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Abstract

Recent developments in aerobiology have enabled the investigation of airborne biomass with high temporal and taxonomic resolution.
In this study, we assess the contributions of local sources to ambient air within a 160,000 m2 tropical avian park (AP). We sequenced and
analyzed 120 air samples from seven locations situated 160 to 400 m apart, representing distinct microhabitats. Each microhabitat
contained a characteristic air microbiome, defined by the abundance and richness of its airborne microbial community members,
supported by both, PCoA and Random Forest analysis. Each outdoor microhabitat contained 1% to 18.6% location-specific taxa, while
a core microbiome of 27.1% of the total taxa was shared. To identify and assess local sources, we compared the AP dataset with a DVE
reference dataset from a location 2 km away, collected during a year-round sampling campaign. Intersection of data from the two
sites demonstrated 61.6% of airborne species originated from local sources of the AP, 34.5% from ambient air background, and only
3.9% of species were specific to the DVE reference site. In-depth taxonomic analysis demonstrated association of bacteria-dominated
air microbiomes with indoor spaces, while fungi-dominated airborne microbial biomass was predominant in outdoor settings with
ample vegetation. The approach presented here demonstrates an ability to identify local source contributions against an ambient air
background, despite the prevailing mixing of air masses caused by atmospheric turbulences.
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Significance Statement:

This research describes qualitative and quantitative assessment of microbial contributions from local sources relative to the am-
bient air background. Longitudinal measurements of the ambient air background provide foundational data on the dynamics of
airborne biomass. These provide a base for assessing deviations in microbial community composition resulting from rising atmo-
spheric temperatures, particularly in urban settings. Identifying local source contributions will enable environmental forensics
and surveillance of ambient air, thereby enabling the assessment of potential impacts on public health, agricultural production
sites, as well as on terrestrial and aquatic ecosystems.

Introduction
Over the past century, numerous contributions have been made
to assess the occurrence and classification of atmospheric
microorganisms and airborne biomass (1–3). Most of the early
studies focused on the collection of fungal spores (4). In more
recent decades, airborne biomass has been investigated based
on smaller air volume samples collected over extended sam-
pling durations (5, 6) or passively sampled dust particles as a
means of aggregating airborne biomass (7–10). Due to limitations
arising from low-biomass samples, in many instances targeted
amplification-based techniques were used (11, 12), carrying the
risks of sample contamination and amplification artefacts (13).
Recent advances in air sampling techniques, however, effectively
reduce sampling times from weeks/days to hours/minutes, while

amassing sufficient airborne biomass to reliably conduct
amplification-free comparative metagenomics analysis (13).
The analytical approach of this study follows our previously
developed protocol and pipeline based on high-volumetric air
sampling, ultra-low biomass amassment, and deep metage-
nomics sequencing (13–16). The two core features of the pipeline
are comparability between datasets (normalization), and stan-
dardization of the sensitivity for taxonomic identification of
airborne microorganisms and other biological matter.

Our previous air microbiome studies (13–16) revealed the tem-
poral and spatial dynamics of atmospheric microbial communi-
ties, particularly in a tropical setting (14). In addition, the recently
observed phenomenon of the microbial community composi-
tion oscillating between day and night (diel cycle) has now been

Competing Interest: The authors declare no competing interest.
1E.S.G. and N.E.G. contributed equally to this work.
Received: November 11, 2021. Accepted: April 7, 2022
C© The Author(s) 2022. Published by Oxford University Press on behalf of the National Academy of Sciences. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1093/pnasnexus/pgac043
http://orcid.org/0000-0001-9019-8097
http://orcid.org/0000-0002-6601-0119
http://orcid.org/0000-0002-5137-3013
http://orcid.org/0000-0001-9082-7527
mailto:egusareva@ntu.edu.sg
http://www.oxfordjournals.org
https://creativecommons.org/licenses/by/4.0/


2 | PNAS Nexus, 2022, Vol. 1, No. 2

Fig. 1. Experimental design and sampling at different microhabitat locations in the 160,000 m2 tropical AP. OpenStreetMap (www.openstreetmap.org)
was used for the map representation.

confirmed to also occur in temperate climates (15, 16). In partic-
ular, the vertical stratification of airborne microorganisms in the
lower troposphere was demonstrated above and below the plan-
etary boundary layer (16). Importantly, it was shown that atmo-
spheric turbulences cause strong mixing of air masses during day-
time below the boundary layer, resulting in largely homogeneous
airborne microbial communities. This mechanism is particularly
pronounced in the tropics, where upward convection is strong due
to the high prevailing daytime temperatures. The resulting mix-
ing of ambient air in a tropical urban setting demonstrated the
absence of daytime vertical stratification on a 50-floor high-rise
building (1 to 156 m) (16).

Using the above air sampling and analysis protocols, we as-
sessed the contributions of microorganisms from local sources to
ambient air across short distances (160 to 400 m) relative to an off-
site urban reference (Day Variantion Experiments, DVE), located
2 km away. For our environmental sampling, we adopted the con-
cept of microhabitats, defined as distinct airborne microbial com-
munities within the scale of the investigated field site (400 m × 400
m). In this regard, we measured the contributions of local sources
relative to the ambient air microbiome background of six outdoor
sites and one indoor control site within an avian park (AP) in Sin-
gapore. We collected 36 m3 of air per sample, which contained the
biomass from the ambient air background, as well as the specific
contributions originating from each distinct microhabitat.

For the goals of this study, the following assumptions were
made: (i) through a combination of atmospheric turbulence and
horizontal transport of airmasses across a heterogeneous city sur-
face that disrupts laminar air flow, the airmasses examined in our
study were highly mixed and can, therefore, be considered to con-
tain homogeneous airborne microbial communities; (ii) the timing

of air sampling was chosen to occur at 1 h after sunrise in order
to maximize the effects of daytime mixing at the sampling loca-
tions; (iii) for the above two reasons, we used an off-site reference
dataset that averages data from four environmental timeseries
across 1 year (2 h resolution). The experimental design chosen for
this study identifies the contributions of local sources relative to
the ambient air background within a daytime urban setting.

In summary, our data and analysis provide insights into how
microhabitat characteristics impact qualitative and quantitative
aspects of airborne microbial communities at the local scale, rela-
tive to the contributions from the core microbiome of the ambient
air background.

Results
A total of seven microhabitats comprising a total area of 160,000
m2 within a tropical AP (Jurong Bird Park, Singapore) were chosen
for a multiday environmental survey (Fig. 1). The microhabitats
represent sites with largely divergent local sources, such as plants,
animals, and landscapes (e.g., lakes, ponds, and waterfalls). The
locations are labeled as Entrance (high human occupancy, ENT),
Wetlands (habitat for wetlands-dependent avian species, WTL),
Lory Loft (high density avian host, LL), Waterfall (aerosolized fresh
water, WF), Bridge (eutrophic water and animal hosts, BG), and
Birds of Play (aqueous children’s playground, BP). These six mi-
crohabitats represent outdoor locations that were contrasted by
a single indoor mechanically ventilated location with high avian
host occupancy (Penguin Enclosure, PE; Supplementary Material
Appendix, Note S1).

Meteorological observations for the individual microhabitats
of the AP are depicted in Supplementary Material Appendix,

http://www.openstreetmap.org
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Fig. 2. The total DNA yields (in ng m−3) isolated from the airborne
biomass samples collected at distinct locations of the AP: PE—Penguin
Enclosure, ENT—Entrance, WTL—Wetlands, LL—Lory Loft,
WF—Waterfall, BG—Bridge, and BP—Birds of Play. P-values indicate
significance of differences between microhabitat locations (assessed by
Wilcoxon test).

Figure S1A. The atmospheric temperature and relative humidity
outdoors during sampling ranged from 25◦C to 29◦C and 67% to
95%, respectively. The highest humidity was detected at sites with
aerosolized fresh water, e.g., waterfall (WF) and aqueous play-
ground (BP) microhabitats. At the indoor penguin enclosure (PE),
temperature and relative humidity were mechanically controlled,
ranging from 13◦C to 19◦C, and 58% to 69%, respectively. Atmo-
spheric CO2 concentrations outdoors ranged from 420 to 464 ppm,
while indoor values at the PE ranged from 695 to 726 ppm. Out-
door wind speed ranged from 0.83 to 3.63 m s−1. Particle counts
of the size 0.3 μm were detected in the air at maximal load both
outdoors (0.17 to 4.44 × 106) and indoors (0.16 to 1.49 × 106; Sup-
plementary Material Appendix, Figure S1B). Particles > 1 μm were
10x less common indoors, ranging from 341 to 0.13 × 106, with out-
door values observed to be from 302 to 1.38 × 106 (Supplementary
Material Appendix, Figure S1C). Mild rain occurred during three of
the six sampling periods (days 1, 4, and 6; Supplementary Material
Appendix, Figure S1D).

In total, the analyzed dataset comprised 120 individual air-
borne biomass samples, from which DNA was extracted and
quantified using a fluorometer. Observed yields varied up to 3.3-
fold between outdoor locations (Fig. 2). The PE indoor location
showed up to 8.9-fold less DNA concentration, compared to all
outdoor locations (e.g., 10.8 to 22.7 ng and 30.0 to 202.2 ng for PE
and WTL, respectively; Fig. 2).

DNA sequencing libraries were prepared from the extracted
DNA and sequenced on the Illumina HiSeq2500 platform to
depths of 1.4 to 9.5 million reads per sample with a read length
of 250 bp. All subsequent analyses were based on normalized
datasets of ∼1.4 million reads for each sample (Figs 3 and 4). Fol-
lowing the previously established metagenomic analysis pipeline
(13), we identified taxa at the phylum level, and displayed the top
11 groups (Fig. 3). This identified differences in richness (Fig. 3A)
and abundance (Fig. 3B) of the airborne microbial communities at
all sampling locations. In particular, the indoor setting (PE) was

dominated by bacterial taxa (49% to 68%), with only 0.01% to 8%
fungal and 0.35% to 1.45% Chordata (animal phylum, e.g., hu-
man, fish, and birds) DNA reads detected (Fig. 3B). In contrast, out-
door locations were dominated by Basidiomycota and Ascomy-
cota fungi, with DNA read counts of 14% to 40% for fungi, only 1%
to 21% for bacteria, and 0.0008% to 0.64% for Chordata (Fig. 3B).
The identification rate in bacteria-dominated settings was sub-
stantially higher than for fungal-dominated settings, with 59% to
68% of the total reads being identifiable for the indoor microhab-
itat and 24% to 44% of the total reads for the six outdoor settings
(Fig. 3C, Supplementary Material Appendix, Figure S2A).

Human genetic material was present at a significant level in the
PE indoor microhabitat, as it is regularly accessed by the staff of
the AP for feeding animals and cleaning the aviary (Fig. 3D). In out-
door microhabitats, human DNA reads were identified at a lesser
degree, but were nevertheless detectable at all locations (Fig. 3D),
demonstrating the sensitivity of the presented experimental ap-
proach. In addition to human DNA, the PE location was rich in
other Chordata taxa (Fig. 3A and E), also encompassing DNA of
penguin species (Aptenodytes forsteri and Pygoscelis adeliae), as well
as of various fish genera (e.g., Oncorhynchus, Esox, Myripristis, Clu-
pea, Salmo, Gadus, and Chanos; Supplementary Material Appendix,
Figure S3). In contrast, outdoor settings were enriched in members
of the plant clade Streptophyta by a significant margin, compared
to the indoor PE location (Fig. 3F).

Consequently, the PE microhabitat acts as an outgroup in the
PCoA analysis (Fig. 3G) due to the characteristics described above,
while clusters of all outdoor microhabitats largely overlap except
for the WTL site. The WTL microhabitat was the most distinctive
among all outdoor locations due to a larger fraction of bacteria
detected (up to 21% of the microbial community; Fig. 3B). In par-
ticular, the increased abundance (Fig. 3A) and richness of Acti-
nobacteria (Fig. 3B) is noteworthy.

Unsupervised classification of the air microbiomes by Random
Forest (RF) analysis enabled differentiation between microbial
communities from the seven tested microhabitats and attributed
every sample to a particular location with high accuracy (RF er-
ror rate = 3.3%; Supplementary Material Appendix, Table S1). The
uniquely identifiable structure of the microbial communities is
indicative of the local dispersal of microorganisms that are re-
leased from nearby sources.

Based on the taxonomic classification of metagenomics data,
the AP air microbiome comprises 14,806 taxa, of which 9,335
taxa were identified from outdoor sites, and 5,471 taxa being spe-
cific to the indoor PE location (Fig. 4A). This PE-specific micro-
biome was significantly more diverse than any of the outdoor-
specific microbiomes that ranged from 27 (ENT) to 267 (BG) taxa
(Fig. 4A). The core microbiome of the 120 air samples from the
tropical AP constituted 2,165 taxa (Fig. 4A). The microbiome of
the indoor PE site featured 12,778 species, of which 5,471 are PE-
specific, while 9,335 species were sampled from all outdoor sites
(Fig. 4B). About 37% of all species were specific to the PE micro-
habitat, 13.7% were specific to the outdoor air environment, and
49.4% were present in both environments (Fig. 4C). Importantly, a
large segment of the outdoor-specific species comprised Strepto-
phyta and fungal organisms, thereby contrasting the animal host-
associated, bacteria-dominated indoor air microbiome.

Using year-round data from a nearby test site (Day Variation
Experiments—DVE (14)), we assessed the ambient air microbial
communities in proximity (2 km away from the AP), but with min-
imal human occupancy. These data consisted of time-matched
samples (07:00 to 11:00), averaging 5-day time intervals during
four sampling campaigns (DVE2-5) conducted 3 months apart,



4 | PNAS Nexus, 2022, Vol. 1, No. 2

Fig. 3. Composition and richness of the microbial communities across microhabitats of the AP. PE—Penguin Enclosure, ENT—Entrance,
WTL—Wetlands, LL—Lory Loft, WF—Waterfall, BG—Bridge, and BP—Birds of Play. (A) Richness of the top 11 most abundant phyla across the
microhabitats. Species counts are indicated. (B) Relative abundances (average fractions in %) of the top 11 most abundant phyla are plotted for
different microhabitats. (C) Total counts of assigned reads for indoor and outdoor sampling at the microhabitats of the AP. P-value indicates
significance of differences between indoor and outdoor microhabitats (assessed by Wilcoxon test). Relative abundance (in %) of human DNA (D),
Chordata (E), and Streptophyta (F) in the environmental airborne samples across microhabitats of the AP. P-values indicate significance of the
differences between microhabitat locations (assessed by Wilcoxon test). (G) Bray–Curtis dissimilarity distances between airborne samples of the
microhabitats plotted in the first two principal coordinates. Significance of differences between clusters was assessed by PERMDISP and PERMANOVA
tests.

and can be considered as a year-round average of tropical ambient
air. As an outcome, we determined the year-round air microbiome
consists of 3,731 species, with a core microbiome of 1,588 species
(Fig. 4D). The robustness of both environmental studies becomes
apparent when assessing the intersection of the AP community
richness (outdoors) and DVE2-5, with the AP airborne microbial
community shares 34.5% of the total species count with the year-
round time series samples from a different location (Fig. 4E). The
shared airborne microbial taxa are even higher (54.8%) when the
core communities of the AP outdoors are intersected with DVE2-5
(Fig. 4F). These 2,218 shared species, therefore, likely represent the
microbial background that is typical for the tropical ambient air
of this region. We also conducted source tracking analysis using
SourceTracker2 (17) to assess the source environment proportions

(DVE2-5) in sink samples from the microhabitat sites of the AP.
The proportions of the source environment outdoors ranged from
61% (at the WTL site) to 95% (at the WF site; (Fig. 4G; Supplemen-
tary Material Appendix, Table S3). For the indoor PE location, the
proportion of unknown source was 97% (Fig. 4G), which likely in-
dicates a strong local source component.

Discussion
Based on the results of our previous studies on temporal and spa-
tial dynamics of airborne microbial communities, we hypothe-
size that contributions from local sources to ambient air can be
qualitatively and quantitatively identified by high-volumetric air
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Fig. 4. Local and remote sources for the air microbiome. Species-level analyses. PE—Penguin Enclosure, ENT—Entrance, WTL—Wetlands, LL—Lory
Loft, WF—Waterfall, BG—Bridge, and BP—Birds of Play. (A) Venn-diagram of species co-occurring in seven microhabitats of the AP. The core species
identifiable across all the microhabitats are indicated in white. Bars indicate the relative composition (in counts of species) of the corresponding
location-specific microbial communities. (B) Species intersection between six outdoor locations. (C) Species intersection between the indoor (PE)
location and all six outdoor locations. Bars indicate the relative composition (in counts of species) of the corresponding location-specific microbial
communities. (D) Venn diagram of species co-occurring in four environmental time-series (Day Variation Experiments 2, 3, 4, and 5) conducted in
Singapore throughout 2017 (14). Only time-matched 118 morning samples of the DVE2-5 collected during the time-intervals from 07:00 to 11:00 were
considered. The core species identifiable across all time-series (DVE2-5) are highlighted in blue. (E) Intersection between the total AP outdoor species
(9,335 species) and the Singapore air microbiome year-round (DVE2-5: 3,731 species). (F) Intersection between the AP core species (2,533 species) and
the Singapore air microbiome year-round (DVE2-5: 3,731 species). (G) Microbial source tracking at the AP microhabitat locations. In the source tracking
modeling, the DVE2-5 microbial communities were considered as sources while AP microhabitats were considered as sinks.

sampling and metagenomics analysis. Adopting the concept of at-
mospheric mixing (16), which results in a largely homogeneous
ambient air background in the near-surface atmosphere, our
experimental design investigated the air microbiomes of six out-
door locations and one indoor site at identical time points. De-
spite their proximity, these sites likely represent divergent micro-
habitats, due to their engineered landscaping and high occupancy

rate of various avian species, as well as human visitors to the AP.
We propose that the microhabitat-specific taxa identified for each
location (Fig. 4) originated from local sources. It is important to
note that the community composition for each site was shown to
be robust, as our analysis is based on the two underlying princi-
ples of normalization of sequencing data to ∼1.4 million reads per
sample, and statistical assessment of rare species contribution.



6 | PNAS Nexus, 2022, Vol. 1, No. 2

Particularly, by conducting several rounds of random subsampling
from the same dataset, we can show that 97% to 99% of the species
are concordant in each of five subsamples (Supplementary Mate-
rial Appendix, Figure S4). We, therefore, conclude that stochastic
contributions to the microbial community structure are minimal,
and the statistical analysis of our study is robust. This proceeding
allows us to determine the contribution of specific local sources
from each microhabitat relative to the ambient air background as
defined above.

Identification of the near-surface ambient air
background
To define the ambient air background, we compared airborne mi-
crobial communities of 108 outdoor air samples (ENT, WTL, LL,
WF, BG, and BP) to a reference dataset derived from an outdoor
site of built environment 2 km away (DVE2-5, (14)). This reference
site is characterized by sparse horticulture, the absence of animal
hosts, as well as minimal human occupancy. For the purpose of
this study, it is important to note that the airborne microbial com-
munity composition of the reference site remained largely un-
changed within the sampling interval of 13 months (DVE2-5), de-
spite opposing wind directions during the two monsoon seasons.
This finding, therefore, supports the atmospheric mixing model
(16) in an urban tropical setting and forms the basis for the ambi-
ent air background concept used for subsequent analysis of local
source contributions.

Location-specific contributions to the air
microbiome
By intersecting both datasets (total AP outdoor and nearby test
site DVE2-5, Fig. 4E), we show that 34.5% of airborne taxa are
shared, e.g., forming the ambient air background, and 61.6% are
specific to the six outdoor microhabitat sites. For the DVE2-5 refer-
ence site, only 3.9% of detected species were shown to be specific
(Fig. 4E). Consequently, 89.7% of taxa of the reference dataset were
contained within the AP microbiome, indicating minimal contri-
butions of local sources to the air masses at the reference site.

The contributions from local sources to the air microbiomes of
microhabitats ranged from 1% to 18.6% of total detected species,
indicated by presence/absence analysis (Fig. 4B). Source tracking
analysis (Fig. 4G), based on relative abundances of species in the
airborne microbial community from AP outdoor sites and the ur-
ban reference site location (DVE), demonstrated that 61% to 95%
of the air masses originated from the ambient air background
(Fig. 4G). The remaining fraction of unknown sources ranged from
5% to 39%, being maximal for the WTL site (Fig. 4G). Thus, the con-
tribution from the local microbial sources is more substantial at
WTL, making this location distinct from the remaining five out-
door sites. Based on the results from our absence/presence and
source tracking analyses, we would also like to note that despite
the numerous species contributed by local sources (Fig. 4B), their
relative abundance in the overall community structure appeared
to be low (Fig. 4G).

Our metagenomics analysis of airborne biomass collected with
high-volumetric air samplers expands on previous reports by en-
abling simultaneous observation of bacterial, fungal, plant, and
vertebrate host taxa. Furthermore, the quantitative assessment
of all identified taxa is presented on a unified scale. In contrast,
previous reports largely relied on 16S sequencing for taxonomic
identification, thereby ignoring the contributions from eukaryotic
phyla. Nevertheless, both approaches, metagenomics and 16S am-
plicon sequencing, show that microhabitats generate a specific

microbiome that reflects the contributions from local sources.
In this regard, similar to the findings from our study, another
study reported that bacteria from local sources comprised 50%
to 61% of the bioaerosols in urban settings (18). Comparison of
urban car parking lots to nature parks revealed that individ-
ual parks are characterized by unique bacterial signatures, while
parking lots did not differ significantly from each other (19). Anal-
ysis of agricultural fields, suburban areas and forests indicated
that the landscape topology has a greater impact on the com-
position of airborne bacteria than the meteorological character-
istics at the sites (20). These previously published results sup-
port our starting hypothesis that contributions from local sources
in different settings represent distinguishable microhabitats. The
latter was further confirmed in our study by an unsupervised ma-
chine learning approach (RF analysis), providing accurate clas-
sification of samples across all microhabitats with an error rate
of 3.3%.

Outdoor vs. indoor air microbiomes
Local source contributions become particularly strong in the in-
stance of our indoor test site (PE). This site is characterized by
a high density of avian hosts and human occupancy, in combi-
nation with limited air exchange and air conditioning. The latter
results in large ambient temperature differences, which are re-
quired for housing Antarctic bird species in a tropical environ-
ment. Due to the specific environmental settings at the PE in-
door site, the airborne microbial communities are shifted from
the fungal-dominated taxonomic profiles of the outdoor sites to a
bacterial-dominated one. This strong deviation of the PE site from
the air microbiome communities outdoors can be explained by
several factors: (i) existence of specific microbial sources indoors,
such as live feeding (fish) and avian feces, (ii) specific indoor mi-
croclimate with the ambient temperature being ∼15◦C lower than
outdoors, and most importantly (iii) high avian occupancy at the
PE site with more than 30 individual penguins being present dur-
ing air sampling. Overall, the largest contribution to the air micro-
biome is likely coming from the microorganisms associated with
the keratin-rich plumage of penguins.

To identify the sources of the indoor microbiome, we per-
formed source tracking analysis where the DVE2-5 reference out-
door samples were considered as the source. This source tracking
modeling estimated the unknown fraction to be 97%, indicating
that the PE indoor airborne biomass is generated mainly by lo-
cal sources. The aviary hosted two bird species (A. forsteri and P.
adeliae), which were accurately identified by our taxonomic analy-
sis, underlining the sensitivity and resolution of our metagenomic
analysis. In addition, aerosols generated by live feeding of the pen-
guins with various fish of the genera Oncorhynchus, Esox, Myripris-
tis, Clupea, Salmo, Gadus, and Chanos were also identified. The PE
indoor air microbiome, drastically differing from microbiomes of
the outdoor microhabitats and human skin microbiomes, sug-
gests that the observed bacterial taxa are in fact associated with
the avian host (Figs 3 and 4). Similarly, bacterial genera associ-
ated with the human skin microbiome were shown to be pre-
dominant in a study investigating indoor spaces within an urban
subway network (21–23). Previously reported studies of human
habitations did not find fungal taxa that were indicative of human
presence (24), with the exception of the dandruff causing fungus
Malassezia (25). Moreover, indoor fungal composition in the built-
environment was shown to not be associated with building func-
tion or design, but rather dependent on the outdoor fungal com-
position of a particular climatic zone (26).
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In our study, dominant bacterial species identified at the indoor
PE site belong to the Actinobacteria and Proteobacteria phyla, as
well as Firmicutes and Bacteroides. The remainder of the micro-
bial diversity of the PE microhabitat can be explained by the fresh
air intake, thus introducing the extant ambient air microbiome
into the enclosure. Indeed, the richness of the PE microbial com-
munity is almost double that of the outdoor locations (Supple-
mentary Material Appendix, Figure S2B).

Samples collected from the PE location showed the lowest DNA
yields, despite the microbial community of this microhabitat be-
ing the richest (Fig. 3A). However, genomes of airborne bacte-
ria are generally ∼10-times smaller compared to airborne fun-
gal genomes (14). This difference in genome size likely explains
the observed differences in extracted DNA yields between the
bacteria-rich indoor PE microhabitat and the fungi-rich outdoor
microhabitats.

In contrast to the PE location, all six outdoor microhabitats
showed a high abundance and diversity of fungal taxa (Figs 3
and 4). In outdoor settings, a 7.6- to 17-fold increase of Strep-
tophyta taxa was observed, while the abundance of Chordata
taxa was reduced by 7.7- to 42.5-fold. These characteristics of
outdoor and indoor locations likely reflect the evolutionary close
links between fungi and plants, particularly wood-rotting sapro-
phytes such as Basidiomycota, Ascomycota molds, and/or plant
pathogens. The understanding of how host-specific microbiomes
from animals and plants contribute to the ambient air micro-
biome, therefore, allows for the qualitative and quantitative as-
sessment of local sources, even in outdoor settings. Despite the
strong differences in airflow between outdoor and indoor settings,
our study identified avian DNA in air samples taken in ambient air
setting. Environmental DNA (eDNA) has previously been identified
in bioaerosols in multiple studies (27, 28). However, as shown for
the PE location, the capacity of our analytical pipeline to identify
animal species in the form of eDNA is deemed minimal at larger
distances from the source in outdoor settings, and likely to be suc-
cessful only in closed quarters (29).

In addition to the host microbiomes from animals and plants,
eutrophic water was identified as a strong local source, associ-
ated with increased abundances of Actinobacteria species (Fig. 3A
and B). As the WTL setting contains large areas of surface water,
which are being mechanically aerated, aerosols containing water-
borne microorganisms are likely to be generated. Similarly, air
samples from the WF microhabitat contained aerosolized biologi-
cal matter, originating from water plants in a small river. However,
the water quality of the WTL and WF sites largely differed due to
the latter being sourced from a clean water supply.

Conclusion
Our analyses indicate that microhabitats located within a small-
scale area can be used to accurately identify contributions from
local sources to the ambient air background. In-depth taxonomic
analysis of indoor and outdoor microbiomes, and comparison to
a reference dataset demonstrates strong differences in the air-
borne microbial community composition of indoor and outdoor
settings, with animal and human host microbiomes being a ma-
jor source of detected bacteria-dominated bioaerosols. An abun-
dance of fungal taxa, frequently encountered in tropical settings,
is associated with wood-rotting fungi belonging to the Basidiomy-
cota phylum. The qualitative and quantitative assessment of local
sources of airborne biomass against the ambient air background
therefore allows for the identification of local source contribu-
tions even in naturally ventilated settings.

Methods
Sample collection
Airborne biomass samples were collected across six outdoor lo-
cations (ENT—Entrance, WTL—Wetlands, LL—Lory Loft, WF—
Waterfall, BG—Bridge, and BP—Birds of Play) and one indoor lo-
cation (PE) at the Jurong Bird Park, a tropical AP in Singapore (Fig.
1; Supplementary Material Appendix, Note S1). Outdoor samples
were collected at the end of the Southwest Monsoon season in the
period of 20 to 28 September.

Active collection of airborne biomass was performed using
high-volumetric filter- and liquid-based samplers (13, 30, 31). To
avoid the confounding effect of the diel cycle of airborne micro-
bial communities (13, 14), all outdoor sampling was conducted
synchronously across 6 days (08:00 to 10:00 local time) using 18
filter-based air samplers. Indoor sampling was conducted using
both filter- and liquid-based samplers during seven nonconsecu-
tive days. In total, 120 airborne biomass samples were collected.

The airborne biomass collection approach and subsequent
sample processing have been described in detail in previous re-
ports (13, 14). Briefly, all outdoor samples (108 samples) and some
indoor samples (five samples; PE) were collected using SASS3100
high-volumetric filter-based air samplers (Research International,
USA) with removable polystyrene filters (Part Number: 7100-134-
232-01, 6 cm diameter, Research International) that allow for a
high flow rate. Sampling was performed at 300 l min−1 air flowrate
for 2 h. After sampling, the SASS filters were stored at −20◦C until
further processing. Three technical replicates were collected per
outdoor location for every 2-h time interval of sampling.

A total of three filter blanks were collected as controls by in-
stalling a new filter on the air sampler on-site for about 5 s without
running the sampler. The filter blanks were then analyzed using
the same protocol as the air biomass samples. Summary statis-
tics for the metagenomic analysis of the filter blank samples are
provided in Supplementary Material Appendix, Table S2.

Within the indoor PE, the remaining seven samples were col-
lected using Coriolis Micro liquid-based air samplers (Bertin In-
struments, France). The Coriolis Micro collected 54 m3 of air (3 h
at 300 l min−1) in 15 ml of double-distilled water in a sterilized
cone. Concordance between the SASS and Coriolis Micro metage-
nomic sequencing approaches is depicted in Supplementary Ma-
terial Appendix, Figure S5 (for more information refer to (30)).

To compare the AP microbiome with the regional tropical mi-
crobiome, we also used reference data of the year-round Singa-
pore DVE previously reported (14). In this study, we conducted four
sampling campaigns, each 3 months apart (DVE2-DVE5), at an ur-
ban test location with minimal human occupancy. For each sam-
pling campaign (DVE2-5), samples were collected with the same
instrumentation used in the current study (SASS3100 samplers)
during 12 time-intervals (2 h each) for five consecutive days. Iden-
tical sampling protocols were used for the collection of airborne
biomass at the urban site and the outdoor sites of the AP. To com-
pare the year-round sampling data (DVE2-5) with the AP data, we
selected samples collected at corresponding time intervals, i.e.,
from 07:00 to 11:00 AM, to avoid confounding the comparison with
diel fluctuations in community composition.

Sample filtration
Technical replicates were processed separately. The SASS remov-
able filters and the Coriolis Micro liquid samples were both filtered
on an Anodisc inorganic filter membrane (Cytiva, USA). Each SASS
filter was placed in a 5 ml sterile tube with 2 ml PBS and 0.1% Tri-
ton X-100 (PBS-T). The filters were squeezed with sterile forceps to
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distribute the buffer to all fibers. The tube containing the soaked
filter was then placed in a sonication bath for 1 min. After soni-
cation, the liquid was poured into an open 10 ml syringe that had
been inserted into a 50 ml sterile Falcon Tube. The steps starting
from emersion of the filter in 2 ml of PBS-T were repeated once.
The SASS filter was then transferred to the 10 ml syringe in the
50 ml falcon tube and centrifuged for 5 min at 5,000 × g (RT). The
wash steps were then repeated, using fresh 2 ml of PBS-T for a to-
tal of three washes. The combined liquid from the three washes
was then filtered onto an Anodisc and placed into a 5 ml MoBio
bead tube for DNA extraction.

DNA extraction
DNeasy PowerWater DNA Isolation Kit (Qiagen, Germany) pro-
tocol was followed for DNA extraction. Briefly, 1 ml PW1 and
10 μl Proteinase K (20 μl ml−1 final concentration) were added to
the bead tube containing the Anodisc and incubated overnight at
55◦C. The tube was then vortexed for 3 min, followed by sonica-
tion in an ultrasonic bath for 30 min at 65◦C in sweep mode before
vortexing for another 5 min. The supernatant was then used for
DNA extraction, following the manufacturer’s protocol. The DNA
was eluted from the column using 60 μl of PW6. The eluate was
then reloaded onto the spin column for a second time to maxi-
mize DNA recovery. Extracted DNA samples were quantitated on
a Qubit 2.0 fluorometer, using the Qubit dsDNA HS (High Sensitiv-
ity) Assay Kit (Invitrogen, USA).

Metagenomics sequencing
Immediately prior to library preparation, sample quantitation was
repeated on a Promega QuantiFluor fluorometer, using Invitro-
gen’s Picogreen assay. If the concentration of a sample determined
by Qubit and Picogreen varied by more than 10%, quantitation was
repeated for a third time using the Picogreen assay.

Next-generation sequencing libraries were prepared manually
with the Swift Biosciences’ Accel-NGS 2S Plus DNA kit, following
the manufacturer’s instructions. For samples with a concentra-
tion of > 0.25 ng μl−1, the starting amount of DNA for library
preparation was normalized to 5 ng. DNA shearing was performed
on either a Covaris S220 or E220 focused-ultrasonicator with the
following settings: Peak Power: 175, Duty Factor: 5.0, Cycles/Burst:
200, and Run Time: 90 s. All libraries were dual-barcoded, using
Swift Biosciences’ 2S Dual Indexing kit. PCR amplification selec-
tively enriched for library fragments using adapters ligated on
both ends of the DNA strands. The PCR cycles were normalized to
eight for all libraries with a starting amount of 4 to 5 ng of DNA.
For samples with less than 4 ng of DNA, amplification cycles were
adjusted as follows: 3.0 to 3.9 ng: 9 cycles, 2.0 to 2.9 ng: 11 cycles,
1.0 to 1.9 ng: 13 cycles, and < 1 ng: 15 cycles. Size-selection was
omitted for all libraries. All blanks were amplified with eight PCR
cycles.

Library quantitation was performed using Invitrogen’s
Picogreen assay and the average library size was determined us-
ing a Bioanalyzer DNA 7500 chip (Agilent, USA). Library concen-
trations were normalized to 4 nM and the concentration was
validated by qPCR on a ViiA-7 real-time thermocycler (Applied
Biosystems, USA), using Kapa Biosystem’s Library Quantification
Kit for Illumina sequencing platforms. For blanks, the stock li-
braries were used for qPCR. Libraries were then pooled at equal
volumes and sequenced on Illumina HiSeq2500 Rapid runs at a
final concentration of 10 to 12 pM and a read-length of 250 bp
paired-end (Illumina V2 Rapid sequencing reagents).

High-throughput sequencing data processing
and analysis
Metagenomics data generated for the air samples were processed
for adaptor removal and quality trimming with a Phred qual-
ity score threshold of Q20 (-q 20) and with a minimum read-
length of 30 bp (–minimum-length 30) using Cutadapt v. 1.8.1
(32). The trimmed reads were then normalized to the smallest
data size per sample (1,384,618 million reads) by random selec-
tion of reads from each sample. The normalized data were aligned
against the NCBI nonredundant (NR) protein database (down-
loaded on 22.11.2019) using the sensitive taxonomic classifica-
tion tool Kaiju v.1.7.2 (33). Resulting alignments were imported
into MEGAN v.6.18, which assigns taxons based on NCBI taxon-
omy (34). To achieve the desired taxonomic specificity, we used the
following filtering parameters: minScore = 100, minComplexity =
0.33, minSupport = 25, maxExpected = 0.01, minSupportPercent
= 0, lcaPercent = 100, paired = false, and topPercentage = 100.
Lowest Common Ancestor (LCA) for each read in the NCBI taxon-
omy is assigned using MEGAN’s LCA algorithm.

The reference data of the DVE sampling survey were reana-
lyzed using the same Kaiju protocols and NR protein database as
described in this section above, to ensure comparability with the
metagenomic data obtained from the AP.

Statistical analysis
The Wilcoxon test (35) was used to assess significance of differ-
ences between the indoor (PE) and outdoor microhabitat locations
as implemented in R v.4.0.2. Bray–Curtis dissimilarity distances
among centroids for each sample series were calculated in vegan
package in R v.4.0.2 (36) to visualize multivariate patterns in mi-
crobial communities. Permutation test for homogeneity of multi-
variate dispersions (PERMDISP) (37) and analysis of variance (PER-
MANOVA) (38) were used to assess significance of differences be-
tween the clusters of samples as implemented in vegan package
(32) in R v.4.0.2. Principal Coordinates (PCo) were used as an or-
dination method (39). Alfa diversity index chao1 was calculated
in R v.4.0.2. RF analysis was performed using the caret package
v.6.0-86 (40) in R v.4.0.2. The number of trees in the RF was spec-
ified using flag ntree = 501, type of RF was set to “classification”.
Venn-diagrams were created using eulerr v.6.1.1 (41) and ggVennDi-
agram packages in R v.4.0.2. Source environment proportions were
estimated using SourceTracker2 (17) and 40 independent obser-
vations from each source environment (DVE2-5). Technical repli-
cates were averaged per time point. In total, 36 independent ob-
servations outdoors and 10 indoors were considered as sinks.

Collection of sensor data
Sensor data were captured locally using Met ONE HPPC 6+ (Beck-
man Coulter, USA) to measure particle counts (size range: 0.3,
0.5, 1.0, 2.0, 5.0, and 10 μm), CO2 sensor—CP11 (Rotronic, Switzer-
land) for CO2 (ppm), and VelociCalc Air Velocity Meter 9545 (TSI,
USA) for wind-speed (m s−1), temperature (◦C), and relative hu-
midity (%). All sensors were placed near the air samplers (0.3 to 3
m away) under a roof to protect them from direct rain and sun-
light. Sensor instruments were set to collect data at 1-min inter-
vals. The collected data were then averaged for the 2 h sampling-
time intervals. Meteorological conditions across different micro-
habitats are summarized in Supplementary Material Appendix,
Figure S1.
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