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Abstract Traffic junctions are one of the crowded
places where commuters are at high risk of developing
respiratory infections, due to their greater exposure to
airborne and human transmitted microbial pathogens.
An airborne bioaerosol assessment study was carried
out at a high traffic density junction focusing on their
concentration, contribution in respirable particulate mat-
ter (PM), and factors influencing the distribution and
microbial diversity. Andersen six-stage viable cascade
impactor and a wide-range aerosol spectrometer were
used for microbial and particulate matter measurements,
respectively. Statistical analysis was conducted to eval-
uate the relationship between bioaerosol concentration,
vehicular count, PM concentration, and meteorological
parameters. The mean bacteria concentration (1962.95
+651.85 CFU/m®) was significantly different than fungi
(1118.95+428.34 CFU/m®) (p <0.05). The temporal
distribution showed maximum concentration for bacte-
ria and fungi during monsoon and postmonsoon sea-
sons, respectively. In terms of bioaerosol loading, a
considerable fraction of fungi (3.25%) and bacteria
(5.65%) contributed to the total airborne PM. Most
abundant bioaerosols were Aspergillus (27.58%),
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Penicillium (23%), and Cladosporium (14.05%) (fun-
gi), and Micrococcus (25.73%), Staphylococcus
(17.98%), and Bacillus (13.8%) (bacteria). Traffic-
induced roadside soil resuspension and microbial aero-
solizations from the human body were identified as the
chief sources of bioaerosol emissions. The risk of lower
respiratory tract infections caused by anthroponotic (hu-
man transmitted) transfer of bacterial pathogens is very
high. The results of the study can be used to trace
sources of microbial mediated communicable diseases,
and to recommend appropriate safety measures to avoid
pathogenic bioaerosol exposure.

Keywords Bioacrosols - Particulate matter - Particle size
distribution - Vehicle count - Wide range aerosol
spectrometer

Introduction

Bioaerosols are the ubiquitously distributed suspended
airborne particles of biological origin (bacteria, viruses,
fungi, toxins, pollen, etc.) (Lee 2011). A wide range of
factors affect their distribution, including meteorologi-
cal conditions (Erkara et al. 2008; Jones and Harrison
2004), type of surrounding vegetation (Pepeljnjak and
Segvi¢ 2003), bioaerosol size (Fang et al. 2008), nutrient
availability (Chi and Li 2007), microbe-particle associ-
ation (Després et al. 2012), bioaerosol age (Li et al.
2015), human activities (Abdel Hameed et al. 2009),
etc. The adverse effects of bioaerosols have been ob-
served in humans as well as in animals (Millner 2009).
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Exposure to bioaerosols containing pathogenic species
of microorganisms such as Aspergillus, Penicillium,
Rhizopus, Curvularia, Alternaria, Staphylococcus,
Pseudomonas, and Enterococcus have been associated
with a range of human diseases (Patil and Kakde 2017;
Abdel Hameed et al. 2009; Hurtado et al. 2014). Some
of the respiratory health problems caused by bioaerosol
exposure are asthma (Dales et al. 2004), bronchial hy-
peractivity (Raisi et al. 2013) allergic rhinitis (Fung and
Hughson 2010), and chronic obstructive pulmonary
disease (COPD) (Matheson et al. 2005) etc.

Different environmental settings such as composting
plants (Rashidi et al. 2017; Connor et al. 2015), open
landfill sites (Patil and Kakde 2017), hospitals (Cordeiro
et al. 2010), wastewater treatment plants
(Michalkiewicz 2018), poultry farms (Jerez et al.
2014), swine houses (Kim et al. 2007), etc. are the
sources of considerable amount of bioaerosols in the
atmosphere. Even, simple human activities such as
coughing, sneezing, talking, and mere breathing can
induce microbial discharge from the respiratory tract
(Han et al. 2013; Prussin and Marr 2015) into the
ambient air. Therefore, the exposure risk of pathogenic
bioaerosols is excessively high, especially in the over-
crowded public spaces, such as religious places
(Alananbeh et al. 2015), subway stations (Fan et al.
2017), train stations (Dong and Yao 2010), market areas,
bus stations, etc. These places are also among the pos-
sible exposure hotspots for instigating bioterrorism at-
tacks (Das and Kataria 2011).

According to “2018 Revision of World Urbanization
Prospects” by United Nations Department of Economic
and Social Affairs (UN DESA), the current urbanization
proportion of 55% is expected to rise by 68% by the year
2050 (https://www.un.org/development/
desa/publications/). With a more rural population
shifting towards urban areas, the atmospheric load of
pollutants including microbial contaminants is also
expected to increase significantly. In a report released
by the World Health Organization (WHO 2016),
Dehradun, an urbanized area in northern part of India,
was listed as the 3 1st most polluted city in the world in
terms of PM pollution (https://www.who.
int/phe/health_topics/outdoorair/databases/cities/en/).
A recent study at Dehradun delineated the sources and
excess cancer risk of PM;, inhalation (Prabhu and
Shridhar 2019). In the study, besides vehicular emis-
sions and biomass burning, road dust resuspension was
identified as the major contributor to PM pollution in the
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city. Another study on the size segregated PM exposure
in street vendors revealed a high respirable deposition
dose of PM along with increased cases of respiratory-
related disorders among those working at commercial
area than at residential area (Prabhu et al. 2019). How-
ever, the authors have highlighted the need to study
bioaerosol distribution to understand the impact of air-
borne pollutants on human health. It is also important to
note that bioaerosols can occur as agglomerates attached
to suspended PM (such as soil, dust, skin flakes, sand,
etc.) (Xie et al. 2018), which enhances their viability and
infectivity (Iwasaka et al. 2009). This highlight the
hidden risks associated with the city’s exposure to path-
ogenic bioaerosols. Owing to these facts, it is imperative
to investigate the bioaerosol load at the locations where
traffic flow and chances of infection to humans are high.

Traffic junctions are important outdoor public places,
presenting a dynamic environment in terms of human/
vehicular movement and gathering. Different occupation-
al workers such as traffic police, occupants of nearby
shops, eateries/restaurants; roadside workers (construc-
tion and municipal workers etc.), daily commuters (office
goers, students etc.) are the most vulnerable groups ex-
posed to bioaerosol related health risks at these sites.
Therefore, in this study, we focused on monitoring the
distribution characteristics of airborne cultivable
bioaerosols at a high traffic density site in Dehradun,
India. The objectives of the study were to (i) investigate
the temporal variation of cultivable airborne fungal and
bacterial aerosols, (ii) understand the bioaerosol size dis-
tribution and their percentage contribution to PM, and
(iii) characterize the microbial diversity at the study site.

Materials and methods
Sampling site description

Dehradun (30.31° N, 78.03° E, 650 m amsl) has
witnessed rapid urbanization since its inception as the
capital city of the Himalayan state, Uttarakhand, India,
in the year 2000 (Fig. 1). According to the Census of
India, 2011, the population density of the city was 550
persons per square kilometer, which corresponds to an
increase of 32.33% since 2001. The city observed a
huge increase in the number of registered vehicles from
37,650 in the year 2001 to 1,349,020 in 2011
(http://ueppcb.uk.gov.in/). It is a hub for several
important government and private entities including
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Fig. 1 Sampling site in Dehradun (source of the map: Google)

defense organizations, scientific institutions, industries,
schools, colleges, universities, etc. The city is
surrounded by three well-known tourist destinations
namely, Haridwar (54 km South-East), Rishikesh (43
km South-West), and Mussoorie (38 km North), which
attracts large number of visitors from different parts of
the country and the world, thereby increasing its floating
population.

Dehradun has a humid subtropical climate character-
ized by distinct seasonal variations: hot and humid
summers (March to May); wet monsoons (June to Au-
gust); post-monsoon (September to November); and
mild to chilly winters (December to February). Aerosol
sampling was conducted at a high traffic density junc-
tion of Inter State Bus Terminal (ISBT) at Dehradun
city. ISBT was chosen as the sampling site because it is
the only major bus terminal (hence, one of the most
crowded public places) in Dehradun where thousands of
commuters arrive every day. A pivotal three-way inter-
section, conjoining three National Highways witnesses
frequent traffic jams in the area. The area adjoining the
junction is surrounded by a cluster of roadside eateries,
hotels, parking area, and a shopping mall (~ 100 m from
the sampling location). Besides, the local taxis, autos,
private busses, and other means of transport are also
parked at this junction.

Sampling methodology

The airborne cultivable microbial samples were collect-
ed during the sampling campaign using six-stage viable

Andersen Cascade Impactors (Tisch Environmental,
Cleves, OH). The sampler collects bioaerosols in the
following size ranges: 0.65—-1.1 um, 1.1-2.1 um, 2.1-
3.3 um, 3.3-4.7 um, 4.7-7.0 um, and > 7.0 um. These
size fractions simulate the deposition pattern in different
regions of the human respiratory system (Xu and Yao
2013). The flow rate of 28.3 L/min was maintained
using a calibrated dry gas meter, before each sampling
event. The samplers were disinfected with 70% ethanol
before each sampling event to prevent any cross-
contamination (Dybwad et al. 2014). Sampling was
conducted three times a day for three consecutive days,
every month, for a period of 2 years (from September
2016 to August 2018). The sampling protocol was
adopted from Fang et al. (2005, 2008). The time dura-
tion of sampling was 15 min which was selected based
on the following studies. According to the guidelines for
bioaerosol monitoring studies given by Tortora et al.
(1989) and Jensen and Schafer (1998), time duration
within which a total of 30 to 100 microbial colonies can
be collected in a single petriplate should be selected as
the time period for conducting bioaerosol sampling.
Therefore, a pilot study was conducted prior to the
sampling campaign in the study site to optimize the
sampling duration. Based on the pilot study, time dura-
tion of 15 min was considered as the optimum time
period for collecting the bioaerosol colonies. The details
and the results of the pilot study are present in Appendix
1. The timings of the sampling were morning (between
07:00 HH: MM, local time, LT and 10:00 HH: MM,
LT), afternoon (between 12:00 and 15:00 HH: MM, LT)
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and evening (between 16:00 and 19:00 HH: MM, LT).
Three times sampling each day was conducted to cover
the active exposure time of the people which represents
their daily working hours (i.e., between 07:00 HH: MM,
LT and 19:00 HH: MM, LT). Tryptic Soy Agar supple-
mented with chloramphenicol (to inhibit fungal growth)
was used to collect bacterial aerosols while Sabouraud
dextrose agar supplemented with cycloheximide (to in-
hibit bacterial growth) was used to collect fungal aero-
sols (Faridi et al. 2015). Overall, 216 bacterial and
fungal samples were collected during the study period.
Further details on the sampling methodology are pro-
vided in Appendix 2.

In parallel, a wide-range aerosol spectrometer and
optical particle counter (Mini-WRAS, Model 1.371,
Grimm Aerosol Technik, Germany) was used simulta-
neously to measure the size distributions of total air-
borne particles for 1 year from September 2017 to
August 2018. PM mass concentration (j1g/m>) was mea-
sured for the aerodynamic diameter less than 1 pum
(PM,), 2.5 um (PM, 5), and 10 um (PM;), while par-
ticle number concentration (PNC, particles/m3) was
measured at the size range of 0.576-8.001 pum
(representing 17 size channels). The inlet ducts of the
analyzer were cleaned every time before the sampling
by passing a jet of clean compressed air. Mini WRAS
operates at the flow rate of 1.2 L/min and has a time
resolution of 1 min. In total, 108 total airborne PM
samples were measured during the study period. Further
details on the instrument are mentioned in Appendix 3.

Both the samplers were located at a breathing height
of 1.5 m above ground level (AGL) maintaining a
minimum distance of 1 m from each other and from
physical barrier (Hurtado et al. 2014; Faridi et al. 2015).
A section on the analytical quality control for instrument
handling, sampling procedure, and data analysis is in-
cluded in Appendix 4.

Meteorological parameters

The sampling campaign also included the measurement
of meteorological parameters. Temperature (°C), rela-
tive humidity (%), and wind speed (m/s) were recorded
using a handheld hygro-thermo anemometer (Extech
45,160 3-IN-1). The solar radiation (W/m?) and plane-
tary boundary layer heights (PBLH, m) in 3-h intervals
were acquired from the US National Oceanic and At-
mospheric Administration (NOAA) READY archived
Global Data Assimilation System (GDAS) (ftp://gdas-
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server.iarc.uaf.edu/gdas1/) meteorological data having a
spatial resolution of 0.5°x 0.5°. The Air Resource
Laboratory (ARL) - Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT) model was used to
convert the data acquired from the GDAS into a read-
able format. The detailed procedure for calculating
PBLH is described in Appendix 5. Wind direction and
rainfall (mm) data were acquired from the weather un-
derground portal (https://www.wunderground.com).

Vehicle count

Vehicle count at the sampling site was carried out for
60 min (starting 45 min prior to each sampling). Prior
counting was performed considering the fact that dust
released from the ground due to vehicular/human move-
ment may remain suspended for a considerable amount
of time. The details of per hour vehicle count at the
sampling site are shown in Appendix 6. It was also
observed that the number of commuters arriving at the
sampling site increased every time with the correspond-
ing increase in vehicular movement. Therefore, in this
study, vehicular count was also used as an indicator of
human movement and associated activities.

Microbial analysis

The collected bacterial samples were incubated at 35 +
0.5 °C temperature for 24-48 h (Heo et al. 2014) while
fungal samples at 20-28 °C for 3—7 days (Hoseini et al.
2013), respectively. The bioaerosol concentration was
expressed as colony forming units per cubic meter of air
(CFU/m®) after the standard positive-hole correction
method was taken into account to statistically correct
the counting (Ponce-Caballero et al. 2013). The formula
used for calculating bioaerosol concentration is as
follows:

Bioaerosol concentration (CFU/m3)

= No.of colonies/( flow rate (m3/min) x time (min))

The bacterial colonies were isolated and the pure
cultures were separated based on their morphological
characteristics. The isolates were identified by
conducting the microscopic examination followed by
biochemical tests and comparing the results obtained
in Bergey’s manual (Faridi et al. 2015) and Advanced
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Bacterial Identification Software (ABIS) (Rahman et al.
2017). The fungal isolates were identified using both
microscopic and macroscopic examinations following
the identification manual (Barnett and Hunter 2010).

Statistical analysis

One-way analysis of variance (ANOVA) was used to
find whether there is significant difference in temporal
variation of bioaerosols. Post hoc test was used to test
the differences within each group. Pearson correlation
was used to find the association between bioaerosol and
PM mass concentration at different acrodynamic size
(PM;, PM, s, and PM,(), meteorological parameters
(wind speed, temperature, relative humidity, and rain-
fall) and vehicular count. The level of significant value
was set at p <0.05 for all the tests performed. All the
calculated values were reported with the number of
significant figures associated with the uncertainty of
measurement.

Results and discussion
Total concentration of bioaerosols

Total bacterial and fungal concentration was obtain-
ed by averaging the sum of the concentrations of
six size fractions measured during the study period.
The results of the mean total bacterial and fungal
bioaerosol concentration are shown in Fig. 2. Re-
sults showed that the average total bacterial con-
centration (2.0 x 10° £6.5 x 10> CFU/m?) was sig-
nificantly higher than the corresponding fungal con-
centration (1.1x10% +£4.3 x 10> CFU/m?®) P <
0.05). This can be attributed to the dominance of
the bacterial population over fungi in natural envi-
ronments (such as vegetation, soil, etc.) (Després
et al. 2012). A strong positive correlation (» =0.83,
p <0.05) was observed between bacterial and fun-
gal aerosols, indicating the similarity in factors
affecting their temporal variations. Table 1 shows
the comparative analysis of the sampling strategy
(including different sampling durations) that has
been used for monitoring bioaerosols in different
countries across the globe.
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Fig. 2 Box and whisker plot showing mean total concentration of
bacterial and fungal bioaerosols collected from ISBT. The lower
and upper borders of the box represents 25th and 75th percentile,
respectively. Whisker represents the standard deviation. Lower
and upper cross marks represent minimum and maximum value,
respectively

Temporal variation of the bioaerosols

The temporal variation of bacteria and fungi at the
sampling location is shown in Fig. 3. For bacterial
aerosols, concentration levels were in following order:
monsoon (MN) > post-monsoon (PS) > summer (SM) >
winter (WN). In the case of fungal aerosols, the concen-
tration levels followed the order: PS > MN > SM > WN.
The results of the post hoc analysis showing significant
difference in bioaerosol concentration between seasons
are shown in Appendix 7. It was observed that both
winter and summer season showed significant differ-
ence in bioaerosol concentrations with the rest of the
seasons (p <0.05). Both bacterial and fungal aerosols
exhibited a similar seasonal pattern during both the
sampling years.

The monthly variation for both bacteria and fungi
showed that January accounted for the lowest concen-
tration levels followed by December and February (Fig.
3). The highest bacterial concentrations were observed
during August followed by July and September. On the
other hand, the highest fungal concentrations were ob-
served during September followed by October and June.

Factors affecting temporal variation
The mean vehicle count per hour, meteorological pa-

rameters (temperature, relative humidity, solar radiation,
wind speed, PBLH, and rainfall), PM;, PM, s, and
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Table 1 Comparative assessment of bioaerosol monitoring in different parts of the world

Country  Sampling site Sampling protocol Bioaerosol Concentration References
type (CFU/m?)
Nigeria Dumpsite 2.45 min, 1 day in a week, Bacteria Min—max (195-2994)  Akpeimeh et al. (2019)
for 13 weeks Fungi Min-max (166-1116)
Tehran Subway stations Two minutes, once in every Fungi Min—max (14-1095) Hoseini et al. (2013)
6 days,
four consecutive months
Singapore Child care centers  Two minutes, everyday Fungi Min—max Zuraimi et al. (2009)
between 9 am — 11 am (1797.9-3559.8)
Mexico  Subway system Ten minutes, 5 months Bacteria Min—max (1-68) Hernandez-Castillo et al.
Fungi Min—max (6-80) (2014)
Pakistan ~ Urban and rural Two minutes afternoon timings Bacteria Urban: 2788 Nasir et al. (2012)
area for 3 months Rural: 8031
Fungi Urban: 16,416
Rural: 15,790
China Outdoor ambient ~ Ten minutes, between 8:00 h Bacteria Min-max Li et al. (2015)
air and 13:00 h (497.7-1736.5)
Fungi Min—-max
(247.6-1703.9)
Egypt Industrial region Two to 4 min Timings between Bacteria 1414 x10° Abdel Hameed et al. (2009)
6 am and 12 pm at every Fungi 5.90 x 10
2-h interval, during
weekends,
two times a month for 1 year
India University campus ~ Thirty minutes, 3 days each in  Bacteria Min—max (63.6-338.8) Srivastava et al. (2012)
four sites between 11:00 h Fungi Min—max (755-1293)
and
18:00 h in 2 months
Iran School dormitory ~ Two minutes, 6 days each Bacteria School dormitory: 300  Faridi et al. (2015)

month
for a period of 1 year

and
retirement home

Retirement home: 300

PM,, for each season are summarized in Table 2. The
values obtained for each parameter are shown after
considering the number of significant figures associated
with the uncertainty of measurement (explained in
Appendix 8). The temporal variations in airborne mi-
croorganisms due to differences in meteorological con-
ditions have been widely studied (Oliveira et al. 2009;
Raisi et al. 2013). The correlation coefficients between
different variables (bioaerosol concentration, size segre-
gated PM concentrations, and meteorological parame-
ters) are shown in Table 3. The relationship between
bioaerosol concentrations and meteorological parame-
ters revealed a significant positive correlation with tem-
perature (»=0.70 for bacteria and »=0.61 for fungi)
(p<0.05). This may be attributed to the stimulating
effect of temperature on microbial growth and emission
from the soil, as also reported by Kowalski and
Pastuszka (2018). Therefore, the minimum concentra-
tion levels during winter season were due to low
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temperature (17.0+2.7 °C), while the elevated concen-
trations during other seasons can be attributed to the
attainment of optimal temperature for microbial growth
(28.8 6.7 °C). All the pathogens associated with me-
sophyllic microorganisms can grow in the optimal tem-
perature range of 20-40 °C (Madhwal et al. 2019).
Therefore, chances of infection caused by exposure to
pathogenic bioaerosols are low in winter compared to
other seasons.

Bacterial aerosols displayed a moderate correlation
with rainfall (r=0.42, p <0.05) whereas, fungal aero-
sols showed no significant (p >0.05) correlation with
rainfall. Since June is the onset month of southwest
monsoonal rain, this period experienced an increase in
bacterial and fungal concentration compared to that of
other months. This observation can be explained in
different ways: (a) Bioaerosols act as cloud condensa-
tion nuclei (Xie et al. 2018; Frohlich-Nowoisky et al.
2016), and therefore, may precipitate from higher
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Fig. 3 Temporal variation in
fungal and bacterial
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altitudes during rain events (Heo et al. 2014) leading to
increased concentration near the ground surface; (b)
raindrop splash may induce microbial dislodging and
aerosolization from the ground surface (Li et al. 2017;
Lee 2011); (c) increase in humid conditions favors the
bacterial growth, which is also evident from the signif-
icant positive correlation observed between bacterial
bioaerosols and relative humidity (» =0.64, p <0.05).
In the subsequent months of July and August, the fungal
concentration decreased substantially, while the

Month

bacterial concentration showed an increasing trend.
The observed results can be explained as follows: Fan
et al. (2017) reported soil as a major source of fungal
introduction in ambient air. However, as the soil mois-
ture is high during the late monsoonal months, the
fungal resuspension from ground decreased due to rain-
fall facilitated wet scavenging. This phenomenon is also
mentioned in Rathnayake et al. (2017). On the other
hand, the impact of wet sedimentation in bacteria was
lower than fungi because of their comparatively smaller

Table 2 Mean value of meteorological parameters, vehicle count and mean concentrations of PM;, PM, 5, and PM;, during different

seasons

Parameters Monsoon Post monsoon Winter Summer
Temperature (°C) 29.9+2.0 26.6+4.5 17.0+£2.7 30.1+£5.2

Rainfall (mm) 8.48£11.67 - 0.27+0.95 -

Relative humidity (%) 74.6+19.2 55.5+5.1 424+119 36.5£8.6

Solar radiation (W/m?) 549.03 +90.38 470.48 +69.55 357.85+69.75 596.41 +64.71
PBLH (m) 597.74+566.17 333.81+126.81 332.37+218.52 890.96 + 520.1
Wind speed (m/s) 2.21+0.79 124+0.61 1.71+0.81 242+£1.13

Per hour vehicle count 196+ 14 197+8 155+7 158 +11

PM; (ug/m®) 89x10' £5.3 12x10* +£1.0x 10 6.8x10" £1.4x10! 75%x10" £1.1x 10!
PM, 5 (ng/m®) 1.1x10%+7.7 1.5%x10% +1.7x 10 9.5%x10" £1.2x 10" 1.0x10%+7.7
PM, (ng/m’) 22x%10*£9.1 23%x10% +1.0x 10" 1.6 x 10% £3.7 % 10" 1.9x10% £2.2 % 10!

Total airborne particles (pts/m3)

1.4 x10° +£4.9 x 10°

2.0%10°+5.3 % 10°

1.5%10% £2.9%10°

1.8%10°+7.9%10°
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Table 3 Pearson correlation coefficient between bioaerosol and
PM concentration, meteorological parameters (TP: temperature,
RF: rainfall, RH: relative humidity, WS: wind speed, SR: solar
radiation, PBLH: planetary boundary layer height), and VC: ve-
hicular count

Bacteria ~ Fungi PM, PM, 5 PM,q

Bacteria 1

Fungi 0.83" 1

PM, 0.60" 0.76" 1

PM, 5 0.55" 0.72" 091" 1

PM;, 0.75" 0.87" 0.82° 075 1
TP 0.70" 0.61" 026  0.17 0.48
RF 0.42" 0.15 -003 -0.12 0.16
RH 0.64" 0.37 0.13  0.08 0.03
WS 0.06 -0.06 -058 -058 -028
SR 0.49 0.48 0.05  0.09 0.25
PBLH 0.12 011 -011  —0.08 022
VC 0.81" 0.73" 058 042" 0.57
“p <0.05

aerodynamic size. Instead, the increase in bacterial con-
centration observed during late monsoonal months im-
plies that the additional bacterial contribution from dif-
ferent sources is the more important factor influencing
their distribution than the wet scavenging.

Vehicular count revealed a substantial rise in traffic
flows and hence the number of commuters, during mon-
soon and postmonsoon months. While wet deposition
prevented ground-based aerosolization from traffic flow
or human movement, elevated levels of bacterial aero-
sols in ambient air were possibly due to the release from
the skin or respiratory expiration process of passersby.
Fan et al. (2017) also reported that humans act as the
direct source of bacterial emissions (from skin, body
fluids and breathing) in crowded public spaces. A strong
positive correlation between bacterial concentration and
vehicle count (representing higher human movement)
during monsoon season (» =0.93, p < 0.05) supports our
results. During post monsoonal months (September to
November), the redemption of dry conditions augment-
ed the vehicular movement induced soil resuspension,
which could be attributed to the corresponding increase
in bioaerosol concentration. Again, this explanation is
supported by the statistically significant correlation ob-
served between bioaerosol concentrations and vehicle
count during the study period (» =0.81 and 0.73 for
bacteria and fungi, respectively) (p < 0.05).

@ Springer

The increased inflow of vehicles and travelers from
July to October is due to the following reasons: (a) The
study site observes high inflow of passersby; including
students, office goers, job aspirants, and other private
and government sector employees. This is because Au-
gust marked the beginning of new session (after summer
vacations) in their respective organizations. (b) The
monsoonal and post monsoonal months also witness
the commencement of a popular annual pilgrimage
(Kanvar Yatra) where thousands of religious devotees
march towards the holy city of Haridwar . ISBT acts as
one of the important passing routes for the devotees
arriving from the native and other states of the country.

No statistically significant correlation (p > 0.05) was
observed between fungi and relative humidity. Further,
both bacterial and fungal bioaerosols showed no signif-
icant relationship (p > 0.05) with the rest of the meteo-
rological variables (i.e., wind speed, solar radiation, and
PBLH) suggesting that their distribution at the study site
is chiefly affected by nonmeteorological factors. The
wind rose plot showing wind speed and wind direction
at the study site during four seasons is represented in
Appendix 9. The mean mass concentration of PMy,
PM, 5, and PM, for each season is shown in Table 2.
It was observed that the concentration of PM, 5 and
PM, exceeded the 24 h National Ambient Air Quality
Standard (NAAQS, India) permissible limits of 60 pg/
m® and 100 pg/m>, respectively, during the study peri-
od. The statistical analysis of airborne fungi and bacteria
showed significant correlation with mass concentration
of PM; (r=0.76 and 0.60 for fungi and bacteria, respec-
tively), PM, 5 (r=0.72 and 0.56 for fungi and bacteria,
respectively), and PM;, (»=0.88 and 0.75 for fungi and
bacteria, respectively) (p < 0.05). This suggests that the
variation of PM and bioaerosols can be linked to com-
mon sources of origin.

Particle size distribution and PM loading

The size-segregated concentration of the total cultivable,
bacterial, and fungal acrosols at the study site are shown
in Table 4. The maximum and minimum levels for fungi
were reported at the aerodynamic size fractions >

7.0 um and 0.65—-1.1 pum, respectively. Bacteria showed
maximum concentration in > 7.0 pm while minimum in
1.1-2.1 wm. Moreover, the coarse fraction (>2.1 pum)
dominated the bioaerosol size distribution (83.36% for
fungi and 82.85% for bacteria). The abundance of
coarse particles in the roadside soil dust have been
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Table 4 Concentration of culturable bacteria and fungi (CFU/m’/
dlogD,,) in different size fractions

Size fraction Fungi Bacteria

>7.0 um 72597 +297.77 1211.44 + 393.69
7.0-4.7 pm 593.96 + 243.28 972.77 + 340.16
4.7-3.3 um 563.05 + 227.66 1020.35 + 360.34
3.3-2.1 pm 353.48 £ 171.68 700.73 + 245.61
2.1-1.1 pm 226.54 + 108.06 306.57 + 130.04
1.1-0.65 pm 220.05 + 105.19 501.88 +209.17

reported by Ny and Lee (2010) and Clements et al.
(2017) which can also be attributed for the elevated
concentration of coarse size bioaerosol in our study site.
At Mussoorie, ~30 km from Dehradun city, vehicular
movement was reported as the major factor influencing
the PM levels in the ambient air (Sundriyal et al. 2018).

Figure 4 shows the size distribution of bioaerosols
and total airborne particles at the study location. It was
observed that the total particle number concentration for
the aerodynamic size < 1.5 um is way higher than that
for each larger aerodynamic diameter, indicating the
abundance of fine particles in ambient air at the study
site. The smaller size enhances the longevity of resus-
pension and the ability to penetrate the lower respiratory
tract (Zukiewicz-Sobczak 2013; Fang et al. 2008).

The ratio between bioaerosol concentration and parti-
cle number concentration (PNC) ((CFU/m3)/dlogDp/(dN/
dLogDp)) at different aecrodynamic size were calculated to
estimate the bioaerosol loading in PM (Fig. 4). Here,

dN = particle number concentration (particles/m®). Total
fungal aerosols showed a 3.25% contribution in the total
PM count while it was 5.65% for bacterial acrosols. The
ratio at an aerodynamic size below 0.9 um approaches
zero (0.0013 for fungi and 0.0026 for bacteria) which
suggests that the bioaerosol loading of PM in submicron
size fraction is lower compared to larger size fractions.
The elevated microbial contribution in larger sized parti-
cles can be associated with the observations made by
Lighthart (1997) and Raisi et al. (2013) who reported that
the particles larger than the size of the single microbial cell
can hold a greater share of microbial aerosol. Thus, while
particle bound bioaerosols are majorly associated with
larger particles, their ability to remain suspended as freely
floating cells increases with the decrease in the aerody-
namic diameter. Our study also revealed that the bacterial
concentration in submicron size fraction was greater than
fungal concentration. Therefore, a significant portion of
airborne bacteria in this size range may be representing the
freely distributed forms. Taking together, it can be as-
sumed that besides the traffic and human movement
induced soil and dust resuspension, the aerosolization of
bacteria, chiefly in submicron size range may be occurring
from other sources such as human respiratory system,
microflora present in the human body, etc. Johnson et al.
(2011) ascertained that the modality of human expired
aerosols can be divided into a bronchiolar/laryngeal/oral
(B.L.O.) tri-modal distribution during the speech,
coughing and tidal breathing process. However, under-
standing the mechanism of microbial aerosolization, ad-
hesion to atmospheric particulates, and distribution as
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Table 5 Composition and percent contribution of airborne microbes at ISBT

Fungi No. of species Percentage Bacteria No. of species Percentage
Aspergillus 11 22 Gram-positive bacteria

Aspergillus fumigatus Bacillus spp. 7 17.07
Aspergillus ochraceus Streptobacillus spp. 5 12.19
Aspergillus niger Staphylococcus spp. 4 9.76
Aspergillus Carbonarious Micrococcus spp. 4 9.76
Aspergillus flavus Palisade spp. 2 4.88
Aspergillus clavatus Streptococcus spp. 2 4.88
Other Aspergillus spp. 5 Total 24 58.54
Curvularia Gram-negative bacteria

Alternaria 9 18 Bacillus spp. 5 12.19
Alternaria solani Streptobacillus spp. 3 7.32
Alternaria alternate Vibrio spp. 3 7.32
Other Alternaria spp. 7 Diplobacillus spp. 1 2.44
Rhizopus 7 14 Coccus spp. 4 9.76
Rhizopus stolonifer Spirillum spp. 1 2.44
Other Rhizopus spp. 6 Total 17 41.46
Penicillium 8 16 Grand total 41

Penicillium marneffei

Penicillium chrysogenum

Other Penicillum spp. 6

Cladosporium 4 8

Cladosporium herbarum

Other Cladosporium spp. 3

Mucor spp. 5 10

Sterile mycelium 2 4

Trichoderma spp. 1 2

Total 50

freely moving or particle-bound aerosols is beyond the
scope of this paper. The longevity, viability, and infectivity
of microorganisms in the atmosphere are significantly
affected by their association with PM. Understanding this
association is important especially in the heavily crowded
areas such as bus stations, railway platforms, religious
places, etc. where people gather in close proximity to each
other and may initiate the anthroponotic (person to person
transmission) transfer of microbial infections. Johnson
et al. (2011) showed that the transmission of severe acute
respiratory syndrome (SARS) can be associated with
proximity to infected individuals at a distance of 1 m.
Therefore, more research is needed to calculate the rela-
tive contribution of both the freely moving or attached
forms in total bioaerosol concentration at the crowded
public places.

@ Springer

Bioaerosol structure

The composition and percent contribution of airborne
microbes at the study site are shown in Table 5. Overall,
41 bacterial isolates were identified from the results of
microscopic and biochemical examinations. These
accounted for 58.5% gram-positive and 41.5% gram-
negative bacteria. The gram-positive bacteria dominated
the distribution, wherein Bacillus (17.10%), Streptobacil-
lus (12.20%), Staphylococcus (9.76%), and Micrococcus
(9.76%) accounted for approximately 50% of the total
microbial diversity. With respect to fungi, 50 genera were
identified after microscopic and macroscopic observations.
Among the total fungi detected, the dominant genera were
identified as Aspergillus (22%), Alternaria (18%), Peni-
cillium (16%), and Rhizopus (14%).
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The relative abundance of bioaerosol distribution
during different seasons is represented in Table 6. The
mean relative abundance of the fungal variants in all
four seasons followed the order: Aspergillus (27.6%) >
Penicillium (23.0%) > Cladosporium (14.1%) > Rhizo-
pus (9.6%). One of the major reasons for the elevated
levels of Aspergillus and Penicillium can be attributed to
their small and dry conidial spores which facilitate their
atmospheric introduction and dispersion even under the
conditions of low wind speed. These two genera were
also reported by Hernandez-Castillo et al. (2014) as the
most abundant groups in the outdoor environment of
busy subway stations in Mexico city. Alananbeh et al.
(2015) also observed that Aspergillus contributed max-
imum to the total observed microflora in a crowded
pilgrimage location in Al-Madina, Saudi Arabia. These
results suggest that the commuters play a substantial role
as the source of fungal aerosols in the ambient air of
crowded public places. The pathogenic impact of these
bioaerosols on the respiratory system has been reported
in previous studies (Hernandez-Castillo et al. 2014; Patil
and Kakde 2017; Santos et al. 2006). Therefore, the

abundance of these bioaerosols at our study site indi-
cates the intensity of its human health vulnerability.

With respect to bacteria; gram-positive bacteria, includ-
ing Micrococcus (25.7%), Staphylococcus (17.9%), and
Bacillus (13.8%) were the most prevalently distributed
variants in all the four seasons. The gram-positive species
are predominantly found in soil and in skin, hair, mucosa,
arms, mouth, etc. of humans (Faridi et al. 2015; Mentese
et al. 2012). Therefore, roadside soil and dust resuspension
caused by traffic flow and human-associated activities can
be attributed to the relative abundance of gram-positive
bacteria at the sampling location. Also, high resistance of
gram-positive bacteria towards adverse environmental
conditions such as desiccation and solar radiation can lead
to its predominance. The prolong viability of gram-
positive bacilli may be due to their ability to form desic-
cation tolerant spores (Shaffer and Lighthart 1997), while
gram positive cocci survive by means of pigment forma-
tion (Hurtado et al. 2014).

Though spitting is prohibited in public spaces, during
our study, we observed people spitting in public and this
situation was more severe in public places including the

Table 6 Relative abundance of bioaerosol distribution during different seasons

Monsoon Postmonsoon Winter Summer Mean
Fungi
Aspergillus 29.6 253 213 34.1 27.58
Penicillium 15.8 254 24.7 26.1 23
Alternaria 12.4 74 6.7 10.3 9.2
Rhizopus 9.5 10.7 8.4 10.1 9.68
Cladosporium 15.4 16.5 15.2 9.1 14.05
Curvularia 4.8 5.5 8.2 12 493
Mucor 6.7 34 73 4.6 5.5
Sterile mycelium 3.0 4.2 34 2.6 3.31
Trichoderma 2.8 1.6 4.8 1.9 2.78
Gram-positive bacteria
Micrococcus 23.1 37.6 21.7 20.5 25.73
Staphylococcus 16.3 24.6 18.2 12.8 17.98
Bacillus 14.2 72 16.5 17.3 13.8
Palisade 9.7 5.6 6.8 53 6.85
Streptococcus 9.1 2.6 2.8 5.8 5.08
Gram-negative bacteria
Bacillus 11.5 12.5 16.3 12.9 133
Vibrio 8.4 32 9.2 52 6.5
Coccus 5.6 4.8 59 11.6 6.98
Spirillum 2.1 1.9 2.6 8.6 3.8
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ISBT. The upper respiratory tract and oral cavity in
humans is an important source of various pathogenic
microbial strains (Hurtado et al. 2014). Therefore, when
an infected person coughs or sneezes, he/she may re-
lease pathogenic bioaerosols into the surrounding air
and may also infect those in close proximity. In a study
conducted by Tiwari et al. (2010), statistically signifi-
cant clusters of tuberculosis were reported at many
places in Dehradun city. This study and our findings
suggest that the high traffic density zone at ISBT can be
categorized under increased risk of exposure to patho-
genic bioaerosols. With the current pace of urbanization,
the continuous increment in traffic flow and population
density is expected to increase the frequency of traffic
jams and road congestion. The corresponding increase
in the waiting time of passengers is indicative of a longer
exposure period. This implicates that the study site is
under high threat of turning into a prospective source of
epidemic disease outbreaks. This also shows the signif-
icance of bioaerosol monitoring in similarly crowded
traffic intersections in other cities around the world.

Conclusions

This study investigated the temporal distribution of air-
borne cultivable bioaerosols and the factors affecting
their variation at a high traffic density site. The major
findings of this study are highlighted below:

1. The bacteria and fungi concentrations were highest
during the monsoon and postmonsoon months, re-
spectively. Major factors influencing the distribu-
tion were observed to be ground-based microbial
aerosolization caused by raindrop splash, microbial
discharge from humans (respiratory system and hu-
man body surface), elevated levels of relative hu-
midity, and soil resuspension caused by vehicular
and human movement.

2. Although both fungi and bacteria contributed majorly
to coarse PM, bacterial aerosols also showed increased
concentration in submicron size fractions, indicating a
potential additional contribution from the human body
(viz.) through breathing, coughing or talking). This
implicates that there are increased chances of bacteria-
induced anthroponosis owing to the high proximity
between visitors at the sampled location.

3. The dominantly observed bioaerosols including As-
pergillus, Penicillium, Cladosporium, Micrococcus,

@ Springer

Staphylococcus, and Bacillus are the potential path-
ogens for respiratory ailments such as aspergillosis,
asthma, rhinosinusitis, and various other pulmonary
infections.

4. Since high vehicle count and human activities were
identified as the factors that masked the effects of
microclimatic conditions, the results from this study
site can be generalized for other similar crowded
traffic areas. Moreover, observations showed that
the traffic junctions are one of the key initiation
points for the transmission of various communica-
ble diseases and therefore can be studied to trace the
source of microbial infections during the epidemic
disease outbreaks.

For the safety of the passengers, biodefense strategies
can be developed to prevent/minimize their direct expo-
sure to microbial pathogens. This may include the use of
real-time bioaerosol detection technologies to alarm com-
muters and recommending passenger safety plans such as
placing color-coded air quality display screens showing
level of pollution, recommending alternate routes of trav-
el, regularizing the use of face masks, conducting aware-
ness programs on personal and environmental hygiene,
and preventing littering and spitting in public places
through strict laws. As the study was limited only to
cultivable bioaerosols, assessment of noncultivable forms
along with dose-response relationship is required to doc-
ument the precise extent and impact of bioaerosol pollu-
tion in such heavily crowded regions.
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