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’ INTRODUCTION

Wastewater contains a variety of potentially pathogenic mi-
croorganisms and their toxic components. Several unit opera-
tions such as surface aeration, mechanical sludge removal, and
screening in treatment plants may cause aerosolization of these
biological components into the air environment.1,2 Depending
on the physical properties of these aerosolized biological particles
andmeteorological conditions, they are likely to be carried by the
air currents and may reach significant distances.3�5 This in turn
could expose the workers working in the immediate vicinity to
these biological components and may also affect the downwind
population. Bacteria are an abundant and important class of the
microorganisms present in wastewater treatment plants (WWTPs).
Studies have shown that exposure to airborne bacteria and its
components, such as endotoxin, has a significant effect on human
health.6,7

Several studies have characterized the airborne bacteria in
WWTPs. The important bacterial species reported in the litera-
ture includes species belonging to the genus Klebsiella, Serratia,
Enterobacter, Citrobacter, and Pseudomonas. The occurrence of
these airborne bacterial species is found to vary from plant to
plant due to the characteristics of wastewater, operational
characteristics, and meteorological parameters.8�10 Many of
the bacterial species found in WWTPs have been linked with
short-term as well as long-term heath effects in the workers.6,11

Exposure to airborne bacteria causes respiratory tract infections,

hypersensitivity, and allergies among workers. A significant
health hazard is also posed by microbial toxins, of which
endotoxin is considered the most important in WWTPs.12,13

Endotoxin is a cell wall component of Gram-negative bacteria
(GNB) which plays an important role in bacterial pathogeni-
city.14 Airborne endotoxin is found to be an important factor
associated with respiratory diseases in various occupational
settings.15,16 The most common symptoms reported among
WWTPs workers include respiratory disorder, gastrointestinal
tract infections, joint pain, fatigue, and headache.17,18 Endotoxins
are potent activators of several immune cells such as macro-
phages and epithelial cell line both in vitro and in vivo. Several
studies have shown that endotoxin explains a major part of the
total pro-inflammatory cytokine production from human im-
mune cells activated by the ambient particulate matter.19,20

These studies indicate that even trace levels of endotoxin must
be considered in evaluating the immune responses of airborne
particulates. Even though health symptoms and endotoxin con-
centration are correlated in WWTPs, the role of endotoxin
associated with WWTP particulate matter (PM) in the inflam-
matory responses is not well studied.
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ABSTRACT:Wastewater contains a variety ofmicroorganisms,
and unit operations in the plants could release these biological
components into the air environment. These airborne biologi-
cal particles could have adverse health effects on plant workers
and the downwind population. This study provides a first report
on the concentration and characterization of the airborne
biological particles in six wastewater treatment plants in Mum-
bai, India. The study indicates that 49% and 27% of the samples
exceed, respectively, the exposure limit for airborne endotoxin
and bacteria in occupational settings. Endotoxin was identified
as the single most important component of the particulate
matter responsible for induction of proinflammatory indicator
(tumor necrosis factor-R) in in vitro assay. Identification of several clinically important bacterial species in the samples suggests that
the workers at the treatment plant are exposed to opportunistic and infectious bacteria. Principal component analysis was used to
identify the groups among the bacterial species which serves as the signature for transport study. Analysis also shows that the
component related to spore-forming bacteria is present in all samples.
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In spite of their importance, the biological particles inWWTPs
has not been well studied in India. There is a scarcity of data on
the characteristics of biological particles near WWTPs as well as
similar sources in India. Particularly, the location of some of these
plants in Mumbai also makes these studies relevant. Many of the
WWTPs in the Mumbai peninsula are situated near highly
populated areas of the city, and under favorable meteorological
conditions, the airborne microorganisms generated at the plants
could be transported to the nearby populated areas. Moreover,
Mumbai is located in a subtropical region, and its warm and
humid climate provides favorable conditions for survival of
bacteria and bacterial components in the ambient environment.
The present study characterizes the airborne bacteria and elicits
the influence of endotoxin on inflammatory induction in in vitro
assay across the six WWTPs in Mumbai. This study is part of an
endeavor to address the airborne biological particles and deter-
mine their health effects at these locations. The results of this
study would provide preliminary information for assessing the
health effects and transport of these biological particles from
WWTPs in Mumbai.

’MATERIAL AND METHODS

Sampling of Airborne Bacteria and Endotoxin. The mon-
itoring of airborne biological particles was carried out at six
municipal WWTPs of the Municipal Corporation of Greater
Mumbai (MCGM), Mumbai, India. The monitoring of bioaer-
osols in these sites was carried out during May�June 2009. The
location of these sampling sites is depicted in Figure S1,
Supporting Information. The details of the location of each site
and sampling location inside each WWTPs are briefly given in
the Supporting Information.
A biosampler (SKC Inc., PA, USA) was used for sampling of

airborne endotoxins and bacteria. Before each sampling, the
samplers were made endotoxin free by baking them at 270 �C for
30min.21 The endotoxin-free biosampler was filled with 20mL of
endotoxin-free water (Lonza, India), and air was sampled at a
flow rate of 12.5 LPM over a period of 60�90 min. The exact
sampling time was decided based on approximate estimates of
aerosol concentration at the various sampling sites. Some loss of
sampling medium due to evaporation was observed during
sampling. Hence, after 30 min of sampling, the sampling medium
was added aseptically. To ensure contamination-free sampling,
field blanks were included for each set of samples. The samples
were distributed into aliquots and stored at �20 �C for analysis
of endotoxin.22 All samples were analyzed for the presence of
culturable bacteria within 24 h of their collection.
Concentration of Airborne Bacteria and Endotoxin. In the

laboratory, each sample was plated in triplicate onto tryptic soya
agar (TSA) plates for determining the total culturable bacteria.
The agar medium was prepared using 40 g/L TSA (Himedia,
India) and supplemented with 0.5 g/L cycloheximide (S.D.fine
Chemicals, India). A 100�250 μL aliquot was used for plating,
and uniform spreading was achieved with the help of Plate
Master (Himedia, India). The plates were incubated at 37 (
1 �C for 2�5 days. The concentration of airborne bacteria was
reported as CFU/m3.
The samples stored at �20 �C were analyzed for airborne

endotoxin using the kinetic quantitative chromogenic limulus
ambeocyte lysate (KQCL) assay method (Lonza, India). The
results were expressed in terms of endotoxin unit (EU) and have
a potency of 13 (EU/ng). The assay was carried out according to

manufacturer recommendations. All standards, samples, field
blanks, and endotoxin-free water was analyzed in duplicate.
Characterization of Airborne Bacteria. The individual co-

lonies observed on TSA plates were selected and isolated based
on their morphology, including size, shape, color, and surface
properties. A total of 174 distinct colonies of bacteria were
isolated from different plates. Samples were also plated on
MacConkey and Eosin methylene blue (EMB) agar to isolate
most of the bacterial species present in the samples. However, the
number of colonies observed on these media was not used for
determining the concentration of airborne bacteria.
The bacterial colonies were identified up to species level using

the Biolog Manual System-1(Biolog, Inc., Hayward, California).
The classification and identification protocol was followed
according to the manufacturer. The steps used for these classi-
fications are outlined in Figure S2, Supporting Information. The
screening protocol is described in the Supporting Information.
Significant efforts were made to test the Biolog Manual identi-
fication system in the laboratory. Known bacterial species were
use to test the ability of the identification system. Some of the
bacteria were also cross checked by growing them on selective
growth media. A few of the bacterial colonies were also checked
with the 16s RNA technique. Sequencing was carried out at
Macrogen, Korea. Further analysis of results for identification of
species was performed using the NCBI BLAST analysis system.
The results confirm the biolog identification system.
Whole Blood Assay and Proinflammatory Response In-

duced by Airborne Endotoxin. Twenty five randomly selected
samples were subjected to the whole blood assay (WBA) for
measuring the pro-inflammatory cytokine such as tumor necrosis
factor (TNF-R). Venous blood, collected in a EDTA-coated
vacutainer (BD bioscience, India) from a healthy donor, was used
within 2 h of withdrawal. The fresh WBA was conducted by
adding 100 μL of blood into a pyrogen-free tube containing 100
μL of samples and 350 μL of 0.9% saline. The mixture was
incubated at 37 �C for 18 h. Cell viability was assessed at regular
intervals during an experiment using trypan blue exclusion assay.
The negative saline controls were included in the experiments.
Measurement of TNF-R was carried out as per the manufac-
turer’s instruction (Invitrogen, India). A brief protocol for the
assay is explained in the Supporting Information. All samples and
controls were analyzed in duplicate. Similar experiments were
repeated for standard endotoxin (Sigma, India) samples at
different concentrations with the same lot of whole blood.
Endotoxin Removal Using polymyxinB Sulfate. In order to

elucidate the role of endotoxin on TNF-R production, samples
were treated with polymyxin B sulfate-coated agarose beads
(10 μg/mL; Sigma, India) for 30min to neutralize the endotoxin.
The endotoxin concentration was reduced to >99% after pre-
treatment. The bioactivity of the supernatant was determined
using whole blood assay as described above.
Meteorological Parameters. Air temperature, humidity,

wind speed, and wind directions were recorded throughout the
sampling period. The temperature and humidity were recorded
every minute using a HOBO data logger (Onset, HOBO U12,
USA). A hand-held anemometer and wind vane (Weather
Technologies, India) were used to record the wind speed and
wind direction.
Statistical Analysis. The Lilliefors (a variation of the Kolmo-

gorov�Smirinov test for goodness of fit) nonparametric test was
conducted to check if the airborne endotoxin and bacteria data
was normally distributed. The variation in the concentration of
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airborne endotoxin and bacteria amongWWTPs was statistically
verified using the Kruskal�Wallis test. The Mann�Whitney-U
(MWU)23 test was used to verify the significant difference in the
concentration of airborne endotoxin and bacteria near the source
and office area. Principal component, factor analysis (Q mode
and R mode) was used for identification of bacterial groups
(components) and their contributions in the samples (factor
scores). Varimax rotation was used to improve the difference
between the principal components. A program in FORTRAN
was prepared for the above analysis, and the program was well
tested.24

’RESULTS AND DISCUSSION

Endotoxin Is Identified As the Single Major Component
Causing Pro-Inflammatory Response. In the WWTPs, the
endotoxin concentration varied over the range of 0.8�741 EU
m�3. The concentration variation in the plants is due to the
operational variability, source water characteristics, and sampling
conditions such as wind speed and sampling location. The range
and average concentrations of airborne endotoxin observed in
the samples are summarized in Table S2, Supporting Informa-
tion. These values are approximately in the range of values
reported in the literature.7,10 The concentration of endotoxin
of field blanks was found to be below the detection limit of the
assay. The significance of these concentrations can be deduced
by comparing with standard exposure limits. About 49% of the
overall samples exceeded the exposure limit proposed by the
Dutch Expert Committee (DEC) (50 EU m�3 ≈ 4.5 ng m�3)25

for exposure to airborne endotoxin in an occupational environ-
ment (Figure 1). The mean concentration near the source is 1
order of magnitude greater than the corresponding concentra-
tion in the office area of plants (Figure 1). However, a similar
reduction was not observed for bacterial concentration
(discussed in a later section). The reduction in endotoxin
concentration may not be due to atmospheric dilution alone.
Another possibility is that the bigger droplets containing the
endotoxin could have evaporated and collected with lesser
efficiency by the sampler.26 The frequency plot in Figure 1
indicates that a significant portion of the samples contains an
endotoxin concentration > 200 EU m�3. This corresponds to a

lung deposition with a lower bound of 16 and upper bound of
110 ng of endotoxin during 8 h exposure.27 The concentrations
observed in the current study and in vivo/in vitro studies28,29

indicate that endotoxins are likely to be an important parameter
and may have significant health impacts.
The WBA method was used to determine the in vitro pro-

inflammatory response (TNF-R) induced by the airborne sam-
ples. Figure 2a depicts the TNF-R induced by the samples. As we
expected, the samples near the source have a high concentration
(approximately 4-times) of TNF-R compared to samples from
an office area. Samples have not shown any significant differences
among WWTPs or between the treatment plant operations. In
addition, TNF-R concentration showed a positive correlation
with endotoxin concentration of samples (Figure 2b). This
correlation with a single component may have significance
because the airborne samples contain a multitude of components
present in the wastewater, and many compounds have potential
to produce pro-inflammatory response. Therefore, further stud-
ies have been conducted to elucidate the biological activity of
endotoxin in the sample. We removed endotoxin from the
samples by polymyxin pretreatment, and the TNF-R produc-
tion was measured. The experimental results showed that

Figure 1. Frequency distribution of airborne endotoxin concentrations
at six wastewater treatment plants. Concentration of airborne endotoxin
of all samples across six wastewater treatment plant was grouped into six
groups. The figure shows the exposure limit proposed by DEC, Nether-
lands (dashed vertical line). The figure also indicates that a significant
portion of the samples contains endotoxin concentration greater than
200 EU m�3.

Figure 2. Samples collected from WWTPs were used to stimulate the
immune cells in the whole blood assay. The TNF-R produced by
activated immune cells was measured. The measured TNF-R was used
as a measure of the potency of the samples to produce proinflammatory
cytokine. (a) Box plot composed of five horizontal lines displaying the
10th, 25th, 75th, and 90th percentiles. Values above the 90th percentile
or below the 10th percentile are plotted separately. It compares the
proinflammatory potency of samples from near source and office areas of
WWTPs. (b) Plot between endotoxin content in the samples and TNF-
R produced in WBA stimulation. The straight line represents a linear fit
between the data points with a correlation coefficient of 0.75.
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pro-inflammatory production of the samples was completely
inhibited by polymyxin. The standard endotoxin (Sigma,
India) samples were prepared, and pro-inflammatory re-
sponse was measured in vitro with the same lot of whole
blood. A comparison indicates that the reduction in TNF-R
after polymyxin treatment of samples was higher than that
expected from endotoxin concentration of the samples. This
suggests that endotoxin may be acting as an adjuvant.20,30,31

Concentration andMajor Classes of Airborne Bacteria. All
samples were plated on TSA in triplicate, and the counts were
determined and represented as colony-forming units per m3 of air
sampled. The number concentration of bacteria of the samples in
terms of a colony-forming unit (CFU) per m3 is summarized in
Figure 3a. The range of concentration at the various WWTPs was
found to vary from 249 to 41 837CFUm�3. Significant variability of
airborne bacterial concentrationwas observed between theWWTPs
(pe 0.05). The concentration variation among the plants is due to
the operational variability, source water characteristics, and meteor-
ological conditions. The concentration at the office area was lower
than for the source area in the six WWTPs. (MWU, pe 0.05). No
contamination field blanks by bacteria was observed.Overall, 27%of
the samples exceeded the exposure limit proposed by the American
Conference of Governmental Industrial Hygienists for 8 h exposure
as 10 000 CFUm�3.32

The bacterial colonies separated from each sample were stored
on TSA slants and subjected to several basic screening tests for

identifying their general characteristics. The results are summar-
ized in Figure 3b. Gram-positive bacteria (GPB) were found to
be predominantly present in all the samples across all WWTPs,
with the percentage fractions varying from 67% to 90%. High
levels of GNB concentration in WWTPs are reported in the
literature.10 The presence and dominance of different bacterial
aerosols are highly dependent on the characteristics of waste-
water and the local climatic conditions. In GNB groups of
bacteria, ENT group was more predominant (86�94%) in
the WWTPs.
Airborne Bacterial Species Distribution. The bacterial co-

lonies were identified further to their species level using Micro-
Log manual system1 (Biolog, Inc., Hayward, California). Twenty
four species contained in 13 different genera were identified.
These include colonies observed on TSA plates and also addi-
tional colonies observed from MacConkey and EMB agar. The
later was not included in comparing relative abundance. The
genera such as Bacillus, Escherichia, and Micrococcus (63%, 17%,
and 8% of total concentration of bacteria) were predominant
among all samples. There are eight and five bacterial genus,
respectively, in GNB and GPB. Bacillus was the most predomi-
nant GPB (79%). Escherichia and Pseudomonas were the predo-
minant genera in GNB (85% and 7%). The genera Pseudomonas
(85%) and Pasteurella (11%) were the dominant NENT bacteria
found in the samples. Similarly, the genus Escherichia was pre-
dominant among ENT (92%).
Bacilli spp such as Bacillus subtils and Bacillus pumulis domi-

nated the total concentration of GPB. These species are spore
forming and can survive in harsh environments for a longer
period. Analysis shows that the spore-forming bacteria domi-
nates the total culturable bacterial concentration (Figure S3,
Supporting Information), and the predominance is more sig-
nificant at higher concentrations of total bacteria.
Table S1, Supporting Information, shows the frequency of

occurrence of bacterial species across WWTPs. One in six
indicates that the specific bacterial species was identified only
in one treatment plant out of six. Most frequently observed
bacteria are Enterobacter aerogenes, Pseudomonas stutzeri, Bacillus
subtils, Corynebacterium nitrilophilus, and Micrococcus luteus. Si-
milar species were also abundant in samples collected from the
office area. This table reveals the species similarity between
samples in the vicinity of the source and the office area. This
table also indicates that the most frequent species found in the
office area correspond to the species most frequently found in the
samples near the source. B. subtils, E. coli, andM. luteus were the
species that were present in all office area samples. E. coli are
habitant of human and animals and found lower in concentration
in the natural environment. The only bacteria species that is
identified exclusively in office area samples was Brevibacterium
otitidis. The above observations indicate that the office area might
be contaminated by the viable bacteria transported from plant
sources.
Many of the bacterial species identified from these WWTPs

have potential health hazard, and these species are also found in
measurements conducted in WWTPs.8 Pseudomonas stutzeri is
identified in WWTP samples and clinically important. P. stutzeri
infections, such as bacteremia/septicemia and eye infection, have
been reported by several studies. Entero cloacae is another
important species isolated from two WWTPs and is considered
as a pathogen. All species of Klebsiella genus are known patho-
gens of the respiratory tract.33,34 Serratia plymuthica is identified
as a significant opportunistic pathogen to which a variety of

Figure 3. Samples collected from WWTPs were plated onto tryptic
soya agar (TSA) plates for determining the total culturable bacteria. The
distinct colonies were selected based on color size and surface properties
of colonies. Several screening tests were conducted to classify the
colonies further into different classes. (a) Total culturable bacteria
concentration at near source and office areas of WWTPs. Figure also
indicates the exposure limit proposed by Sigsgaard et al., 1990 for
occupational environments (dashed horizontal line). (b) Concentra-
tions of airborne Gram-positive and -negative bacteria in the WWTPs.
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infections, including peritonitis, pneumonia, sepsis, and wound
infections, have been attributed.33Most of the strains of E. coli are
commensals of the intestinal tract of human and other animals,
indicating contamination by fecal microorganisms. Moreover,
the method adopted in this study may not have identified all the
bacterial species present in the wastewater facility. Bacterial
species such as Legionella pneumophila andMycobacterium tuber-
culosis are identified in WWTPs.3,35 Overall, the present study
suggests that the workers at the treatment plant are exposed to
opportunistic and infectious bacteria.
Similarity Analysis of the Bacterial Species among the

Samples. The droplet mode of transport of bioaerosols, espe-
cially live (culturable), have not been assumed to be significant in
the past. Only recently have a few studies in multistory buildings,
biosolid application, and WWTPs proved that aerosolized trans-
portation of pathogenic bacteria are important.4,36,37 Transport
of viable bacteria from sources is determined by various physical
and biological factors. Meteorological conditions and particle
characteristics are the physical factors affecting transport of the
bacteria in the atmosphere. The ability to survive in the harsh
environment is an important factor that governs the transport of
the viable biological particle.
The methods adopted in the above investigations include

tracking the specific strains of the bacteria and dispersion
modeling along with the disease incidence. The transport
problem of the biological particles can also be addressed using
receptor modeling approaches.38 A similar technique has been
used in different microenvironments to track the pollutants.39 A
combination of receptor modeling techniques and bacterial
species identification could be an approachable method for
tracking of the biological particles from sources. The factors
obtained from principal component analysis (PCA) and their
contributions at the source delineated in the present study could
be useful for tracking biological particles from these sources.40,41

Moreover, PCA can help to identify the important species of
bacteria (principal components) in all samples. The contribution
of these components of all samples will help to elucidate the
similarity between sample groups, and analysis may reveal special
properties of these bacterial groups (components).
The relationship between the bacterial species present in the

samples was analyzed using the R mode (PCA).24 All species
identified were not used for analysis. Species present in only a few
samples were removed from PCA. Some of the bacterial species
were grouped under the respective family before analysis (Table
S2, Supporting Information). The bacterial concentrations were
normalized (column normalization) to give equal weightage for
all variables. Four factors were identified in the analysis, which
combined to explain 78% of data variance was selected for further
analysis. The rotated factors identified by R-mode analysis are
shown in Table S2, Supporting Information. There are four
significant factors, explaining 78% of the data variability. Factor I
has three major variables, which are positively related to each
other. This factor explains 28% of the data variability, and it
indicates the concentration variation of the bacterial group across
the samples. E. coli and cedecia are in enterobacteriaceae and
found in sewage, soil, and decaying matter. These bacterial
groups commonly utilize simple carbohydrates such as glucose,
glucosamine, and dextrin. Brevibacterum is an actinobacteria
which plays an important role in the decomposition of organic
materials and in the carbon cycle. Factor III is signified by the
presence ofMicrococcus bacteria. Even thoughMicrococcus is not
a spore former, cells can survive in a harsh environment for

extended periods.Micrococcus genera has a more general carbon
utilization ability. This factor was also found to positively
correlate with cedecia genera. Factor IV explains 10% of the data
variability. This factor includes, in general, acid-metabolizing
bacterial groups.
The factor score values give an estimate of the amount of factor

contribution in each sample. Factor scores of the office area samples
are given in Table S3, Supporting Information. The result shows
thatmost of the samples were significantly associatedwith factors IV
and III. It is corroborated with the fact that the Bacillus and
Micrococcus species of these factors can survive a long time in
extreme environments. Sampling was conducted in the typical
tropical summer season in Mumbai. The relationship between
samples was also analyzed using PCA. Analysis suggests that the
samples cannot be separated or differentiated based on species
concentration data (Figure S4, Supporting Information). This
corroborates with the fact that the bacterial concentration observed
in the office area was transported from the plant sources.
In the present study, enumeration and identification of airborne

bacteria inWWTPhas been carried out using the culturemethod. It
is well known that due to the differences in culturability of
microorganisms, the culture method usually underestimates the
concentration of airborne bacteria in the environment. However,
the culture method is one of the economically viable methods used
in the field study of airborne microorganisms. Classification of
cultured bacteria from the samples was carried out by rapid
biochemical tests. As discussed in previous paragraphs, information
could be useful in understanding the transport of biological particles
from the WWTPs. However, the present study could not differ-
entiate the bacterial species between plants or unit operations
(Figure S4, Supporting Information). This may suggest that there
is a need for a better bacterial characterization method that can be
used for the transportation study. The nonculture method based on
principles of molecular biological and immunological principles has
also been used for identification of bacteria.43 Even though the
culture method may provide an economically viable technique,
bacterial information obtained from advanced analysis could be
useful in tracking bacterial transport as well as for health impact
assessment.
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