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ABSTRACT

Wastewater treatment plants (WWTPs) are a very important link in the spread of antibiotic resistance genes to
the environment and the formation of antibiotic-resistant microorganisms. The mechanical and biological meth-
ods of wastewater treatment in WWTPs do not completely remove the resistance genes from sewage. The genes
responsible for extended-spectrum beta-lactamases (ESBLs) are very common in the family Enterobacteriaceae
that colonize the human digestive tract and are abundant in wastewater. The aim of this study was to analyze the
prevalence of genes encoding beta-lactamases in the wastewater and sludge samples collected from two WWTPs
in the Polish regions of Warmia and Silesia and from the river water upstream and downstream from the WWTPs.
The wastewater samples were passed through polycarbonate membrane filters, whereas the sludge samples were
homogenized, and genomic DNA was extracted. The bla.,,, bla,, and blag,,, genes were detected by means of
standard PCR. The most prevalent gene was bla_ ., which occurred in all samples, including the treated waste-
water. The bla,, gene was also frequently detected in all samples from the WWTP in Silesia. The blag,, gene
was least prevalent in the tested samples. These results indicate that wastewater is a hotspot for resistant bacteria.
Beta-lactamase genes are not eliminated through the mechanical-biological wastewater treatment methods, and
they can spread to other environments, thus increasing the pool of antibiotic resistance genes around the world and

creating epidemiological risks.
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INTRODUCTION

The increased use of antibiotics in human
medicine, veterinary medicine and agriculture
contributes to the growth of antibiotic resistance
among pathogenic bacteria, and it increases the
prevalence of multidrug-resistant pathogens in
the human environment [Reinthaler et al. 2010;
Korzeniewska and Harnisz 2013a; Xu et al.
2015]. Numerous analyses of hospital wastewater
have revealed the presence of antibiotic-resistant
bacteria (ARB) and antibiotic resistance genes
(ARGs). The occurrence of ARGs and ARB in
municipal wastewater and their transmission
to the environment from wastewater treatment
plants give a serious cause for concern [Huang et
al. 2012; Chagas et al. 2010].
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Wastewater treatment plants play a very im-
portant role in the emergence and spread of ARB
and ARGs to the environment, in particular water
bodies [Rizzo et al. 2013; Osinska et al. 2017].
Wastewater of diversified origin is pooled and
mixed in WWTPs [Amador et al. 2014]. The con-
ventional biological methods of wastewater treat-
ment do not completely eliminate the antibiotic
resistance genes due to high microbial density
and the abundance of the nutrients required for
bacterial growth [Kelly et al. 2009]. The research
into the effects of different wastewater treatment
methods on the occurrence of resistance determi-
nants in the wastewater microbiome demonstrat-
ed that the antibiotic-resistant bacteria are more
prevalent in effluents than in the incoming sew-
age [West et. al 2010; Korzeniewska et al. 2013].



Journal of Ecological Engineering Vol. 20(9), 2019

High concentrations of ARGs and ARB in the
wastewater treated in WWTPs give cause for con-
cern because ARGs can spread through horizontal
gene transfer (HGT) [Moura et al. 2012; Marti et
al. 2014; Korzeniewska and Harnisz 2018].

Beta-lactamases are bacterial enzymes that
confer resistance to beta-lactams in microorgan-
isms. The beta-lactamase-producing bacteria
were found in many wastewater and water sam-
ples. These bacterial enzymes hydrolyze several
classes of antibiotics, including cephalosporins,
carbapenems and penicillin. A new group of en-
zymes, extended-spectrum beta-lactamases (ES-
BLs), was discovered in the mid-1980s. Under
typical circumstances, ESBLs are derived from
beta-lactamase genes by mutation. Broad-spec-
trum beta-lactam antibiotics are susceptible to
hydrolysis by ESBLs. The prevalence of ESBL-
producing bacteria has been gradually increasing.
More than 300 ESBL gene variants have been
identified to date [Korzeniewska and Harnisz
2013; Reinthaler et al. 2010]. They were catego-
rized into groups A and D of the Ambler scheme
and classified into several ESBL gene families
[Paterson and Bonomo 2005]. The most preva-
lent classes include TEM, SHV and CTX-M.
The extended-spectrum beta-lactamase resistance
genes are genetically diverse and exceedingly
mobile. Their mobility can be attributed to the
most widespread mobile genetic elements such
as plasmids, transposons and integrons. Hori-
zontal gene transfer plays an important role in
the spread of resistance to different strains, spe-
cies and even reservoirs. Among the used groups
of antibiotics, beta-lactams are the most widely
prescribed antibiotics around the world [Diallo et
al. 2014; ECDC 2017]. The growing prevalence
of the beta-lactamase transmitting bacteria is a
major clinical problem around the world which
increases the incidence of infections and reduces
the therapeutic efficacy [Li et al. 2009].

The objective of this study was to investigate
the prevalence of the genetic determinants of be-
ta-lactamases in the wastewater at each stage of
mechanical and biological treatment in WWTPs.
Thebla,,,, blag, and bla ,, genes were analyzed
by means of standard polymerase chain reaction
(PCR). The study provides valuable new data on
the occurrence of the most popular genes respon-
sible for the proliferation of beta-lactamase-pro-
ducing bacteria. The effectiveness of wastewater
treatment processes in each stage of treatment,
including in the treated and evacuated effluents,
was also analyzed.

MATERIALS AND METHODS

Characteristics of WWTPs and sampling

The samples of sewage, water and sludge
were collected from two wastewater treatment
plants in Poland. Both plants are characterized by
a highly similar structure and methods of purifi-
cation, but one of WWTPs is located in a forested
area in the Warmia and Mazury regions (non-
industrialized area), whereas the other WWTP
is situated in an industrial area in the Region of
Silesia. The treated effluents are discharged into
the Lyna River and the Gostynia River, respec-
tively [Korzeniewska and Harnisz 2013; Harnisz
and Korzeniewska 2018]. Additional information
about both WWTPs can be found in Table 1.

The samples were collected twice in June and
November 2018. The following samples were
collected from the WWTP in Warmia and Ma-
zury: river water upstream from the WWTP, raw
wastewater, wastewater after passage through
the preliminary settling tank, wastewater after
passage through the biological chamber, waste-
water after passage through the reactor, treated
wastewater, river water downstream from the
WWTP, sludge after passage through the fer-
mentation pool, and deposited sludge. In turn,
the following samples were collected from the
WWTP in Silesia: river water upstream from the
WWTP, raw wastewater, wastewater after pas-
sage through the initial settling tank, wastewa-
ter after passage through the secondary settling
tank, wastewater after passage through the se-
lector and the C-TECH reactor, treated waste-
water, river water downstream from the WWTP,
leachate after drainage, sludge after mechanical
thickening, and sludge after gravity thickening.
The wastewater samples were collected into
sterile bottles, and the sludge samples were col-
lected into sterile specimen jars. The material was
transported to the laboratory on the same day and
stored in a refrigerator for further analysis.

Isolation of genomic DNA

In order to prepare the samples for the ex-
traction of genomic DNA, the sewage and water
samples were filtered using a vacuum pump with
0.20 pum filters. The amount of filtrated samples
is given in Table 2. Genomic DNA was isolated
from the sewage and water samples with the
DNeasy Power Water Kit (Qiagen), and from
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Table 1. Technical information about the sewage treatment plants

Average
Wastewater Type of . . .
Biological section of Type of process
tre;tar?]?nt tg‘;n’;igg:ﬁgg;igﬂﬁgts wastewater treatment process Inflowing wastewater | capacity
(m/d)
Warmia and | system wib olevated | Pre-denitification chamber, phosphorus | CERe SERA0S
Mazury region | removal of nutrients (r;ehrgrcr)]\()a:elrtsanslzcrg:]rg‘g:atlggt/tcljiﬁn|ttgfr:i2tlon wastewater from 35000
(MB-ERN) ’ ry 9 food industry
Mechanical-biological Sequential reactors (C-TECH) and activated | Wastewater from
Silesian rocesses and cr?emical sludge chambers (the system of chambers | industrial plants and
region processes in the form of of different oxygen conditions: anaerobic, wastewater delivered 30000
9 phos horus precipitation anoxic and aerobic), secondary settling to the plant by gully
phosp precip tank, anoxic chamber emptiers

Table 2. The filtered volumes of wastewater and water samples, mass of sludge samples in both WWTPs

Silesian region Warmia and Mazury region
June November June November
Type of sample Filtered Filtered Filtered Filtered
volume per volume per volume volume per
Symbol sample Symbol sample mass Symbol per sample Symbol sample mass
mass [ml/g] [ml/g] mass [ml/g] [ml/g]

Untreated wastewater TC1 10 TLA1 40 OC1 40 OoL1 40
Wastewater after initial
settling tank TC2 30 TL2 30 0ocC2 40 OoL3 40
Wastewater after the
secondary settling tank TC3 200 T3 300 ) ) B )
Wastewater in the biological
chamber - - - - OC3 40 oL3 20
Wastewater after the
selector and TC4 150 TL4 300 - - - -
C-TECH reactor
Wastewater after the
multifunctional reactor B ) ) ) 0c4 40 oL4 40
Treated wastewater TC5 150 TL5 300 OC5 200 OoL5 200
River water before discharge | g 150 TL6 300 0c6 200 oL6 400
of treated wastewater
River water after discharge
of purified wastewater TC7 150 TL7 300 ocC7 200 oL7 400
Leachate after drainage TC8 10 TL8 30 - - - -
Sludge after mechanical TCO 0.25 TL9 0.95 ) ) B )
concentration : :
Sludge after gravity ) ) B )
concentration TC10 0.25 TL10 0.25
Sludge after an open
fermentation pool B ) ) ocs 0.25 OLs 0.25
Sludge for management - - - 0C9 0.25 oL9 0.25

sediment samples — with the DNeasy Power Soil
Kit (Qiagen) according to the manufacturer’s pro-
tocol. After isolation, the DNA eluent was used
for gene detection.

PCR identification and detection

The presence of beta-lactamase genes, includ-
ing blay,, bla,,, and blag,, in the analyzed ma-
terial was determined by PCR. The primers and
reaction conditions are presented in Table 3. The
PCR reaction was performed in a volume of 15 pl
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containing 1 pl of genomic DNA of each sample
and MasterMix NZY Taq II.

After PCR amplification of beta-lactamase
genes, 5 ul of each amplified DNA fragment was
separated by electrophoresis in 1% agarose gel (Sig-
ma) stained with ethidium bromide (0.5 mg/ml).

RESULTS AND DISCUSSION

The growing consumption of antibiotics in
developed countries around the world contributes
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to the emergence of antibiotic-resistant bacteria.
Antibiotics and their derivatives are accumulated
in the environment, including water bodies, sedi-
ments, groundwater and potable water. The pro-
liferation of antibiotic-resistant bacteria and the
accumulation of drugs in the environment are
closely related to the high content of bacteria and
antibiotics in raw municipal and hospital sewage
which are not completely eliminated during treat-
ment in WWTPs. Beta-lactam drugs are com-
monly used to combat bacterial diseases around
the world. However, they are eliminated in the
wastewater treatment processes and are relatively
rarely detected in the environment. The municipal
and hospital wastewater is particularly abundant
in cephalosporins, and it is the main source of
antibiotics in the treated sewage [Korzeniewska
and Harnisz 2013; Kiimmerer 2009]. The pres-
ence and spread of antibiotic resistance genes in
wastewater have been confirmed by numerous
studies [Amador et al. 2015; Korzeniewska et al.
2013; Zarfel et al. 2013; Mesa et al. 2006; Wen
et al. 2016; Ojer-Usoz et al. 2014]. The greatest
health risk is posed by the beta-lactamase genes
which are very common and usually associated
with bacteria of the family Enterobacteriaceae.
In the present study, the presence of bla-
e Dlagy, and blag,, genes was examined in
all wastewater samples collected from the me-
chanical and biological stages of treatment in
the WWTP in the Warmia and Mazury Region
and from the mechanical and biological stages

of treatment accompanied by chemical precipi-
tation of phosphorus in the WWTP in Silesia.
The bla_,,, gene was detected in all wastewater
samples collected from both WWTPs in June and
November. It was identified in the treated waste-
water and in the sludge that is deposited in the
final stages of purification and is often used in
industry and agriculture. The bla ,, gene was de-
tected in the wastewater samples collected after
each stage of treatment in the WWTP in Silesia
in both June and November. However, this gene
was not identified in river water downstream
from the WWTP in Warmia and Mazury. In the
samples collected in June, bla,, was not detect-
ed in sludge, but it was present in the samples
collected in November. The blag,, gene was not
identified in any of the samples collected in June
in Silesia. In November, the blag,, gene was de-
tected in downstream river water, but it was ef-
fectively eliminated in the WWTP and was not
detected in the treated wastewater. In the WWTP
in Warmia and Mazury, the bla,,, gene occurred
in the wastewater samples collected in almost
every stage of treatment in both June and No-
vember. These variations could be attributed to
the different wastewater treatment methods in
the analyzed WWTPs. In the industrialized re-
gion of Silesia, wastewater is additionally treated
by chemical precipitation of phosphorus, which
can promote gene elimination. The wastewater
processed by the examined WWTPs can also dif-
fer in origin and composition. The presence of

Table 3. Primers and thermal conditions for PCR reactions

Target Primer sequences PCR conditions Size (bp) |References
bla AGTGCTGCCATAACCATGAGTG 431
TEM CTGACTCCCCGTCGTGTAGATA 5 min at 94C. 1 min at 94°C. 1 min at
min at 94°C, 1 min at 94°C, 1 min a .
blag, | A aCATOGACGTCTTIORTG - | 61C.1minat72Cin30 cycles, 5min | 206 | "o
at 72°C
bla GATGAACGCTTTCCCATGATG 214
SHV CGCTGTTATCGCTCATGGTAA
Table 4. The results of PCR analysis in WWTP in Warmia and Mazury region
June November

Type of sample bla,, blag,, blag,,, Type of sample bla., bla,, blag,,
OC1 + + + OoL1 + + +
0oC2 + + + OoL2 + + +
OC3 + + + OoL3 + + +
OC4 + + + oL4 + + +
OC5 + + + OL5 + + +
OC6 + - + OL6 + - +
OC7 + + - oL7 + + +
0OC8 + + + OL8 + + -
0C9 + - + OL9 + + +
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Table 5. The results of PCR analysis in WWTP in Silesian region

June November
Type of sample bla, bla,,, blag,,, Type of sample bla, bla,,, blag,

TC1 + + TL1 + + +
TC2 + + TL2 + + +
TC3 + + TL3 + + +
TC4 + + TL4 + + +
TC5 + + TL5 + +

TC6 + + TL6 + + +
TC7 + + TL7 + +

TC8 + + TL8 + +

TC9 + + TL9 + +
TC10 + + TL10 + +

antibiotic-resistance genes in the municipal and
hospital wastewater treated in the WWTP in Sile-
sia could also be attributed to higher morbidity
and antibiotic consumption in autumn.

Osinska et al. [2017] detected bla_,, and bla-
oxa Zenes in the samples from all analyzed stages
of wastewater treatment: in river water sampled
downstream from the WWTP, in raw and treat-
ed sewage, and in river water sampled upstream
from the WWTP. The blag,, gene was identi-
fied in raw and treated sewage. The bla_,,, gene
was also detected by Korzeniewska and Harnisz
[2013a] in river water sampled downstream and
upstream from the WWTP and in the samples col-
lected from the bioreactor. The bla.,,, gene was
detected in 11 (26.8%) out of the 90 ESBL-pos-
itive isolates of the family Enterobacteriaceae.
In a study examining 43 ESBL isolates, Korze-
niewska et al. [2013] identified the bla,, gene
in 17 isolates (23.9%) and the bla ., gene in 14
isolates (19.7%). These beta-lactamase genes
are most commonly found in the bacteria of the
Enterobacteriaceae family. In a study by Di-
allo et al. [2013], six out of the seven analyzed
Escherichia coli isolates from municipal water
carried the bla_,,, gene. All ESBL strains were
resistant to imipenem. The authors also detected
bla genes in the bacterial strains from slaughter-
house wastewater and treated wastewater. A study
of 21 Spanish WWTPs revealed high levels of
the bla_,,, gene (47%) and lower levels of blag,,
(17.4%) and bla,,, (8.3%) genes in wastewater
[Ojer-Usoz et al. 2014]. In a study examining 51
strains of beta-lactamase-producing bacteria of
the Enterobacteriaceae family in the wastewater
samples collected from WWTPs, 51.9% strains
were ESBL-positive. In addition, 35.2% of the
strains harbored both ESBL and AmpC genes.
The bla,,, gene was the predominant ESBL

84

gene, and it was identified in 33.3% of the ex-
amined strains. Another prevalent gene was bla-
ey Which was present in 24.1% of the analyzed
strains [Amador et al. 2015]. These findings in-
dicate that both raw and treated wastewater is a
rich source of genes encoding extended-spectrum
beta-lactamases. These genes are not eliminated
even in the WWTPs that deploy numerous waste-
water processes and treatment stages.
Beta-lactam resistance genes were also de-
tected in the untreated hospital wastewater, and
the bla ., gene was found in 82% of all ESBL
producers [Chagas et al. 2011]. In this study, the
frequency of blag,, and bla. ,, genes in the test-
ed ESBL strains was determined at 48% and 67%,
respectively. These results indicate that hospital
wastewater is highly contaminated with beta-lac-
tam resistance genes. These studies also revealed
that wastewater samples often simultaneously
harbor bla ., and bla.,, , genes. Interesting re-
sults were also reported by Dzierzanowska et
al. [2010] who analyzed 110 isolates of Klebsi-
ella pneumoniae from clinical facilities. Forty-
six isolates harbored a single gene from the bla
group, whereas as many as 64 isolates contained
at least two bla genes. In these strains, bla_,,, and
blag,, genes were dominant. In other studies of
K. pneumianoae, the genetic determinants of bla-
ey @0d blag, were detected in 100% and 50% of
isolates, respectively. In Escherichia coli strains,
the bla. ., gene occurred in 92 cases (89%). It is
also worth noting that all K. pneumoniae and E.
coli strains additionally carried the bla ., , gene,
which points the presence of correlations between
these genes [Mugnaioli et al. 2006]. Similar re-
sults were reported by Sana et al. [2011] in a clini-
cal study of Escherichia coli, where 45.2% of 73
ESBL-positive isolates harbored the bla ,, gene.
The blagy,, gene was somewhat less prevalent.
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These findings demonstrate that the clinical fa-
cilities with an abundance of resistant strains and
very high consumption of antibiotics significantly
influence the prevalence of antibiotic resistance
genes in wastewater and the environment.

CONCLUSIONS

In the current study, the antibiotic resistance
genes were detected in the final stages of waste-
water treatment; therefore, the effectiveness of the
evaluated wastewater treatment methods in elimi-
nating resistance genes could not be reliably ascer-
tained. These findings suggest that the mechanical
and biological methods of wastewater treatment in
WWTPs do not completely remove the antibiotic
resistance genes from sewage. The correlations
between the sampling season and the presence of
antibiotic resistance genes in wastewater could
not be determined because highly similar results
were noted for all examined genes. Wastewater
is a specific hotspot of the resistance genes and
antibiotic-resistant bacteria. Beta-lactamase genes
are discharged with treated effluents into the en-
vironment. They can spread over long distances,
increase the antibiotic resistance gene pool and
contribute to antimicrobial resistance worldwide.
The bacterial resistance to antibiotics is a growing
clinical problem and a public health threat. Envi-
ronmental monitoring and new methods for elimi-
nating genetic determinants of drug resistance are
required to effectively address these problems.
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