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Abstract

Here, the taxonomical composition and seasonal dynamics of airborne microbial communities were described in the urban city
of Lanzhou, Northwest China. Year-long samples were studied in two filter membranes (Quartz and PTFE). Higher micro-
bial loads were reported in the PTFE than in the quartz filter. Onefold decrease was reported in bacterial loads in spring and
summer than winter and autumn for both filters. The fungal loadings were lowest during winter and highest during autumn,
followed by summer. The microbial communities included Actinobacteria and Proteobacteria, Ascomycota, and Basidiomy-
cota as major components. Maximum abundance of the members from Gammaproteobacteria, Coriobacteria and Clostridia
were studied in all seasons on PTFE membrane, followed by, Erysipelotrichia, Negativicutes and Fusobacteria. Members of
Actinobacteria and Bacilli showed higher abundance in spring and winter, with a small proportion during autumn. Members
of Clostridia, Gammaproteobacteria, Bacilli, and Actinobacteria showed maximum abundance on the quartz filter in all the
seasons. Similarly, on the PTFE, fungi including Dothideomycetes and Agaricomycetes were dominant, followed by Saccharo-
mycetes during summer and winter. The result showed that PM, s, SO,*~, NO,~, Na*, EC, and OC are important environmental
parameters influencing the seasonal microbial community. However, the relation of the microbiome with the environment
cannot be confidently defined because the environmental factors are changeable and yet interrelated.

Keywords Airborne microbial community - Abundance - Taxonomic composition - Meteorological factors - Seasonal
variation
Introduction

Air pollution is acknowledged as a global risk factor affect-
ing human health and the environment. Studies have shown

Communicated by Erko Stackebrandt. a strong relationship between poor air quality and human
diseases, including emerging infectious diseases (Hodges and
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from occupational exposure (Eduard et al. 2012; Heed-
erik and Von Mutius 2012). Airborne particles of biologi-
cal origin (bacteria, viruses, fungi, toxins, pollen, etc.) are
suspended in the atmosphere with thousands to millions of
cells per cubic meter of air (Bowers et al. 2013; Madhwal
University of Chinese Academy of Sciences, Beijing 100864, et al. 2020; Sharma Ghimire et al. 2020). Atmosphere plays
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a significant role in the survival, exchange, and transport of
microbes in the air, water, soil, plants, animals and humans
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(Santl-Temkiv et al. 2018; Sajjad et al. 2020). Such airborne
microbes can affect human health by causing several diseases
such as cardiovascular diseases, respiratory diseases, infec-
tions, allergies, acute toxic effects, and even cancers (Sharma
Ghimire et al. 2019; Li et al. 2019).

The atmosphere primarily assists as a transport medium
for nutrients (Sajjad et al. 2022) and microorganisms rather
than to serve as a reservoir for growth. Hence, the microbial
composition in the air is greatly influenced by the geogra-
phy and characteristics of the given environment, the nature
of microorganisms and the transmission and transformation
processes (Lighthart and Stetzenbach 1994a, b; Haas et al.
2013; Sharma Ghimire et al. 2019). The microbial concen-
tration and community are governed mainly by the sources
of microbial emissions, which could be either natural or
anthropogenic, with meteorological influences such as sea-
son, temperature, relative humidity (RH) and time of day
(Troutt and Levetin 2001; Haas et al. 2013). Previous studies
supported that meteorological parameters, temperature, RH,
and wind speed are highly influenced by season and signifi-
cantly impact the microbial community (Mouli et al. 2005;
Kaarakainen et al. 2008). However, other factors such as solar
radiation, ozone and other chemical co-pollutants are equally
supposed to stimulate microbial cell viability (Kaarakainen
et al. 2008; Haas et al. 2013). Furthermore, the air pollution
due to increasing urbanization and industrialization processes
has supplemented more stress on the survival and transport
of microbes in the air by adding chemical pollutants such as
greenhouse gases, carbon monoxide, hydrocarbons, nitrogen
oxides, sulfur dioxide and other trace elements in the atmos-
phere (Kim 1994; Haas et al. 2013).

Studies have shown the influence of high concentrations
of particulate matter and chemical pollutants suspended in
the air (derivative from biomass burning, vehicle exhaust and
fuel combustion that induces haze events, especially during
winter) (Tomasi et al. 2017). It is further found to be propor-
tionally correlated with the relative abundance of total and
pathogenic bacteria and fungi in the air (Zhong et al. 2019)
because particulate matter and chemical components can act
as energy sources, carriers and refugees (Zhai et al. 2018;
Wei et al. 2019). Furthermore, it has been estimated that the
chemical composition in aerosol particles mainly includes
elements, major ions (SO,*7), NO;~ and NH,*, K*, CI-,
Mg?*, Ca®* and Na™) and carbonaceous species (e.g., organic
carbon, elemental carbon), represents approximately 55% of
the variance in microbial species-environment correlations
(Innocente et al. 2017; Ruiz-Gil et al. 2020a, b). Hence,
studying physicochemical composition and its influence on
bioaerosol dispersion processes is relevant to understanding
the biological and physical link present in ambient air.

However, the relationship between aerial microbial com-
munity composition and meteorology is still not well char-
acterized (Gunthe et al. 2016). The seasonal variability of
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microbial communities is an essential factor that proposes
perception into atmospheric biodiversity and biogeography
because bioaerosols play an important role in atmospheric
processes. Several studies have reported the association
of bioaerosols composition with different meteorological
parameters. In northern Colorado, US, the RH and wind
speed control airborne bacterial composition (mostly Act-
inobacteridae and the Pseudomonadales) during the early
summer season (Bowers et al. 2013). In southwest Green-
land, bacterial communities are positively correlated with
air temperature and negatively correlated with RH during
mid-summer, showing higher activity for Rubrobacteridae
and Clostridiales and a lower activity for Proteobacteria
(Santl-Temkiv et al. 2018). Similarly, some microorgan-
isms are predominant for reproductive reasons during cer-
tain times of the year; some co-exist in the air throughout
the atmospheric cycle, while others may disperse over long
distances (Barberan et al. 2015). Past study on RH done at
an urban site of Tokyo revealed that the temporal variation
of phylum Proteobacteria (51.4%) was the most common,
followed by Firmicutes (13.6%), Cyanobacteria (7.9%), Act-
inobacteria (7.7%), Bacteroidetes (5.2%), and Acidobacteria
(3.0%). Similarly, only Parcubacteria (2.6%) displayed sea-
sonal changes among all phyla, highest during August and
September trailed by Sphingomonas (3.5%), Chroococcidiop-
sis (3.3%), and Bacillus (3.2%) (Uetake et al. 2019). Hence,
studying seasonal and temporal differences is challenging
yet crucial in understanding how various factors shape the
composition of microorganisms in different environments.
Additionally, it is reported that microorganisms acclimatizing
to such variations over time enhance microbial coexistence,
resulting in seasonal abundance and fluctuations in fungal
and bacterial community composition (Bardgett et al. 1999,
2005; Smith et al. 2013). However, there is no adequate data
to fully explain the relation of microbial communal with the
atmospheric process. Therefore, investigating the microbial
response to environmental fluctuations during different sea-
sons is a key knowledge gap that is promising for identifying
factors important for temporally structuring the microbial
community.

The major goal of the present study is to examine sea-
sonal differences in airborne microbial communities over
a year collected samples in two different filter membranes
(Quartz and PTFE) in an urban Lanzhou city of Gansu,
China. PTFE filter membrane possesses a meshnet struc-
ture, is strong and resistant to acids, bases, and solvents
have a low background, and is ideal for aerosol sampling,
especially in water vapor environments. In contrast, quartz
membrane is compact and suitable for sampling PM and
chemical pollutants. Furthermore, Scaap suggested that
the PTFE filter was more vulnerable than the quartz filter
at temperatures below 21 °C in terms of evaporation loss.
In comparison, the quartz filter was more vulnerable than
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the PTFE filter at temperatures exceeding 21 °C (Aikawa
and Hiraki 2010). Hence, this study also tries to observe
the more efficient filter membrane that can be used to ana-
lyze the biological component of aerosols as the chemical
pollutants and meteorological parameters greatly influence
them. Lanzhou (capital of Gansu Province, Northwest
China) is situated in a curved-narrow river valley with
surrounding mountains blocking a free airflow. Further-
more, Lanzhou lies in the temperate zone with a semi-arid
climate (Sharma Ghimire et al. 2020). Therefore, samples
from the present study were collected on the rooftop of the
building to understand the impact of local sources on the
predominance over microorganisms originating regionally.
For this purpose, we evaluated the usefulness of two dif-
ferent air filters for studying airborne communities and
compared the results in terms of seasonal, temporal and
other meteorological parameters in an urban air shed.

Materials and methods
Sampling locations and aerosol collection

Aerosol monitoring was performed at Lanzhou station in
Gansu, China. Lanzhou is the largest urban city in north-
west China (population=3.7 million within 13,087 km?)
located around the yellow riverbank, including a traffic-
influenced residential site and a key regional transpor-
tation hub, connecting areas further west by rail to the
country's eastern half. A medium-volume aerosol sampler
(Laoying 2030, China) (100 L min~!) (Sharma Ghimire
et al. 2020) was located on the building roof of North-
west Institute of Eco-Environment and Resources. Fine
particulate samples (PM, s) were collected every six days
over 23 h (9: a.m. to 8:00 a.m. on the next day) sampling
periods spanning 12 months starting in September 2018
till August 2019. In addition, field blanks were collected
concomitantly every month. The samples were collected
on the quartz filter membrane (90 mm diameter with
pore size 0.22 pm, Whatman™, GE Healthcare, USA)
and PTFE filter membrane (Whatman™, GE Healthcare,
USA). Samples were collected during the sampling period
on both filter membranes using two samplers simultane-
ously. The sample holders were cleaned and washed using
75% ethanol between two sampling intervals and all filters
were sterilized before use (Sharma Ghimire et al. 2020).
The collected samples were stored at — 20 °C until further
analyses. The details on sampling procedures have been
provided elsewhere (Sharma Ghimire et al. 2020).

DNA extraction and PCR amplification

DNA was extracted from each filter sample following a
method explained previously with some modification (Cao
et al. 2014; Du et al. 2018a, b). Briefly, a quarter of filter
punches were aseptically loaded into sterile mortar-pistil,
ground into powder, and extracted with 1X phosphate-
buffered saline. The extracts of each sample from the same
month were combined and filtered with a 0.22 um sterile
vented filter unit (Sterivex™-GV, USA), which was then cut
into pieces and used for DNA extraction using DNeasy Pow-
ersoil Kit (Qiagen, Germany). All of the tools used in the
pretreatment process were sterilized. A blank filter was
treated simultaneously using the same operation used for
the samples. All the steps in each extraction were performed
according to standard Qiagen soil DNA isolation protocol,
as described by the manufacturer.

Small-subunit rRNA was amplified using a portion of the
16S rRNA gene designed by GENEWIZ (GENEWIZ, Inc.,
South Plainfield, NJ, USA) from bacteria and internal tran-
scribed spacer (ITS) region of 18S rRNA in fungi (Sajjad
et al. 2018). Briefly, the V3 and V4 region of the 16S rRNA
gene was amplified with primers Fpb- “CCTACGGRRB-
GCASCAGKVRVGAAT” and Rpb- “GGACTACNVGGG
TWTCTAATCC”. Indexed adapters were also added to the
ends of the 16S rRNA amplicons to generate indexed librar-
ies ready for downstream sequencing on Illumina Miseq.
Similarly, oligonucleotide primers were designed to anneal to
the relatively conserved sequences spanning fungi ITS gene
regions. ITS region was amplified using a forward Fpf-"GTG
AATCATCGARTC" and a reverse Rpf-"TCCTCCGCTTAT
TGAT" primer designed by GENEWIZ (GENEWIZ, USA).
Adaptor sequences were added to the ITS target-specific
primers to allow uniform amplification of the library with
high complexity on the Illumina Miseq platform. PCR
cycling reactions were performed in triplicate with 25 pL.
mixture volume containing 2.5 pL of TransStart Buffer, 2
pL of dNTPs, 1 pL of each primer, and 20 ng of template
DNA. Amplicons were pooled at equal concentrations, and
PCR clean-up was performed on the pooled DNA using the
UltraClean PCR clean-up kit (MoBio Laboratories, Carlsbad,
CA). The DNA library was quantified to 10 nM, multiplexed,
and loaded on an Illumina MiSeq instrument according to
the manufacturer’s instructions (Illumina, San Diego, CA,
USA). Sequencing was performed using PE250/300 paired-
end; image analysis and base calling were conducted by the
MiSeq Control Software (MCS) embedded in the MiSeq
instrument.

Microbial enumeration

The viable cell count and culture identification were per-
formed for the quartz and PTFE filter membrane samples.
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As explained earlier, a grounded filter membrane was mixed
with 10 mL sterilized normal saline (0.9% w/v of NaCl), and
the suspension was diluted up to 10~ times. For the enumera-
tion of bacterial and fungal loads, 100 uL from each suspen-
sion was inoculated on nutrient agar medium for bacteria
and potato dextrose agar (PDA) plates for fungi (Srivastava
et al. 2012; Sharma Ghimire et al. 2020). The nutrient agar
plates were incubated at 37 °C for 48 h and PDA plates were
incubated at 25 °C for 72 h. The colonies were counted on
each plate and calculated for the colony-forming unit (CFU/
mL). The colonies were isolated and further processed for
identification.

Measurement of PM, ; mass

The collected PM, s filter weight was measured twice before
and after the sampling. The net accumulation mass for each
filter was calculated as the difference between the pre and
post-sampling weight microbalance after equilibration at
constant temperature and humidity (20 °C, 39%) for 24 h.
Field blank filters were also collected through exposure to
the sampler with no air drawn.

Measurement of ionic composition

The ionic composition was measured using a punch of the
filter (3.14 cm?), which was first extracted with 45 mL of
deionized distilled water (18.2 M Q/cm resistivity), sonicated
for 30 min, and filtered through a 0.45-pm filter. The water-
soluble ionic components (C1~, NO,™, SO42_, NO;7, Ca**,
Na* K*, Mg?*, and NH,*) were analyzed using ion chroma-
tography. The methods for ionic composition and analysis
were performed following previous studies (Sharma Ghimire
et al. 2020; Tripathee et al. 2021).

Statistical analyses

A direct gradient approach was used to examine relationships
between microbial community structure and physicochemical
parameters, canonical correspondence analysis (CCA) using
XLSTAT. CCA creates an ordination plot, which indicates an
array of variation in community composition and the influ-
ence of environmental variables. The ordination axes show
linear combinations of the physicochemical parameters such
as major ions and meteorological parameters such as temper-
ature, pressure, and microbial composition data. Additionally,
Spearman’s pairwise correlations between the environmental
parameters and microbial taxa have been done, which aided
in defining their impact for further ecological analysis.
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Results

A total of 182 bacterial and 1374 fungal OTUs were identified
with a 97% sequence similarity. Overall, the total sequence
count obtained in this study for bacteria was 692,874 and
for fungal was 1,175,128. The numbers of shared bacterial
and fungal OTUs were 49 172, respectively. The numbers of
fungal OTUs were higher than bacterial. The fungal OTUs
were observed in descending order as Autumn-PTFE > Win-
ter-quartz > Summer-PTFE > Summer-quartz > Winter-
PTFE > Autumn-quartz > Spring-PTFE > Spring-quartz.
However, no such trends were noted in the case of the bac-
terial community (Winter-quartz > Spring-quartz = Spring-
PTFE = Autumn-PTFE > Winter-PTFE > Summer-
quartz =Summer-PTFE.

Concentration and temporal variations of PM, ;
chemical compositions

The annual average concentration and seasonal variation of
chemical components measured in PM, 5 are presented in
Table 1. The annual average PM, 5 mass was observed to be
90.80+56.82 pug m~>. Carbonaceous species (OC, EC, and
WSOC) dominated the fine particulate composition in Lan-
zhou, with the highest concentration in winter and lowest in
summer. Similar levels of carbonaceous species were found
during autumn and spring, inferring to the similar sources
and emissions during this period. Anthropogenically derived
ions such as SO,*~ and NO;~ followed the similar seasonal
pattern in Table 1. In contrast, crustal-derived aerosols (Ca2+,
IC) had higher concentrations during autumn and spring than
in winter, suggesting favorable occurrence during those dry
periods. The highest concentrations of K* (biomass burn-
ing tracer) were found during winter, which must be related
to heating. The microbial load (fungi and bacteria) showed
similar seasonal variation as by the autumn and spring, sug-
gesting the influence of crustal dust sources on bioaerosol
variation.

Microbial loadings for different seasons

Figure 1 represents the average concentrations of bacterial
and fungal loadings in the outdoor air in Lanzhou during
the study period. The first observation is that the sample
collected in the PTFE filter membrane is slightly higher
for bacterial and fungal loadings than that collected in the
quartz membrane. The average concentration of the total
bacterial collected in the outdoor air is higher than fungal
loadings throughout all seasons. In quartz membrane, the
average levels of bacterial loadings in the outdoor air ranged
from approximately 2 x 10° to 1.1 x 10° CFU m~3, whereas
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Table 1 Seasonal and annual
concentrations of aerosol
chemical composition (ug m™)
in Lanzhou

Fig. 1 Average concentration
(CFU/m’®) of bacterial (a) and
fungal (b) loadings on PM, s
bioaerosols collected for 1 year
during different seasons. The
red-bar graph indicates average
concentrations of bacterial
bioaerosols on the quartz filter
membrane. The blue-line graph
indicates average concentrations
of fungal bioaerosols on the
PTEFE filter membrane

the average levels of fungal loadings ranged from approxi-
mately 1.3 x 10* to 2.5x 10* CFU m~>. In the case of the
PTFE membrane, the bacterial load ranged between 5 x 10
to 1.4x10% CFU m~> while the average levels of fungal
loadings ranged from 1.5x 10* to 3.5x 10* CFU m™. The

Chemical species Autumn Winter Spring Summer Annual
Average (+SD) Average (+SD) Average (=SD) Average (+SD) Average (+SD)
PM2.5 83.29+28.36 150.65+55.54 80.65+42.80  49.93+38.95  90.80+56.82
OoC 6.08+3.34 16.20+19.51 7.58+2.14 521+1.14 8.85+11.05
EC 1.60+1.62 3.22+1.90 1.63+0.91 1.38+0.37 1.97+1.50
Cl 0.23+0.15 0.91+0.54 0.21+0.12 0.11+0.06 0.37+0.43
NO, 0.26+0.10 0.28+0.09 0.29+0.12 0.20+0.12 0.26+0.11
SO, 0.55+0.55 1.80+1.13 1.00+1.06 0.80+0.45 1.06 +£0.97
NO, 0.78+0.51 2.50+1.62 1.03+0.55 0.56+0.18 1.23+1.19
Na 1.25+0.46 3.63+1.59 1.63+0.53 1.25+0.32 1.96+1.34
K 0.23+0.14 0.67+0.30 0.30+0.13 0.24+0.08 0.36+0.26
Mg 0.07+0.06 0.07+0.06 0.14+0.14 0.08+0.06 0.09+0.09
Ca 2.13+3.24 1.59+1.65 1.76 +1.11 0.71+0.28 1.50+1.85
IC 1.84+1.41 1.71+£0.58 2.12+0.53 1.93+£0.35 1.91+0.78
WSocC 4.73+1.43 8.17+6.63 5.14+1.08 5.13+1.70 5.84+3.84
N 201+1.12 6.49+3.33 3.09+1.14 3.73+291 3.93+2.88
3 Bacterial concentration (CFU/m?3)
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minimum bacterial loadings were observed for both mem-
branes during spring (March, April, May). In contrast, maxi-
mum loadings were observed during Autumn (September,
October, November) followed by winter (December, Janu-
ary, February) (Fig. 1a). Similarly, the fungal loadings were
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lowest during winter and highest during autumn, followed by
summer (June, July, August) (Fig. 1b).

Bacterial compositions amongst taxonomical levels

The experiments were done on quartz and PTFE filter mem-
branes across 4 seasons amongst the class, genus, and family
taxonomical levels. As shown in Fig. 2, on the PTFE mem-
brane, the abundance of members belonging to Clostridia
was the most dominant class ranging from around 20% to
35% in each season. Similarly, members of Gammaproteo-
bacteria and Coriobacteria were also found to be relatively
abundant in each season comprising around 20-30% of the
total sequences in all seasons, followed by, the members of
Erysipelotrichia, Negativicutes, and Fusobacteria. Similarly,
the members of Actinobacteria and Bacilli showed 17-20%
abundance in spring and winter, with a very small proportion
during autumn (Fig. 2a). On the quartz filter, members of
Clostridia, Gammaproteobacteria, Bacilli, and Actinobac-
teria were dominant in all seasons and accounted for more
than 60% of the total sequences. Members of Clostridia were
highly abundant in winter and spring (~20%) but very low

Class

| Nitrososphaeria

" Holophagae
Deinococci
Acidimicrobiia

[ Unclassified

[l Chioroflexia
Firmicutes

[ Bacteroidia

1 Synergistia

M Negativicutes

B Fusobacteriia

W Alphaproteobacteria

B Oxyphotobacteria

1 Bailli

[ Erysipelotrichia

M Actinobacteria
Cariobacteriia
= "

=

during summer and autumn. Members belonging to Gam-
maproteobacteria were abundantly present (~70%) during
the summer season while moderate during the rest of the
seasons. Species of Actinobacteria were found highest during
autumn and lowest during summer and the other two seasons.
The abundance of Bacilli members was nearly constant in
all seasons ranging from 5 to 10%. Similarly, members of
Oxyphotobacteria, Coriobacteria, and Alphaproteobacterial
were relatively abundant in total sequences. However, bac-
teria such as Nitrososphaeria, Holophagae and Deinococci
were minutely present in all seasons. The heatmap of the bac-
terial community at the class level revealed that some classes
of bacteria such as Firmicutes, Negativiticus and Fusobac-
teriia were observed higher during summer and autumn on
the PTFE membrane.

In comparison, members of Chloroflexia and Acidimicro-
biia were observed during autumn on quartz membranes. The
bacterial community composition for both quartz and PTFE
membranes was similar among winter and spring seasons
(Fig. 2b). At the family level (Fig. 3a), members of Peptos-
treptococcaceae were highly abundant in spring and winter
on PTFE membrane (~ 17%) as compared to those on quartz

Holophagae 07
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Clostridia o
Coriobacteriia 05
Gammaproteobacteria 04
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Bacill B
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Relative abundance
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Fig.2 Relative abundance and heatmap illustration of 16S rRNA
gene sequences for bacteria classified at the class level: top 19 class.
a Relative abundance. b Heatmap illustrates the abundance of the 19
most abundant bacterial classes collected for 1 year during different
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Spring-PTFE
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seasons using quartz and PTFE filter membrane. A blue—white color
gradient indicates heatmap’s relative abundance from white to dark
blue, with white representing low abundance and dark blue represent-
ing high abundance
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Fig.3 The taxon plot of 16 rRNA sequence depicts the dominant
bacterial community's composition and relative abundance at a dif-
ferent taxonomic level during different seasons for the samples col-
lected in quartz and PTFE filter membrane. a Relative abundances of

membrane (~8%). Similarly, species of Cariobacteriales and
Enterobacteriaceae were also present with almost similar
abundance as the members of Peptostreptococcaceae. Simi-
larly, members of Enterobacteriaceae concentrations were
almost evenly distributed across all the seasons except sum-
mer on quartz filter, where their abundance significantly
increased by around 40%. Members of families such as Ery-
sipelotrichaceae, Moraxellaceae, Lachnospiraceae were
found in all seasons. At the family level (Fig. 3b), members
of Peptostreptococcaceae were the dominant family of all
sequences. They were available with the highest abundance
during summer and autumn on a PTFE filter. However, their
concentrations were absent during summer and autumn on
quartz filters. Similarly, species of Escherichia and Erysip-
elotrichaceae were also relatively abundant, the latter being
highest during summer on quartz membranes.

Winter—Quartz -
Summer—Quartz-
Spring—Quartz -
Summer-PTFE -
Winter-PTFE
Spring—-PTFE
Autumn-PTFE -

Autumn—Quartz -

dominant bacterial community composition at family taxonomic lev-
els across all samples. b There are relative abundances of dominant
bacterial community composition at genus taxonomic levels across all
samples

Fungal compositions amongst taxonomical levels

During summer and winter, members of Dothideomycetes
and Agaricomycetes showed higher dominance (50 and 20%,
respectively) on the PTFE filter, followed by the members of
Saccharomycetes with around (~ 8%). While on quartz filter,
most distributions were almost similar to that of the PTFE
filter; however, members of Dothideomycetes abundance
dropped by 30% while members of Agaricomycetes rose by
10% during summer. Similarly, members of Cladospori-
aceae, Pleosporaceae, Polyporaceae, Psathyrellaceae, Schiz-
ophyllaceae, and Aspergillaceae showed similar abundance
in both PTFE and quartz membranes (Fig. 4a). Figure 4b
shows that members of fungal classes such as Agaricomy-
cetes and Dothidiomycetes, although present in all the sea-
sons, but maximum during spring and winter respectively, for
both filter membranes. Similarly, members of Ascomycota,
Malasseziomycetes and Pucciniomycetes were comparatively
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Fig.4 Relative abundance and heatmap illustration of ITS gene
sequences for fungi classified at the class level: top 29 class. a Rela-
tive abundance. b Heatmap illustrating the relative abundance of the
29 most abundant bacterial classes collected for 1 year during differ-
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higher during autumn for the PTFE membrane. At the family
level (Fig. 5a), members of Schizoporaceae were the most
dominant family in both filter membranes, followed by the
members of Tricholomataceae. Other abundant families were
Cladosporiaceae, Psathyrellaceae, Pleosporaceae, with a
relative abundance of more than 5%. Most of the fungal dis-
tributions were almost similar except members of Debary-
oomycetaceae, which were more than 5% on PTFE but neg-
ligible in quartz membrane during spring. At the genus level
(Fig. 5b), Cladosporium was the most abundant in PTFE and
quartz filters. The abundance of genus Trametes and Debar-
yomyces was slightly higher in the quartz during summer.
Cladosporiaceae was the most dominant family of fungi in
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ent seasons using quartz and PTFE filter membrane. A blue—white
color gradient indicates heatmap’s relative abundance from white to
dark blue, with white representing low abundance and dark blue rep-
resenting high abundance

both quartz and PTFE membranes during autumn, whereas
Schizophyllaceae and Malasseziaceae were the lowest. Both
PTFE and quartz membranes showed similar abundance for
class Dothideomycetes (~50%) followed by Agaricomycetes
(~20%), family Cladosporiaceae and genus Cladosporium
(~20%) during winter. Whereas other genera such as Alter-
naria, Pleurotus, and Schizophyllum were also abundant dur-
ing winter. Agaricomycetes were the most dominant class on
quartz and PTFE membranes, followed by Dothideomycetes.
Saccharomycetes and Tremellomycetes (~ 12%) were signifi-
cantly higher in the PTFE filter than those obtained from
quartz membranes during the spring season.
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Fig.5 Taxon plot of ITS sequence depicting the composition and
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quartz and PTFE filter membrane. a Relative abundances of dominant
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Correlation among the microbial community
and with physicochemical parameters

The correlation analyses between bacteria showed that most
of the bacteria were positively correlated (p <0.05), some
of which include members of Acinetobacter, Planococcus,
and Paracoccus. The positivity indicates that the increment
of one bacterium level results in the increment of the oth-
ers. On the other hand, these positively correlated bacterial
levels were negatively correlated with the bacteria such as
members of Peptostreptococcaceae, Erysipelotrichaceae,
Coriobacteriales, Lachnospiraceae, Atopobium, Veillonella,
Peptoniphilus, and Peptococcus. In the case of fungal genera,
some genus such as Cladosporium shows a positive correla-
tion with Alternaria, Fusarium, Rhizopus, Penicellium and
Clitopilus. On the other hand, some fungi such as Xylodon,
Psathyrellaceae, and Bortrytis showed a highly negative cor-
relation with other genera. This suggests that some genera
are in symbiosis with some microorganisms, whereas some
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fungal community composition at family taxonomic levels across all
samples. b There are relative abundances of dominant fungal commu-
nity composition at genus taxonomic levels across all samples

Relative abundance
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Spring—-PTFE
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are rarely present and depend on the abundance of microbial
community or vice versa. Refer to the supplementary files
for detail.

CCA analyses was carried out to recognize the possible
relationship between microbial community structure and
environmental parameters (Fig. 6). Based on parameters
we used in the study: PM, 5, EC, OC, the ionic composition
including NO,, SO,, CI, Na, K, and Ca were selected in the
CCA biplot. The length of an environmental parameter arrow
in the ordination plot indicates the strength of the relation-
ship of that parameter to community composition. Based on
the relationship between environmental factors and bacterial
community composition in samples of the different seasons
(Fig. 6a), the environmental factors on the first- and second-
ordinal axes accounted for 12.05 and 87.95% between species
and environmental factors. Similarly, the first- and second-
ordinal axes accounted for 37.63 and 62.37% between spe-
cies and environmental factors. The result showed that PM, s,
SO,, NO,, Na, EC, and OC are important environmental
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Fig.6 CCA plot showing the relationships between environmental factors and the community structures of airborne a bacteria and b fungi col-

lected during four seasons of the year in a Quartz filter medium

parameters that could influence the seasonal microbial com-
munity for bacteria. However, no significant regression
coefficient was observed. However, a positive relation was
observed for the fungal community for SO, and Na, but the
relation was not significant.

Further, the results were statistically analyzed for correla-
tion (presented in Supplementary Files) and showed some
bacteria such as Escherichia-shigella, Pseudomonas, Aci-
dovorax, Limnobacter and Tumebacillus showed a positive
correlation with PM, 5. Some bacteria showed a significant
correlation (p < 0.05) with physical factors such as Planomi-
crobium and Brachybacterium showed a significant correla-
tion with temperature, Kocuria with wind speed, Acinetobac-
ter, Enterococcus, Sphingobacterium and Streptococcus with
pressure, Planococcus with OC and EC and Arthrobacter
with NO,. Fungi such as Cladosporium showed a positive
correlation with EC, Cl, Na and K, whereas Pleurotus was
negatively correlated with NO,. Similarly, the pathogenic
fungi Aspergillus showed a negative correlation with most
of the factors, including NO,, SO,, NO5, Na and K; however,
Alternaria was found to be positively correlated with OC,
EC, Cl, NO;, Na and K. The relation of the microbiome with
the environment cannot be confidently defined because the
physiological factors of the microbiome and the environmen-
tal factors are changeable and yet interrelated. Hence, the
relationship between the microbiome and the environment is
highly unpredictable in the free outdoor atmosphere.

Discussion
The current data show that microbial community changes

during different seasons and differs with filter membranes
in an outdoor setting. Hence, we have concluded that our
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long-term analysis reliably showed evidence of the airborne
microbiome's unique and repeated taxonomic composition
coupled to seasons and collection medium. Furthermore, the
relative abundance of taxa was recurrently detected in the
long-term monitoring of bioaerosol at an urban site located
in Lanzhou, China. Thus, the ambient microbial community
can be considered ubiquitous taxa, common inhabitants in
the atmosphere.

Several past studies have observed seasonal variation of
microbial composition for airborne bacterial and fungal com-
munities (Franzetti et al. 2011; Bowers et al. 2013; Uetake
et al. 2019). These observations are reliable with the current
study, which presented no steady free troposphere microbial
community throughout the year of sampling at Lanzhou,
with a major microbiome consisting of 19 bacterial and
29 fungal classes. A total of 183 bacterial and 1374 fungal
OTUs were identified with a 97% sequence similarity. Many
microbiome genera have previously been identified as indica-
tor species for urban outdoor air (Els et al. 2019). Culture-
dependent microbial concentration was also different for the
four sampling periods. The maximum bacterial loads were
observed during autumn and lowest during spring for both
PTFE and quartz membranes, whereas the maximum fungal
load was observed during autumn and lowest during winter
for both filter membranes. However, the magnitude of the
microbial loads obtained in the PTFE membrane is higher
than the quartz membrane for bacteria and fungi cultures.
Several studies have reported that the temperature and rela-
tive humidity variation during different seasons of the year,
collection medium, sampling period, and geographic loca-
tion have a greater impact on microbial loadings on aerosols
(Sharma Ghimire et al. 2020; Gulshan et al. 2021). A past
study also showed a similar magnitude of microbial loads
with the highest monthly mean concentrations were observed
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during November or September (refer to autumn), while the
lowest concentrations were observed during December,
January, or February (refer to winter) (Gulshan et al. 2021).
A different source, regions, transport, and annual variation
have been shown to impact the microbial composition of
the atmosphere (Burrows et al. 2009; Zweifel et al. 2012;
DeLeon-Rodriguez et al. 2013; Sharma Ghimire et al. 2019).
One of the mechanisms that might influence airborne micro-
bial composition is thermal convection and air mass mix-
ing in the boundary layer (Zweifel et al. 2012). For instance,
the lowest amount of distinctive bacterial genera was found
in August (in August, the thermal convection and mixing
are active) but the highest number of such genera was found
in May (Zweifel et al. 2012). High bacterial loads in spring
and fall were previously reported at high elevations sites
(Bowers et al. 2012). Similarly, the urban site in Bangladesh
showed the occurrence of total airborne bacterial as win-
ter > spring > summer > rainy, whereas the total fungal spore
concentrations occurred in the following descending order:
summer > spring > winter > rainy (Gulshan et al. 2021). Our
study showed a similar pattern for highest bacteria loadings
during autumn and winter whereas lowest during spring for
both PTFE and quartz filter membranes. In the case of fungi,
the highest loadings were observed during autumn for both
filter membranes. This result suggests that the PTFE filter
membrane showed more efficiency for culture-dependent
microbial load identification than the quartz membrane.
One similar study compared five different filter membranes
for PVDF, MCE, PES, PA, and PTFE filters with< 1, 48,
234, 86, 92, and 113%, respectively (Jeong and Kim 2021).
The study pointed out that filter materials can be important
parameters for microbial study, including membrane struc-
ture, gravimetric porosity, pore size and distribution, tortuos-
ity, surface roughness, and thickness, which differs among
commercially available filter membranes. Hence, it cannot
convincingly conclude the direct link of filter efficiencies to
the properties of filter materials (Jan et al. 2014; Jeong and
Kim 2021). In addition, the same study also provided that
fungal OTUs substantially exceeded the bacterial OTUs,
showing that fungi were more abundant (Jeong and Kim
2021). Fungal loadings and seasonal occurrences showed
more variability, which might be due to their sporulation
process (Jan et al. 2014). Further, Jeong and Kim (2021)
also revealed that fungal and eukaryotic populations were
greater by more than four times than bacterial populations
in the air for PTFE, PA, and PES filters, followed by PA and
PES filters. However, it is still difficult to define the actual
interaction between the species in the air. Hence, this study
somehow tried to highlight the importance of filter selection
for the airborne microbial study.

The present study revealed the maximum occurrence
of the members belongs to Gammaproteobacteria, Corio-
bacteria and Clostridia in all seasons on PTFE membrane,

followed by, Erysipelotrichia, Negativicutes and Fusobacte-
ria. Similarly, members of Actinobacteria and Bacilli showed
the highest abundance in spring and winter, with a very
small proportion during autumn. Members of Clostridia,
Gammaproteobacteria, Bacilli, and Actinobacteria showed
maximum abundance on the quartz filter in all the seasons.
Similarly, on the PTFE filter, fungi such as Dothideomycetes
and Agaricomycetes showed higher dominance, followed by
Saccharomycetes during summer and winter. The microbial
distribution and survival also depend on the physiological
nature of microorganisms themselves. For example, the mem-
bers of Actinobacteria bacteria and most fungal cells can
form spores to withstand extreme environments by produc-
ing extracellular enzymes that decompose plant and animal
residues and complex organic compounds in soils, water, or
air (Eisenlord and Zak 2010; Sajjad et al. 2021).

On the other hand, Firmicutes are represented as desert
microbes that can produce endospores and contribute to
colonization in arid conditions (Bukar et al. 2019). Mycelial
fungi such as Ascomycetes or Basidiomycetes cell produce
hydrophobins proteins vital to growing aerial hyphae and
are usually most active in summer, assisting in transporting
higher up in the atmosphere (Chenu and Cosentino 2011).
Such physiology may also alter according to seasonal condi-
tions and hence contribute to reshaping the nature and com-
position of the microbial community.

The microbial communities studied at several urban sites in
the world have been studied using 16S rRNA and ITS amplicon
sequencing, and the data reveal the existence of similar domi-
nant phyla, such as Actinobacteria, Bacillus, Proteobacteria,
Bacteroidetes, and Firmicutes. However, the proportion of each
phylum exhibited a difference at abundance level among the
sites. To the best of our knowledge, this study is the first to
compare the relative seasonal abundance of the outdoor micro-
biome in the urban city of Lanzhou. Evidently, seasonality has
shown a significant role in reshaping the microbiome profiles in
the environments (Ruiz-Gil et al. 2020a, b). The trend of pub-
lics migrating from rural to urban areas and the rapid changes
environmental factors and seasonal variation. The present study
provides essential observations to facilitate further research
on the understanding interrelationships of the environmental
and seasonal microbiome in urban cities. For example, the
taxonomic profile of airborne bacteria (Table 2) has shown the
Proteobacteria (Pseudomonas, Acinetobacter, Methylobacte-
rium, Acetobacter and Sphingomonas) as the most abundant
phylum in the air. Similarly, the Firmicutes (Bacillales and
Lactobacillales), Actinobacteria (Corynebacteriales and Mic-
rococcales), and Bacteroidetes (Sphingobacteriales) are also
representatively found in air samples collected at several urban
sites (Du et al. 2018a, b; Nufiez et al. 2019). Ascomycota and
Basidiomycota are the most common fungal phyla commonly
found in urban sites of South Korea and Xian, China (Kumari
and Choi 2014; Wang et al. 2021). Furthermore, the geographic
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Table 2 Seasonal taxonomy and approximate relative abundance of the dominant bacterial and fungal phyla in the outdoor air of different urban

sites

Site Collection medium Microorganisms identified (~) Approximate relative abundance References
(%)
Summer Autumn Winter Spring
Madrid, Spain Volumetric spore traps  Proteobacteria 25-35 27-40 28-45 40-50 Ruiz-Gil et al. (2020a, b)
(suction slit impac- Actinobacteria 40-42 30-40 20-35 25-35
tors) Firmicutes 15-25 12-20 12-18  10-12
Bacteroidetes 5-7 6-10 6-8 4-10
Ascomycota 80-90 65-80 70-90  75-92
Basidiomycota 10-22 20-31 12-28  10-25
Zygomycota - - - -
Beijing, China Quartz fiber filter Proteobacteria 30-42 38-45 30-35 16-17 Chenu and Cosentino (2011)
Actinobacteria 20-25 22-30 30-32  18-20
Firmicutes 20-22 16-18 1922 20-22
Bacteroidetes 3-6 3-10 6-11 2-5
Ascomycota 80-90 51-68 4148  72-75
Dothidiomycetes 1-2 3-9 6-14 2-3
Sordariomycetes - 1-3 1020 12
Eurotiomycetes
South Korea Cellulose nitrate filters ~ Ascomycota 60-90 - 60-80 - Du et al. (2018a, b)
Basidiomycota 10-20 10-30
Zygomycota 1-5 2-8
Xian, China Quartz fiber membrane  Proteobacteria 38 41 59 38 Nuiez et al. (2019)
Actinobacteria 13 25 18 20
Firmicutes 25 20 10 15
Bacteroidetes 20 8 5 11
Ascomycota 23 30 60 68
Basidiomycota 72 60 30 31
Mucoromycota - - 1 -
Lanzhou, China PTFE fiber membrane  Proteobacteria 12 15 22 20 This study
Actinobacteria 25 25 20 18
Firmicutes 62 60 38 40
Bacteroidetes - - 2 2
Ascomycota 60 51 68 30
Basidiomycota 31 42 20 62
Zygomycota - - 3 -
Lanzhou, China Quartz fiber membrane Proteobacteria 76 30 20 18 This study
Actinobacteria 10 28 25 27
Firmicutes 20 23 40 35
Bacteroidetes - 2 1 2
Ascomycota 54 46 71 25
Basidiomycota 72 45 18 36
Zygomycota - - 2 -

location and sampling area also greatly influence the micro-
biome composition, characterized by the relative offerings of
the different bioaerosol emission sources at different urbaniza-
tion levels (Bowers et al. 2013; Gandolfi et al. 2013; Sharma
Ghimire et al. 2020). For instance, abundant vegetation and
soil influences bioaerosols in rural areas. In contrast, urban and
suburban areas are characterized by physicochemical factors
(PM,, PM, 5 and CO), gas, industrial, and dust. This enables a
high relative abundance of pathogenic and pollutant-degrading
bacteria (Wei et al. 2019), further influenced by the regional
temperature, atmospheric pressure, humidity, precipitation, and
other climatic factors. Past studies showed that the Actinomy-
cetales, Rhizobiales, Sphingomonadales, Pseudomonadales
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and Enterobacteriales were more predominantly observed in
samples collected after precipitation, where Burkholderiales,
Lactobacillales and Clostridiales were less dominant (Jang
et al. 2018). Similarly, plant-associated bacteria (e.g., Sphin-
gomonadales) are sometimes observed during warm seasons,
soil-inhabiting bacteria (such as Actinobacteria and Firmicutes)
can more frequently prevail during dry and crop-harvesting sea-
sons (Franzetti et al. 2011; Bowers et al. 2013). Another study
revealed Burkholderiales and Actinomycetales as predominant
orders in colder seasons while showing Rhodobacterales domi-
nance during warmer seasons at two urban sites in Northern
Italy (Gandolfi et al. 2015).
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Conclusions

The present study was intended to disclose the variations in
bacterial and fungal community composition and their relations
with environmental factors in the outdoor air of urban Lanzhou.
In our study, seasonal changes significantly impacted bacterial
and fungal bioaerosol composition for a year-long period. In
addition, meteorological parameters such as relative humidity
and wind speed appeared to influence bioaerosol composition
and concentration. It was observed that a higher microbial load
for the samples collected in the PTFE filter medium than the
quartz filter medium. Moreover, the microbial loadings and
abundance were higher for fungi than bacteria. However, the
bacterial loads are higher during autumn and winter, while fun-
gal loads are higher during autumn and spring. Further stud-
ies on outdoor bioaerosols are needed to understand better the
relation of atmospheric biological and physical processes in
the future.
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material available at https://doi.org/10.1007/s00203-022-02832-x.
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