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Abstract. The study presents a review of the occurrence of genetic
determinants of antibiotic resistance in tap water. The aim of this study
was also to compare the applied methods for antibiotic resistance genes
(ARGs) investigations in tap water. As the concentration of ARGs
in treated, drinking water is expected to be very low and may cause
problems in a standard isolation procedure, the special emphasis is placed
on the applied procedures of DNA extraction and their efficiency.
The study presents the first attempts to obtain DNA directly from tap
water. Further efforts must be put to determine the final amount of
obtained DNA and the presence of chosen ARGs among the molecules.

1 Introduction

The phenomenon of antibiotic resistance of bacteria is an emerging threat all over the world
[1-4]. Nowadays, due to the high availability of antibiotics, the overuse of drugs is
inevitable both in developed and developing countries. The increasing prevalence of
antibiotic-resistant bacteria (ARB) is the obvious result of the situation [5-10]. As
the prokaryotic genomes could be regarded as the molecules of high plasticity, their rapid
adaptation to the new environmental conditions, i.e. presence of antibiotic agents, is
expected [6, 9]. This phenomenon is explained, among others, by the association of class
1 integrons to gene cassettes containing antibiotic resistance genes (ARGs). Therefore,
investigations of ARGs are frequently supplemented by the in#/ gene research [11-13]. As
ARB could cause incurable infections, the constant monitoring of their prevalence should
be implemented in all environmental components, including wastewaters, soil, air,
and waters [6]. Resistant bacteria, if present in wastewaters, could reach the catchment of
a drinking water treatment plant with purified, but poorly disinfected wastewaters and then
enter the water supply systems, in the case of insufficient water treatment processes
[13, 14].

Although the major part of bacteria, including resistant strains, is retained in water
treatment plants, the ARGs can enter a water supply system, because the dimensions of
genes (which are indeed small DNA fragments) allow them to omit most of the treatment
processes, including membrane units [15-17]. Moreover, disinfection processes could cause
the lysis of bacterial cells in some circumstances, leading to the release of free DNA
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molecules, which could contain the ARGs [9]. Drinking water treatment plants with
biological activated carbon [18] or biological treatment tanks [19] may even increase
normalized copy numbers of ARGs. To deactivate genes, the disinfectant must reach cell
DNA in quantity not altered by previous contacts with other cell structures [9].

There are two major ways of spreading resistance among the bacteria: vertical gene

transfer (in the process of proliferation) and horizontal gene transfer, i.e. conjugation,
transformation, and transduction, promoted by mobile genetic elements (MGEs) [20, 21].
All of them contribute to the prevalence of the antibiotic resistance. However,
the transformation is the most important, as in consequence of contact with ARGs, initially
pathogenic, but susceptible (curable) strains may become pathogenic and resistant [6, 16].
From this point of view, these genes could be regarded as the new contaminants [9, 22]
and should be mandatorily monitored and suppressed.
In view of the fact, that drinking water is one of the main sources of potable water, its
highest quality should be provided regardless of other factors. This means that
the occurrence of ARGs should be investigated in water supply systems, as the intake of
potable water containing these genes could lead to the transfer of resistance to human
pathogenic strains [23-27]. Figueira et al. claimed that Enterobacteriaceae are ‘vehicles’ of
resistance in drinking water [28]. The ability to transfer ARGs via conjugation by E. coli
isolated from tap water was confirmed also by other studies [29, 30].

Moreover, most of the bacteria dwelling in tap water cannot be cultivated in laboratory
conditions and remains undetectable. That may lead to underestimation of the problem [31].
Furthermore, the routinely applied method for detection of ARB, i.e. Kirby-Bauer disc-
diffusion method, is dedicated to human or animal pathogens, which present diverse
optimum condition (temperature 35°C and rich nutrient medium like Mueller-Hinton agar)
[32] than autochthonous tap water microorganism (which are psychrophilic and accustomed
to habitats poor in nutrients) [33, 34]. Therefore, the other way to investigate the antibiotic
resistance phenomenon is needed and the detection of ARGs seems to be an appropriate
solution.

2 Investigations of ARGs in tap water

In investigations of ARGs in tap water distribution systems, two main, different approaches
may be distinguished:

othe isolation of ARB, identification of pure strains and determining the ARGs presence
in isolates

*the metagenomic approach, which demands to obtain all DNA present in a water
sample, including microorganisms’ genomes and free DNA, to amplify or sequence
the DNA and to apply bioinformatics analyses.

Regarding the human pathogenic or opportunistic pathogenic ARB in tap water, the first
approach may be considered as sufficient, if appropriate laboratory conditions would be
provided during the cultivation of bacteria. Nevertheless, the second approach may include
the identification of all microorganisms to species, genes in the request and their amounts
and, most importantly, does not demand the cultivation of bacteria in laboratory conditions,
what in fact almost always leads to omitting many unculturable or non-viable species [35].
Moreover, the presence of free DNA, released from bacterial cells due to various processes,
could be regarded as a dangerous contaminant itself [22], serving as a transferable element
in the phenomenon of transformation (i.e. uptake and incorporation of DNA in a cell). From
that point of view, not ARB, but simply ARGs present in tap water are the real threat
factors.

In fact, the first approach is more common in literature. To date, there is a plethora of
data concerning the presence of ARB in tap water [36, 37], but due to the development of
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molecular biology, insight into ARGs, omitting the cultivation of ARB, becomes a trend
[27, 38].

3 ARGs occurring in ARB and DNA isolated from tap water —
a review

Techniques commonly used for ARGs investigations include conventional PCR and its
modifications, which allow to detect desired sets of genes and quantitative PCR (qPCR),
i.e. real-time PCR, which allows to determine the copy number of selected genes. The PCR
conditions, sequences of primers and additional information necessary to perform
the research are often presented in literature (or in supplementary data). Newly discovered
ARGs are constantly deposited in databases, as GenBank, for instance
(https://www.ncbi.nlm.nih.gov/genbank/).

Another method for specific genes screening is a microarray with oligonucleotide
probes. It could be used in search for virulence genes [39] as well as resistance genes
[40, 41]. Although 99% correlation between PCR and microarray approaches was provided
[40], the latter seems to be less common in the literature concerning ARGs. Furthermore,
Henriques et al. applied also DGGE analysis to determine the molecular diversities of
obtained bla PCR amplicons [42].

Together with ARGs, MGEs searching is often implemented, as this approach may
indicate the prevalence and distribution of genes among the microorganisms [4, 27].
Predominantly, the MGEs investigations are focused on the int/ gene encoding the class
1 integronase [11, 13].

The most frequently investigated ARGs are: bla genes encoding resistance to B-lactams
(including the ESBL phenomenon), ampC genes encoding resistance to ampicillin, et
genes encoding resistance to tetracyclines, sul genes encoding resistance to sulphonamides,
erm genes encoding resistance to erythromycin, cat and cmr genes encoding resistance to
chloramphenicol, gnr genes encoding resistance to quinolones, among others [ 14, 16, 43].

The search for ARGs began with screening the hospital, virulent, pathogenic isolates.
For instance, the presence of various bla genes in Enterobacteriaceae strains isolated from
hospital patients, including members of the blaCTX-M, blaSHV, and blaTEM families, was
confirmed in many studies [7, 43-45]. The findings of Adesoji et al. indicated, that not only
enteric, but also environmental strains carry bla genes [46], but this phenomenon is often
neglected, as the environmental strains are perceived as harmless. Genes encoding f3-
lactamases and integrons were detected also in Gram-negative bacteria isolated from
estuary [47]. Nevertheless, the occurrence of ARGs in tap water isolates and tap water itself
became a fact.

Among 164 multidrug-resistant isolates from raw, treated, and municipal tap water
in Nigeria, 61 were carrying bla genes. The most common gene family was blaTEM,
present in 50 out of 61 PCR-positive isolates, which consisted mainly of Klebsiella spp.
and Proteus spp. strains (18.03 % and 14.75 % of the investigated isolates, respectively).
However, the authors admitted that some phenotypically ESBL strains did not exhibit bla
genes in PCR assays [46]. This fact may lead to the conclusion that there are still
undiscovered genes conferring resistance to antibiotics or that the mechanisms of resistance
are related with different mechanisms, encoded by other genes, as, for example, efflux
pumps.

Khan et al. detected su// and sul2 genes in isolates from tap water samples, but these
genes were never found together in the same strain. Moreover, the sull gene and the int/
gene were not always present in the same strains, indicating that the su// gene could be
associated with other MGEs or with bacterial chromosome. The authors were not able to
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confirm the presence of gac genes (encoding disinfectant resistance) in any of investigated
strains [21].

In quantitative studies of ARGs, their abundance is often normalized to eubacterial 16S
rRNA present in the sample [38, 48]. Samples of DNA extracted from filtrated, disinfected
and tap water were investigated in terms of ARGs presence and the effect of chlorination on
their occurrence by Shi et al. The blaTEM-1, tetA, tetG, sull, ermA and ermB genes were
present in every sample, while ampC was found only in disinfected and tap water samples,
indicating the promotion phenomenon of water treatment and distribution processes on
these ARGs. The other gene, aphA2 (encoding resistance to aminoglycoside), seemed to
disappear in tap water and three genes: fetB, tetC and drfAl7 (encoding resistance to
trimethoprim) remained undetected in each sample [38]. Results of qPCR showed that from
eight ARGs taken into consideration in the study of Shi et al., the abundance of seven was
increased after the chlorination unit. However, distribution of treated water decreased
abundances of all eight ARGs. Interestingly, ARGs present in filtrated, disinfected and tap
water could encode 9, 11 and 5 types of antibiotic-resistant proteins, respectively.
Moreover, the class 1 integronase gene dominated the MGEs in each water sample,
and the trend of the presence of integrons was similar to that of ARGs [38].

Studies of Shi et al. and Xi et al. demonstrated that the chlorination process reduced
the abundance of the su// gene, but in the same time increases the richness of other genes
[38, 48]. Other treatment units also may influence ARGs quantity and diversity in drinking
water [18, 19].

In the study of Xi et al.,, the copy number of majority of tested ARGs (cat, cmr,
blaTEM, sull, sulll) normalized to the copy number of 16S rRNA genes were higher in tap
water samples than in treated water; the exception was the blaSHV gene (no significant
difference observed) and the tetO and tetWW genes, detected only in source water. Some
samples demonstrated correlations between ARB and ARGs occurrences, i.e. phenotype
resistance profiles corresponded with detected genes encoding resistance to insufficient
antibiotics, though there was no significant correlation between ARGs and the total number
of bacteria, nor 16S rRNA quantity [48].

Vaz-Moreira et al. detected the intll, blaTEM and sull genes at copy numbers
normalized to water volume. From 11 tested taps, int// was quantified in 2 taps at all
sampling dates, while blaTEM and sull were detected in all, but quantified in 9 and 2 taps,
respectively, without temporal recurrence in both cases. The gnrS gene was not detected
in any sample. Low quantities of inz/1 and sul/l were attributed to the phenomenon of
hiding these genes carriers by complex microbiota of tap water [49]. Nevertheless,
the quinolone resistance genes were detected in Aeromonas spp. from tap water samples
[50].

The increase of ARGs in drinking water distribution systems was confirmed in other
studies. The amount of ARGs in tap water was from 6.4 to 109.2-fold higher than in treated
water, produced in the water treatment plant in Hangzhou (China). The positive correlation
between ARGs and MGEs in water distribution system was also confirmed. As high-
throughput qPCR was applied in the study, the total number of 285 genes were searched.
As aresult, from 112 to 122 genes were found in tap water samples, depicting the diversity
of ARGs in this medium [17]. The elevated level of ARGs in tap water, in comparison to
treated water, was confirmed also by Zhang et al. [51].

4 Extraction of DNA from ARB and tap water samples

In every research approach, the most crucial step is the collection of samples. The applied
procedures may affect all the subsequently obtained results. In the case of molecular
biology investigations, the most essential stage is the extraction of DNA [52, 53].
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DNA may be extracted from microorganisms in many ways, including the employment
of commercial kits and other physical-chemical methods. Khan et al. extracted DNA by
mixing strains with PBS, freezing and thawing the suspension at -80°C and 70°C,
respectively, and centrifugation [21]. The simplest, but efficient approach was made by
Osinska et al., as loopfuls of bacterial colonies were suspended in sterile water, heated at
95°C for 10 min and centrifuged (5000 rpm, 5 min, 4°C) [54].

Hwang et al. compared five methods of DNA extraction, including two commercial kits
(dedicated for soil samples) and three classical phenol/chloroform procedures on
monocultures of bacteria belonging to different genera (representatives of strains
characterized by various cell wall properties). The authors used three approaches to
determine DNA extract quality, quantity and purity: spectrophotometric NanoDrop
technology, fluorescent-based quantitation Q-bit Quantitation Platform and agarose (0.8 %)
gel electrophoresis using a DNA/HindlII fragment ladder. The applied methods revealed
significant differences in obtained DNA amounts, reflected in bacterial diversity, but
the DNA purity was sufficient in every approach. In general, the DNA obtained by
commercial kits was pure enough to perform PCR assay (the minimum A260/A280 ratios
was 1.40) and solutions obtained by phenol/chloroform methods required further
purification steps in some cases, what could hinder PCR investigations [55]. The alternative
solution was implemented by Zhang et al., who combined the application of the commercial
kit with further phenol-ethanol methods [51].

As mentioned above, the extraction of DNA from bacterial colonies obtained from tap
water and cultivated in laboratory conditions, even if rich in ARGs, may lead to
the neglecting of the majority of microorganisms dwelling in tap water pipelines, thereby
the metagenomic approach is likely to be an alternative. Nevertheless, DNA obtained from
environmental samples may be contaminated with many PCR inhibitors. In the case of tap
water, these inhibitors may be humic substances and corrosion, for example, which
interfere with the DNA extraction process, altering the PCR results in consequence
[55, 56]. Nevertheless, Henriques et al. successfully purified freshwater samples on 5 um
membranes, then concentrated microorganisms on 0.2 um pore-size filters, washed them
in TE buffer, centrifuged (15 200 g, 10 min) and further processed by two commercial kits
[42]. In a need for adequate DNA extraction from environmental samples, Bag et al.
proposed THSTI method using enzymes, buffers, glass and zirconia beads, among others
[52].

4.1 Extraction of DNA directly from tap water — a preliminary research

The aim of this preliminary research was to determine the minimal volume of tap water
required to obtain a sufficient amount of DNA using commercial kits. The assumption was
made, that the established volume needs to be useful in further comparative research, i.e.
should not exceed 5 L of tap water, as larger volumes would be inappropriate in laboratory
processing.

DNA was extracted simultaneously from 1 L, 3 L and 5 L of tap water. The output
volume of tap water (collected from the same tap, according to PN-EN ISO 19458:2007
procedure) was filtrated in sterile conditions on 0.2 pm membranes (Whatman).
Afterwards, the membranes were shaken with 1xPBS buffer for 3 h at room temperature
(200 rpm), then centrifuged respectively (9 000 rpm, 15 min). Obtained pellet was
subjected to DNA isolation by kits, according to with manufacturers’ instructions.
Unfortunately, the amount of obtained pellet in this approach was evidently too small to
obtain sufficient concentration of DNA, even in 5 L sample. The obtained concentrations
were insufficient to perform further research. Therefore, another approach and altered
procedure must be applied. The small amount of pellet may be explained by the chosen
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sampling procedure, as in this study tap water was taken after flushing [PN-EN ISO
19458:2007].

As the issue in question was simply the output volume, not the exact diversity of nucleic
acids, the extraction tool of choice was the commercial kit dedicated to Gram-negative
bacteria, Genomic Mini (A&A, Poland). According to the literature review, the volumes of
fresh water and tap water used in DNA extraction procedures varied widely: from 15 L
[49], through 10+15 L depending on the sample contamination and possible clogging of
membrane [51], 4 L [57], 2+1 L [58-60], 1.5 L [61] to 500 ml [14] or 450 mL [42],
depending on the sample origin. However, drinking water samples obtained by other
researchers could have been affected by the biofilm dwelling in the taps. The volume
collected in the study of Shi et al. was even 2 000 L, but using a different approach for
the other objective [38]. In studies applying qPCR analyses, higher amounts of extracted
DNA are required to provide the number of copy above the limit of quantification. In this
study, the assumption was made, that the required DNA concentration is 20 ng/puL and
the purity A260/280 = 1.8+2.0, what should be the sufficient parameters for further PCR
investigations.

5 CONSIDERED SOLUTIONS

As it is known, the quality of tap water is inseparably correlated with water treatment
processes. Technologies presently applied in water treatment plants do not provide
the sufficient ARGs removing levels [11, 16, 51, 57]. The proposed improvements may be
the increase in dosages of chlorine and the intensity of UV irradiation or sequential
UV/chlorination [9], but these solutions generate high costs. Among proposed technologies
are also: Fenton and ozone oxidation, photocatalytic processes, biodegradation
and nanoparticles (the last, though applied in medical research, seems to enhance
the conjugative transfer of ARGs among bacteria in terms of water treatment) [9]. Besides
the monitoring of ARB and ARGs, the analyses of antibiotics and drugs concentrations
in wastewaters, freshwater, and tap water should be implemented, as these agents are
probably responsible for resistance promotion [62-64]. According to Schwartz et al.,
the exposure of susceptible and resistant Pseudomonas aeruginosa strains to wastewater
and tap water did not affect the expression of the intrinsic ARGs and MGEs [65], so
the medium itself is not the main factor of the prevalence of resistance.

The significant issue in ARB and ARGs research is the discrepancy between phenotype
and genotype [38] of bacteria dwelling in tap water. This hindrance may be overcome with
the application of newly designed technologies for high-throughput sequencing
and bioinformatics investigations of obtained sequences. The increasingly used
in environmental microbiology studies Next Generation Sequencing (NGS) approach
becomes more available and allows to gain seemingly more information of tested sample
[66-68]. However, as indicated in this study, the successful implementation of NGS in tap
water samples research requires proven, reliable and reproductive procedures of high-
efficiency DNA extraction from this medium. This step needs to be broken down
and adapted to routine laboratory practice in the case of ARGs monitoring in tap water
samples.
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