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Abstract

Quality control of drinking water is essential for safeguarding public health, particularly in densely
populated urban environments. Environmental microbiological monitoring can enhance traditional
surveillance by providing deeper insights into the dissemination of pathogens and antimicrobial
resistance genes in aquatic systems. In this study, we evaluated the quality of wastewater and treated
water from two urban water supply systems, representing the southern and northern regions of Porto
Alegre, Rio Grande do Sul, Brazil, across four climatic seasons between 2024 and 2025. Fifteen water
samples, comprising raw water from Guaiba Lake and treated water from public distribution points,
were analyzed. The Water Quality Index was calculated, microbiological indicators were quantified,
and carbapenem resistance genes were detected using molecular assays. Most treated water samples
complied with bacteriological standards; however, the blaOXA-48-like gene was recurrently
identified in both wastewater and treated water. No resistance genes were detected during the
summer, while the blaVIM gene appeared exclusively in spring samples. The detection of
carbapenem resistance genes in the absence of cultivable coliforms suggests the persistence of
extracellular DNA or viable but non-culturable bacteria, underscoring limitations of conventional
microbiological monitoring. Integrating classical microbiological methods with molecular assays
provides a more comprehensive evaluation of water quality and supports decision-making within a
One Health framework.

Keywords: antimicrobial resistance; carbapenemase genes; environmental monitoring; wastewater;
water quality monitoring

1. Introduction

Monitoring water quality is essential for public health, environmental conservation, and
sustainable development. Continuous and integrated surveillance enables the early detection of risks,
contributing to the reduction of infections and associated healthcare costs. In this context,
wastewater-based epidemiology has emerged as a powerful tool for tracking and understanding
disease outbreaks in real time. Waterborne diseases, caused by pathogenic microorganisms or
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chemical contaminants present in aquatic environments, remain particularly common in regions with
inadequate sanitation infrastructure. Consequently, the identification of microbial indicator
organisms is critical for assessing the microbiological quality of water and supporting more effective
preventive actions [1-3].

Antimicrobial resistance (AMR) represents an escalating threat to global public health. Among
the major drivers of this phenomenon is the environmental dissemination of antibiotic-resistant
bacteria and their associated resistance genes. The release of antibiotics into the environment through
domestic and hospital effluents creates critical hotspots of resistance, as previously documented in
urban settings such as the Diltivio Stream in Porto Alegre. Of particular concern is the detection of
bacteria producing carbapenemase enzymes (including KPC, NDM, VIM, and OXA-48), which confer
resistance to last-line antibiotics. These resistance genes are frequently carried on mobile genetic
elements, facilitating their spread across microbial communities and diverse aquatic ecosystems [4—
10]. Together, these findings underscore the need to evaluate water systems not only for pathogens
but also for resistance determinants.

Although viral pathogens were not evaluated in this study, the successful application of
molecular surveillance to detect SARS-CoV-2 in Porto Alegre illustrates the broader value of
integrating molecular tools into water quality monitoring frameworks [11-14]. This example
underscores the growing importance of combining microbiological and molecular approaches for
comprehensive water surveillance.

The water supply and sanitation system of Porto Alegre serves more than 99.5% of the
population and relies on a robust infrastructure that includes Water Treatment Plants (WTP), Raw
Water Pumping Stations (REPS), Treated Water Pumping Stations (TWPS), and multiple reservoirs.
Approximately 80% of the wastewater produced in the city undergoes treatment [15,16]. However,
assessing water quality requires going beyond the physicochemical and microbiological parameters
defined by current regulations. In particular, conventional monitoring may overlook emerging
biological hazards that persist even in treated water.

Molecular methods such as qPCR offer enhanced sensitivity and specificity for detecting
antimicrobial resistance genes, including carbapenemase-encoding loci such as KPC, NDM, IMP,
VIM, and OXA-type variants [17-19]. These techniques allow the detection of resistance determinants
that may persist in the environment even when cultivable bacteria are absent, highlighting gaps in
traditional microbiological monitoring [20]. The incorporation of molecular assays into water quality
surveillance therefore strengthens early detection of emerging resistance risks [21]. However, such
tools are still not routinely implemented in urban water monitoring programs.

Microbiological monitoring of water quality traditionally relies on the detection of cultivable
indicator organisms, a strategy that does not account for the presence of viable but non-culturable
bacteria or antimicrobial resistance genes [22,23]. Urban aquatic environments have increasingly been
recognized as reservoirs of these genetic determinants, even when treated water meets established
bacteriological standards [22]. In particular, genes associated with carbapenem resistance represent
an emerging concern for both public health and environmental microbiology [19]. Integrating
classical microbiological methods with quantitative molecular approaches can enhance the sensitivity
of water quality surveillance, enabling a more comprehensive assessment of these systems [24].
Accordingly, the objective of this study was to investigate the spatial distribution and seasonal trends
in the occurrence of carbapenem resistance genes, aiming to identify hotspots and periods of
increased incidence while using microbiological results and the Water Quality Index as
complementary interpretive tools.

2. Materials and Methods
2.1. Sample Collection and Sampling Points

The study was conducted over a one-year period in Porto Alegre, Rio Grande do Sul, Brazil,
with sampling carried out across four climatic seasons (winter, spring, summer, and fall) to assess
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seasonal variability. Detailed information regarding the identification of samples, geographic
coordinates, and characteristics of the sampling points is presented in Table 1.

Table 1. Sample identification and characteristics of wastewater and treated water sampling sites.

Water type Name! Sampling point Geographic Reference station of
coordinates collection

Raw RLN Lago Guaiba - FEPAM 30.0101° S, 51.2151° EBAB Moinhos de
wastewater Station \%Y Vento?
Raw RLS Lago Guaiba - FEPAM 30.1977° S, 51.2640°  EBAB Belém Novo?
wastewater Station (South) \
Treated TPN Parque Moinhos de Vento ~ 30.0275° S, 51.2008° ETA Moinhos de Vento*
(potable) W2
Treated TPS  Praca Inacio Antonio da Silva 30.2112° S, 51.1830° ETA Belém Novo*
(potable) W2

IRLN: North Lake Wastewater; RLS: South Lake Wastewater; TPN: Treated Water — North Square;
TPS: Treated Water — South Square. 2Approximate coordinates. SEBAB: Raw Water Pumping Station.
“ETA: Water Treatment Plant.

Raw (untreated) water samples were collected at two sites in Guaiba Lake: one located in the
northern region, near the Moinhos de Vento Raw Water Pumping Station (EBAB Moinhos de Vento),
and another in the southern region, near the Belém Novo Raw Water Pumping Station (EBAB Belém
Novo). These sites correspond to the sampling points RLN and RLS, respectively.

Treated (potable) water samples were collected at two public squares supplied by distinct water
distribution systems. One sampling point was located in the Moinhos de Vento neighborhood (TPN),
supplied by the Moinhos de Vento Water Treatment Plant (WTP Moinhos de Vento), and the other
in the Belém Novo neighborhood (TPS), supplied by the Belém Novo Water Treatment Plant (WTP
Belém Novo).

Raw water samples were collected by the State Environmental Protection Foundation (FEPAM),
while treated water samples were collected by the National Service for Industrial Training (SENAI).
Sampling followed a seasonal schedule, with four quarterly campaigns conducted from winter 2024
to summer 2025, resulting in a total of 15 samples. After collection, all samples were kept refrigerated
during transport and until laboratory processing.

The following methodological considerations apply: (i) For raw water samples, a portion of the
physicochemical data was provided by FEPAM, as these analyses were performed in situ. (ii) For
molecular assays targeting antimicrobial resistance genes, samples were sent to the SENAI
microbiology laboratory, where they underwent a filtration step as detailed in a subsequent section.
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2.2. Physicochemical Analyses

Dissolved oxygen (DO), pH, and temperature were measured in situ using a ProDSS
multiparameter water quality meter (YSI-Xylem). All remaining analyses were performed at the
SENAI Physicochemical Laboratory following standardized methodologies for each parameter:
chloride (Method 4110 B), biochemical oxygen demand (BODs, Method 5210 D), phosphate (Method
4110 B), nitrate (Method 4110 B), total solids (Method 2540 B), and turbidity (Method 2130 B) [25].

2.3. Microbiological Analyses

Microbiological analyses for total coliforms, thermotolerant coliforms, Escherichia coli, and
heterotrophic bacteria counts were performed at the SENAI Microbiology Laboratory following
standard methodologies: thermotolerant coliforms (Methods 9221 B and 9221 E), total coliforms and
E. coli (Method 9223 B), and heterotrophic plate counts (Methods 9215 A and 9215 B) [25].

2.4. Water Quality Index (WQI) Determination

To determine the Water Quality Index (WQI), the following parameters were evaluated: water
temperature, chlorides, sampling site altitude, dissolved oxygen, fecal coliforms, pH, BODs, nitrate,
phosphate, turbidity, and total solids. The criteria used for WQI calculation are primarily indicators
of contamination from domestic sewage discharge as well as industrial, agricultural, and urban solid
waste effluents [26]. Each parameter is associated with a specific weighting factor and a standardized
rating curve.

2.5. Interpretation of Physicochemical and Microbiological Analyses

The interpretation of physicochemical and microbiological results was based on current
Brazilian environmental and sanitary regulations. For raw water samples, the reference standard was
CONAMA Resolution No. 357/2005, which classifies water bodies and establishes environmental
guidelines and effluent discharge limits. According to this resolution, Guaiba Lake is classified as a
freshwater body (salinity < 0.5%) of Class 2, suitable for human consumption after conventional
treatment [27].

For treated water, the analysis followed Ministry of Health Ordinance GM/MS No. 888/2021,
which establishes procedures for the control and surveillance of drinking water quality. Parameters
not included in this ordinance were evaluated according to the Consolidation Ordinance No.
5/GM/MS, issued on September 28, 2017 [28,29].

2.6. Detection of Carbapenem Resistance Genes

Water samples were filtered using hydrophilic PTFE membranes (0.45 um, 47 mm; Filtrilo®)
under vacuum (Millipore system) at the SENAI Microbiology Laboratory. For raw water samples,
350 mL were filtered per membrane, whereas 1 L was filtered for treated water samples. Each
sampling site was processed in biological triplicate.

Genomic DNA was extracted using the DNeasy PowerWater Kit (Qiagen®). DNA quality,
concentration, and integrity were assessed by spectrophotometry (NanoDrop™), fluorometry
(Qubit™), and agarose gel electrophoresis. DNA amplifiability was confirmed by conventional PCR
targeting the 165 rRNA gene [30]. All samples were retained for analysis regardless of initial DNA
quality.

Quantitative PCR (qPCR) assays were performed in technical triplicate using the StepOne™
Real-Time PCR System with PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific).
Primers targeting the IMPa, KPC, NDM, OXA-48, and VIM genes were selected based on previously
published studies [31]. Standard curves (10°-10ecopies/uL) were generated from serial dilutions in
technical triplicate to determine amplification efficiency (E = 10*(-1/slope)) and enable absolute
quantification. Specificity was confirmed by melting curve analysis. Ct thresholds were adjusted
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manually, and samples with high variability (SD > 0.5) were retested as part of quality control
procedures.

3. Results and Discussion
3.1. Physicochemical Analyses
The results of the physicochemical analyses of raw and treated water samples, along with the

corresponding reference values, are shown in Table 2.

Table 2. Physicochemical parameters of wastewater and treated water samples across four seasons in Porto
Alegre, RS, Brazil.

Sample! Season Chloride BOD Phosphate Nitrate DO pH Total Temperature Turbidity

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) solids °0) (NTU)
(mg/L)

RLN Winter 3.57 5.00 <0.33 087 815 6.85 20.00 15.70 32.69
Spring 6.70 1.00 <0.33 122  8.16 7.43 101.00 26.70 27.62
Summer 9.01 5.00 <0.33 1.04 5.02 695 84.00 28.76 17.44
Autumn 9.23 3.00 <0.33 092 6.08 6.89 155.00 20.33 30.19

RLS Winter 2.35 4.00 <0.33 0.63 9.05 692 44.00 18.09 38.21
Spring 621 13.00 <0.33 1.25 8.61 7.86 113.00 26.80 18.90
Summer 7.05 5.00 <0.33 062 748 723 98.00 27.00 28.75

VR? - <250.00 <5.00 <0.03 <10.00 25.00 6-9 <500.00 <40.00 <100.00

TPN Winter 2540  2.00 <0.33 129 7.77 529 87.00 16.80 0.34
Spring 2230 <1.00 <0.33 207 494 5.63 76.00 24.80 <0.02
Summer 0.57 3.00 <0.33 1.56 4.73 5.79 55.00 25.10 <0.02
Autumn 2410  8.00 <0.33 1.80 4.69 6.28 61.00 20.90 <0.02
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TPS Winter 1540  1.00 <0.33 143 816 549 61.00 18.00 0.10
Spring 14.50  1.00 <0.33 123  8.09 6.04 69.00 26.10 <0.02
Summer 17.70  3.00 <0.33 083 741 6.01 65.00 27.10 <0.02
Autumn 1620 7.00 <0.33 1.20 816 6.76 65.00 21.40 <0.02
VRS — <250.00 NA NA <10.00 NA 6-9 <500.00 <40.00 <5.00

Notes: IRLN: North Lake wastewater; RLS: South Lake wastewater; TPN: North Square treated water;
TPS: South Square treated water. 2Brazilian National Environmental Council (CONAMA) Resolution
No. 357/2005 (Class 2). ®Brazilian Ministry of Health Ordinance GM/MS No. 888/2021. BOD:
Biochemical oxygen demand; DO: Dissolved oxygen; NA: Not applicable; VR: Reference value.
Underlined values indicate results outside the acceptable range.

For raw water samples, the only parameter exceeding the limits established by the Brazilian
National Environmental Council (CONAMA) Resolution No. 357/2005 was biochemical oxygen
demand (BOD) in the BBN-spring sample (13 mg/L), indicating an elevated organic load. BOD
reflects the amount of oxygen required for microbial decomposition of organic matter in aquatic
environments, and elevated values may arise from natural organic inputs, increased microbial
activity, or the discharge of domestic, industrial, or agricultural effluents. Environmental variables—
including pH, temperature, and nutrient enrichment—may also influence BOD dynamics [32,33].
When this finding was examined in conjunction with the other physicochemical parameters at the
same site, the deviation appeared to be isolated and was most likely associated with high
concentrations of natural organic matter such as leaves, branches, plant debris, and organic-rich
sediments.

For treated water samples, pH values at the TMV sampling point remained below the acceptable
regulatory range across all sampling periods, with a mean value of 5.57. At the TBN site, the winter
sample presented a pH of 5.49, while the remaining samples were close to the lower limit of
acceptability (6.03). Overall, these results indicate slight acidity in the treated water, suggesting
insufficient pH adjustment during the treatment process. Considering that raw water at these
locations exhibited mean pH values of 7.08 (TMV) and 7.34 (TBN), the marked decrease observed
after treatment suggests ineffective pH correction. This pattern may reflect operational issues in the
treatment system, such as inadequate dosing of alkalinizing agents or excessive application of acidic
coagulants, which can disrupt chemical stability in the final water supplied to consumers [32,34].

Contextual factors should also be considered for the TMV—-winter sample. In August 2024, the
Moinhos de Vento Water Treatment Plant underwent an emergency shutdown to repair a major
water pipeline, affecting water supply to 21 neighborhoods in Porto Alegre. Although plant
operations resumed in early September, coinciding with the sampling period, water distribution was
still being gradually reestablished. According to guidance from the municipal water authority,
prolonged service interruptions may mobilize sediments within the distribution network,
temporarily altering water color and taste. While such particles are generally considered harmless,
their mobilization may have contributed to the physicochemical variability observed during this
sampling event.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. Microbiological Analyses

The results of the microbiological analyses are presented in Table 3.

Table 3. Seasonal variation of bacteriological parameters in wastewater and treated water samples from Porto

Alegre, RS, Brazil.
Sample! Season Total coliforms Thermotolerant Escherichia coli Heterotrophic
(MPN/100 mL) coliforms (P/A per 100 mL) bacteria (CFU/mL)
(MPN/100 mL)

RLN Winter 4600 1700 Present 17,000
Spring 3500 1700 Present 570
Summer 920 220 Present 2100
Autumn 8400 2400 Present 2500

RLS Winter 170 170 Present 2900
Spring 240 22 Present 390
Summer 49 4.5 Present 230

VR? — NA <1000 <800 NA

TPN Winter <18 <18 Absent 39
Spring <18 <18 Absent <10
Summer <18 <18 Absent <10
Autumn <18 <18 Absent <10

TPS Winter <18 <138 Absent 25
Spring <18 <18 Absent <10
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Summer <1.8 <18 Absent 12
Autumn 240 2 Absent 21
VR3 — Absence Absence Absence <5004

IRLN: North Lake wastewater; RLS: South Lake wastewater; TPN: North Square treated water; TPS:
South Square treated water. 2Brazilian National Environmental Council (CONAMA) Resolution No.
357/2005 (Class 2). ®Brazilian Ministry of Health Ordinance GM/MS No. 888/2021. “Brazilian Ministry
of Health Consolidation Ordinance No. 5/2017. MPN: Most Probable Number. P/A:
Presence/Absence. CFU: Colony-Forming Unit. NA: Not applicable. RV: Reference value. Underlined

values: outside the acceptable range.

To assess hygienic quality, total coliforms and heterotrophic bacteria were quantified. These
microbial groups are naturally present in the environment, including soil, vegetation, and aquatic
ecosystems, and their occurrence may indicate general environmental contamination [1]. Although
there are no specific regulatory limits for raw water, these measurements provide a useful estimate
of the overall microbiological condition of the sampled sites. For treated water, however, both
parameters serve as indicators of potential failures in disinfection or deficiencies within the
distribution system. As observed, all treated water samples complied with the limits established by
current Brazilian regulations [27-29], demonstrating the effectiveness of the treatment processes in
place.

Sanitary quality was evaluated through the detection of thermotolerant coliforms and
Escherichia coli. The presence of these microorganisms indicates recent fecal contamination, with E.
coli functioning as a more specific marker of high sanitary risk and potential pathogen presence [1].
In raw water samples, thermotolerant coliform counts exceeded the permitted limits only at the BMV
sampling point during winter and spring, suggesting episodic fecal contamination events at this site.

Regarding E. coli, Brazilian Resolution CONAMA No. 357/2005 [27] authorizes its use as a
surrogate marker for thermotolerant coliforms, provided its concentration does not exceed 80% of
the total. Although its presence strongly indicates recent fecal pollution, relying solely on E. coli may
limit interpretive depth when thermotolerant coliform quantification is available. As expected for
effectively treated water, E. coli was not detected in any treated water samples across all sampling
periods, further supporting the efficacy of disinfection processes and the protection of the distribution
system.

Overall, both water treatment systems evaluated (TMV and TBN) effectively removed fecal
contamination and sanitary indicator organisms. Even in instances where raw water exhibited
elevated microbial counts, as observed during winter at the BMV site, the corresponding treated
water samples (e.g.,, TMV-winter) demonstrated complete absence of indicator microorganisms.
These results confirm the satisfactory microbiological performance of the treatment operations
throughout the study period.

3.3. Determination of the Water Quality Index (WQI)

The analysis of the Water Quality Index (WQI) provided an integrated assessment of the
environmental condition of raw and treated water samples across the four seasons (Figure 1).

The criteria used for WQI calculation are primarily based on indicators of contamination
associated with domestic sewage discharge, as well as industrial, agricultural, and urban solid waste
effluents [35]. Although WQI determination is not a regulatory requirement for treated water, its
inclusion in this study served as a complementary approach, enabling a quantitative and integrative
comparison of water quality before and after treatment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Seasonal variation of the Water Quality Index (WQI) in wastewater and treated water samples from
Porto Alegre, RS, Brazil. RLN: North Lake wastewater; RLS: South Lake wastewater; TPN: North Square treated

water; TPS: South Square treated water.

For treated water samples, WQI values reflected the efficiency of treatment processes, with
marked reductions in critical parameters such as turbidity, organic matter, coliforms, and nutrient
concentrations. These improvements, combined with the stabilization of physicochemical variables
that negatively influence environmental quality, reinforce the overall effectiveness of the applied
treatment systems.

In contrast, raw water samples exhibited seasonal variation, with higher WQI values observed
during summer. This trend may be associated with more favorable hydrological and environmental
conditions typical of this period, such as increased solar radiation, elevated temperatures, and
enhanced microbial inactivation, which together promote reductions in turbidity and fecal
contamination indicators [36,37]. Such seasonal improvement is consistent with known patterns in
subtropical lake systems, where climatic dynamics strongly influence water quality parameters.

3.4. Detection of Carbapenem Resistance Genes

The results of the molecular analyses are presented in Table 4.

Table 4. Seasonal quantification of carbapenem resistance gene copies in wastewater and treated water samples
from Porto Alegre, RS, Brazil (copies/100 mL).

Sample! Season IMPagene KPCgene NDM gene  OXA-48-likegene  VIM gene

RLN Winter - - - 2.508 -
Spring - - - 5.026 42.832
Summer - - - - -

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Autumn - 186.232 3.304.759 8.363 -
RLS Winter - - - 2.529 -
Spring - - - 5.937 22.365
Summer - - - - _
TPN Winter - - - 640 -
Spring - - - 363 4.528
Summer - - - - _
Autumn - - - 1.031 —
TPS Winter - - - 1.423 -
Spring - - - 711 7.445
Summer - - - - _
Autumn - - - _ _

Notes: 'RLN: North Lake wastewater; RLS: South Lake wastewater; TPN: North Square treated water;
TPS: South Square treated water. Not detected (-).

Recurrent detection of the blaOXA-48-like gene was observed at all raw and treated water
sampling points across most seasons. During autumn, a simultaneous occurrence of three
carbapenem resistance genes (blaOXA-48-like, blaKPC, and blaNDM) was detected at the RLN
sampling site, with notably high copy numbers. The blaVIM gene appeared exclusively in spring,
whereas no antimicrobial resistance genes were detected during the summer. The blaIMPa gene was
not detected in any sample. This seasonal pattern may reflect fluctuations in antibiotic usage, hospital
discharge dynamics, or environmental stability of the genetic material, all of which merit further
investigation.

Urban aquatic environments are recognized reservoirs of multidrug-resistant bacteria and
antimicrobial resistance genes (ARGs), primarily due to inputs from domestic sewage, hospital
effluents, and diffuse urban sources that select and disseminate ARGs within aquatic systems [38-
41]. Among the five epidemiologically relevant carbapenemase genes investigated (blaKPC, blaIMPa,
blaNDM, blaVIM, blaOXA-48-like), blaOXA-48-like was the most prevalent, with consistent detection
across sites and seasons in both raw and treated water. This pattern suggests high environmental
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persistence and continuous introduction from anthropogenic sources, aligning with findings from
recreational waters, freshwater bodies, and drinking water systems worldwide [42-44].

The genes blaVIM, blaKPC, and blaNDM were detected sporadically, with isolated events
primarily in spring and autumn. The simultaneous detection of three carbapenemase genes during
autumn indicates a potential episodic contribution of wastewater, consistent with irregular
discharges or increased domestic and hospital inputs reported in other urban systems [39,45]. The
exclusive detection of blaVIM in spring, combined with the absence of blaIMPa, suggests low regional
prevalence of some carbapenemase families or an absence of significant emission sources during the
monitoring period [41].

A clear seasonal influence was observed: the complete absence of ARGs in summer may be
related to environmental conditions such as increased dilution, higher temperatures, and enhanced
solar radiation, all of which accelerate DNA degradation and reduce bacterial persistence [46]. In
contrast, spring represented the period of greatest detection frequency, including occurrences in
treated water samples that otherwise met bacteriological criteria. This underscores limitations of
monitoring strategies based exclusively on cultivable indicator organisms.

The detection of ARGs in treated water despite the absence of cultivable coliforms suggests the
persistence of extracellular DNA (eDNA) or viable but non-culturable (VBNC) bacteria, phenomena
well documented in drinking water and wastewater treatment systems [45,47]. Although chlorination
is effective at microbial inactivation, it does not fully degrade free DNA, allowing ARGs to persist
post-treatment [48]. Advanced technologies, such as combined ultraviolet radiation and hydrogen
peroxide, have demonstrated superior efficiency in degrading extracellular genetic material [49].
Therefore, even treatment systems that successfully meet microbiological standards may remain
reservoirs of resistance genes with potential for horizontal gene transfer, reinforcing the need to
integrate molecular-based surveillance into routine water quality monitoring [50].

4. Conclusions

This study demonstrates that carbapenem resistance genes can be detected in urban aquatic
systems even when treated water complies with conventional bacteriological standards. The
recurrent occurrence of the blaOXA-48-like gene in both raw and treated water, together with the
seasonal detection of blaVIM, highlights the environmental persistence of clinically relevant
resistance determinants and their temporal variability. The absence of resistance genes during
summer and their restricted detection in specific seasons and sampling points indicate the influence
of environmental and operational factors on their occurrence and stability.

The detection of resistance genes in treated water in the absence of cultivable coliforms
underscores the limitations of traditional microbiological monitoring and reinforces the value of
molecular approaches as complementary tools for water quality surveillance. Integrating
microbiological indicators, molecular data, and physicochemical parameters enables a more
comprehensive understanding of antimicrobial resistance dynamics in urban aquatic environments.

Opverall, the findings contribute to environmental microbiology by emphasizing the importance
of incorporating molecular-based monitoring into routine surveillance programs and supporting the
adoption of a One Health approach to better address the dissemination of antimicrobial resistance in
interconnected environmental, human, and animal systems. Collectively, these results highlight the
strategic value of integrating molecular surveillance into national drinking water monitoring
programs, strengthening early detection and risk mitigation efforts.
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