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Abstract

Bioaerosols are atmospheric particles with a biological trace, such as viruses, bacteria, fungi, and plant
material such as pollen and plant debris. In this study, we analyzed the biological information in bioaerosols
using next generation sequencing of the trace DNA. The samples were collected using an Andersen air
sampler and separated into two groups according to particulate matter (PM) size: small (PM2.5) and large
(PM10). Amplification and sequencing of the bacterial 16S rDNA gene, prokaryotic internal transcribed
spacer 1 (ITS1) region and DNA sequence of a plant chloroplast gene (rbcl) were carried out using several
sets of specific primers targeting animal and plant sequences. Lots of bacterial information was detected
from the bioaerosols. The most abundant bacteria in several samples were of the Actinobacteria (class),
Alphaproteobacteria, Bacilli, and Clostridia. For the animal detection using internal transcribed spacer 1, only
uncultured fungi were detected in more than half of the hits, with a high number of Cladosporium sp. in the
samples. For the plant identification, the ITS1 information only matched fungal species. However, targeting
of the rbcl region revealed diverse plant information, such as Medicago papillosa. In conclusion, traces of
bacteria, fungi, and plants could be detected in the bioaerosols, but not of animals using our primers.
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1. Introduction

Aerosols are tiny particles suspended in the atmosphere. These small particles that drift in the air
comprise many kinds, such as resuspended soil particles, salt particles formed from ocean spray,
atmospheric clouds of water droplets or ice particles, and smoke from power generators or some industrial
processes. Air pollution recently have been occurred in many countries around the world. Air pollutants such
as particulate matter (PM) can affect earth’s climate (Samset 2016). Therefore, PM such as PM10 and PM2.5
are commonly used as air quality indicators. In addition, biological components (e.g., allergens and microbial
compounds) are found in PM. Bioaerosols are PM that is associated with compounds of biological origin
(Douwes et al. 2003). They include living organisms, such as viruses, bacteria, and fungi, and parts of plant
reproductive particles like pollen (Hinds 1999). Bioaerosols play an important role in the wind dispersal of
the reproductive parts of some species (e.g., plant pollen, fungal spores, and pathogens of crop plants), and
as such can spread plant diseases (Brown and Hovmgller 2002). Pollen, fungi, and bacteria are the main
microscopic biological entities present in the outdoor air, where they cause allergy symptoms and disease
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Biological trace information extracted from bioaerosols using NGS analysis

transmission and have a significant role in the atmosphere dynamics (Bowers et al. 2011). There is presently
a need for establishing a map of biological aerosol transmissions in the world. Fortunately, we already have
the technology to monitor DNA sequences in bioaerosols without having to grow the constituent organisms
in the samples, with next-generation sequencing (NGS) playing a significant role for this purpose.

In the past, most bioaerosol studies had focused only on the bacterial and fungal communities, as
the monitoring was studied by growing the microbes present in the bioaerosols (Frohlich-Nowoisky et al.
2009; Bowers et al. 2011; Hussin et al. 2011; Frohlich-Nowoisky et al. 2012; Womack et al. 2015). In this
present study, we collected the particles in bioaerosols from Tsukuba, Japan and analyzed their DNA using
NGS, with the aim being to extract trace information regarding animals, plants, and bacteria in bioaerosols
of this region.

2. Material and Methods
Sample collection and DNA extraction

Andersen AN-200 samplers (T-Dylec Co., Japan) were placed on the roof of the National Institute of
Advanced Industrial Science and Technology (AIST) building in Tsukuba, Japan, at approximately 50 m above
ground. Bioaerosol samples were collected about 49 days from November 29, 2013, to January 16, 2014.
The circular glass plates which covered with a polymer membrane for capturing samples from the air were
place on each stage of Anderson air sampler. A series of eight plates were marked according to the size of
dust particles that could be held respectively; that is, greater than 11 um and less than 0.65 um. These eight
plates from the Anderson air samplers were divided into two groups: the small group (plates 1, 2, 3, and 4)
and the large group (plates 5, 6, 7, and 8). Particles of between 2.5 and 10 um in diameter (PM2.5-10) were
defined as “cross particles” and those of less than 2.5 um in diameter (PM2.5) were defined as “fine
particles” (Anderson et al. 2012). The particle sizes of the small group varied from 0.65 to 2.1 um,
corresponding to PM2.5, and those of the large group varied from 3.3 to 11.0 um, corresponding to PM10.
In total, 12 air samples were obtained during the sampling periods. The DNA extractions were performed
with the Extrap Soil DNA Kit Plus ver.2 (Thermo Fisher Scientific, Germany) according to the manufacturer’s
protocol.

PCR amplification of four regions

The prokaryote 16S rDNA gene was amplified using universal bacterial 16S rDNA primers. For animal
identification, the sequence information of an internal transcribed spacer (ITS) region was targeted using
the universal primer set ITS1F/ITS2. Another universal primer set (ITS5/1TS2) was used to target the plant ITS
region. Both ITS primer sets (ITS1F/ITS2 and ITS5/ITS2) were based on the conserved region of the 18S, 5.8S,
and 28S rDNA genes for amplifying the ITS1 region (White et al. 1990). The ITS region has been reported as
a standard DNA barcode marker in plants (Li et al. 2011) and has also been demonstrated as a DNA barcode
in animals (Salvi and Mariottini 2012) and protists (Stern et al. 2012). The ribulose-bisphosphate carboxylase
(rbcL) gene was also targeted for the identification of plants (Table 1).

Table 1. Universal primers used in this study.

Primers Organism References
27F: 5'-AGAGTTTGATCMTGGCTCAG-3 Bacteria (Hogg and Lehane 1999)
519R: 5'-GWATTACCGCGGCKGCTG-3' (Turner et al. 1999)
ITS1F: 5'-CTTGGTCATTTAGAGGAAGTAA-3' Animal (Gardes and Bruns 1993)
ITS2: 5'-GCTGCGTTCTTCATCGATGC-3' (White et al. 1990)
ITS5: 5'-GGAAGTAAAAGTCGTAACAAGG-3' Plant (White et al. 1990)
ITS2: 5'-GCTGCGTTCTTCATCGATGC-3' (White et al. 1990)
rbcl_F: 5'ATGTCACCACAAACAGAGACTAAAGC-3' Plant (Soltis et al. 1992)
rbcL_R: 5'GTAAAATCAAGTCCACCRCG-3' (Kress and Erickson 2007)
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The optimal PCR conditions for obtaining amplicons of relatively high quantity and concentration was
optimized by preliminary experiments. PCR amplification was carried out using the GoTag® Green Master
Mix (Promega) in a 25 pL reaction volume made up of 12.5 pL of GoTaq® Green Master Mix (2x solution),
6.1 pL of nuclease-free water, 4 uL of DNA template, and 1.2 plL each of the upstream and downstream
primers. The PCR reactions were performed in GeneAmp® PCR System 2700 (Applied Biosystems) using a
program which consisted of an initial denaturation step of 4 min at 95°C, followed by 30 cycles of 30 sec at
94°C, 1 min at 55°C, 1 min at 72°C and a final step of 10 min at 72°C.

Next-generation sequencing

After PCR amplification and purification, the amplicons were analyzed by Roche 454 sequencing using
a Series GS FLX+ sequencer (Hokkaido System Science Co., Ltd., Japan). After completion of the sequencing
run, data processing was done using the GS Run Processor application. The data were subjected to read
quality filtering, where raw pyrosequencing reads were filtered based on ambiguous bases, length, and
average quality. The default parameters removed all reads that were shorter than 100 bp, contained
ambiguous bases, or had average quality scores of 25.

Basic Local Alignment Search Tool analysis

A local Basic Local Alignment Search Tool (BLAST) analysis was carried out using BLAST+ executables
downloaded from the National Center for Biotechnology Information (NCBI) website. The BLAST nucleotide
database was used to compare the query sequence against known sequences. All data were accessed from
the NCBI FTP download website, which included 100 Gigabytes of all known nucleotide sequences up to
March 8, 2015, as well as the embedded taxonomy database. After the BLAST analyses, all candidate subject
sequences that were the most similar to the query sequences (samples) were listed. The Bios command was
as follows: >blastn —query samplename. fasta —db databasenamedb —out result.xls —max_target_seqs 5 —
outfmt “7 gseqid ssqid pident length evalue score mismatch gseq sseq sscinames.”

3. Results
Information of bacterial 16S rDNA sequences

The prokaryotic compositions in six of the sample plates (3 of the large and 3 of the small particle size
groups) were analyzed. Of the large dust size samples, samplel_MID-107 was collected over 16 days of
monitoring, whereas Samplel_MID-106 and Samplel_MID-105 were collected over 12 and 21 days,
respectively. Sample2_MID-107, Sample2_MID-106, and Sample2_MID-105 were the small dust size
samples, where the number designations indicate the same periods of collection as indicated for the large
samples (Figures 1 and 2). The number of read included in downstream analyses was 1,341, 1,173, 2,209 for
samplel_MID-107, samplel _MID-106 and samplel MID-105, respectively and 1,415, 558, 2,823 for
sample2_MID-107, sample2_MID-106 and sample2_MID-105, respectively. The 16S rDNA sequences were
divided into 505 phylotypes (data do not show), where 41 classes were of bacterial origin. The main classes
found in all the samples were Actinobacteria (class), Alphaproteobacteria, Bacilli, and Clostridia (Figure 1),
which shared more than 97% identity. A total of 181 families were also classified, with the bacteria of highest
abundance being the Clostridiacea, Lactobacillaceae, and Methylococcaceae (Figure 2).
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Figure 1. Taxonomic compositions of bacterial 16S rDNA sequences in bioaerosols at the class level.
Samplel: large-sized dust sample; Sample2: small-sized dust sample; MID-107: collection period from
November 29, 2013 to December 14, 2013; MID-106: collection period from December 15, 2013 to
December 26, 2013; and MID-105: collection period from December 26, 2013 to January 16, 2014.
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Figure 2. Taxonomic compositions of bacterial 16S rDNA sequences in bioaerosols at the family level.
Samplel: large-sized dust sample; Sample2: small-sized dust sample; MID-107: collection period from
November 29, 2013 to December 14, 2013; MID-106: collection period from December 15, 2013 to
December 26, 2013; and MID-105: collection period from December 26, 2013 to January 16, 2014.

= Staphylococcaceae

Information of animals

The ITS region amplified with the ITS1F/ITS2 primer set is a known candidate barcode region for
identifying animal species (Smith et al. 2007). The number of read included in downstream analyses was
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4,745 for small group and 4,568 for large group. However, we could find only fungal sequences using this
primer set. The fungal sequences traced out were identified as the Cladosporium sp. and Trametes sp. which
were highly represented in all the samples (Figure 3). More than half of the hits belonged to uncultured
fungi. We did not prove that the ITS region targeted by ITS1F/ITS2 can be used to find animal species. Our
results only showed that the fungal DNA was highly abundant, likely erasing the information of animal DNA.
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Figure 3. Taxonomic compositions of animal ITS region sequences in bioaerosols. A — small group; B — large
group. The universal primer set used was ITS1F/ITS2.
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Figure 4. Taxonomic compositions of plant ITS region sequences in bioaerosols. A — small group; B — large
group. The universal primer set used was ITS5/ITS2.
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Information of plants

The ITS region targeted by ITS5/ITS2 can also be a candidate DNA barcode to identify plant species
(Chase and Fay 2009). The number of read included in downstream analyses was 5,746 for small group and
5,484 for large group. However, we again could only detect fungal information, such as that of Cladosporium
sp., Ascomycota sp., Trametes sp. and Sistotrema sermamderi (Figure 4). The rbcL gene is localized in
chloroplast DNA and can be a candidate barcode for detecting plant species. The number of read included
in downstream analyses was 4,334 for small group and 5,245 for large group. Plant sequences were indeed
detected in the bioaerosols, where 45 and 57 species were found in the large and small subgroups,
respectively. Medicago papillosa was a dominant species in both the large and small groups, and a
considerably high quantity of Oryza rufipogon (wild rice) was also found in both groups (Figure 5). The BLAST
results also revealed five Quercus species with exactly the same sequence in the rbcL gene region; namely,
Quercus salicina, Quercus glauca, Quercus gilva, Quercus acuta, and Quercus oxyodon.

§
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= Marchantia polymorpha subsp. ruderalis
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= Pisum sativum

= Pseudosasa japonica
= Galium echinocarpum
= Allium cepa

= Oryza rufipogon

Figure. 5. Taxonomic compositions of plant rbcL region sequences in bioaerosols. A —small group; B — large
group. The universal primer set used was rbcL_F/rbcL_R.

4, Discussion

In this study, we have presented the results of 49 days of bioaerosol monitoring at Tsukuba, Japan.
The characteristics of the airborne bacteria, identification of eukaryotes as well as fungi, and diversity of
plants in the bioaerosols are discussed below. For bacteria, the hits of reads by days showed that the
guantities of bacterial DNA appeared equally, except for the smaller subgroup Sample2_MID-106, which
contained only half the amount of DNA compared with the larger subgroup (data not shown). It was obvious
that the results of bacteria identification had no distinctions either among the different dates or between
the small and large groups. Actinobacteria (class), Alphaproteobacteria, Bacilli, and Clostridia were found in
all the dust samples (Figure 1).

The Bacilli are commonly identified in bioaerosols (Srivastava et al. 2012), and the Actinobacteria
have also been detected in dust samples collected at high altitudes over the Noto Peninsula, Japan (Maki et
al. 2017). These results suggest that our sampled bioaerosols are typical of those found in Japan.

In our identification of animals and plants using the ITS targeted by ITS1F/ITS2 and ITS5/ITS2,
respectively, all the species traced out were fungi. The dominance of species closely related to Cladosporium
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sp., Sistotrema sernanderi, and Trametes sp. SQ01 in our samples agreed with other works. For example,
Cladosporium sp. was shown by NGS to be the most abundant species among airborne fungal communities
in urban areas (Frohlich-Nowoisky et al. 2009) and across the continental United States (Barberan et al.
2015). Cladosporium sp. was also the most common fungal genus associated with symptoms of respiratory
tract allergies in humans (Kalogerakis et al. 2005).

The two ITS universal primer sets showed different results for one sample; that is, the Cladosporium
genus could be subdivided with ITS1F/ITS2 but not with ITS5/ITS2. More than half of the hits were of
uncultured fungi. A similar phenomenon was also seen in the bacterial identification, where uncultured
bacteria (or marked as “no rank”) were also detected. In fact, it was described that only 1% of
microorganisms from the environment are culturable on media, and approximately 99% are nonculturable
and thus unable to be detected or identified under laboratory conditions (Torsvik et al. 1990). In order to
identify the animal information in bioaerosols, we have to find alternative DNA regions as barcodes. Such
efforts have already been initiated by many researchers (Vences et al. 2005; Ficetola et al. 2010; Nijman and
Aliabadian 2010; Luo et al. 2011). The mitochondrial Cytochrome c Oxidase | gene (COIl) has been used
extensively as the standard ‘taxon barcode’ for phylogenetic classification of most animal groups (Hebert et
al. 2003). COl region will be using in our next long -term monitoring of bioaerosol in the atmosphere and will
definitely improve the quality and the success of identify animal information in bioaerosols.

Using rbcL, plant information could be obtained from the bioaerosols. The most abundant plant was
Medicago papillosa, being detected in both PM2.5 and PM10. However, many of the other plants were
detected in only one sample size, suggesting that plants have their own specifically sized particles scattered
in the environment. Thus, the sampling size can be used to distinguish plant information. Medicago papillosa
was abundant in the region around the sampling location and the information reflected the regional
vegetation. Thus, bioaerosols can be used for monitoring the vegetation after a natural catastrophe and for
studying ecological transformations.

5. Conclusions

Our study has simultaneously monitored bacteria, plants, and fungi by high-throughput DNA
sequencing. Sampling devices at the aerobiological stations can be easily adapted to perform DNA-based
analyses. Although we could not detect a trace of any animals in this study, that of plants was accomplished.
This plant information may inform us of the geological origin of the bioaerosols, as plants cannot move and
may produce colonies in specific geological areas. It is known that the dust raised from areas of
desertification is not purely desert dust, and the genomic information contained therein would be useful for
environmental protection. Therefore, additional studies to provide more understanding of the complexities
of the bioaerosols in different environments are needed, such as information on airborne pathogen
transportation, physical and chemical pollutants, and the connection of bioaerosols with biological

geography.
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