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This study explores the characteristics of bacterial and fungal communities of total suspended particles (TSP)
in the atmosphere by using various molecular methods. TSP samples were collected on a glass fiber filter at
an urban location in the middle of the Korean Peninsula (Seoul) between middle autumn and early winter in
2007. From the aerosol samples, DNA could be extracted and DNA sequences were determined for bacteria
and fungi. Terminal restriction length polymorphism (T-RFLP) analysis was applied to analyze the
community structure of them. To estimate the concentration of DNA originating from bacterial and fungal
communities, we used the quantitative real-time polymerase chain reaction (Q-PCR). Sequence analyses
were also used to determine the identity of biological organisms. The number of bacteria and fungi in the air
were between 5.19×101 and 4.31×103 cellsm−3 and from 9.56×101 to 4.22×104 cellsm−3, respectively
and bacterium/fungus ratios ranged from 0.09 to 0.76 across the seven sampling dates. Most of the bacterial
sequences found in our TSP samples were from Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes.
The fungal sequences were characteristic for Ascomycota, Basidiomycota, and Glomeromycota which are
known to actively discharge spores into the atmosphere. The plant sequences could be also detected. We
found that large shifts in the community structure of bacteria and fungi were present in our TSP samples
collected on different dates. The results demonstrated that in our TSP samples collected at the urban site; (1)
there were very diverse bacterial and fungal groups including potential pathogens and allergens and (2)
there were temporal shifts in both bacterial and fungal communities in terms of both diversity and
abundances across an inter-seasonal period.
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1. Introduction

Aerosols in the air have a size distribution of approximately
5.0×10−4–5.0×102µm in the diameter, and the diameter of collected
suspended particles ranges with 1.0×10−1–1.0×102µm, typically
(Jaenicke, 2005). As aerosols are inhaled, they may cause damage to
not only the respiratory tract but also the cardiovascular system. The
major factors that determine the degree of damage are size and
chemical composition (Laden et al., 2000).

In addition to soil and water environments, atmosphere is one of
the biospheres harboring microorganisms, which include bacteria,
fungi, and viruses. Most of them are present and transmitted in the
form of biogenic aerosols, which originated from oceans, soil,
wastewater treatment plants, domestic farms, agricultural factories,
waste landfills, animal manure, or respiratory tracts. In the outdoor
environment, it seems that microorganisms may not be able to
survive for a long time due to the circulation of air impacted by wind
and the exposure to UV by sunlight. However, some of them might
cause or enhance plant, animal, and human diseases such as pneu-
monia and allergies, while most of atmospheric microorganisms are
harmless to humans (Salem and Gardner, 1994).

Therefore, the study on airborne microorganisms is important in
many respects such as ecology and public health. However, there are
only a few studies on microorganisms in the atmosphere, particularly
in the outdoor environment. For example, Shinn et al. (2000) reported
that microbes were transported across the Atlantic by desert dust
storms and influenced the reef ecosystem in the Caribbean basin.
Bauer et al. (2002) reported that microorganisms could colonize
remote environments by way of bacterial fluxes. Moreover, until
recently, conventional microbial analytic approaches such as micros-
copy and cultivation methods have been generally used for the
analysis of airbornemicroorganisms. Molecular techniques are widely
used for analysis of microorganisms in the environment since they
have high sensitivity and are time-saving. Recently, these molecular
analyses were applied to areas of airborne microbiology (Boreson
et al., 2004; Hughes et al., 2004; Maron et al., 2005; Kuske et al., 2006;
Brodie et al., 2007), which revealed that the diversity of airborne
microorganisms was higher than that from traditional methods and
community structures in an urban area by T-RFLP
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varied spatially and temporally. However, these studies had been
focused on only one specific group of organisms (bacteria or fungi) or
on the community structure (diversity) of organisms.

In the present study, we conducted the analysis of both bacterial
and fungal community structures in TSP samples using the T-RFLP
method as a fingerprinting method and sequence analysis of some
distinct OTUs (operational taxonomic units) to identify the type of
organisms, specifically. Additionally, we performed quantitative real-
time PCR to estimate the density of bacteria and fungi in TSP samples,
which had little been applied in earlier studies. Finally, through these
analyses, we investigated the inter-seasonal variability in airborne
bacterial and fungal communities.

2. Materials and methods

2.1. TSP sample collection

Seoul is the capital of Koreawith 10million inhabitants and 2.5million
vehicles in 2007. Samples were collected on a 3m high platform on the
roof of Asan Hall in Ewha Womans University, a five-story building of
15 mheight at Seoul, Korea. It is adjacent to a road on theWest,Mt. Ansan
on theNorth, and stands on ahill commanding the campus. Samplingwas
carried out for 24 h at every sixth day with no rain from October 11th to
December 1st, 2007. A total of 7 samples were obtained. Detailed
descriptions on the sampling location and procedure were given in Lee
and Kim (2007). In brief, a high volume TSP sampler (Tisch Environmen-
tal, TE-1000) was operated at a calibrated flow rate of 0.225m3min−1 to
obtain the total sample volume of greater than 300 m3 over the 24 h
period. Particleswere collectedon theglassfiberfilters (Whatman,G653).
After collection of air samples, we seized each filter with a size of
50.0×50.0 mm and each seized filter harbored approximately 0.4 g of
suspended particulates. For alleviating the bias due to the use of a small
part of the filter, we prepared a duplicate seized filter and used it for the
next analysis. Until analysis, the samplefilterswere stored ina refrigerator
at −20 °C. Analysis was carried out within a month of the first aerosol
sample.

2.2. Molecular analyses of bacterial and fungal communities in TSP samples

DNA was extracted from the seized filter using the MoBio
Ultraclean™ Soil DNA Isolation Kit (MoBio Laboratories, Inc., Solana
Beach, CA) according to the manufacturer's instructions. To check for
sample contamination, a parallel DNA extraction procedure was
performed with the unused filter which was used as “blank” for
further analysis. DNA samples were amplified by PCR using the
fluorescently labeled forward primer 27F (5′[6FAM]-AGAGTTT-
GATCCTGGCTCAG-3′) and the unlabeled reverse primer 927R (5′-
CCGTCAATTCCTTTRAGTTT-3′), which target bacterial 16S rRNA genes
(Lane, 1991). For fungal communities, PCR was performed using the
fluorescently labeled forward primer ITS1F (5′[Hex]-CTTGGTCATTTA-
GAGGAAGTAA-3′) and the unlabeled reverse primer ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′), which target the fungal internal
transcribed spacer (ITS) region of the rRNA gene (Gardes and Bruns,
1993; White et al., 1990). Reaction mixtures (50 µl reactions)
contained TSP sample DNA (100 ng), Taq DNA polymerase (2.5U),
PCR buffer (1×; 10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris–HCl,
2 mM MgSO4, 0.1% Triton X-100, pH 8.8), deoxynucleoside tripho-
sphates (0.2 mM each), forward and reverse primers (0.2 µM each)
and bovine serum albumin (8 µg).

DNA of each sample was amplified using an MJ Research thermal
cycler PTC 100 (MJ Research,Waltham,MA) and the following program
was applied for analyzing both bacterial and fungal communities: 5 min
94 °C, followed by 35cycles of 94 °C for 1 min, 50 °C for 1 min and 72 °C
for 1 min and 30 s, and a final extension step at 72 °C for 10 min. For
each sample, the PCR products of two reactions were pooled and
Please cite this article as: Lee S-H, et al, Identification of airborne bact
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purified using a MoBio PCR purification kit (MoBio) according to the
manufacturer's instructions.

For T-RFLP analysis, approximately 300 ng of purified PCR product
was added to a reaction mixture (final vol. 25 µl) containing 10U of
restriction endonuclease HhaI (Promega, Madison, WI) and incubated
at 37 °C for 4 h. Digests were desalted and aliquots (1 µl) were used
for T-RFLP analysis. Terminal fragment-size analysis was performed
using ABI 377 DNA Analyzers (Applied Biosystems) in conjunction
with the GeneScan software (Applied Biosystems).
2.3. Statistical analyses of T-RFLP data

Terminal reaction fragments (T-RFs) were quantified by peak area
integration using a minimum peak height threshold of 50 relative
fluorescent units. We excluded T-RFs below size 35 and calculated the
proportion of each T-RF in each sample. T-RFs having proportion
below 0.1% were excluded for subsequent analyses. We analyzed the
T-RFLP profile using multivariate statistical analyses, and nonmetric
multidimensional scaling (NMS) method with PC-ORD version 5.0
software (MjM Software, Oregon). The NMS method has been known
to be adequate to investigate the similarities among samples based on
the information of species composition (McCune and Grace, 2002).
2.4. Real-time PCR for 16S rRNA gene and ITS region

To estimate the bacterial and fungal biomass, we used the quan-
titative real-time PCR (Q-PCR) method. Q-PCR was performed using
an I-Cycler™ (Version 3.0a, Bio-Rad, Hercules, CA) and SYBR Green as
the detection system (Bio-Rad) in a reaction mixture of 30 μl with the
specific primer set for each group (for bacteria; 27F-927R and for
fungi ITS1-ITS4 primer pair was used, respectively). The amplification
followed a three step PCR for both bacterial 16S rRNA gene and fungal
ITS regions: 40cycles with denaturation at 94 °C for 25 s, primer
annealing at 50 °C for 25 s, and extension at 72 °C for 25 s. Two
independent real-time PCR assays were performed on each of the two
replicate TSP sample DNA extracts. A standard curve was created
using 10-fold dilution series of plasmids containing the bacterial 16S
rRNA gene and fungal ITS region from environmental samples.
2.5. 16S rRNA gene and ITS region cloning, sequencing, and
phylogenetic analyses

16S rRNA and ITS region fragments generated from the PCR of TSP
sample DNA were cloned using a pGEM-T Easy Vector system
(Promega) according to the manufacturer's instructions. PCR products
were pooled from all the TSP samples. Clones were screened using a
colony-PCR method with specific primers for the bacteria and fungi
described above. 43 and 52 clones were sequenced for analysis of
bacteria1 and fungal communities, respectively. Plasmids were pre-
pared using Wizards miniprep (Promega) according to the manufac-
turer's instructions. Capillary sequencingwasperformedonABI 3730XL
DNA Analyzers. Resulting sequences were queried against GenBank
using BLAST. Nucleotide sequences of 16S rRNA gene and ITS region
were aligned using Clustal_X, and trees were constructed using the
neighbor-joining algorithm (PHYLIP) with bootstrap analysis of 1000
replicates.
2.6. Nucleotide sequence accession numbers

The GenBank accession numbers of sequences from this study are
FJ213458 to FJ213498 for bacterial 16SrRNAgene fragments andFJ213499
to FJ213550 for fungal ITS region fragments.
erial and fungal community structures in an urban area by T-RFLP
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Table 1
Diversity of eubacterial and fungal communities in the air samples calculated from the data
of T-RFLP analysis.

Eubacteria Fungi

S E H S E H

Oct-11-2007 96±4 0.88±0.01 4.02±0.04 71±2 0.73±0.00 3.10±0.02
Oct-18-2007 95±13 0.84±0.02 3.83±0.18 92±1 0.83±0.01 3.76±0.01
Oct-25-2007 70±9 0.87±0.04 3.66±0.06 74±1 0.79±0.08 3.39±0.34
Nov-01-2007 102±2 0.86±0.02 3.99±0.12 60±16 0.75±0.02 3.03±0.14
Nov-08-2007 51±15 0.83±0.07 3.19±0.03 46±3 0.63±0.02 2.42±0.01
Nov-23-2007 80±1 0.85±0.01 3.70±0.02 39±4 0.71±0.20 2.60±0.80
Dec-01-2007 48±2 0.77±0.01 2.96±0.01 70±9 0.70±0.01 2.97±0.14

S=richness=number of species (T-RFs) in samples.
E=evenness=H/lnS.
H=diversity=−∑(Pi⁎ ln(Pi))=Shannon's diversity index.

Fig. 1. NMS ordination of microbial community structure in the TSP
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2.7. Backward trajectory analysis

To further understand the temporal variability in bacterial and fungal
communities, backward trajectory analysis was performed for the sam-
pling days using the HYSPLIT 4 (Hybrid Single-Particle Lagrangian
Integrated Trajectory) model (Draxler and Rolph, 2008; Rolph, 2008).
Back trajectories were calculated using the vertical velocity method for
72 h at the three starting heights of 500, 1500, and 3000 m, respectively.
The trajectory starting time was set at 9 pm in LST. GDS meteorological
data were used for the analysis.

3. Results and discussion

3.1. DNA extraction and PCR analyses with TSP samples

To apply a molecular approach into the investigation of biological
organisms in the environment including atmosphere, it is necessary to
establish the appropriate DNA extraction method. In this study, we
samples. (a) Bacterial community and (b) fungal community.

erial and fungal community structures in an urban area by T-RFLP
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applied the soil DNA extraction protocol into the extraction of DNA from
the atmosphere, assuming that filters harboring TSP have similar cha-
racteristics with soils. With the DNA extract from each of the samples,
three PCRs have been performed to amplify DNA from bacteria and
fungi. PCR products were obtained for both categories and no PCR
products were obtained with control samples, which indicated that the
DNA extraction method used in this study was appropriate for mole-
cular monitoring of airborne microorganisms.

3.2. Diversity and temporal variability of bacterial and fungal communities
in TSP samples

The airborne bacteria and fungi collected in this study were phylo-
genetically diverse. Across all samples,we obtained the unique 158 T-RF
peaks (OTUs) for bacteria and 122 for fungi, respectively. This resultwas
comparable to those of other studies which showed a highly diversified
microbial community in air samples (Maron et al., 2005; Radosevich
et al., 2002). The number of T-RF peaks of the T-RFLP profile ofmicrobial
community in TSP samples ranged from36 to 108 for bacterial and from
35 to 93 for fungi, respectively (Table 1). The Shannon diversity of
microbial community ranged from 2.95 to 4.01 for bacteria and from
1.80 to 3.77 for fungi, respectively (Table 1).

These values are lower than those (H=4.38) of other studies for
airborne bacteria (Maron et al., 2005) and those (H=4.33) reported in
the soil environment (Hill et al., 2003), indicating that our air samples
were dominated by somespecificmicrobial groups. Another explanation
for such a discrepancy is that we used themolecular fingerprinting data
such as T-RFLP profiles for calculating the diversity indices, which may
overlook the detailed taxonomic groups of bacteria in samples and lead
to the underestimation of species diversity. This is the same for fungal
community structure indicating that the species diversity of fungal
community inour TSP samplesmight behigher than thatestimated from
this study.

The species richness and diversity indices for microbial community
varied among samples for both bacteria and fungi. In particular, the
diversity of microbial community was lower in the TSP samples from
November 8th than those before November 8th. There were noticeable
shifts in the bacterial and fungal community structures across the seven
TSP samples (Fig. 1). TheNMSordination results showed the shifts in the
airbornebacterial and fungal community structures across the sampling
dates. In particular, the bacterial community in the air samples collected
on Nov. 8th, 2007 was distinct from those found in the other samples.
Fig. 2. Backward trajectory analysis results arrivi

Please cite this article as: Lee S-H, et al, Identification of airborne bact
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For fungal community, we also observed the temporal variability of
airborne fungi, which suggests that fungi could be changedwith time of
two-month period.

Interestingly, the structureofmicrobial community inour TSP samples
shifted during the period at November 8th and December 1st for both
bacteria and fungi (Fig. 1). This pattern was observed in diversity index
results showing that the bacterial and fungal diversities in TSP samples at
late-sampling dates were lower than those at early-sampling dates
(Table 1). The NMS results revealed that the microbial community
structure in some TSP samples were different among the sub-samples
suggesting a high variability of microbial community in TSP samples
(Fig. 1). These results were similar to those of Fierer et al (2008), which
reported a short-term temporal variability of airborne bacteria.

In Fig. 2, the backward trajectory analysis results are shown.
Backward trajectory analysis has been widely used to identify probable
air parcel transport patterns (Park et al., 2004; Lee and Kim, 2007). In
Korea, during late autumn and early winter, typical backward
trajectories are from northwest China based on cluster analysis (Park
et al., 2004). However, during the sampling dates in this study, the
backward trajectories are from all directions as shown in Fig. 2. Also, no
relationship could be found between the shift of the structure of
microbial community and air parcel trajectory. Thus, it is likely that the
shift of the microbial community was caused by seasonal change of the
community.

3.3. Types and abundances of bacteria and fungi in TSP samples

To analyze bacterial and fungal communities in TSP samples more
specifically, we inferred the identity of each T-RF by in silico digestion of
bacterial 16S rRNA gene databases and the fungal ITS region of rRNA
gene databases in GenBank (Fig. 3).We also sequenced some clones for
both bacterial and fungal genes from all samples (Figs. 4 and 5).

In this study, overall, we observed that the TSP samples were
dominated by alpha Proteobacteria (23.4%), gamma Proteobacteria
(15.9%), Firmicutes (15.6%), Actinobacteria (12.7%), beta Proteobacteria
(10.7%) and Bacteroidetes (7.6%) by in silico digestion of T-RFLP profiles.
Fierer et al. (2008) reported that bacteria affiliated with Bacteroidetes
were common inmany of the air samples. Also in this study, we observed
that Bacteroideteswere detected across all samples.

However, the proportion of each group per sample was different
among the samples. Similar to the result of NMSordination, the samples
collected at later-times were distinguished from those at early-times
ng at 1500 m in Seoul for the sampling day.

erial and fungal community structures in an urban area by T-RFLP
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(Fig. 3). This result was comparable to that of Maron et al. (2005)
reporting that the most represented bacterial groups were the Proteo-
bacteria, the Firmicutes, and the Actinobacteria. However, in that study
they found no bacteria affiliated with the Bacteroidetes, but we found
that there were many numbers of bacteria classified as Bacteroidetes.
This observation was confirmed by a sequence analysis revealing the
presence of clones affiliated with the Bacteroidetes (Fig. 5).

The results of sequence analysis for bacterial community also showed
the presence of diverse bacterial species in our samples, which is similar
to those of T-RFLP analysis (Fig. 4). Of 43 sequences analyzed,weobtained
41 bacterial sequences, which consisted of 19 Proteobacteria, 7 Actino-
bacteria, 5 Firmicute, 3Bacteriodetes, and other taxa including unidentified
sequences. Two sequenceswere determined as one originated fromplant
Fig. 3. Relative abundances of bacteria and fungi in the TSP samples estimated by in silico dige
from the T-RFLP profiles for (a) bacteria and (b) fungi.

Please cite this article as: Lee S-H, et al, Identification of airborne bact
analysis and quantitative real-time PCR, Sci Total Environ (2009), doi:1
(Platanus) and plant pathogen (Phytophthora), which may be due to the
proximity of our sampling site from a forest.

Regarding the Bacteria detected in our TSP samples, Proteobacteria
is one of the largest groups in the domain Bacteria. They include many
pathogens as well as saprophytic or symbiotic bacteria in soil habitat.
Actinobacteria and Firmicutes are also commonly found in soil and most
of themareGrampositive bacteria,manyofwhich form spores for aerial
transport. Bacteroidetes are known to be distributed in soil, sediments,
sea water and in the guts of animals and some of them such as genus
Bacteroides are opportunistic pathogens.

Aswith the airborne bacteria, the airborne fungi collected in this study
were also diverse. Four phyla for fungal domain were found in our sam-
ples, which included Ascomycota, Basidiomycota, Glomeromycota, and
stion of bacterial 16S rRNA gene and fungal rRNA gene databases. All data were derived

erial and fungal community structures in an urban area by T-RFLP
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Fig. 4. Neighbor-joining tree showing the phylogenetic relationship of airborne bacterial clone based on partial 16S rRNA gene sequences (≈900 bp) with 16S rRNA reference gene
sequences available in GenBank. A bar represents 0.1 substitutions per nucleotide position. The number in the parenthesis indicates theoretical T-RF size of that sequence.
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Zygomycota. By in silico digestion of T-RFLP profiles for fungal community,
most T-RFs in our samples were determined to correspond with fungal
species affiliated with Ascomycota (48.8%) and Basidiomycota (38.0%).
Interestingly, the T-RFs corresponding to fungal species belong to Glo-
meromycota, known as the arbuscularmycorrhizal fungi (AMF),were also
detectedwith a quite high proportion (7.5%). In three samples (at Oct-18-
2007, Nov-08-2007, and Nov-23-2007), the proportion ofGlomeromycota
exceeded10.0%. Thismaybedue to the characteristicsof the sampling site.
Although the sampling sitewas located inanurbanarea, therewasa forest
located around the sampling site.

Most of fungal sequences in the air samples collected by Fierer et al.
(2008)were classified asAscomycota andAngenent et al. (2005) observed
Please cite this article as: Lee S-H, et al, Identification of airborne bact
analysis and quantitative real-time PCR, Sci Total Environ (2009), doi:1
that the predominant fungal rRNA gene sequences in aerosol samples
were from the phyla Basidiomycota and Ascomycota. Althoughwe did not
identify all the T-RF peaks but only sequenced some of the clones, we
obtained an approximately similar proportion of sequences from Basi-
diomycota and Ascomycota, which suggests that our samples were
relatively similar to those of Angenent et al. (2005).

For fungal community, phylogenetic analysis yielded 20 Ascomycota,
30 Basidiomycota, and 2 unclassified sequences. Although the result of
sequence analysis was more or less different from that of the T-RFLP
analysis, the overall figures of fungal community in our samples were
found to be similar through both approaches. In other words, approxi-
mately half of the fungal types found in our samples affiliated with the
erial and fungal community structures in an urban area by T-RFLP
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Fig. 5. Neighbor-joining tree showing the phylogenetic relationship of airborne fungal clone based on partial rRNA gene sequences (≈700 bp) with rRNA reference gene sequences
available in GenBank. A bar represents 0.1 substitutions per nucleotide position. The number in the parenthesis indicates theoretical T-RF size of that sequence.
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phylum of Ascomycota or Basidiomycota. In this study, the most abundant
types of fungi were determined to be Cladosporium and Alternaira, which
corresponds to the results of other studies reporting that Cladosporium
and Alternaria were the most common airborne fungi (Burge, 2002;
Shelton et al., 2002; Zeng et al., 2006; Tsai et al., 2007).

By using real-time PCR, we estimated the number of bacteria and
fungi in air samples, assuming an average rRNA gene copy number of
4 per bacteria and 200 per fungal or oomycete genome, respectively
(van Doorn et al., 2007; Klappenbach et al., 2001).

Through this process, thenumber of bacteria and fungi in air samples
were determined to range from 5.19×101 to 4.31×103 cellsm−3 and
from 9.56×101 to 4.22×104 cellsm−3, respectively (Fig. 6). The
Please cite this article as: Lee S-H, et al, Identification of airborne bact
analysis and quantitative real-time PCR, Sci Total Environ (2009), doi:1
bacterial number in our results was lower than that of Maron et al.
(2005) reporting that acridine orgage direct count (AODC) of bacterial
cells in the air samples were 1.1×105 and 6.3×104 cellsm−3. Instead,
our results were similar to bacterial densities generally reported in air
samples that ranged from 102 to 103CFUm−3 (Lighthart, 1997; Shaffer
and Lighthart, 1997). For fungi in our samples, the results for fungal
number was comparable to other studies, which reported that the
concentration of culturable fungi and fungal spores in outdoor air
samples around an office building in the US were 680 CFU m−3 and
6540 sporem−3 (Tsai et al., 2007). Our results showing the amount of
microbes in our air samples may reflect the number of all microbes
including uncultivated groups which are overlooked by traditional
erial and fungal community structures in an urban area by T-RFLP
0.1016/j.scitotenv.2009.10.061
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Fig. 6. Number of bacteria and fungi in the TSP samples estimated by real-time Q-PCR.
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cultivation techniques. The discrepancy between our results and that of
Maron et al. (2005) may be due to the difference of sampling time or
location.Maron et al. (2005)monitored the air samples collected during
the spring season in a rural environment, while our air samples mostly
consisted of autumn and winter season samples from an urban
environment. Another explanation for that discrepancy is that there is
a possibility for our result to underestimate the amount of microbes in
our air samples because we used plasmid DNA as a standard for real-
time PCR and the gene copy number of each microbe is various.

We observed noticeable inter-seasonal variability in bacterial and
fungal community structures in the TSP samples at our sampling site. In
addition, in terms of abundances, bacterial and fungal numbers in TSP
samples were different with sampling dates, which contrasted to other
studies, which reported no distinct temporal variation of microbial
abundance (Angenent et al., 2005; Wilson et al., 2002; Fierer et al.,
2008). This discrepancy may be due to the difference of sampling
locations, monitoringmethods, or periods. In particular, themonitoring
period spanning the winter season in our study was thought to be the
largest reason for this difference. The result for abundance of bacteria
and fungi showed that the number of both bacteria and fungi in late-
time samples was lower than those in early-time ones.

Bacteria/fungi ratios ranged from 0.09 to 0.76 across the seven
sampling dates (Fig. 6). It has been generally known that the fungal
spore is more resistant to environmental stress than bacterial cell and
can survive atmospheric transport (Griffin, 2004). The large shift of
bacteria/fungi ratios is also similar to another study that reported the
bacterial/fungal ratios to range from 8 to 0.08 (Fierer et al., 2008). The
number of bacteria and fungi estimated in this study represents total
bacteria and fungi irrespective of their viability. As such, it is thought
that, if possible, more advanced molecular tools such as for detecting
mRNA are adequate for estimating the viable number of airborne
bacteria and fungi.

4. Conclusions

Ambient TSP sampleswere collected at Seoul betweenmiddle autumn
and early winter in 2007 with a 6-day cycle. The results demonstrated
that in our TSP samples collected at an urban site; (1) there were very
diverse bacterial and fungal groups including potential pathogens and
allergens; (2) there were temporal shifts in both bacterial and fungal
communities in terms of both diversity and abundances across an inter-
Please cite this article as: Lee S-H, et al, Identification of airborne bact
analysis and quantitative real-time PCR, Sci Total Environ (2009), doi:1
seasonal period; and (3) air might play an important role in terms of
microbial ecology. To our knowledge, this is the first report that
investigates the inter-seasonal variability of airborne bacterial and fungal
community structures in terms of both diversity and abundances using
various molecular approaches. These results suggest that the monitoring
of airborne microorganisms have to be conducted with more advanced
tools suchasmolecular approaches and continuousmonitoring inorder to
obtain an overall picture of the microbial community typically found at
that site.

Acknowledgements

This work was supported by the Korea Science and Engineering
Foundation (KOSEF) through the National Research Lab. Program (No.
R0A-2006-000-10221-0) and the Center for Aquatic Ecosystem Resto-
ration (CAER) of Eco-STAR project (No. 08-III-12) from Ministry of
Environment (MOE), Korea. The authors gratefully acknowledge the
NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT
transport and dispersion model.

References

AngenentLT,KellyST, St.AmandA,PaceNR,HernandezMT.Molecular identificationofpotential
pathogens in water and air of a hospital therapy pool. Proc Natl Acad Sci U S A 2005;102:
4860–5.

Bauer H, Kasper-Giebl A, Löflund M, Giebl H, Hitzenberger R, Zibuschka F, et al. The
contribution of bacteria and fungal spores to the organic carbon content of cloud water,
precipitation and aerosol. Atmos Res 2002;64:109–19.

Boreson J, Dillner AM, Peccia J. Correlating bioaerosol load with PM2.5 and PM10cf
concentrations: a comparison between natural desert and urban-fringe aerosols.
Atmos Environ 2004;38:6029–41.

Brodie EL,DeSantis TZ,MobergParker JP, Zubietta IX, PicenoYM,AndersenGL.Urbanaerosols
harbor diverse anddynamic bacterial populations. ProcNatl Acad Sci 2007;104:299–304.

Burge HA. An update on pollen and fungal spore aerobiology. J Allergy Clin Immunol 2002;110:
544–52.

Draxler RR and Rolph GD. HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) Model access via NOAA ARL READY Website (http://www.arl.noaa.gov/
ready/hysplit4.html). NOAA Air Resources Laboratory, Silver Spring, MD, USA; 2008.

Fierer N, Liu Z, Rodrı´guez-Herna´ndez M, Knight R, HennM, Hernandez MT. Short-term
temporal variability in airborne bacterial and fungal populations. Appl Environ
Microbiol 2008;74:200–7.

Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomycetes:
application to the identification of mycorrhiza and rusts. Mol Ecol 1993;2:113–8.

Griffin DW. Terrestrial microorganisms at an altitude of 20,000 m in Earth's atmosphere.
Aerobiologia 2004;20:135–40.

Hill TCJ,Walsh KA, Harris JA,Moffett BF. Using ecological diversitymeasureswith bacterial
communities. FEMS Microbiol Ecol 2003;43:1-11.
erial and fungal community structures in an urban area by T-RFLP
0.1016/j.scitotenv.2009.10.061

http://www.arl.noaa.gov/ready/hysplit4.html
http://www.arl.noaa.gov/ready/hysplit4.html
http://dx.doi.org/10.1016/j.scitotenv.2009.10.061


9S.-H. Lee et al. / Science of the Total Environment xxx (2009) xxx–xxx

ARTICLE IN PRESS
Hughes K, McCartney H, Lachlan-Cope T, Pearce D. A preliminary study of airborne
microbial biodiversity over peninsular Antarctica. Cell Mol Biol 2004;50:537–42.

JaenickeR. Abundance of cellularmaterial andproteins in the atmosphere. Science 2005;308:
73.

Klappenbach JA, Saxman PR, Cole JR, Schmidt TM. rrndb: the ribosomal RNA operon
copy number database. Nucleic Acids Res 2001;29:181–4.

Kuske CR, Barns SM, Grow CC, Merrill L, Dunbar MS, Dunbar J. Environmental survey for
four pathogenic bacteria and closely related species using phylogenetic and
functional genes. J Forensic Sci 2006;51:548–58.

Laden F, Neas LM, Dockery DW, Schwartz J. Association of fine particulate matter from
different sources with dailymortality in six US cities. Environ Health Perspect 2000;108:
941–7.

Lane DJ. 16S/23S rRNA sequencing. In: Stackebrant E, Goodfellow M, editors. Nucleic
acid techniques in bacterial systematics. New York, USA: Wiley; 1991. p. 115–75.

Lee JY, Kim YP. Source apportionment of the particulate PAHs at Seoul, Korea: impact of
long range transport to a megacity. Atmos Chem Phys 2007;7:3587–96.

Lighthart B. The ecology of bacteria in the alfresco atmosphere. FEMSMicrobiol Ecol 1997;23:
263–74.

Maron P, Lejon DPH, Carcalho E, Bizet K, Lemanceau P, Ranjard L, et al. Assessing genetic
structure and diversity of airborne bacterial communities by DNA fingerprinting
and 16S rDNA clone library. Atmos Environ 2005;39:3687–95.

McCune B, Grace JB. Analysis of ecological communities MjM Software, Gleneden Beach,
Oregon, USA; 2002.

Park MH, Kim YP, Kang C-H, Shim S-G. Aerosol composition change between 1992 and
2002 at Gosan, Korea. J Geophys Res 2004;109:D19S13. doi:10.1029/2003JD004110.

Radosevich JL, Wilson WJ, Shinn JH, DeSantis TZ, Andersen GL. Development of a high-
volume aerosol collection system for the identification of air-bornemicro-organisms.
Lett Appl Microbiol 2002;34:162–7.
Please cite this article as: Lee S-H, et al, Identification of airborne bact
analysis and quantitative real-time PCR, Sci Total Environ (2009), doi:1
Rolph GD. Real-time Environmental Applications and Display sYstem (READY)Website
(http://www.arl.noaa.gov/ready/hysplit4.html). NOAA Air Resources Laboratory,
Silver Spring, MD, USA; 2008.

Salem H, Gardner D. Health aspects of bioaerosols. In: Lighthart B, Mohr A, editors.
Atmospheric microbial aerosols: theory and applications. New York, NY, USA:
Chapman & Hall; 1994. p. 304–30.

Shaffer BT, Lighthart B. Survey of culturable airborne bacteria at four diverse locations
in Oregon: urban, rural, forest, and coastal. Microb Ecol 1997;34:167–77.

Shelton BG, Kirkland KH, FlandersWD,Morris GK. Profiles of airborne fungi in buildings and
outdoor environments in the United States. Appl Environ Microbiol 2002;68:1743–53.

Shinn EA, Smith GW, Prospero JM, Betzer P, Hayes ML, Garrison V, et al. African dust and
the demise of Caribbean coral reefs. Geophys Res Lett 2000;27:3029–32.

Tsai FC, Macher JM, Hung Y. Biodiversity and concentrations of airborne fungi in large
US office buildings from the BASE study. Atmos Environ 2007;41:5181–91.

van Doorn R, Szemes M, Bonants P, Kowalchuk GA, Salles JF, Ortenberg E, et al. Quantitative
multiplex detection of plant pathogens using a novel ligation probe-based system
coupledwith universal, high-throughput real-timePCRonOpenArrays™. BMCGenomics
2007;8:276.

White TJ, Bruns TD, Lee S, Taylor J. Analysis of phylogenetic relationships by amplification
and direct sequencing of ribosomal RNA genes. In: Innis MA, Gelfand DH, Sninsky JJ,
White TJ, editors. PCR protocols: a guide tomethods and applications. NewYork, USA:
Academic Press; 1990. p. 315–22.

Wilson KH, WilsonWJ, Radosevich JL, DeSantis TZ, Viswanathan VS, Kuczmarski TA, et al.
High-density microarray of small-subunit ribosomal DNA probes. Appl Environ
Microbiol 2002;68:2535–41.

Zeng QY, Westermark SO, Rasmuson-Lestander A,Wang XR. Detection and quantification
of Cladosporium in aerosols by real-time PCR. J Environ Monitor 2006;8:153–60.
erial and fungal community structures in an urban area by T-RFLP
0.1016/j.scitotenv.2009.10.061

http://dx.doi.org/10.1029/2003JD004110
http://www.arl.noaa.gov/ready/hysplit4.html
http://dx.doi.org/10.1016/j.scitotenv.2009.10.061

	Identification of airborne bacterial and fungal community structures in an urban area by T-RFLP.....
	Introduction
	Materials and methods
	TSP sample collection
	Molecular analyses of bacterial and fungal communities in TSP samples
	Statistical analyses of T-RFLP data
	Real-time PCR for 16S rRNA gene and ITS region
	16S rRNA gene and ITS region cloning, sequencing, and phylogenetic analyses
	Nucleotide sequence accession numbers
	Backward trajectory analysis

	Results and discussion
	DNA extraction and PCR analyses with TSP samples
	Diversity and temporal variability of bacterial and fungal communities in TSP samples
	Types and abundances of bacteria and fungi in TSP samples

	Conclusions
	Acknowledgements
	References




