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� Tropical urban bacterial and fungal bio-aerosols displayed pronounced seasonality.
� Bio-aerosol composition was determined by climate rather than airborne pollutants.
� A range of bacterial and fungal pathogens was detected in bio-aerosols.
� Microbially-derived allergen levels exceeded safe levels during summer months.
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Themicrobial component of outdoor aerosolswas assessed along a gradient of urbandevelopment from inner-
city to rural in the seasonal-tropicalmetropolis ofHongKong. Samplingover a continuous one-year periodwas
conducted, with molecular analyses to characterize bacterial and eukaryal microbial populations, immuno-
assays to detect microbially-derived allergens and extensive environmental and meteorological observa-
tions. The data revealed bio-aerosol populations were not significantly impacted by the level of urban devel-
opment asmeasuredbyanthropogenic pollutants andhumanpopulation levels, but instead exhibited a strong
seasonal trend related to general climatic variables.We applied back-trajectory analysis to establish sources of
air masses and this allowed further explanation of urban bio-aerosols largely in terms of summer-marine and
winter-continental origins. We also evaluated bio-aerosols for the potential to detect human health threats.
Many samples supported bacterial and fungal phylotypes indicative of known pathogenic taxa, together with
common indicators of human presence. The occurrence of allergenic endotoxins and beta-glucans generally
tracked trends in microbial populations, with levels known to induce symptoms detected during summer
months when microbial loading was higher. This strengthens calls for bio-aerosols to be considered in future
risk assessments and surveillance of air quality, along with existing chemical and particulate indices.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Microorganisms disperse widely in the aerosphere (Griffin,
2007; Burrows et al., 2009). Numerous studies have demonstrated
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the recovery of cultivable taxa and/or DNA signatures, most notably
from bacteria and fungi and including pathogenic species (Griffin,
2007). Biological materials accounts for up to 25% of aerosolized
matter (Jaenicke, 2005), which includes allergens (e.g. endotoxins,
glucans) of microbial origin (Horner et al., 1995). The emerging field
of aerobiology, the studyof these bio-aerosols, has been identified as
a high priority and immediacy issue in relation to not only public
health, but also climate, environment, ecology, epidemiology and
environmental engineering (Peccia et al., 2008).
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The occurrence of bio-aerosols within indoor built environ-
ments has received much attention (Li et al., 2007; Rintala et al.,
2008; Tringe et al., 2008) due to public health concern. In
contrast, outdoor environments are often well-characterized in
terms of particulate or chemical pollution as part of air-quality
monitoring efforts (Pöschl, 2003), and yet relatively little is
known about biodiversity or the spatio-temporal dynamics of
outdoor bio-aerosols in urban areas. In particular the impact of
urbanization on natural microbial populations, and potential to
detect possible threats of outdoor bio-aerosols to human health, are
not well understood. Early studies employed cultivation ap-
proaches to characterize outdoor urban bio-aerosols, including
presence of pathogenic taxa (Mancinelli and Shulls, 1978). More
recently, molecular surveys have provided critical insight as to the
biodiversity of these aerosols (Maron et al., 2006; Brodie et al.,
2007; Frohlich-Nowoisky, 2009; Bowers et al., 2011b), but also
highlight new paradigms in their ecology that have yet to be
resolved.

In an urban setting, an additional factor is the contribution of
microbial allergens to public health issues. There is a lack of data on
the occurrence of microbial allergens (e.g. bacterial endotoxins,
fungal glucans and mycotoxins) in outdoor urban environments,
although their contribution to allergies from indoor air studies is
well documented (Horner et al., 1995). Evidence is also emerging
that urban human populations may experience elevated incidence
of allergy due to lack of exposure to ‘natural’ environmental
microbiota (Hanski et al., 2012), and so understanding the reservoir
and dynamics of microbial bio-aerosols in urban areas potentially
has major public health implications.

The coastal metropolis of Hong Kong provides an ideal model
system against which to test hypotheses related to the impact of
urbanization on bio-aerosols since a large population (approx. 7
million people) inhabit a steep and relatively well-defined gradient
of urbanization, with a comprehensive network of meteorological
stations that measure a broad suite of climatic and pollutant vari-
ables. A high level of regional relevance exists since Hong Kong
exhibits one of the world’s highest rates of respiratory allergy as a
result of poor air quality (Leung, 1993; Leung et al., 1997), although
the relative contribution of abiotic and biotic components to allergy
symptoms is unknown. Global relevance arises as Hong Kong rep-
resents an ‘extreme’ case thatmimics the situation likely to be faced
in other cities worldwide as human population (and hence urbani-
zation) increases. Here, we present the first multi-domain assess-
ment of urban microbial bio-aerosols over a continuous annual
cycle. We use high-throughput molecular analyses and immuno-
assays to detect changes in microbial populations and microbially-
derived allergens. Multivariate analyses indicate that local climate
and regional air masses best explained changes within urban and
rural areas, and urbanization per-se does not affect microbial
dispersal in Hong Kong. We also highlight the potential for identi-
fication of pathogenic and allergenic signals from such data sets.

2. Material and methods

2.1. Sampling locations, environmental data and bio-aerosol
collection

Near-ground (2 m average elevation) air samples were collected
at 4 outdoor meteorological station locations along a gradient
of urbanization in Hong Kong, a seasonal-tropical metropolis with
a population of approximately 7 million (Fig. 1, Supplementary
Table S1). The gradient was defined according to criteria based
upon long-term environmental and population monitoring, by the
Environmental Protection Department of the HKSAR government.
Aerosols were sampled on a weekly basis over one year during
November 2008 until October 2009 with randomizationwithin any
givenweek to account for differences in urban inputs (i.e. weekends,
public holidays). A comprehensive suite of environmental and cli-
matic variables was measured during this period (Supplementary
Table S1) for each sampling interval (N ¼ 192, corresponding to 48
samples per location over a one year period). Aerosol samples were
collected using a two-stage bioaerosol cyclone sampler (National
Institute for Occupational Safety and Health, CDC, US) attached to
universal sampling pumps (SKC Inc, 224-PCXR8, US). The sampling
time was 12 h, and mean air volume collected was 2500 L for DNA
and 1800 L for allergens. Filters inserted into cassette apparatus but
not exposed to air-flow were used as controls. All filters and cas-
settes were UV-sterilized and rinsed with 70% alcohol before use.

Air fractions for endotoxin and b-glucan analysis were sampled
in parallel to DNA sampling using endotoxin-free cassettes (Zefon
International, 4 mm PC 37 mm 3 PC ENDOTEC). Two endotoxin/b-
glucan samples were collected per month for each sampling site
during an 8-month sampling period from MarcheOctober 2009
and analyzed in duplicate (N ¼ 64), although a technical error
(equipment malfunction during automated analysis) resulted in 25
glucan analyses being voided (final N ¼ 39). All samples were
stored at �80�Cuntil processed. Calibrations of the flow rate for the
pumps were made every month to ensure sampling volume con-
sistency. Meteorological data were obtained from the Hong Kong
Observatory website: (http://www.hko.gov.hk/cis/data/awsext_e.
htm). Pollution variables including Air Pollution Index, sulfur di-
oxide, respirable suspended particulates, nitrogen oxides, nitrogen
dioxide, carbon monoxide and ozone were obtained from the
Environmental Protection Department, Hong Kong SAR website:
(http://epic.epd.gov.hk/ca/uid/airdata/p/1).

2.2. DNA recovery, PCR amplification, terminal RFLP and
pyrosequencing

Total DNAwas extracted directly from the filters and tubes using
the DNeasy Plant Mini Kit (Qiagen, CA, US), after first washing with
kit lysis buffer for 10min. The remaining steps of the extractionwere
carried out according to the manufacturers instructions. Recovered
DNA was quantified using Nanodrop (Thermo-scientific). The PCR
reaction comprised a 25 ml PCR mixture containing 0.1e2 ml of DNA
template, 0.5 mM of each primer, 2.5 units of high fidelity Taq poly-
merase (Takara), 1� PCR buffer provided by the manufacturer,
200 mM of each dNTP, and H2O. Amplification of target genes was
achieved using primer pair A341F and 1058R for Archaea (Baker
et al., 2003; Nercessian et al., 2003), 341F and 907R for bacteria
(16S rRNA) (Muyzer et al.,1993), NS1/NS2 (18S rRNA) and ITS1F/ITS4
(ITS) for eukarya (White et al., 1990) (Supplementary Tables S3, S4).
For pyrosequencing, barcodes were assigned to forward primers to
enable discrimination of samples after sequencing. The PCR reaction
involved an initial denaturation time of 5 min (16S rRNA and 18S
rRNA) or 3min (ITS); 30 cycles at 95 �C for 1min, 55 �C for 1min (16S
rRNA and 18S rRNA) or 51 �C for 1 min (ITS), 72 �C for 1 min, and a
final extension at 72 �C for 10 min. Positive and negative controls
were run for every PCR.

For t-RFLP analysis, PCR was performed with FAM-labeled for-
ward 341F primer (Muyzer et al., 1993) and NS1 primer (White
et al., 1990) targeting 16S rRNA and 18S rRNA respectively
(N ¼ 192). Restriction digests (MspI and CfoI for 16S/18S rRNA) of
FAM-labeled PCR amplicons were analyzed by capillary electro-
phoresis (3730 Genetic Analyzer Biosystems). Samples were further
interrogated via pyrosequencing using the Roche GS Junior System
(454 Life Sciences Corp., Branford, CT, USA). For each amplicon li-
brary, purificationwas carried out with Agencourt AMPure XP Bead
(Beckman Coulter, Inc., CA, USA) according to manufacturers in-
structions. The library was quantified with Quant-iT PicoGreen
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Fig. 1. (a) Map of the seasonal-tropical metropolis of Hong Kong indicating sampling locations along the gradient of population density (map courtesy HKSAR government, http://
www.epd.gov.hk/epd/eindex.html). (b) Variation in key pollutants at sampling locations (values show mean annual levels; individual daily measurements were used in data
analysis of temporal trends). Difference in overall pollutant loading (API) in aerosols were significant between locations (ANOVA, F ¼ 40.82, P < 0.001).
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dsDNA Assay Kit (Invitrogen Life Technologies, NY, USA) using
FLUOstar OPTIMA F fluorometer (BMG Labtech GmbH, Offenburg,
Germany) and library quality was assessed with FlashGel System
(Lonza Group Ltd., Basel, Switzerland). Emulsion-PCR was carried
out with GS Junior Titanium emPCR Kit (Lib-L, 454 Life Sciences
Corp.) according to the emPCR AmplificationMethodManuale Lib-
L, Single-Prep. The sequencing reactionwas carried out with the GS
Junior Titanium Sequencing Kit and GS Junior Titanium PicoTiter-
Plate Kit (454 Life Sciences Corp.) according to the manufacturers
instructions. The sequencing run was conducted in 200 cycles.

2.3. Sequence processing and analyses

For t-RFLP fragments, true peaks and bin fragments of similar
size were identified using scripts in Perl and R (Abdo et al., 2006).
ANOSIM analyses af biotic and abiotic variables were performed
using PRIMER 6.1.5 (Primer-E Ltd, Plymoyth,UK) and confidence
intervals for ANOSIM were run with 999 random permutations.

Pyrosequencing reads were sorted according to barcoding prior
to analysis and processing using the software package MOTHUR
(Schloss and Handelsman, 2005). De-noising was carried out, with
sequences removed from analysis if they met any of the following
criteria: the length was shorter than 350 bp; with an average
quality score less than 25; contained ambiguous characters or more
than 6 homopolyers; did not contain the primer sequence or bar-
code. In order to remove sequences that were probably due to
pyrosequencing errors, sequences were pre-clusted using a
pseudo-single linkage algorithm as implemented inMOTHUR. After
filtering and chimera check, the resulting data set contained
129,865 16S rRNA gene sequences ranging from 350 to 530 bp

http://www.epd.gov.hk/epd/eindex.html
http://www.epd.gov.hk/epd/eindex.html


A.C. Woo et al. / Atmospheric Environment 74 (2013) 291e300294
(mean length 492 bp) and 81,411 ITS gene sequences ranging from
350 to 625 bp (mean length 496 bp). Chimera check was performed
using UCHIME with the de novo mechanism (Edgar et al., 2011).
Hierarchical clustering was performed with the remaining se-
quences to form clumps that were small enough to align using
USEARCH (Edgar, 2010). A master set was created using the longest
sequence from each clump. Sequences in the clumps andmaster set
were aligned using MUSCLE (Edgar, 2004). The aligned sequences
were merged into a final alignment with the master set as a guide.
Alignment columns containing more than 90% (16S rRNA), 95%
(ITS) gaps were trimmed using trimAL (Capella-Gutierrez et al.,
2009). To correct the differences in sequencing depth among in-
dividual samples, the data sets were rarefied to 2600 sequences and
5000 sequences per sample for 16S rRNA gene sequences and ITS
gene sequences respectively. Rarefaction was carried out using
MOTHUR (Schloss and Handelsman, 2005) and phylogenetic trees
constructed with FastTree (Price et al., 2009) to compare phyloge-
netic similarity between samples as calculated by the weighted
UniFrac metrics (Lozupone et al., 2007). The distances in UniFrac
matrix were calculated based on the fraction of branch length
shared between two communities within a phylogenetic tree.
Alpha diversity was assessed by constructing the rarefaction curves
defined at 97% sequence similarity cutoff for O.T.Us. Taxonomic
classification of 16S rRNA gene sequences was made using the ri-
bosomal database project Classifier (Wang et al., 2007) and for 18S
rRNA and ITS sequences using the SILVA database (Pruesse et al.,
2007). ANOSIM, Mantel and BEST analyses of biotic and abiotic
variables were performed using PRIMER 6.1.5 (Primer-E Ltd, Ply-
moyth,UK) and confidence intervals for ANOSIM and Mantel ana-
lyses were run with 999 random permutations. SPSS v19.0 (IBM
corporation, New York, US) was used to carry out ANOVA and
establish univariate models. Phylogenetic analysis of chlorophyte
sequences was performed with the on-line version of MAFFT
(Katoh et al., 2009) using the neighbor joining algorithm. Sequence
data have been deposited in NCBI’s sequence read archive under
accession number SRA052054.1.

2.4. Back trajectory analysis

Back trajectory analysis was achieved using the internet-based
HYSPLIT (Draxler and Rolph, 2012; Rolph, 2012). Back trajectories
were calculated before the sampling period in January 2009
(winter) and July 2009 (summer). Each back trajectory was run for
13 days and was initiated on 1st, 8th, 15th, 22nd, and 29th day of
the month. The atmospheric vertical level of release for each back
trajectory was at 500mAGL. GDSmeteorological datawere adopted
for the analysis.

3. Results

3.1. Spatio-temporal sampling of urban aerosol environments

We assembled an extensive spatio-temporal data set of
seasonal-tropical urban bio-aerosols from the city of Hong Kong
that involved collecting bio-aerosols weekly over a continuous 12-
month period (Nov 2008eOct 2009) from four locations. Site se-
lection was based upon analysis of key air pollution indicators and
the level of urban development in order to cover a statistically
supported gradient of urban influence on aerosols from inner-city
to a rural location (Fig. 1, Supplementary Tables S1 and S2).

3.1.1. Spatio-temporal variation in aerosolized microbial
populations

We used DNA recovered from filters as a general proxy for
biomass, with unexposed filters acting as controls. Concentrations
of DNA recovered ranged from 0.1 to 6.3 ng l�1 air sampled
(Supplementary Fig. S1). There was a statistically significant rela-
tionship between the amount of DNA collected and sampling
months (ANOVA, F ¼ 7.031, P < 0.001). Generally, aerosol DNA
recovered during summer was higher than in winter months. In
contrast, there was no significant difference for concentration of
DNA between sampling sites along the gradient from urban to rural
locations (ANOVA, F ¼ 0.837, P > 0.05).

Variation in bacterial and eukaryal assemblages among all air
samples was examined using terminal restriction fragment length
polymorphism (t-RFLP) of 16S rRNA and 18S rRNA genes in a multi-
domain assessment (Fig. 2). Initial studies indicated that archaea
formed a negligible part of the bio-aerosol as they were below
detection limits of amplicon and real-time quantitative PCR
(Supplementary Tables S3 and S4), and so they were not included in
further study. Major differences betweenmonthswere apparent for
both bacteria (ANOSIM, Global R ¼ 0.586, P < 0.001) and eukarya
(ANOSIM, Global R ¼ 0.507, P < 0.001). The major differences in
phylogenetically-defined diversity for both bacteria and eukarya
were seasonal, with distinct groupings of relatively closely related
assemblages in cooler and drier months (NoveApr), giving way to
two more variable groups of assemblage types in hotter and wetter
months (MayeAug and SepeOct) (Fig. 2), Conversely we could
establish no significant differences among samples from different
sites along the gradient of urbanization, such that assemblages
were not significantly different between roadside-urban, urban,
sub-urban or rural locations for either bacteria (ANOSIM, Global
R ¼ �0.042, P ¼ 0.954) or eukarya (ANOSIM, Global R ¼ 0.019,
P ¼ 0.227).

3.2. Spatio-temporal variation in aerosolized allergens

Bacterial endotoxin and fungal glucan levels varied markedly
during the sampling period (endotoxins: 0.35 to 29.21 EU m�3,
glucans 0.18e22.3 ng m�3), with mean values broadly tracking the
variations in biomass (Supplementary Fig. S2). Neither endotoxin
nor glucan levels showed a statistically significant difference be-
tween sampling sites (ANOVA, F < 1.5, P > 0.05 in both cases).
Endotoxin levels were generally higher during summermonths and
correlated positively with recovered microbial biomass levels, but
not with any specific taxon.

3.3. Abiotic influences on bio-aerosols

Multiple rank correlations (BEST analysis) of abiotic variables
and microbial assemblages (t-RFLP profiles) showed that temper-
ature was the single most important variable in shaping the bac-
terial assemblage (rw 0.272) (Supplementary Table S5) while
temperature and rainfall were the most parsimonious combination
explaining variation in eukaryal assemblages (rw 0.224). Similarly,
temperature and rainfall were also the variables best able to explain
biomass (rw 0.129) and endotoxin levels (rw 0.273). Other variables
associated with the level of urbanization such as respirable sus-
pended particulates and chemical pollutants showed relatively
weak correlation (Supplementary Table S5). Species Richness
(Shannon’s Index) calculated from the t-RFLP data revealed a strong
seasonality for both bacteria (ANOVA, F¼ 9.1, P< 0.05) and eukarya
(ANOVA, F¼ 4.325, P< 0.05) (Table 1 and Supplementary Table S6).
In contrast, there were no statistically significant differences be-
tween sampling sites for either domain along the gradient of ur-
banization (ANOVA, F < 1.5, P > 0.05 in both cases).

In an attempt to further understand the relationship between
bacterial and eukaryal bio-aerosols as a function of climatic and
pollutant variables, we established univariate models using both
linear and quadratic fit (Table 1 and Supplementary Table S7).



Table 1
Summary of significance levels for effects of climate-related and pollutant abiotic variables on microbial composition of aerosols. Comprehensive data for each test are shown
in Supplementary Tables S3, S4, S5 and S7. Abbreviations: P indicates probability for significant correlations; NS, not significant; NT, not testable.

Univariate models Mantel test

Biomass Endotoxin b-Glucan t-RFLP data Pyrosequencing data

Shannon index
H0 (Bacteria)

Shannon index
H0 (Eukarya)

UniFrac
(Bacteria)

UniFrac
(Eukarya)

Climatic variables
Mean pressure at M.S.L. (hPa) P < 0.001 NT NS P < 0.001 NS NS NS
Temperature (�C) P < 0.001 NS NS P < 0.001 P < 0.001 NS P < 0.05
Relative humidity (%) NS P < 0.01 P < 0.05 P ¼ 0.001 NS NS NS
Rainfall (mm) P < 0.05 P < 0.001 P < 0.05 P < 0.05 P < 0.01 NS NS
Wind speed P < 0.05 NS NS P < 0.001 NS NS NS

Pollutant variables
Air Pollution Index NS NS NS NS NS NS NS
Sulphide dioxide (ug m�3) NS NS NS NS P < 0.05 NS NS
Respirable suspended
particulates (ug m�3)

NS NS NS NS NS NS NS

Nitrogen oxides (ug m�3) NS NS NS NS P < 0.05 NS NS
Nitrogen dioxide (ug m�3) NS NS NS NS NS NS NS
Carbon monoxide (ug m�3) NS NS P < 0.01 P < 0.01 P ¼ 0.001 NS NS
Ozone (ug m�3) NS NS NT NS NS NT NT

Fig. 2. NonmetricMulti-Dimensional Scaling plots of BrayCurtis similarity for bacterial and eukaryal assemblages inHongKong’s urban aerosphere as determined by t-RFLP analysis of
rRNA genes. Assemblage shifts were apparent on a temporal scale: (a) Bacteria (ANOSIM, Global R¼ 0.586, P< 0.001) and (b) eukarya (ANOSIM, Global R¼ 0.507, P< 0.001). Each data
point represents the mean of four samples from the same site within a month (N ¼ 48), for ease of viewing. Ordinations of all samples separately (N ¼ 192) produced similar results.
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Various climatic factors were consistently shown to have a strong
statistically significant relationship with biotic variables. In
contrast, the relationships with pollutant variables were mostly
insignificant and confidence levels were weak where statistical
significance was demonstrated.

Backward air trajectory analysis clearly demonstrated different
origins of air masses during the sampling period and these were
readily differentiated between winter and summer (Fig. 3). The air
masses arriving over Hong Kong during winter months were
mostly from continental sources under the influence of the conti-
nental scale Siberian high-pressure system, and the trajectories
suggest that a considerable amount of air mass was transported to
Hong Kong from the far northwestern continent. Contrastingly, the
air masses coming to Hong Kong in summer months followed a
largely marine trajectory under the influence of the Asian Monsoon
system.

3.4. High-throughput sequencing of bio-aerosols

To gain greater insight into the phylogenetic diversity of bio-
aerosol assemblages, samples were further characterized using
high throughput sequencing of rRNA genes. Based on the four
statistically supported groupings for the 192 assemblages that
associated along temporal differences (see Fig. 2), we selected an
urban and rural sample from each statistically supported cluster
(N ¼ 8) for barcoded pyrosequencing of bacteria and eukarya
(Figs. 4 and 5, Supplementary Figs. 5 and 6).

We identified 6394 unique phylotypes from the 129,865 quality
trimmed 16S rRNA sequences with an OTU similarity cutoff of 97%
(Supplementary Table S8 and Supplementary Fig. S3). These data
allowed us to identify that the temporal shift in 16S rRNA-defined
assemblages was mainly due to seasonal changes in the abun-
dance of Cyanobacteria and Chlorophyta. The Proteobacteria
dominated all of the samples and they accounted for at least 34% of
Fig. 3. Back air trajectories arriving over Hong Kong during December 2008 (winter,
shown in red) and June 2009 (summer, shown in yellow). Each back trajectory was run
for 13 days and was initiated on 1st, 8th, 15th, 22nd, and 29th day of the month to
coincide with bio-aerosol sampling. The atmospheric vertical level of release for each
back trajectory was at 500 mAGL. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
the total bacterial assemblage for any given sample (Fig. 4). Among
the Proteobacteria, the class Beta proteobacteria was the most
abundant among samples collected in January and May (cooler,
drier months) while Gammaproteobacteria were dominant in July
and October (warmer, wetter months). Bacteria belonging to the
order Burkholderiales accounted for 99% of all Beta proteobacteria
sequences. Within the Gammaproteobacteria, these mainly
comprised the Pseudomonadales (50%), Chromatiales (34%) and
Xanthomonadales (12%). The Chromatiales accounted for at least
28% of total Proteobacteria among samples collected in July and
October but only accounted for <0.6% samples in January and May.
Alphaproteobacteria were also prevalent in all samples and more
than 50% of the bacteria in this class were identified as Rhizobiales.

Cyanobacteria were more abundant for samples collected in
January (winter) and they comprised 5.8% (rural) and 8% (urban) of
all 16S rRNA gene sequences. The summer samples comprised less
than 2% cyanobacteria regardless of location. We also recovered a
number of sequences that indicated plastids and phylogenetic
analysis (Supplementary Fig. S3) was used to further confirm that
these affiliated with Bacillariophyta (diatoms), Chlorar-
achniophyceae (cercozoans) and Chlorophyta (green algae). Varia-
tion among chlorophyte sequences was pronounced, they
accounted for 43% of summer phylotypes vs. <1% of winter/spring
phylotypes. A relatively low number of phylotypes (<2%) were
indicative of propagules from higher plants. These included
regionally occurring wild species such as Castanea mollissima
(Chinese chestnut) and a number of common agricultural plants
(castor bean, maize, tobacco).

In assessments of eukaryal rRNA genes, initial pyrosequencing
efforts revealed the majority of 18S rRNA gene sequences were
fungal (mean 54.2%) with lower frequencies of algae (mean 2%),
plants (mean 6.7%), and arthropod (mean 19%) phylotypes (13,044
filtered reads, data not shown). The 18S rRNA PCR primers gave less
satisfactory results than ITS primers in pyrosequencing data aqui-
sition, and so we restricted our future efforts to using the eukaryal
ITS primers that provide greater resolution and fidelity for fungi
and are proven to work well with pyrosequencing platforms
(Monchy et al., 2011). We obtained 5031 unique phylotypes from
the 81,411 quality trimmed ITS sequences with OTUs defined at 97%
sequence similarity (Supplementary Table S8, Supplementary
Fig. S3). The Ascomycota and Basidiomycota were prevalent
among all samples (Fig. 5). All but one sample comprised >50%
Ascomycota phylotypes and among these more than 85% of them
were class Dothideomycetes dominated by Cladosporium spp.
Among the Basidiomycota, over 90% of phylotypes indicated
Agaricomycetes. A single rural summer sample was dominated by
Basdiomycota phylotypes (>99% of phylotypes) and these were
mainly affiliated with the species Tremiscus helvelloides, a saprobe
of the locally occurring Chinese oil pine that was also common in
other samples.

The high-throughput sequencing data supported our temporally
extended t-RFLP analysis in that no significant relationship between
either bacterial (ANOSIM R ¼ �0.125, P > 0.05) or eukaryal assem-
blages (ANOSIM R ¼ �0.031, P > 0.05) with sampling location
occurred (Figs. 4 and 5, Supplementary Table S9). In contrast, there
were statistically significant differences between samples collected
in different months for both bacterial (R ¼ 0.542, P < 0.01) and
eukaryal (R ¼ 0.313, P < 0.05) assemblages. We applied the Mantel
test to identify any correlation between phylogenetic biodiversity
derived from high-throughput sequencing (determined using Uni-
Frac (Lozupone et al., 2007)) and abiotic variables (Supplementary
Table S9). This test supported temperature (i.e. a proxy for sea-
sonal climate) as a significant factor affecting diversity, but no
support for the effects of pollutant levels. These data therefore
support our broader analysis based upon t-RFLP data.



Fig. 5. Relative abundance of fungi at phylum level in urban (a) and rural (b) bio-aerosols based on high throughput sequencing of ITS region (N ¼ 81,411). Additional analysis at
class level is provided in the Supplementary online material.

Fig. 4. Relative abundance of bacteria at phylum level in urban (a) and rural (b) bio-aerosols based on high throughput sequencing of 16S rRNA genes (N ¼ 129,865). Additional
analysis at class level is provided in the Supplementary online material.
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3.5. Detection of putative pathogens in bio-aerosols

We screened our pyrosequencing data for a range of common
bacterial and fungal pathogens, indicators of human presence and
also species listed on the CDC bioterror watch list (http://www.bt.
cdc.gov/agent/agentlist.asp) (Supplementary Table S10). We
employed screening methods for our sequence-based data set that
have been developed and applied in several other studies to indi-
cate phylogenetic markers likely due to pathogens (Brodie et al.,
2007; Luna et al., 2007; Tringe et al., 2008; Kembel et al., 2012).
We detected various putative pathogenic bacterial signatures in all
samples at low frequencies, including representatives from the
following genera: Legionella, Pseudomonas, Shigella, Salmonella,
Staphylococcus and Streptococcus (Supplementary Table S10).
Several species listed on the CDC bioterror watch list (http://www.
bt.cdc.gov/agent/agentlist.asp) were detected including Escherichia
coli O157:H7, Clostridium perfringens and Ricinus communis. Phylo-
types indicating bacterial pathogens accounted for 0.48% of all 16S
rRNA bacterial gene sequences. Other phylotypes that are common
indicators of human presence were also recovered, including
Staphylococcus epidermidis, Staphylococcus haemolyticus, Staphylo-
coccus saprophyticus, Streptococcus salivarius, Propionibacterium
acnes and Pseudomonas aeruginosa. Among the eukaryal phylo-
types, the opportunistic pathogen Aspergillus terreus and patho-
genic species of the yeast Candida were encountered in most
samples, but no other possible pathogenic fungi were identified.
Putative fungal pathogens accounted for 1.2% of the fungal deep-
sequencing data sets.

4. Discussion

This study clearly demonstrates that measurable variation in
bacterial and fungal populations plus microbially-derived aller-
gens, occurred seasonally over a continuous annual temporal
scale in the urban landscape of Hong Kong. The level of urbani-
zation and human occupation as measured by common in-
dicators of urban pollution did not emerge as a key factor in
shaping microbial communities. Rather, the shift in bio-aerosol
composition was best explained by seasonal climatic variables.
The marked seasonal difference in source of air masses arriving
in the territory also emerged as a possible influence on bio-
aerosols, and in particular as an explanation for sample varia-
tion in deep-sequencing data.

We present strong evidence for greater abundance of marine-
derived phylotypes (notably Bacillariophyta and Chlorophyta) in
summer when air mass is predominantly oceanic in origin. This is
supported by other cultivation/microscopy studies of algal bioge-
ography (Genitsaris et al., 2011). The winter air mass arrived from
terrestrial sources and the abundant betaproteobacterial phylo-
types that were characteristic of summer samplings indicated soil
origins (Bowers et al., 2011b). Whilst we did not have local soil/
urban surface samples for reference, it appears that dynamics of
Hong Kong bio-aerosols may be most parsimoniously explained by
sources of regional air masses. This is in contrast to strong local
signals detected from studies of mid-western urban US locations
that included specifically identified sources such as dog feces
(Bowers et al., 2011a, 2011b). This may reflect differences related to
climate and land use between our coastal tropical location and the
temperate continental US location, and highlights that a more
globally-focused effort to understand bio-aerosols and their
biogeography is required in future since a single location is unlikely
to provide unifying explanations and theories.

The composition of Hong Kong bacterial bio-aerosols revealed
clear trends, but also marked differences compared to studies of
other urban aerosols using similar approaches. Indeed taken
together this and other recent studies indicate a considerable
biogeographic variation probably exists for urban bacterial bio-
aerosols. For example our aerosols were dominated by alpha
and beta proteobacteria but variation in our samples was due to
increases in cyanobacteria in winter and algae in summer. In Italy
winter bio-aerosols were dominated by Actinobacteria and in
summer by plastids (Franzetti et al., 2011), and in the US mid-
west winter bio-aerosols were dominated by Bacteriodetes,
Clostridiales and Fusobacteria and in summer by alpha and beta
proteobacteria (Bowers et al., 2011b). In contrast fungal diversity
at the phylum level in our study was remarkably similar to that
from bio-aerosols in Germany (Frohlich-Nowoisky et al., 2009),
although our deep sequencing effort revealed significantly
greater O.T.U richness at lower taxonomic ranks, with winter
assemblages dominated by ascomycetes related to Cladosporium,
and in summer by basidiomycete Agaricales. This likely reflects
fungal basidiospore release during wetter summer months
(Frohlich-Nowoisky et al., 2009) and the identification of the
basidiomycetes in our rural data set as saprobes of a locally
occurring conifer strengthen this. This indicates that in addition
to climatic and seasonal factors, our data set also hints at some
local influence on fungal bio-aerosols for the rural location, and is
supported by findings that agricultural land use in the US mid-
west influences bacterial bio-aerosols (Bowers et al., 2011a). It
may yet emerge that urban influence leads to greater evenness in
bio-aerosols on temporal scales compared to rural locations but
this requires further investigation. Interestingly, our time series
of aerosol sampling included stochastic weather events (ty-
phoons) and yet these did not significantly impact aerosol
biodiversity. It is well documented that dust storms from conti-
nental desert sources can led to marked changes in bio-aerosols
(Boreson et al., 2004; Jeon et al., 2011; Pointing and Belnap,
2012). Although dust storms can be significant regionally, the
time-frame of our study did not include any major dust events in
the region.

The detection of a relatively broad range of phylotypes indica-
tive of pathogenic bacteria and fungi was at abundances that sug-
gest these are legitimate signatures of actual populations (rather
than singletons in libraries for example). Whilst these phylotypes
formed over 1% of recoverable phylotypes, it is not possible from
these data to directly correlate this with cell numbers and hence
risk of infection. A recent study identified high-throughput
sequencing libraries for indoor bio-aerosols supported greater
abundance of pathogenic phylotypes than an outdoor sample
(Kembel et al., 2012). This might suggest that built environments
and human occupancy could be a reservoir for pathogenic taxa and
influence recovery of these taxa in urban outdoor air, although our
study did not reveal any trend along the urbanization gradient in
Hong Kong to support this. Long distance transport of pathogenic
microbial taxa in aerosols has also been demonstrated (Griffin,
2007) and so an additional non-local input may also occur. Estab-
lishing local versus non-local pathogen sources may be an inter-
esting avenue for future research.

Microbially derived allergen levels in our study were higher than
several other studies on urban outdoor environments in the USA
(Mueller-Anneling et al., 2004; Solomon et al., 2006). Thresholds for
endotoxins are not standardized internationally although avariety of
recommendations do exist. A US study indicates exposure to a
threshold ambient concentration of 17 EUm�3 for 24 hmay result in
acute airway obstruction (Mueller-Anneling et al., 2004). In our
study, there were occasions mainly during summer when endotoxin
levels exceeded the threshold concentration by almost 2-fold. The
relationship between microbially derived allergens, symptoms, ur-
ban bio-aerosols and theurban environment require further study to
identify causality.

http://www.bt.cdc.gov/agent/agentlist.asp
http://www.bt.cdc.gov/agent/agentlist.asp
http://www.bt.cdc.gov/agent/agentlist.asp
http://www.bt.cdc.gov/agent/agentlist.asp
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5. Conclusions

We conclude by postulating that the level of urbanization and
population growth are unlikely to impact regional airborne mi-
crobial populations, but rather climate as determined by regional
air mass trajectories determine Hong Kong’s urban bio-aerosols in a
predictive manner. This implies limited negative impact of urban-
ization on natural microbial dispersal in this region, and no evi-
dence for major increases in human associated microflora in urban
aerosols along the urbanization gradient. Whether this holds for
urban locations in temperate versus tropical, and coastal versus
inland cities requires further investigation. We also acknowledge
that a confounding factor may arise in our study since the Pearl
River Delta regionwhereHong Kong is located is widely and heavily
polluted and this could potentially have masked more subtle
localized urban effects. In addition to air-related variables and
regional land use, the nature of urban planning and even cultural
habits (e.g. pet ownership (Bowers et al., 2011b)) may also emerge
as important factors when making comparisons to other cities and
regions. Our findings also suggest that broader issues in microbial
ecology may benefit from incorporating bio-aerosol studies, for
example the popularized notion of distanceedecay relationships
for biogeography of microbial taxa (Hanson et al., 2012) may be
affected in part by regional air trajectories. Finally we identify that
greater focus on risk assessment to human health of outdoor urban
bio-aerosols may be warranted given the findings of our and other
recent studies.
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