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Abstract In this study, air samples were collected
simultaneously at ground level and from a broadcast
tower (open space) 238 m high using two BioSam-
plers and two portable Biostage impactors. The
sampling lasted up to 5 h, from morning to afternoon,
and the experiments were independently conducted
twice. The samples collected by the BioSamplers were
analyzed for bacterial diversity and concentration,
endotoxin and (1,3)-f-p-glucan content. Denaturing
gradient gel electrophoresis (DGGE) fingerprinting,
DNA sequencing, real-time quantitative polymerase
chain reaction (QPCR), and Limulus amebocyte lysate
(LAL) were used for the analyses. Air samples
collected by the portable Biostage impactors were
directly incubated at 25°C, and the culturable bacteria
and fungi concentrations were manually counted. The
results from the culture analysis indicated that the
ground air samples had higher (statistically signifi-
cant) concentrations of culturable bacteria and fungi
than those taken at an elevation of 238 m. DGGE
profiles of PCR products showed similar bacterial
diversity in both ground-level and elevated air sam-
ples. Pseudomonas was identified by DNA sequencing
as the predominant bacterial genus present. The SYBR
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gqPCR tests revealed that the pooled air samples from
both the ground and elevated levels had similar total
bacterial concentrations, about 1,000 times their
culturable ones. Although the endotoxin and (1,3)-f-
D-glucan concentrations were observed to vary over
the time, no statistically significant differences were
observed in the pooled air samples from the ground
and elevated levels over the course of the day. The
results from this study elucidated the microbial
differences in air at different elevations, and added
to the body of evidence of atmospheric mixing of
biological agents.
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1 Introduction

Particles of biological origin are a ubiquitous compo-
nent of the atmospheric aerosol and account for
approximately 24% of the total concentration of
particles (Matthias-Maser and Jaenicke 1995; Jones
and Harrison 2004). Inhalation exposure to these
airborne biological particles including bacteria, fungi,
virus, endotoxin, and (1,3)--p-glucan has been shown
to cause numerous adverse health effects (Douwes
et al. 2003; Walinder et al. 2001; Laumbach and Kipen
2005). Exposure to bacterial endotoxin is demon-
strated to be associated with pulmonary symptoms,
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airway bronchoconstriction, recruitment of neutro-
phils to the airways, and increased release of proin-
flammatory cytokines including tumor necrosis factor
alpha, interleukin-6, and macrophage inflammatory
protein (Thorne 2000). Exposure to fungal (1,3)-f-p-
glucan can also illicit inflammatory reactions (Czop
and Kay 1991) and cause an increase in the number of
lymphocytes in the blood when inhaled (Rylander
2005). Although these adverse health effects are
mostly encountered in indoor settings, studies indi-
cated that outdoor air is also a major source of indoor
air pollutants (Monn 2001; Li et al. 1995; Ren et al.
2001; Pei-Chih et al. 2000; Su et al. 2001; Chew et al.
2003; O’Connor et al. 2004; Lee and Jo 2006).
Numerous studies have been conducted to inves-
tigate indoor biological content (Singh and Singh
1996; Cox-Ganser et al. 2009; Rao et al. 2007; Salo
et al. 2008), however, only a limited number of studies
have been conducted regarding outdoor microbial
content, particularly in the upper atmospheric envi-
ronments. Fulton (1966) studied the micro-population
up to an altitude of 3,127 m and found that the micro-
population was more stable at higher altitude than that
at lower altitude. It was also shown that surface
activity could affect the micro-population at an
altitude of 690 m (Fulton and Mitchell 1996). In
another study, it was indicated that meteorological
conditions can have a variety of effects on biological
aerosol concentrations (Jones and Harrison 2004).
Maki et al. (2008) studied air samples collected at
altitudes of 10 and 800 m using DGGE and clone
library analysis, and observed similar bacterial com-
position and particle size distribution at different
altitudes. They suggested that atmospheric mixing
played a role. There is a growing body of evidence
that biological agents can be transported globally (Joo
et al. 2002; Ozawa et al. 2001; Sakamoto and Yoshida
2002; Brown and Hovmoeller 2002; Griffin et al.
2006; Wu et al. 2004; Griffin 2007). These transported
pollutants could further descend into local environ-
ments as a result of atmospheric mixing (Maki et al.
2008), thus causing relevant health effects. It is thus
important to learn about the microbial content of air at
elevations significantly above ground level.
However, the microbial content of air samples are
often poorly described as a result of reliance on the
traditional culture method. Application of molecular/
biochemistry methods to describe the biological
content of air is increasing, because of their low
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quantification limits and accuracy (Alvarez et al.
1994; Sawyer et al. 1994; Olsson et al. 1998;
Angenent et al. 2005). Recently, DGGE and clone
library analysis were used to compare bacterial
diversity in the air samples collected from different
swine establishments (Nehme et al. 2008).

Different from existing studies, this study was
designed to compare microbial content, for example
bacteria, fungi, endotoxin, and (1,3)--p-glucan in the
air samples collected simultaneously at ground level
(0 m) and at an elevation of 238 m. Molecular and
biochemistry based techniques, for example DGGE,
gene sequencing, qPCR, and LAL methods were
used. The results from this study add to the body of
evidence of atmospheric mixing of biological agents.

2 Materials and methods
2.1 Air sample collection

Figure 1 shows the experimental procedures and the
central broadcast tower of 238 m located on the west
3rd ring in Beijing. Initially, a much higher elevation
was intended, but the tower was the highest structure
found in Beijing for air sampling. The tower has an
open-air viewing platform, and the ground sampling
site was just outside the broadcast tower. During
sample collection, either two portable Biostage imp-
actors (QuickTake 30, SKC) or two BioSamplers
(SKC) were operated simultaneously with one on the
ground and the other on the top platform of the
broadcast tower. The air samples were collected
during a four-day campaign in April/May 2008.
During the first two days, two BioSamplers were
simultaneously operated with 20 ml DI water as the
collection liquid for 40 min at 12.5 1/min to collect the
air samples for endotoxin, (1,3)-f-p-glucan, and
bacteria study. The 40-min samples were collected
from morning to afternoon with sampling start times
10:30, 11:40, 12:50, and 14:00. In another two-day
sampling, two portable Biostage impactors were
simultaneously operated at 28.3 1/min for 5 min both
on the ground and on the top platform for culturable
bacteria and fungi study. Sampling was conducted
continuously every 35 min. On Day #1, a total of five
groups of samples with three replicates each were
obtained with the sampling start times 10:50, 12:00,
13:10, 14:20, and 15:30. On Day #2, a total of six
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groups of samples with three replicates of each group
were obtained with the sampling start times 9:40,
10:50, 12:00, 13:10, 14:20, and 15:30. The sampling
start time for the ground and elevated sampling was
communicated via cell phone in this study. The
collection liquid from each BioSampler was trans-
ferred into a 50-ml pyrogen-free corning tube (Corn-
ing, NY, USA) and stored at 4°C for further sample
analysis. The air samples collected by the Biostage
impactors were directly incubated at 25°C for cultur-
ing. Sampling was conducted under clear weather
conditions with temperature ranging from 24 to 33°C,
relative humidity 22%, and wind velocity 3.4-5.4 m/s
both for the ground and elevated sampling.

2.2 Sample analysis

The air samples collected by the BioSamplers at
different times were individually analyzed both for
the ground level and for the 238 m elevation. In
addition, samples from either the ground or the
elevated levels were also pooled and analyzed for
respective averages.

2.3 Culturable bacteria and fungi

As shown in Fig. 1, the air samples were incubated
for culturable bacteria and fungi growth. Trypticase
soy agar (TSA; Becton-Dickinson Microbiology
Systems, Sparks, MD, USA) was used to culture
bacteria, and malt extract agar (Becton—Dickinson)
was used to culture fungi. The number of colonies
both for the bacteria and fungi on the agar plates were
manually counted and statistically corrected by use of
the equation described by Feller (1968). The plate
counts for culturable bacteria or fungi were also

Fig. 1 a Experimental (A)
procedures. b Broadcast
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averaged over the sampling periods. The airborne
concentrations of culturable bacteria and fungi were
converted to standard units (CFU/m3).

2.4 Total bacterial load and dominant genus

In this study, the total bacterial loads for the air
samples collected both at ground level and on the
platform were also quantified by use of qPCR as
indicated in Fig. 1. Collection liquids (50 pl) of
BioSamplers from the ground-level and platform
was taken and pooled. Pooled collection liquid
(100 pl) was taken out for DNA extraction by use of
the Qiagen bacteria DNA extraction kit (Qiagen,
Chatsworth, CA, USA). The extracted DNA samples
were further resuspended in 50 pl DI water. Bacterial
universal forward primer 5-TCCTACGGGAGGCA
GCAGT-3' (T, 59 + 4°C), reverse primer 5'-GG
ACTACCAGGGTATCTAATCCTGTT-3' (T, 58 +
1°C), and probe (6-FAM)-5'-CGTATTACCGCGGCT
GCTGGCAC-3'-(TAMRA) (T, 69 =+ 9°C) describ-
ed by Nadkarni et al. (2002) were used in this study.
The amplification and detection of bacterial genes
targeting the V3 region of the 16S rRNA gene was
performed by qPCR with the ABI-Prism 7300
sequence detection system (Applied Biosystems)
using optical grade 96-well plates under the conditions
used by Nadkarni et al. (2002). The relative number of
bacterial gene copies was calculated for both for the
ground level (0 m) and platform (238 m) samples
according to the qPCR relative standard curve.
Denaturing gradient gel electrophoresis (DGGE)
analysis with subsequent gene sequencing was
performed on the pooled air samples (n = 8) for
both the ground level and elevated samples. The V3
region of the 16S rRNA gene was amplified using
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primers P2 (5-ATTACCGCGGCTGCTGG-3’) and
P3 (5'-GCclamp-CCTACGGGAGGCAGCAG-3') as
described by Muyzer et al. (1993). DGGE was
performed with the Bio-Rad DCode mutation-detec-
tion system (Bio-Rad, Hercules, CA, USA) according
to the manufacturer’s instructions. Approximately
300 ng PCR product was transferred to each well of
8% polyacrylamide gels containing a vertical gradient
of denaturant from 30% to 60%. Electrophoresis was
performed for 240 min at a constant voltage of 200 V
at 60°C. Gels were stained with SYBR-green I
solution (10,000x diluted) and photographed (Molec-
ular ImageR Gel Doc XR system; Bio-Rad). Here the
bands were scored as either present or absent on the
gel and all lanes were compared with each other. Data
were recorded and analyzed with sequence detection
software (Version 1.4). The bands were excised,
reamplified, and sequenced directly. Gene sequencing
was performed using the ABI 3730 (Applied Biosys-
tems) by a company (Sangong, Beijing, China) in
Beijing, and relevant sequences were submitted to
GeneBank with the accession numbers obtained.

Following a similar method, the concentration of
the total Pseudomonas, the dominant species identi-
fied from DGGE and gene-sequencing analysis, was
also quantified by use of SYBR qPCR. The repre-
sentative clone (assigned with Pseudomonas aeru-
ginosa) prepared in the lab was used as the standard
sample. Primers PSD7F (5-CAAAACTACT-
GAGCT-AGAGTACG-3') and PSD7R (5-TAA-
GATCTCAAGGATCCCAACGGCT-3") were used
to quantify the Pseudomonas group of organisms
(Matsuda et al. 2007).

2.5 Endotoxin analysis

For the air samples collected by the BioSampler,
endotoxin concentration was quantified. Endotoxin
content analysis was conducted using a quantitative
kinetic chromogenic limulus amebocyte lysate (LAL)
assay (Associates of Cape Cod, East Falmouth, MA,
USA). A standard endotoxin dilution series of 0.005,
0.05, 0.5, and 5 endotoxin units (EU)/ml was
prepared in lysate reagent water (LRW) for each set
of test reagents. For endotoxin measurement, 40 pl
standards in duplicate, sample extract dilutions
(107% in triplicate, negative controls (LRW and
0.05% Tween 20), and positive product controls
(spiked value 0.25 EU/ml) were pipetted into pre-
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designated wells in a 96-well microplate. The
microplate was then incubated at 37°C for 15 min.
During the incubation, Limulus Amebocyte Lysate
agent was reconstituted using Glucashield buffer
(Associates of Cape Cod) to remove interference
from (1,3)-f-p-glucans. After incubation, 40 pl LAL
agent were pipetted into each well. The plate was
placed inside a spectrophotometer, SpectraMax, pre-
mixed for 10 s, and the LAL assay was allowed to
proceed for 60 min in the kinetic mode to measure
the onset time for color development at 405 nm.
Using log-log standard curves of onset time versus
standard concentrations (r2 > 99%), sample concen-
trations were calculated. The standard curve was
generated by software based on the optical densities
and concentrations of endotoxin standards (0.005,
0.05, 0.5, and 5 EU/ml) that are supplied by the assay
manufacturer. In this study the endotoxin unit (EU)
was converted to nanograms (ng) dividing by 10.

2.6 (1,3)-f-p-Glucan analysis

For the air samples collected by the BioSampler, (1,3)-
p-p-glucan concentration was quantified. (1,3)-f-p-
Glucan analysis of the samples was conducted using
the quantitative kinetic Glucatell lysate assay, a
modified LAL (Associates of Cape Cod). A standard
(1,3)--p-glucan series of 200, 100, 50, 25, and 5 pg/ml
was prepared. A 25 pl volume of (1,3)-f-p-glucan
standards in duplicate, sample extract dilutions in
triplicate, negative controls (0.5 M NaOH neutralized
by Tris—HCI), and positive product controls (spiked
value of 25 pg/ml) were pipetted into pre-designated
wells in a 96-well microplate. The microplate was then
incubated at 37°C for 15 min. During the incubation,
Glucatell lysate agent was reconstituted using 2.8 ml
LRW and 2.8 ml Pyrosol buffer (Associates of Cape
Cod). After incubation, 100 pl was pipetted into each
well of the 96-well plate. The plate was placed inside a
spectrophotometer, SpectraMax, pre-mixed for 10 s,
and the LAL assay was allowed to proceed for 80 min
in the kinetic mode to measure the onset time for color
development at 405 nm. Using log-log standard
curves of onset time versus standard concentrations
(r2 > 99%), samples concentrations were calculated.
The standard curve was generated by software on the
basis of the optical densities and the concentrations of
glucan standards (200, 100, 50, 25, and 5 pg/ml) that
were supplied by the assay manufacturer.
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The detection limits for airborne endotoxin and
(1,3)-p-p-glucan depend on the lowest standards used
in this study: endotoxin (0.005 EU/ml) and (1,3)-$-p-
glucan (5 pg/ml). However, the actual detection
limits depend on comparisons between the negative
control and the samples. Therefore, the lowest
calculated values for the samples based on the
standard curve, which might be smaller than the
lowest standards but significantly above that of
the negative control, should be also considered.

2.7 Statistical analysis

The differences for the microbial contents between
the ground level (0 m) and elevated (238 m) samples
were analyzed by paired r-test via the statistical
component of SigmaPlot 10. A p-value of less than
0.05 indicated a statistically significant difference.

3 Results and discussion

Results in this study revealed that no statistically
significant differences were found for the levels of
endotoxin, (1,3)-S-p-glucan, and microbial diversity
between the air samples collected at ground level and
at an elevation of 238 m. However, the ground-level
air samples were observed to have higher culturable
bacteria and fungal concentrations than those at an
elevation of 238 m.

Figure 2 shows the airborne culturable bacteria
concentrations measured for the ground-level and
238-m samples on Day #1 and Day #2. As shown in
the figure, irrespective of sampling dates and sam-
pling time (morning to afternoon), the air samples
collected at ground-level (0 m) were shown to have
significantly higher culturable bacteria concentrations
than those obtained at an elevation of 238 m on both
Day #1 and Day #2. The airborne culturable bacteria
concentrations at an elevation of 238 m ranged from
80 to 600 CFU/m® and those for the ground-level
sample ranged from 280 to 1,500 CFU/m® on both
Day #1 and Day #2. The observed culturable concen-
tration differences ranging from 1.3 to 15 times were
statistically significant (p-value = 0.0047). Lighthart
and Shaffer (1995) have shown that sunrise and early
evening hours had the highest culturable bacterial
concentration averages, whereas the pre-dawn had the
lowest. They cited meteorological conditions as an
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Fig. 2 Airborne culturable bacterial concentrations measured
at 0 and 238 m during different time periods on two days

important regulating effect on airborne bacterial
concentrations in the outdoor atmosphere. However,
as observed from Fig. 2 in this study, the airborne
culturable bacteria concentrations varied greatly over
the course of a day, and no clear pattern with regard to
time was observed in this study. On average, the
ground-level sample had about 5 times higher cultur-
able bacteria concentration than that from an altitude
of 238 m. Poor linear regression was observed
between culturable bacteria from ground-level and
238 m elevation samples (R2 =0.2).

Similar findings were obtained when collecting
culturable fungi, as shown in Fig. 3. The air samples
collected at ground level (0 m) had significantly
higher culturable fungal concentrations than those
collected at an elevation of 238 m. Fungal concentra-
tions in the air samples collected at ground level were
shown to range from 310 to 1,023 CFU/m> whereas
those in the air samples collected at an elevation of
238 m ranged from 50 to 400 CFU/m’. The differ-
ences were statistically significant (p-value =
0.0003). On average, the ground-level sample had
about 3 times higher culturable fungi concentration
than that at an elevation of 238 m. The correlation
between the culturable fungi at ground level and at an
elevation of 238 m (R? = 0.52) was better than that
for culturable bacteria. In this study, the temporal
microbial differences were minimized by taking the
air samples simultaneously at ground level and at an
elevation of 238 m. In addition, all measurements
were taken outdoors, thus the culturable bacteria and
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Fig. 3 The airborne culturable fungal concentrations mea-
sured at 0 and 238 m during different time periods on two days

fungi levels reflect those of outdoors at given times at
different heights. A study suggested that there was a
strong correlation between outdoor and indoor air-
borne fungi (Dassonville et al. 2008). Other authors
also show that outdoor air is the major source of indoor
fungi (Li et al. 1995; Ren et al. 2001; Pei-Chih et al.
2000; Su et al. 2001; Chew et al. 2003; O’Connor et al.
2004; Lee and Jo 2006). On the basis of these studies,
the work here thus suggested that indoor environments
at different heights could have different levels of
culturable bacteria or fungi. The results from cultur-
able bacteria and fungi implied that ground-level
might be a less stressful environment than the
elevation. On the other hand, the fact of higher
culturable counts at ground level might also be
attributed to the close proximity to soil and vegetation,
i.e., the source of bioaerosols upon aerosolization, for
the ground air samples.

The bacterial diversity in the air samples collected
from the different elevations was studied by 16S
rRNA gene-targeted PCR-DGGE analysis. Visual
inspection of the DGGE gels showed diverse DNA
bands in these environmental samples, as observed in
Fig. 4. Similar main DNA migrating patterns in
DGGE profiles (bands A, B, C, D, E, F, and G) were
observed for the air samples collected at ground level
and at an elevation of 238 m, although there are some
minor differences seen in the figure. As observed in
lanes 2 and 4 in Fig. 4, above band A the ground-
level air samples seemed to lack two less visible
bands compared with lane 1 and lane 3 for the air
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Fig. 4 DGGE banding profiles of the PCR products of 16S
rRNA gene V3 regions amplified from community DNA
extracted from airborne bacteria sampled at different eleva-
tions. The lanes labeled 14 represent four individual mixed
samples that were collected on different days and at an
elevation of 238 m: 7 238 m (2008/04/31); 2 0 m (2008/04/
31); 3 238 m (2008/05/01); 4 0 m (2008/05/01). (A, B, C, D, E,
F, and G represent major migrating bands)

samples collected at an elevation of 238 m. DGGE is
increasingly being used in bioaerosol studies. In a
recent study, similar DGGE profiles were also
obtained for the bacterial diversity of air samples
collected in eight swine confinement buildings, and
suggested the bacterial diversity was similar in the air
surrounding these swine confinements (Nehme et al.
2008). In another similar study, the species compo-
sitions of the bacterial community in the atmosphere
at 800 and 10 m were found to be similar by PCR-
DGGE analysis (Maki et al. 2008). However, iden-
tification of bacteria by DGGE has a number of
potential problems. The DGGE profiles as shown in
this study could have many bands which are difficult
to purify, and the intraspecies operon heterogeneities
can contribute significantly to complex genetic pro-
files in microbial community analysis (Schmalenber-
ger et al. 2001). It has been suggested that the effect
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of operon heterogeneities could be reduced by
choosing appropriate variable regions with less
intraspecies diversity, e.g., V4 and V5 (Schmalen-
berger et al. 2001). The results presented here could
thus possibly be affected by the relevant limitations
of DGGE. Besides, the BioSampler could, in general,
run for 30 min without loss of collection liquid and
efficiency, and 40 min sampling was used in this
study to collect enough air samples. It was recently
indicated that there was 0.85 ml collection liquid loss
after 40 min sampling for the BioSampler (Yao et al.
2009). This loss should occur to the collection of both
ground-level and elevated samples, and thus won’t
affect the comparison.

SYBR ¢PCR tests were performed for total
bacteria concentrations for the pooled air samples
collected at ground level (0 m) and at an elevation of
238 m in two experiments (Day #1 and Day #2). The
cycle threshold (Ct) values as shown in Fig. Sa are
22.5 and 23 for the ground-level and 238 m sample,
respectively. The negative control was found to have
a Ct value of 28.5. The results from the qPCR tests
indicated that the air samples collected at ground-
level (0 m) had total bacteria concentrations similar
to those collected at an elevation of 238 m with a
difference of less than 10%, as shown in Fig. 6. In
accordance with the method described by Dutil et al.
(2007), the total bacteria concentration was calcu-
lated by dividing the absolute quantification of the
16S rRNA copy number in each sample by 4.1.
Therefore, the ground-level (0 m) and 238 m samples
had bacterial concentrations of 1,463 and 1,341 N/,
respectively, more than one thousand times of those
culturable concentrations. Nehme et al. (2008) have
shown that the total bacterial concentration was about
100-1,000 times higher than the culturable concen-
tration in air samples collected from swine building
confinements. Similar magnitude of underestimate
resulting from culturing technique was observed by
Fabian et al. (2005). Airborne microorganisms in the
environments are often stressed by a variety of
environmental factors for example desiccation,
extreme temperature, oxygen limitation, and expo-
sure to ultraviolet (UV) radiation, thus possibly
losing their culturability. In addition, the microor-
ganisms in the atmosphere are diluted and the
sampling causes additional stress. In this study,
culturability was observed to be less than 0.1% for
bacteria. Therefore, the culture-based analysis
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Fig. 5 Amplification of 16S rRNA genes from the standard
and air samples using real-time qPCR: a amplification plot of
total bacterial load determination; b amplification for Pseudo-
monas genus; I, 2, 3, and 4 represent serially diluted 16S rRNA
gene standards (9.03 x 1037 copies/pl), 5 represents the air
sample from ground level, and 6 represents the air sample from
the broadcast tower. N stands for the negative control
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Fig. 6 The copy number of the 16S rRNA gene of the total
bacterial load and of the Pseudomonas genus per liter of air
from the pooled air samples collected at 0 to 238 m,
respectively
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significantly underestimates the microbial load in the
environment.

DNA sequencing was used when identifying the
dominant bacterial strains. As seen in Fig. 4, bands
A, B, C, and D with higher intensity were excised,
re-amplified, and sequenced directly by Sangong
Biotech in Shanghai. For other bands including those
with relative lower intensity in the gel, DNA
sequencing was not performed in this study. Pseudo-
monas genus was identified from the PCR products
(bands A, B, C, and D in Fig. 4) by using the
Classifier software in RDP II (the ribosomal database
project II). Their accession numbers in the GeneBank
are FJ938148, FJ938149, FJ938150, FJ938151,
respectively. In Fig. 5b, Pseudomonas amplification
curves are presented with Ct values close to 25 for the
air samples both from ground level and elevation. As
indicated in Fig. 6, the air samples from ground level
(0 m) were also shown to have Pseudomonas genus
concentrations similar to those collected at an eleva-
tion of 238 m. Its concentrations were quantified as
1,000 and 1,250 gene copies/L for the 238 m and
ground-level samples, respectively. Because of the
subrepeat variations of rRNA genes ranging from 1 to
15 (Klappenbach et al. 2001; Nadkarni et al. 2002),
the conversion of gene copy number to bacteria
concentration was not performed for Pseudomonas. If
gene copy numbers were compared, Pseudomonas
concentrations tended to be about 1/6 of total
bacterial concentrations.

Figures 7 and 8 show the airborne endotoxin and
(1,3)-f-p-glucan concentrations measured in the air
samples collected at ground level (O m) and at 238 m.
As observed from these figures, the endotoxin and
(1,3)--p-glucan levels in the air samples collected at
ground level (0 m) and at 238 m varied greatly with
sampling time on both Day #1 and Day #2. For
endotoxin, the concentration ranged from 0.32 to
5.39 ng/m’ for the air samples collected at ground
level, and from 0.22 to 10.6 ng/m” for the air samples
collected at an elevation of 238 m, as observed from
Fig. 7a. Statistical analysis (paired f-test) of the
averages, close to 3 ng/m>, of 2 days’ sampling
results as shown in Fig. 7b indicated that the differ-
ence in endotoxin concentration between the air
samples collected at ground level (0 m) and at
238 m was not statistically significant (p = 0.99,
n = 8). Morgenstern et al. (2005) found little spatial
variation in ambient endotoxin concentrations, and no
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Fig. 7 Airborne endotoxin concentrations measured at 0 and
238 m during different time periods on two days

difference among geometric mean levels of endotoxin
between the city center and the periphery of Munich.
Temporal variability of airborne endotoxin was also
found not to be significant over weeks in an office
building (Hines et al. 2008). For (1,3)-f-p-glucan, the
concentration level ranged from 0.15 to 0.9 ng/m* for
air samples collected at ground level, and from 0.1 to
1.64 ng/m’ for air samples collected at an elevation of
238 m, as observed from Fig. 8a. Statistical analysis
(paired t-test) of the averages, close to 0.5 ng/m?, for
2 days’ sampling results as shown in Fig. 8b indicated
that the (1,3)-f-p-glucan concentration difference in
the air samples collected at ground level (0 m) and at
238 m was not statistically significant (p = 0.77,
n = 8) over the course of the day. The similar ambient
mean concentrations observed both for the endotoxin
and (1,3)-f-p-glucan from different elevations might
be partially owing to atmospheric mixing. Atmo-
spheric mixing was observed for heights of 800 and
10 m above the ground in another study (Maki et al.
2008). In their study, similar bacterial diversity and
particle size distribution were observed at ground
level and at 800 m. In their study, they only collected
0.7 m? air within 1 h, and in contrast air samples were
continuously sampled for 5 h with a total of 30 m? of
air for each repeat in this study. As calculated from
Figs. 7 and 8, endotoxin concentrations were, in
general, about 6 times those of (1,3)-f-p-glucan,
irrespective of elevation.

In this study, sampling was performed using the
same sampling tool, the Biostage impactor, at both
ground level and at elevation, thus the sampling
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Fig. 8 Airborne (1,3)--p-glucan concentrations measured at
0 and 238 m during different time periods on two days

efficiency and stress remained the same. The total
bacterial concentration was similar both for air
samples taken from the ground and at an elevation
of 238 m. As observed in this study, the air samples
from ground level contained higher culturable fungal
and bacteria concentrations than those from 238 m,
while having similar total microorganism concentra-
tions. Hirvonen et al. (1997) reported that culturable
actinomycete (not fungal) spores induced more
reactive oxygen species than dead spores in macro-
phages. In another study, Mitakakis et al. (2001)
reported that more Alternaria allergens were released
from germinated spores. In addition, Green et al.
(2003) detected allergens from 11 fungal species
before and after germination and found that germi-
nation of spores increased the allergen level signif-
icantly. It was also suggested that live spores may
have greater potential to evoke inflammatory diseases
than dead spores when they are deposited in the
respiratory tract (Lee et al. 2006). Caro et al. (1999)
have demonstrated the simultaneous loss of the
culturability and pathogenicity for the bacterium
Salmonella typhimurium, and a similar finding was
observed for Campylobacter jejuni (Medema et al.
1992). Therefore, the atmospheric environment close
to the ground might represent greater potential risks
of exposure to particles of biological origins than
those at higher elevations. The results here might, on
the other hand, also suggest a possible biological
exposure difference among residents who reside in
different heights in an urban city with clusters of
high-rise buildings.

It is well accepted that fungi concentrations are
highly dependent on weather conditions. Lin and Li
(2000) indicated that maximum concentrations were
observed when the temperature was 25-30°C and
relative humidity was 60-70%. Exposure to solar
radiation, the presence of ambient air pollutants, and
low air temperature and relative humidity can greatly
affect the culturability of the microorganisms (Kim
1994; Muilenberg 1995; Mohr 1997). The atmo-
spheric conditions at higher elevation might seem
more hostile to bacteria and fungi than those at lower
elevation. Solar radiation was found to significantly
inactivate the microorganisms (Yukselen et al. 2003;
Paez-Rubio and Peccia 2005; Tong and Lighthart
1997). Wegelin et al. (1994) consider UV-A (315-
400 nm) to be the most effective component of natural
sunlight, because it comprises ca 95% of the higher-
energy ultraviolet wavelengths. Similarly, Gameson
and Gould (1975) estimated that ca half of the
bactericidal effect of sunlight may be attributed to
wavelengths lower than 370 nm. Solar radiation is
partially depleted and attenuated as it traverses the
atmospheric layers, which prevents a substantial
portion of it from reaching the earth’s surface. This
phenomenon results from absorption, scattering, and
reflection in the upper atmosphere (stratosphere). The
troposphere is an attenuating medium. The solar
radiation is reflected and scattered primarily by clouds
(moisture and ice particles), particulate matter (dust,
smoke, haze, and smog), and various gases. For clear
weather conditions, the hourly ratio of photosynthet-
ically active photon flux Q, to global solar radiation
R (Oy/R,) was observed to have an increasing trend
with altitude, with an average rate of 3.6% per km
(Wang et al. 2007). The increasing rate was more
noticeable below 900 m (8.8% per km) than above
(0.7% per km) (Wang et al. 2007). The increased
O,/R ratio at higher altitude, e.g., 238 m in this study,
might result in increased damage to the culturability
of microorganisms in the atmosphere.

This research investigated the biological contents
of air samples collected at ground level and at an
elevation of 238 m. Different from a previous study
(Maki et al. 2008) in which 1-h air samples from two
altitudes using 0.45 pm membrane filters were col-
lected, in this research air samples were collected
continuously up to 5 h using liquid samplers and agar
plates. In addition, the air samples from different
elevations were monitored simultaneously, and the

@ Springer
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experiments were independently conducted twice in
this study. The biological pollutants including endo-
toxin, (1,3)-f-p-glucan, and bacteria were observed
to have similar concentration levels in the air samples
from ground level and at 238 m. In addition, DGGE
analysis indicated there are few differences between
the bacterial diversity of pooled air samples collected
at ground level and at 238 m. The results presented
here have added to the body of evidence that
atmospheric mixing is taking place between ground
level and the upper atmosphere.
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