.05
0.04
0.05
0.04
0.13
0.10
0.03
0.03
0.60
5.99 × 10−7
6.56 × 10−7
6.03 × 10−7
6.59 × 10−7
1.42 × 10−6
1.55 × 10−6
3.48 × 10−7
3.80 × 10−7
9.01 × 10−6

OPA: Operation area; HCA: Covered area by HDPE film; LTA: leachate treatment area.; DWB: Downwind boundary.

ground level, to represent the height at which on-site workers
may be inhaled in bioaerosols. Appropriate measures must be
taken to protect workers from the health hazards associated
with exposure to bioaerosols in highly contaminated environments.
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