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Abstract: Climate change, unpredictable weather patterns, and droughts are depleting water re-
sources in some parts of the globe, where recycling and reusing wastewater is a strategy for different
purposes. To counteract this, the EU regulation for water reuse sets minimum requirements for the
use of reclaimed water for agricultural irrigation, including a reduction in human enteric viruses. In
the present study, the occurrence of several human enteric viruses, including the human norovirus
genogroup I (HuNoV GI), HuNoV GII, and rotavirus (RV), along with viral fecal contamination indi-
cator crAssphage was monitored by using (RT)-qPCR methods on influent wastewater and reclaimed
water samples. Moreover, the level of somatic coliphages was also determined as a culturable viral in-
dicator. To assess the potential viral infectivity, an optimization of a capsid integrity PMAxx-RT-qPCR
method was performed on sewage samples. Somatic coliphages were present in 60% of the reclaimed
water samples, indicating inefficient virus inactivation. Following PMAxx-RT-qPCR optimization,
66% of the samples tested positive for at least one of the analyzed enteric viruses, with concentrations
ranging from 2.79 to 7.30 Log10 genome copies (gc)/L. Overall, most of the analyzed reclaimed water
samples did not comply with current EU legislation and contained potential infectious viral particles.

Keywords: enteric viruses; virus contamination indicator; capsid integrity (RT)-qPCR; wastewater;
reclaimed water

1. Introduction

In recent years, wastewater-based epidemiology has become a useful tool for tracking
pathogens with notable epidemiological implications. Recent studies have successfully
applied this approach to detect a range of viruses, including the re-emergence of poliovirus
in New York [1], the tracking of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [2,3], monkeypox virus [4], and human enteric viruses [5,6]. Furthermore, the
analysis of viruses in water serves to evaluate the safety of aquatic environments and
determine the suitability of reclaimed water for various purposes, such as recreational,
agricultural, and industrial applications [7].

Human enteric viruses, primarily transmitted through the fecal–oral route (direct
contact with infected individuals, or ingestion of contaminated food and water), are re-
sponsible for viral gastroenteritis, hepatitis, and other diseases [8]. Furthermore, both
symptomatic and asymptomatic individuals can shed up to 1013 viral particles per gram of
stool [9].

Wastewater treatment systems are designed to reduce the concentration of organic
matter, suspended solids, and pathogenic microorganisms [10]. However, enteric viruses
tend to be more persistent in the environment and resistant to the removal and disinfection
processes typically applied by wastewater treatment plants (WWTPs) [7,11]. As a result,
achieving water quality with the complete removal of viral particles from reclaimed water
and preventing their presence in environmental samples has proven challenging [10,12–18].
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Considering the current water scarcity and adverse climatic conditions, it is imperative
to reuse available water resources, particularly reclaimed water for agricultural purposes,
as agriculture consumes a high proportion of water [19]. However, inappropriate use of
reclaimed water has led to outbreaks of viral infectious diseases worldwide [5], and the
reuse of wastewater in agriculture can pose health risks associated with the consumption
of fresh vegetables and berries [20]. Escherichia coli and other fecal indicator bacteria are
commonly used for assessing the microbial quality of WWTP effluent; however, many
studies have demonstrated that these methods may not accurately represent the spec-
trum of pathogens present in feces, particularly human enteric viruses [16]. Therefore,
the European Regulation (EU) 2020/741 [21] has established a minimum requirement of
≥6 Log10 reduction in the concentration of F-specific coliphages, somatic coliphages, or
total coliphages for the use reclaimed water for agricultural irrigation. In addition to fecal
indicator bacteria and coliphages, the use of crAssphage has been proposed in recent years
to estimate viral contamination in environmental waters and to assess the efficiency of viral
removal during wastewater treatment [6,7,22–24].

Currently, real-time polymerase chain reaction (qPCR) is the method of choice to
monitor human viral pathogens in wastewater and environmental samples [6,12]. However,
qPCR methods cannot discriminate between infectious viruses, inactivated viruses, or free
viral genomes. To address this limitation, samples can be pretreated with intercalating
dyes such as propidium monoazide (PMA), ethidium monoazide, or platinum compounds.
These dyes selectively allow the detection of viruses with intact capsids, providing a more
accurate assessment of viral infectivity [25–28].

Thus, in this study influent wastewater and reclaimed water samples were analyzed
for the presence of human pathogenic viruses over ten months using rapid molecular
methods. Additionally, an optimized PMAxx-RT-qPCR method was developed to infer
viral infectivity in both sample types, particularly in reclaimed water intended for irrigation.
This study also aimed to investigate the correlation between crAssphage and somatic
coliphages with the presence of human enteric viruses.

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

Influent wastewater (n = 30) and reclaimed water (n = 30) samples were collected
from May 2022 to March 2023 from a WWTP in the Comunitat Valenciana (Spain) serving
170,000 inhabitants. In the sampled wastewater treatment plant, reclamation processes
include tertiary UV treatment combined with chlorination. Grab samples (200 mL) were
collected in sterile HDPE plastic containers (Labbox Labware, Barcelona, Spain), placed on
ice, and transported to the laboratory. Upon arrival, they were kept refrigerated at 4 ◦C
and concentrated within 24 h.

2.2. Somatic Coliphages Determination

To quantify the levels of somatic coliphages, an aliquot of the water samples was
filtered through sterile filters with a pore size of 0.45 µm. The commercial Bluephage Easy
Kit for Enumeration of Somatic Coliphages (Bluephage S.L., Barcelona, Spain) was used
according to the manufacturer’s instructions.

2.3. Virus Concentration

Influent wastewater and reclaimed water samples were artificially inoculated with
approximately 7 Log10 genome copies (gc)/L of mengovirus (MgV) strain vMC0 (CECT
100000) as a process control. Samples were concentrated using an aluminum hydroxide
adsorption–precipitation method7. In brief, 200 mL of each sample was adjusted to pH
6.0, and an Al(OH)3 precipitate was formed by adding 1 part of 0.9 N AlCl3 solution to
100 parts of the sample. After adjusting the pH back to 6.0, the sample was mixed using
an orbital shaker for 15 min at room temperature (RT). The viruses were then collected by
centrifugation, and the pellet was resuspended in 10 mL of 3% beef extract pH 7.4. After
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shaking for 10 min, the water concentrate was recovered by centrifugation, resuspended in
1 mL of PBS, and stored at −80 ◦C.

2.4. Nucleic Acid Extraction, Detection and Quantification

Nucleic acid extraction from influent wastewater and reclaimed water concentrates
was performed using the Maxwell® RSC Instrument (Promega, Madison, WI, USA) with
the Maxwell RSC Pure Food GMO and authentication kit (Promega) and the “Maxwell RSC
Viral Total Nucleic Acid” running program [29,30].

For viral detection and quantification, different kits and instruments were used de-
pending on the targeted virus. The One Step PrimeScript™ RT-PCR Kit (Perfect Real Time,
Takara Bio Inc., San Jose, CA, USA) was used for the detection and quantification of the
MgV. The RNA UltraSense One-Step kit (Invitrogen, Waltham, MA, USA) was used for
the detection of human norovirus (HuNoV) genogroup I (GI), HuNoV GII, and rotavirus
(RV) as previously described [7]. The QuantStudio™ 5 Real-Time PCR (Applied Biosys-
tem, Waltham, MA, USA) and the LightCycler® 480 instrument (Roche Diagnostics, Basel,
Switzerland) were used for the PCR amplification. The qPCR Premix Ex Taq™ kit (Takara
Bio Inc.) was used for the detection of crAssphage [31]. Primers, probes, and (RT)-qPCR
conditions used in the study are listed in Supplementary Table S1. Moreover, undiluted
and 10-fold diluted nucleic acid extracts were tested in duplicate to check for inhibitors.
Different controls were used in all assays: negative extraction control consisting of PBS;
whole process control to monitor the process efficiency of each sample (MgV); and positive
(reference material) and negative (RNase-free water) (RT)-qPCR controls. Standard DNA
material for crAssphage, HuNoV GI, HuNoV GII, and RV for standard curve generation
relied on customized gBlock gene fragments (Integrated DNA Technologies, Coralville,
IA, USA).

2.5. Viral Capsid Integrity Assay in Sewage Samples and Optimization in Influent Wastewater

To assess the integrity of viral capsids on sewage samples, a protocol based on capsid
integrity to PMAxx was evaluated [32]. Briefly, samples were placed in DNA LoBind 1.5 mL
tubes (Eppendorf, Hamburg, Germany), and the photoactivable dye PMAxxTM (Biotium,
Fremont, CA, USA) was added to 300 µL of each concentrated influent wastewater sample
at 100 µM final concentration along with 0.5% Triton 100-X (Thermo Fisher Scientific,
Valencia, Spain) and then incubated in the dark at RT for 10 min at 150 rpm. Later, samples
were photoactivated for 15 min using a Led-Active Blue system (GenIUL, Barcelona, Spain),
and nucleic acid extraction was carried as described above. Due to the initially observed
underperformance of this procedure, the capsid integrity assay was further optimized
by diluting the concentrates in PBS (5-fold and 2-fold) and incorporating an additional
sample incubation and photoactivation cycle. PMAxx-RT-qPCR optimization assays were
conducted targeting HuNoV GI, HuNoV GII, and RV in influent wastewater samples
exposed or not to thermal inactivation at 99 ◦C for 5 min.

2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 5.0 (GraphPad,
La Jolla, CA, USA). Data were checked for normality distribution using the Shapiro–Wilk
normality test. Non-parametric tests, such as the Kruskal–Wallis test with Dunn’s multiple
comparisons post-test and Spearman ρ coefficient non-parametric correlation test, were
used to compare viral loads between influent wastewater and reclaimed water, assess
distribution of enteric viruses, and determine the correlation between viral titers. A t-test
was used to analyze differences in viral removal after capsid integrity treatment. The
significance level was set at a p-value cut-off of 0.05.
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3. Results and Discussion
3.1. Prevalence of Enteric Viruses, crAssphage, and Somatic Coliphages in Influent Wastewater and
Reclaimed Water Samples

The relevance of water as a vector of viral diseases has been known for decades;
however, due to climate change and water scarcity, reclamation of wastewater is of the
utmost importance. Thus, in this study, influent wastewater and reclaimed water were
analyzed over 10 months to determine the presence of HuNoV GI, HuNoV GII, and RV
together with recent proposed viral fecal contamination indicator, crAssphage and total
somatic coliphages (Figure 1).
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Figure 1. Presence of human enteric viruses, crAssphage, and somatic coliphages in influent and efflu-
ent wastewater samples over 10 months. Each colored square represents mean Log10 genome copies
(gc)/L or Log10 plaque-forming units (pfu)/L values. Abbreviations: human norovirus genotype I
(HuNoV GI), human norovirus genotype II (HuNoV GII), rotavirus (RV), limit of detection (LoD).

The recovery of the process control, MgV, ranged from 8.08% to 63.64% for influent
wastewater samples and from 11.72% to 99.20% for reclaimed water samples (Supplemen-
tary Table S2). Thus, the obtained results were validated based on the criteria outlined
in ISO 15216-1:2017 [33], where a recovery control of ≥1% is required. Considering the
characteristics of the samples and the study’s objectives, viral titers were not adjusted based
on the recovery of the process control, as back-calculation is not recommended [34].

The average viral concentrations in influent wastewater (n = 30) were 4.11 ± 0.62
(26/30), 7.87 ± 0.97 (30/30), and 8.11 ± 1.31 (27/30) Log10 gc/L for HuNoV GI, HuNoV
GII and RV, respectively (Figure 1). Haramoto and collaborators [34] summarized the
average concentrations of HuNoV GI, HuNoV GII, and RV in different environmental water
samples, and our results are consistent with those findings, except for RV, for which we
recorded higher levels. Additionally, these findings align with those reported by Stobnicka
and collaborators [17], where HuNoV GII was the most prevalent enteric virus, followed
by HuNoV GI and RV. Similar results have also been reported by other authors [7,35],
showing a higher concentration of RV followed by HuNoV GII and HuNoV GI in influent
wastewater. However, Randazzo et al. [26] described lower levels for RV (5.41–6.52 Log
PCR units (PCRU)/L).

There are few studies that have analyzed the distribution of enteric viruses in environ-
mental samples over long periods of time [12,36,37], and particularly in sewage [7,13,34].
The viral concentrations obtained over ten months and distributed across the study by
season are represented in Figure 2.

In influent wastewater, statistically higher levels of HuNoV GII were observed during
the fall season (p < 0.05). These trends align with previously findings [14,15] that also
reported higher levels of HuNoV GI and GII in the cold months (October–March), with
HuNoV GII being more prevalent than HuNoV GI [38–40]. However, considering the
duration of this study, the term seasonality may not be fully applicable. To accurately assess
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the impact of climate on the distribution of enteric viruses in environmental samples, more
extensive and longer-term studies, spanning at least three years, are deemed necessary.
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Figure 2. Temporary distribution of enteric viruses, crAssphage and somatic coliphages on influent
samples. Bars represent mean Log10 genome copies (gc)/L or Log10 plaque-forming units (pfu)/L
values. * p < 0.05 between seasons for HuNoV GII. Abbreviations: human norovirus genotype I
(HuNoV GI), human norovirus genotype II (HuNoV GII), rotavirus (RV), limit of detection (LoD).

Regarding viral fecal indicators, crAssphage showed the highest concentrations, which
ranged from 5.71 to 9.67 Log10 gc/L (30/30) in influent wastewater. Wu et al. [36] reported
values ranging from 7.20 to 8.96 Log10 gc/L on influent wastewater, which aligns with
concentrations reported in other studies from Italy, US, and Japan [41–43]. The concen-
tration of crAssphage in influent wastewater can reach levels up to 10 Log10 gc/L [44],
although it may vary depending on factors such as urbanization level, population served
by WWTP, available infrastructures, climate conditions, and the impact of diet on the gut
microbiome [44,45].

In parallel, somatic coliphages were monitored by plate count, and the results showed
mean concentrations of 5.36 ± 0.79 Log10 plaque-forming units (pfu)/L (30/30) in influent
wastewater. However, in a recent review [46], somatic coliphages were found at higher
levels, with an average of 7.26 ± 0.50 Log10 pfu/L. Additionally, in a study [47] conducted
on influent wastewater across the United States, the average of somatic coliphages was
5.61 ± 0.91 Log10 pfu/L.

In general, influent wastewater is known to present a high prevalence of human
enteric viruses [5]. Considering the current climate change situation and the challenge of
water scarcity, it is important to treat and regenerate these waters for various purposes [48].
At the international level, there are different regulations proposing acceptable removal
targets for the correct reuse of wastewater [49]. Bacterial indicator counts are generally
used, but monitoring of viral indicators is typically not required, though virus removal
rates are often prescribed by treatment requirements for system design [50]. The most
recent European legislation 2020/741 [21] sets minimum requirements for wastewater reuse,
specifically requiring a ≥6 Log10 reduction in rotavirus and coliphages. This legislation also
emphasizes the need to validate monitoring programs as a barrier to virus transmission in
reclaimed water used for agricultural irrigation [21].

In reclaimed water samples (n = 30), the most prevalent virus, RV, was detected
with average concentrations of 7.05 ± 0.61 Log10 gc/L (30/30). Additionally, HuNoV
GI and HuNoV GII were found in reclaimed waters at levels of 3.23 ± 0.46 (20/30) and
6.83 ± 0.60 (17/30) Log10 gc/L, respectively (Figure 1). Overall, the HuNoV GI and
HuNoV GII concentration in reclaimed water reported in this study was higher than those
previously reported [7,16,26]. While Randazzo and collaborators [26] reported RV levels
(<5.51 Log PCRU/L) lower than those reported in our study.

CrAssphage is consistently present and has been reported in waters that receive
human fecal pollution [22]. All reclaimed water samples tested positive for crAssphage by
qPCR, with levels ranging from 4.53 to 8.26 Log10 gc/L (30/30). These levels are similar to
those previously described [7].
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The presence of somatic coliphages in reclaimed water was analyzed to verify com-
pliance with legislative reduction requirements and to assess their correlation with the
presence of human enteric viruses, as the detection of somatic coliphages in reclaimed
water may serve as an indicator of the presence of enteric viruses or the efficacy of their
elimination. After the wastewater treatment, the mean removal of somatic coliphages was
3.18 ± 1.74 Log10 pfu/L (Figure 3).
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wastewater treatment. Abbreviations: human norovirus genotype I (HuNoV GI), human norovirus
genotype II (HuNoV GII), rotavirus (RV), genome copies (gc), pfu (plaque-forming units).

Values provided in a recent review [42] showed a reduction in somatic coliphages
levels in European WWTPs of 2.32 ± 0.42 Log10 pfu/L, being significantly lower than the
results obtained in our study. The study conducted by Worley-Morse et al. [51], carried
out in United States, showed an initial mean reduction in somatic coliphages in primary
treatment of 0.4 Log10 pfu/L. In secondary treatment, reductions ranged from 0.06 to
3 Log10 pfu/L, relative to initial somatic coliphages levels of 6.2 ± 0.49 Log pfu/L. While
the reduction in coliphages reported in our study did not meet legislative specifications,
it is noteworthy that coliphages were the only analyzed viruses to achieve complete re-
duction in 40% of the reclaimed water samples (Supplementary Table S2). None of the
studied enteric viruses or crAssphage achieved the required reduction after the wastewater
treatment (Supplementary Table S3), indicating a low efficacy in virus removal by the
analyzed WWTP. The mean Log10 removals were 0.96 ± 0.72, 2.29 ± 0.95, 1.03 ± 0.60, and
3.18 ± 1.34 gc/L for HuNoV GI, HuNoV GII, RV, and crAssphage, respectively (Figure 3).

It is important to note that, while infectivity cannot be directly inferred from (RT)-
qPCR detection, the observed combination of factors warrants caution in the reuse of these
waters. Considering the levels of somatic coliphages and the high concentration of enteric
viruses recorded in the reclaimed water samples of our study, it is advisable to reject these
reclaimed waters and consider them unsuitable for agricultural irrigation.

3.2. Correlation among Enteric Viruses and Viral Indicators in Reclaimed Water

Fecal indicator bacteria have been proven to not accurately reflect viral risk to human
health [52,53] as they do for pathogenic bacteria [54]. CrAssphage, which has lately been
raised as a novel fecal marker, has been suggested as a new viral indicator in wastewater
samples analyses [55]. The presence of crAssphage indicates fecal contamination from
human or animal sources. Increased levels of crAssphage within reclaimed water heighten
the probability of pathogenic viruses. Recent studies have also shown crAssphage to
be a robust indicator of fecal contamination in the environment and in different water
matrices [22,23,35,36,43,44,55,56]. However, the correlation between crAssphage and the
presence of human viral pathogens is not clear and further research is needed. In our study,
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a strong positive correlation (n = 30) of crAssphage with HuNoV GII (ρ = 0.86, p = 0.01)
and a moderate correlation with RV (ρ = 0.62, p = 0.06) was observed in reclaimed water
analyzed by (RT)-qPCR. The same correlation test was performed with reclaimed water
samples positive for somatic coliphages and did not show any correlation in conjunction
with enteric viruses (Figure 4).
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3.3. Assessing Viral Infectivity in Influent Wastewater and Reclaimed Water by PMAxx-RT-qPCR

To avoid overestimating the risk of inactivated viruses by the use of molecular tech-
niques, a capsid integrity assay was conducted. PCR-based monitoring of enteric viruses
in reclaimed water can be a sensitive and specific tool for assessing compliance with Eu-
ropean legislation. However, molecular-based methods can detect both infectious and
non-infectious viruses, which may overestimate the risk associated with reclaimed wa-
ter [26–28]. Traditional cell-culture methods for assessing viral infectivity in water samples
have faced challenges [11], leading to the development of new methods based on capsid
integrity using viability markers. These methods have shown promising results for evaluat-
ing the infectivity of enteric, mainly HuNoV and hepatitis A virus, and respiratory viruses
in wastewater and other matrices [3,25–27,32,57,58]. Capsid integrity, among other capsid
integrity methods, is a valid and robust indicator of virus infectivity and can enhance risk
assessment in monitoring programs [7].

This study provides additional insights into the optimal conditions for quantifying
intact capsid enteric viruses in influent wastewater and reclaimed waters, particularly
for RV, for which such novel optimized methods have not been validated previously. To
validate the PMAxx-RT-qPCR protocol, different dilutions of influent wastewater were
conducted and were tested for HuNoV GI, HuNoV GII, and RV presence to achieve the
best performance. However, the signal was not efficiently reduced after inactivation at
99 ◦C together with PMAxx treatment. Thus, simple photoactivation was not sufficient
to evaluate the potential infectivity of HuNoV GI, HuNoV GII, and RV in these types of
samples. It is known that various factors (concentration and dye intercalating conditions,
matrix, among others) can prevent a proper photoactivation of PMAxx affecting signal
reduction in inactivated and treated samples [26]. Therefore, diluted influent wastewater
and reclaimed water samples in PBS (5-fold and 2-fold, respectively) were subjected to
double photoactivation, after the thermal inactivation step, and the signal of the samples
treated with PMAxx was completely reduced. In all cases, a negative process control was
used (Supplementary Table S4 and Figure 5).



Viruses 2024, 16, 816 8 of 13

Viruses 2024, 16, x FOR PEER REVIEW 8 of 14 
 

 

viruses in wastewater and other matrices [3,25–27,32,57,58]. Capsid integrity, among other 

capsid integrity methods, is a valid and robust indicator of virus infectivity and can 

enhance risk assessment in monitoring programs [7]. 

This study provides additional insights into the optimal conditions for quantifying 

intact capsid enteric viruses in influent wastewater and reclaimed waters, particularly for 

RV, for which such novel optimized methods have not been validated previously. To 

validate the PMAxx-RT-qPCR protocol, different dilutions of influent wastewater were 

conducted and were tested for HuNoV GI, HuNoV GII, and RV presence to achieve the 

best performance. However, the signal was not efficiently reduced after inactivation at 99 

°C together with PMAxx treatment. Thus, simple photoactivation was not sufficient to 

evaluate the potential infectivity of HuNoV GI, HuNoV GII, and RV in these types of 

samples. It is known that various factors (concentration and dye intercalating conditions, 

matrix, among others) can prevent a proper photoactivation of PMAxx affecting signal 

reduction in inactivated and treated samples [26]. Therefore, diluted influent wastewater 

and reclaimed water samples in PBS (5-fold and 2-fold, respectively) were subjected to 

double photoactivation, after the thermal inactivation step, and the signal of the samples 

treated with PMAxx was completely reduced. In all cases, a negative process control was 

used (Supplementary Table S4 and Figure 5). 

 

Figure 5. Optimization of PMAxx-RT-qPCR assay for influent wastewater samples. Abbreviations: 

human norovirus genotype I (HuNoV GI), human norovirus genotype II (HuNoV GII), rotavirus 

(RV), cycle threshold (Ct), limit of detection (LoD). 

The presence of potentially infectious viruses was tested in a subset (n = 18) of 

influent wastewater and reclaimed water samples using the optimized PMAxx-RT-qPCR 

method for RV and HuNoV [32]. The evaluation of influent wastewater and reclaimed 

water samples over the course of the study using the PMAxx-RT-qPCR method revealed 

the presence of potentially infectious HuNoV GI, HuNoV GII, and RV (Supplementary 

Table S5). After performing the capsid integrity (RT)-qPCR with optimized conditions, the 

cycle threshold (Ct) is shown in Figure 6. 

Figure 5. Optimization of PMAxx-RT-qPCR assay for influent wastewater samples. Abbreviations:
human norovirus genotype I (HuNoV GI), human norovirus genotype II (HuNoV GII), rotavirus
(RV), cycle threshold (Ct), limit of detection (LoD).

The presence of potentially infectious viruses was tested in a subset (n = 18) of influent
wastewater and reclaimed water samples using the optimized PMAxx-RT-qPCR method for
RV and HuNoV [32]. The evaluation of influent wastewater and reclaimed water samples
over the course of the study using the PMAxx-RT-qPCR method revealed the presence of
potentially infectious HuNoV GI, HuNoV GII, and RV (Supplementary Table S5). After
performing the capsid integrity (RT)-qPCR with optimized conditions, the cycle threshold
(Ct) is shown in Figure 6.

Our results indicate that 89% of influent wastewater treated with the optimized PMAxx
protocol (n = 9) tested positive for HuNoV GI, and 100% tested positive for HuNoV GII,
with an average concentration of 4.59 ± 0.32 Log10 gc/L (8/9) and 7.46 ± 0.50 Log10
gc/L (9/9). RV was present in 67% of influent wastewater samples analyzed both with
and without the optimized PMAxx protocol, with higher mean levels compared to the
other two viruses, at 8.12 ± 0.25 Log10 gc/L (6/9). In positive reclaimed water samples
treated with the optimized PMAxx protocol (n = 9), HuNoV GI was detected in 67%
of samples with average concentrations of 3.82 ± 0.52 Log10 gc/L (6/9), while HuNoV
GII was only detected in one replicate of all the analyzed samples, with a concentration
of 5.94 Log10 gc/L (1/9). Additionally, RV was detected in 78% of the samples with
concentrations of 6.69 ± 0.48 Log10 gc/L (7/9). Results obtained after the capsid integrity
assay suggest the potential spread of infectious viruses through the environment by positive
reclaimed waters.

A high prevalence of HuNoV GI, GII and RV has been consistently reported in influent
wastewater despite yearly fluctuations [26,59]. After reclamation treatments, enteric viruses
demonstrate a significant reduction with an expected average decrease of 1 to 1.5 Log10
due to conventional secondary activated sludge treatment [5]. However, removal rates
vary considerably based on the treatment facility [5]. In our study, the detection limit
of each virus was used to perform the analyses in cases of total reduction among paired
samples. The reduction in influent wastewater and reclaimed water samples mean levels
using PMAxx-RT-qPCR results of HuNoV GI was 1.39 ± 0.51 Log10 gc/L, while HuNoV
GII was detected in only one effluent sample with reduction of 3.06 ± 0.45 Log10 gc/L,
being the enteric virus with greatest removal. Kevill et al. [60] reported values showing a
similar trend to our results for HuNoV before conducting a PMAxx-RT-qPCR; however,
in their case, the reductions observed for HuNoV GII were lower than those observed in
our study. RV mean level reduction after the reclamation treatment was 1.29 ± 0.29 Log10
(Supplementary Table S6). The results of removal obtained by capsid integrity assay show
statistically significant differences (p < 0.05) compared to those obtained from (RT)-qPCR
for HuNoV GII and RV, except for HuNoV GI. This approach enables the estimation of dis-
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infection treatment effectiveness and the risk of pathogens spreading through wastewater
reuse. This fact contributes to the knowledge of HuNoV GI presenting higher resistance at
reclamation and disinfection processes than HuNoV GII [39,40], having greater prevalence
and stability in the environment, and therefore being more associated with water-related
outbreaks and the possibility of crop contamination. Unlike HuNoV GI, HuNoV GII is
generally linked to food-related outbreaks, mainly due to food handling and its lower
resistance to reclamation treatments [61,62]. RV is remarkably resistant to the reclamation
process, being transmitted through contaminated water among other infection pathways
and being able to survive for long periods in the environment [63,64].
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detection (LoD).
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HuNoV GI has been reported in a high number of vegetable and fruit-associated
outbreaks [65]. RV has also been detected in raw vegetables, although not as frequently as
HuNoV GI [49]. Furthermore, RV has been identified as being linked to the post-harvest
use of water [65,66]. However, the risk posed by RV contamination of fresh vegetables is not
well understood [67]. The higher prevalence of HuNoV GI and RV in sewage indicates that
reclaimed water is the probable source of fresh vegetable contamination [49,63–66]. Thus,
determining the available water source quality may prevent the contamination of fresh
vegetables during pre-harvest stage via irrigation and throughout the food production chain.
The low infectious dose [9] of enteric viruses and their ability to remain infectious under
certain conditions entails the subsequent exposure of consumers to potentially infectious
HuNoV and RV by consuming fresh and uncooked vegetables. According to Regulation
(EU) 2020/741 [21] and considering the detection of viruses by PMAxx-RT-qPCR, the
reclaimed waters analyzed in this study should not be used for agricultural purposes.

4. Conclusions

In this study the monitoring of enteric viruses and crAssphage was conducted over
10 months on both influent wastewater and reclaimed water samples by (RT)-qPCR. Fur-
thermore, an optimized capsid integrity assay was applied by using the intercalating
dye PMAxx. Additionally, somatic coliphages counting was assessed and their absence
in reclaimed water samples did not correlate with the removal of potential infectious
viral particles.

The optimization of PMAxx-RT-qPCR method served as a useful tool to check capsid
integrity and address potential infectivity of enteric viruses in both influent wastewater
and reclaimed water. This study provides insights to better understand the presence and
potential infectivity of enteric viruses, particularly for RV, in reclaimed waters intended for
agricultural purposes. Nevertheless, capsid integrity assays do not guarantee the infectivity
of the samples; therefore, future research needs to focus on comparative studies between
molecular assays and viral cell culture on environmental samples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16060816/s1. Table S1: Primers, probes, (RT)-qPCR conditions,
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qPCR. Table S4: Cycle threshold (Ct) values for the PMAxx-RT-qPCR optimization tests in influent
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