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Abstract

Current regulations and legislation promote water reuse as a response to the global water
crisis, while simultaneously highlighting the need for an urgent revision to ensure the pro-
tection of public health. Changes to these regulatory frameworks are generally supported
by scientific evidence, particularly when defining the most appropriate water quality param-
eters to be monitored. In a previous study, our group proposed that Norovirus genogroups
I and II should be further investigated as potential indicators for water quality monitoring,
and, consequently, for assessing wastewater treatment efficiency. In the present study, we
evaluated the presence of these enteric viruses, together with hepatitis A and hepatitis
E viruses, using real-time PCR. Additionally, we assessed the occurrence of Clostridioides
difficile—an undervalued pathogen that represents a major cause of healthcare-associated
diarrhea, increasingly raising concern in community settings—alongside currently estab-
lished microbiological parameters. Samples were collected from two stages of wastewater
treatment and from water intended for reuse. Water quality was further evaluated using
a bioluminescence-based bioassay. Overall, this proof-of-concept study supports the in-
clusion of Norovirus genogroup II and Clostridioides difficile as complementary microbial
indicators for assessing the safety of water for reuse, particularly within the context of
European regulatory standards.

Keywords: water reuse; enteric viruses; Clostridioides difficile; Microtox; public health

1. Introduction
1.1. Study Rationale

The concept of proof-of-concept (POC) traditionally applied in technological and
engineering contexts, is here adapted to the field of environmental microbiology and water
reuse safety [1]. In this study, the POC aims to evaluate the scientific feasibility of using
selected pathogens as indicators of microbiological risk in reclaimed water. The success of
the POC is assessed based on microbiological performance criteria, including sensitivity
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to wastewater treatment processes, representativeness of broader pathogen groups, and
relevance for risk assessment and regulatory decision-making [1].

Testing methodological approaches prior to full-scale implementation allows the
robustness and applicability of proposed strategies to be evaluated before broader adoption.
Accordingly, this study seeks to identify pathogens suitable for use as complementary
indicators of water reuse safety through an integrated proof-of-concept analysis combining
microbiological, molecular, and biotoxicity approaches.

By demonstrating that the proposed analytical framework can identify pathogens that
are both detectable and relevant to public health protection goals, this study establishes the
feasibility of an indicator-selection strategy applicable to the monitoring of water intended
for reuse.

1.2. Water for Reuse and Legal Framework

Water reuse refers to the intentional use of treated wastewater for a subsequent
beneficial purpose. The terms “recycled water” and “reclaimed water” are frequently
used interchangeably in the literature to describe treated wastewater that meets quality
standards for its intended use [2,3]. In principle, any type of wastewater, originating from
domestic, municipal or industrial sources may be considered for reuse [4], provided that
appropriate treatment is applied.

As stated above, water reuse can involve various water sources, including municipal
wastewater, discharges from industrial activities, rainwater, agricultural runoff, and natural
watercourses [3]. These waters are subjected to treatment processes of varying complexity
and requirements, depending on the intended final purpose. The treatment must ensure
compliance with environmental protection requirements, preventing adverse impacts such
as chemical or microbiological contamination of ecosystems [5]. Additionally, the quality
of reused water must also meet specific public health standards to ensure that its use does
not pose risks to the community exposed to it [6].

Following appropriate treatment, reclaimed water can be used for a wide range of
applications, including street and urban space cleaning [7], mitigation of potable water
shortages [8], agricultural fields and landscape areas irrigation [7,9], aquaculture [10],
industrial cooling [7], and in energy production [11]. Although reclaimed water is typically
not discharged to the natural environment, aquifer recharge can represent a relevant
strategy for water resource preservation [12], despite being less commonly implemented.

Water reuse has emerged as a key strategy to address increasing water demand, com-
bined with the impacts of climate change. As freshwater resources become progressively
constrained, sustainable water management practices are essential to ensure long-term wa-
ter availability, particularly in regions affected by water scarcity [13-15]. Water reuse is also
recognized as an effective adaptation measure to cope with the effects of climate change,
like the increasing frequency and intensity of droughts and periods of water scarcity [16],
providing a resilient water source that helps communities and industries adapt to climate
change by ensuring water availability during droughts and extreme weather events [13,17].

To ensure the safe and sustainable implementation of water reuse, national and interna-
tional legal frameworks have been established. These regulations define quality standards
and monitoring requirements and promote best practices designed to safeguard public
health and environmental integrity [18].

At the European level, Regulation (EU) 2020/741, in force since 26 June 2023, es-
tablished minimum requirements for the safe reuse of treated wastewater, primarily for
agricultural irrigation [18]. The regulation sets harmonized water quality standards and
monitoring obligations, to ensure safety and promoting water reuse to mitigate water
scarcity and manage droughts effectively. These objectives are aligned with the United Na-
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tions (UN) Sustainable Development Goals, particularly Goal 6: clean water and sanitation;
and Goal 12: sustainable consumption and production [19].

In Portugal, Law-Decree No. 119/2019 establishes the legal framework for the pro-
duction and utilization of water for reuse, obtained through wastewater treatment. This
legislation permits the reuse of water from domestic, urban, and industrial wastewater
treatment plants (WWTPs) for non-potable applications, including irrigation, landscaping,
and industrial ones. It also defines quality parameters for different uses to ensure envi-
ronmental and public health protection, promoting sustainable water management while
preventing adverse health and environmental effects [20]. Additionally, Ordinance No.
266/2019 further specifies information and signage requirements for both producers and
users of water for reuse, establishing labeling protocols to ensure clarity and compliance
with safety standards [21].

The Portuguese Law-Decree No. 119/2019 defines five quality classes (A to E) based
on the intended use and human exposure level, using Escherichia coli and helminth eggs
as key microbiological indicators [20]. It also requires appropriate signage and public
information, as detailed in Ordinance No. 266/2019, which specifies visual symbols and
safety communication to be displayed at reuse sites [21]. At the European Union (EU) level,
Regulation (EU) 2020/741 sets limits for E. coli, helminth eggs, and Legionella spp. and
performance parameters such as turbidity and biochemical oxygen demand [18]. Together,
these legal instruments provide a comprehensive framework to ensure safe and sustainable
reclaimed water use.

Traditional fecal indicator bacteria (FIB), such as Escherichia coli and enterococci, remain
essential components of microbiological monitoring frameworks because they are well
established, are relatively cost-effective and broadly representative of fecal contamination
from human and animal sources [22]; however, they may not be completely adequate on
their own.

Although Portuguese and European Union regulations establish minimum require-
ments for microbiological monitoring and good practices for the reuse of treated wastewater,
these traditional indicators reflect regulatory compliance rather than the full spectrum of
microbiological risks and may not fully reflect the presence of critical pathogens that pose a
real risk to public health.

The approach proposed in this study explores the added value of also using comple-
mentary more resistant microorganisms, namely enteric viruses and Clostridioides difficile.
These pathogens are not necessarily correlated to FIB alone and may reveal additional
hazards, namely in specific water reuse scenarios. Due to their waterborne transmission,
low infectious dose, and documented resistance to commonly applied disinfectants such as
chlorine, noroviruses and C. difficile spores can persist in treated water and on environmen-
tal surfaces [22,23], which can serve as additional safety indicators. Consequently, their
monitoring should be considered especially in high-risk applications, such as irrigation
of gardens accessible to children or irrigation of fruits and vegetables that are consumed
raw, where even small quantities of pathogens can pose a significant public health risk. In
these contexts, complementing FIB with viral and C. difficile analyses can provide a more
complete assessment of water safety, without intending to replace traditional indicators.

The present study aims to illustrate, through a proof-of-concept approach, that com-
bining microbiological and molecular analyses with toxicity bioassays, to monitor these
complementary pathogens and overall toxicity, can strengthen the safety of water reuse and
provide the scientific evidence to support the revision and improvement of existing direc-
tives and national legal instruments. Although the study focuses on the Portuguese context,
discussing compliance, identified gaps and methodology is relevant to other European
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and international regulatory frameworks, contributing to safer and more comprehensive
management of reclaimed water resources.

1.3. Highly Resistant Waterborne Pathogens

Accurate assessment of pathogen presence in water matrices and monitoring of water
quality are key factors to decide the proper water distribution systems, choosing the best
water treatment, and preventing outbreaks of waterborne diseases.

The World Health Organization (WHO) in 2017 has classified viruses as agents of
moderate to high importance in human health [24], highlighting enteroviruses, Hepatitis
A virus (HAV), Hepatitis E virus (HEV) and Noroviruses, as significant contributors to
waterborne transmission via the fecal-oral route.

Noroviruses were previously known as Norwalk or Norwalk-like viruses because they
were originally described in an outbreak of gastroenteritis at a school in Norwalk, Ohio,
USA, in 1968. They are currently classified into 10 genogroups (GI-GX), with genogroups I,
II and IV containing the main viruses associated with human gastroenteritis.

These viruses are highly contagious and spread very easily and quickly, with an incu-
bation period ranging from 12 to 48 h [25]. Noroviruses are the main cause of sporadic or
epidemic outbreaks of gastroenteritis in both adults and children, commonly in community
settings such as schools, cruise ships, hospitals, and holiday camps. While norovirus
infections can occur all year-round [25,26], they are more prevalent during colder months
in the United States, from November to April [26], being thus called “winter vomiting dis-
ease”. Globally, noroviruses are responsible for approximately 20% of acute gastroenteritis
cases [27].

Noroviruses are highly resistant to unfavorable conditions in the environment, per-
sisting at refrigeration temperatures (~4 °C) with little inactivation, surviving freezing
conditions (—18 °C), and tolerating heat up to 60 °C. Additionally, these viruses can resist
chlorine concentrations up to 10 ppm, which exceeds the typical value found in drinking
water (~2 ppm) [25,28-30]. This environmental persistence makes GI and GII noroviruses
particularly suitable as indicators for assessing the microbiological safety of reused water.
Unlike adenoviruses, which are ubiquitous and may persist for months, noroviruses more
accurately reflect recent fecal contamination relevant to human health [22].

Their detection complements traditional fecal bacterial indicators such as E. coli, and
provides additional insight into viral contamination not captured by FIB alone.

Hepatitis A is an acute liver infection caused by a small RNA virus, the hepatitis A
virus (HAV), and is highly contagious. Six HAV genotypes have been identified, of which
genotypes I, II, and III, subdivided into subtypes A and B, infect humans [31,32].

Some genotypes have geographical distribution patterns. Genotype I is most prevalent
worldwide, with subtype IA being more frequent than IB, while subtype IIIA is more
common in Central Asia. In areas of low endemicity such as the United States and West-
ern Europe, subtype IA predominates, although all genotypes and subtypes have been
reported [31].

Hepatitis E is an acute infection caused by the hepatitis E virus (HEV). Eight genotypes
are known to be endemic in different regions of the world with distinct hosts. HEV-1 and
HEV-2 infect only humans and are responsible for most human diseases caused by infection
with this virus worldwide and have been associated with large waterborne outbreaks [33].
To date, HEV-5 and HEV-6 genotypes have only been reported in wild boars and are not
associated with human infections. HEV-7 and HEV-8 genotypes have been detected in
camels, and there is one reported case of human infection with HEV-7 [34].

Transmission of HEV is related to poor sanitary conditions [33,35]. Because HEV
can infect both humans and animals, it represents a relevant zoonotic and environ-
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mental pathogen, reinforcing the importance of One Health approaches in water reuse
safety assessments.

Clostridioides difficile is an obligate anaerobic, spore-forming bacterium capable of long-
term survival in environmental matrices and able to colonize the human gut. Its spores
are able to survive extreme environmental conditions, which the vegetative form could
not withstand. Spores are considered the infectious form of C. difficile, as they are highly
resistant to heat, UV light, radiation and oxygenated environments, and can be found in
soil, water or animals. Due to their resistance to common cleaning and disinfection prac-
tices, C. difficile spores can persist in the environment for months or even years, facilitating
pathogen dissemination and long-term persistence, including survival throughout wastew-
ater treatment processes [23,36]. This makes C. difficile a suitable indicator for assessing the
efficacy of treatment processes against resistant microorganisms and, therefore, a bacterial
pathogen of particular interest in this study.

When the normal intestinal microbiota is disrupted, often due to antibiotic use, symp-
toms are triggered [37]. The clinical presentation of Clostridioides difficile infection (CDI)
varies with patient-related risk factors. Elderly patients, especially those with a history
of institutionalization, and individuals experiencing recurrent infections with frequent
antibiotic exposure are at higher risk of severe disease. Manifestations can span from
mild diarrhea to pseudomembranous colitis, septic shock, and death [37,38]. Transmission
occurs via the fecal-oral route, and CDI is commonly associated with healthcare settings.
In Europe, CDI is the leading cause of healthcare-associated diarrhea, entailing an un-
reasonable burden for healthcare systems [39]. The mortality rate associated with CDI
and its complications can range from 5% to 10% and go as high as 34% in hospitalized
patients [38,40]. However, CDI incidence is rising in populations once considered low risk,
with cases being increasingly reported in the community [36]. Due to its public health
significance, several European countries have established surveillance systems to monitor
CDI trends, antibiotic resistance, and infection control practices.

The pathogenicity of C. difficile is mainly due to the production of toxins A and B, and
in some strains, a binary toxin (CDT), often linked to hypervirulent ribotypes [41,42].

Recent studies suggest an emerging prevalence of environmental ribotypes, more
commonly linked to community-acquired CDI (CA-CDI), as opposed to hospital-associated
hypervirulent ribotypes, showing a shift in the epidemiology of CDI [39,43,44]. However,
knowledge about the environmental reservoirs outside the healthcare facilities is largely
lacking, highlighting the need for further investigation into C. difficile persistence and
transmission in wastewater and reclaimed water systems.

1.4. Bioassays

To complement pathogen-specific analyses, a rapid biotoxicity screening approach can
be applied using the Microtox® assay to assess potential chemical toxicity, particularly in
reclaimed water samples. This test employs the bioluminescent marine bacterium Aliivibrio
fischeri to assess acute toxicity as an integrated biological response to complex chemical
mixtures [45].

The term bioluminescence comes from the Greek word bios (life) and the Latin word
lumen (light), literally meaning “living light” [46]. The Microtox® test, with A. fischeri, has
been applied since 1979 and presents several advantages over other toxicity assays. Toxicity
is determined by measuring changes in bacterial luminescence after exposure to a sample,
as toxic substances or mixtures can impair cellular respiration and consequently reduce
light emission.

The Microtox® assay was designed to function as a rapid screening tool for acute
toxicity, requiring relatively small sample volumes and short exposure times compared

https:/ /doi.org/10.3390 /microorganisms14020430


https://doi.org/10.3390/microorganisms14020430

Microorganisms 2026, 14, 430

6 of 19

with other bioassays that use organisms such as algae, Daphnia, fish, plants, worms, mussels
or oysters [47,48].

Barcel§ et al. [49] showed the successful application of the Microtox® assay to assess
the ecotoxicity of treated wastewater samples prior to discharge, to ensure minimal en-
vironmental impact. In the particular case of treated urban and industrial wastewater
effluents, biomonitoring using Microtox® revealed good results to assess contamination
risk [49]. While this bioassay does not identify specific contaminants, it offers valuable com-
plementary information on overall sample toxicity when integrated with microbiological
and molecular analyses.

2. Materials and Methods

A total of 19 wastewater samples were analyzed, comprising eight samples of urban
influent, eight samples of urban effluent, and three samples of water intended for reuse.
Samples were collected in the Lisbon Metropolitan Area between February and June
2024. The reduced sampling window for water intended for reuse was associated with
the seasonal irrigation demands of the irrigated spaces and scheduling defined by the
Municipality of Lisbon. During the early months of 2024, irrigation using reclaimed water
was carried out only on a sporadic basis, reflecting lower irrigation demand and non-
systematic use. From May onwards, reclaimed water irrigation began to be applied in a
regular and systematic manner, in accordance with municipal irrigation programs and
irrigation needs. Consequently, sampling was deliberately concentrated between May
and June to ensure that the collected samples were representative of the reclaimed water
used under routine and consistent irrigation conditions, rather than during intermittent or
exceptional applications.

This study combined molecular detection techniques, culture-based isolation methods,
and toxicity bioassays to evaluate pathogen persistence and overall water safety.

2.1. RNA Extraction and Quantitative Real-Time PCR

RNA extraction from viral particles present in wastewater and reclaimed water sam-
ples was performed using a protocol optimized from Teixeira et al. [50]. Prior to filtration,
10 pL of Mengo virus (ceeramTOOLS®, bioMérieux, Marcy—l’Etoile, France) was added to
each sample as extraction control, and only samples with extraction efficiencies >1% were
considered valid, following ISO/TS 15216-1 [51] recommendations.

A volume of 25 mL of each sample was filtered through 0.45 um pore-size nylon
membranes, positively charged (Roche, Basel, Switzerland), and the filters were agitated
in 10 mL of TGBE buffer (Tris-glycine-beef extract, pH 9.5) at 100 rpm for 1 h. After filter
removal and pH adjustment to 7.0 & 0.5 with HC1 0.1 N, samples were concentrated using
an Amicon® Ultra-15 Centrifugal Filter Devices with a 100 kDa cut-off (Merck Millipore,
Burlington, MA, USA) and centrifugated at 5000x g until a final volume of approximately
250-300 uL. was obtained.

Prior to extraction, 500 pL of TRIzol™ Reagent (Thermo Fisher Scientific, Waltham,
MA, USA) was added to each concentrate. The mixture was incubated at 30 °C for 5 min in
a thermomixer (Eppendorf, Hamburg, Germany) at 350 rpm, followed by the addition of
200 pL of chloroform (Merck, Darmstadt, Germany) and further agitation and incubation
for 3 min under the same conditions. After centrifugation at 12,000x g for 10 min, the
upper aqueous phase was carefully collected for RNA purification.

RNA purification was performed using the QIAamp Viral RNA Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. The recovered aqueous phase
(150 pL) was mixed with AVL buffer and carrier RNA, followed by ethanol addition. The
mixture was loaded onto QIAamp Mini spin columns, washed with buffers AW1 and AW2,
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and dried by centrifugation. RNA was eluted in two steps using 50 pL of AVE buffer each
time and the eluate was stored at —80 °C until analysis.

Quantitative RT-Real-Time PCR (RT-qPCR) was performed for the specific detection of
NoV GI, NoV GII, HAV and HEV viruses. An initial screening using Mengo virus detection
and quantification was performed to confirm the efficiency of RNA extraction and also
the absence of inhibitors using 10-fold dilutions of each sample. RT-qPCR was performed
using NoV GI, NoV GII, HAV and HEV commercial kits (ceeramTOOLS®, bioMérieux,
Marcy-1’Etoile, France), according to the manufacturer’s specifications.

2.2. Clostridioides difficile Isolation

For every wastewater sample, two 0.45 pum pore cellulose membranes (EZ-Pak® Merck,
Darmstadt, Germany) were obtained by filtering 25 mL of the water matrix through each
membrane. To isolate C. difficile, two distinct methods were employed: one membrane of
each filtered sample was either placed in 10 mL of C. difficile enrichment broth (BIOGERM®,
Maia, Portugal) or directly inoculated onto ChromID® C. difficile agar (bioMérieux, Marcy
I'Etoile, France). Both media were incubated anaerobically using the Anoxomat® III Anaer-
obic Jar System (Anoxomat, Mart, The Netherlands) at 37 °C. The enrichment broth was
incubated for seven days, with atmosphere renewal every 48 h, while the plates were
incubated for 48-72 h. The isolation and culture methods employed were adapted from
Chisholm et al. [23].

Plates from influent samples, where filters were directly inoculated, revealed too
numerous to count. To obtain isolated colonies, ~10 uL of biomass from influent plates was
suspended in 0.5 mL of Brucella broth and a loop full of the dilution was streaked onto two
new ChromID® C. difficile agar (bioMérieux, Marcy I'Etoile, France), using the four-quadrant
streak method. For effluent and water for reuse ChromID® C. difficile agar plates, suspected
C. difficile colonies were selected from the inoculated filters and directly transferred to a
new ChromID® C. difficile agar. All plates were incubated in anaerobic conditions at 37 °C,
for 48 h. For enrichment broth samples (from influent, effluent and water for reuse), an
alcohol shock treatment was performed by mixing 2 mL of the enrichment mixture with
2 mL of absolute ethanol and incubating at room temperature for 1 h. The suspension was
then centrifuged (3500 rpm, 10 min), the supernatant was discarded, and the pellet plated
onto a ChromID® C. difficile agar plate using the four-quadrant streak method. Plates were
incubated anaerobically at 37 °C for 48 h. From each wastewater sample plate, at least
five suspected C. difficile colonies were selected and identified by MALDI-TOF (VITEK®
MS, bioMérieux, Marcy—l’Etoile, France). After identification, each colony was subcultured
onto Brucella blood agar supplemented with hemin and vitamin K1 (BD BBL™, Heidelberg,
Germany) and incubated for 24 h, at 37 °C, under anaerobic conditions.

Toxin Gene Profiling, PCR Ribotyping and Real-Time PCR Detection of
Clostridioides difficile

For typing purposes, DNA of each C. difficile isolate recovered was extracted using the
NucliSENS® easyMAG® automated system (bioMérieux, Marcy-l’Etoile, France), according
to manufacturer’s instructions. For toxin profile determination, a multiplex PCR was
used, targeting the toxin-encoding genes tcdA (toxin A), tcdB (toxin B) and cdtA/cdtB
(binary toxin), as well as glutamate dehydrogenase encoding gene (g/uD) for species
confirmation [52,53].

Ribotypes were determined by PCR ribotyping, with the profile being generated by
capillary gel electrophoresis, according to Fawley et al. [54], and resorting to the Webribo
database (https://webribo.ages.at/ accessed on 1 March 2024) or the European Union
Reference Laboratory.
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A C. difficile strain of RT027 (tcdA+/tcdB+/cdtA/cdtB+) was used for quality control
in both techniques.For DNA extraction, 25 mL of each water sample was filtered using
a polycarbonate membrane with a 0.45 um pore size, mounted on a sterilized filtration
apparatus connected to an air pump. Two commercial kits were used: the Aquadien Kit
(Bio-Rad, Hercules, CA, USA) and the DNeasy PowerWater Kit (Qiagen, Hilden, Germany),
following the manufacturers’ instructions.

In the Aquadien Kit protocol, the folded filter membrane was placed into a 1.5 mL
microtube containing 1 mL of R1 solution, vortexed and incubated at 95 °C for 15 min.
After a second vortex, the membrane was removed, and the tube was then left to settle. For
purification, 500 puL of the supernatant was transferred to the spin column. For elution,
100 pL of R2 solution was added to the column. The final eluate was stored at —20 °C until
analysis (Bio-Rad, CA, USA).

For the DNeasy PowerWater Kit, the folded membrane was placed into a PowerWater
Bead Pro tube, to which 1 mL of pre-warmed Solution PW1 was added. The sample was
vortexed for 20 s, incubated at 65 °C for 10 min, then vortexed at maximum speed for
an additional 10 min. The supernatant was collected to a clean tube and followed the
additional extraction and purification steps. Elution was done using 100 pL of Solution EB,
and purified DNA was stored at —20 °C until further use.

Real-time PCR was performed from the total DNA extracted from WW samples,
using the RIDA®GENE Clostridium difficile kit, targeting the bacterium and toxins A and B
(R-Biopharma AG, Darmstadt, Germany), according to the manufacturer’s instructions.

The analytical sensitivity of the RIDA®GENE Clostridium difficile & Toxin A/B was
determined with <5 DNA copies.

2.3. Microtox®-Based Toxicity Evaluation

Toxicity tests using bacterium Aliivibrio fischeri (NRRL B-11177) were carried out in
accordance with the recommendations of ISO Standard 11348-3:2007, Standard methods
(8050 B) [55,56] and Microtox® FX Analyser—User Manual (Modern Water Inc, Modern
Water Inc., York, UK). Samples were analyzed within 48 h of collection and stored at 4 °C
until testing.

First, the freeze-dried bacteria (preserved at —20 °C) were reactivated by hydration
with a 2% sodium chloride solution. The test began with the reading of luminescence
intensity at time zero (“0”), expressing the absence of exposure to potential toxicants.
Luminescence intensity was then read 15 min after exposure to the sample under analysis.

A negative control was included in each test sequence only by exposing A. fischeri
to a 2% saline solution. A positive control was also included by exposing the bacteria
to two known toxic substances: potassium dichromate (K;Cr,Oy) (Merck, Darmstadt,
Germany) and zinc sulphate heptahydrate (ZnSO,.7H,0) (Merck, Darmstadt, Germany),
according to ISO 11348-3:2007 [56].

The toxic effect was expressed as the percentage inhibition of luminescence relative to
the control. A reduction in light emission indicates interference with bacterial respiration,
reflecting the presence of toxic substances in the sample.

3. Results
3.1. Sampling Overview

Wastewater (WW) samples were collected from both the influent (entry point) and
effluent (exit point) of a wastewater treatment plant (WWTP) located in the Lisbon
Metropolitan Area. Sampling was conducted between February and June 2024 across
eight sampling events.
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During the first five sampling events, influent and treated effluent samples were
collected, in the final three sampling events, samples from influent, effluent, and water
intended for reuse were obtained. Water for reuse underwent an additional tertiary treat-
ment step and disinfection, consisting of either ultrafiltration with sodium hypochlorite
addition or microfiltration with ultraviolet (UV) disinfection, depending on the treatment
line in operation. In total, 19 WW samples (identified from CD1 to CD19) were collected
and analyzed: eight influent, eight effluent, and three water for reuse samples. Table 1
summarizes the characteristics of the WW samples collected for this study.

Table 1. Overview of the wastewater samples, treatment level and the effluent’s destination.

Destination of the

Sampling Date Sample ID Code Sample Type WWTP Treatment Level Effluent
CD1 Influent Pretreatment
8 February 2024
CD2 Effluent Pretreatment; primary; secondary
CD3 Influent Pretreatment
8 March 2024 -
CD4 Effluent Pretreatment; primary; secondary
CD5 Influent Pretreatment
26 March 2024 :
CD6 Effluent Pretreatment; primary; secondary .
Tagus River Estuary
X CD7 Influent Pretreatment
11 April 2024
CD8 Effluent Pretreatment; primary; secondary
X CD9 Influent Pretreatment
24 April 2024
CD10 Effluent Pretreatment; primary; secondary
CD11 Influent Pretreatment
CD12 Effluent Pretreatment; primary; secondary
9 May 2024 P - a
CD13 Water for reuse retreatment, prumary; se.con* ary; Reuse
tertiary and disinfection
CD14 Influent Pretreatment .
Tagus River Estuary
CD15 Effluent Pretreatment; primary; secondary
23 May 2024 b — - darv:
CD16 Water for reuse retreatment, prumary; se'con* ary; Reuse
tertiary and disinfection
CD17 Influent Pretreatment .
Tagus River Estuary
CD18 Effluent Pretreatment; primary; secondary
7 June 2024 P — - darv:
CD19 Water for reuse retreatment; primary; secondary; Reuse

tertiary and disinfection *

* Tertiary treatment and disinfection consist of either ultrafiltration with sodium hypochlorite addition or microfil-
tration with UV disinfection, depending on the treatment line.

3.2. Enteric Viruses Found in Wastewater Detection

The results obtained with the RT-qPCR screening for enteric viruses showed that, with
the exception of Norovirus GI and GII, the treatments applied prior to effluent release are
effective in removing enteric viruses. Norovirus GI was detected in one effluent sample
from February and Norovirus GII remained detectable in effluent from the two samples
collected in April and June. In contrast, the tertiary treatment applied to produce water
for reuse successfully eliminated all the viruses analyzed. These results are displayed in
Table 2.
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Table 2. Summary of the enteric viruses’s presence/absence, as well as Clostridioides difficile detection,
by culture and real-time PCR (16S-rDNA; tcdA/tcdB), frequency (in number of isolates per sample)
and toxin genetic profile, in the wastewater samples and respective water for reuse.

Clostridioides difficile
. . -, ;" Culture 3
Sample Type of i Norovirus Norovirus Hepatitis A Hepatitis E . . Real-Time PCR
Number ~ Sample ~ Sampling Date Gl GII Virus Virus (No. of Toxin Genetic (16S-rDNA;
Isolates Per Profile tedAltcdB)
Sample) ¢ ¢
CD1 Influent 8 February 2024 Positive Negative Positive Negative Positive (16) Toxigenic nml:_‘zzi;ii‘é:’;l ic
CD3 Influent 8 March 2024 Negative Negative Positive Negative Positive (20) E(()))r(\l-%g;l:;:x:g norligzgii‘ézaic
CD5 Influent 26 March 2024 Positive Positive Negative Positive Positive (15) Toxigenic and Sample inhibited
non-toxigenic
CD7 Influent 11 April 2024 Negative Positive Negative Negative Positive (12) ﬁ%ﬁ%ﬁx;g&i e otlz-c"czi)g‘g]gﬁ "
CD9 Influent 24 April 2024 Positive Positive Negative Negative Positive (12) E%ﬁ_%gﬂ;g:;g - OIIIDSE(S)I)?i‘g]ZIi .
CD12 Influent 9 May 2024 Negative Negative Negative Negative Positive (10) izﬁ_%gg;;ﬁ\ig norlz-izlxhi‘és;lic
CD15 Influent 23 May 2024 Negative Negative Negative Negative Positive (7) E%ﬁ%g‘;ig:;‘i norl:-(;zgi‘éggic
CD18 Influent 6 June 2024 Positive Positive Positive Positive Positive (7) ﬁ%ﬁ%ﬁgi;g&i e orrl)gzgi‘ég;ni n
CD2 Effluent 8 February 2024 Positive Negative Negative Negative Positive (10) i%’g_%gﬂ;g:éﬁ Negative
CD4 Effluent 8 March 2024 Negative Negative Negative Negative Positive (5) Non-toxigenic Negative
CD6 Effluent 26 March 2024 Negative Negative Negative Negative Positive (5) Toxigenic Negative
CD8 Effluent 11 April 2024 Negative Negative Negative Negative Positive (2) Toxigenic Negative
CD10 Effluent 24 April 2024 Negative Positive Negative Negative Positive (10) ﬁgﬁ%ﬁz;g{iﬁ Negative
CD13 Effluent 9 May 2024 Negative Negative Negative Negative Negative - Negative
CD16 Effluent 23 May 2024 Negative Negative Negative Negative Positive (5) Toxigenic Negative
CD19 Effluent 6 June 2024 Negative Positive Negative Negative Positive (4) Toxigenic and Negative
8 8 8 non-toxigenic 8

CD11 Wféﬁgéor 9 May 2024 Negative Negative Negative Negative Negative - Negative
CD14 W?etirséor 23 May 2024 Negative Negative Negative Negative Negative - Negative
CD17 W?éﬁrséor 6 June 2024 Negative Negative Negative Negative Negative - Negative

Positive results are highlighted in blue. * Toxigenic strains were positive for genes encoding toxin A (tcdA), toxin
B (tcdB), and/or binary toxin (cdtA /cdtB); non-toxigenic strains lacked toxin genes.

3.3. Clostridioides difficile
3.3.1. Clostridioides difficile Cultures

C. difficile was detected in 15 of the 19 samples (78.9%) of the wastewater samples
analyzed. All influent samples tested positive, whereas only one effluent and all three water
for reuse samples were negative.

Table 2 summarizes the WW sample characteristics and C. difficile isolation results.
A total of 181 isolates were cultured, 140 of which were confirmed as C. difficile, with
recovery rates being 100.0% for influent samples (99 isolates) and 87.5% for effluent
samples (41 isolates). The remaining isolates were identified as Clostridium butyricum
or Lactobacillus mucosae.

3.3.2. Clostridioides difficile Strains—Toxin Genetic Profile and PCR-Ribotyping

Among the 140 C. difficile isolates recovered from wastewater, 74.0% were toxigenic. Of
these, 88.3% were positive for toxins A and B (tcdA+/tcdB+), while 11.7% harbored genes
encoding toxins A, B, and the binary toxin (tcdA+/tcdB+/cdtA/B+). The remaining 26.0%
of the isolates were non-toxigenic. PCR-ribotyping revealed 33 distinct ribotype profiles.
Among influent isolates, the most prevalent toxigenic ribotypes were the toxigenic (positive
for toxins A and B) RT014/020 and RT106 (15.2% each), followed by the hypervirulent
(positive for toxins A, B and binary) RT078/126 (12.1%), and both the toxigenic RT011 and
the non-toxigenic RT009 (7.1% each). In the effluent, the most common ribotypes included
the toxigenic RT430 (24.4%), the non-toxigenic types RT010 (17.1%) and RT009 (14.6%),
and the toxigenic RT103 (12.2%). Representative PCR-ribotyping profiles are shown in
Figure S1.
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Overall, toxigenic strains predominated in both influent (76.7%) and effluent (65.9%)
samples. Six ribotypes, three toxigenic (toxA/toxB positive), RT103, RT081, and RT104,
and three non-toxigenic, RT009, RT010 and RT084, were detected in both sample types.
Surprisingly, five PCR-ribotype profiles (all toxigenic, positive for toxins A and B) were
found exclusively in effluent samples: RT154, RT430, RT651 and two distinct unknown RTs.

Within the framework of the national C. difficile infection surveillance program, and
according to the European surveillance of Clostridioides (Clostridium) difficile infections
protocol [57], human fecal samples previously tested as positive for CDI are sent to the
National Reference Laboratory to generate microbiological data, including molecular char-
acterization and antimicrobial susceptibility testing data. Between September 2023 and
May 2024, a total of 384 C. difficile isolates were recovered from these clinical samples.

The most common toxin profile (75.5%) identified among the 384 clinical isolates was
A+B+/binary—. Non-toxigenic strains were also detected in clinical samples, indicating
possible co-colonization of the gut by both toxigenic and non-toxigenic strains. A total of
31 toxigenic PCR-ribotype profiles were shared between clinical and wastewater isolates.
The five most prevalent RTs in clinical isolates were also abundant in WW, particularly
influent, namely: RT106, RT014/020, RT078/126, RT012, and RT013. Regarding non-
toxigenic RTs, five were common between clinical and wastewater samples: RT009, RT084,
RTO031, RT039 and RT010. The distribution of ribotypes found in influent and effluent
samples is illustrated in Figure S2.

3.3.3. Clostridioides difficile Diversity According to the Isolation Method

Both isolation methods applied successfully recovered C. difficile. Direct plating of
membrane filters onto selective agar yielded higher positivity rates in both influent (100.0%)
and effluent (75.0%) samples, but resulted in lower ribotype diversity. In contrast, the en-
richment broth method showed lower positivity rates (62.5% in influent samples and 25.0%
in effluent samples), but recovered with a greater diversity of ribotypes. Specifically, direct
plating yielded 80 C. difficile isolates from influent samples, corresponding to 27 distinct
ribotypes, and 23 isolates from effluent samples, corresponding to seven ribotypes. In com-
parison, the enrichment broth method recovered 19 isolates representing eight ribotypes
from influent samples and 18 isolates representing six ribotypes from effluent samples.

3.3.4. Real-Time PCR Detection of Toxigenic Clostridioides difficile

The RIDA®GENE Clostridium difficile multiplex real-time PCR assay detects both C.
difficile (165-rDNA) and C. difficile toxin genes A (tcdA)/B (tcdB). C. difficile was detected
in seven (87.5%) of the eight influent samples, with cycle threshold (Ct) values ranging
from 28.9 to 31.58, with one (12.5%) sample being inhibited, and no toxigenic strains
being detected. In contrast, C. difficile DNA was not detected in any of the eight effluent
samples, nor in the three water for reuse samples. A comparison of the PCR results
with culture-based results is summarized in Table 2: PCR failed to detect seven out of
eight culture-positive effluent samples; all four culture-negative samples (one effluent and
three water for reuse) were also PCR-negative. In addition, PCR could not detect the toxin
genes in any of the positive influent samples.

Overall, enteric viruses and C. difficile were frequently detected in influent samples,
but largely removed after treatment, with no detection in water for reuse samples.

3.4. Assessment of Acute Toxicity in Wastewater

The Microtox® bioassay is widely used as a screening methodology to assess the acute
toxicity of water pollutants in different matrices. It allows results to be obtained in minutes
in a simple manner and with a small sample volume, without the use of animals [45,58]. The
test measures the reduction in light emission by the Aliivibrio fischeri marine bacteria when
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exposed to toxic substances, which causes the interruption of their respiratory processes,
resulting in a reduction in the light emitted [59].

In each sample sequence, a negative control was analyzed, which expresses the intrin-
sic loss of cell viability over time. The percentage inhibition of the samples calculated has
this value into account and subtracts it. The average luminescence intensity value recorded
for the negative control was 5,316,795 relative light units (RLU).

As a positive control, two standards with different toxicities were tested: one with
higher toxicity, zinc sulphate (ZnSOy), and another less toxic, potassium dichromate
(K2Crp0y7). The positive control that presented higher toxicity recorded an average lu-
minescence intensity value of 116,847 RLU. The response sensitivity of A. fischeri bacteria
was demonstrated at different two toxicity levels. The two dose-response curves were
prepared with zinc sulphate for a working range of 3-10 mg/L that presented % effect
values between 67.0 and 95.0%. Potassium dichromate was prepared for a working range
of 16-129 mg/L and displayed % effect values ranging from 30.0% to 60.0%.

It was possible to determine the amount of toxic substance that induced the unvia-
bility of 50% of bacteria (EC50), with zinc sulphate displaying an EC50 = 2.09 mg/L and
EC50 = 77.7 mg/L for exposure to potassium dichromate.

According to Baran et al. [60] the results can be grouped as follows: 11 samples
produced a loss of luminescence of less than 20.0% and are therefore considered non-
toxic; 1 sample produced a loss of luminescence of between 20.0% and 50.0%, indicating
slight toxicity.

Our results showed that only one influent sample was considered slightly toxic (CD18),
although all samples from influent tested show inhibitions between 5.0 and 20.0%. However,
all the effluent and water for reuse samples analyzed did not present any inhibition. The
results obtained for the 12 samples analyzed are displayed in Figure 1.

Inhibition (%)

CD3 CDS cD7 CD15 CcD18 CD4 CD6 co8 CD16 CD19 CD14 CD17
influent  influent  influent  influent influent effluent effluent effluent effluent effluent water for reuse  water for reuse

Figure 1. Luminescence inhibition (%) of Aliivibrio fischeri after 15 min of exposure for influent,
effluent and water for reuse samples.

4. Discussion
4.1. Enteric Viruses and C. difficile vs. Current Microbiological Monitoring Approaches

Multiple field studies and systematic reviews have reported weak, inconsistent, or
context-dependent correlations between traditional FIBs (E. coli and enterococci) and human
enteric viruses in wastewater and reclaimed water. This pattern has been observed across
different treatment stages, including raw influent, secondary effluent, and disinfected
effluents, and across diverse reuse scenarios [61-63].

These inconsistencies reflect fundamental biological and environmental differences
between bacterial indicators and viral pathogens, including differences in persistence,
resistance to treatment processes and sources of contamination between viruses and bacteria.
For instance, E. coli and enterococci are typically removed more efficiently during biological
treatment and disinfection, whereas enteric viruses such as noroviruses and adenoviruses
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tend to persist for longer periods and exhibit removal behaviors more similar to viral
indicators such as coliphages [62].

Meta-analyses have demonstrated that virus-to-FIB ratios vary considerably depend-
ing on viral genotype, geographic region, season, and treatment extent. This variability
suggests that the use of static conversion factors or bacterial surrogates can lead to under
or overestimation of viral risk in quantitative microbial risk assessments [61].

Recent work by Cuevas-Ferrando et al. [64] further highlights the limitations of surro-
gate indicators by demonstrating that, although human-associated crAssphage correlates
strongly with fecal contamination, it performs poorly as a marker of viral infectivity or
persistence. This finding emphasizes that even viral indicators have inherent limitations.
Therefore, many authors recommend virus-specific monitoring or multi-marker approaches
(e.g., somatic and F+ coliphages, pepper mild mottle virus [PMMoV], crAssphage, or direct
viral assays) to improve the accuracy of water reuse risk assessments [61-64].

In addition to our findings, recent European environmental surveillance studies pro-
vide compelling evidence of the widespread circulation and persistence of enteric viruses
in wastewater systems and related waters. For example, Veneri et al. [65] detected human
adenovirus genomes in over 93.0% of 168 untreated wastewater samples collected across
Italy. The combined application of quantitative methods (RT-qPCR) and high-resolution
sequencing (Nanopore) demonstrated that traditional monitoring approaches may un-
derestimate both the presence and genetic diversity of adenoviruses. Together with our
proof-of-concept results on norovirus GI/GII and C. difficile in reclaimed water, these
findings support the inclusion of pathogen-specific viral and spore-forming bacterial mark-
ers to complement traditional indicators, and enable a more comprehensive assessment
of microbiological safety in water reuse settings. Overall, our observations align with
the growing body of evidence indicating that traditional bacterial indicators alone are
insufficient to assess the persistence or removal of highly resistant pathogens. Integrating
targeted molecular detection methods with toxicity screening, provides a more robust and
informative framework for water reuse safety evaluation.

Community-associated Clostridioides difficile infection (CA-CDI) arises from exposure
to C. difficile reservoirs or sources within the community, rather than the typical hospital-
associated settings. While the impact of the environment on C. difficile epidemiology has
been recognized globally, available data remains limited, including in Portugal. Hence,
and due to the changing epidemiology, integrating wastewater surveillance into CDI
surveillance could significantly enhance public health efforts by providing early detection,
outbreak tracking, and a more comprehensive understanding of CDI epidemiology [66,67].
This approach aligns with the One Health paradigm, emphasizing the interconnectedness
of human, animal, and environmental reservoirs.

In the present study, we provide insight into C. difficile surveillance in municipal
wastewater treatment plants (WWTPs) in Portugal by assessing its presence in untreated
and treated wastewater, characterizing circulating strains, and evaluating the overlap
between environmental and human strains.

C. difficile was detected in all influent samples, while detection rates were lower in ef-
fluent samples and absent in water for reuse samples. The absence of C. difficile in reclaimed
water is likely attributable to the application of tertiary treatment processes, including
microfiltration or ultrafiltration combined with disinfection using sodium hypochlorite or
UV radiation. These findings indicate that tertiary treatment was effective in removing
C. difficile spores suggesting that reclaimed water intended for irrigation or public space
cleaning is unlikely to pose a significant public health risk. Nevertheless, the limited num-
ber of samples analyzed (n = 3) warrants cautious interpretation and highlights the need
for further studies with expanded sampling. Nevertheless, our results are consistent with
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previous studies, reporting effective removal of C. difficile following advanced treatment
processes [23].

Regarding the isolation methodology, although direct inoculation of filters onto selec-
tive media was used, it was expected that the inclusion of a prior enrichment step would
improve the detection of C. difficile present at low concentrations in environmental samples.
Contrary to theoretical expectations, direct plating yielded higher positivity rates for both
influent and effluent samples. This finding aligns with those of Cizek et al. [67], who
reported C. difficile recovery from five samples using direct plating compared to only one
sample following enrichment. Nevertheless, the enrichment resulted in greater ribotype
diversity among isolates from both influent and effluent samples.

The combined use of both isolation strategies therefore represents a methodological
advantage, as instances where one method failed to recover C. difficile were often com-
pensated by successful isolation using the alternative approach. Moreover, the marked
discrepancy between molecular and culture-based detection underscores that molecular
assays performed on DNA extracted directly from wastewater samples may have limited
sensitivity. However, real-time PCR remains a valuable confirmatory tool for presumptive
C. difficile colonies isolated from food, animal, and wastewater samples, as shown by Rivas
et al. [68]. Both culture-based and molecular methods were applied to thoroughly assess
microbial contamination. Culture-based approaches detect viable and potentially infectious
organisms but may underestimate viable yet non-culturable pathogens, whereas molecular
methods, such as PCR and RT-qPCR, offer high analytical sensitivity for non-culturable
organisms, but cannot distinguish between infectious and inactivated microorganisms. The
combined application of both approaches therefore strengthens their complementarity, and
enhances reliability and interpretability of surveillance data. Collectively, these results high-
light the need to optimize isolation protocols and to establish standardized methodologies
for C. difficile detection in environmental studies.

Even though hypervirulent ribotypes were detected in influent samples, a marked
reduction in ribotype diversity was observed at the effluent stage. This finding suggests
that wastewater treatment processes are effective in decreasing the prevalence of C. difficile,
although not totally eliminating it. Both non-toxigenic and toxigenic strains of C. difficile
were identified in effluent samples, indicating that viable organisms can be released into
the environment. Although environmental C. difficile strains do not necessarily represent
an immediate risk to public health, its presence highlights the importance implementing
integrated, risk-based monitoring to ensure the safe use of reclaimed water for irrigation
and public space cleaning. Notably, most of the ribotypes recovered from effluent samples
were toxigenic and have been associated with clinical cases of CDI in humans, reinforcing
the hypothesis of bidirectional transmission between community and healthcare settings.

A high prevalence of non-toxigenic strains was also observed. Although these strains
lack toxin-encoding genes, they may still play a substantial role in CDI epidemiology.
Non-toxigenic strains often harbor antibiotic resistance genes acquired by horizontal gene
transfer (HGT), either from other C. difficile strains or from co-existing bacterial species
within the human gut or complex microbial communities such as those found in WWTPs.
Consequently, these strains may constitute reservoirs of mobile genetic elements (MGEs)
associated with antimicrobial resistance, which can subsequently be transferred to toxi-
genic strains, as demonstrated by Brouwer et al. [69]. Furthermore, selective pressures
such as residual antibiotics in WWTPs provide favorable conditions for these genetic ex-
changes [23]. These dynamics highlight the potential contribution of wastewater effluents
to the environmental dissemination of C. difficile strains of clinical relevance, and to the
emergence of CA-CDI.
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Study limitations should be acknowledged. The sample size (n = 19) and limited
temporal coverage constrain statistical generalization. Future research aims to expand
seasonal and geographic sampling, incorporate infectivity-based methods, and further
evaluate the applicability of pathogen-specific indicators like Norovirus GI/GII and C.
difficile for routine water reuse monitoring.

4.2. Usefulness of Bioassays in Water for Reuse

The Microtox® bioassay proved to be a valuable complementary tool for the rapid
assessment of acute toxicity in wastewater and reclaimed water samples. Its short response
time, low sample volume requirements, and ability to capture the combined effects of
individual substances or complex chemical mixtures makes it particularly suitable as a
screening method in water reuse monitoring programs.

In this study, Microtox® results indicated the absence of acute toxicity in effluent and
reclaimed water samples, supporting the effectiveness of treatment processes in reducing
chemical toxicity alongside microbiological hazards. When integrated with microbiological
and molecular analyses, bioassays contribute to a more holistic evaluation of reclaimed
water quality and potential risks associated with its reuse.

4.3. Compliance with Current and Future Legislation

To comply with Regulation (EU) 2020/741, Member States are required to assess the
feasibility of water reuse within river basin management plans and implement adequate
treatment processes that do not compromise ecological flow or public health. The regulation
also allows for Member States” derogations under specific conditions, particularly for
tertiary treatment requirements when wastewater is reused exclusively for agricultural
irrigation [18].

Article 15 of the revised Urban Wastewater Treatment Directive [70] further reinforces
the promotion of water reuse, particularly in water-stressed regions. Member States should
promote the reuse of treated wastewater while ensuring environmental and health safety.
Urban wastewater discharges from treatment plants serving 1000 population equivalents
or more must be regulated through prior authorizations and periodic reviews conducted
at least every ten years. Additionally, urban wastewater infrastructure must be adapted
to accommodate increased wastewater loads [18,70]. Within this evolving regulatory
landscape, the limitations of relying solely on traditional bacterial indicators becomes
increasingly evident.

Our findings, together with previous work demonstrate that fecal indicator bacteria
counts, namely E. coli, show poor correlation with more resistant pathogens, including
enteric viruses and Clostridioides difficile, in effluent wastewater [22]. This study provides
additional evidence supporting the integration of pathogen-specific monitoring approaches
that combine microbiological, molecular, and ecotoxicological indicators to enhance risk-
based water reuse assessments. Such integrated framework is essential for ensuring EU
regulatory compliances while effectively safeguarding public health.

5. Conclusions

Regulations for water reuse are closely linked to public health protection and envi-
ronmental sustainability. Contemporary regulatory frameworks increasingly incorporate a
“One Health” perspective recognizing the interdependence of human, animal, and environ-
mental health, and ensuring that compliance with these regulations prevents waterborne
diseases, protects ecosystems, and enhances resilience against water scarcity.

Water reuse plays a crucial role in addressing water scarcity, improving resource
efficiency, and promoting environmental sustainability. Through national and European
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regulations, safe and effective reuse is encouraged, ensuring that treated wastewater can be
used without compromising public health. As environmental challenges continue to evolve,
the adaptation and enforcement of these regulations will be crucial to secure a sustainable
water future. This study adds practical value to existing water reuse regulatory frameworks
by providing evidence that can support their risk-based implementation. International
and regional regulatory frameworks for water reuse, including those issued by the World
Health Organization [71] and the EU Regulation 2020/741 [18], are supported by a risk-
based approach to water reuse, where minimum microbiological requirements may be
complemented by additional monitoring, when necessary, to ensure public heath safeguard.
Our results show that Norovirus (GI and GII) and Clostridioides difficile can be detected
in treated wastewaters that comply with current bacterial standards, highlighting their
potential role as complementary indicators within existing monitoring schemes. These
findings support the inclusion of complementary microbial indicators within water reuse
risk management plans, strengthening pathogen surveillance, and complementing existing
regulatory requirements. Through this work, we aim to contribute to the following: (1) The
creation of stronger evidence highlighting the need to screen for enteric viruses in treated
wastewaters intended for reuse, as a fundamental step to safeguard public health. (2) The
development of an integrated approach for monitoring water resources, enabling the
implementation of appropriate mitigation measures when necessary.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms14020430/s1, Figure S1: Representative PCR-
ribotyping profiles of Clostridioides difficile ribotypes (RT) 078/126, 014/020 and 009, obtained from
isolates recovered from wastewater samples. The x-axis indicates fragment size (base pairs), while
the y-axis depicts relative fluorescence units (RFU), representing the intensity of emitted fluorescence;
Figure S2: Distribution and diversity of ribotypes identified amongst the 140 Clostridioides difficile
isolates from wastewater samples, collected between February and June 2024, according to sample
type, in influent (n = 99) and in treated effluent (n = 41). Ribotypes identified with “  ” have not
been found in clinical samples in this study; while “ © ” integrate the top six most prevalent clinical
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ribotypes, “*” refers to non-toxigenic (although RT011 is not marked, this toxin genetic profile was
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