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ABSTRACT

Background: The aim of the study was to assess the occupational exposure to Staphylococcus aureus bacteria, including methicil-
lin-resistant S. aureus (MRSA) and other antibiotic-resistant strains in the municipal wastewater treatment plants (WWTPs) envi-
ronment. Material and Methods: In 16 WWTPs in Poland, 33 wastewater and 253 air samples were collected in the spring—summer
season. The microbiological analysis was carried out using a chromogenic medium. Species identification was carried out using the
matrix assisted laser desorption ionization time-of-flight method, while the antibiotic-resistance analysis was performed with an au-
tomatic method. Results: Among 2805 bacterial isolates from the air and wastewater, 574 were identified as S. aureus species (20.5%).
The presence of S. aureus species was found in 11 WWTPs (69%), among them in 11 WWTPs in raw wastewater and in 1 WWTP
additionally in treated wastewater. The concentrations of S. aureus in wastewater ranged 2-1215 colony-forming units per milliliter
(CFU/ml). In the air, 2 S. aureus isolates were identified in concentrations of 5 and 10 CFU/m?; both samples were collected at the
stage of mechanical wastewater treatment. The results revealed the following trend: the higher the outdoor temperature, the bigger
the number of WWTPs with confirmed S. aureus presence. Among 149 S. aureus isolates (2 from the air and 147 from wastewater,
including 2 MRSA), 100 isolates were resistant only to penicillin, while 34 isolates showed multi-antibiotic resistance (to penicillin
and other drugs). It was found that isolated bacteria were resistant almost strictly to critical and highly important antibiotics in vet-
erinary medicine. Conclusions: In general, WWTPs workers are occupationally exposed to S. aureus, including MRSA, and other
antibiotic- and multi-antibiotic-resistant strains. The highest risk of infection concerns the activities carried out in direct contact
with wastewater or devices through which wastewater flows, particularly at the stage of mechanical treatment. A significant source of
S. aureus seems to be intensive livestock farming located in the area of the WWTPs under analysis. The study confirms the necessity
to disinfect the wastewater discharging into WWTPs. Med Pr. 2020;71(3):265-78
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INTRODUCTION

Staphylococcus aureus is a Gram-positive bacteria which
is quite common in the environment. This species is
a part of the natural bacterial microflora of humans and
animals; it particularly often colonizes the skin and mu-
cous membranes of the upper respiratory tract. Staphylo-
cocci (especially pathogenic strains) are highly resistant
to various physical and chemical agents, e.g., when dry-
ing. These bacteria can survive for many weeks (or even
months) outside the living organism, particularly in
such environments in which protein is accessible but
there is no sunlight [1,2]. In addition, S. aureus bacteria

can form biofilms on surfaces. This ability, in combina-
tion with the capability of forming persisters, consider-
ably inhibits the treatment of infections induced by bio-
film-forming strains [3].

The research conducted in the wastewater treatment
plants (WWTPs) environment confirmed the presence
of pathogenic bacteria in bioaerosol where their source
is wastewater subjected to treatment processes [4,5].
The presence of airborne pathogenic bacteria, including
S. aureus, was also confirmed in the immediate environ-
ment of WWTPs [6].

Notably, S. aureus bacteria are very invasive and may
cause slow-healing infections of the skin and soft tis-
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sues, endocarditis, osteitis and myelitis, cerebral menin-
gitis, bacteremia, and pneumonia (including pneumonia
resulting from flu), with chronic and recurrent infections
induced by persisters [3,7]. The cause of such a high inva-
siveness of the bacteria is their ability to synthesize:
enzymes responsible for the cytolytic effect,

toxins inducing the inflammatory effect,

exotoxins inducing toxic shock syndrome,

surface proteins which bind with cells, proteins and

blood cells in the attacked organism [7].

It has been estimated that approx. 20-40% of the
general population in developed countries are carriers,
whereas among the medical staff — even as many as 90%.
The nasal colonization constitutes a significant risk fac-
tor of the subsequent S. aureus infection [6]. The bac-
teria are common members of the human microbiome
[8]. However, it has been indicated that in at least 80%
of the cases of bacteremia induced by S. aureus, in the
carriers of those bacteria, the infecting strain is genet-
ically identical to the nasal colonizing strain identified
before the development of bacteremia [6,8,9]. The high-
est risk of the S. aureus infection is connected with the
direct hand-face (mouth or nose) transmission [10].
However, the contaminated air is considered to be an-
other possible route of transmission [10,11].

Presently, literature points expressly to the public
health increasing problem of spreading bacterial genes
of resistance to medicinal drugs beyond the hospital envi-
ronment [12]. In intensive livestock farming (ILF), antibi-
otics are commonly used to prevent the dissemination of
infectious diseases inside a herd. As a consequence of the
transfer of the antibiotic-resistance genes between bacteri-
al species and the selective pressure phenomena (the sur-
vival of bacteria with natural and acquired resistance), the
antibiotic-resistant and multi-antibiotic-resistant strains
prevail in the microflora of animals [13]. In the wastewater
delivered to WWTPs, the presence of methicillin-resistant
S. aureus (MRSA) was confirmed empirically [14-16].
The wastewater discharged to WWTPs is a potential
source of MRSA bacteria, including those from hospi-
tals [14] and from the areas where ILF is conducted [17].
This situation generates a significant problem for pub-
lic health, and poses a real risk that WWTPs workers,
due to their occupational exposure, become carriers of
MRSA and participate in the spreading of antibiotic re-
sistance in the environment [18,19].

The main aim of the study was to assess the occu-
pational exposure to pathogenic S. aureus bacteria, in-
cluding the antibiotic-resistant strains in the work envi-
ronment of the municipal WWTPs.

MATERIAL AND METHODS

Sample site
The study was carried out in 16 WWTPs with different
treatment technologies:
5 biological WWTPs with increased biogen re-
moval,
5 mechanical and biological WWTPs,
3 biological WWTPs,
2 mechanical, chemical and biological WWTPs with
increased biogen removal,
1 biological WWTP with increased biogen remov-
al, and with chemical support of the dephosphata-
tion process.
A detailed description of the investigated WWTPs is
presented in Table 1. The studied WWTPs were located
in different regions of Poland.

Sampling strategy

In total, 286 samples were collected, including 253 from
the air and 33 from wastewater, of which 17 samples
were collected from raw wastewater and 16 from treat-
ed wastewater discharged to the environment. The air
samples were taken using the impact method (94 sam-
ples) and the filtration method (159 samples). Calibra-
tion certificates for the devices used in both methods
were issued just before the start of the sampling process.

Air samples

Air samples for the research were collected from many
different WWTPs points determined so as to cover the
whole process of municipal wastewater treatment and
the workstations with the highest risk of forming bio-
aerosol from wastewater in the treatment process. The
air sampling parameters were empirically established
based on an independent pilot study.

Impact method

Air samples were collected using a 1-step portable air
sampler made by Burkard (Burkard Manufacturing
Company Ltd, UK), working with a flow rate of 20 [/min
for 10 min, directly onto the plates with the culture me-
dium. Each time before sampling, the air sampler was
disinfected with a 70% ethanol solution.

Filtration method

Air samples were collected using the measuring sets con-
sisting of a GilAir-5 pump (Sensidyne, USA) and an open-
faced aerosol sampler (Two-Met, Poland), with a gel-
atin filter (Whatman International Ltd, UK) of a 37 mm
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Table 1. Characteristics of the wastewater treatment plants (WWTPs) involved in the study on the Staphylococcus aureus presence
in bioaerosol in the WWTPs environment in 2017 in Poland (N = 16)
. i V\Estew;tfer (Y\aéstewgttc;r Hospital A
Code Wastewater treatment technology OU[TO g}nge th;szenggz syl;(:::)q sllfr;‘;e::nkeZs w2?stewater f;iaF
[m®/year] [m?/year] discharge
1 biological <10 26 875 4800 no MD
2 biological with increased biogen removal <10 179 000 60 000 no MD
3 mechanical and biological 11-19 27 330 0 no no
4 biological with increased biogen removal 11-19 2148 497 48 560 yes no
5 mechanical and biological <10 249 000 5100 yes MD
6 biological with increased biogen removal, and with chemical 11-19 727 000 25000 yes MD
support of the dephosphatation process
7 biological 11-19 50 700 11 000 yes HD
8 biological >20 39212 400 no HD
9 mechanical, chemical and biological with increased biogen >20 1 460 000 7 860 000 yes no
removal
10 with chemical support of the dephosphatation process 11-19 438 480 18 000 no MD
11 biological, mechanical and chemical >20 630 000 166 400 yes HD
12 mechanical and biological =20 739 989 7522 yes MD
13 with chemical support of the dephosphatation process 11-19 970 700 15 100 yes MD
14 biological >20 117 084 6500 no MD
15 mechanical and biological with increased biogen removal >20 10 421 000 40 700 yes MD
16 mechanical and biological >20 740 184 66 399 yes MD

ILF - intensive livestock farming, HD - high density of ILF, MD — medium density of ILF, T

in diameter and 3 pm pores at a flow rate of 3 I/min
during 1.5-2 h. The measuring sets were calibrated be-
fore each sampling procedure, using a Gillibrator-2 cal-
ibrator with a high accuracy of measurement +1% (Sen-
sidyne, USA). Heads of the aerosol samplers, disinfect-
ed with a 70% ethanol solution under a laminar cham-
ber, were filled with sterile gelatin filters and packed one
by one into sterile pre-stressed bags in the laboratory,
directly before going on the field study. The heads were
fitted into the unit with an air aspirator directly before
the start of the sampling procedure in a given WWTP.
The gelatin filters, directly after sampling, were put onto
the culture medium and transported in a refrigerator to
the microbiological laboratory, where bioaerosol sam-
ples were incubated and analyzed according to the pro-
cedure described below.

Wastewater sampling

In each WWTP, 2 samples of wastewater were analyzed,
containing raw wastewater discharged into the WWTP
and treated wastewater (water flowing into the tank,

our ~ outdoor temperature.

where the stabilization process takes place, which is
necessary before discharging the treated wastewater
into the environment). In WWTP No. 4, an addition-
al sample of wastewater was collected after the end of
the mechanical treatment process. In total, 33 samples
of wastewater were collected (16 samples of raw waste-
water, 1 sample of wastewater after mechanical treat-
ment, and 16 samples of treated wastewater). The sam-
ples were transported in a refrigerator to the microbi-
ological laboratory. Then, according to a good micro-
biological practice, the cultures were carried out using
a method of a serial dilution from 107! to 107" in a sterile
buffered solution of physiological saline (BTL Sp. z o.0.,
Poland) on the culture medium, and then subjected to fur-
ther analysis according to the procedure described below.

Microbiological analysis

The culture medium used at all stages of the laborato-
ry analysis was the chromogenic substrate CHROMID®
S.aureus Elite agar (BioMérieux, France). The samples of
bioaerosol and wastewater on the culture medium were
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incubated at 37°C for 48 h. The counting of grown bac-
terial colonies was conducted twice after 24 h and 48 h
of the microbiological culture. In the case of the sam-
ples collected using the impact method, the results were
supplemented with a statistical amendment according
to the procedure developed by the air sampler producer.
The bacterial colonies which, according to the specifi-
cation developed by the culture medium producer, met
the criteria for S. aureus species (pink color, smooth,
shiny and convex surface) were selected for further
analysis to confirm the species and then to analyze an-
tibiotic resistance.

To identify the species, the colonies selected based
on the above-described morphological traits were isolat-
ed and for each of them a biochemical test was carried
out to check the capability to produce coagulase (the la-
tex test). The isolates of coagulase-negative strains were
eliminated from further analysis, whereas coagulase-pos-
itive strains were identified using the mass spectrometry
technique (matrix assisted laser desorption ionization
time-of-flight - MALDI-TOF). This method uses the
technique of generating protein spectra profiles for bac-
terial proteins. These spectra are characteristic of a given
species and, by comparison of the obtained spectra with
those collected in the database (library), the species affil-
iation can be confirmed.

Analysis of antibiotic resistance

The S. aureus isolates were analyzed in terms of their
sensitivity to different antibiotic groups which are most
often used in human and animal treatment, including
B-lactams, using an automatic method (the WalkAway
system), according to current recommendations [20].
In total, the strains of S. aureus isolated from WWTPs
were analyzed in terms of their resistance to 21 anti-
microbial drugs from 9 groups of antibiotics, as shown
in Table 2.

Microclimatic parameters

The basic microclimatic parameters were measured
in each sample collection point, including tempera-
ture (T) [°C], relative humidity (RH) [%], the concen-
tration of CO, [ppm] and air flow velocity [m/s]. The
measurements were carried out using a multifunction-
al microclimate meter Testo 435-2 (Testo AG, Germa-
ny), equipped with 2 connectable probes. The measure-
ments were carried out at a height of 1.5 m above the
ground/floor, for 10 min, and the readouts were taken
at 1-min intervals, and then the result was averaged for
each measurement point.

Table 2. List of antibiotics included in the analysis

of the antibiotic resistance of Staphylococcus aureus isolates
from the wastewater treatment plants (WWTPs) involved
in the study on the S. aureus presence in bioaerosol

in the WWTPs environment in 2017 in Poland

Groups of antibiotics Antibiotics
B-lactams ampicillin
cefadroxil
cefaclor
cefalexin
cefazolin
cefoxitin
cefuroxime
cloxacillin
methicillin
penicillin
Aminoglycosides amikacin
gentamicin
Macrolides erythromycin
Lincosamides clindamycin
Fluoroquinolones ciprofloxacin
levofloxacin
Tetracycline tetracycline
Glycopeptides teicoplanin
vancomycin
Oxazolidinones linezolid
Sulfonamides co-trimoxazole

Questionnaire study

The WWTPs data were collected using a tool prepared
in a form of an interview questionnaire. The question-
naire containing a set of questions about the WWTPs
characteristics was developed based on literature, expe-
rience of the study team in the previous studies con-
ducted in other WWTPs, and the questionnaire filled
in by WWTPs as part of the annual reporting for statis-
tical purposes to the Environmental Protection Inspec-
tion in Poland. The questionnaire consisted of 21 ques-
tions, including those related to the environment (the
area around the plant), type (a municipality or a town),
number of employees, treatment technology, and char-
acteristics of the discharged wastewater. Information
from the questionnaires was entered to the database
prepared specifically for this purpose (using MS Office
Excel), and it was then used for the analysis.

Results presentation

The results are presented as the concentrations of S. au-
reus in wastewater, expressed in the colony-forming
units per milliliter (CFU/ml), calculated as the average
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value from a series of dilutions. Analyses were carried
out using MS Office Excel sheets (Microsoft, USA).

RESULTS

The microclimatic parameters of the WWTPs included
in the analysis were divided into 3 categories (Table 3),
taking into account the values of outdoor temperature
on the measurement day:

<10°C,

11-19°C,

>20°C.

The lowest indoor and outdoor temperatures were
recorded for WWTP No. 2 (7.5°C) and WWTP No. 1
(3.8°C), whereas the highest indoor and outdoor tem-
peratures were measured in WWTP No. 12 (28.3°C and
29.5°C, respectively).

The relative humidity in indoor air ranged 41-72%,
with the highest value (71.6%) being noted in WWTP
No. 15 and the lowest (41.3%) in WWTP No. 4. The RH

values recorded indoor were at a similar level as out-
door.

When analyzing the CO, concentration in indoor
air, the highest value was recorded in WWTP No. 10,
where it reached 1572 ppm. This concentration was al-
most 4 times higher than in the other WWTPs, where
these values ranged 375-667 ppm.

The indoor airflow values ranged 0.020-0.855 m/s;
but only in 3 WWTPs these values exceeded 0.150 m/s.
The range of the outdoor airflow values varied between
0.250-1.415 m/s.

Table 4 presents the occurrence of S. aureus bacteria
in the wastewater samples and the results of the antibi-
otic-resistance analyses of these isolates. The presence
of S. aureus bacteria was confirmed in 12 samples: in
11 samples of raw wastewater and in 1 sample of treat-
ed wastewater.

In the study, a total of 2805 bacteria isolates from the
air and wastewater samples were analyzed to confirm
the species, and 574 isolates were identified as S. aureus

Table 3. Microclimatic parameters in the indoor and outdoor environment in the wastewater treatment plants (WWTPs), and presented by
outdoor temperature, in the study on the Staphylococcus aureus presence in bioaerosol in the WWTPs environment in 2017 in Poland (N = 16)

Air Indoor parameters Outdoor parameters
TRan§e WWTP Mont}'l of samples " - o F = - o F

o [C - ode - wamelne Fcl %l ppml sl Cl %) (ppml  [mis]
<10 1 April 11 7.9 56.2 667 0.105 3.8 60.6 519 0.625
2 April 11 7.5 61.2 592 0.150 6.7 46.0 487 0.835
5 May 15 - - - - 7.8 49.5 476 0.590
11-19 3 April 10 16.0 42.5 444 0.140 15.5 452 440 0.860
4 April 17 17.2 41.3 502 0.100 16.7 40.5 467 0.630
6 May 17 11.5 53.0 484 0.135 13.0 39.1 465 1.750
7 May 14 - - - - 19.5 45.2 364 1.415
10 June 16 18.6 60.7 1572 0.150 17.3 62.8 512 0.940
13 June 12 - - - - 18.2 57.9 420 0.605

=220 7 May 4 20.1 47.7 375 0.435 - - - -
8 May 15 21.6 48.0 398 0.020 21.3 41.8 380 0.440
9 May 21 239 61.8 446 0.025 28.0 53.3 380 1.450
11 June 15 20.9 50.0 508 0.855 21.5 44.5 357 0.175
12 June 17 283 49.6 509 0.265 29.5 50.4 423 1.025

13 June 6 20.2 58.1 436 0.070 - - - -
14 June 13 - - - - 22.7 44.9 390 1.110
15 July 21 21.0 71.6 444 0.050 21.9 70.4 432 0.250
16 August 18 - - - - 20.1 49.0 470 0.310

AF - air flow, RH - relative humidity, T - temperature, T _ . — outdoor temperature.

ouT

In WWTPs No. 5, 14 and 16, the whole installation was organized outdoor (no indoor environment).
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Table 4. Concentrations and antibiotic resistance of the Staphylococcus aureus isolates in wastewater samples collected from
the wastewater treatment plants (WW'TPs) involved in the study on the S. aureus presence in bioaerosol in the WWTPs environment

in 2017 in Poland (N = 33)

Antibiotic- Isolates resistant to MRSA
WWTP T f S tration*
code was}?e)xevzter aurebEchFo(rjl/c;rll] FAHONT esistant isolates Antibiotics the given antibiotics isolates
[n] (%] (n]
5 raw 73 2 penicillin 2.7 -
6 raw 26 2 penicillin, ampicillin 7.7 -
7 raw 28 1 cefoxitin 14.3 1
1 tetracycline -
8 raw 36 n/p n/p 0.0 -
9 raw 54 16 penicillin 33.3 -
2 penicillin, erythromycin, clindamycin
10 raw 36 6 penicillin 100 -
12 penicillin, tetracycline
11 raw 1215 70 penicillin 4.7 -
5 gentamicin, amikacin
10 penicillin and medium-sensitive to
clindamycin
12 raw 4 2 penicillin, erythromycin, clindamycin 100 -
13 raw 10 2 penicillin, erythromycin, clindamycin 100 -
1 penicillin
1 penicillin, erythromycin, clindamycin,
tetracycline
1 penicillin, erythromycin, clindamycin,
ciprofloxacin
14 raw 15 4 penicillin 40.0 -
1 penicillin, gentamicin, amikacin
1 penicillin, tetracycline
treated 2 1 penicillin 100 -
16 raw 14 1 cefoxitin, erythromycin, clindamycin, 85.7 1
tetracycline
4 erythromycin, clindamycin
1 clindamycin

* The concentration is given as the arithmetic mean from a series of dilutions.

** Calculated on the basis of the number of S. aureus isolates in the sample of wastewater.

« »

MRSA - methicillin-resistant S. aureus, “-” - not present.

(20.5%). The highest concentration of S. aureus bacte-
ria (1215 CFU/ml) was found in raw wastewater from
WWTP No. 11. This value is by 2, or in some cases even
by 3, orders of magnitude higher than the concentra-
tions found in the other samples of wastewater (ranging
2-73 CFU/ml).

The presence of S. aureus was identified in wastewater
samples from 11 WWTPs. Among these, in 10 WWTPs
in each sample of raw wastewater sample at least 1 an-

tibiotic-resistant isolate was found. Table 5 presents de-
tailed results of S. aureus antibiotic resistance in the
wastewater and air samples from the WWTPs under
analysis. The antibiotic resistance was found for 147 iso-
lates of S. aureus from wastewater samples, which ac-
counts for 25.6% of all strains with confirmed species
affiliation. The methicillin-resistant strains were identi-
fied in 2 WWTPs, in both cases in samples from waste-
water (WWTPs No. 7 and 16).
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Table 5. The Staphylococcus aureus isolates (N = 574)

in wastewater and air samples collected from the wastewater
treatment plants (WWTPs), and presented by antibiotic
resistance, in the study on the S. aureus presence in bioaerosol
in the WWTPs environment in 2017 in Poland

S. aureus isolates resistant
to the given antibiotics

(N = 149)
Type of the sample/antibiotic resistance of all
R
(%]
Wastewater
penicillin 100 67.1 17.6
penicillin, tetracycline 13 8.7 2.3
penicillin, clindamycin 10 6.7 1.7
penicillin erythromycin, clindamycin 6 4.0 1.0
gentamicin, amikacin 5 34 0.9
erythromycin, clindamycin 4 2.7 0.7
penicillin, amikacin 2 1.3 0.3
clindamycin 1 0.7 0.3
cefoxitin, erythromycin, clindamycin, 1 0.7 0.2
tetracycline
penicillin, gentamicin, amikacin 1 0.7 0.2
penicillin, erythromycin, clindamycin, 1 0.7 0.2
ciprofloxacin
penicillin, erythromycin, clindamycin, 1 0.7 0.2
tetracycline
tetracycline 1 0.7 0.2
cefoxitin 1 0.7 0.2
Air

penicillin, ampicillin 1 0.7 0.2
clindamycin 1 0.7 0.2

Among 149 isolates of S. aureus which were found to
be antibiotic resistant in wastewater samples, as many as
100 were resistant only to penicillin, whereas 34 isolates
were multi-antibiotic-resistant (to penicillin and other
antibiotics). Furthermore, isolates of penicillin-resis-
tant S. aureus were revealed in the samples of air and
treated wastewater (in 2 different WW'TPs).

In the WWTPs under analysis, 2 MRSA isolates
were found in raw wastewater samples, 1 in WWTP
No. 7, and 1 in WWTP No. 16. In the case of the MRSA
isolated in WWTP No. 16, the strain exhibited the consti-
tutive macrolide-lincosamide-streptogramin B (MLS,)
resistance.

Table 6. Concentrations and antibiotic resistance of the
Staphylococcus aureus isolates in air samples collected from the
wastewater treatment plants (WWTPs) involved in the study
on the S. aureus presence in bioaerosol in the WWTPs
environment in 2017 in Poland

S. aureus isolates

WWTP S aureus I resistant to the given
code concentration Antibiotics antibiotics
[CFU/m’]
(n]
10 penicillin, 1
ampicillin
7 5 clindamycin 1

When analyzing the seasonality impact, it was shown
that S. aureus strains were not found in those WWTPs
where sampling was conducted in early spring (April).
But in May, despite persistently low temperatures (even
<10°C), the presence of these pathogens was confirmed.

Table 6 presents detailed results of the microbiolog-
ical analysis including antibiotic resistance of air sam-
ples from the WWTPs under analysis. Although MRSA
strains were not found in the air samples, the presence
of antibiotic-resistant bacteria was confirmed: 1 to pen-
icillin and ampicillin, and 1 to clindamycin.

In both WWTPs, antibiotic-resistant bacteria were
isolated from the air at the initial stages of wastewa-
ter treatment (during mechanical treatment). The first
sample was collected in a grating building with a waste-
water discharge point (a pumping station) on the out-
flow to the sand catcher, whereas the second sample was
collected in a wastewater pumping station in the exter-
nal uncovered well (sampling performed during waste-
water discharge). Sampling in the first WWTP was per-
formed in temperatures of 11°C and 13°C, and in the
second WWTP in temperatures of 20°C and 19°C, in-
door and outdoor, respectively. Both samples in which
S. aureus was identified were collected using the impact
method. Considering the amounts of wastewater flow-
ing in (the wastewater system) and delivered to (the
wastewater tanker) the WWTP throughout the year,
both WWTPs were within the mean values for all stud-
ied plants. To both WWTPs wastewater was discharged
from hospitals (at least 1), and from multi- and sin-
gle-family buildings situated in the areas with ILE. It is
worth noting that WWTP No. 7 was situated in the area
of a particularly dense ILE.

Table 7 presents an analysis of the relationship be-
tween outdoor temperature and the presence of the S. au-
reus isolates, including antibiotic-resistant bacteria in
wastewater samples from the WWTPs under analysis.
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The analysis of the obtained results did not show
any relationship between the season or month and the
presence of S. aureus bacteria. However, higher outdoor
temperatures can positively correlate with the presence
of S. aureus in the WWTPs under analysis, and with the
antibiotic resistance exhibited by the species. The high-
er the outdoor temperature, the more WWTPs with the
S. aureus bacteria presence.

In 3 WWTPs (No. 1, 2 and 5) in which sampling was
carried out in the outdoor temperature of <10°C, only
in 1 sample of raw wastewater (from WWTP No. 5, with
the outdoor air temperature of 7.8°C) S. aureus was iden-
tified in a concentration of 73 CFU/ml, and 3 isolates
exhibited resistance to penicillin.

In 6 WWTPs (No. 3,4, 6,7,10 and 13) in which sam-
pling was carried out in the outdoor temperatures rang-
ing 11-19°C, only in 2 plants (No. 3 and 4) S. aureus was
not found. In the other raw wastewater samples, S. au-
reus was present in a concentration of 10-36 CFU/ml.
The highest number of antibiotic-resistant isolates was
found in the raw wastewater sample from WWTP No. 10,
where 6 isolates resistant to penicillin were found, along
with 12 isolates exhibiting multi-antibiotic resistance
to penicillin and tetracycline. The presence of MRSA
was shown in the sample of raw wastewater collected
from WWTP No. 7 in the outdoor air temperature of
19.5°C.

Sampling in 7 plants (No. 8, 9, 11, 12, 14, 15 and 16)
was carried out in the outdoor temperature of >20°C.
In this group, only in the case of the samples of wastewa-
ter coming from 1 WWTP (No. 15) S. aureus bacteria were
not found. In the sample of raw wastewater from WWTP
No. 16, where the outdoor air temperature reached 20.1°C,
1 isolate of MRSA and 6 other antibiotic-resistant isolates
were identified. The highest concentration of S. aureus
(1215 CFU/ml) was found in the sample of raw wastewater
from WWTP No. 11, where the outdoor air temperature
reached 21.5°C. In this sample, the highest amount of an-
tibiotic-resistant isolates were found, including: 70 re-
sistant to penicillin, 5 multi-antibiotic-resistant to gen-
tamicin and amikacin, as well as 10 isolates resistant to
penicillin and medium-sensitive to clindamycin.

DISCUSSION

Notably, WWTPs constitute a significant link in the chain
of antibiotic-resistance genes transmission in the envi-
ronment [16]. The workers who become carriers as a re-
sult of their occupational exposure transmit pathogenic and
antibiotic-resistant bacteria to their homes. This, ac-

cording to Davis et al. [21], can be crucial for the fur-
ther environmental fate of these strains. In the next step,
both workers and their family members can transmit
the pathogen to the hospital environment (e.g., during
hospitalization), where they may constitute a source of
nosocomial infections. Another route of transmission
of these bacteria in the environment are WWTPs, in
which the treated water is usually discharged to natural
water basins and wastewater sludge used in agriculture
to fertilize the cultivated fields. Both treated water and
sludge can be contaminated by viable bacteria and anti-
biotic-resistance genes.

The analysis of the seasonality impact did not, on the
one hand, indicate any relationship between the season
or the sampling month and the presence of S. aureus
bacteria. On the other hand, it was shown that outdoor
temperatures could positively correlate with the pres-
ence of S. aureus bacteria. Of note is the fact that S. au-
reus was not found in those WWTPs where sampling
was conducted in early spring (April) while in May, de-
spite persistently low temperatures (even <10°C), the
pathogens were found in wastewater samples. This is
probably due to the wide range of temperatures (7-48°C,
with the optimum temperature of 37°C) in which the
S. aureus strains exhibit a high survival rate. Besides, the
municipal wastewater pH usually ranges 6.5-9, while
S. aureus is capable of surviving in the pH of 4-10, with
the optimum pH of 6-7 [22]. Although in 1 WWTP
where sampling was conducted in a warm outdoor tem-
perature (July) S. aureus was not isolated either, that
case may, with a high probability, be considered as acci-
dental. Fracchia et al. [23], in the study aimed to assess
bacterial aerosol in WWTPs, revealed the presence of
S. aureus in the air in the summer and winter seasons,
but no correlation was found between the season and
the bacteria airborne concentration.

The analysis of the concentration of CO, in 1 of the stud-
ied WWTPs showed a relatively high result (>1500 ppm),
which points to a wrong operation of the ventilation
system and the lack of the proper air exchange. The lack
of correct ventilation, apart from increased concentra-
tions of chemical compounds which may be toxic to hu-
mans, also causes high airborne concentrations of mi-
croorganisms, which considerably enhances the risk of
workers’ infections [24,25].

Airflow is another significant microclimatic parame-
ter. A strong airflow around the treated wastewaters induc-
es the formation of bioaerosol in the workers’ breathing
zone. When analyzing this parameter, apart from single
cases, no particularly intense air movement was noted.
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This fact may lead to the following conclusions: 1) bio-
aerosol formation is not particularly intensive, and 2)
there is poor ventilation on these premises.

Airborne antibiotic-resistant strains of S. aureus
were isolated only in 2 WWTPs. In both cases, the bac-
teria were found at the initial stage of wastewater treat-
ment, at their flow to the plant at the mechanical stage
of wastewater treatment. This indicates that the most ex-
posed workers of the plants are those employed in me-
chanical treatment of wastewater flowing to the WWTP
(pumping stations, grids, sand catchers) and those car-
rying out repair works in the area of the whole installa-
tion. Sampling in both WWTPs was performed in in-
door and outdoor temperatures ranging 10-20°C. Both
samples in which S. aureus was identified were collected
using the impact technique. However, considering the
amounts of wastewater flowing in, and delivered to, the
WWTP throughout the year, both plants did not dif-
fer from the mean values obtained for all the studied
WWPTs. Based on literature, the significant source of
antibiotic-resistant S. aureus are effluents from hospi-
tals and ILF [13,15,26]. Wastewater from hospitals, as
well as from multi- and single-family buildings situat-
ed in areas with ILF, was discharged to both WWTPs in
which airborne antibiotic-resistant strains of S. aureus
were identified. It is worth noting that WWTP No. 7 is
located in the area of a particularly dense ILE.

The presence of antibiotic-resistant S. aureus in waste-
water in WWTPs has been confirmed around the world
[14,15,18,19]. The analysis of the antibiotic sensitivity of
isolated S. aureus bacteria, as performed in this study,
revealed that the bacteria were most often resistant to
penicillin. Penicillin is a drug belonging to the group of
B-lactam antibiotics, similarly to ampicillin and cefoxi-
tin to which the S. aureus bacteria isolated from waste-
water were also resistant [27-29]. In 1 of the samples of
raw wastewater, the MRSA strain was isolated, which
exhibited a constitutive MLS, resistance mechanism.
This means that macrolids, lincosamides and strepto-
gramins of group B should not be used for the bacte-
ria [30,31]. According to the study on antibiotics which
are critically important for medicine, conducted by the
World Health Organization (WHO) and published in
2016 [32], antibiotics used in veterinary medicine are
divided into 3 categories:

critically important,

highly important,

important.

The bacteria isolated from the air and wastewater in
the WWTPs under analysis were resistant to the anti-

biotics which belong - according to WHO?’s classifica-
tion - to the first (6 drugs: amikacin, ampicillin, cipro-
floxacin, erythromycin, gentamicin, linezolid, penicil-
lin) or second category (3 drugs: tetracycline, clinda-
mycin, cefoxitin).

The study seems to be particularly important in view
of the increasing number of livestock farms in Poland,
which pose a major problem for public health. Accord-
ing to the EU legislation [33], municipal wastewater is
defined as domestic wastewater or a mixture of domes-
tic wastewater with industrial wastewater, or rain/snow
water, discharged to the WWTP through a district/mu-
nicipal sewage system. Domestic wastewater mostly
contains excretions of human and animal origin, frag-
ments of epidermis, leftovers of foodstuffs, sand, soap
and other cosmetics, washing agents and paper. These
consist of a lot of organic matter and microorganisms
of human and animal origin, acting as nutrient medi-
ums for microorganisms. The composition of micro-
flora present in wastewater depends on many factors,
including the basic physical parameters such as tem-
perature, pH, chemical composition, the area which it
comes from, and the current epidemiological situation
in a given area. In the WWTPs environment, bioaerosol
is present both inside buildings and around outdoor in-
stallations (in outdoor air). High amounts of bioaerosol
are formed in open sewers where wastewater flows to
further stages of treatment and, first of all, during me-
chanical mixing and aeration. Humid and seasonally
warm environments create favorable conditions for the
accumulation of microorganisms and increase the sur-
vival rate of pathogens, especially bacteria [3,34]. In ad-
dition, staphylococci are particularly characterized by
a high survival rate in unfavorable environmental con-
ditions [35].

Majchrzycka et al. [36] carried out a study on the sur-
vival rate of various species of bacteria on the non-woven
fabric from filters used in devices protecting the respi-
ratory system. That study indicated that, of all the stud-
ied microorganisms at the mass humidity of 40-200%,
the S. aureus species exhibited the longest survival rate,
which reached the level of 2083-15 796%. These results
confirm the presumption that in the WWTPs environ-
ment a high availability of humidity, combined with the
presence of organic matter, contributes to a long surviv-
al rate of S. aureus. This study confirmed that these bac-
teria are present in the WWTPs environment and work-
ers are exposed to this pathogen.

According to the data published by Statistics Poland,
3268 municipal WWTPs were in operation in Poland
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in 2015 [37]. The WWTPs which are qualified by Cen-
tral Statistical Office to the “the supply of water; waste-
water and waste management; reclamation” category,
employed approx. 137 000 people in total in 2016 [38].
Although the present study monitored 16 WWTPs, ac-
counting for <0.5% of all installations of this type in Po-
land, some important outcomes were obtained. Among
the 16 WWTPs under analysis, the presence of pathogen-
ic species was confirmed in the discharged wastewater
in 11 plants (69%); in 10 WWTPs (62%) the antibiotics
resistance of S. aureus was found, and in 2 plants (12%)
the bacteria were also present in bioaerosol at the work-
stations. It was also shown that in 2 WWTPs the MRSA
strains were present in the samples of raw wastewater.
When approximating the prevalence of S. aureus from
this study on the national scale, exposure to the species,
including antibiotic-resistant strains, can be seen as
a health risk factor even for several dozen thousand em-
ployees of WWTPs. Additionally, among the occupa-
tional groups exposed to antibiotic-resistant S. aureus
strains, a hardly estimable number of self-employed
people should be also taken into account, who empty
cesspools and household sewage treatment plants, and
deliver wastewater and sludge to WWTPs. In view of
the alerts published in scientific literature all over the
world, relating to the increasing number of hard-to-
treat infections caused by antibiotic-resistant S. aureus
strains, especially MRSA strains [35,39,40], activities
aimed at strengthening the prevention of adverse health
effects, e.g., involving the disinfection of wastewater
discharged to WWTPs, should be undertaken.

Summarizing the discussion, it should be pointed out
that it is necessary to continue the study related to the
presence of S. aureus in the occupational environment
of WWTPs in an extended scope. The study should be
extended so as to analyze surface swabs in terms of the
presence of biofilms formed by the bacteria, and primar-
ily to perform biomonitoring among WWTPs workers.
The S. aureus strains isolated from workers’ nasal swabs,
as well as the strains isolated from the air, surface and
wastewater, should be sequenced and then compared
to identify clones. Only the genetic methods of analy-
sis provide an opportunity to confirm the origin of the
clones isolated from that environment.

CONCLUSIONS

Although the low number of WWTPs included in the
analysis constitutes some limitation, the results lead to
the following conclusions:

1. The results of the study confirm the necessity to in-
clude workers’ exposure to S. aureus bacteria, and also
to MRSA strains present in wastewater and bioaero-
sol, in the occupational risk assessment of WWTPs.

2. The highest health risk refers to the workers em-
ployed at the stage of mechanical treatment of waste-
water delivered to WWTPs (wastewater pumping
stations, grids, sand catchers), workers doing repairs
all over the plant, and workers delivering wastewater
and sludge from households.

3. The presence of S. aureus bacteria, including those
drug-resistant, in both raw wastewater and the air,
was confirmed in outdoor temperatures of >15°C.

4. There are premises to conclude that the presence of
strains resistant mostly to the antibiotics which are
critically and highly important in veterinary med-
icine indicates that the source of such bacteria is
probably ILF located in the area of WWTPs.
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