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Abstract

Ambient air consists of bioaerosols that constitute many microbes from biosphere due to natural and anthropogenic
activities. Size-dependent ambient measurements of bioaerosols at two seminatural and three anthropogenic coastal
sites in southern tropical India were taken during the summer 2017. All the five sites considered in this study consider-
ably contributed to the bioaerosol burden with larger contribution from the dumping yard site followed by the marsh-
land site, wastewater treatment plant, composting site, and Indian Institute of Technology Madras. The colony-forming
units concentration for all the sites ranged from 17 to 2750 m~3 for bacteria and 42-2673 m~3 for fungi. Firmicutes and
Actinomycetes were the dominant phyla observed in 698 bacterial OTUs obtained, and Ascomycota and Zygomycota
were the dominant phyla observed in 159 fungal OTUs obtained in the study. Further, the study revealed the presence
of pathogenic and ice-nucleating bacteria and fungi in the bioaerosols that can largely affect the well-being of the
human population and vegetation in this region. Moreover, the statistical analysis revealed high bacterial abundance
and diversity at the grit chamber of wastewater treatment plant and high fungal abundance and diversity at the dump-
ing yard. Further, principal coordinate analysis of the sites studied inferred that the marshland, wastewater treatment
plant, and the dumping yard sites shared similar microbial community composition indicating the existence of similar
source materials and activities at the sites. Further, this study evidently brings out the fact that urban locations may play
an important role in anthropogenic contribution of both pathogenic and ice-nucleating microorganisms.
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1 Introduction

Bioaerosols are generally defined as the solid airborne
particles of biological origin suspended in the gaseous
medium and are ubiquitous in the Earth’s atmosphere
with an aerodynamic diameter of up to 100 um [10, 17,
79, 90]. They can either be naturally released from the
biosphere to the atmosphere or are released as a result
of anthropogenic (human induced) activities [64]. They
are widely known for their ability to cause infection and
bio-precipitation [58]. These bioaerosols, depending up
on their size and the surrounding environment, can con-
tribute up to 25-50% of the total PM,, (particulate mat-
ter with aerodynamic diameter < 10) mass burden [26,
43, 69, 94] and are known to have the potential effects
on visibility, climate, and can negatively impact the eco-
system health [83]. Further, it is important to note that
the PM,, which is of non-biological origin as a pollutant
has a stringent standard in terms of “threshold limit” of
mass, which is considered harmful for human being. On
the contrary, human exposure to bioaerosol and result-
ing negative health impacts are independent of mass
burden of bioaerosols. This means that the health impli-
cations associated with airborne bioaerosols are uniform
over polluted and non-polluted regions.

Studies on natural and anthropogenic bioaerosols
have shown that they carry microorganisms (bacteria
and fungi) that cause respiratory diseases and signifi-
cant opportunistic pathogens that affect the organs like
eyes, skin, and urinary tract [4, 7, 26, 41, 51, 93]. Further,
many researchers worldwide have documented the pres-
ence of various microbial toxins in the bioaerosols that
cause lethal diseases to human and animals [13, 44, 86].
Similarly, inhalation of anthropogenic bioaerosols with
improved allergenic properties can cause more severe
respiratory diseases and ingestion of food contaminated
by these aerosols leads to lethal enteric diseases com-
pared to the naturally liberated bioaerosols [26, 37, 42,
59]. Hence, it is important to properly characterize the
bioaerosols and to improve our understanding on their
role in the impairment of climate and health.

However, while the rural areas are mostly dominated
by the bioaerosols of the natural origin, the bioaerosols
released due to intense anthropogenic activities can
dominate urban region. The potential sites responsi-
ble for emission of anthropogenic bioaerosols in urban
region may include biological wastewater treatment,
composting, reuse of solid waste, landfills, industrial
activities [19, 45], and transport of solid/biological
waste. Among these, the wastewater treatment plant
and composting sites are considered as potential sources
of pathogenic and non-pathogenic bioaerosols [24, 63].
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Even though the viability of the bioaerosols depends
on the humidity, temperature, radiation, osmosis,
other environmental factors, and the physical properties
of bioaerosols, the studies investigating their type and
diversity are very limited. Further, these limited studies
focusing on investigating the characteristic properties
of atmospheric bioaerosols are dominantly focused on
bioaerosols of natural origin and advanced analysis of
bioaerosols emitted from anthropogenic activities in an
urban cluster is even more less understood. Thus, it is
imperative, under the constantly urbanizing environ-
ment in southern Asia, to carry out a thorough study
about identifying the type and diversity of the bioaero-
sols released from the natural and anthropogenic activi-
ties. The major objective of the present study focuses
on the size-dependent qualitative and quantitative
characterization of marine urban ambient air bioaerosols
from five locations, which could be a potential source of
atmospheric bioaerosols in the marine urban southern
tropical Indian city, Chennai.

2 Materials and methods

To assess and characterize the marine urban bioaerosols,
atmospheric air samples were collected from five sites
in Chennai city (latitude: 13.08° N, longitude: 80.27° E,
altitude: 13 m above mean sea level) located at south-
eastern part of India which is constantly engaged with
a spectrum of anthropogenic activities. Sampling sites
comprised of two seminatural and three major anthro-
pogenic sites (Fig. 1) with varying activities. Seminatu-
ral sites are the sites with very minimal anthropogenic
influence compared to anthropogenic sites chosen in
the study, for example, Indian Institute of Technology
Madras is a densely vegetated region with more natural
activities and very minimal human activities. Sites were
categorized as follows (NS—seminatural site and AS—
anthropogenic site): NS1 from Indian Institute of Tech-
nology Madras (12.9912° N and 80.2363° E), a densely
vegetated region with minimal anthropogenic activity,
NS2 a marshland site (12° 56’ 15.72' N and 80° 12’ 55.08’
E) with sparse vegetation and relatively high human
activity, AS1 (a-c) from central part of Chennai (which
includes grit chamber (a), surface aerator (b), and dif-
fused aerator (c) of wastewater treatment plant located
at 13.03° N and 80.19° E), AS2 from northern Chennai
(composting site located at 13.21° N and 80.26° E),
and AS3 from southern Chennai (waste dumping yard
located at 12.96° N and 80.24° E).
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Fig. 1 Seminatural (NS) and anthropogenic (AS) sampling sites
studied in the southern tropical marine urban city—Chennai:
NS1—seminatural habitat [Indian Institute of Technology Madras
(IITM)], NS2—human influenced marshland, AS1—wastewater
treatment plant located at central Chennai, AS2—composting site
located at northern Chennai, and AS3—dumping yard located at
southern Chennai (the scale shown in the figure maps the Chennai
region)

2.1 Collection of ambient air samples

Viable bacterial and fungal bioaerosols were collected in
triplicates with an Andersen six stage impactor at a flow
rate of 28.3 L min~' for 2+ 1 min [54, 60] using trypticase
soya (TS) agar plates and potato dextrose (PD) agar plates,
respectively. Post-sampling, the bacterial plates were incu-
bated at 37 °C for overnight to 1 day and the fungal plates
were incubated at 28 °C for 2-3 consecutive days. Further,
the colony-forming units (CFU) m~3 were enumerated and
colonies were picked for further DNA analysis. Two-stage
SEM sampler was operated in tandem at a flow rate of
5L min~! for 30 min (with 0.2- and 5-pum pore-sized filter
papers) to investigate the morphological details of the
bioaerosols using Quanta FEG 200 SEM imaging equipped
with EDX/EDS as described by Valsan et al. [83].

2.2 Collection of source samples
To obtain the closure and contribution details of the

source materials (the materials pertinent to the anthro-
pogenic activities observed in the site for, e.g., wastewater

from wastewater treatment plant (WTP)) to anthropogenic
bioaerosols in the study regions, wastewater, compost,
and debris were collected from the respective sites. The
samples were transported to the laboratory in sterile
vials, serially diluted, and plated (107'° dilution) on TS and
PD agar following the robust sampling-transport-stor-
age protocol. Bacterial plates were incubated at 37 °C for
24-48 h, and fungal plates were allowed to grow at 28 °C
for 4-7 days. Then, the colonies were enumerated and
picked for further DNA analysis (Table 1).

2.3 DNA analysis and molecular identification
of the viable microorganisms

Chromosomal DNA of the colonies picked from the plates
was isolated using the commercially available bacterial
genomic DNA isolation kit, Helini, India and quick-DNA™
Fungal/Bacterial Microprep kit, Zymo Research, USA.
Amplified using PCR with reaction mix (50 pl): 3 pul DNA,
25 pl Red dye master mix (Ampligon, Denmark), 0.5 mM
primers, 0.2 mM dNTPs, and water. Reaction conditions
(Surecycler 8800, Agilent) were as follows: 3 min at 95 °C,
30% (1 minat 95 °C, 1 min at 57 °C (bacteria)/54 °C (fungi),
and 1 min at 72 °C), and 3 min at 72 °C using the bac-
terial 16S rDNA primers (27f GAGTTGATCACTGGCTCAG
and 1429r ACGGCTTACCTTGTTACGACTT) and fungal ITS
primers (ITS-5f GGAAGTAAAAGTCGTAACAAGG and ITS-
4r TCCTCCGCTTATTGATATGC). Then, the amplicons were
sequenced using Sanger sequencing method by employ-
ing ABI3730x196 capillary systems (Applied Biosystems),
Eurofins, Bangalore, India.

The raw sequences were demultiplexed and trimmed to
remove the primer, tag, and short sequences using Chro-
mas software version 2.6. Timmed sequences were ana-
lyzed using online tool NCBI-BLAST (https://blast.ncbi.nlm.
nih.gov/blast.cgi) and MOTHUR software version 1.39.5
[73, 74]. The operational taxonomic units (OTUs) were clus-
tered with a 97% similarity (0.03) cutoff, and the chimeric
sequences were removed using the UCHIME. Each OTU
obtained represented the different genera of microbes
present in each corresponding sample. The nucleotide
sequences obtained in the study were submitted to NCBI-
Banklt (https://www.ncbi.nlm.nih.gov/) and are available
at GeneBank (Table S1).

2.4 Statistical analysis

Alpha diversity was visualized based on the observed
OTUs. Five variables related to the diversity and abun-
dance for each of the five-different taxonomic assemblage
studied were calculated. Species richness and % abun-
dance were calculated from the OTUs obtained for each
site. Shannon’s diversity index (H) was calculated using the
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equation H = —SUM][(pi) * In(pi)] where pi is the number

of individual species, Shannon'’s evenness of equitability

(E,) was calculated using the equation E,, = H/H where
max

H,ax is the maximum possible diversity, and Simpson’s
diversity index (1-D) was calculated using the 1 — Y n/N?2
where n is the total number of species in the community
and N is the number of different species in the
community.

Beta diversity was analyzed using principal coordinate
analysis (PCoA) with the Brays—Curtis distance using the
skbio.stats.ordination module of Python, which contains
several ordination methods, including PCoA [15, 50]. The
Brays—Curtis distance was used as it is invariant to changes
in units, unaffected by additions and removal of samples,
and PCoA recognizes differences in total abundances
when relative abundances are similar.

The type and diversity reported here for various sites are
the representative of very peculiar scenario corresponding
to the very nature of the site under specific condition and
season. Therefore, the type, diversity, and concentration
observed should not be generalized over a larger spati-
otemporal scale. For the further improved understanding
of the mechanism, long-term sampling in the close vicinity
of these potential sources is highly recommended.

3 Results

3.1 CFU-based size-dependent concentration
of the bacterial and fungal bioaerosols

Figure 2 explains the CFU distribution of the bacterial
and fungal bioaerosols collected from the five sites. Bac-
terial CFU distributions were observed in all size ranges
starting from 0.6 to 7 um and >7 um, whereas the fungal
CFUs were observed in the size range starting from 1 to
7 um and >7 pm. In Fig. 2, the seminatural site NS1 has
shown a CFU concentration of 17 +2 to 443+ 3 m™3 of air
for bacterial and 87 £6 to 722 +36 m™ of air for fungal
bioaerosols, and CFU concentration of NS2 has varied from
11794773 to 2375+ 1025 m~ for bacteria and 470+ 295
to 1048+ 127 m~3 for fungi, which is indicative of the
predominance of fungal bioaerosols at NS1 and bacte-
rial bioaerosols at NS2. Among the anthropogenic sites
studied, AS1a exhibited a CFU concentration ranging from
119+52 to 810+ 254 m™3 for bacteria and 137 +129 to
1113+104 m~3 for fungi. AS1b (surface aerator) has shown
a CFU concentration of 125 +47 to 1702+ 385 m~> for bac-
teriaand 42 27 to 446 +275 m~3 for fungi, and AS1c (dif-
fused aerator) has shown a CFU concentration of 30+ 37
t0 292+ 255 m™3 for bacteria and 48 £ 45 to 446+ 253 m >
for fungi. Further, AS2 has shown a CFU concentration
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Fungal load

Bacterial load

Sampling sites (AS- Anthropogenic sites and NS- Semi-natural sites)

Fig.2 Size-dependent CFU concentration and distribution of the
bacterial and fungal bioaerosols: NS1—Indian Institute of Tech-
nology Madras (IITM); NS2—human influenced marshland site;

of 315+ 134 to 1581+ 1756 m~3 for bacteria and 77 +89
to 2673 +2510 m~3 for fungi and site AS3 has shown the
presence of a very high CFU concentration ranging from
988+ 660 to 2750+ 412 m~3 for bacteria and 560+ 248 to
1054 +473 m~ for fungi demonstrating its potential role
in the emissions of anthropogenic bioaerosols in the study
region.

Regardless of the geographical location of the site
and prevailing meteorological conditions (Table 1), bac-
terial bioaerosols (Fig. 2) have shown a high variability
in distribution throughout the study period indicating
the influence exhibited by the source materials. Whereas,
the fungal bioaerosols (Fig. 2) have shown a demarcated
high CFU concentrations in the size range of 2-5 ym at
all the sites investigated with an interesting observation
of noticeable CFU concentration at size range of 1-2 um
for fungal spores. Furthermore, Fig. 2 infers that the site
AS3 has significantly contributed to the emissions of
high concentration and diverse composition of bacte-
rial bioaerosols, and sites NS2, AS2, and AS3 have played
an imperative role in the emissions of fungal bioaerosols.

3000
CFU/m® of air

AS1a—grit chamber, b—surface aerator, and c—diffused aerator
of wastewater treatment plant; AS2—composting site; AS3—waste
dumping yard

The CFU concentrations of source samples (Table 1) have
shown that the site AS1a has acted as a potential source
for anthropogenic atmospheric fungal bioaerosols and
AS3 for the bacterial bioaerosols.

Accordingly, Fig. S1, comprising of the morphological
details (SEM images) of the bioaerosols, corroborates the
fact that the observed fungal spores were dominated
in the size range of 3-5 um with the presence of fun-
gal spores beyond this characteristic size range. Fur-
ther, the presence of fungal spores and bacterial cells
of varying size observed during the SEM analyses was in
consistent with the size-dependent CFU observations.
The fungal spores of varying shapes including, spherical
and undulated, conidiophore, ruptured sporangiophore,
and branched hyphal segments were observed during
SEM analysis. Similarly, rods in single, rods in aggrega-
tion, and rods in association to dust particles and debris
for bacterial bioaerosols were observed, implying the
diverse nature of the microbes and their segments pre-
sent in the bioaerosols.
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3.2 Microbial composition at phylum and family
level of the sites with dissimilar activities

Figure 3a-c explains the family and the phyla composi-
tion of bacterial and fungal bioaerosols from the locations
using the results obtained from OTU analysis. Collectively,
about 3208 viable bacterial bioaerosols were obtained
contributing 698 OTUs, which comprised of major
phyla Actinomycetales, Firmicutes, Alpha-proteobacteria,

Corynebacteriaceae
Microbacteriaceae
Bacillaceae
Paenibacillaceae

Planococcaceae

Beta-proteobacteria, Gamma-proteobacteria, Bacteroidetes,
Chloroflexi, and Spirochetes (Fig. 3a). Further, seminatural
locations have exhibited the dominance of Firmicutes (83%
at NS1 and 82% at NS2) followed by the dominance of
Actinomycetales (14%) at NS1 and Gamma-proteobacteria
(9%) at NS2. It is also important to note that while at NS2
unidentified bacterial families contributed ~ 11% this con-
tribution was found to be very high (~38%) at NS1. Simi-
larly, Firmicutes have contributed to almost 78%, followed

Unique families

I Mycobacteriaceae 0.3%
Il Micrococcaceae 0.2%
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B Flavobacteriaceae 0.2%
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Fig. 3 Taxonomic community composition of bioaerosols and
source materials based on the OTUs: a bacterial bioaerosols com-
munity composition; b fungal bioaerosols community composi-
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B Facnibacillaceas 6.4%
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- Xanthomonadaceae 7%

tion; ¢ bacterial and fungal community composition of the source
samples (concentration in CFU/ml for liquid source samples and
CFU/mg for solid source samples)
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Fig.3 (continued)

by Actinomycetales ~ 12%, and then followed by other  AS1.AS2 exhibited the dominance of Firmicutes contribut-
phyla with the presence of major families like Bacillaceae,  ing to about ~73%, Gamma-proteobacteria ~ 8%, Actino-
Planococcaceae, Staphylococcaceae, Pseudomonadaceae, mycetales, and Alpha-proteobacteria contributing to 5%
Exiguobacterium, Oxalobacteraceae, Enterobacteriaceae, each, comprising the major families Bacillaceae, Paenibacil-
Micrococcaceae, Streptococcaceae, and Cytophagaceae at laceae, Planococcaceae, Staphylococcaceae, Brucellaceae,
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Fig.3 (continued)

Pseudomonadaceae, Vibrionaceae, Xanthomonadaceae,
and Microbacteriaceae. AS3 has shown the presence of
Firmicutes (~75%), Actinomycetales (9%), Gamma-pro-
teobacteria (~8%), and Bacteroidetes (~4%) comprising
the major bacterial families Bacillaceae, Exiguobacterium,
Paenibacillaceae, Planococcaceae, Staphylococcaceae, Bur-
kholderiaceae, Xanthomonadaceae, Pseudomonadaceae,
Vibrionaceae, Streptomycetaceae, Microbacteriaceae, Myco-
bacteriaceae, and Corynebacteriaceae (Fig. 3a). Further, it
was also interesting to note that the site AS3 has exhibited
a highest bacterial diversity compared to the other sites.
Analogously, Fig. 3b indicates the presence of 2411
fungal bioaerosols contributing to 159 OTUs compris-
ing the phyla Ascomycota, Basidiomycota, Mucoromycota,
Zygomycota, and Zoopagomycota. Seminatural site NS2
has shown the presence of high fungal diversity with
combined (NS1 and 2) dominant families, which includes
Pleosporaceae, Didymellaceae, Trichocomaceae, Agari-
caceae, Mucoraceae, Davidiellaceae, Leptosphaeriaceae,
Ophiocordycipitaceae, Schizophyllaceae, Rhizopodaceae,
Aureobasidiaceae, Hypocreaceae, Montagnulaceae, Sac-
charomycetaceae, Sordariaceae, Xylariaceae, Apiosporaceae,
Tremellales, Urocystidiaceae, Ustilaginaceae, Hypocreaceae,
Nectriaceae, Hypoxylaceae, Syncephalastraceae, Trichospo-
ronaceae, Helotiaceae, Helvellaceae, Acarosporaceae, Bot-
ryosphaeriaceae, etc. Interestingly, Ascomycota was found
to be the dominant phyla at both the locations indicating
their abundant contribution in atmospheric bioaerosols,
confirming their ubiquitous presence. Whereas for the
diversity in family, Pleosporaceae (~42%) was found to be
dominant at NS1 and Trichocomaceae (~23%) was found
to be the dominant family at NS2. AS1 has shown the

SN Applied Sciences

A SPRINGER NATURE jourmal

Phanerochaetaceae - AS3
Trichosporonaceas
Psathyrellaceas - AS2
Helvellaceae - AS1
Cladosporaceas
Strigulaceae - NS2
Dothideomycetes
Apiosporaceas - NS1

Cunninghamellaceae
Syncephalastraceas
Ceratobasidiaceae
Leptosphaeriaceae
Eurotiomycetes
Davidiellaceae
Urocystidiaceas
Tremellaceae
Fomitopsidaceae
Serpulaceas
Pleurotaceae
Botryosphaeriaceas
Arthrodermataceae
Saccharomycetaceae
Mectriaceae
Ceratocystidaceae
Hypocreales
Xylariaceae
Mucoraceae
Pleosporaceas
Didymellaceae
Trichocomaceas

20 30
Log10 Fungal CFU

40

predominance of Ascomycota (~83%), Zygomycota (~9%),
and Basidiomycota (~4%) comprising the diverse fungal
families Pleosporaceae, Trichocomaceae, Mucoraceae,
Cunninghamellaceae, Nectriaceae, Didymellaceae, Lepto-
sphaeriaceae, Syncephalastraceae, Montagnulaceae, Bar-
taliniaceae, Amphisphaeriaceae, Davidellaceae, and Cera-
tobasidiaceae. AS2 has shown the highest dominance of
Ascomycota (~93%) comprising the major families Tricho-
comaceae, Nectriaceae, Pleosporaceae, Davidiellaceae, Bar-
tiliniaceae, Saccharomycetaceae, and Mucoraceae. AS3 has
exhibited the predominance of Ascomycota (~79%) and
Zygomycota (~ 14%) comprising the major families Tricho-
comaceae, Davidellaceae, Nectriaceae, Botryosphaeriaceae,
Pleosporaceae, Sordariaceae, Mucoraceae, Apiosporaceae,
Didymosphaeriaceae, and Mycosphaerellaceae. Moreover,
Fig. 3b shows the presence of highest fungal diversity at
site AS1 indicating the potential contribution of the site to
the fungal bioaerosols.

Furthermore, it is inferred from Fig. 3a, b that each site
has demonstrated its own community composition spe-
cific to the site, type of source material, and the character-
istic meteorological conditions. Further, source material
characterization (Fig. 3c) shows that the source played an
imperative role in disseminating the specific microbes to
the atmospheric air, which contributed to the bioaero-
sols concentration in each site (Tables 1, S1, and S2). The
source has apparently contributed to about 52.6% of the
total families observed in airborne bacterial bioaerosols
at NS1, whereas 30.9% of the total families contributed to
the airborne bacterial bioaerosols at NS2 (Fig. 3c). Similarly,
the contribution was 58.3% at AS1, 25% at AS2, and 42.9%
at AS3 for the bacteria.
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Fungal diversity of source sample has contributed
to 33.9% of total fungal families observed in the fungal
bioaerosols at NS1, whereas it was 33.5% for NS2, 30.8%
for AS1, 27.8% for AS2, and 23.1% for AS3, respectively
(Fig. 3¢). The predominant bacterial and fungal families
that were obtained from the source samples include
Corynebacteriaceae, Bacillaceae, Planococcaceae, Staphylo-
coccaceae, Pseudomonadaceae, Paenibacillaceae, Micrococ-
caceae, Microbacteriaceae, Exiguobacterium, Xanthomona-
daceae and Pleosporaceae, Didymellaceae, Trichocomaceae,
Agaricaceae, Mucoraceae, Davidiellaceae, respectively,
indicating the activities and the nature of source materi-
als pertinent to the site.

Hence, the study clearly infers that the waste dump-
ing yard has played a significant role in contributing the
highest burden of atmospheric anthropogenic bioaero-
sols in the study region with the presence of a spectrum
of diverse microbial population. Further, it was secondly
dominated by the seminatural marshland site, thirdly by
the wastewater treatment plant, then by the composting
and the Indian Institute of Technology Madras (IITM) sites
with a comparatively less diverse microbial population and
bioaerosols concentration.

In concurrence with the findings obtained from OTU
analysis, NCBI-BLAST analysis (Table S2) has also shown
the presence of bacterial and fungal species that could
potentially act as human/plant pathogens, opportunistic
pathogens including ice-nucleating organisms, insect and
animal pathogens, and some edible mushrooms. Further-
more, Table S2 infers that the investigated sources had a
potential role in contributing the pathogenic bioaerosols
over such an urban setup.

3.3 Composition of the potentially pathogenic
microbes

Based on the CFU concentrations, as shown in Fig. 2 and
OTU analysis, it was evident that the bioaerosols were
comprised of potential human pathogens that could
affect the whole respiratory tract in case of bacterial and
majorly tracheobronchial region for fungal bioaerosols
(Figs. S2 and S3). The deposition of these pathogens in
various regions of the respiratory tract is strongly depend-
ent on the size of the particles. Figure S2 shows that the
site AS3 has exhibited highly diverse bacterial community
composition followed by NS2 compared to the other sites.
Similarly, Fig. S3 shows the presence of high fungal diver-
sity at AS1a, NS2, and AS3.

Further, Fig. S2 infers that Bacillaceae was the pre-
dominant bacterial family observed in all size ranges of
all the sites studied showing the abundant contribution
of the family to the airborne bacterial bioaerosols bur-
den. Besides, NS1 has also shown the dominance of the

bacterial families like Corynebacteriaceae, Paenibacillaceae,
and the unidentified families. NS2 has shown the presence
of some environmental and enteric bacterial families like
Exiguobacterium, Cytophagaceae, Pseudomonadaceae,
Enterobacteriaceae, and Vibrionaceae. AS1a has shown
the dominance of the family Micrococcaceae and AS1b has
shown the presence of Micrococcaceae and unidentified
families. AS1c has shown the predominance of Micrococ-
caceae and Staphylococcaceae. AS2 has exhibited the dom-
inance of Enterococcaceae, Planococcaceae, Pseudomona-
daceae, and Brucellaceae. AS3 with the highest bacterial
diversity has shown the presence of Exiguobacterium,
Planococcaceae, Pseudomonadaceae, and Vibrionaceae
showing the presence of some enteric bacterial species
along with the pathogenic species.

Figure S3, which details the fungal diversity, explicitly
shows the overall predominance of Pleosporaceae over all
the size ranges for the sites studied. Further, followed by
the presence of sac fungi, white rot fungi, and edible/gilled
mushrooms of families like Schizophyllaceae, Psathyrel-
laceae, Agaricaceae at NS1.NS2 has shown the dominance
of human pathogens along with the environmental strains
that include Tremellales, Cunninghamellaceae, Aureobasi-
diaceae, Trichocomaceae, Nectriaceae, Mucoraceae, Lepto-
sphaeriaceae, Hypocreaceae, and Montagnulaceae. Simi-
larly, ASTa has shown the presence of Mycosphaerellaceae
and Mucoraceae, AS1b has shown the dominance of Tricho-
comaceae and Arthrodermataceae and AS1c has shown the
presence of Trichocomaceae, Amphisphaeriaceae, Bartalini-
aceae, Nectriaceae, and Microsporomycetaceae. Further-
more, AS2 has shown the dominance of Trichocomaceae,
Nectriaceae, Amphisphaeriaceae, and Davidiellaceae. AS3
has shown the dominance of Mucoraceae, Trichocomaceae,
Sordariaceae, Botryosphaeriaceae, Didymosphaeriaceae,
Hypocreaceae, Mycosphaerellaceae, Xylariaceae, Psathyrel-
laceae, Saccharomycetaceae, and Nectriaceae. The presence
of these families over all the size ranges of the study region
clearly indicates the existence of human pathogenic fungi,
environmental yeast like fungi, and common plant fungi.

Further, it is evident from Fig. S2 that the bacterial bio-
aerosols from sites NS1, NS2, AS1a, and AS1b have shown
the highest diversity and dominance over all the size
ranges posing major risk to the whole respiratory system.
Further, AS1c has exhibited a highest diversity at 3-7 um
and >7 pum possibly targeting the tracheobronchial and
airway region. AS2 was found to pose a risk to the alveo-
lar and tracheobronchial region with highest diversity at
0.6-5 um and AS3, targeting the whole respiratory tract,
exhibited a very high diversity and concentration of bacte-
rial bioaerosols over all the size ranges.

Likewise, Fig. S3 infers that the sites NS1 and AS1a have
exhibited a highest fungal biodiversity in the size range of
2-7 ym and >7 ym possibly risking the tracheobronchial
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and airway region; AS1b and AS1c posing possible risk
to the airway and tracheobronchial region (3-7 pm
and >7 um) and AS2 possibly affecting the alveolar and
tracheobronchial region. AS3 and NS2 being the site with
maximum fungal diversity have posed a possible risk to
the whole respiratory tract.

3.4 Dynamics of microbial diversity of the sites
with dissimilar activities

Alpha diversity and microbial community distribution over
the study region were quantified based on the Chaos1
(Richness), Shannon’s diversity index (H), the Gini-Simp-
son’s diversity index (1-D), and Shannon’s evenness of
equitability index (E;,) (Table 1). Apparently, in accordance
with the results observed with CFU concentrations and
OTUs, AS3 was found to exhibit highest bacterial diversity
and AS1a was found to exhibit highest fungal diversity.
Further, Shannon index (H) infers that the bacterial com-
munities have exhibited highest abundance of H=2.29 for
the site AS3 and the least being NS1 with H value of 1.44.
Furthermore, Site NS2 has exhibited an abundance H of
1.95, AS1a with 1.76, AS1b with 1.34, AS1c with 1.53, and
AS2 with 1.78. Similarly, Gini-Simpson’s bacterial diversity
index (1-D) shows that the bacterial bioaerosols of site NS2
exhibited a least similarity of 0.24 among the bacterial
communities of the site compared to the other sites, which
has shown a Gini-Simpson’s index of 0.31 for NS1, 0.78 for
AS1a, 0.63 for AS1b, 0.74 for AS1c, 0.78 for AS2, and 0.77
for AS3. Accordingly, the Shannon'’s evenness (E,) explicitly
shows that AS1c and AS3 have shown an evenness of 0.42
explaining the even distribution of the bacterial species in
the sites compared to the other sites of the study region.

Likewise, Shannon index (H) for fungal diversity has
clearly inferred that the site AS1a has exhibited the highest
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abundance (H=2.6) for the fungal bioaerosols compared
to the other sites with a H value of 1.51 for NS1, 2.3 for NS2,
1.47 for AS1b, 1.6 for AS1c, 1.26 for AS2, and 2.29 for AS3.
Gini-Simpson’s indices infer that the fungal bioaerosols
have exhibited a diverse complex community compared
to the bacterial community. Moreover, Gini-Simpson’s fun-
gal diversity index (1-D) has inferred the presence of more
diverse fungal population at NS2 with a least similarity
value of 0.15 compared to the highest similarity observed
at AS1a with 0.88. Further, Shannon’s evenness (E;) shows
that the site AS1a has exhibited an even distribution of
the fungal population with an E, value of 0.81 at this site
compared to the other sites of the study region.

Figure 4 explains the principal coordinate analysis
(PCoA) of the bacterial (Fig. 4a) and fungal (Fig. 4b) com-
munities obtained from the study region. PCoA was plot-
ted based on the Bray—Curtis dissimilarity indices to fur-
ther corroborate the above finding and differentiate the
inter-community composition (beta diversity). Figure 4
infers that the bacterial community of the sites NS2, AS1,
and AS3 has moderately shared a similar community com-
position compared to NS1 and AS2, whereas in the case of
fungal communities the sites NS2, AS1, AS2, and AS3 were
observed to share similar community composition com-
pared to the site AS3. Further, among the anthropogenic
site, AS2 and AS3 were found to share more similar fungal
community composition.

Overall inference of the microbial community diver-
sity dynamics shows that the bacterial communities have
exhibited an uneven distribution over all the sites studied
explaining the anthropogenic influence over the bacterial
bioaerosols dispersed from the sites. Further, Gini-Simp-
son’s diversity index (1-D) and Shannon diversity index
(H) have inferred that the site AS3 has exhibited highest
bacterial diversity and AS1a was found to exhibit a highest
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Fig.4 PCoA plot based on the Bray-Curtis dissimilarity indices of the bioaerosols collected from the study region: a bacterial communities;

b fungal communities
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fungal abundance and AS2 with highest fungal diversity.
Moreover, beta diversity analysis based on PCoA clearly
inferred that the site NS2, AS1, and AS3 were found to
share similar bacterial and fungal community composition
that overlapped with each other indicating the influence
of the most similar activities compared to NS1 and AS2
with site-specific community composition.

4 Discussion

Bioaerosols released play an important role in the spread
of diseases to plants, humans, and animals (Fig. 5). Such
dispersal of the pathogenic bioaerosols in the atmosphere
due to the relatively natural and anthropogenic activities
mentioned in this study may have negative implications
on the ecosystem health [17, 23, 26, 27, 90]. Much atten-
tion has been given by many researchers [65, 74] on inves-
tigating the abundance, diversity, and types of naturally
released bioaerosols and studies investigating the poten-
tial source, type, and diversity of anthropogenic bioaero-
sols are limited especially in a marine urban setup.
Size-dependent estimation of the atmospheric bio-
aerosols in the study has shown the presence of bac-
terial bioaerosols that exhibited an extreme variation
in CFU concentrations (Fig. 2) similar to the reported
observations of Hurtado et al. [41] and Chen et al. [11].
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Furthermore, it was found that the meteorological con-
ditions, microbial morphology, and source community
composition have played a significant role in influenc-
ing the bacterial bioaerosols as stated by Ganthaler and
Mayr [28], Kembel et al. [48], Sache [72], and Tang [78].
Concurrently, size-dependent measurements of fun-
gal bioaerosols have shown the presence of high spore
concentration at 2-5 um similar to the observations of
Valsan et al. [82] over the southern Indian region and
many other researchers across the globe like Hjelm-
roos-Koski et al. [36], Huffman et al. [40], Schumacher
et al. [75], and Healy et al. [34]. Analogously, the peak
observed at 1-2 um for fungal bioaerosols (Fig. 2) would
have been contributed by the liberation of immature and
desiccated conidia released from some Aspergillus sp.
(Table S2) due to the uncontrolled anthropogenic activi-
ties and human influence observed in the site [87, 92].
Morphological observations (Fig. S1) of the bioaerosols
collected on the filter papers have also shown the pres-
ence of tiny-large fungal spores [21, 31, 32] and bacterial
rods complementing the results obtained in the size-
dependent measurements of bioaerosols in the study
region (Fig. 2). Further, the size of the bio-particles (fungi
and bacteria) was of 100 nm to about 5 um [87] with
an elemental composition of 85-95% of carbon and
5-15% of oxygen (Fig. S4) augmenting the presence
of organic materials in the collected aerosol particles,

Fig.5 Role of anthropogenic bioaerosols in the spread of disease, cloud processing, and precipitation
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corroborating the fact that the investigated particles are
of biological origin [14, 83, 84].

Du et al.[19] and Cao et al. [8] have stated that the stud-
ies on characterization of the bacterial and fungal bioaero-
sols in the atmospheric air play a vital role in understand-
ing the atmospheric microbiota. Community taxonomic
composition (Fig. 3a—c) of the sites studied deduced the
presence of the phyla Actinomycetales, Firmicutes, Alpha-
proteobacteria, Beta-proteobacteria, Gamma-proteobacte-
ria, Bacteroidetes, Chloroflexi, Spirochetes, other undefined
phyla for bacterial bioaerosols and Ascomycota, Basidi-
omycota, Mucormycota, Zygomycota, Zoopagomycota,
other undefined phyla for the fungal bioaerosols with the
characteristic site-specific concentration (Figs. S2 and S3).
Similar observations were made by researchers like Wery
[89], Albrecht et al. [2], Le Goff et al. [53], Karra and Kat-
sivela [46], and Dehghani et al. [16] for composting and
wastewater treatment plant. Overall study inferred that
the Firmicutes were the predominant phyla observed for
bacterial bioaerosols [12, 38, 47, 68] and Ascomycetes for
fungi as stated by Priyamvada et al. [65] in their study on
occurrence of terrestrial macro-fungi in the tropical ever-
green biome of southern India.

Anthropogenic bioaerosols of the study region dem-
onstrated the presence of major families like Bacillaceae,
Planococcaceae, Staphylococcaceae, Pseudomonadaceae,
Exiguobacterium, Oxalobacteraceae, Enterobacteriaceae,
Micrococcaceae, Streptococcaceae, Cytophagaceae, Pae-
nibacillaceae, Planococcaceae, Brucellaceae, Vibrionaceae,
Xanthomonadaceae, Microbacteriaceae, Burkholderiaceae,
Streptomycetaceae, Mycobacteriaceae, Corynebacteriaceae
for bacteria and Pleosporaceae, Trichocomaceae, Muc-
oraceae, Cunninghamellaceae, Nectriaceae, Didymellaceae,
Leptosphaeriaceae, Syncephalastraceae, Montagnulaceae,
Bartaliniaceae, Amphisphaeriaceae, Davidellaceae, Cera-
tobasidiaceae, Saccharomycetaceae, Botryosphaeriaceae,
Sordariaceae, Apiosporaceae, Didymosphaeriaceae,
Mycosphaerellaceae for fungi (Fig. 3a, b). Further, the bac-
terial and fungal bioaerosols have demonstrated the char-
acteristic predominance of the pathogenic and environ-
mental microbial families specific for each site (Fig. 3a-c)
which are majorly influenced by various factors like the
meteorological factors, activities observed, and the source
characteristics of the site as discussed by researchers like
Goudarzi et al. [29], Niazi et al. [61], Goudarzi et al. [30],
Du et al. [19], and Grisoli et al. [33]. Furthermore, it is evi-
dent from Fig. 3¢, Tables 1, S1, and S2 that the source has
played an imperative role in contributing the microbes to
the atmospheric air at the investigated site with anthro-
pogenic activities as reported by researchers like Valsan
etal. [82, 83] and Hjelmroose-Koski et al. [36]. A significant
contribution from the source material (Fig. 3c) of about
53% for bacterial and ~34% for fungal bioaerosols was
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observed at NS1, about 30.9% for bacterial and 33.5% for
fungal at NS2, 58.3% for bacterial, and 30.8% for fungal
bioaerosols at AS1 has evidenced the role of source mate-
rials in contributing the bioaerosols to the atmospheric
air. Furthermore, above results show that the source has
contributed to almost half of the total bioaerosols concen-
tration at the sites. Relatively, AS2 has exhibited a lower
contribution rate from source materials of about 25% for
bacteria and 27.8% for fungi, and AS3 with 42.9% and
23.1% for bacteria and fungi, respectively.

From the above observations, it is elucidated that the
diverse nature of waste dumping yard (AS3) played a pri-
mary role in disseminating the anthropogenic microbes in
the form of bioaerosols to the ambient atmosphere. This
was followed by the marshland, wastewater treatment
plant, composting site, and then the IITM site. Similarly,
observations have been reported in many studies recog-
nizing wastewater treatment plant as a potential source
of bioaerosols that can cause human health implications
[9, 24, 33, 63]. Moreover, it is also clearly evident from
Fig. 3a—c and Table S2 that the source material presentin
the site has played a synergistic role in deciding the type
and concentration of bioaerosols in the atmosphere. Fur-
ther, anthropogenic activities in an urban setup can add
up in the naturally pre-existing bioaerosols thus causing
the elevated concentration, which could pose increased
risk in acquiring respiratory system illness due to the sedi-
mentation and deposition of these bioaerosols in the res-
piratory tract [18, 52, 85, 87].

Likewise, from Figs. 2, S2, and S3, it is conspicuous that
the sites NS1, NS2, and AS1 have demonstrated a maxi-
mum risk to the whole respiratory system, AS2 posing
possible risk to the tracheobronchial and alveolar region,
and the site AS3 possibly risking the whole respiratory sys-
tem as reported by Hofmann [37], Hussain et al. [42], and
Nazaroff [59]. Interestingly, in accordance to the results
obtained based on the size distribution of the bioaero-
sols (Figs. 2, S2, and S3), many literatures have evidenced
the occurrence of hypersensitivity pneumonitis, reduction
in lung function, severe asthma, organic dust toxic syn-
drome, airway inflammation, and respiratory disorders on
prolonged human exposure to the fungal spores liberated
from these sites [33, 55, 70]. Further, many other research-
ers have stated that the exposure to the anthropogenic
activities including waste treatment facilities has resulted
in the diseases like respiratory issues, skin disorders, gas-
trointestinal disorder, fever, eye irritation, headaches, nau-
sea, and fatigue [20, 62, 81].

Furthermore, NCBI-BLAST analysis of the bioaerosols
samples featured in Table S2 depicts the presence of
plant pathogenic fungal species like Aspergillus, Alternaria,
Cladosporium, Penicillium sp., etc. and infectious bacte-
rial species like Bacillus, Pseudomonas, Staphylococcus,
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Streptococcus, Streptomyces, Exiguobacterium, Klebsiella,
Mycobacterium, Vibrio, Corynebacterium, Enterobacter,
Enterococcus, etc. This clearly shows that the bioaerosols of
the study region could pose a wide range of health effects
like plant infections, animal infections, and human infec-
tions namely allergy, skin, eye, urinary, arthritis, osteomy-
elitis, peritonitis, endocarditis, pneumonia, cerebritis, and
subcutaneous infections affecting the ecosystem health
as evidenced from Rylander [71], Thorn and Kerekes [80],
Orsini et al. [63], Smit et al. [76], Heinonen-Tanski et al. [35],
Madsen et al. [55], Korzeniewska [49], Fazlzadeh et al. [22],
Huang et al. [39], Kallawicha et al. [45], Allermann et al. [3],
Brown et al. [7], Coccia et al. [12], Frankel et al. [25], Hos-
podsky et al. [38], and Soto et al. [77]. Especially, the pres-
ence of species like Bacillus anthracis (please refer Table S2
for the accession numbers of all the reported organism) is
also demonstrated in the study, which are highly unlikely
as such organisms can cause severe infectious syndrome
to human and animal population residing near the study
region as reported by other researchers like Langer et al.
[51], Adams et al. [1], Bhangar et al. [5, 6], Meadow et al.
[56, 571, Qian et al. [67, 68], and You [91].

Further, Du et al. [19] in their study have explained
clearly the necessity and importance of the study related
to diversity of microbial community in the bioaerosols as
the load varies with season, meteorological conditions,
geographical locations, and dispersal/release mechanisms
adopted by the microorganisms present in the source
materials. Hence, the alpha diversity (Table 1) analysis of
the study region has revealed that the fungal communi-
ties exhibited highest diversity than the bacterial com-
munity which is in agreement with the findings made by
Priyamvada et al. [66] and Valsan et al. [82] for the natural
sites. Moreover, Gini-Simpson’s diversity index (1-D) and
Shannon diversity index (H) have inferred that the site AS3
(dumping yard) has exhibited highest bacterial diversity
and AS1a (grit chamber of wastewater treatment plant)
exhibited a highest fungal abundance with highest diver-
sity at NS2 (marshland site) and AS2 (composting site) as
described by Wei et al. [88] for the abundance and commu-
nity structure of the airborne microbiota in an urban setup.

The beta diversity analysis using PCoA (Fig. 4) of the
study region has shown that the bacterial community
(Fig. 4a) has demonstrated different community compo-
sitions specific to the source materials, with NS2, AS1, and
AS3 sharing some common species indicative of the pres-
ence of similar source materials in the site. Similarly, the
fungal community composition at NS2, AS1, AS2, and AS3
was found to share similar species indicating the similar
nature of source materials and the activity observed in
these sites. Further, Fig. 4b infers the presence most similar
fungal communities in AS2 and AS3, and overall presence
of similar microbial community composition at NS2, AST1,

and AS3 indicating the presence of similar source materials
and activities in the sites.

5 Conclusion

The study provides comprehensive information about the
size-dependent bacterial and fungal CFU concentrations
at five different potential seminatural and anthropogenic
bioaerosol sources of the marine urban southern tropical
Indian city Chennai along with its community composition
and diversity. The type and diversity reported here for vari-
ous sites are the representative of very peculiar scenario
corresponding to the very nature of the site under specific
condition and season. Therefore, the type, diversity, and
concentration observed should not be generalized over
a larger spatiotemporal scale. For the further improved
understanding of the mechanism, long-term sampling in
the close vicinity of these potential sources is highly rec-
ommended. From the study, it is clearly evident that all
the five sites located in the southern, central, and northern
parts of the city have played an important role in the con-
tribution of the pathogenic bioaerosols load to the ambi-
ent atmosphere of the study region. Further, the dumping
yard located at the southern parts of the city has contrib-
uted considerably to the pathogenic bioaerosols which
was further enhanced by the marshland site, and other
sites. Studies on the size-dependent community composi-
tion revealed the presence of the different bacterial and
the fungal phyla which pose a definite risk to respiratory
diseases targeting the tracheobronchial, alveolar, and the
air ways region. Further, studies on the microbiota of the
study region inferred the presence of pathogens that can
cause eye, skin, and enteric infections along with some
plant, animal, and insect pathogens. Alpha and beta diver-
sity indices conclude that the community of microbes
present in each site has demonstrated a specificity to the
source material and the activities pertinent to the site. Fur-
ther, it has also inferred that the sites with similar activities
and source materials have shared many species of both
the bacterial and fungal communities.

However, the physical and chemical transformations of
these bioaerosols along with the naturally occurring bio-
aerosols that take place due to their prolonged presence in
the atmosphere are still poorly understood. Further stud-
ies, investigating the detailed source characteristics and
properties of specific bacterial and/or fungal spores of the
anthropogenic origin, are necessary to study their impact
on ecosystem health and regional climate. Such informa-
tion could be of great interest to climatologists and envi-
ronmentalists to conserve the ecosystem and ecosystem
health, and to better understand the role of bioaerosols
on regional climate.
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