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Abstract: Bioaerosols often contain human pathogens and allergens affecting public health. However,
relatively little attention has been given to bioaerosols compared with non-biological aerosols. In this
study, we aimed to identify bioaerosol compositions in Manchester, UK by applying high throughput
sequencing methods and to find potential sources. Samples were collected at Manchester Air Quality
Super Site at the Firs Environmental Research Station in November 2019 and in February 2020.
Total DNA has been extracted and sequenced targeting the 16S rRNA gene of prokaryotes, ITS
region of fungal DNA and 18S rRNA gene of eukaryotes. We found marine environment-associated
bacteria and archaea were relatively more abundant in the February 2020 samples compared with the
November 2019 samples, consistent with the North West marine origin based on wind back-trajectory
analysis. In contrast, an OTU belonging to Methylobacterium, which includes many species resistant
to heavy metals, was relatively more abundant in November 2019 when there were higher metal
concentrations. Fungal taxa that fruit all year were relatively more abundant in the February 2020
samples while autumn fruiting species generally had higher relative abundance in the November
2019 samples. There were higher relative abundances of land plants and algae in the February 2020
samples based on 18S rRNA gene sequencing. One of the OTUs belonging to the coniferous yew
genus Taxus was more abundant in the February 2020 samples agreeing with the usual pollen season
of yews in the UK which is from mid-January until late April. The result from this study suggests a
potential application of bioaerosol profiling for tracing the source of atmospheric particles.

Keywords: bioaerosol; microbial community; high throughput sequencing; urban; UK

1. Introduction

Bioaerosols are a mixture of virus, bacteria, fungal spores and mycelium, plant pollens
and debris of these components [1]. Traditionally, bioaerosols have been studied by cultur-
ing bacteria or by observing morphological characteristics of fungal spores or plant pollens
under the microscope [2]. Over approximately the last decade, real-time detection methods
have emerged which utilize various methods, ranging from holography to autofluorescence
spectroscopy to identify and quantify bioaerosols [3–5]. Generally, these methods provide
excellent time resolution, with 5 min sample integrations being typical, however, accurate
speciation remains a significant technical challenge [6].

High throughput sequencing of 16S rRNA gene has been applied to identify microbial
communities in diverse environments including soil [7–9], sediment [10,11], freshwater [12–14]
and sea water [15,16]. To identify fungal species, primers targeting the intergenic spacer
(ITS) region of DNA has been developed [17] and has been widely used [18,19]. For overall
eukaryotic community analysis, the 18S rRNA gene is most commonly used [20,21]. As
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sequencing has become cheaper and more widely available, there has been an increase in the
number of studies in atmospheric sciences which incorporate the metabarcoding methods
for bioaerosol identification [22,23]. Smith et al. [24] identified bacterial communities in
the samples collected in the Earth’s stratosphere based on 16S rRNA gene sequencing.
Kraaijeveld et al. [25] used an Ion Torrent platform and supported the application of high
throughput DNA sequencing for efficient and accurate monitoring of plant pollens in the
atmosphere. Banchi et al. [26] applied metabarcoding techniques to identify fungal spores
and observed fungal community composition in the air at higher resolution compared with
using traditional microscopic approaches.

Although there has been an increase in the number of studies on bioaerosols in recent
years, the source and transport of bioaerosols have been relatively less studied [27]. One of
the few examples is Smith et al.’s study [28], which collected samples before, during, and
after an Asian long range transport plume and found distinctive plume-associated bacterial
and archaeal communities, suggesting intercontinental dispersal of these organisms by
transpacific winds. Another example is Mu et al.’s study [29], which identified potential
sources of airborne bacteria by applying Source Tracker [30] and revealed leaf surface as
the main source both in mountainous and urban areas in Xi’an.

Manchester is one of the worst cities in the UK for poor air quality having over
an annual mortality of over a hundred due to toxic air [31]. In the UK, by law, carbon
monoxide (CO), nitrogen dioxide (NO2), PM10 particulate matter, sulphur dioxide (SO2),
lead, benzene, and ozone (O3) levels are being monitored to assess air quality. Bioaerosols,
however, gained relatively less attention, although the impact of bioaerosols on public
health and ecosystem functioning could be significant [1,32]. The present study aimed to
identify airborne prokaryotic (bacteria and archaea), fungal, and eukaryotic community
structure through high throughput sequencing and track potential sources of the bioaerosols
in the Manchester Air Quality Supersite (MAQS) where the bioaerosol sampling system is
co-located with an extensive suite of air quality sensors and instrumentation to monitor
urban air quality.

2. Materials and Methods
2.1. Sample Collection

Filter samples were collected at the Manchester Air Quality Super Site at the Firs
Environmental Research Station (53◦27′ N, 2◦13′ W) in Manchester, UK (http://www.cas.
manchester.ac.uk/restools/firs/, accessed on 28 January 2022). Manchester is the second-
most populous urban area in the UK, but also includes many green spaces (e.g., local parks).
The sample collection site is approximately 4 km away from the city center. Samples were
collected in two different time periods: (1) November 2019 and (2) February 2020 (Table 1).
Filter samples were collected using an automatic high-volume aerosol sampler DHA-80
(DIGITEL Elektronik AG, Switzerland) [33,34]. During sampling, filters were automatically
changed in every 24 h and collected at the end of each period. The air flow-rate of the
sampler was ~500 L/min. Glass microfiber filters MG 227/1/60 with a diameter of 150 mm
(Sartorius, Göttingen, Germany) were used to collect bioaerosol samples. The filters and
filter holders were autoclaved before use. The inlet of the sampler was cleaned with a 1%
Rely+On™ Virkon solution (LANXESS, Cologne, Germany) prior to collecting samples.
Un-aspirated handling filters were also collected to assess potential contamination. Filters
were transported to the laboratory at the University of Manchester and cut into 32 pieces
per sample with sterile scissors. All of the samples collected in November 2019 were kept
in a freezer for DNA extraction. Four out of thirty-two pieces of the samples collected
in February 2020 were kept in a fridge for environmental scanning electronic microscopy
(ESEM) and the rest were kept in a freezer for DNA extraction.

http://www.cas.manchester.ac.uk/restools/firs/
http://www.cas.manchester.ac.uk/restools/firs/
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Table 1. Sample information.

Sample ID Start Time End Time

FIRS1_7 12 November 2019 13:16 13 November 2019 13:15
FIRS1_8 13 November 2019 13:16 14 November 2019 13:15
FIRS1_9 14 November 2019 13:16 15 November 2019 10:40
FIRS1_12 15 November 2019 10:40 16 November 2019 10:40
FIRS1_13 16 November 2019 10:40 17 November 2019 10:40
FIRS1_14 17 November 2019 10:40 18 November 2019 10:20
FIRS2_2 20 February 2020 16:25 21 February 2020 16:25
FIRS2_3 21 February 2020 16:25 22 February 2020 16:25
FIRS2_4 22 February 2020 16:25 23 February 2020 16:25
FIRS2_5 23 February 2020 16:25 24 February 2020 16:25
FIRS2_6 24 February 2020 16:25 25 February 2020 16:25
FIRS2_7 25 February 2020 16:25 26 February 2020 16:25
FIRS2_8 26 February 2020 16:25 27 February 2020 16:25

2.2. Assessment of Environmental Factors

Wind speed, direction, temperature, and humidity were measured at the supersite meteo-
rological station which included a WindMaster sonic anemometer (Gill Instruments, Lymington,
UK), with a time resolution of 20 Hz. Total precipitation rate was monitored using a Laser Pre-
cipitation Monitor (Theis, Göttingen, Germany). Particulate matter (PM1, PM2.5, PM10, PMtotal)
was measured with a Fidas 200 (Palas, Karlsruhe, Germany). CH4 and CO2 concentrations
were obtained using a Multi-gas Carbon Emissions Analyzer (LGR, San Jose, CA, USA). CO
concentration was obtained using a 48i CO Analyzer (Thermo Fisher, Waltham, MA, USA).
NH3 concentrations were obtained with an Economical Ammonia Analyzer (LGR, San Jose,
CA, USA). Elemental composition was obtained with an Xact® 625i Multi-Metals Monitoring
System (Cooper Environmental Services, Beaverton, OR, USA). More details on the air quality
supersite and instruments can be found in Barker et al. [35].

2.3. Environmental Scanning Electronic Microscopy

Environmental Scanning Electron Microscopy (ESEM) was used to image the filter
samples in backscattered electron (BSE) modes. Imaging was performed using a FEI
Quanta 650 FEG ESEM operating at 15 kV under low-vacuum conditions (0.1–1.3 mbar).
Energy dispersive spectroscopy (EDS) was performed using the Bruker ESPRIT software
for element analysis.

2.4. DNA Extraction, PCR, and Sequencing

Sample DNA was extracted from the filters using the DNeasy PowerWater Kit (Qiagen)
as described by the suppliers with an empty filter as an extraction control. The V4 region of
16S rRNA gene was amplified using the primers, 515F (5′-GTGYCAGCMGCCGCGGTAA-
3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR (polymerase chain reaction)
condition for amplifying 16S rRNA gene was as follows: initial denaturation step at
95 ◦C for 2 min, 36 cycles of melting (95 ◦C, 30 s), annealing (58 ◦C, 30 s), and ex-
tension (72 ◦C, 2 min), and final extension at 72 ◦C for 5 min. The ITS (internal tran-
scribed spacer) region of fungal DNA was amplified using the primers, ITS4-Fun (5′-
AGCCTCCGCTTATTGATATGCTTAART-3′) and 5.8SR-Fun (5′-AACTTTYRRCAAYGGAT
CWCT-3′). The PCR condition for amplifying fungal DNA was as follows: initial denatura-
tion step at 95 ◦C for 30 s, 36 cycles of melting (95 ◦C, 30 s), annealing (56 ◦C, 45 s), and exten-
sion (72 ◦C, 2 min), and final extension at 72 ◦C for 5 min. The V9 region of the eukaryotic
18S rRNA gene was amplified using the primers, 1391F (5′-GTACACACCGCCCGTC-3′)
and EukBr (5′-TGATCCT TCTGCAGGTTCACCTAC-3′). The PCR condition for amplifying
eukaryotic 18S rRNA gene was as follows: initial denaturation step at 95 ◦C for 2 min,
37 cycles of melting (95 ◦C, 30 s), annealing (57 ◦C, 60 s), and extension (72 ◦C, 1.5 min),
and final extension at 72 ◦C for 5 min.
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Amplified DNAs were paired-end sequenced based on the Illumina MiSeq platform.
The 18S rRNA gene amplicon sequencing of “FIRS2_4”, “FIRS2_7”, and “FIRS2_8” samples
failed due to the low quantity of DNA. The raw fastq formatted sequence files were archived
in the NCBI SRA (sequence read archive) under project number of PRJNA731031.

2.5. Sequence Analysis

Paired-end sequences were combined using the PANDASeq software v. 2. 8 [36].
Further sequence analysis including sequence alignment, quality control (e.g., removal
of ambiguous sequences and chimeric sequences), classification, and OTU (operational
taxonomic unit) clustering was performed using Mothur software v. 1. 42. 3 [37] following
the MiSeq SOP (https://mothur.org/wiki/miseq_sop/, accessed on 2 July 2020). To remove
chimeric sequences, VSEARCH v. 2. 13. 3 [38] was used. The Silva database v. 132 [39]
was used for alignment and classification of sequences. OTUs were defined based on 97%
sequence similarity using the OptiClust algorithm [40]. Singleton sequences, reads with
sequences that are present only once in the dataset, were removed and OTUs with more than
100 reads in the extraction control were also removed. Since the Silva database provides
taxonomic information only down to genus level, we used local BLASTn [41] software
v. 2.9. 0 with the representative sequence of each OTUs against the NCBI nucleotide (nt)
database [42] with e-value cutoff of 10−10.

2.6. Quantitative PCR

Quantitative PCR (qPCR) was performed to obtain the absolute copy numbers of
16S rRNA and 18S rRNA genes. A dilution series of Telluria mixa DSM 4832 gBlock
double stranded DNA gene fragment (Integrated DNA Technologies, Leuven, Belgium)
was used to construct the standard curve for the qPCR reaction of the 16S rRNA genes.
Saccharomyces cerevisiae NRRL Y-12632 gBlock double stranded DNA gene fragment
(Integrated DNA Technologies, Leuven, Belgium) was used as a standard for qPCR of
18S rRNA genes. PCR amplification was performed in 25-µL reaction mixtures by using
the Brilliant II SYBR green PCR master mix (Agilent Technologies, Santa Clara, CA, USA)
8F (5′AGAGTTTGATCCTGGCTCAG-3′) and 519R (5′-GWATTACCGCGGCKGCTG-3′)
primers were used to quantify 16S rRNA genes and 1391F (5′-GTACACACCGCCCGTC-3′)
and EukBr (5′-TGATCCTTCTGCAGGTTCACCTAC-3′) primers were used to quantify 18S
rRNA genes. The PCR conditions for the amplification of 16S rRNA genes were as follows:
initial denaturation step at 94 ◦C for 4 min, 36 cycles of melting (94 ◦C, 30 s), annealing
(50 ◦C, 15 s), and extension (72 ◦C, 45 s). The PCR conditions for the amplification of 18S
rRNA genes was as follows: initial denaturation step at 94 ◦C for 4 min, 36 cycles of melting
(94 ◦C, 30 s), annealing (55 ◦C, 30 s), and extension (72 ◦C, 1 min). Triplicate of the DNA
samples were amplified and monitored with the Rotor Gene Q instrument (Qiagen, Hilden,
Germany). Cycle threshold (CT) was determined automatically by the instrument.

2.7. Statistical Analysis

Prior to diversity analysis, samples were sub-sampled into 108,230 reads per sample for
prokaryotes, 4637 reads per sample for eukaryotes, and 53,056 reads per sample for fungi.
To compare environmental conditions between the two sampling periods, to compare the
relative abundance of taxonomic groups between the two sampling periods and to compare
diversity between the two sampling periods, t-test was performed. When the assumptions
for the t-test could not be met, a Wilcoxon rank sum test was performed instead. The
number of reads were square-root transformed and the Bray–Curtis dissimilarity was
calculated to draw principal coordinates analysis (PCoA) plots. To fit environmental
variables onto the PCoA ordinations, the ‘envfit’ function in R ‘vegan’ package [43] was
used. To test the significance of community distances between sampling time, an analysis
of similarity (ANOSIM) test was performed. nMDS plot visualization and ANOSIM test
was performed using the PRIMER 6 software [44].

https://mothur.org/wiki/miseq_sop/


Atmosphere 2022, 13, 1212 5 of 22

3. Results
3.1. Environmental Parameters

Table S1 shows the average value of environmental parameters during each of the
sample collection. The average temperature ranged from 5.4–7.8 ◦C when collecting
November 2019 samples and 3.6–9.3 ◦C when collecting February 2020 samples (Table
S1). The average humidity was over 80% in both of the sampling periods. The total
precipitation rate was higher when collecting February 2020 samples (Table S2, Figure 1).
Concentrations of heavy metals, for example, Ti, Mn, Fe, Cu, Zn, As, Zr, Nb, Pd, Te, Pb,
and Bi, were significantly higher in the samples collected in November 2019 compared
with those from February 2020 (Figure 1). In contrast, Cl concentrations were higher in the
February 2020 samples.

Figures 2 and 3 shows a series of 96-h Lagrangian back trajectories for airmasses
arriving over the sampling site at an altitude of 400 m, calculated using the HYSPLIT
(The Hybrid Single Particle Lagrangian Integrated Trajectory) modeling system with full
3D advection [45]. HYSPLIT was driven using GFS (Global Forecast System) 0.25-degree
gridded meteorological reanalysis data. A 400 m receptor altitude was chosen to represent
a layer consistent with the well-mixed planetary boundary layer at the measurement site
(and high enough to prevent model particles colliding with the ground). The trajectories
illustrate North-West marine-derived winds when collecting February 2020 samples and
mostly land/continental origin of winds during November 2019 sampling. Environmental
scanning electronic microscopy showed attachment of a C-containing feature (10 µm length,
possibly a fungal spore) with NaCl in one of the February 2020 samples (Figure S5). This
corresponds to the back trajectory of the winds coming from the North-West marine
environment (Figure 3).

During November 2019, the particulate mass was generally below DEFRA (Depart-
ment for Environment, Food and Rural Affairs) air quality limit values (Figure S1), however,
some significant exceedances were observed, e.g., 03/11 and 06/11, where PM2.5 and PM10
exceed the DEFRA limits of 20 µg m−3 and 40 µg m−3, respectively; PM2.5 excided these
limits during filter collection on the 16th and 17th of November. Fewer exceedances were
observed during February 2020 (Figure S2), and none occurred during the filter sampling
period. Figures S3 and S4 show polar concentration plots as a function of wind speed and
direction for the two sampling periods, where the greatest aerosol loadings are typically
observed at low wind speeds, suggesting local sources are important at the site. Significant
enhancements in PM10 as compared with PM1 and PM2.5 were observed at higher wind
speeds, and this was particularly prevalent during the February sampling period; the
November period demonstrated an enhancement in PM10 from the South West which was
not present in the PM1 loading, suggesting that there may be a separate and distinct source
of large aerosol from this wind sector.

3.2. Prokaryotic Community Structure and Diversity

There was no significant difference in the absolute copy number of 16S rRNA genes
between the November 2019 samples and February 2020 samples based on the qPCR re-
sults (Figure S6). The most abundant phylum on average was Proteobacteria, followed
by Bacteroidota, Actinobacteria and Firmicutes (Figure 4a). The relative abundance of
Bacteroidota was significantly higher in the November 2019 samples compared with the
February 2020 samples, whereas the relative abundances of Verrucomicrobiota, Cyanobac-
teria, Planctomycetota, Acidobacteriota, and Chloroflexi were higher in the February 2020
samples (Table S3). The most abundant genus was Hymenobacter during both of the sam-
pling periods. The second most abundant genus was Methylobacterium-Methylorubrum in
November 2019 samples and Flavobacterium in February 2020 samples (Figure 4b).
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Figure 1. Boxplots of environmental parameters that were significantly different between November
2019 samples and February 2020 samples.
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Figure 2. 96 h HYSPLIT Lagrangian back trajectories of air at the start point of each sample collected
in November 2019. (a) “FIRS1_7”, (b) “FIRS1_8”, (c) “FIRS1_9”, (d) “FIRS1_12”, (e) “FIRS1_13” and
(f) “FIRS1_14”.
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Figure 3. 96 h HYSPLIT Lagrangian back trajectories of air at the start point of each sample collected in
February 2020. (a) “FIRS2_2”, (b) “FIRS2_3”, (c) “FIRS2_4”, (d) “FIRS2_5”, (e) “FIRS2_6”, (f) “FIRS2_7”
and (g) “FIRS2_8”.
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Figure 4. The 15 most abundant prokaryotic phyla (a) and genera (b) in the samples.

Table 2 shows t-test (or Wilcoxon test) results of the 30 most abundant OTUs revealing
significant differences in their relative abundance between the November 2019 samples and
the February 2020 samples. The average relative abundance of OTU00020 was about six
times higher in the November 2019 samples and had 100% similarity with Methylobacterium
bullatum and Methylobacterium marchantiae based on blast search against the NCBI 16S rRNA
sequence database. OTUs that had higher relative abundance in the February 2020 samples
included marine environment associated taxa. For example, OTU000087, which was the
most abundant archaeal OTU in the samples collected, was affiliated with “Marine Group
II” based on the Silva database and had no blast matches with >80% similarity against the
NCBI nt database. OTU000115, which was also relatively more abundant in the February
2020 samples, was affiliated with “SAR86_clade” based on the Silva database and had no
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blast match with > 90% similarity. OTU000147, which was affiliated with “Marinimicrobia
ge” based on the Silva database and had no blast match with > 81% similarity, was also
more abundant in the February 2020 samples.

Figure 5 shows a PCoA plot generated based on the Bray–Curtis distance of prokary-
otic communities between the samples. There was a significant difference in prokaryotic
community composition during the two different sampling periods based on the ANOSIM
test (global R of 0.606 and p-value of 0.001). Environmental factors that were significantly
correlated with the ordination are added as red arrows. Cl, Al, and wind speed were
pointing towards the February 2020 samples, whereas Si, Pd, Nb, Mn, Fe, Cu, and Zr were
pointing towards the November 2019 samples, confirming their significant association with
the prokaryotic communities during each sampling period. In terms of alpha diversity,
Shannon diversity values were significantly higher in the samples collected in February
2020 in comparison with November 2019 samples (Figure S7). However, there was no
difference in the number of OTUs between the two sample sets.

Figure 5. PCoA (principal coordinate analysis) plot of prokaryotic communities. Environmental
factors that have significant correlation with the ordination (with p value lower than 0.01 and R-square
value larger than 0.5) based on permutation tests are shown as red arrows.
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Table 2. t-test (or Wilcoxon test) results of the 30 most abundant prokaryotic OTUs that show significant difference in their relative abundance between the November
2019 samples and the February 2020 samples. Their taxonomic annotation based on the Silva database and their BLAST result against NCBI nt database (best hit
score, classified down to species level) are shown together.

OTU ID p Value Nov_2019
Average (%)

Feb_2020
Average (%) Taxonomy Based on the Silva Database

BLAST against NCBI nt Database

Taxonomy Similarity
(%) E-Value

Otu000020 0.045 1.136 0.187 Methylobacterium-Methylorubrum Methylobacterium bullatum, Methylobacterium marchantiae 100 6 × 10−120

Otu000014 0.017 0.762 0.470 Rubellimicrobium Rubellimicrobium aerolatum 100 9 × 10−112

Otu000019 0.032 0.648 0.433 Pedobacter Pedobacter miscanthi, Pedobacter helvus, and etc. 100 2 × 10−125

Otu000048 0.016 0.654 0.046 Bacteria_unclassified Calycina alstrupii 88.29 9 × 10−73

Otu000047 0.012 0.406 0.201 Streptococcus Streptococcus gallolyticus, Streptococcus pasteurianus, and etc. 100 8 × 10−125

Otu000054 0.018 0.604 0.021 Moraxellaceae_ge Agitococcus lubricus 97.62 3 × 10−117

Otu000058 0.020 0.367 0.161 Lactobacillus Lactobacillus johnsonii, Lactobacillus paragasseri, and etc. 100 2 × 10−125

Otu000053 0.037 0.097 0.345 Rickettsiella Diplorickettsia massiliensis 20B 98.02 3 × 10−118

Otu000099 0.036 0.331 0.076 Prevotella Prevotella hominis 99.6 1 × 10−123

Otu000089 0.018 0.371 0.039 Spirosoma Spirosoma oryzae 96.83 2 × 10−114

Otu000102 0.003 0.283 0.103 Aureimonas Aureimonas glaciei 100 2 × 10−125

Otu000122 0.036 0.296 0.062 Pseudomonas Paucimonas lemoignei, Pseudomonas versuta, and etc. 100 2 × 10−125

Otu000090 0.005 0.051 0.270 uncultured Roseimicrobium gellanilyticum 87.3 6 × 10−82

Otu000120 0.023 0.315 0.041 Staphylococcaceae_unclassified Mammaliicoccus fleurettii, Mammaliicoccus sciuri, and etc. 100 2 × 10−125

Otu000108 0.030 0.212 0.115 Dyadobacter Dyadobacter frigoris, Dyadobacter hamtensis 99.6 1 × 10−123

Otu000129 0.041 0.238 0.090 Chryseobacterium Chryseobacterium solani, Epilithonimonas ginsengisoli, and etc. 100 2 × 10−125

Otu000111 0.038 0.206 0.115 Corynebacterium Corynebacterium freneyi, Corynebacterium xerosis 100 7 × 10−126

Otu000091 0.037 0.063 0.215 Pseudarcobacter Arcobacter suis, Arcobacter caeni 100 2 × 10−125

Otu000087 0.002 0.000 0.251 Marine_Group_II_ge Methanobrevibacter cuticularis 79.45 3 × 10−54

Otu000148 0.013 0.174 0.080 Spirosoma Spirosoma pomorum 96.83 2 × 10−114

Otu000115 0.011 0.023 0.208 SAR86_clade_ge Pseudomonas nabeulensis 89.33 8 × 10−87

Otu000143 0.003 0.014 0.194 Corynebacteriales_unclassified Rhodococcus aerolatus 100 2 × 10−125

Otu000202 0.010 0.201 0.032 Comamonadaceae_unclassified Xylophilus rhododendri, Ramlibacter rhizophilus, and etc. 100 2 × 10−125

Otu000141 0.001 0.033 0.173 Sphingomonas Sphingomonas flava 99.6 1 × 10−123

Otu000147 0.033 0.037 0.155 Marinimicrobia__ge Acinetobacter piscicola, Acinetobacter marinus 80.57 2 × 10−57

Otu000162 0.043 0.024 0.164 Scytonema_UTEX_2349 Hassallia antarctica 99.6 1 × 10−123

Otu000246 0.025 0.169 0.035 1174-901-12 Lichenihabitans psoromatis, Beijerinckia mobilis 95.63 4 × 10−110

Otu000183 0.004 0.003 0.164 Crocinitomicaceae_unclassified Wandonia haliotis 95.63 4 × 10−110

Otu000230 0.016 0.005 0.155 Cyanobacteriia_unclassified Lobosphaera incisa 87.7 5 × 10−83

Otu000206 0.035 0.023 0.136 Calothrix_PCC-6303 Macrochaete lichenoides 99.21 1 × 10−122
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3.3. Fungal Community Structure and Diversity

The most abundant phylum on average was Basidiomycota followed by Ascomycota
(Figure 6a). The relative abundance of Basidiomycota was significantly higher in the
November 2019 samples compared with the February 2020 samples, whereas the relative
abundance of Ascomycota was higher in the February 2020 samples (Table S4). The most
abundant genus in the November 2019 samples was Mycena, followed by Clitocybe and
Phlebia, whereas the most abundant genus in the February 2020 samples was Daedaleopsis,
followed by Xylodon and Piptoporus (Figure 6b).

Figure 6. The 15 most abundant fungal phyla (a) and genera (b) in the samples.

Table 3 shows the t-test (or Wilcoxon test) results of the 30 most abundant fungal
OTUs that shows significant difference in their relative abundance between the November
2019 samples and the February 2020 samples. The relative abundance of fungal OTUs
during the two different sampling time matched with their fruiting season (Supplementary
Information). The OTUs annotated with fungal taxa that fruit all year round, for exam-
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ple, OTU000003 (Daedaleopsis confragosa) and Otu000009 (Cylindrobasdium evolvens), had
generally higher relative abundance in the February 2020 samples, while the OTUs anno-
tated with fungal taxa that fruit in autumn, for example, Otu000006 (Clitocybe nebularis),
Otu000016 (Lepista_nuda) and Otu000026 (Paralepista flaccida), had generally higher relative
abundance in the November 2019 samples.

Figure 7 shows a PCoA plot generated based on the Bray–Curtis distance of fungal
communities between samples. There was a significant difference between the samples
collected in November 2019 and the samples collected in February 2020 based on the
ANOSIM test (global R of 1 and p-value of 0.002). Environmental factors that have sig-
nificant correlation with the ordination are added as red arrows. Cl, Al, and wind speed
arrows were pointing towards the February 2020 samples whereas Nb, Mn, Pd, Si, Fe, Cu,
Zr, and CH4 were pointing towards the November 2019 samples. Shannon diversity and
the number of fungal OTUs were significantly higher in the samples collected in November
2019 in comparison with February 2020 samples (Supplementary Figure S8).

Figure 7. PCoA (principal coordinate analysis) plot of fungal communities. Environmental factors
that have significant correlation with the ordination (with p value lower than 0.01 and R-square value
larger than 0.5) based on permutation tests are shown as red arrows.
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Table 3. t-test (or Wilcoxon test) results of the 30 most abundant fungal OTUs that shows significant difference in their relative abundance between the November
2019 samples and the February 2020 samples. Their taxonomic annotation based on the UNITE database and their BLAST result against NCBI nt database (best hit
score, classified down to species level) are shown together.

OTU ID p Value Nov_2019
Average (%)

Feb_2020
Average (%)

Taxonomy Based on the UNITE Database
BLAST against NCBI nt Database

Taxonomy Similarity (%) E-Value

Otu000003 0.000 0.405 14.467 Daedaleopsis_unclassified Daedaleopsis confragosa, Lenzites betulinus, and etc. 100 0
Otu000004 0.000 6.017 0.522 Phlebia_unclassified Phlebia radiata 100 0
Otu000006 0.002 6.225 0.001 Clitocybe_nebularis Leucopaxillus tricolor, Lepista nebularis 100 0
Otu000009 0.018 2.468 4.198 Cylindrobasidium_evolvens Polyporus gayanus 99.567 0
Otu000010 0.003 4.192 0.006 Mycena_metata Mycena arcangeliana 98.966 0
Otu000013 0.029 2.621 0.600 Sistotrema_oblongisporum Clavulina cristata 83.252 2.91 × 10−95

Otu000016 0.001 2.451 0.036 Lepista_nuda Lepista nuda 99.208 0
Otu000017 0.006 0.609 2.896 Ganoderma_australe Ganoderma australe 99.728 0
Otu000022 0.001 1.635 0.000 Infundibulicybe_geotropa Ampulloclitocybe clavipes 94.01 8.94 × 10−160

Otu000023 0.017 1.503 0.061 Peniophora_unclassified Peniophora piceae 96.961 2.34 × 10−170

Otu000026 0.001 1.510 0.000 Paralepista_flaccida Paralepista gilva 99.73 0
Otu000029 0.007 1.164 0.325 Radulomyces_molaris Cuphophyllus colemannianus 90.517 1.63 × 10−77

Otu000031 0.035 0.487 0.268 Coprinellus_micaceus Coprinellus micaceus, Coprinus rufopruinatus 100 0
Otu000034 0.001 0.364 1.184 Heterobasidion_unclassified Podoscypha multizonata, Podoscypha involuta 100 0
Otu000035 0.001 0.764 0.101 Hypholoma_fasciculare Hypholoma fasciculare 100 0
Otu000037 0.034 1.030 0.088 Trechispora_byssinella Trechispora byssinella 99.189 0
Otu000040 0.033 0.440 1.002 Antrodia_xantha Amyloporia xantha, Antrodia xantha 100 0
Otu000042 0.001 0.200 1.328 Polyporaceae_unclassified Trametes gibbosa 100 0
Otu000043 0.001 0.058 1.506 Diatrypaceae_unclassified Eutypa lata 100 9.68 × 10−169

Otu000044 0.041 0.514 0.776 Russulales_unclassified Peniophora incarnata 100 0
Otu000045 0.000 0.990 0.034 Clitocybe_unclassified Clitocybe vibecina 99.733 0
Otu000046 0.017 0.454 0.856 Xenasmatella_unclassified Phlebiella borealis 98.864 1.74 × 10−176

Otu000048 0.006 0.069 1.288 Xylariales_unclassified Eutypa lata 100 2.70 × 10−169

Otu000049 0.012 0.442 0.716 Hyphodontia_pallidula Hyphodontia pallidula 99.446 0
Otu000050 0.001 0.193 1.048 Pleosporales_unclassified Phaeosphaeria caricicola 94.375 7.65 × 10−135

Otu000051 0.001 0.886 0.000 Rhodocollybia_butyracea Rhodocollybia butyracea 99.542 0
Otu000052 0.002 0.270 0.885 Resinicium_bicolor Resinicium bicolor 100 0
Otu000054 0.003 0.202 0.665 Flammulina_velutipes Flammulina velutipes 100 0
Otu000056 0.001 0.587 0.105 Pleurotus_ostreatus Pleurotus sapidus, Pleurotus ostreatus, and etc. 100 0
Otu000058 0.027 0.606 0.042 Hyaloscyphaceae_unclassified Lachnum virgineum 93.631 3.52 × 10−128
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3.4. Eukaryotic Community Structure and Diversity

There was no significant difference in the absolute copy number of 16S rRNA genes
between the November 2019 samples and February 2020 samples based on the qPCR results
(Figure S9). Figure 8a shows the phylum level composition of eukaryotic communities
classified based on the 18S rRNA gene in each of the sample. The most abundant phylum
was Basidiomycota in the samples collected in November 2019. However, in contrast, the
most abundant phylum in the samples collected in February 2020 was Phragmoplasto-
phyta, which includes algae and land plants. The t-test (or Wilcoxon test) results showed
that the relative abundance of Basidiomycota was significantly higher in the Novem-
ber 2019 samples compared with the February 2020 samples, whereas the relative abun-
dances of Phragmoplastophyta and Diatomea were higher in the February 2020 samples
(Table S5). Most of the sequences were unclassified at genus level (Figure 8b) based on the
Silva database.

Figure 8. The 15 most abundant eukaryotic phyla (a) and genera (b) in the samples.
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Table 4 shows the t-test (or Wilcoxon test) results of the 30 most abundant eukaryotic
OTUs that show significant difference in their relative abundance between the November
2019 samples and the February 2020 samples. We found OTUs belonging to Taxus (Otu00011,
Otu00136, Otu00258) of which pollens are common in the UK from mid-January until late
April peaking in late February until mid-March (according to the pollen calendar produces
by National Pollen and Aerobiology Research Unit, University of Worcester in 2012) to
be relatively more abundant in the February 2020 samples. Otu00001, which had 100%
similarity with species belonging to Lepista was relatively more abundant in the November
2019 samples than the February 2020 samples which corresponds with the ITS sequence
data (Table 3). Otu00029 was classified as Chlorophyta and was relatively more abundant
in the February 2020 samples compared with the November 2019 samples.

Figure 9 shows a PCoA plot generated based on the Bray–Curtis distance of eukaryotic
communities between samples. There was a significant difference between the samples
collected in November 2019 and the samples collected in February 2020 based on the
ANOSIM test (global R of 0.996 and p-value of 0.005). Environmental factors that have
significant correlation with the ordination are added as red arrows. Cl and Al arrows
were pointing towards the February 2020 samples whereas Nb was pointing towards the
November 2019 samples. There was no significant difference in Shannon diversity and
in the number of fungal OTUs between the samples collected in November 2019 and in
February 2020 (Figure S10).

Figure 9. PCoA (principal coordinate analysis) plot of eukaryotic communities. Environmental factors
that have significant correlation with the ordination (with p value lower than 0.01 and R-square value
larger than 0.5) based on permutation tests are shown as red arrows.
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Table 4. t-test (or Wilcoxon test) results of the 30 most abundant eukaryotic OTUs that shows significant difference in their relative abundance between the November
2019 samples and the February 2020 samples. Their taxonomic annotation based on the Silva database and their BLAST result against NCBI nt database (best hit
score, classified down to species level) are shown together.

OTU ID p Value Nov_2019
Average (%)

Feb_2020
Average (%) Taxonomy Based on the Silva Database

BLAST against NCBI nt Database

Taxonomy Similarity (%) E-Value

Otu00011 0.006 0.000 56.006 Embryophyta_unclassified Taxus wallichiana 100 3.06 × 10−49

Otu00001 0.000 17.691 0.270 Agaricales_unclassified Lepista sordida, Lepista saeva, etc. 100 1.09 × 10−48

Otu00002 0.014 6.563 0.323 Polyporales_unclassified Fomitopsis pinicola, Antrodia albida, etc. 100 1.09 × 10−48

Otu00003 0.013 5.611 0.749 Basidiomycota_unclassified Sistotrema brinkmannii, Sistotrema oblongisporum 100 1.09 × 10−48

Otu00004 0.008 4.137 1.057 Hyphodontia Hyphodontia rimosissima 95.413 2.37 × 10−40

Otu00029 0.038 0.708 5.812 Chlorophyta_ph_unclassified Trebouxia impressa 100 1.09 × 10−48

Otu00006 0.002 3.249 0.092 Agaricomycetes_unclassified Phlebia radiata 100 1.09 × 10−48

Otu00008 0.011 2.879 0.377 Russulales_ge Peniophora nuda 98.165 1.82 × 10−46

Otu00012 0.000 2.193 0.038 Baeospora Baeospora myosura 100 1.09 × 10−48

Otu00015 0.014 2.013 0.275 Agaricomycetes_unclassified Rogersella griseliniae 95.413 2.37 × 10−40

Otu00016 0.011 2.077 0.000 Magnoliophyta_ge Parietaria judaica 100 8.61 × 10−50

Otu00017 0.023 1.714 0.367 Eukaryota_unclassified Sterigmatomyces halophilu 90.991 5.16 × 10−32

Otu00136 0.006 0.000 2.890 Eukaryota_unclassified Taxus wallichiana 99.09 1.00 × 10−45

Otu00024 0.013 1.218 0.005 Basidiomycota_unclassified Chamaeota sinica 93.578 5.12 × 10−37

Otu00028 0.038 0.942 0.199 Eukaryota_unclassified Hyphodontia crustosa 92.661 2.38 × 10−35

Otu00035 0.025 0.744 0.248 Agaricomycetes_unclassified Burgoa anomala, Sistotrema octosporum, etc. 100 1.09 × 10−48

Otu00031 0.002 0.726 0.162 Agaricomycetes_unclassified Rogersella griseliniae 91.818 1.11 × 10−33

Otu00032 0.013 0.802 0.005 Agaricales_unclassified Mycena galericulata 98.165 2.35 × 10−45

Otu00258 0.006 0.000 1.068 Embryophyta_unclassified Taxus wallichiana 99.09 1.00 × 10−45

Otu00039 0.000 0.665 0.022 Agaricomycetes_unclassified Mycena galericulata 95.413 2.37 × 10−40

Otu00041 0.042 0.550 0.102 Hyphodontia Hyphodontia nespori 100 1.09 × 10−48

Otu00036 0.013 0.600 0.005 Sporidiobolaceae_unclassified Sporobolomyces carnicolor, Sporobolomyces
patagonicus, etc. 100 1.09 × 10−48

Otu00040 0.024 0.571 0.027 Eukaryota_unclassified Tulasnella violea 97.222 3.88 × 10−43

Otu00049 0.011 0.528 0.075 Trechispora Trechispora alnicola 93.578 5.12 × 10−37

Otu00043 0.011 0.536 0.000 Agaricales_unclassified Chrysomphalina grossula 96.33 5.08 × 10−42

Otu00057 0.011 0.503 0.000 Pleosporales_unclassified Cochliobolus kusanoi, Epicoccum nigrum 100 1.09 × 10−48

Otu00051 0.008 0.453 0.070 Agaricales_unclassified Chondrostereum purpureum 100 8.45 × 10−45

Otu00063 0.022 0.439 0.049 Sordariomycetes_unclassified Lopadostoma polynesium, Monographella lycopodina,
etc. 100 1.09 × 10−48

Otu00054 0.039 0.385 0.124 Eukaryota_unclassified Jaculispora submersa 98.165 2.35 × 10−45

Otu00060 0.023 0.403 0.049 Eukaryota_unclassified Repetobasidium conicum 92.661 2.38 × 10−35
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4. Discussion

In this study, we used high throughput sequencing to monitor bioaerosols in Manch-
ester, which is the second most populated city in the UK. The air quality based on PM2.5
and PM10 levels during sampling periods were in general under the limit. However, there
were some days in November 2019 when PM2.5 level was over the air quality limit. The
heavy metal concentrations were also higher in November 2019 sampling period. Regard-
ing bioaerosol composition, the relative abundance of potential pathogens, for example,
OTUs belonging to Methylobacterium, Streptococcus and Corynebacterium were higher in the
November 2019 samples. Species belonging to Methylobacterium are known to be oppor-
tunistic pathogens which cause bacteremia in immunocompromised people [46,47]. Many
species belonging to Streptococcus are pathogenic to humans, causing bacteremia, sepsis,
pneumonia, and other diseases [48]. Corynebacterium include pathogenic bacterial species
which cause a wide range of serious infections including diphtheria [49]. Considering these
facts, the air quality in November 2019 seemed to be generally worse than February 2020,
both in terms of non-bioaerosol and bioaerosol compositions.

The 5-year average data (Weather Spark, https://weatherspark.com/, accessed on
2 July 2022) show similar weather conditions in November and February in Manchester.
During our sampling periods, the temperatures in November and February were similar,
but wind directions, wind speeds and precipitation rates were different. In November
2019, the winds mostly originated from land/continent and the wind speed was slower
than February 2020. In addition, the precipitation rate was lower than February 2020
sampling period. Considering these weather conditions, the air particles originating from
anthropogenic activities (with high metal concentrations) seemed to persist for a long time
during this sampling period. The higher relative abundance of the OTU belonging to
Methylobacterium in November 2019 samples could also be linked with higher heavy metal
concentrations as many of the species belonging to Methylobacterium are known to be heavy
metal resistant [50,51].

During February 2020 sampling, Cl concentration was high which could be associated
with the marine sourced winds. Agreeing with this, the relative abundance of marine
environment-related taxa was higher in the February 2020 samples. For example, the
relative abundance of Cyanobacteria and OTUs belonging to Marine Group II and SAR86
were higher in February 2020 samples. Species belonging to Cyanobacteria are mostly
photosynthetic and are naturally found in various types of water environments. Marine
Group II is a group of planktonic archaea predominantly found in ocean surface waters
for which little genomic information is available and lacking cultured representatives [52].
SAR86 is one of the most abundant uncultured assemblages of bacteria found in ocean
surface water [53].

In our study, fungal (spores) and plant (pollen) compositions were well explained by
seasonal difference. Basidiomycetes of which the relative abundance was higher in the
November 2019 samples are associated with decaying deciduous and coniferous trees and
liter. There was a prominent difference in the eukaryotic phylum composition during the
two sampling periods where in November 2019, most (> 50% on average) of the sequences
were annotated as Basidiomycota whereas in February 2020, most (> 50% on average) of
the sequences were annotated as Phragmoplastophyta. This corresponds with the results
from Sharma Ghimire et al.’s study [54] which showed fungal loadings being highest in
autumn and lowest in winter in an urban city in China.

There were some overlaps in the abundant phylum and genera found in our study with
other urban and suburban areas. We found Proteobacteria, Bacteroidota, Actinobacteria
and Firmicutes being the most dominant phyla. In Núñez et al.’s [55] study, Actinobacteria
and Proteobacteria were dominant in the air of Madrid, Spain. Stewart et al. [23] stud-
ied airborne bacterial communities in Philadelphia, USA and found Proteobacteria to be
the most dominant phylum. They also found Proteobacteria, Firmicutes, Actinobacteria
and Bacteroidetes to be relatively more abundant in the urban area whereas Cyanobacte-
ria, Tenericutes, Fusobacteria, and Deionococcus were more abundant in suburban area.

https://weatherspark.com/
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Hymenobacteria, which was the most abundant genera in our samples, was also one of
the dominant genera in a rapidly developing city in China [56]. A high abundance of
Methylobacterium was observed in an suburban site in Toyama City, Japan [57].

The fungal compositions we found in this study were also to some extent similar to
other urban studies. For example, in Sharma Ghimire et al.’s study [54], Clitocybe was
one of the dominant fungal genera where it was abundant in spring and autumn and
almost absent in summer and winter. In our study, the OTU annotated as Clitocybe nebularis
was more abundant in November 2019 samples than in February 2020 samples, which
agrees with their study. Woo et al. [58] studied wet and dry deposition of fungi in Seoul,
South Korea and found Daedaleopsis being more abundant in wet deposition. In our study,
Daedaleopsis was more abundant in February 2020 samples when the precipitation rate
was higher.

There was a large proportion of Embryophyta in the February samples, but most of
them were unclassified at the lower taxonomic levels when classified based on the Silva
database. The reason is that Silva database itself does not include reference genomes of
Embryophyta down to lower taxonomic levels. There is a need for a well-curated database
for 18S rRNAs with high resolutions and until then, NCBI nt database could work as
a substitute.

5. Conclusions

In this study, we used high throughput sequencing to monitor airborne prokaryotic,
fungal, and eukaryotic communities in Manchester, UK. In November 2019 when the
winds were slowly blowing from continent/land with less precipitation, the air quality
was generally worse both in terms of biological and non-biological aerosol compositions
than in February 2020. We found significant changes in the urban bioaerosol composition
due to seasonal variation combined with local and long-range sources. In November 2019
there was higher relative abundance of an OTU that belongs to Methylobacterium which
corresponds with higher heavy metal concentrations. In contrast, in February 2020 when the
winds were blowing from the North-West marine environment, bacterial, archaeal and algae
taxa were found to be abundant in marine/water environment, for example, Cyanobacteria,
Marine Group II, SAR86_clade and Chlorophyta were relatively more abundant. In terms
of fungal and other eukaryotic communities, bioaerosol compositions corresponded with
seasonal differences. We found Basidiomycetes, which includes many species of decaying
deciduous and coniferous trees and litter, relatively more abundant in November 2019
samples whereas more of plant-originated sequences (mostly undefined based on Silva
database) were found in February 2020 samples. As for 18S rRNA sequencing, there is
a demand for a well-curated database with high resolution. Overall, the results from
this study suggest a potential application of bioaerosol profiling for tracing the source of
atmospheric particles and influencing factors in an urban environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13081212/s1, Figure S1: PM1, PM2.5 and PM10 aerosol
mass during the November 2019 sampling period; Figure S2: PM1, PM2.5 and PM10 aerosol mass
during the February 2020 sampling period; Figure S3: Polar plot of PM1, PM2.5 and PM10 aerosol
mass loadings for the November 2019 sampling period. Polar plots are a function of wind speed
and wind direction, with concentric rings representing 1 m s−1 increments; Figure S4: Polar plot of
PM1, PM2.5 and PM10 aerosol mass loadings for the February 2020 sampling period. Polar plots are a
function of wind speed and wind direction, with concentric rings representing 1 m s−1 increments;
Figure S5: Environmental scanning electronic microscopy image showing attachment of NaCl to
a C containing feature; Figure S6: 16S/18S rRNA gene copy number per m3 of air in each sample;
Figure S7: Shannon diversity and the number of prokaryotic OTUs found in the samples collected in
November 2019 and in February 2020; Figure S8: Shannon diversity and the number of fungal OTUs
found in the samples collected in November 2019 and in February 2020; Figure S9: 16S/18S rRNA
gene copy number per m3 of air in each sample; Figure S10: Shannon diversity and the number of
eukaryotic OTUs found in the samples collected in November 2019 and in February 2020; Table S1:

https://www.mdpi.com/article/10.3390/atmos13081212/s1
https://www.mdpi.com/article/10.3390/atmos13081212/s1
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Average value of each of the environmental parameter during sample collection; Table S2: t-test (or
Wilcoxon rank sum test) results of environmental parameters compared between the two sampling
periods; Table S3: t-test (or Wilcoxon rank sum test) result comparing the relative abundance of
prokaryotic phylum between November 2019 samples and February 2020 samples; Table S4: t-test
(or Wilcoxon rank sum test) result comparing the relative abundance of fungal phylum between
November 2019 samples and February 2020 samples; Table S5: t-test (or Wilcoxon rank sum test)
results comparing the relative abundance of eukaryotic phylum between November 2019 samples
and February 2020 samples.
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