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a b s t r a c t

Microbiota associated with airborne particulate matter (PM) is an important indicator of indoor pollution
as they can be pathogenic and cause serious health threats to the exposed occupants. Present study
aimed to investigate the level of culturable microbes associated with PM and their toxicological char-
acterization in urban and rural houses of Pune city. Highest concentration of bacterial aerosols observed
to be associated with PM10 size fraction in urban site (2136 ± 285 CFU/m3) whereas maximum fungal
concentration has been measured in rural houses (1521 ± 302 CFU/m3). Predominantly found bacterial
species were Bacillus sp., S. aureus, and Pseudomonas aeruginosa and fungal species were Aspergillus sp.,
Cladosporium sp., and Penicillium sp. in both urban and rural residential premises. Concentration of
endotoxin measured using the kinetic Limulus Amebocyte Lysate assay exhibited that the level of
endotoxin in both urban and rural sites are associated with household characteristics and the activities
performed in indoor as well as outdoor. Cell free DTT assay confirmed the ability of these airborne
microbes to induce the production of reactive oxygen species (ROS) varying along with the types of
microorganisms. On exposure of A549 cells to airborne microbes, a significant decrease in cell viability
was observed in terms of both necrosis and apoptosis pathway. Elevated production of nitric oxide (NO)
and proinflammatory cytokines in epithelial cells and macrophages clearly suggest the inflammatory
nature of these airborne microbes. Results derived from the present study demonstrated that the indoor
air of urban and rural houses of Pune is contaminated in terms of microbial load. Therefore, attention
should be paid to control the factors favoring the microbial growth in order to safeguard the health of
exposed inhabitants.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Poor air quality by particulate pollution is considered as the
prevalent environmental health risk globally. Numerous epidemi-
ological studies have revealed the comprehensible relationships of
particulate matter (PM) with adverse health outcomes with mor-
tality and morbidity by respiratory and cardiovascular diseases
(Hamanaka and Mutlu, 2018; Hime et al., 2018; Shiraiwa et al.,
2017). Compared to ambient PM, less attention has been paid to
the exposure level of indoor PM and its associated health risk to
e by Eddy Y. Zeng.
, Savitribai Phule Pune Uni-
dia.
.G. Satsangi).
humans who spend ample amount of their time in various indoor
environments. Biological constituents of PM (i.e. bioaerosols)
occupying a large portion and are predominantly composed of
bacteria, fungal spores, virus, pollens, any fragments from plants,
animals or any living organisms with sizes ranging from 50 nm to
10 mm (Gong et al., 2020; Kim et al., 2018). It has been estimated
that bioaerosol constitutes 16% mass of the total primary aerosol
particles and 4%e11% of the total PM2.5 mass. Chronic and even a
momentary exposure to these PM bound microbes can cause
numerous diseases viz., asthma, chronic obstructive pulmonary
disease (COPD), influenza, allergic rhinitis, eczema, legionellosis,
tuberculosis, anthrax, and severe acute respiratory syndrome (Yen
et al., 2019; Sedha and Doctor, 2017; Park et al., 2015; Thilsing
et al., 2015). No such conclusive evidences are there which can
explain the exact mode of action between the bioaerosol exposure
and its related toxicity but hypersensitivity, airway inflammation
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and oxidative stress are considered as three main mechanisms of
the diseases caused due to PM bound microbes (Robertson et al.,
2019; Liu et al., 2014; Lee, 2011). The endotoxin of bacterial com-
ponents has been recognized as a predominant factor in causing the
hypersensitivity pneumonitis (Peccia et al., 2008). Apart from the
allergic reactions and infections, inhalation of bacterial endotoxin
can also induce inflammatory responses by activating the toll-like
receptor 4 (TLR4) in human cells which further play a crucial role
in causing a variety of acute and chronic diseases (Shen et al., 2019;
Moretti et al., 2018; Liu et al., 2018). On exposure to PM bound
microbes, prime cells such as mononuclear phagocytes and mac-
rophages start responding by secretion of nitric oxide, cytokines
tumor necrosis factor - (TNF-a) and interleukin-1- b (IL-1) and
prolonged sustain of these inflammatory reactions can damage the
surrounding tissues leading to the adverse health effects for occu-
pants residing in indoor environments.

Different Indoor air quality studies have suggested the contri-
bution of bioaersols to about 5e34% of the indoor air pollution
(Humbal et al., 2018; Sedha and Doctor, 2017; Mandal and Brandl,
2011). Therefore, it is imperative criterion to take into account,
the microbiological air quality in order to ensure the safe indoor
environments. Evaluation of inclusive toxicological profile of these
bioaerosols is not an easy task due to their complex nature. Precise
screening of bioaerosols toxicity cannot be assessed by means of its
individual component as toxicity may vary depending on microbial
composition and as well as oxidative potential (Humbal et al.,
2018). Therefore, detail toxicological evaluation of microbial
biomarker is required to assess the effects of this on human health.
Recently, research on microbial species in atmosphere has been
escalating worldwide but in India, there is a lack of systematic
research on the effects of bioaerosol on human health and none
originating from the western Indian region. Therefore, methodical
research is necessitated in order to understand the role of the
bioaerosols for causing the wide range of serious health threats.
Looking at the concerns and risks associated with bioaerosols,
present study was framed to assess the measurement, seasonal
variation, identification and detail immunutoxicological activity (in
terms of endotoxin measurement, redox potential, cytotoxicity,
apoptosis and inflammatory potential) of airborne microbes asso-
ciated with PM collected from urban and rural indoor residential
environments of Pune which will be effectual to raise the aware-
ness and further address the better indoor air quality for the
inhabitants.
2. Materials and methods

2.1. Sample collection and extraction

Pune city has witnessed rapid growth and transformations over
the years especially in telecommunication and educational facilities
therefore large number of populations have migrated from rural
areas resulting a mix of both urban and rural communities in the
city. The present study screened the toxicological assessment of
microbial components of PM collected from indoor houses of two
clusters; urban and rural with diverse local bioaerosol sources
based on their separate geographical locations, standard of living
and influence of indoor and outdoor activities. PM10 (N ¼ 124) and
PM2.5 (N ¼ 128) samples were collected from three houses (U1, U2,
U3) in urban area (18�4303000N, 73�8808700E) and two houses (R1
and R2) from rural areas (18�3806800N, 74�0304200E) of Pune
respectively during the study period (March 2016eApril 2017).The
summary of individual home characteristics along with detailed
household and personal daily activities were recorded in 24 h ac-
tivity log during the period of sampling and presented in Fig. S1. 24
hr indoor PM sampling was carried out using low volume air
sampler i.e., Mini Vol TAS (Airmetrics, USA) with a constant flow
rate of 5 l/min. Samples were collected on pre-weighed sterile
nucleopore filter papers and post sampling; filters were immedi-
ately transported to the laboratory and were stored overnight at
4 �C in the refrigerator. On the following day, PM loaded filters were
cut into small pieces and transferred to sterile culture tube con-
taining 10 ml of extracting media (0.1% sterile peptone water and
0.01% Tween 80) and vortexed for about 6 h and stored in refrig-
erator. Meteorological parameters viz. temperature (�C) and relative
humidity (RH %) were measured simultaneously during sampling
by Aeroqual indoor air quality monitor (IQM 60, flow rate:
1.0 ± 0.05 LPM) (Table S1).

2.2. Preparation and enumeration of microbes associated with PM

Gram negative and Gram positive bacterial fractions associated
with PM were cultivated in Eosine Methylene Blue Agar Media
(EMB) and Blood Agar media, respectively with 0.5 mgml�1 cyclo-
hexamide added to suppress the fungal growth. Whereas fungal
fractions were collected over potato dextrose agar (PDA) media and
0.5 mgml�1 chloramphenicol was added to the media as a bacterial
growth inhibitor. Serial dilutions (1:1, 1:10, 1:100) of PM extract
were prepared and 100 ml of each dilution were spread plated (in
triplicate) on petri plates containing selective culture media. Post
spreading, petri plates were kept in incubator for about 2e3 days
for bacterial growth and about 7 days for fungal growth. Then the
grown microbial colonies were enumerated manually and con-
centration of culturable microorganism was calculated by CFU
count using the total number of counted colonies, total volume of
air sampled and sampling duration. CFU count reported in the
present study is an average of independent two repeats of same
samples collected from rural and urban locations.

2.3. Identification of airborne microbes

Predominant colonies appeared on petri plates were first iden-
tified in terms of their morphological characterization (size, shape,
colour and appearance) by Field emission scanning electron mi-
croscopy (FE-SEM) (FEI Nova Nano SEM 450) and further subjected
to 16S rRNA and 18S rRNA Sanger sequencing from a certified
laboratory (Xcelris Genomics). The bacterial universal primer 8F/
1492R and fungal universal primer 1F/4R was used to amplify the
fragments of bacterial 16S rDNA and fungal 18S rDNA subunit
respectively. Sequence details of all the primes are listed in Table S2.
The amplified fragments were further run on Real-Time PCR System
(ABI 3730xl 96, Thermo Fisher Scientific) maintaining the specific
PCR condition for bacterial (initial denaturation at 94 �C for 30 s,
followed by 25/30 cycles of denaturation at 52 �C for 30 s, annealing
at 72 �C for 1 min and extension at 72 C for 1 min) and fungal
cultures (initial denaturation at 94 �C for 30 s, followed by 30 cycles
of denaturation at 48 �C for 30 s, annealing at 72 �C for 1 min and
extension at 72 �C for 7min). Obtained intergenic sequences were
deposited in Gen Bank database from National Center of Biotech-
nology Information BLAST in order to express BLAST percentage
identification of the predominantly found microbes in indoor air
and that too has been gathered in Table S2.

2.4. Toxicological screening of airborne microbiota

Toxicological screening of bacterial and fungal fractions associ-
ated with PM was done in terms of endotoxin measurement,
oxidative potential and cytotoxic and inflammatory assessment.

Endotoxin, a cell wall component of gram negative bacteria is a
well known pyrogen causing symptomatic effects in the exposed
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inhabitants. In present study, quantification of endotoxin was
assessed as per manufactures instruction in terms of end point
chromogenic Limulus Amebocyte Lysate (LAL) assay using endo-
toxin assay kit (Pyrochrome: Cape Cod Inc.) Briefly, purified extract
of Escherichia coli (0113:H10) was used as a control standard
endotoxin. PM (100 ml) extract was mixed with LAL reagent (100 ml)
followed by incubation at 37 �C for 60 min. Then substrate solution
was added to the incubated fraction and vortexed for 10 min to
ensure complete mixing. Presence of endotoxins was confirmed by
developing yellow colour and mixture was measured spectropho-
tometrically (PerkinElmer EnSpire 2300) at 405e410 nm. Concen-
tration of endotoxin was calculated from the standard curve
prepared using the series of different endotoxin standard concen-
tration i.e., 1.0, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015 and 0.007 EU/
ml. Quantified values between first and last point of the curve are
only accepted and level of endotoxin was expressed as endotoxin
units/cubic meter of air (EU/m3).

Oxidative potential (OP) of PM in cell free/abiotic system has
been considered as one of the most promising screening method of
their biological reactivity (Orevik, 2019). OP describes the inherent
ability of particles and their components to induce ROS generation
which is an important underlying mechanism for particle toxicity.
Therefore, in present study, oxidative potential (OP) of PM10 and
PM2.5 samples along with predominantly found microbial species
in urban and rural indoor environments were measured by cell free
assay i.e., DTT assay and detail methodology for this assay is pro-
vided in our earlier publication (Roy et al., 2019).

Evaluation of cytotoxic potential of PM and its associated micro-
biota play a vital role in screening of toxicological properties due to
their association with genomic instability leading to the cell death.
Therefore, in order to detect the cytotoxic effect, cell viability of
indoor PM samples and abundantly identified bacterial and fungal
species were studied by using MTT assay. About 80% of total
collected samples from both urban (three houses; U1, U2 and U3)
and rural sites (two houses; R1 and R2) were used for cell culture
exposure and data reported for cytotoxic effect is an average values
of total samples analyzed at each site. Preparation of A549 cells
(lung epithelial cell line) were detailed out in supplementary file.
A549 cells were exposed to collected PM samples and a constant
dose (10^6 microbes/ml) of microorganisms for 24 h and assayed in
three technical and biological replicates. Cells withmedia acted as a
positive control. Briefly, cells were incubated with PM samples and
microbial species for 24 h and after that 20 ml of MTT solution was
added and further incubated the mixture for 4 h followed by
centrifugation. Media was removed after 24 h of exposure and
subsequently 100 ml of DMSO was added and finally absorbance
was measured at 570 nm by spectrophotometer well plate reader
(PerkinElmer EnSpire 2300). Pathways involved in the cell death (in
terms of appoptosis and necrosis) on exposure to adequate mi-
crobial pathogens can be monitored by widely used phosphati-
dylserine staining detectionmethod i.e., Annexin PI. Appoptosis is a
carefully regulated process of programmed cell death whereas
necrosis occurs through differences in plasma membrane integrity
and permeability. In present study, cell death on exposure to
airborne microbiota was employed by using the Alexa Fluor 488
annexin 5/Dead Cell apoptosis kit with Alexa Fluor 488 annexin v
and PI following manufacturer instruction (briefly outlined in
supplementary file). The data generated by flow cytometry (Attune
NxT Flow cytometer, Thermo Fisher Scientific) are plotted in two-
dimensional dot plots in which PI is represented versus Annexin
V. These plots can be divided in four regions corresponding to live
cells (i.e. annexin V-/PI-), early apoptotic (i.e. annexin Vþ/PI-), late
apoptotic (i.e. annexin Vþ/PIþ) and necrotic (i.e. annexin V-/PIþ.)

Apart from oxidative potential and cytotoxic effect, one of the
prime toxicity governing factor of airborne microbes is
inflammatory potential. Pulmonary cells, such as alveolar epithelial
cells and macrophages are first to respond to inhaled airborne
microbes, therefore, in present study in order to asses the inflam-
matory activity, both epithelial cells and macrophages (Mouse
RAW264.7 macrophage) were exposed to these airborne microbial
species. Inflammatory potential of prevalent gram positive, gram
negative bacterial and fungal species associated with PM was
measured in terms of analysis of immune response of different
cytokines (IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, TNF-a) in lung
epithelial cells by the use of the MACSPTEV Cytokine 12 kit ac-
cording to themanufacturer instruction. In addition, the expression
of cytokines such as IL-6 and TNF- a were also measured on
exposure to these microbes to macrophages using cytometric bead
array (CBA assay, BD Biosciences) as per the manufacturer’s pro-
tocol. Apart from these cytokines, production of highly reactive
signalling molecule i.e., nitric oxide (NO) is also considered as an
important marker of immunological activation of the cells. Hence,
concentration of stable NO2 was estimated by Griess reaction
detailed out in supplementary file.

2.5. Quality control

In order to minimise the risk of error, a number of quality con-
trol parameters were practiced during the study period from
collection of samples, microbial analysis to cell culture conditions
and toxicological assays. Flow rate calculations were checked every
sampling day to assure that the fluctuations in flow rate of the
sampler are within the range. Post sampling, collected filter sam-
ples were removed from the samplers immediately and transferred
to the sample cassettes cleaned with 70% isopropyl alcohol. All the
glassware, reagents and plastic wears used for the microbial and
toxicity assays were sterilized and these assays were carried out in
laminar hood with aseptic conditions. Field and filter blanks were
analyzed once per month for each sampling site; in total, 24 blanks
were analyzed. Both field and filter blanks were subjected to similar
handling, extraction and treatment (culturing, endotoxin mea-
surement, DTT and MTT assay) like sample filters in order to check
for contamination. Mass concentration of field and filter blanks
were found to be negligible and no contamination was observed.
Proper growth of A549 Cells was daily checked microscopically and
cell viability after trypsinization was also checked as an additional
quality control parameter.

2.6. Statistical analysis

Data of mass concentration and CFU count of airborne microbes
were investigated by descriptive statistics (mean and standard
deviation). Statistical analysis of data in terms of student’s t-test
and ANOVA was performed using the SPSS software version 20.0.
Spearman’s and Pearson’s correlation coefficient was used to
determine the correlation between the concentration of microbes
and endotoxin with other analyzed parameters. Probability (p)
values smaller than 0.01 and 0.05 were considered statistically
significant for all analyses.

3. Results and discussion

3.1. Bioaerosol concentration in urban and rural environment

Annual average mass concentration of PM10 and PM2.5 at urban
sampling site were 120.9 ± 40.5 mgm�3 and 94.6 mgm�3 respec-
tively while at rural site, concentration of PM10 and PM2.5 was
recorded as 142.4 ± 54.3 mgm�3 and 105.8 ± 30.8 mgm�3 respec-
tively. Quantitative analysis revealed that the level of total cultur-
able bacteria (TCB) associated with PM10 at urban houses varied
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from 323 to 3231 CFU/m3 with an average value of 2136 ± 285 CFU/
m3whereas the concentration of PM2.5 bound bacteriawas found to
be in the range of 246e2303 with mean value of 1605 ± 239 CFU/
m3. Average CFU count of gram negative bacteria (GNB) associated
with PM10 and PM2.5 was observed to be 1213 ± 224 and
899 ± 221 CFU/m3 respectively which is higher in comparison with
the CFU count of gram positive bacteria (GPB) (PM10 e

923 ± 181 CFU/m3 and PM2.5e706 ± 195 CFU/m3) at urban envi-
ronment (Table S3a). Average concentration of fungal fraction
associated with PM10 and PM2.5 was observed as 1484 ± 301 and
1279 ± 280 CFU/m3, respectively. High bacterial concentration
found at urban houses is probably attributed to the human activ-
ities such as talking, sneezing, coughing, and their other constant
actions. Degradation of wastes carried out in the dump yard located
near the urban houses (Fig. S1) provides a good platform for bac-
terial growth (Balyan et al., 2017; Kumar et al., 2013). In addition,
indoor plants and pets present in urban houses are also traced to be
the probable fungi and bacteria emitting sources (Prussin andMarr,
2015; Yassin and Almouqatea, 2010).

Level of total culturable bacteria (TCB) associated with PM10 and
PM2.5 found in rural environments was exhibited as 1521 ± 206 and
1306 ± 163 CFU/m3 respectively. In rural houses, average concen-
tration of gram positive bacteria associated with both sized PMwas
found to be higher with an average value of 829 ± 205 CFU/m3

(PM10) and 701 ± 201 CFU/m3 (PM2.5) in comparison with the CFU
count of GNB. Concentration of fungal fraction was exhibited the
dominance in both PM10 and PM2.5 with mean value of 1794 ± 302
and 1593 ± 300 CFU/m3 respectively (S3 a). Rural houses in present
study are comparatively heavily crowded with 5e6 peoples of
different age group, health and gender. Therefore, constant human
activities of different background people and their activities like
burning of oil lamps and incense can cause bacterial emissions
(Agarwal et al., 2016). In present study, higher fungal load has been
observed in rural houses probably attributed to the outdoor fungal
sources such as agricultural activities and cattle sheds (Fig. S1) in
close proximity of this site (Kalisa et al., 2019). Natural ventilation
in rural houses is driven by prevailing wind flow through open
windows and doors leading to higher air exchange rate and
therefore more penetration of air from outdoor to indoor may in-
crease in indoor fungal concentration. In addition, air exchange
between outdoor and indoor environment i.e., infiltration can also
occur through cracks and leaks present in the rural households
(Leung, 2015). Previous studies have also reported higher fungal
growth in rural environments which is in accordance with present
results (Bragoszewska et al., 2016; Canha et al., 2015; Nasir et al.,
2013).

The variation in microbial load in urban and rural households of
Pune might be due to the different household and personal daily
activities and as well as meteorological factors such as temperature
and relative humidity (RH). Indoor temperature of all rural and
urban housing types was reasonably uniformwith an average value
of 24.8 �C and 26.7 �C respectively. However, mean value of RH in
rural houses (57.7%) was found to be higher than the urban (53.5%)
households. In order to check the influence of temperature and
relative humidity (RH) on the survival of airborne microbes, cor-
relation between CFU count of bacterial and fungal aerosols with
temperature and RH at both sites were calculated in terms of
Spearman’s coefficient (Table S6). Statistically significant (p < 0.05)
positive correlation has been found between the concentration of
microbes in both sites and temperature and RH. Relative humidity
is favorable for microbial growth as microbes can absorb this water
from their living substrates for their metabolism; therefore
increased air humidity helps in growth and release of airborne
microbes (Bragoszewska and Pastuszka, 2018). Similarly, low tem-
perature decrease cell membrane fluidity which further inhibits the
microbial activity; therefore the increased atmospheric tempera-
ture promotes the growth and release of microbes (Bragoszewska
et al., 2017).

Due to the absence of epidemiologically established dose-
response relationship of most of the microbial agent and diversity
between individuals in the response to a particular inhaled
microbe, there are no threshold health based reference values
concerning the concentration of microorganisms in residential in-
door settings. Therefore, data obtained in present study was
compared with guidelines provided by some organizations (CEC,
WHO, OSHA, ACGIH, OISH, CHMC and CIC) and as well as with other
studies performed in indoor environment in India (Chennai, Vish-
akhapatnam, Delhi) and worldwide (Ethiopia, Egypt, Nigeria and
Iran). Microbial concentration in present study was above the
threshold values prescribed by these organizations (Tablee S4) and
according to the sanitary standard of European commission for
non-industrial premises (CEC, 1993), these values are considered to
be heavily contaminated in terms of bacterial (500e2000 CFU/m3)
and fungal (500e2000 CFU/m3) pollution. In addition, bacterial
load in present study was found to be higher than Chennai, Vish-
akhapatnam, Delhi, Ethiopia and Iran, and lower than Nigeria,
whereas fungal concentration exhibited higher values than Chen-
nai, Vishakhapatnam, Ethiopia, Nigeria and Iran and lower than the
values reported in Delhi and Egypt. Comparative study clearly
confirmed the high degree of microbial pollution in urban and rural
houses of Pune.

3.2. Seasonal variation in microbial growth

Significant seasonal variation (p < 0.05) in concentration of PM
bound bacteria and fungi at urban and rural sites was observed and
tabulated in Table S3b. In present study seasons are classified as
winter (NovembereFebruary), summer (MarcheJune) and
monsoon (JulyeOctober). The clear seasonal pattern for indoor
bacteria associated with both sized PM. at urban and rural site was
observed increasing from monsoon to winter with maximum
concentration found in summer season. During summer season,
degree of decomposition of waste in dump yard located near the
urban site occurs at a faster rate which eventually causes higher
emission of bacteria in urban houses. Predominance of bacterial
aerosol in summer season was also reported by Sivasakthivel and
Nandini (2017). In case of rural households, during summer sea-
son windows and doors are usually kept open which results in
higher penetration of outdoor air resulting in higher fungal growth
in the environment. In addition, elevated temperature in summer
season also provides appropriate conditions for the germination,
growth and propagation of airborne fungi (Xie et al., 2018). The
concentration of bacteria and fungi in monsoon season remains
least at both urban and rural sites due to rain wash effect and
similar observation has been reported by other studies (Lal et al.,
2017; Blazewicz et al., 2014).

3.3. Microbial identification

Morphology of bacterial colonies found at the urban and rural
sampling sites depicted different shapes viz., like round (cocci) and
rod (bacillus) and fungal fractions exhibited the presence of spores
and hypehae structure (Fig. S5 a and S5 b). Further, confirmation of
these isolates were done in terms of gene sequencing leading to the
identification of 5 bacterial and 7 fungal species predominantly
found in indoor air. During the study period, common identified
bacterias in both rural and urban sites were S. aureus, Bacillus sp.,
Micrococcus sp., Pseudomonas aeruginosa and E.coli. Among them,
two species belong to gram positive Cocci (S. aureus, Micrococcus
sp.), Bacillus sp. is spore forming gram positive rod and remaining
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two Pseudomonas aeruginosa and E.coli. belong to gram negative
bacilli. The relative percentage abundance of these microbes asso-
ciated with PM10 and PM2.5 at urban and rural site is depicted in
Fig. 1. At urban site, Pseudomonas aeruginosa was found to be pre-
dominant with 59.2% and 51.3% in PM10 and PM2.5 samples
respectively. Whereas, at rural site S. aureus and Bacillus sp. were
dominant in PM10 and PM2.5 with percentage abundance of 62.5%
and 70% respectively. Profusion of Pseudomonas aeruginosa in urban
environment can be a major concern because of its associationwith
respiratory tract infections whereas similarly the dominance of
S. aureus in rural houses also may pose health threat to the exposed
occupants due to their capability of causing disease through inva-
sion and toxin production such as pneumonia, abscess and diarrhea
(Liu et al., 2018; Sheikh et al., 2015). Identified Bacillus species in
PM2.5 can survive long in the air and known to cause food poisoning
and periodontal disease (Agarwal et al., 2016). Prevalence of similar
bacteria aerosols in indoor environments were also reported in
previous studies (Agarwal et al., 2016; Sheikh et al., 2015;
Gangamma et al., 2011). Among 7 identified species of airborne
fungi (Aspergillus sp., Cladosporium sp., Penicillium sp., Alternaria
alternata, Fusarium sp., Trichoderma sp. and Mucor), Aspergillus sp.
was found to be predominant in both sized PM collected from ur-
ban and rural households. Abundance of Aspergillus species may
trigger hypersensitivity pneumonitis to the exposed occupants as
these species are well-known to play a role in three different
clinical settings in humans: opportunistic infections, allergic states
and toxicoses by inhalation (Marta Malecka-Adamowicz et al.,
2019; Egbuta et al., 2017). In addition, other recognized fungal
Fig. 1. Percentage abundance of bacterial and fungal isolates associated wit
species such as Penicillium sp, Alternaria alternata and Cladosporium
sp have the ability to cause severe episodes of pneumonitis, asthma
and rhinitis respectively which can also be a threat for the residents
(Agarwal et al., 2016; Priyamvada et al., 2017). Results of the present
study exhibited that most of the identified bacterial and fungal
species in indoor air of urban and rural houses are pathogenic in
nature and therefore more awareness should be paid in order to
safeguard the environment.

3.4. Endotoxin measurement

Endotoxin, an important biomarker can be linked to various
respiratory outcomes and considered as a potent modifier of acute
and chronic toxicity. Mean bacterial endotoxin concentration
associated with PM10 and PM2.5 measured at urban site was
0.98± 0.34 EU/m3 and 0.77± 0.22 EU/m3 respectivelywhile at rural
site, the level was recorded as 0.90 ± 0.24 EU/m3 for PM10 samples
and 0.69 ± 0.24 EU/m3 for PM2.5 (Fig. 2a). Overall endotoxin level
was little higher in urban houses as compared to the rural one.
Endotoxin originates primarily from gram eve bacteria and in
present study concentration of grameve bacteria has been found to
be maximum in urban houses which supports the comparatively
higher level of measured endotoxin at urban site. In present study,
urban houses were comprised of pets which have been identified as
potential sources of airborne endotoxin (Salonen et al., 2016). In
addition to this, carpet flooring in urban houses and habits of the
occupants like tobacco smoking (Fig. S1) are also considered as
imperative predictors of increased level of endotoxin (Yoda et al.,
h PM10 and PM2.5 samples collected from urban and rural households.



Fig. 2. a) Endotoxin measurement of PM10 and PM2.5 samples (b) Oxidative potential in terms of DTT loss of PM samples and predominantly found bacterial (2–6) and fungal species
(7–13) in indoor environments.
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2016; Salonen et al., 2016). Endotoxin level in rural houses is
probably attributed to the agricultural activities, intensive farming
operations and biomass burning activities in proximity of the
sampling site (Rooij et al., 2017; Yoda et al., 2016). Higher endotoxin
concentration was found to be associated with PM10 fraction and
similar observation has already been reported in previous studies
(Rolph et al., 2018; Lu et al., 2014; Traversi et al., 2011). Endotoxin is
made up of lipopolysaccharide which is probably allied with heavy
metals and silicates preferably found in larger particles may be
resulting into higher concentration of endotoxin in PM10 size
fraction (Rolph et al., 2018; Nilsson et al., 2011). Internationally
accepted threshold limit of endotoxin exposure indicating the safe
level for humans has yet not been established. Although the Na-
tional Health Council of the Netherlands has prescribed the
threshold limit of 90 EU/m3 for endotoxin exposure, but various
scholars have suggested that endotoxin level in residential pre-
mises ranging from 0.02 to 19.5 EU/m3 could have played signifi-
cant role in causing sick building symptoms (Roque et al., 2018;
Park et al., 2008). In addition, results derived from previous studies
demonstrated that low level of endotoxin can also cause adverse
health effects (Farokhi et al., 2018; Ryan et al., 2009).

3.5. Oxidative potential of PM bound microbes

Oxidative potential initiated by the formation of reactive oxygen
species (ROS) is an important metric associated with various bio-
logical responses of PM exposure (Jan et al., 2020; Visentin et al.,
2016). These generated ROS are able to cause microbial toxicity in
terms of two main mechanisms, oxidative stress and inflammation.
Therefore, recognizing the importance of ROS, oxidative reactivity
of indoor PM samples and predominantly found 5 bacterial and 7
fungal species in indoor air of urban and rural houses was assessed
in terms of DTT assay and depicted in Fig. 2b. Oxidation of DTT can
be measured by examining the rate of DTT loss in presence of redox
active components (microbial cells) and can be used as ameasure of
oxidative potential. Intrinsic higher DTT activity (in terms of DTT
loss) with respect to control has been observed for both sized PM
samples collected from urban and rural households clearly
demonstrating their oxidative nature. DTT depletion from blank
samples was also measured and no difference was found as
compared to control. Generally, the identification of specific com-
ponents of PM as a contributor to DTT loss is based on the corre-
lation of DTT activity with PM composition. Therefore in present
study, in order to identify the role of bacterial and fungal aerosols
towards DTT loss, correlation between CFU count of bacterial and
fungal composition in both sites and DTT loss in PM samples were
calculated in terms of Pearson’s coefficient (Table S6). Significant
positive correlation has been observed between DTT loss and mi-
crobial concentration in urban (r ¼ 0.63 for bacteria and 0.67 for
fungi) and rural (r ¼ 0.6 for bacteria and 0.7 for fungi) houses,
clearly supporting the influence of these microbial components of
PM on DTT loss. In addition, all of the individual microbes (culti-
vated from PM extract) predominantly found in indoor air exhibi-
ted considerable DTT depletion as compared to the control also
suggesting their significant oxidative potential. Fungal isolates have
induced higher depletion of DTT in comparison with bacterial cells
and amongst all, Aspergillus sp. showed maximum oxidative reac-
tivity followed by Cladosporium sp., Pseudomonas aeruginosa and
Fusarium sp. etc. Elevated oxidative potential of Aspergillious spe-
cies was also previously reported by other studies (Samake et al.,
2017; Madsen et al., 2012; Timm et al., 2009) Functional groups
present in the cell walls of these microbes can involve in DTT
dehydrogenation in terms of redox activity and leading to imbal-
ances in redox cycling and the production of high levels of ROS
(Samake et al., 2017). Amongst bacterial isolates, maximum
oxidative potential has been exhibited by gram negative bacteria
i.e., Pseudomonas aeruginosa which is probably attributed to the
oxidative stress induced by Pyocyanin, the most virulence factor
produced by this species (Hall et al., 2016). Oxidative potential of
these airborne microbes present in urban and rural households
reveals the involvement of these microbial cells in induction of ROS
generation and their imperative association with serious inflam-
mation related health risk.

3.6. Cellular toxicity: MTT assay and annexing PI

Indoor PM samples and prevalently found microbes associated
with PM exhibited considerable cytotoxic response towards
A549 cells in both urban and rural households. In both size fraction
of PM (75 mg/ml), statistically significant decrease (p < 0.01) in cell
viability was observed with maximum cell death in PM10 samples
collected from rural houses. Cell viability was decreased to 47.8%
and 51.6% for PM10 and PM2.5 samples respectively in urban site
whereas in rural site cell viability decreased to 42.4% and 47.1% for
PM10 and PM2.5 respectively (Fig. 3a). The viability from the blank
samples from each lot was also calculated and no difference was
found as compared to control. Cytotoxic response of PM samples
can be characterized by the prominent morphological changes as
compared to the untreated cell (control). Microscopic images of
A549 cell death on exposure to both PM10 and PM2.5 samples from
urban and rural site is depicted in Fig. 3a. Interaction of PM samples
with cells causes severe alteration in cell wall, membrane disrup-
tion, cell shrinkage and fragmentation of nucleus indicating the
prominent feature of cell death. Oxidative stress initiated by the
formation of ROS is considered as the most promising mechanism
of cytotoxic behavior of indoor PMwhich probably attributed to the
presence of different microbial (bacteria, fungi, pollen) and chem-
ical constituents (metals, PAHs, elemental and organic carbon) in
PM. Therefore, in order to address the precise role of microbes
associated with PM and bacterial endotoxin for eliciting the cellular
toxicity, Pearson’s correlation was calculated in present study
(Table S6). Significant negative correlation has been found between
A549 cell viability and microbial (r ¼ �0.74 for urban bacteria, r ¼ -
0.69 for rural bacteria; r ¼ - 0.77 for urban fungi, r ¼ - 0.84 for rural
fungi) and endotoxin concentration (r ¼ - 0.73 for urban, r ¼ �0.69
for rural) clearly demonstrating the influence of these airborne
microbiata and their components in causing the cell death. Further,
interaction between individual microbial species abundantly found
in indoor air and A549 cells were also evaluated. On exposure of
A549 to predominant airbornemicrobes, significant decrease in cell
viability with respect to control was observed. Fungal species
induced higher cytotoxic response as compared to the bacterial
cells (Fig. 3b) and treated cells appeared to be non-viable with
considerable detachment and other morphological changes
(Fig. 3b). All together, maximum cell death was observed (65%) by
Aspergillus sp. probably due to their ability to produce secondary
metabolites which can be responsible for causing cytotoxic effects
(Alko and Mehta, 2015) and Mucor was found to be least cytotoxic
in nature. Gram negative bacteria (Pseudomonas aeruginosa)
exhibited maximum decrease in cell viability among bacterial iso-
lates with alteration of epithelial permeability and finally damage
the cytoskeleton.

MTT assay revealed the confirmation of cell death induced by
microbial load present in indoor air. Commonly cell death involves
two primary pathways: apoptosis and necrosis (Turner et al., 2015).
In present study, Annexin V assay differentiate between apoptosis
and necrosis pathways relating to cell death induced by gram
positive (S. aureus), gram negative bacterial (Pseudomonas aerugi-
nosa) and fungal (Aspergillus sp.) species dominantly found in in-
door environments and depicted in Fig. 4. Present findings



Fig. 3. Cytotoxic evaluation (MTT assay) of PM10 and PM2.5 samples (a) and PM associated predominantly found bacterial and fungal species (b) in indoor environments.
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Fig. 4. Annexin V study of most prevalent PM associated gram positive (S. aureus), gram negative bacterial (P. aeruginosa) and fungal (Aspergillus sp) isolates found in indoor
environments.
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Fig. 5. Production of Inflammatory mediators (NO and cytokines) by prevalent gram positive (S. aureus), gram negative bacterial (P. aeruginosa) and fungal (Aspergillus sp.) fractions
of PM in lung epithelial cells.
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demonstrated the significant potential of all three chosen airborne
microbes to persuade cell death in terms of both necrosis and
apoptosis. With respect to the control, percentage cell death has
been considerably increased for both bacterial and fungal patho-
gens. Aspergillus sp. exhibited maximum percentage of necrotic cell
death (50.3%) amongst all analyzed microbes. Gram negative bac-
teria (Pseudomonas aeruginosa) induced 31.5% of necrotic (annexin
V-/PIþ.)) and 16% of late apoptotic (annexin Vþ/PIþ) cell death
where as gram positive bacteria (S. aureus) induced 43.6% necrotic
and 29% of late apoptotic cell death. Necrosis is considered as a post
apoptotic event in which necrotic cells are associated with both
apoptotic (DNA fragmentation) and necrotic features (rupture of
cytoplasmic membrane) and pathogenic consequence of persistent
apoptotic-necrosis is the leakage of pro-inflammatory mediators
leading to acute and chronic inflammation (Oliveira et al., 2015).
ROS mediated oxidative stress has comprehensive influence in in-
duction of necrotic cell death (Hea et al., 2017; Choi et al., 2009).
Results of DTT assay already demonstrated the highly oxidative
nature of Aspergillus sp. and Pseudomonas aeruginosa which can be
considered as an imperative factor of causing significant necrotic
cell death. Findings from present study established that the cyto-
toxicity initiated in A549 cells by both bacterial and fungal patho-
gens can lead to both types of cell death; however, necrosis
appeared to be the dominant pathway.
Fig. 6. Production of Inflammatory cytokines (IL-6 and TNF- a) by prevalent gram
positive (S. aureus), gram negative bacterial (P. aeruginosa) and fungal (Aspergillus sp.)
fractions of PM in alveolar macrophages.
3.7. Inflammation: production of NO and cytokines

On exposure to microbial pathogens, the immune system re-
sponds to irritations through an innate cascade, known as inflam-
mation which is initiated by the release of extracellular mediators.
Production of nitric oxide (NO) and proinflammatory cytokines
including tumor necrosis factor alpha (TNFa) and various in-
terleukins (IL-6, IL-4, IL-2) are considered as the most potent bio-
markers of immunological activation of the cells in the respiratory
tract (Huttunen et al., 2012). In present study, mostly all identified
microbes in indoor air trigger the production of NO with respect to
control suggesting their ability to cause the adverse respiratory
health effects (Fig. 5). Aspergillus sp. elicited maximum NO pro-
duction in A549 cells after 24 h exposure with an average value of
1.9 mM. Inflammatory nature of fungal metabolites and their
involvement in causing non-allergenic respiratory health effects
has been also confirmed previously by Miller et al., 2010. Amongst
bacterial isolates, Pseudomonas aeruginosa induced maximum NO
production followed by Bacillus sp. and S aureus. In addition to NO,
cytokines are considered as the key modulators participating in
acute and chronic inflammation (Turner et al., 2014). TNF-a, and IL-
6 are believed to be the main mediators of host response towards
infectious organisms and higher level of these modulators are re-
ported in response to viral infections, and allergic rhinitis
(Skovbjerg et al., 2010; Purokivi et al., 2002). In present study,
predominantly found gram positive (S. aureus), gram negative
bacterial (Pseudomonas aeruginosa) and fungal (Aspergillus sp.)
species associated with PM were subjected to the production of
inflammatory cytokines (IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, TNF-
a) in alveolar epithelial cells and the results revealed the significant
production of all these cytokines as compared to the corresponding
unexposed controls (Fig.3.5). Considerable production of cytokines
by these airborne microbes probably is associated with their higher
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oxidative potential (Viegas et al., 2017). Pseudomonas aeruginosa
inducedmaximumproduction of IL-5, IL-6 and IL-10 andmaximum
production of other cytokines (TNF-a, IL-12, IL-2, IL-9) has been
triggered by Aspergillus sp. In addition, prominent production of IL-
6 and TNF- a as compared to control has been also observed on
interaction of chosen microbial with lung macrophages (Fig. 6).
Significant increase in the expression of representative inflamma-
tory cytokines (IL-6 and TNF- a) clearly indicates acute and short
inflammatory response of these airborne microbes of PM. The
levels of TNF-a, secreted into the culture medium were highest in
GPB treated macrophages whereas, expression of IL-6 was found to
be maximum for GNB and Aspergillus sp. treated macrophages.
Similar pattern of elevated cytokine (IL-6 and TNF- a) production
was also previously reported (Longhin et al., 2016; Skovbjerg et al.,
2010). Inflammatory reaction of bacterial isolates is mainly attrib-
uted to the binding between different bacterial cell wall compo-
nents (lipotecichoic acids for GPB and lipopolysaccharide for GNB)
and cell surface receptors (Toll like receptor 2 for GPB and Toll like
receptor 4 for GNB) of macrophage (Hesslea et al., 2005). Findings
in present study clearly indicate the role of inflammation induced
by prevalently found indoor bacterial and fungal species as one of
the primary response of lung.
4. Conclusion

In summary, results derived from the present study provide an
insight into the toxicological characterization of PM and its mi-
crobial components collected from urban and rural households of
Pune. Results showed that the microbial load in both sampling sites
were highly dependent on household characteristics, activities
performed by the occupants and as well as the outdoor influences.
Mostly identified microbes in indoor air are pathogenic in nature
and their elevated levels in urban and rural houses are a real
concern for the respiratory health of exposed residents. Significant
oxidative potential, inflammatory activity and cytotoxic behavior of
prevalently found indoor microbes clearly suggested their haz-
ardous nature and association with various acute and chronic dis-
eases. Findings from present study bridges the existing knowledge
gap in the role of airborne microbes for causing wide range of
health threats and further could serve as a basis for other bioaerosol
studies looking at the role of biogenic components of PM on human
health. In addition, detailed understanding of toxicological
assessment of airborne microbes in present study will certainly
assist the policy makers and environmentalist in the development
of appropriate intervention assuring the protection of vulnerable
population from adverse health effects of bioaerosols. Bioaerosols
are comprised of culturable and non-culturable forms whereas in
this study only culturable fractions were monitored therefore the
inclusion of non-culturable form is also important to provide an
accurate estimation of health risk. Furthermore, in order to reduce
the health risk and to establish reliable health based guidelines of
bioaerosols, there is a need of more detailed similar studies keeping
in view the indoor household conditions.
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