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Abstract: Community composition and antibiotic resistance of tap water bacteria are still not known
well enough. This study fills the gaps in knowledge regarding this matter. To provide representa-
tiveness of collected samples, tap water bacteria were concentrated from huge amounts of water,
using filtration membranes monthly during the continuous, semi-annual study, covering winter and
spring seasons. Biomass was investigated both using a culture-based method (for total and antibiotic-
resistant culturable bacteria counts) and metagenomic DNA sequencing (for taxonomic identification
of bacteria). The results showed that bacteria resistant to ceftazidime were the most prevalent among
the studied resistance phenotypes, whereas bacteria resistant to amoxicillin, ciprofloxacin, and tetra-
cycline were scarce. On average, 20,059 and 26,200 CFU/mL per month was counted in the winter
and spring season, respectively, whereas in terms of antibiotic-resistant bacteria, average counts were
14,270 and 9435 CFU/mL per month in the winter and spring season, respectively. In terms of bacte-
rial community composition, Cyanobacteria, Proteobacteria and Actinobacteria were the most abundant
phyla, reaching up to 77.71%, 74.40% and 21.85%, respectively, which is supported by previous studies
conducted on the same water supply network and other drinking water distribution systems across
the world. No season-dependent variations were observed for culturable antibiotic-resistant bacteria
or bacterial community composition. The prevalence of culturable antibiotic-resistant bacteria was
not correlated with any of the identified taxa.

Keywords: drinking water; bacterial community composition; antibiotic-resistant bacteria; membrane
filtration

1. Introduction

In the majority of European countries, tap water is considered to be safe for drinking.
Nevertheless, it is not—and probably never will be—free of microbial contamination. De-
spite more and more advanced treatment processes (including disinfection) being applied
in water treatment plants (WTPs), treated water entering a distribution system still contains
microorganisms [1,2]. Some bacteria present in raw (untreated) water show resistance
to chlorine or other disinfectants commonly used at WTPs [3,4]. One of the alternative
solutions for the removal of microorganisms from treated water is the membrane process.
However, due to high costs and energy consumption, they are not commonly used, though
some authors suggest that operating costs could be compensated by significant decrease of
disinfectants and coagulant consumptions, as well as by a decrease in operational costs of
sand filters [5].

Furthermore, microbial quality of water flowing through pipelines could significantly
deteriorate, due to the presence of some nutrients and biofilms [6–9] throughout a pipe
network. It was suggested that bacteria could proliferate and exchange the genetic material
in water distribution systems [10]. Moreover, it was proven that the chlorination process
promoted the horizontal transfer of plasmids by natural transformation [11]. It is associated
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with a risk of spread of unfavourable features (such as resistance or virulence) within the
microbial consortia, than the antimicrobial resistance among tap water bacteria. Though
bacteria commonly present in drinking water systems are considered to be saprophytic,
it cannot not be excluded that some pathogens or opportunistic pathogens enter into a
network. Even if present at relatively low concentrations in tap water, they can pose a risk
to immunocompromised consumers [12]. Recently, antibiotic resistance of bacteria was
considered as an emerging contamination of drinking water [13,14].

The biodiversity of tap water bacteria was investigated in many studies across the
world [6,15–17]. A few of them focus on biofilms gathering on domestic sanitary in-
stallations (taps, shower hoses, seals) [18–22] or tubercles in municipal pipeline net-
works [15,23,24]. To date, many authors performed long-term research, taking into account
seasonal variation of bacterial biodiversity [6,16,25–27]. There are also some papers pre-
senting the biodiversity of drinking water bacteria in artificial laboratory installations or
bioreactors [28–31]. Nevertheless, field studies are always of importance, giving insight
into community composition of microorganisms in full-scale systems. It is worth noting
that thanks to the results of field studies, it is possible to evaluate whether the results
obtained in artificial systems truly reflect the actual microbial communities in drinking
water systems.

The aim of this study was to perform semi-annual, continuous research on the commu-
nity composition of bacteria present in tap water with regard to seasonal variability and the
presence of cultivable antibiotic-resistant bacteria (ARB). The groups of ARB selected for
investigation in this study consisted of bacteria resistant to the antibiotics more commonly
consumed in Poland [4]: amoxicillin (β-lactams, β), ciprofloxacin (fluoroquinolones, FQ),
ceftazidime (third generation cephalosporins, 3GC) and tetracycline (T). To ensure the
representativeness of tap water samples, biomass was concentrated from many litres of
water by means of filtration membranes. The obtained results fulfil the knowledge on the
community composition of bacteria present in tap water in the European country (Poland)
with a temperate climate.

2. Materials and Method
2.1. Tap Water Filtration Set

Tap water microorganisms were collected from membranes mounted in the commonly
used and available 4-stage under-counter filtration systems (Aquafilter FP3-HJ-K1N, Łódź,
Poland). The system (or similar sets) could be used to treat water by end-point users in
whole Europe. Water flowing through these systems is subjected to 3 stages of pre-treatment
and then flows through the membrane (as presented on Figure 1). Filter 1 is a sedimentation
(mechanical) cartridge made of polypropylene fabric, formed in such a way that the density
of the filter increases towards the core. It stops all kinds of mechanical impurities, such as
sand, silt, rust, etc., with a grain thickness of up to 5 microns. Filter 2 is responsible for
softening and removing iron from tap water through an active ion-exchange bed. Filter 3
is a coconut shell carbon cartridge, which removes chlorine, pesticides, and heavy metals
from tap water. Moreover, this activated carbon filter shows bacteriostatic properties, what
ensures that captured bacteria should not proliferate during the sample collection. The
set was connected directly to the water pipe in the laboratory at Wroclaw University of
Science and Technology, and all cartridges and a membranes were changed every month
(both the sampling point and the water treatment plant were marked in Figure 2). Water
flowed continuously for 48 h. Prior to the installation of new cartridges and a membrane,
water was drained at maximum flow for 15 min, to avoid contamination resulting from
water stagnation. Detailed information on the filtration set was presented elsewhere [32].

Samples were collected during two seasons (winter and spring), from December 2020
to June 2021. Samples marked with numbers from 1 to 4 were winter samples (membranes
installed in December, January, February and March). Samples marked with numbers
from 5 to 7 were spring samples (membranes installed in April, May and June). In total,
7 samples were collected. In the study, only cold tap water was sampled every month
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from the same tap. Before reaching the tap, water was treated by the municipal WTP, with
the processes as follow: ground infiltration, aeration, filtration, ozonation, adsorption on
activated carbon, pH correction and disinfection by chlorine and chlorine dioxide.

Figure 1. Tap water filtration set [33].

Figure 2. The location of the sampling point and the water treatment plant providing tap water (the
distance of about 2 km), source: https://www.google.pl/maps, accessed on 20 January 2023.

After 48 h of water filtration, the membrane was disassembled, cut from the top and
placed in a sterile physiological solution (1,100 mL, 0.85% NaCl, BTL, Łódź, Poland) in a
large flask so that all fibres were covered with the solution. The flask was secured with
parafilm. To rinse (recover) microorganisms from the membrane to the solution, the flask
was shaken at 150 rpm (ELPIN, Lubawa, Poland) for 24 h at room temperature (22 ◦C).
All the steps were undertaken in a sterile manner, excluding the possibility of external
microbial contamination of the prepared suspension.

2.2. Heterotrophic Plate Counts and Antibiotic-Resistant Bacteria

To determine heterotrophic plate counts (HPC) and antibiotic-resistant bacteria (ARB),
10-fold dilution series of the obtained suspension were prepared in a physiological solution
(0.85% NaCl, BTL, Łódź, Poland), ranging from 100–10−4. One hundred microlitres of each
dilution were plated on R2A (BTL, Łódź, Poland) for HPC, and on R2A supplemented with
an antibiotic (amoxycillin (β) 8 mg/L, ciprofloxacin (FQ) 2 mg/L, ceftazidime (3GC) 8 mg/L
or tetracycline (T) 16 mg/L, Sigma-Aldrich, St. Louis, MO, USA) for ARB enumeration.
The concentrations were adopted from the literature [32,34]. On each type of medium,
the suspension was plated in triplicate. Plates were incubated at 22 ◦C for 7 days, as was
performed in the previous reports concerning the same sampling area [2]. The colonies
were counted at the appropriate dilution, usually ranging from 30 to 300 CFU on a plate.

https://www.google.pl/maps
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2.3. DNA Extraction

The obtained suspension (400 mL) was concentrated by filtration through mixed
cellulose membranes of 0.2 µm pore diameter (Whatman, Maidstone, UK), by means of a
sterile filtration set (Nalgene). The environmental DNA was extracted from the membrane
using the E.Z.N.A. Water DNA Kit (Omega Bio-tek, Norcross, GA, USA), in accordance
with the manufacturers’ instructions with minor changes: vortexing time was increased
to 15 min and penetration time of the elution buffer was also increased by an additional
10 min, at room temperature. The concentration and purity of the obtained DNA were
checked on the NanoPhotometer N60 (IMPLEN, München, German).

2.4. Bacterial Community Analysis

The metagenomic analysis of the bacterial population was carried out on the basis
of the V3–V4 region of the 16S rRNA gene. Specific primer sequences 341F and 785R [34]
were used to amplify the selected region and prepare the library. PCR was performed
using Q5 Hot Start High-Fidelity 2X Master Mix, at reaction conditions according to the
manufacturer’s recommendations. Sequencing was performed on a MiSeq apparatus, in
paired-end (PE) technology, 2 × 300 nt, using the Illumina v3 kit. Bioinformatics analysis,
ensuring the classification of reads to the species level, was carried out with the QIIME 2
software package based on the database of reference sequences Silva 138. Identification of
sequences of biological origin from those newly generated in the sequencing process and
isolation of amplicon sequence variants was performed using the DADA2 package.

The quality control of the readings together with the analysis of the error profile of indi-
vidual samples was performed with the FIGARO tool. However, the initial data processing
was performed using the Cutadapt tool (removal of adapter sequences and shortening of
readings, minimum value 30 nt). The unique ASV sequences were selected by: filtering
out sequences containing errors during the sequencing process (denoising), combining
paired reads (to increase sequencing accuracy they were carried out in paired-end mode),
dereplication (merging identical, unique sequences while maintaining the number of their
occurrences and quality profile) and chimera filtering (getting rid of constructs resulting
from incorrect sequence assembly during PCR). Assignment of taxonomy to ASV sequences
based on the Silva reference database, vsearch, and sklearn search engines, was performed
(machine learning).

2.5. Statistical Analysis

The analysis of variance using the Statistica (v.13) (StatSoft Polska, Cracow, Poland)
program was used to determine the relationship between the number of ARB and the
community composition of bacteria in the seasonal aspect. The normality of the data
distribution was determined based on the Shapiro–Wilk test, while the Levene’s test was
used to assess the homogeneity of the variance.

3. Results
3.1. Heterotrophic Plate Counts and Antibiotic-Resistant Bacteria

Both the greatest HPC and most abundant ARB were determined in February, March
and June. On average, a greater HPC was determined in the spring (26,200 CFU/mL per
month) than in the winter (20,059 CFU/mL per month), contrary to ARB (14,270 CFU/mL
per month in winter and, 9435 CFU/mL per month in spring), as shown in Figure 3.
Nevertheless, it is worth to note that both HPC and ARB counts decreased in April and
May, which are warmer months than February and March, in a moderate climate.

In general, among all types of resistant bacteria tested in the current study, the most
abundant were bacteria resistant to ceftazidime (3GC), reaching more than 90% of HPC
in sample 4. In some samples, bacteria resistant to amoxicillin (β) were observed, while
bacteria resistant to ciprofloxacin and tetracycline were absent or present only as single
colonies (even in the non-diluted suspensions).
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Figure 3. Quantified HPC and ARB, shown as CFU/mL.

3.2. Bacterial Community Analysis

The most common phylum in the samples was Cyanobacteria (17.86–77.71%), followed
by Proteobacteria (up to 74.40% in sample 6, collected in May) and Actinobacteriota (up to
21.85% in sample 7, collected in June). Detailed information of each sample composition at
the phylum level is presented in Figure 4. At the class level, three leading taxa could be
observed: Vampirivibrionia, Alphaproteobacteria, and Actinobacteria, as presented in Figure 5.
In addition, the Mycobacterium genus was detected in each sample ranging from 4.37%
(sample 5) to 21.81% (sample 7). The identified Mycobacterium genera are considered to be
non-tuberculous mycobacteria, commonly found in water, air and soil.

Figure 4. Bacterial communities in all samples at the phylum level.

Typical water pathogens, which are known to be indicators of tap water pollution (such
as Escherichia coli, enteroccoci, Clostridium perfringers and Pseudomonas aeruginosa, included
in the Polish Ministry of Health Regulations [35]), were not detected by means of culture-
based methods (data from routine laboratory analyses performed by the municipal water
company). Nevertheless, sequence analysis allowed for their identification. Clostridium
bacteria were detected in each sample. Though their relative content was below 1%, given
the ability of this group to produce spores, this pathogen poses a high risk to consumers.
Pseudomonas bacteria were also identified in the winter samples (1 and 2). It is also worth
noting that in samples 2, 3, 4, 5, 6 and 7, the genus Legionella was identified.
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Figure 5. Bacterial communities in all samples at the class level.

3.3. Statistical Analysis

The analysis of variance (ANOVA) showed no significant correlations between ARB
and the bacterial community composition of the samples in terms of the season (p < 0.05).
The homogeneous groups were not distinguished (too little variability).

4. Discussion

In this study, the community composition and antibiotic resistance of tap water bacteria
collected from huge volumes of water in a semi-annual study were presented. Samples were
collected monthly, which allowed for the continuous monitoring of temporal variation.
Nevertheless, no clear season-dependent difference between samples collected during
winter and spring could be observed.

In terms of HPC and ARB, the highest numbers were noticed in February, March
and June, two colder and one warmer month; while the lowest in December, January,
April and May. Similar observations were made in the previous study performed at the
same sampling point, in which no season-dependent trend was found [32]. Interestingly,
3GC-resistant bacteria were the most prevalent, reaching from 40.46% in spring to 99.86%
in summer, while β- and T-resistant bacteria were found only occasionally (up to 3.80% and
1.16%, respectively), and FQ-resistant bacteria were almost absent [32], consistent with the
results obtained in the current study. Similar results were reported in the study in which
bulk water samples were collected across the same DWDS, whereby the highest relative
abundances were observed in order: 3CG, β, FQ, and T resistance [2]. It is worth noting that
in the mentioned previous study, relative abundances of 3GC- and T-resistant bacteria were
statistically significantly season-dependent, with higher prevalence in winter and summer,
respectively [2]. In the other study performed in the same DWDS and focusing on biofilm
scrapped from multiple points across the water supply network, it was suggested that in
general, ARB-relative abundances were higher in summer than in winter; however, only
FQ- and 3GC-resistant bacteria relative abundances were statistically significantly season-
dependent [34]. All the mentioned observations highlight that 3GC-resistant bacteria,
especially bacteria resistant to ceftazidime, are the most prevalent ARB in the studied
DWDS, and, at the same time, no reliable season-dependent variability of culturable ARB
could be observed. The results of the current study confirm that other factors than season
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are probably responsible for the shaping of the culturable antibiotic-resistant microbiome in
collected tap water. However, more studies are needed to find and determine these factors.

Additionally, the results of sequencing of the hypervariable 16S rRNA gene region
are consistent with those obtained in the previous studies conducted at the same sampling
point. Though only two samples (spring and summer) were sequenced in the previous
study [32], the most prevalent phyla were Proteobacteria, Actinobacteria and Cyanobacteria,
respectively. This suggests that at the same sampling point, the core bacterial microbiome
was stable during the past 2 years, though some changes within these three phyla could
be noted. Precisely, Cyanobacteria were more prevalent in the current, than in the previous
study, at the expense of Proteobacteria. As noticed by Montoya-Pachongo et al. [15], “since
drinking water pipes are dark environments, how Cyanobacteria survive in these is not
clear yet”. In the large study comprising 15 water samples collected from the same DWDS,
Proteobacteria, Firmicutes, and Actinobacteria were the most prevalent [36], whereas in biofilm
samples scrapped from the above-mentioned water supply network, Proteobacteria were
clearly dominating [34]. In another study performed on the consumer tap water collected
in the same building (as in the current paper), beta- and gamma-proteobacteria dominated
tap water samples [37]. Therefore, it could be concluded, that in the studied DWDS,
the most prevalent bacteria belong to the Proteobacteria phylum, but samples collected
from various sampling points across the water supply network could differ. It seems that
bacterial community composition could be shaped locally in the DWDS, probably due to
the presence of nutrients or residual disinfectants [7].

Perrin et al. [16] performed a one-year large study, comprising 31 sampling points in
the DWDSs in Paris, France, and concluded that bacterial biodiversity was not significantly
affected neither by spatial nor by physico–chemical parameters, though temporal parame-
ters probably played a role during the year, due to flooding events. The most dominant
class in all samples was Alphaproteobacteria, with a high proportion of two orders, namely
Rhizobiales and Sphingomonadales, which is reaffirmed by a high proportion of Alphapro-
teobacteria identified in the current study. A two-year study conducted in a large, full-scale
South African drinking water distribution system that uses three successive disinfection
strategies (i.e., chlorination, chloramination, and hypochlorination) showed that alpha-
and beta-proteobacteria dominated the bulk water bacterial communities [6]. Moreover,
the authors observed a higher diversity in the samples collected during South African
winter, than in summer. In the current study, no differences between the two seasons were
observed. In the study of Jiang et al. [17], about 1000 L of tap water samples collected from
the DWDS in Nanjing, China, were filtered through 0.22 µm micropore membranes. At
the same time, water from the corresponding WTP was collected. The results showed that
Actinobacteria was the predominant phylum in source water, while Proteobacteria dominated
after chlorine disinfection. Moreover, the genera Phreatobacter, Undibacterium, Pseudomonas
and Sphingomonas within the Proteobacteria phylum were greatly enriched after chlorination.
Similar findings were presented by Bertelli et al. [38], who claimed that chlorine disinfection
created a homogeneous bacterial population, dominated by Pseudomonas. Nevertheless,
Proteobacteria were dominant also in an unchlorinated DWDS located in the northern part
of the Netherlands [39]. Another one-year study performed in Xi’an, China, showed that
Proteobacteria dominated tap water samples, followed by Actinobacteria and Firmicutes [27].
Proteobacteria were also dominating the DWDS in Yancheng, China [40]. In a tropical DWDS,
Montoya-Pachongo et al. [15] found that Proteobacteria, Firmicutes, and Actinobacteria were
dominant in bulk water and biofilm samples (wherein in bulk water samples Cyanobacteria
were also common). The above-mentioned results imply that similar bacterial taxa can be
found in treated water across the world.

Similar to the results presented in this paper, Ley et al. found Legionella spp. and
Mycobacterium spp. in premise plumbing water samples; however, the authors noticed
their highest detection in the summer [26]. Legionella spp., including L. pneumophila, was
previously detected in hot tap water in the same sampling area as in the current study [41].
It is worth noting that the Mycobacterium genus is often detected in chloraminated drinking
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water [24,42]. Although no pathogenic species were found in the current study, the presence
of genera comprising many opportunistic pathogens should arise attention. According
to Zhang et al. [43], opportunistic pathogens increase the risk of disease, especially in
stagnant water.

The obtained results highlight the need to implement more advanced methods, such
as metagenomic DNA sequencing, into routine laboratory analyses, as it was demonstrated
that some opportunistic pathogens (such as Clostridium spp.) identified by the sequenc-
ing approach were not detected by standard methods. The strong discrepancy between
cultivation-based techniques and metagenomic sequencing was underlined also by Perrin
et al., who claimed that only 1.8% of bacterial biodiversity was recovered through culti-
vation [16]. Nevertheless, it could not be excluded that the sequences ascribed to bacteria
identified in the current study originated from dead cells. Indeed, the perfect method for
bacterial biodiversity determination should distinguish between live and dead bacterial
cells. For this purpose, DNA extraction could be preceded by using propidium monoazide,
for example [44]. The lack of differentiation between live and dead bacteria could partially
explain the presence of Cyanobacteria in the collected samples and it cannot not be excluded
that members of this phylum were dead.

No correlation between culturable ARB and bacterial community composition was
observed. The highest number of 3GC-resistant bacteria was counted in the samples
collected in February, March, and June. At the same time, Cyanobacteria were the most
abundant in samples collected in December, March, and June, while Proteobacteria were
most abundant in samples collected in May. It is worth to note that almost all Cyanobacteria
were further identified as the Vampirivibrionia class, to date, found in the microbiota of
rats [45], dogs [46] and, recently, on polyethylene coupons in a drinking water biofilm-
formation study [47]. Nevertheless, to elucidate whether Cyanobacteria were continuously
transferred (live or dead) from the WTP to the sampling point for the period of 7 months,
or whether they were proliferating within the distribution system close to the sampling
point, more research is needed, including continuous sampling the other points along water
transfer from the WTP. Further research could contribute to a better understanding of the
presence of these bacteria in the dark environment of drinking water distribution systems.
For now, the issue seems to be uncertain.

It seems that the abundance of culturable ARB is not associated with these phyla. More
deep analyses, including whole-genome sequencing, are needed to elucidate which taxa
of bacteria are the drivers of antibiotic resistance in collected water samples. Interestingly,
Lugli et al. [48] performed shotgun metagenomics analysis and demonstrated that the
majority of DNA sequences obtained from tap water could not be ascribed to a known
bacterial species. Nevertheless, the authors suggest that tap water bacteria shape human
gut microbiota due to colonization and horizontal transmission. Therefore, the knowledge
of drinking water bacteria biodiversity and antibiotic resistance is of great importance.

The application of membrane filtration in order to collect tap water samples could
be the easiest and affordable way to provide reliable, averaged samples for microbiome
research. By means of a water filtration set, huge volumes of tap water could be collected
and, therefore, more microbials captured within each sample. Moreover, samples collected
in this way represent the microbiome present in a given sampling point for a period of a
few hours to even a few days (depending on the research needs), which further reduces the
randomness of sampling. The situation, in which the microorganisms captured accidentally
in a small-volume sample does not represent the actual microbiome of a given sampling
point, could be easily avoided. The microbials concentrated from huge volumes of tap
water depict the real community composition more reliably. The method—applied as
presented in the current study or further ameliorated—could contribute to improving
future tap water microbial research.

It is known that ARB could be especially dangerous for immunocompromised pa-
tients [12]. Therefore, their presence in tap water provided to hospitals is particularly
undesired. Nevertheless, antibiotic-resistant strains were found in samples collected in



Diversity 2023, 15, 427 9 of 11

hospitals in Europe [49,50]. Moreover, it was proven that mcr-1 gene (conferring resistance
to colistin) could be transferred to healthy mouse gut from drinking water [51]. Therefore,
further studies are needed to evaluate the risk associated with the presence of ARB and
resistance genes in drinking water. Precisely, it should be determined what doses of these
contaminants in tap water pose a serious threat. Furthermore, thorough monitoring of
their concentrations in hospital drinking water should be implemented to ensure safety for
patients. To achieve these goals, methods for the determination of ARB in tap water should
be standardized. At the same time, the standardization will allow to perform the research,
with results that would be easily comparable.

5. Conclusions

In this study, tap water bacteria were concentrated from huge amounts of water, using
filtration membranes. The samples were collected monthly in a semi-annual study. The
sequencing analysis of the hypervariable 16S rRNA region showed that Cyanobacteria,
Proteobacteria, and Actinobacteria were the most abundant phyla, which is consistent with
other reports concerning the drinking water bacterial community composition. Bacteria
resistant to ceftazidime were the most prevalent, whereas bacteria resistant to amoxicillin,
ciprofloxacin, and tetracycline were scarce. No season-dependent variations were observed,
neither for culturable antibiotic resistant bacteria, nor for bacterial community composition.
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