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Abstract

The wastewater treatment processes are associated with the emission of microbial aerosols, including enteropathogenic
bacteria. Their presence in this work environment poses a real threat to the health of employees, both through the possibility
of direct inhalation of the contaminated air and indirectly through the pollution of all types of surfaces with such bioaerosol
particles. This study aimed to investigate the prevalence of enteropathogenic bacteria in the air, on surfaces, and in wastewater
samples collected in four wastewater treatment plants (WWTPs). The effectiveness of conventional culture-biochemical, as
well as spectrometric and molecular methods for the rapid detection of enteropathogenic bacteria at workstations related to
particular stages of wastewater processing, was also evaluated. Bioaerosol, surface swab, and influent and effluent samples
were collected from wastewater plants employing mechanical-biological treatment technologies. The air samples were col-
lected using MAS-100 NT impactor placed at a height of 1.5 m above the floor or ground, simulating aspiration from the
human breathing zone. Surface samples were collected with sterile swabs from different surfaces (valves, handles, hand-
rails, and coveyor belts) at workplaces. The raw influent and treated effluent wastewater samples were aseptically collected
using sterile bottles. The identification of bacterial entheropathogens was simultaneously conducted using a culture-based
method supplemented with biochemical (API) tests, mass-spectrometry (MALDI TOF MS), and molecular (multiplex real-
time PCR) methods. This study confirmed the common presence of bacterial pathogens (including enteropathogenic and
enterotoxigenic Escherichia coli, Salmonella spp., Campylobacter spp., and Yersinia enterocolitica) in all air, surface, and
wastewater samples at studied workplaces. Higher concentrations of enteropathogenic bacteria were observed in the air and
on surfaces at workplaces where treatment processes were not hermetized. The results of this study underline that identifi-
cation of enteropathogenic bacteria in WWTPs is of great importance for the correct risk assessment at workplaces. From
the analytical point of view, the control of enteropathogenic bacterial air and surface pollution using rapid multiplex-PCR
method should be routinely performed as a part of hygienic quality assessment in WWTPs.
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Introduction

Wastewater treatment processes are widely recognized as
significant sources of microbial aerosols, posing potential
health risks for wastewater treatment plant (WWTP) work-
ers (Grisoli et al. 2009; Heinonen-Tanski et al. 2009; Wu
et al. 2019). Enteropathogenic bacteria (EB) are known to
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pose a global health threat, and wastewater is their major
natural reservoir (Jia and Zhang 2020). Typically transmitted
through the fecal-oral route, EB enter WWTPs via sewage
containing excreted feces, contributing to millions of Gram-
negative bacteria per milliliter and including various patho-
genic strains like Salmonella spp., Shigella spp., Escherichia
coli, Yersinia enterocolitica, and Campylobacter spp. (Jia
and Zhang 2020; Chahal et al. 2016; @rmen et al. 2019).
The wastewater entering the treatment plant consists of a
mixture of domestic and industrial wastewater, for example
from animal farms or hospitals, as well as rainwater, con-
taining a variety of microorganisms. Enteropathogens origi-
nate directly or indirectly from human and animal excreta,
especially from the feces of sick individuals or carriers. It
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is important to note that many enteropathogens are released
in large quantities with the feces not only during infections
but also several days or weeks before the onset of symptoms,
as well as after the disease has ceased. According to the
US Environmental Protection Agency (EPA Environmental
Protection Agency 2018), when 1-10% of the population of
a given area excrete pathogenic bacteria in the amount of
108 CFU/g of feces, this results in the presence of these path-
ogens in sewage in the amount of 10°~10” CFU/L. Moreover,
wastewater treatment may not be sufficent for enteropatho-
genic bacteria removal and bacterial pathogens can survive
in such an environment up to several months (Teklehaimanot
et al. 2015; Yi and Shane 2018). Based on the accessible
data, in the workplace environment of wastewater treatment
plants, the bacterial enteropathogens identified so far are as
follows: Salmonella (S. Paratyphi, S. Enteritidis, S. Typh-
imurium), Shigella (Sh. dysenteriae), Vibrio (V. cholerae,
V. parahaemolyticus, V. vulnificus, V. fluvialis), Campylo-
bacter (C. jejuni, C. lari, C. coli), Escherichia (E. coli), and
Yersinia (Y. enterocolitica, Y. pseudotuberculosis) (Anastasi
et al. 2012; Langeland 1982; Jones 2001).

Research reports from recent years show that the issue
of pathogenic bacteria in bioaerosols in wastewater treat-
ment plants remains a relevant problem (Jabeen et al. 2023).
Wastewater treatment processes generate aerosols of differ-
ent sizes, carrying biological agents present in wastewater,
which can be subsequently deposited on surfaces (Han et al.
2013). Consequently, WWTP employees may be exposed to
bioaerosol pathogens during their working activities, either
through inhalation/deglutition or direct contact with con-
taminated surfaces, clothing, tools, or hands (Muzaini et al.
2021). Studies indicate that WWTP workers often report
acute non-specific gastrointestinal symptoms that may result
from contact with enteropathogenic bacteria (Albatanony
and El-Shafie 2011; Jeggli et al. 2004; Friis et al. 1998).

Given these concerns, an important part of safety work
management is proper health risk assessment. Identifying
pathogens in the occupational environment is crucial in the

initial stages of risk assessment. Traditionally, detection
and identification of pathogenic bacteria rely on various
classic diagnostic tools such as microscopy, cultivation on
microbiological media, and biochemical tests. The results
obtained using these traditional methods, however, often
require confirmation with spectrometric or molecular
methods (Suzuki et al. 2018; @rmen and Madslien 2018).

This study aims to investigate the prevalence of enter-
opathogenic Gram-negative bacteria (Escherichia coli,
Salmonella spp, Shigella spp., Yersinia enterocolitica,
Campylobacter spp.) in bioaerosol and surface swab
samples collected in WWTPs, as well as in raw influ-
ent and treated effluent samples. Additionally, the study
evaluates the suitability of combined culture-biochemical
(API), spectrometric (MALDI TOF MS), and molecular
(multiplex real-time PCR) method for rapid detection of
enteropathogenic bacteria in the WWTP environment
and quick evaluation of efficacy of wastewater treatment
processes.

Methodology
Sampling sites

All studied WWTPs were located in central Poland and
were categorized as very small, small, medium, and large
facilities depending on their capacity. All the examined
wastewater treatment plants based on mechanical-biologi-
cal wastewater treatment involve sequencing batch reac-
tors and plate-and-frame filter press and were purifying
municipal wastewater.

Table 1 provides description of the examined WWTPs,
including their detailed characteristics. All samples were
collected by the authors of this study after obtaining the
necessary permits issued by the authorities of all studied
WWTPs.

Table 1 Description of

Size of WWTP Very small Small Medium Large
wastewater treatment plants
(WWTPs) and their workplaces ‘Workplace Capacity of WWTP [m*/day]
<1500 10,000 60,000 > 300,000
H" n H n H n H n
Wastewater pumping section - 6 - 4 - 4 + 3
Screens section +/— 2 - 4 +/- 3 + 3
Grit chamber + 2 + 2 - 3 + 3
Bioreactor + 2 + 2 + 2 - 3
Dewatering sludge section - 5 + 2 + 2 + 2
Thickening sludge section + 2 +/—= 6 + 3 + 2

) H—process hermetization; + yes, — no, +/ — partially; n—number of samples
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Bioaerosol sampling

In total, 72 bioaerosol samples (32 collected from her-
metized area and 40 gathered in not or partially hermetized
areas—see Fig. 1), were collected during regular working
hours from various workplaces within WWTPs including:
wastewater pumping Sect. (17), screens Sect. (12), grit
chamber (10), bioreactor (9), dewatering sludge Sect. (11),
and thickening sludge Sect. (13). The air samples (volume
of each sample =100 L; flow rate 100L/min) were collected
using a single-stage MAS impactor (model 100-NT, MBV
AG, Stifa, Switzerland) on trypticase soy agar (TSA) with
5% defibrinated sheep blood (bioMérieux, Marcy I’Etoile,
France). All bioaerosol samples were collected at a height of
1.5 m above the floor or ground, simulating aspiration from
the human breathing zone (EN 13098:2019). Throughout
the bioaerosol measurements, the temperature and relative
humidity of the air were monitored using a portable thermo-
hygrometer (model Testo 410-2, Testo SE & Co. KGaA,
Titisee-Neustadt, Germany). To assess the potential influ-
ence of external sources of microbiological pollution on air
quality at the studied workplaces, background bioaerosol
samples (atmospheric air) were simultaneously collected in
close vicinity of the studied facility (upwind, approximately
300 m from the border of each examined WWTP).

Fig.1 An example of not hermitized process at wastewater pumping
section in one of the studied WWTP

Surface swab sampling

In total, 51 surface samples were collected using sterile
swabs prewetted with Amies transport medium (DeltaSwab,
Spain) from various surfaces within selected workplaces,
including machine valves, machine handles, conveyor belts,
and handrails (Table 2). After shaking the swabs for 10 min
at room temperature, a series of dilutions of each sample
(107" to 1073) were prepared. Triplicates of 0.1 mL from
each dilution were then inoculated onto trypticase soy agar
(TSA) supplemented with 5% defibrinated sheep blood (bio-
Meérieux) for further bacterial analysis.

Wastewater samples collection

A total of 16 raw wastewater influent and 16 treated waste-
water effluent samples were aseptically collected using 1-L
sterile bottles. Prior to sample collection, the sampling bot-
tles were thoroughly rinsed with distilled water and auto-
claved at 121 °C for 15 min. A series of dilutions for each
sample (107! to 10™") was prepared and used in triplicate,
with 0.1 mL of each dilution inoculated onto the appropri-
ate medium.

Laboratory analyses

Agar plates with bioaerosol, surface swab, and wastewater
samples were incubated at 37 °C for 24 h in aerobic condi-
tions for E. coli, Salmonella spp., Shigella spp., Y. entero-
colitica, and at 37 °C for 24 h in microaerophilic conditions
for Campylobacter spp., as specified by the manufacturer’s
instructions using GenBag Microaer (bioMérieux). After
incubation, all colonies were counted. The total concentra-
tion of bacteria in bioaerosol was determined as colony-
forming units per cubic meter of the air (CFU/mS), on sur-
faces as CFU per square centimeter (CFU/cm?), while in
untreated and treated wastewater samples as CFU per liter
(CFU/L). All isolated bacterial colonies were morphologi-
cally evaluated and classified into Gram-positive/Gram-
negative groups based on Gram staining results.

Table 2 Surface swabs

" ¢ Workplace
collection points

Type of surface n

T
Z
T

Wastewater pumping section
Screens section

Grit chamber

Bioreactor

Dewatering sludge section
Thickening sludge section

Machine valve, machine handle

Machine handle, handrail, conveyor belts
Machine handle, handrail

Machine handle, handrail

Machine handle, handrail

Machine handle, handrail

W A W W R
AW NN W

n—number of samples; H—hermitized process; NH—not hermetized process
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The grown bacterial colonies were then washed with
2 mL of PBS buffer and intended for inoculation into
GN Hajna broth (Merck Eurolab GmbH, Germany) for
sample enrichment. Subsequently, the identification of
enteropathogenic bacteria was simultaneously carried out
using a culture-based, biochemical (API), spectrometric
(MALDI TOF MS), and molecular (multiplex real-time
PCR) methods. The general scheme of all performed ana-
lytical steps is presented in Fig. 2.

Fig.2 General scheme of the
study

Culture-based isolation of Escherichia coli,
Salmonella spp., Yersinia enterocolitica, Shigella
spp., and Campylobacter spp.

The isolation of E. coli (a), Salmonella spp. (b), Shigella spp.
(¢), Y. enterocolitica (d), and Campylobacter spp. (e) involved
enrichment techniques in GN Hajna broth following standard
methods (APHA 2001). After enriching the culture for 6 to 8 h
at 37 °C (a—c), 25 °C (d), and 41 °C (e), 1 mL of the culture
or its subsequent serial dilutions were streak-plated on various

Sample

I\

Bioaerosol, surface swabs

Sewage influent/effluent

l

sheep blood

TSA with 5% of defibrinated

l

Y. enterocolitica

37°C, 24h aerobic conditions for
E.coli, Salmonella spp., Shigella spp.,

37°C, 24h microaerophilic
conditions for Campylobacter spp.

l

v

2 mL PBS for washing colonies out

Enrichment on GN Hajna broth

v N\

Culture-based indentification

A Bacterial DNA isolation
on proper media

v

Selected colonies

Y\

API biochemical tests |

| MALDI-TOF MS | | Multiplex real-time PCR
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selective media: xylose lysine deoxycholate (XLD), Hektoen
agar, MacConkey agar (with crystal violet, sodium chloride,
and 0.15% bile salts), Yersinia CIN agar, and CASA agar (all
media: Merck Eurolab GmbH). The plates were then incubated
under aerobic and microaerophilic (for CASA agar only) condi-
tions for 24 h at 37 °C, 25 °C, and 41 °C to detect and enumer-
ate expected colonies. Moreover, for each plate, three to five
presumptive colonies of the target bacteria were selected and
sub-cultured twice on brain heart infusion agar, followed by
plating on nutrient agar (Merck), prior to further identification.

Bacterial identification
Biochemical method (API tests)

All isolated microbial colonies were identified to the genus
and/or species level, considering their macroscopic and
microscopic features. The identification process included:
observation of motility, Gram staining, and oxidase and cata-
lase activities of the isolates. Bacterial identification was
further complemented with appropriate biochemical API
tests, specifically ‘10S” or ‘20E’ for Enterobacteriaceae
and ‘Campy’ for Campylobacter spp. (bioMérieux). The
final confirmation of taxonomical identification was accom-
plished using the APIweb database (bioMérieux).

Spectrometric method (MALDI TOF MS)

The identification of isolated bacterial strains was also con-
ducted using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (MALDI
Biotyper, Bruker Daltonik, Germany). In brief, bacterial
colonies (after 18-24 h incubation) were isolated from the
TSA agar medium (Merck Eurolab GmbH). Cell proteins
were extracted with ethanol, followed by a mixture of for-
mic acid and acetonitrile. After drying 1 pL of supernatant
samples on a metal plate and adding a matrix solution (1
pL), the plate with the samples was placed in the MALDI
Biotyper chamber for analysis. A score >2.0 indicated high-
confidence identification (Kozdréj et al. 2019).

Molecular methods
Bacterial DNA isolation

The isolation of bacterial DNA from bacterial strains was
performed using Syngen DNA Mini Kit (Syngen, Wro-
claw, Poland), while DNA from bioaerosol, surface swab,
and wastewater samples was extracted using Syngen Stool
DNA Mini Kit (Syngen) following the manufacturer’s rec-
ommended procedure. The extracted DNA samples were
stored at — 80 °C for further analysis.

Multiplex real-time PCR

Multiplex real-time polymerase chain reaction (multi-
plex-real-time PCR) was conducted using the CFX96 real-
time PCR thermocycler (BioRad, USA). The detection of E.
coli and Shigella spp. (EHEC—enterohemorrhagic E. coli,
STEC—Shiga toxin-producing E. coli, EPEC—enteropatho-
genic E. coli, ETEC—enterotoxigenic E. coli, EIEC—entero-
invasive E. coli, Shigella spp., Shigella dysenteriae type 1), as
well as Salmonella spp., Campylobacter spp., and Y. entero-
colitica, was carried out using VIASURE E. coli Typing Real-
Time PCR Detection Kit, as well as VIASURE Salmonella,
Campylobacter & Y. enterocolitica Real-Time PCR Detection
Kit (both: CerTest Biotec, Spain), respectively.

The target genes utilized for rapid detection and identifica-
tion of Salmonella, Campylobacter, and Y. enterocolitica in
multiplex real-time PCR assays were the virulence invA gene
(Salmonella invasion protein gene), 16STRNA gene, and ail
(attachment-invasion locus) gene, respectively. For identifica-
tion of colipathotypes and Shigella spp., the virulence stx1/stx2
and eae genes were used for EHEC, stx1/stx2 genes were used
for STEC, eae gene was used for EPEC, It and stla/st1b genes
were used for ETEC, ipaH gene were used for EIEC/Shigella
spp., and stx1/stx2 and ipaH genes were used for Shigella dys-
enteriae type 1.

All laboratory activities were conducted following the
manufacturer’s instructions. In brief, each multiplex reaction
mixture (20 uL) contained 15 pL of master mix of specific
primers/probes, ANTPS, buffer, polymerase, retrotranscriptase
in a stabilized format, and an internal control to discard the
inhibition of the polymerase activity. Additionally, 5 uL. of
the DNA sample was included in each reaction. The mix-
tures underwent the following conditions: initial denaturation
at 95 °C for 2 min, followed by 49 cycles of denaturation at
95 °C for 10 s and annealing/extension at 60 °C (50 s). As per
the manufacturer’s procedure, fluorogenic data were collected
through the FAM, Cy5, ROX, and HEX channels. Each run
included both negative and positive controls (CerTest Biotec).
To minimize potential contamination, all analytical steps were
conducted in separate rooms.

Statistical analysis

As all independent variables were not normally distributed
(based on Shapiro—Wilk test), the obtained results were
statistically analyzed with Kruskal-Wallis, Mann—Whitney
U, Chi-squared, and Fisher exact tests, as well as Spear-
man rank correlation coefficient using STATISTICA data
analysis software system, version 10. (StatSoft Inc., Tulsa,
USA). p values below 0.05 were considered statistically
significant.
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Results

Quantitative and qualitative analysis of bioaerosol
samples

The concentrations of bacterial aerosols in WWTPs are
presented in Table 3. The average bacterial concentra-
tions in the air ranged from 98 to 18,850 CFU/m?>, 120
to 24,280 CFU/m’, 215 to 17,350 CFU/m’, and 245 to
4980 CFU/m’ in very small, small, medium, and large
WWTPs, respectively. Bacterial aerosol concentrations
at workplaces in WWTPs were significantly higher than
those measured in the atmospheric background near the
studied facilities (Mann—Whitney U test: p =0.004).
Moreover, statistically significant differences between the
studied workplaces were also observed (Kruskal-Wallis
test: p=0.001). The highest concentrations of bacterial
aerosols were detected within the wastewater pumping sec-
tion in very small and small WWTPs, at the grit chamber
section in medium WWTPs, and within the bioreactor area

in the large facilities. Taking into account the hermeti-
zation of technological processes (Table 4), significantly
higher concentrations of bacteria in the air were recorded
at workplaces without the possibility of limiting the spread
of this type of biological pollutants (Mann—Whitney U
test: p=0.0001).

Within the tested processing areas, the air temperature ranged
between 22.3 and 25.8 °C, while relative humidity ranged
between 52.7 and 60.3%. Neither relative air humidity nor tem-
perature significantly influenced bacterial aerosol concentrations
(Spearman rank correlation coefficient test: p> 0.05).

The percentage distributions of bacterial groups identified
in bioaerosols at workplaces within the studied WWTPs and
in atmospheric air are illustrated in Fig. 3. In bioaerosols
collected at workplaces where technological processes were
hermetized, Gram-positive bacteria were the predominant
group of microorganisms (forming 63.7-91.4% of the total
studied microbiota), followed by non-enteropathogenic
Gram-negative rods (8.6-31.4%). E. coli constituted a maxi-
mum of 6% of the total microbiota, while Salmonella spp.
did not exceed 0.5% and was only detected in the initial

Table 3 Concentrations of bacteria [CFU/m?] at the studied workplaces in WWTPs depending on their capacity

Total bacteria concentration
CFU/m’

Workplace

WWTPs capacity [m>/day]

<1500 10,000 60,000 > 300,000
Median  Range Median Range Median  Range Median  Range
Wastewater pumping section 18,850  15,850-18,850 24,280  20,280-26,280 13,850 1200-15,850 1990 1890-2100
Screens section 8165 6670-10,050 8820 6420-11,180 4743 1410-11,500 245 110-980
Grit chamber 150 140-153 325 240-380 17,350  15,850-18,850 465 370-530
Bioreactor 98 90-110 120 70-180 215 150-280 4980 3230-6860
Dewatering sludge section 13,225 11,890-14,560 190 160-230 690 550-820 520 470-590
Thickening sludge section 1505 1100-1860 265 180-1170 700 640-720 275 210-360
Backgorund (atmospheric air) 220 190-370 170 132-200 320 250-440 70 60-120
Table 4 Concentgations of Workplace Process hermetization
bacteria [CFU/m’] at the
studied workplaces in WWTPs H NH
depending on hermitization of - - 3
the treatment processes Total bacteria concentration [CFU/m”]
Median Range Median Range
Wastewater pumping section 1990 1890-2100 18,850 1370-26,280
Screens section 245 110-980 6575 320-11,180
Grit chamber 320 140-530 17,350 15,850-18,850
Bioreactor 108 90-280 4980 3230-6860
Dewatering sludge section 225 160-780 13,225 11,890-14,560
Thickening sludge section 730 180-1170 4955 1430-8050

H—process with hermetization; NH—process without hermetization/partially hermetized
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Fig.3 Percentage contribu- a)
tion of bacterial groups to total
bacterial microbiota isolated 100% ] ]
from the air at hermitized (a)
. o, o,
and not or partially hermitized 90%
(b) workplaces in WWTPs, as 300
well as in background air (c). ¢
Notes: [] Escherichia coli, 0%
[l Salmonella spp., [ ] other
non—epteropathogenic Gram.- . 60%
negative rods, [ ] Gram-positive
bacteria; 1—wastewater pump- 50%
ing section; 2—screens section,
3—grit chamber, 4—bioreactor, 40%
5—dewatering sludge section,
6—thickening sludge section, 30%
B—background
20" 0
10%
0‘%) o o
1 2
b)
100% — —
90%
80%
70%
60%
50%
40%
30%
200 R
[
l 00 ()
0% == —
1 2

steps of the technological processes (wastewater pump-
ing and screen sections). Similar picture was observed at
not hermitized workplaces where Gram-positive bacteria
were the predominant group of microorganisms (forming
23.8-77.5% of the total studied microbiota), followed by
non-enteropathogenic Gram-negative rods (19.4-51.6%) and
E. coli (2.7-19.2%). Salmonella accounted for 5.4% in the
wastewater pumping area, 2.7% in the screens section, and
0.6% in the grit chamber. In atmospheric air, Gram-positive
bacteria were the most abundant group of isolated microor-
ganisms, constituting 98.4% of the total isolated bacteria.
All enteropathogenic bacterial strains isolated from bio-
aerosol samples are listed in Table 5. Enteropathogenic
strains of E. coli (EPEC), E. coli (ETEC), and Salmo-
nella spp. were detected in bioaerosol samples collected in

wastewater pumping and screen sections. They were sig-
nificantly more often isolated from bioaerosol samples col-
lected at workplaces without hermitization of technological
processes (Chi-square test: p =0.0000, Fisher’s exact test:
p=0.0000).

Quantitative and qualitative analysis of surface
swab samples

Concentrations of bacteria on surfaces in WWTPs ranged
between 2.2 and 27.2 CFU/cm? at hermatized workplaces
(H) and between 8.9 and 110.8 CFU/cm? at not or par-
tially hermetized workplaces (NH) (Table 6). The high-
est concentrations of bacteria on both H and NH surfaces
were observed within the screen Sect. (20.7 CFU/cm?
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Table 5 Enteropathogenic bacteria identified among tested bioaerosol samples with biochemical, spetrometric, and molecular methods

Identification method Biochemical (API) Spectrometric (MALDI TOF MS) Molecular (multiplex real-time PCR)
Workplace Species/genus Total positive
samples
NH H
Wastewater pumping section E. coli E. coli E. coli (EPEC) 5/14 1/3
E. coli E. coli E. coli (ETEC) 2/14 0/3
E. coli E. coli E. coli (OTC) 11/14 1/3
Salmonella spp. S. enterica ssp. arizonae Salmonella spp. 1/14 0/3
Salmonella spp. S. enterica ssp. enterica ser. Hadar Salmonella spp. 1/14 0/3
No identification No identification Salmonella spp. 2/14 0/3
Screens section E. coli E. coli E. coli (EPEC) 719 1/3
E. coli E. coli E. coli (EPEC) 1/9 0/3
E. coli E. coli E. coli (OTC) 6/9 2/3
Salmonella spp. Salmonella spp. Salmonella spp. 1/9 0/3
Grit chamber E. coli E. coli E. coli (OTC) 1/3 0/7
Bioreactor E. coli E. coli E. coli (OTC) 1/3 2/6
Dewatering sludge section E. coli E. coli E. coli (OTC) 1/5 3/6
Thickening sludge section E. coli E. coli E. coli (OTC) 2/6 2/7
Backgorund ND ND ND - -

EPEC—enteropathogenic E. coli, ETEC—enterotoxigenic E. coli, OTC—other than colipathotypes; ND—not detected; H—process with her-

metization; NH—process without hermetization/partially hermetized

Table6 Concentrations of bacteria on surfaces [CFU/cm?] at the
studied workplaces in WWTPs depending on process hermetization

Workplace Process hermetization
H NH
Total bacteria concentration
CFU/cm?
Median Range Median Range
Wastewater pumping 15.3 9.1-234 523 19.1-75.4
section
Screens section 20.7 17.5-27.2 65.1 17.2-110.8
Grit chamber 5.9 3.1-8.7 249 9.3-36.1
Bioreactor 6.3 2.8-8.1 16.1 8.9-21.5
Dewatering sludge 11.9 6.7-17.4 229 16.5-29.2
section
Thickening sludge sec- 6.2 22-97 143 13.4-15.1

tion

CFU colony forming units

and 65.1 CFU/cm?, respectively), followed by surfaces in
the wastewater pumping section area (15.3 CFU/cm? and
52.3 CFU/cm?, respectively).

The percentage distributions of bacterial groups identified
on surfaces among the tested areas in the studied WWTPs are
depicted in Fig. 4. On all studied surfaces at workplaces within
WWTPs, i.e., with and without hermetization of technologi-
cal processes, Gram-positive bacteria were the predominant

@ Springer

group of microorganisms (forming 49.1-93.1% of the total
microbiota), followed by non-enteropathogenic Gram-nega-
tive rods (5.1-45.1%). The only exception was observed in
case of surfaces in not hermetized screens section. In this
case, Gram-negative bacteria constituted 71.9% of the total
bacterial microbiota (including bacterial enteropathogens: E.
coli 22.2%; Salmonella spp. 4.9%; Yersinia spp. 3.6%; Campy-
lobacter spp. 2.0%). It was also noted that Gram-negative
bacteria, including enteropathogenic strains, were present at
both hermitized and not or partially hermetized workplaces,
especially during the initial stages of technological process,
i.e., within wastewater pumping section, screens section, and
grit chamber. Like the findings in bioaerosol samples, enter-
opathogenic species were significantly more frequently iso-
lated from surface swab samples collected at not hermatized
workplaces (Chi-square test: p=0.0001, Fisher’s exact test:
p=0.0002). All enteropathogenic species isolated from sur-
face swab samples are listed in Table 7.

Quantitative and qualitative analysis of wastewater
samples

Average concentrations of bacteria in wastewater samples
before treatment ranged from 1.5x 10 to 4.9x 10'* CFU/
mL, while after treatment varied from 5.9 x 10° to
9.7x 10° CFU/mL. Untreated wastewater contained signifi-
cantly more bacteria than treated effluents (p <0.05). Per-
centage distributions of bacterial groups identified in treated
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Fig.4 Percentage contribution a)
of bacterial groups to total bac-

terial microbiota isolated from 100%

the surfaces at hermitized (a)
and not or partially hermitized
(b) workplaces in WWTPs, as
well as in background air (c).
Notes: |:| Escherichia coli, .
Salmonella spp., [] Yersinia
spp., [_] Campylobacter spp.,
[] other non-enteropathogenic
Gram-negative rods, |:| Gram-
positive bacteria; 1—wastewater
pumping section; 2—screens 50%
section, 3—grit chamber,
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and untreated wastewater are shown in Fig. 5. Escherichia
coli (37.8%), along with non-enteropathogenic Gram-nega-
tive rods (29.3%), constituted the predominant group in the
untreated wastewater samples, followed by Gram-positive
bacteria (16.0%). The species from Salmonella, Campy-
lobacter, and Yersinia genera constituted 8.4%, 5.9%, and
2.9% of the total bacterial microbiota, respectively. In
case of treated wastewater samples, non-enteropathogenic
Gram-negative rods (51.3%) were the predominant bacte-
rial group, followed by Gram-positive bacteria (29.4%) and
E. coli (17.8%). Salmonella spp. constituted 1.2%, while

Campylobacter spp. made up to 0.3% of the bacterial micro-
biota. All enteropathogenic species isolated from wastewater
samples are listed in Table 8.

Discussion

This study confirmed that enteropathogenic bacteria are com-
monly present at workplaces in wastewater treatment plants.
Higher concentrations of total bacteria, including EB, were
observed at not or partially hermitized workplaces; however,
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Table 7 Enteropathogenic bacteria identified among surface swab samples with biochemical, MALDI-TOF MS and molecular methods

Workplace Identification method
Biochemical (API) Spectrometric (MALDI TOF MS) Molecular (multiplex real-time PCR)
Species/genus Total posi-
tive samples
NH H
Wastewater pumping section E. coli E. coli E. coli (EPEC) 4/7 1/3
E. coli E. coli E. coli (ETEC) 2/7 0/3
E. coli E. coli E. coli (OTC) 717 1/3
Salmonella spp. S. enterica ssp. arizonae Salmonella spp. 217 1/3
Salmonella spp. S. enterica ssp. enterica ser. Hadar Salmonella spp. 217 0/3
Screens section E. coli E. coli E. coli (EPEC) 3/4 2/4
E. coli E. coli E. coli (ETEC) 3/4 2/4
E. coli E. coli E. coli (OTC) 4/4 3/4
Salmonella spp. Salmonella spp. Salmonella spp. 3/4 1/4
Campylobacter upsaliensis C. upsaliensis Campylobacter spp. 2/4 1/4
Yersinia enterocolitica Y. enterocolitica Y. enterocolitica 3/4 2/4
Grit chamber E. coli E. coli E. coli (OTC) 3/3 2/7
Salmonella spp. Salmonella spp. Salmonella spp. 1/3
Bioreactor E. coli E. coli E. coli (OTC) 2/3 1/6
Dewatering sludge section E. coli E. coli E. coli (OTC) 4/4 2/3
Thickening sludge section E. coli E. coli E. coli (OTC) 2/3 1/4

EPEC—enteropathogenic E. coli, ETEC—enterotoxigenic E. coli, OTC—other than colipathotypes; H—process with hermetization, WH—pro-

cess without hermetization/ partially hermetized

regardless of the hermetization process in WWTPs, the most
microbiologically polluted workplaces, considering both the
air and surfaces, were located within the wastewater pump-
ing and screens sections. The bacterial concentrations in the
air samples from WWTPs were similar to those obtained
by other authors, such as Laitinen et al. (1994), Gotkowska-
Plachta et al. (2013), Wang et al. (2018), Yang et al. (2019),
and Lou et al. (2021), i.e., varied between 10" and 10° CFU/
m’. Statistically significant higher concentrations of airborne
bacteria were observed at workplaces where the treatment
processes were not or only partially hermitized. At all these
places, an aeration of wastewater played a crucial role. Aera-
tion of wastewater provides to nonnegligible emission of bio-
aerosols; however, it is crucial for proper wastewater treat-
ment (Yan et al. 2021). Aeration is utilized to provide oxygen,
which promotes the biological process during wastewater
treatment but also leads to aerosolization pathogenic bacte-
ria, including Gram-negative enteropathogens. Environmen-
tal factors may additionally affect bioaerosol concentration
and diversity of bacterial biota. Among them, the source of
wastewater treatment, capacity, the type of treatment process,
aeration rate, and microclimate parameters play an essential
role in determining the concentration of bacteria (Wang et al.
2018). As Michalkiewicz (2018) indicates, bioaerosol emis-
sion occurs due to intense flow, transfer, aeration, or turbulence

@ Springer

of wastewater and treatment of sludge and storage of screen-
ings and grit. Hermetization of crucial treatment sections at
WWTP and fine bubble aeration notably decrease the emission
of microorganisms into the air, whereas an intense, turbulent
flow of wastewater and lack of ventilation increase the forma-
tion of bioaerosols (Fernando and Fedorak 2005). According
to Dehghani et al. (2018) and Gotkowska-Ptachta et al. (2013),
both temperature and humidity of the air may positively cor-
relate with culturable bioaerosol concentration; however, in
our study, neither relative air humidity nor temperature signifi-
cantly influenced bacterial aerosol concentrations (p > 0.05).
Our study indicated also that despite of hermitization of
wastewater tyreatment processes, Gram-negative EB were pre-
sent at all workplaces. In case of hermetizated WWTP areas,
Gram-negative bacteria constituted below 36% of total airborne
bacteria (including 4.9% of EB), while within not or partially
hermetizated WWTP sections they formed over 75% (includ-
ing 24.6% enteropathogenic bacteria). As the main source of
Gram-negative bacteria is untreated wastewater, the highest
concentration of bacteria was noted within the mechanical
wastewater treatment sections (Gotkowska-Plachta et al. 2013).
Such abundance of Gram-negative bacteria in the air, including
Enterobacteriaceae strains (E. coli, Salmonella spp.), may be
aresult of high air humidity (52.7-60.3%) within tested areas,
which favors the occurence of Gram-negative strains in the



Environmental Science and Pollution Research

Fig.5 Percentage contribution a)
of bacterial groups to total bac-
terial microbiota isolated from
the untreated (a) and treated (b)
wastewater samples. Notes: [ ]
Escherichia coli, . Salmo-
nella spp., [_] Yersinia spp., [_]
Campylobacter spp., [_] other
non-enteropathogenic |:| Gram-
negative rods, Gram-positive
bacteria

b)

air. Similar observation was noticed by Gotkowska-Ptachta
et al. (2013) that high air humidity (60.5 + 18.6%) significantly
positively correlated to the level of Enterobacteriaceae in the
air samples. According to available data, the percentage of
Gram-negative bacteria in bioaerosol samples from WWTPs
ranged between 35 and 55% of total airborne bacteria, and a
large part of them formed Enterobacteriaceae, including Sal-
monella spp., Y. enterocolitica, and E. coli (Dehghani et al.
2018; Wlazto et al. 2002). Although Enterobacteriaceae are
strictly related to the aquatic environment, the prevalence of
Salmonella spp. and E. coli, including pathotypes (ETEC) in
bioaerosols, was already proved in several studies (Gerba et al.
2008; Wu et al. 2011; Farling et al. 2019; Li et al. 2019).
Untreated wastewater and screenings, sludge, and grit res-
idues derived from it may contaminate workplace surfaces in
WWTPs. Such polluted surfaces may become a secondary
emission source for bioaerosols. Deposited microbial par-
ticulates can also be resuspended by air movement caused
by wind, ventilation, or human activities at the workplace
(such as walking or opening doors or windows (Inizan 2018;
Alsved et al. 2020). This study confirmed that surfaces of
machine handles and valves, handrails, and conveyor belts in

0.3% Campylobacter spp.

B 0,1% Yersinia spp.

1,1% Salmonella spp.

WWTPs may be contaminated with EB. Consequently, bac-
terial enteropathogens may be transmitted via contaminated
workars’” hands and lead to fecal—oral infections (Svenungs-
son et al. 2000). Moreover, dermal contact with some strains
of E. coli and Salmonella spp. may play an important role in
skin irritation and cutaneous infection among exposed work-
ers (Marzano et al. 2003; Petkovsek et al. 2009).

The state of knowledge about biological risks in work
environments is still relatively incomplete (Santos et al.
2020). Although a few hundred million workers around the
world are exposed to airborne biological agents, and in the
EU, biohazard prevention is mandatory, there are still no
widely accepted threshold limit values for bacterial contami-
nants. The Polish Expert Group for Biological Agents of the
Interdepartmental Commission for Maximum Admissible
Concentrations and Intensities for Agents Harmful to Health
in the Working Environment at the Central Institute for
Labour Protection—National Research Institute (CIOP-PIB),
taking into account ‘environmental factors’, proposed the
threshold limit values (TLV) for microbiological agents in
the air of occupational and non-occupational environments
(Table 9) (Posniak and Skowron 2022). The concentrations
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Table 8 Enteropathogenic bacteria identified among untreated and treated wastewater samples with biochemical, MALDI-TOF MS, and molecu-

lar methods

Identification method

Biochemical (API)

Spectrometric (MALDI TOF MS)

Molecular (multiplex real-time PCR)

Species/genus

E. coli E. coli
E. coli E. coli
E. coli E. coli
E. coli E. coli
E. coli E. coli

Shigella spp. Shigella spp.

Salmonella spp. S. Enteritidis

Salmonella spp. S. Typhimurium

Salmonella spp. S. enterica ssp. arizonae
Salmonella spp. S. enterica ssp. enterica ser. Hadar
Salmonella spp. S. enterica ssp. enterica ser. Anatum
Salmonella spp. S. enterica ssp. enterica ser. Dublin

Salmonella spp. Salmonella spp.

Yersinia enterocolitica Y. enterocolitica
Campylobacter jejuni spp. jejuni
C. upsaliensis C. upsaliensis
C. jejuni spp. doylei

Campylobacter spp.

C. jejuni spp. jejuni

C. jejuni spp. doylei
Campylobacter spp.

Escherichia coli (EPEC)

Escherichia coli (ETEC)

Escherichia coli (EHEC)
Escherichia coli (EIEC)/Shigella spp.
E. coli (OTC)

Escherichia coli (EIEC)/Shigella spp.
Salmonella spp.

Salmonella spp.

Salmonella spp.

Salmonella spp.

Salmonella spp.

Salmonella spp.

Salmonella spp.

Y. enterocolitica

Campylobacter spp.

Campylobacter spp.

Campylobacter spp.

Campylobacter spp.

EPEC—enteropathogenic E. coli, ETEC—enterotoxigenic E. coli, EHEC—enterohemorrhagic E. coli, EIEC—enteroinvasive E. coli, Shigella

spp., Shigella dysenteriae type 1, OTC—other than colipathotypes

Table 9 Threshold limit values for bioaerosols proposed by Polish
Expert Group for Biological Agents of the Interdepartmental Com-
mission for Maximum Admissible Concentrations and Intensities for
Agents Harmful to Health in the Working Environment

Microbial agent Workplaces pol-
luted with organic
dust

Mesophilic bacteria 100,000 CFU/m?

Gram-negative bacteria 20,000 CFU/m?>

Microbial agents from risk groups 3 and 4 0 CFU/m’?

of total bacteria, as well as Gram-negative bacteria, in the
air at all workplaces in WWTPs were below the proposed
TLVs for workplaces polluted with organic dust. However,
the presence of bacterial enteropathogens indicates that risk
assessment methods for occupational exposure should also
take into account the results of qualitative analysis (Table 9).

Increased risk for enteric infections is associated with
workplace exposures to enteropathogens (Su et al. 2017;
Duijster et al. 2019), and this study also underlines the
necessity of precise control of wastewater treatment plant
workers’ exposure to EB, especially in not hermitized sec-
tions of WWTPs where mechanical agitation or forced aera-
tion of wastewater takes place (Heinonen-Tanski et al. 2009).

@ Springer

The existence of this type of biothreats causes a need for
introduction of analytical strategy for the fast and accurate
detection and identification of enteropathogenic bacteria in
the occupational environment of WWTPs.

Traditional culture-based methods for pathogen detection
are usually time-consuming and require additional approval
techniques (Bursle and Robson 2016). Moreover, while
conventional bacterial testing methods, relying on selective
and chromogenic media, are commonly used for detection
and identification of both indicator and pathogenic micro-
organisms, the use of molecular methods for this purpose
has been increasing due to their numerous practical benefits
(Salmonova and Bunesova 2017). The specificity, sensitiv-
ity, and reduced processing time of molecular techniques
make them suitable for aerobiological and surface moni-
toring, particularly for detecting small numbers of targeted
microorganisms (Alvarez et al. 1995). A reliable alternative
for culture-based detection methods of microorganisms in
environmental samples is the PCR assay. So far, molecular
screening of wastewater has been carried out for the rapid
detection of multiple gastrointestinal pathogens in biologi-
cal waste (@rmen and Madslien 2018). Multiplex real-time
PCR assays allow accurate detection of nucleic acids to be
extended to pathogenic bacteria, including EB in environ-
mental samples (@rmen et al. 2019).
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Advantages and disadvantages of all methods used in
this study to identify bacterial biota are listed in Table 10.
This study confirmed that commercially available multi-
plex real-time PCR kits are suitable for fast detection and
identification of enteropathogenic bacteria in occupational
environment. Although, in some cases, they may not iden-
tify pathogens to the species or subspecies levels, usually
recognition to the genus level is sufficient for exposure

assessment. Such evaluation requires the classification of a
given biological agent into one of four risk groups based on
its level of pathogenicity, virulence, transmission, and avail-
ability of effective prophylactic measures and treatment. This
classification, however, depends on the premises followed by
a given organization that established or recognize it, such as
the World Health Organization, Health Canada, European
Union (EU), or European Federation of Biotechnology (ISC

Table 10 Advantages and disadvantages of bacterial enteropathogens detection and identification methods

Detection/identification method Advantages

Disadvantages

Culture-based - no need of special equipment

- sensitive method

- rather inexpensive (excluding chromogenic

media)

- may provide additional information such as
antibiotic resistance, nutrient and growth require-

ments

Biochemical (API)
(API)

- provide the identification percentage (probability

of species identification)

- may provide additional information such as
antibiotic resistance, nutrient and growth require-

ments

Spectrometric (MALDI-TOF MS) - rapid (results within 4 h)

- cost per isolate is lower than in biochemical

method

- biochemical kits are commercially available

- assess culturable part of microbiota only
- time-consuming

- necessity of broad range of proper media
- choosing of typical colonies is subjective

- the risk of omitting the colonies of enteropatho-
genic bacteria

- limitations resulting from heterogeneity of samples
matrices (bacteria are not uniformly distributed in
environment or in samples), incomplete selectiv-
ity of culture medium, growth conditions, and
different growth rate of microorganisms and strong
influence of companion microbiota

- identification approval with other methods is
reqiured

- this method selects microorganisms capable of
growing under the experimental conditions, favors
fast growing microorganisms

- high sensitivity to inoculum density

- reflects the potential, rather than in situ, metabolic
diversity

- carbon sources used for the tests may not corre-
spond to those present in the sample

- the database of identified species is limited

- needs special, technically advanced and expensive
equipment

- single colony from primary culture plates is
required for analysis

- a wide database of identified species

- in some cases (Salmonella spp.) more specific

than biochemical method
Molecular (multiplex real-time PCR) - ready to use kits are available

- rapid (results within 1.5 h)

- high sensitivity and specificity

- relatively inexpensive

- possible inhibition of PCR by co-extracted con-
taminants

- needs special, technically advanced and expensive
equipment

- in some cases identification to genus level only
(e.g., while using commercial available kits)

- no need of single colony from primary culture
plates is required for analysis (pool samples)

- able to identify and detect several pathogens in

one reaction (multiplex approach)
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schemes 2023). Multiplex real-time PCR may also be suit-
able for assessing the efficiency of mechanical, biological,
chemical, and combined wastewater treatment processes in
removing pathogenic bacteria (Osiriska et al. 2018). How-
ever, even advanced treatment methods including biological
and physicochemical processes, as indicated by @rmen et al.
(2019), do not eliminate all pathogens from water. Patho-
genic bacteria like Campylobacter spp., Salmonella spp.,
Y. enterocolitica, enteroaggregative E. coli, enteropatho-
genic E. coli, enterotoxigenic E. coli, shigatoxin-positive E.
coli, E. coli O157:H7, V. cholerae, and Shigella spp. were
detected in treated wastewater subjected to mechanical,
chemical, and biological treatment methods (Toze 1997).
These pathogens are considered a serious public health prob-
lem because their presence in the environment can result
in numerous diseases in the general population (Kulinkina
et al. 2016; Ashbolt 2015). The results of this study con-
firmed that wastewater effluents may contain bacterial enter-
opathogens, such as E. coli (EPEC, ETEC), and strains of
Salmonella and Campylobacter genera. If the discharged
treated wastewater is reused as drinking or recreational
water or is used for irrigation, it may again become a source
of contamination with enteropathogenic bacteria, posing a
risk to human health (Su et al. 2017; Duijster et al. 2019).
It should be considered as probable scenario that some E.
coli strains with uropathogenic properties, which survived
treatment stages applied in WWTPs, may be again released
into the environment (Anastasi et al. 2012).

Conclusions

This study revealed that the WWTP environment contains
high amount of bacteria including enteropathogenic bacteria
strains, which can be found in sewage, in the air (in form
of bioaerosols), and on surfaces. Thus, it may significantly
influence the health status of WWTPs workers. The control
of enteropathogenic bacterial air and surface contamina-
tion, utilizing rapid PCR-based methods, should be rou-
tinely carried out as a part of hygienic quality assessment
within WWTPs. Moreover, identification and classification
of isolated microorganisms to proper risk group should be
an immanent part of occupational risk assessment.

In conclusion, the assessment and characterization of bac-
terial enteropathogens play a pivotal role in establishing a
scientific foundation for prevention through exposure reduc-
tion, particularly in WWTPs. The introduction and enhance-
ment of appropriate hygienic practices, encompassing meas-
ures like hand washing, thorough cleaning, and disinfection
procedures, and the implementation of hermetization strate-
gies, directly contribute to elevating the microbial quality
of the processing environment. This improvement, in turn,
enhances the overall safety of WWTPs.

@ Springer
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