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Abstract: Antibiotic resistance of bacteria is an emerging problem in drinking water treatment.
This paper presents the comparison of antibiotic resistant bacteria (ARB) and antibiotic resistance
genes (ARGs) prevalence during the summer and winter season in a full-scale drinking water
distribution system (DWDS) supplied by two water treatment plants (WTPs). The effect of distance
from WTP and physical–chemical water parameters on its microbial properties was also tested.
Bacterial consortia dwelling in bulk tap water were additionally compared by means of denaturating
gradient gel electrophoresis (DGGE). The results showed that among ARB, bacteria resistant to
ceftazidime (CAZ) were the most abundant, followed by bacteria resistant to amoxicillin (AML),
ciprofloxacin (CIP), and tetracycline (TE). Numerous ARGs were detected in tested tap water samples.
Only CAZ resistant bacteria were more prevalent in the season of increased antibiotic consumption,
and only AML resistant bacteria relative abundances increase was statistically significant with the
distance from a WTP. The investigated tap water meets all legal requirements. It is therefore safe
to drink according to the law. Nevertheless, because antibiotic resistance could pose a threat to
consumer health, it should be further monitored in DWDSs.
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1. Introduction

Antibiotic resistance (in this paper, the term antibiotics refers to all substances with antibacterial
properties, produced by microorganisms, synthetically or semi-synthetically [1,2]) of bacteria has
become a global problem, posing a serious threat to human health and life [3,4]. According to World
Health Organization (WHO), due to antibiotic resistance, many infections have become difficult
to treat, leading to longer hospital stays, higher medical costs, and even increased mortality [5,6].
Bacterial resistance can develop and disseminate via mutations and horizontal gene transfer (HGT) [2,7].
Moreover, antibiotic resistance spread can be facilitated by mobile genetic elements (MGEs), including
plasmids, transposons, and integrons [5,8,9]. Therefore, developed or acquired resistance can be further
disseminated between clinical and natural environments.

Multidrug resistant bacteria, so-called ‘superbugs’, can be divided in two groups, namely
well-known pathogens of clinical relevance, and opportunistic pathogens of environmental
origin, frequently intrinsically resistant to multiple antibiotics, and therefore posing a threat to
immunocompromised patients [10]. Natural environments, particularly soil and water, have become
recognized as recipients, reservoirs, and sources of antibiotic resistant bacteria (ARB) and antibiotic
resistance genes (ARGs) of clinical concern [2,11,12]. Moreover, despite the presence of bacterial
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antibiotic resistance in natural environments [2,5], the over-use of antibiotics in human medicine,
veterinary medicine, or as growth promoters contributes to its further anthropogenic development and
dissemination [12–14]. Therefore, careful monitoring of antibiotic resistance determinants, including
ARB and ARGs in the environments is of high importance [15–17].

Antibiotics, ARB, and ARGs can be introduced into aquatic ecosystems through wastewater
effluents, land run-offs, or aquacultures [8,12,13]. The selective pressure exerted by antibiotics, diluted
in waters to concentrations far below minimum inhibitory concentration (MIC), can contribute to
further prevalence of resistance [8,13]. Furthermore, the presence of antibiotics, ARB, and ARGs in
source water can be challenging for conventional, as well as advanced water treatment technologies [18].
According to many studies, biologically activated carbon [19–22] and disinfection processes [9,18,23–32]
can contribute to the dissemination and enrichment of ARB and ARGs during water treatment, resulting
in the presence of antibiotic resistance in finished and tap water. Moreover, residual disinfectant
is suspected to contribute to bacterial community shift and resistome alteration in drinking water
distribution systems (DWDSs) [26,30,33,34].

Consumer health risk assessment related to the presence of ARB in tap water needs further
investigation [7,35,36]. Nevertheless, it has been evidenced that consumers who used drinking water
contaminated with antibiotic resistant Escherichia coli in their households were more exposed to the
carriage of this bacterium [37]. Moreover, human intestinal bacteria were suggested to exchange genes
with swallowed bacteria passing through human digestive system [38].

ARB were detected in tap water almost 40 years ago [39,40], and together with ARGs, they have
been further investigated over the recent decades [7,9,18,25,26,30–32,36,37,41–60]. Knowledge on
their seasonal variation [25,55], however, as well as knowledge on the effect of various treatment
technologies [18] or tap water transportation via distribution system [26] on antibiotic resistance
determinants in chlorinated DWDSs is still scarce and this study aims to fill this gap. To the authors’
best knowledge, this is the first paper comparing results obtained in different seasons (summer and
winter) on ARB, ARGs, and bacterial community structures (investigated by means of denaturating
gradient gel electrophoresis (DGGE)) in a full-scale DWDS in East-Central Europe. Because antibiotic
consumption in Poland is one of the highest in Europe [14,61], and Polish surface waters were reported
to be contaminated by antibiotics and ARB [14,16], the monitoring of antibiotic resistance determinants
in the water supply network ecosystem is of importance.

This study focused on resistance migration and bacterial community shift via a distribution system.
Previous preliminary research conducted on Wrocław tap water during the summer season showed
presence of ARB and ARGs in DWDS [54]. Because winter is known to be the season of intensified
antibiotic consumption in Europe [61], comparison of ARB and ARGs prevalence in the same points
within DWDS between these seasons is justified, and can contribute to expanding knowledge on
bacterial response to contamination of the environment by antibiotics. In this study, the analyses
of summer samples were extended, and samples collected during the winter sampling campaign
were investigated. The results of research conducted on samples collected both in the summer and
winter sampling campaign were compared to fully depict the antibiotic resistance phenomenon in
bulk tap water within Wrocław DWDS. Moreover, a previous study demonstrated spatial diversity
of bacterial community composition in Wrocław [62]. In this paper, spatiotemporal differences of
bacterial genotypes present in bulk tap water were determined by means of DGGE.

The objectives of this study were as follows: (i) to characterize ARB and ARGs occurring within
Wrocław DWDS during the summer and winter season, (ii) to determine the seasonal variation and
effect of treatment technologies applied by independent water treatment plants (WTPs) on antibiotic
resistance prevalence in Wrocław DWDS, (iii) to determine correlations between microbiological
water properties (i.e., ARB, heterotrophic plate counts (HPC), and ARGs) and distance from WTP
and physical–chemical water parameters (i.e., free and total chlorine concentrations and tap water
temperature), (iv) to investigate spatiotemporal changes in bacterial consortia genotypes within DWDS
by means of DGGE.
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2. Materials and Methods

2.1. DWDS in Wrocław

The water supply network in Wrocław consists of three WTPs, namely Na Grobli (NG), Mokry
Dwór (MD), and Leśnica (L), and a distribution system common for WTPs NG and MD. Figure 1
presents areas supplied by each WTP, additional disinfection points providing an appropriate level of
residual disinfectant [63], and sampling points.
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Figure 1. Sampling points numbered consecutively, areas of water supply from water treatment plants
(WTPs) Na Grobli (NG), Mokry Dwór (MD), Leśnica (L) and additional disinfection points (D) in
the Wrocław drinking water distribution system. Own elaboration based on data provided by the
Municipal Water and Sewerage Company in Wrocław.

This study covered water samples from areas supplied by WTPs NG and MD. Because WTP L
supplies drinking water only to a minor part of the city, this plant was not included in the research.

Both WTPs (NG and MD) draw source water from the Oława and Nysa Kłodzka Rivers. In WTP
NG, however, ground infiltration is implemented as the first step of treatment, making water take on
groundwater features. In both WTPs, chlorine and chlorine dioxide are used for disinfection purposes.

WTP NG consists of the following treatment processes: ground infiltration, aeration, filtration,
ozonation, adsorption on activated carbon, pH correction, and disinfection. WTP MD consists of the
following treatment processes: coagulation, filtration, ozonation, adsorption on activated carbon, pH
correction, and disinfection.

This study involved collection of samples of finished water entering the distribution system from
both WTPs (NG1 and MD1), as well as recipients’ tap water from consecutive taps (NG2, NG3, NG4,
and MD2, MD3, MD4). The location of consecutive sampling taps is in accordance with water transfer
via the distribution system (Figure 1). The idea was to select sampling points at increasing distances
from each WTP, to preliminary asses the differences in antibiotic resistance in tap water collected
close and far away from each WTP. Wrocław DWDS includes an area of mixed streams from both
investigated WTPs. Points located within this area were deliberately omitted.
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2.2. Sample Collection

A previous study [54] presented preliminary results of analyses of samples collected during
the summer sampling campaign (July and August 2018). In this study, these samples were further
investigated, and samples from the same points were collected during the winter sampling campaign
(January and February 2019) in accordance with identical collection and research procedures.

All samples were collected in public buildings (except for sampling point MD2, located in
a pumping station) in cooperation with the Municipal Water and Sewerage Company (MWSC),
according to MWSC guidelines (i.e., tap disinfection and water flushing until temperature stabilization).
Microbiological properties (total coliforms, Escherichia coli, Clostridium perfringens, and total number of
bacteria after incubation at 22 ◦C for 72 h) and physical–chemical parameters (temperature, turbidity,
color, pH, conductivity, free and total chlorine, chlorites and chlorates, nitrates, and aluminum) were
kindly provided by MWSC. For the purposes of antibiotic resistance investigation, 15 L of tap water
was collected from each sampling point twice in a season (in July and August for summer and in
January and February for winter) to sterile plastic containers, supplemented with 0.1 g/L sodium
thiosulfate (Chempur, Piekary Śląskie, Poland) to neutralize the disinfectants [34], transported to the
laboratory, and immediately processed in sterile conditions.

2.3. Relative Abundances of ARB and Total Number of Bacteria

Relative abundances of bacteria resistant to amoxicillin (AML), ciprofloxacin (CIP), ceftazidime
(CAZ), and tetracycline (TE) were determined in HPC. These antibiotics were selected as representatives
of antibiotic groups most commonly consumed in Poland [61], namely β-lactams, fluoroquinolones,
3rd generation cephalosporins, and tetracyclines, respectively. For this purpose, tap water was
concentrated by filtration through mixed cellulose membranes of 0.2 µm pore diameter (Whatman,
Little Chalfont, United Kingdom) by means of a sterile filtration set (Nalgene, Rochester, NY, USA).
Next, the membranes were placed on plates of R2A (BTL, Łódź, Poland) or R2A (BTL, Łódź, Poland)
supplemented with antibiotic (Sigma-Aldrich, St. Louis, MO, USA), prepared in accordance with the
guidelines [64,65], as presented in Table 1.

Table 1. Agar media supplementation for enumeration of heterotrophic plate counts (HPC) and
antibiotic resistant bacteria [54,55].

Agar Medium Antibiotic and Concentration Purpose

R2A - psychrophilic HPC
R2A + AML amoxicillin 8 mg/L % of bacteria resistant to amoxicillin
R2A + CIP ciprofloxacin 2 mg/L % of bacteria resistant to ciprofloxacin

R2A + CAZ ceftazidime 8 mg/L % of bacteria resistant to ceftazidime
R2A + TE tetracycline 16 mg/L % of bacteria resistant to tetracycline

The plates were incubated at 22 ◦C for 7 days. Afterwards, colony forming units (CFU) were
counted, and relative abundances (%) of ARB in total HPC were calculated. For quality control,
the Escherichia coli ATCC 25,922 and Pseudomonas aeruginosa ATCC 27,853 strains (BioMaxima, Lublin,
Poland) were inoculated on each batch of prepared plates.

2.4. DNA Extraction

Considering low biomass of bacteria in collected samples, up to 10 L of tap water from each sample
was concentrated by filtration through mixed cellulose membranes of 0.2 µm pore diameter (Whatman)
by means of a sterile filtration set (Nalgene). DNA was extracted from membranes by means of a
DNeasy PowerWater kit (QIAGEN, Hilden, Germany) in accordance with manufacturers’ instructions.
DNA eluates from samples collected in July and August were pooled to prepare a representative
sample for the summer season [54], whereas DNA eluates from samples collected in January and
February were pooled to prepare a representative sample for the winter season. As a result, each DNA
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sample was prepared from up to 20 L of tap water for each sampling point. A total of 16 DNA samples
were obtained (8 for each summer and winter season). DNA concentration and purity were measured
by means of a NanoPhotometer N60 (Implen, München, Germany).

2.5. Detection of ARGs and Other Genes in Environmental DNA

PCRs were conducted in Mastercycler Nexus GX2 (Eppendorf, Hamburg, Germany) to detect
ARGs and other genes related to HGT or resistance mechanisms: blaTEM, blaSHV, blaCTX-M, blaKPC,
blaNDM, blaOXA, blaOXA-48, ampC, mecA, qnrA, qnrB, qnrS, oqxB, tetA, tetK, tetL, tetW, sulI, sulII, ermA,
ermB, vanA, mcr-1, mexA, floR, qacE∆1, qacH, tolA, intI1, tnpA in environmental DNA samples. Moreover,
16S rRNA gene was amplified in terms of DNA quality control. Detailed information regarding primer
sequences, amplicon sizes, and annealing temperature is provided in Supplementary Material (Table S1).
The PCR mixture consisted of: 12.5 µL of 2xStartWarm HS-PCR Mix (A&A Biotechnology, Gdynia,
Poland), 1 µL of each 10 µM primer (Genomed, Warsaw, Poland), 2.5 µL of DNA, and 8 µL of water
(A&A Biotechnology, Gdynia, Poland). PCR protocols were as follows: initial denaturation at 95 ◦C for
5 min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, annealing at Ta for 30 s, elongation at
72 ◦C for 30 s, and final elongation at 72 ◦C for 7 min. In each reaction, negative and positive controls
were applied. After PCR amplification, 5 µL of each product was separated by electrophoresis in 2% or
3% (depending on the amplicon size) agarose gel (Sigma-Aldrich) stained with Green DNA Gel Stain
(Syngen Biotech, Wrocław, Poland). The products were electrophoresed at 120 V for 15 min and at 80 V
for 60 min in 1×TBE buffer, and visualized by UV (UVITEC, Cambridge, UK). The amplicon size was
compared with DNA Marker pUC/Msp I (A&A Biotechnology).

2.6. DGGE Analysis of Community Structures

The community structures of bacterial consortia were compared by means of DGGE. Due to low
bacterial biomass in investigated samples, nested-PCR protocol was applied in Mastercycler Nexus
GX2 (Eppendorf, Hamburg, Germany). Nearly full 16S rRNA gene was amplified with primer set 27F
(AGAGTTTGATCMTGGCTCAG) and 1492R (TACGGYTACCTTGTTACGACTT) [66].

The PCR mixture consisted of: 4 µL of 5xGold Hot Start PCR MIX LOAD (Syngen), 0.4 µL of each
10 µM primer (Genomed), 2 µL of DNA, and 13.2 µL of water (A&A Biotechnology). The touchdown
PCR protocol was as follows: initial denaturation at 95 ◦C for 15 min, followed by 25 cycles of
denaturation at 95 ◦C for 15 s, annealing at 55–50 ◦C for 30 s, elongation at 72 ◦C for 60 s, and final
elongation at 72 ◦C for 7 min. Negative control was applied to confirm lack of external contamination
in reaction. Positive control was prepared of genomic DNA of two strains from laboratory collection,
i.e., Escherichia coli and Pseudomonas fluorescens.

After PCR amplification, 5 µL of each product was separated by electrophoresis in 1% agarose gel
(Sigma-Aldrich) stained with Green DNA Gel Stain (Syngen). The products were electrophoresed at
120 V for 15 min and at 80 V for 60 min in 1×TBE buffer and visualized by UV (UVITEC). The amplicon
size was compared with DNA Marker 3 (A&A Biotechnology). Samples NG1S, MD1S, MD2S, MD3S,
NG1W, MD1W (where ‘S’ refers to summer and ‘W’ refers to winter sampling campaigns, respectively)
gave only weak bands, hampering their inclusion in the DGGE analysis.

Only samples NG2S, NG3S, NG4S, MD4S, NG2W, NG3W, NG4W, MD2W, MD3W, MD4W were
included in further steps. The post-reaction mixture was used as a DNA template for amplification
of an approximately 200-bp 16S rRNA gene fragment, corresponding to region V3, with primer
set 338F-GCclamp (5′-GACTCCTACGGGAGGCAGCAG-3′ with a GC clamp attached) and 518R
(5′-ATTACCGCGGCTGCTGG-3′) [34,67].

The PCR mixture consisted of: 4 µL of 5xGold Hot Start PCR MIX (Syngen), 0.4 µL of each 10 µM
primer (Genomed), 0.5 µL of DNA, and 14.7 µL of water (A&A Biotechnology). Touchdown PCR
protocol was as follows: initial denaturation at 95 ◦C for 15 min, followed by 30 cycles of denaturation
at 95 ◦C for 20 s, annealing at 62–53 ◦C for 1 min, elongation at 72 ◦C for 2 min, and final elongation at
72 ◦C for 7 min. The products were purified with Clean-up Concentrator (A&A Biotechnology,) in
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accordance with manufacturers’ instructions. The DNA concentration of the nested-PCR products
was determined by NanoPhotometer N60 (Implen). Approximately 270 ng of DNA were loaded
onto a vertical polyacrylamide gel (8% w/v) with a denaturing gradient ranging from 30% to 60%.
The products were electrophoresed at 120 V for 15 min and at 70 V for 16 h in 1×TAE buffer on
Denaturing Gradient Gel Electrophoresis Systems DGGEK-2001 (CBS Scientific, San Diego, CA, USA).
The gel was stained for 15 min with ethidium bromide (Sigma Aldrich), then washed with 1xTAE
buffer for 20 min, and visualized by UV and photographed (UVITEC).

The DGGE profiles were analyzed with CLIQS software (TotalLab, Newcastle Upon Tyne, UK) to
get similarity matrices-based on the presence or absence of the bands. The dendrogram was created by
the unweighted pair group method using arithmetic mean algorithm (UPGMA). The synthetic line
created based on the investigated lines was used as a reference line for dendrogram construction.

2.7. Statistical Analyses

This study investigated the effect of the season (summer or winter), as well as water treatment
technology (WTP NG or MD) on ARB, HPC, and ARGs, free and total chlorine concentrations and
tap water temperature. It also tested the correlations of the aforementioned factors and distance from
each WTP. Normality and homoscedasticity of data were verified using Shapiro-Wilk and Levene’s
tests, respectively. If normality was confirmed, a Student’s t-test was used; otherwise a Mann-Whitney
U-test was conducted to detect differences. Correlations were assessed using Pearson or Spearman
correlation analyses, depending on the normality of the data. The significance level across the study
was set at p < 0.05. All statistical analyses were done in Microsoft Excel software (Microsoft Office 365
ProPlus, Redmond, WA, USA).

3. Results

3.1. Tap Water Parameters

Tap water samples were of good quality in terms of microbiological properties and
physical–chemical parameters (Table S2). No total coliforms, Escherichia coli, Clostridium perfringens were
found in any sample, and the total number of bacteria was lower than established in the guidelines [68],
suggesting sufficient water disinfection in WTPs and within the distribution system. All samples had
acceptable taste and smell. Other physical–chemical tap water parameters are presented in Table 2.

Table 2. Ranges of physical–chemical parameters of tap water samples collected in both sampling
campaigns, provided by the Municipal Water and Sewerage Company in Wrocław.

Physical–Chemical Parameter Range Medium

temperature (◦C) 2.1–22.5 14.7
turbidity (NTU) <0.5 -
color (mg/L Pt) <2 -

pH 7.50–7.85 7.64
conductivity (µS/cm) 409–735 602

free Cl2 (mg/L) 0.00–0.31 0.10
total Cl2 (mg/L) 0.10–0.49 0.27

chlorites and chlorates (mg/L) 0.05–0.26 0.16
nitrates (mg/L) 1.70–27.00 7.45

aluminum (µg/L) 10–25 16.85

3.2. Relative Abundances of ARB and Total Number of Bacteria

The mean values of relative abundances (%) of ARB in total HPC in each sampling point in the
summer and winter season are presented in Figure 2. The highest relative abundances were observed
in order CAZ-, AML-, CIP-, and TE resistance, highlighting the prevalence of CAZ resistant bacteria in
Wrocław DWDS.
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Figure 2. Comparison of relative abundances of antibiotic resistant bacteria in the summer [54] (a) and
winter (b) season in consecutive points. NG refers to water treatment plant Na Grobli, MD refers to
water treatment plant Mokry Dwór, numbers refer to sampling points, S refers to summer, and W refers
to winter. Cl2: chlorine, AML: amoxicillin resistant bacteria, CIP: ciprofloxacin resistant bacteria, CAZ:
ceftazidime resistant bacteria, TE: tetracycline resistant bacteria.

Relative abundances of CAZ- and TE resistant bacteria were statistically significantly
season-dependent, with higher prevalence in winter and summer, respectively. The results of Spearman
correlations demonstrated that relative abundances of AML resistant bacteria were positively correlated
with distance from WTPs (rho = 0.64). Relative abundances of CAZ resistant bacteria were positively
correlated with both free and total Cl2 (rho = 0.50 and 0.66, respectively), and negatively correlated
with tap water temperature (rho = −0.56). In contrast, relative abundances of TE resistant bacteria were
negatively correlated with total Cl2 (rho = −0.51), and positively correlated with tap water temperature
(rho = 0.61).

Total number of bacteria determined in terms of HPC after 7 days of incubation did not exceed
acceptable values [68]. HPC demonstrated statistically significant seasonal variability in a range of
1–31 CFU/mL in summer and 1–2 CFU/mL in winter. Moreover, HPC correlated negatively with free
and total chlorine (rho = −0.60 and −0.71, respectively), and positively with tap water temperature
(rho = 0.58). Although not statistically significant, HPC rose with the distance from WTP during
summer, and remained at the same level throughout DWDS during winter.

No effect of water treatment technologies on tap water microbiological properties was observed,
and other correlations, except the ones listed above, were statistically insignificant (Table S3).

3.3. Detection of ARGs and Other Genes in Environmental DNA

The PCR results of both sampling campaigns are presented in Table 3.
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Table 3. Results of PCRs in the summer [54] and winter season. NG refers to water treatment plant Na Grobli, MD refers to water treatment plant Mokry Dwór,
numbers refer to sampling points, S refers to summer, and W refers to winter.
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blaOXA-48 - - - - - - - - - - - - - - - - 0 0
ampC - - - - + + - + - - - - - - - - 3 0

mecA methicillin - - - - - - - - - - - - - - - - 0 0

qnrA

(fluoro)quinolones

- - - - - - - - - - - - - - - - 0 0
qnrB - - + - - - - - - - - - - - - - 1 0
qnrS + - + - - - - - - - - - - - - - 2 0
oqxB - - - - - - - - - - - - - + - - 0 1

tetA

tetracyclines

- - + - - - - + - - + + - - - - 2 2
tetK - - - - - - - - - + - - - - - - 0 1
tetL - - - - - - - - - - - - - - - - 0 0
tetW - - - - - - - - - + - - - + + - 0 3

sulI sulphonamides - + + + - - - + - + - + - - + + 4 4
sulII - + - - - - - - - - - - - - - - 1 0

ermA erythromycins - - - - - - - - - - - - - - - - 0 0
ermB - - - + - + - - + + + + + + + + 2 8

vanA vancomycin - - - - - - - - - - - - - - - - 0 0

mcr-1 colistin - - - - - - - - - - - - - - - - 0 0

mexA efflux - - - - - - - - - - - - - - - - 0 0

floR florfenicol - - - - - - - - - - - - - - - - 0 0

qacE∆1 quaternary ammonium compounds - - + + - + - - - + + + + + - - 3 5
qacH + - + - + + + - - - - + + + - + 5 4

tolA transmembrane activity - - - - + - - - - - - - - - - - 1 0

intI1 class 1 integron + + + + + + + + + + + + + + + + 8 8

tnpA transposon - + + + + + + - - - - - - - - - 6 0

total 4 4 8 5 6 7 5 5 2 6 4 6 5 6 4 5 44 38
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The most abundant genes included: blaTEM, tetA, sulI, ermB, qacE∆1, qacH, intI1, tnpA.
Interestingly, blaNDM gene, producing New-Delhi metallo-β-lactamase [69], was detected in three
samples. No spatiotemporal differences or correlation with tap water parameters were found in total
ARGs prevalence.

3.4. DGGE Analysis of the Community Structures

Spatiotemporal changes in bacterial communities dwelling in Wrocław DWDS were also
investigated by means of DGGE. The purpose was to compare the community structure, not to
perform phylogenetic analyses. The results are presented as an UPGMA dendrogram in Figure 3.
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water treatment plant Na Grobli, MD refers to water treatment plant Mokry Dwór, numbers refer to
sampling points, S refers to summer, and W refers to winter.

Samples collected from WTP NG and WTP MD were generally separated from each other,
excluding sample MD4W which formed a cluster with samples NG3S and NG4S. No clear seasonal
clustering was observed. No similarities were also observed among samples collected from the same
sampling points in summer and winter. Nevertheless, it is worth emphasizing that all samples present
a mutual similarity higher than 34%.

4. Discussion

The occurrence of ARB and ARGs in tap water has been reported worldwide, as well as in DWDS
in Wrocław [7,9,18,25,26,30–32,36,37,39,40,42,43,45–60]. To the authors’ best knowledge, however, this
is the first study characterizing spatiotemporal changes in ARB, ARGs, and bacterial communities in
bulk water samples collected from a full-scale DWDS in East-Central Europe.

Many studies to date have aimed to detect ARB in drinking water [7,30,32,36,37,39–50,52–60],
and several of them failed to isolate resistant bacteria from tap water samples [41,44]. Nevertheless,
antibiotic resistant Staphylococci, Enterobacteriaceae, Pseudomonas, Sphingomonadaceae, and Acinetobacter
were found in tap water in Europe [42,43,45,49,50,58–60], and antibiotic resistant Escherichia coli
in Asia [36,56,57], for example. Antibiotic resistant bacteria were examined over 10 years ago by
Xi et al. [32], who found bacteria resistant to AML, CIP, and TE in ranges of 3.02–15.22%, 0.18–13.14%,
and 0.04–3.78%, respectively, in Michigan and Ohio, USA. The relative abundances determined in
the present paper are considerably higher for all these ARB. These findings indicate an unflagging
global problem of antibiotic resistance in DWDSs, and the need for further research in the scope.
Unfortunately, no CAZ resistant bacteria, reaching the highest relative abundances in Wrocław DWDS,
were examined in Michigan and Ohio [32].

Among genes investigated in this study, blaTEM, ampC, qnrA, qnrS, oqxB, tetA, tetW, sulI, sulII, ermA,
ermB, vanA, and floR were found in tap water in Tianjin, Nanjing, and Guangzhou, China [25,30,31],
and blaTEM, blaSHV, ampC, tetA, sulI, sulII, vanA, and intI1 genes were found in tap water in the USA and
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Europe [32,51,52,60]. Various other ARGs were detected in tap water in Hangzhou, China [18], and in
a worldwide study [9], confirming the prevalence of ARGs in DWDSs. Previous studies conducted in
China proposed sulI, sulII, floR, and cmlA genes as possible indicators of contamination and fate of
ARGs in DWDSs [31]. In the present study, only sulI was found repeatedly in both seasons, whereas
sulII was detected only in one summer sample, and floR remained undetectable. Therefore, ARG
markers other than in Asia probably need to be established in East-Central Europe, although more
research is needed to confirm these findings. ARGs occurrence in the water supply network is primarily
influenced by source water, and other resistomes may be found in other DWDS in the region.

Frequent ARGs detection in Chinese DWDSs could be the effect of selective pressure of residual
antibiotics [2,8]. Tap water in China has been reported to be contaminated by antibiotics [70–72].
In contrast, it is believed that antibiotic concentrations in tap water in Poland are below the limit of
detection [14,73]. On the other hand, disinfection by-products can also induce bacterial antibiotic
resistance [74], hence ARGs may be found in antibiotic-free DWDSs. Without the identification of
antibiotics in Wrocław tap water, however, this statement can only be considered presumptive.

Among genes most frequently detected in this study, sulI, qacE∆1, and intI1 genes were found
in biofilms occurring in the WTP in Cluj, Romania [75]. Genes qac and sul could be found in class
1 integrons [76], and gene ermB—on transposons [77]. The presence of these genes on MGEs could
partially explain the high frequency of their detection in Wrocław DWDS. Moreover, integrons and
transpososns genes, namely intI1 and tnpA, were frequently found in this study in both seasons and in
summer, respectively. Their presence is suggested to potentially facilitate the HGT phenomenon in the
distribution system, enabling further prevalence of resistance in tap water bacteria [18,30,75,76].

The presence of several ARGs in finished water of both WTPs in both seasons could be partially
explained by the application of activated carbon treatment in these plants. Biologically activated
carbon filters have been evidenced to potentially enrich resistomes in treated water [18,19,22].

The discrepancies between the obtained ARB and ARGs results can be associated with the
phenomenon of extracellular DNA release. It has been proven that some free DNA can be present
in water environments [25,78,79], and it is possible that despite the presence of several ARGs in
environmental DNA samples, bacteria were not able to transform and use these free DNA molecules.
Nevertheless, these genes may still be available for other, more competent bacteria, and therefore
pose a threat of resistance dissemination [5,80]. The most probable reason, however, is that only
a minor part of bacteria was able to grow on R2A medium (being viable and culturable-therefore,
many ARB, probably possessing ARGs, were present in a sample, but not captured by means of the
culture-dependent method. The detected genes might originate from extracellular DNA or dead
bacteria alike. On the other hand, antibiotic resistance can be conferred by many ARGs [9,18], and some
of them might have been omitted in this study, because only representative genes were selected for
PCR detection. For example, more ARGs were found in the study of Shi et al. [30] with the application
of the metagenomics approach than by means of PCR detection, demonstrating a limitation of the
latter method. Resistance phenotype-genotype discrepancies of environmental bacteria have been
reported in the literature [30,81].

It remains unclear whether intensified consumption of antibiotics during the winter season in
Europe [61] can be depicted in ARB relative abundances in DWDSs. Only CAZ resistant bacteria
showed statistically significantly higher prevalence in winter, whereas TE resistant bacteria-in summer.
Contrary to the results of Hao et al. [25], no seasonal resistome difference was observed in this study.
Moreover, no effect of treatment technologies applied by independent WTPs on ARB, HPC, or ARGs
was determined, suggesting a major effect of source water or chlorination on microbiological properties
of tap water. The same observations were made in previous studies [82–84].

The statistically significant correlations found in this study can shed new light on the current state
of knowledge regarding ARB within the DWDS ecosystem. In this study, only relative abundances of
AML resistant bacteria correlated positively with distance from WTP, suggesting that among bacteria
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able to regrow in DWDS, AML resistant bacteria found favorable conditions and proliferated, probably
benefiting over other culturable bacteria.

Nevertheless, although not statistically significant, regrowth of ARB is observed in Wrocław
DWDS. No correlation between HPC and distance from WTP was found, suggesting that the residual
disinfectant [63] or other factors, for example the availability of nutrients [83], play a major role in
bacterial contamination of bulk tap water. Knowledge regarding resistome changes via drinking water
distribution system is still scarce. The results of the present paper and previous study conducted in
Nanjin, China [26], found no clear correlation between ARGs and distance from WTP.

Previous studies suggested that co-resistance against antibiotics and disinfectants can exist in tap
water strains [46,85]. For example, Khan et al. [46] found weak but significant correlations between
tolerance to chlorine and MIC against amoxicillin, tetracycline, and sulfamethoxazole, whereas no
such correlation was found in the case of ciprofloxacin. In the present paper, no correlations were
found between free and total chlorine concentrations and relative abundances of AML or CIP resistant
bacteria. Nevertheless, AML resistant bacteria were frequently detected in this study, suggesting the
ability of these bacteria to survive chlorine disinfection. Interestingly, positive correlations were found
between free and total chlorine concentrations and relative abundances of CAZ resistant bacteria, but
further research is needed to elucidate whether the co- or cross-resistance against CAZ and chlorine
indeed exists in this DWDS. Furthermore, relative abundances of TE resistant bacteria were negatively
correlated with total chlorine concentrations (no correlation with free chlorine concentration was
found), contrary to the results of Khan et al. [46]. Unfortunately, no sulfonamide resistant bacteria
were investigated in the present paper. Sulfonamide resistance genes were, however, frequently
found in Wrocław DWDS (Table 3). In the present study, HPC proved to be significantly negatively
correlated with free and total chlorine, and positively correlated with tap water temperature, which is
in accordance with literature reports [82,83,86,87].

Despite no significant dissimilarity in HPC between two investigated WTPs, DGGE profiles of
total bacterial consortia seem to form clusters regarding the WTPs. In contrast, in spite of significant
dissimilarity found in HPC between two seasons, no such trend is observed in DGGE dendrogram.
This discrepancy could be partially explained by the fact that HPC concerns only viable and culturable
bacteria, whereas DGGE patterns include total bacterial genotypes [67]. Vaz-Moreira et al. [34] claimed
that alternations in bacterial community imposed by water treatment were more evident in culturable
bacteria than in DGGE profiles. Perrin et al. [84] argued that only 1.8% of bacterial diversity was
recovered through cultivation when compared with high-throughput sequencing of 16S rRNA gene
amplicons. The DGGE results suggest that community structure genotypes may differ between areas
supplied by two WTPs included in this study, but the viability of the culturable part of microflora
remains influenced by seasonal changes, e.g., tap water temperature. In contrast, DGGE results
presented by McCoy et al. [33] demonstrated seasonal differences among samples collected in winter,
spring, summer, and autumn in DWDS in Pittsburgh, USA. Moreover, samples collected in consecutive
months were clustered close to each other [33]. McCoy et al. [33] assumed that bacterial consortia
were influenced by changes in hypochlorite dosage over the year. Due to no difference in chlorine
concentrations between the seasons in Wrocław, it could not be mirrored in DGGE results.

It is worth emphasizing that fluctuations in relative abundances of ARB and occurrence of
individual ARGs detected in this study can originate from accidental detachment of biofilm present
on pipe walls, and genetic exchanges between the biofilm and planktonic bacteria [18,41,62,75,88,89].
Nevertheless, this study demonstrates the prevalence of ARB and ARGs, as well as changes in bacterial
community structure in bulk tap water within DWDS in Wrocław, Poland, during the summer and
winter season. Because antibiotic resistance has become a global health problem, presence of resistance
determinants in tap water samples should not be neglected, and requires further attention. It is
recommended to consider detection of ARB and ARGs in the scope of routine tap water monitoring.
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5. Conclusions

Wrocław bulk tap water is not free from ARB or ARGs. It is not surprising, given the fact of
well-known antibiotic resistance dissemination in natural and anthropogenic environments. Because
antibiotic resistance determinants can pose a threat to human health, however, this issue requires
further monitoring. In this study, CAZ resistant bacteria proved to be the most prevalent in DWDS.
Various genes were detected in finished water and recipients’ tap water samples, including ARGs
and MGEs genes, suggesting potential for HGT occurrence in the distribution system. The impact
of intensified antibiotic consumption during the winter season on ARB or ARGs prevalence in the
tap water ecosystem requires further examination. Only CAZ resistant bacteria proved to be more
prevalent in winter, and TE resistant bacteria in summer. This means that seasonal variability of overall
antibiotic resistance in DWDS could be ambiguous, although more research is needed to elucidate the
issue. No effect of treatment technologies applied by two WTPs on either ARB or ARGs was found,
suggesting that the source water or disinfection processes play a major role in the shaping of antibiotic
resistance in DWDSs. Statistically significant regrowth via distribution system was found only for
AML resistant bacteria, whereas other ARB and ARGs abundances fluctuated across the sampling
sites. Interestingly, relative abundances of CAZ resistant bacteria were positively correlated with free
and total chlorine. The genotype fingerprints of bacterial consortia clustered dependently on WTP
rather than season or sampling point, suggesting that the community structure of non-culturable
bacteria is shaped by treatment technologies, whereas culturable microflora depends more on tap
water temperature or residual disinfectant. Tap water in Wrocław DWDS is generally of good microbial
properties and physical–chemical parameters. No culturable pathogens were found, and overall
bacterial contamination is definitely below the acceptable level specified in the guidelines. Appropriate
free and total chlorine dosages provide safety for tap water consumers. Nevertheless, further ARB and
ARGs monitoring in tap water is advised.
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76. Szekeres, E.; Chiriac, C.M.; Baricz, A.; Szőke-Nagy, T.; Lung, I.; Soran, M.L.; Rudi, K.; Dragos, N.; Coman, C.
Investigating antibiotics, antibiotic resistance genes, and microbial contaminants in groundwater in relation
to the proximity of urban areas. Environ. Pollut. 2018, 236, 734–744. [CrossRef]

77. Okitsu, N.; Kaieda, S.; Yano, H.; Nakano, R.; Hosaka, Y.; Okamoto, R.; Kobayashi, T.; Inoue, M.
Characterization of ermB gene transposition by Tn1545 and Tn917 in macrolide-resistant Streptococcus
pneumoniae isolates. J. Clin. Microbiol. 2005, 43, 168–173. [CrossRef]

78. Ibáñez de Aldecoa, A.L.; Zafra, O.; González-Pastor, J.E. Mechanisms and regulation of extracellular DNA
release and its biological roles in microbial communities. Front. Microbiol. 2017, 8, 1–19. [CrossRef]

79. Mao, D.; Luo, Y.; Mathieu, J.; Wang, Q.; Feng, L.; Mu, Q.; Feng, C.; Alvarez, P.J.J. Persistence of extracellular
DNA in river sediment facilitates antibiotic resistance gene propagation. Environ. Sci. Technol. 2014, 48,
71–78. [CrossRef]

80. Lorenz, M.G.; Wackernagel, W. Bacterial gene transfer by natural genetic transformation in the environment.
Microbiol. Rev. 1994, 58, 563–602. Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC372978/

(accessed on 1 July 2020).
81. Davis, M.A.; Besser, T.E.; Orfe, L.H.; Baker, K.N.K.; Lanier, A.S.; Broschat, S.L.; New, D.; Call, D.R.

Genotypic-phenotypic discrepancies between antibiotic resistance characteristics of Escherichia coli isolates
from calves in management settings with high and low antibiotic use. Appl. Environ. Microbiol. 2011, 77,
3293–3299. [CrossRef] [PubMed]

82. Hou, L.; Zhou, Q.; Wu, Q.; Gu, Q.; Sun, M.; Zhang, J. Spatiotemporal changes in bacterial community and
microbial activity in a full-scale drinking water treatment plant. Sci. Total Environ. 2018, 625, 449–459.
[CrossRef] [PubMed]

83. Nescerecka, A.; Juhna, T.; Hammes, F. Identifying the underlying causes of biological instability in a full-scale
drinking water supply system. Water Res. 2018, 135, 11–21. [CrossRef] [PubMed]

84. Perrin, Y.; Bouchon, D.; Delafont, V.; Moulin, L.; Héchard, Y. Microbiome of drinking water: A full-scale
spatio-temporal study to monitor water quality in the Paris distribution system. Water Res. 2019, 149,
375–385. [CrossRef]

85. Shrivastava, R.; Upreti, R.K.; Jain, S.R.; Prasad, K.N.; Seth, P.K.; Chaturvedi, U.C. Suboptimal
chlorine treatment of drinking water leads to selection of multidrug-resistant Pseudomonas aeruginosa.
Ecotoxicol. Environ. Saf. 2004, 58, 277–283. [CrossRef]

http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20170002294/O/D20172294.pdf
http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20170002294/O/D20172294.pdf
http://dx.doi.org/10.1021/es302657r
http://dx.doi.org/10.1289/ehp.1206244
http://www.ncbi.nlm.nih.gov/pubmed/23665928
http://dx.doi.org/10.1021/acs.est.5b05749
http://www.ncbi.nlm.nih.gov/pubmed/26849047
http://dx.doi.org/10.1016/j.envpol.2010.03.019
http://dx.doi.org/10.1289/ehp.11776
http://www.ncbi.nlm.nih.gov/pubmed/19479007
http://dx.doi.org/10.1021/es501646n
http://dx.doi.org/10.1016/j.scitotenv.2012.11.068
http://dx.doi.org/10.1016/j.envpol.2018.01.107
http://dx.doi.org/10.1128/JCM.43.1.168-173.2005
http://dx.doi.org/10.3389/fmicb.2017.01390
http://dx.doi.org/10.1021/es404280v
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC372978/
http://dx.doi.org/10.1128/AEM.02588-10
http://www.ncbi.nlm.nih.gov/pubmed/21421795
http://dx.doi.org/10.1016/j.scitotenv.2017.12.301
http://www.ncbi.nlm.nih.gov/pubmed/29291559
http://dx.doi.org/10.1016/j.watres.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29448079
http://dx.doi.org/10.1016/j.watres.2018.11.013
http://dx.doi.org/10.1016/S0147-6513(03)00107-6


Water 2020, 12, 2601 17 of 17

86. Asghari, F.B.; Pakdel, M.; Mohammadi, A.A.; Yousefi, M. Spatial and temporal variation of physicochemical
and microbial quality of drinking water for the distribution network in Maku, Iran. Desalin. Water Treat.
2019, 142, 82–89. [CrossRef]

87. Henne, K.; Kahlisch, L.; Höfle, M.G.; Brettar, I. Seasonal dynamics of bacterial community structure and
composition in cold and hot drinking water derived from surface water reservoirs. Water Res. 2013, 47,
5614–5630. [CrossRef]

88. Girolamini, L.; Lizzadro, J.; Mazzotta, M.; Iervolino, M.; Dormi, A.; Cristino, S. Different trends in microbial
contamination between two types of microfiltered water dispensers: From risk analysis to consumer health
preservation. Int. J. Environ. Res. Public Health 2019, 16, 272. [CrossRef]

89. Zhang, J.; Li, W.; Chen, J.; Wang, F.; Qi, W.; Li, Y. Impact of disinfectant on bacterial antibiotic resistance
transfer between biofilm and tap water in a simulated distribution network. Environ. Pollut. 2019, 246,
131–140. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.5004/dwt.2019.23365
http://dx.doi.org/10.1016/j.watres.2013.06.034
http://dx.doi.org/10.3390/ijerph16020272
http://dx.doi.org/10.1016/j.envpol.2018.11.077
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	DWDS in Wrocław 
	Sample Collection 
	Relative Abundances of ARB and Total Number of Bacteria 
	DNA Extraction 
	Detection of ARGs and Other Genes in Environmental DNA 
	DGGE Analysis of Community Structures 
	Statistical Analyses 

	Results 
	Tap Water Parameters 
	Relative Abundances of ARB and Total Number of Bacteria 
	Detection of ARGs and Other Genes in Environmental DNA 
	DGGE Analysis of the Community Structures 

	Discussion 
	Conclusions 
	References

