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Abstract: Current regulations and legislation require critical revision to determine safety for alternative
water sources and water reuse as part of the solution to global water crisis. In order to fulfill those
demands, Lisbon municipality decided to start water reuse as part of a sustainable hydric resources
management, and there was a need to confirm safety and safeguard for public health for its use in
this context. For this purpose, a study was designed that included a total of 88 samples collected
from drinking, superficial, underground water, and wastewater at three different treatment stages.
Quantitative Polimerase Chain Reaction (PCR) detection (qQPCR) of enteric viruses Norovirus (NoV)
genogroups I (GI) and II (GII) and Hepatitis A (HepA) was performed, and also FIB (E. coli, enterococci
and fecal coliforms) concentrations were assessed. HepA virus was only detected in one untreated
influent sample, whereas NoV GI/ NoV GI were detected in untreated wastewater (100/100%),
secondary treated effluent (47/73%), and tertiary treated effluent (33/20%). Our study proposes
that NoV GI and GII should be further studied to provide the support that they may be suitable
indicators for water quality monitoring targeting wastewater treatment efficiency, regardless of the
level of treatment.
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1. Introduction

Monitoring every pathogenic microorganism potentially present in water, namely viruses, bacteria,
protozoa, or fungi, is unrealistic given the number of resources necessary for that purpose. As an
alternative, microbiological water quality assessment has been focused essentially on detecting fecal
indicator bacteria (FIB), namely Escherichia coli (E. coli) and Enterococcus spp. [1-6]. FIB are used as
surrogates for enteric pathogens in particular for monitoring fecal contamination in environmental
waters, relying on the principle that FIB existence is concomitant with pathogen presence, as
demonstrated in several studies [7,8]. However, there are also numerous studies showing that
pathogens do not correlate significantly with FIB [9-18]. Since FIB, like E. coli and Enterococcus spp.
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are shed in most animal feces [4,19,20], the lack of suitability between FIB levels and human health
outcomes may be related to the FIB source. Amplifying the disconnection between FIB and pathogens is
the ability for FIB not only to persist but to grow in environmental habitats like terrestrial soils, aquatic
sediments, and aquatic vegetation [16,21-26]. Further studies are thus essential to assess the suitability
of FIB as sole indicators not only in environmental waters but in an area that has been gaining more
importance worldwide: treated wastewater use, as demand for water reuse, is increasing worldwide -
whether by necessity in developing countries or by environmental objectives in developed countries.

An efficient and sustainable hydric resources management allows non-potable uses for treated
wastewater, such as irrigation, industrial processes, firefighting, recreational, or municipal services.
Besides the existence of heavy metals, chemicals, hormones and endocrine disruptors in wastewater, it
is still necessary to deal with the expected presence of resistant pathogenic microorganisms, many of
which are not tested or included in current standards or legislation for water quality assessment. These
microorganisms include viruses, bacteria, protozoa, and helminths, responsible for a significant number
of potentially dangerous pathologies. There are some reports showing that wastewater treatment
processes do not completely remove enteric viruses [27-29], even from effluents with adequate chlorine
concentrations or UV treatment [30]. With an increase in reclaimed water use, the potential health
impacts resultant from microbial contamination need to be further explored, as outbreaks of viral
infectious diseases have been linked to insufficient treatment [31-33]. Several viruses, including
Norovirus (NoV) and Hepatitis A (HepA), are listed in United States Environmental Protection Agency
(USEPA’s) drinking water Contaminant Candidate List (4-CCL 4), heightening waterborne viruses
as a research priority [34]. According to a recent review by Teixeira et al. ([35], in press), numerous
studies have focused on detecting enteric viruses in water samples, including treated and untreated
wastewater, as well as environmental waters. Data on NoV and HepA viruses’ concentrations, however,
particularly in tertiary-treated wastewater, are scarce ([35], in press). Therefore, further studies are
necessary to evaluate the adequate indicators for water reuse quality evaluation and support their
application for regulatory purposes.

Globally, NoV is responsible for nearly 20% of all acute gastroenteritis cases [36], with
677 million cases per year and over 213,000 deaths [37]. In risk groups comprising children,
elderly, or immunocompromised individuals, morbidity, and mortality rates of NoV infection are
significant [38—42]. NoV exposure, and possible outbreaks, have been reported in schools, hospitals,
cruise ships, nursing homes, swimming pools, and restaurants [43—47]. Transmission of the virus
primarily occurs via fecal-oral contamination route, direct contact with an infected individual, and
contaminated water or food consumption [47-51]. Contact with the virus may occur through
drinking [52], recreational [44], or irrigation water [53], leading to waterborne outbreaks [54-56].
The vast contaminated aqueous sources linked to NoV indicate a ubiquitous distribution of the
virus [57]. HepA virus transmission occurs mainly by the oral-fecal route (about 95%), and ingestion
of contaminated water and food [58-62]. HepA virus has been detected in drinking water, surface
water, groundwater, treated, and untreated wastewater [63—-67]. With global distribution, HepA is a
major causal agent of acute viral hepatitis, with approximately 1.4 million cases reported annually
globally [60,68], and a high endemicity of hepatitis A in regions with low sanitation [60,69,70].

Taking benefit from an existing standardized method for detecting NoV and HepA viruses in
food and bottled water using real-time quantitative PCR detection (RT-qPCR) (ISO/TS, 15216-1:2017),
the aim of our study was to develop a method based on this standardized method and assess the
suitability of these enteric viruses as water quality indicators for water use and reuse. Moreover, the
method developed aimed to be suitable for several water matrices—drinking, underground, superficial,
treated, and untreated wastewater, thus enabling its use in routine water quality testing for detecting
and quantifying NoV GI/GII and HepA viruses, and allowing managing entities to evaluate more
accurately potential public health risks.
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2. Materials and Methods

2.1. Sampling

Fieldwork was carried out from February 2018 to December 2018, with a total of 88 samples
collected. Sampling included: 1) underground water samples collected at two different sites in Lisbon
(n = 19); 2) superficial water intended for drinking water production (n = 10); 3) drinking water
from Lisbon’s supply system (n = 11); 4) wastewater collected at a Wastewater Treatment Plant in
the Lisbon district, at three different stages — untreated influent (n = 15), effluent with secondary
treatment (n = 15) and effluent with tertiary, sand filtration and UV treatment (n = 15). Additionally;,
blank assays were performed with distilled, sterilized water samples (n = 3). All samples were
collected in sterile polyethylene containers and stored at 4 °C for less than 2 h until chemical and
microbiological determinations were initiated. 0.5 mL of a 10% dechlorination agent NayS,03 was
added to containers before sampling in order to neutralize possible existing residual chlorine from
drinking water samples. Water samples for enteric viruses’ determinations were collected in sterile
glass containers. Enteric viruses were determined in different volumes according to the water source
(25-5000 mL). Microbiological indicators were determined in 100 mL, and chemical indicators were
determined according to standard procedures, from a total of 1000 mL [71]. The time lapse between
sample collection and laboratory processing did not exceed 24 h.

2.2. Detection and Quantification of Enteric Viruses

The procedure established in this study was based on the international standard method for the
determination of viruses in foods ISO/TS 15216-1:2017 [72]. Initially, 10 uL of Mengo virus strain
vMCO0 (ceeramTOOLS®, Biomérieux, France) were added to each sample, to be used as an internal
process control to assure the RNA extraction efficiency. Samples with extraction efficiency, >1% were
considered valid, as established in Norm ISO/TS 15216-1:2017 [72]. Viral particles were captured
through filtration with a 0.45 um pore size (47 mm diameter) positively charged nylon membrane
(Amersham Hybond N+, GE Healthcare Life Sciences, UK), from 25 mL (untreated wastewater),
1000 mL (blank assay, secondary, tertiary treated wastewater and superficial water) and 5000 mL
(drinking and underground water) samples. It should be noted that there are existing alternative
protocols for virus collection [73], which stipulate significantly high volumes for filtration and virus
collection in surface and groundwater—300 L and 1500 L, respectively. For practical reasons, namely
to avoid filter clogging and the possible inexistence of such water volumes in some groundwater
sources, and more importantly, aiming to establishing a reasonably achievable method for detecting
and quantification enteric viruses in diverse water samples for laboratories that perform the routine
water monitoring, in this study different volumes were tested and filtered according to the sample
matrix. Filters were then transferred into a sterile tube, and 4 mL of tris/glycine/beef extract (TGBE)
buffer were added and shaken at approximately 50 oscillations min~! for 20 + 5 min. An additional
4 mL of TGBE buffer was added, and the eluates pooled into a single clean tube. The pH was adjusted
to 7.0 + 0.5 with HCI (=5 mol/L). Subsequently, samples were concentrated using Amicon® Ultra-15
Centrifugal Filter Devices with a 100 kDa molecular weight cut-off (Merck Millipore, Darmstadt,
Germany), through centrifugation 4000 g, at 4 °C, for 15 min. For RNA isolation, 500 uL TRIzol®
reagent (Thermo Fisher Scientific, Waltham, MA, USA) was added to the samples and mixed for 5 min,
30 °C at 350 rpm in a thermomixer (Eppendorf, Germany). Afterward, 200 uL of chloroform were
added and samples were mixed in a thermomixer (Eppendorf, Germany) for 3 min, 30 °C at 350 rpm.
Centrifugation was then performed for 15 min, at 4 °C and 12,000 g. RNA was extracted from 140 pL
final volume (approx.) of the concentrated sample (aqueous phase) using a QlAamp Viral RNA Mini
kit (QIAGEN, Hilden, Germany), according to the manufacturer’s instructions. Samples were stored at
—80 °C until analysis. Quantitative Real-Time PCR (RT-qPCR) was performed (Applied Biosystems
AB7500 qPCR) for the specific detection of NoV GI, NoV GII, and HepA viruses. An initial screening
for the selected viruses was performed, in addition to confirmation for the absence of inhibitors with
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10-fold dilutions. RT-qPCR was performed for NoV GI, NoV GII, HepA, and Mengo virus detection
and quantification, with the use of commercial kits (ceeramTOOLS®, Biomérieux, France), according
to the manufacturer’s specifications.

2.3. Microbiological Analysis

Detection of total coliforms, E. coli, enterococci, and fecal coliforms was performed through the
use of Colilert and Enterolert with Quanti-Tray (IDDEX Laboratories, Westbrook, ME, USA). Samples
were processed according to manufacturer’s instructions. For heterotrophic plate count at 22 °C and
37 °C, agar inclusion technique was performed using 1 mL aliquots of the water sample (after the
necessary dilutions were performed) and adding 15 mL of Yeast Extract agar (VWR Chemicals, Radnor,
PA, USA), and incubated at 36 °C for 44 h and 22 °C for 68 h. After the incubation period at each
temperature, all colonies were quantified for each case.

2.4. Physical and Chemical Assessment

Temperature and pH were both determined (Thermo Scientific™ Orion™3-Star Benchtop pH Meter,
Thermo Fisher Scientific, Waltham, MA, USA) according to standard methods, as well as free chlorine
and total organic carbon (TOC) [71]. Conductivity was measured according to Standard Guideline NP
EN 27888:1996 (MeterLab CDM 210) and Mohr’s Method was performed to assess chlorides.

2.5. Statistical Analysis

A descriptive analysis was made for numeric and categorical variables. For comparing different
measures among the three wastewater treatment phases, a Kruskal-Wallis non-parametric or Fisher’s
Exact Test was used. When differences were found, multiple comparisons with Bonferroni correction
was also performed. Correlation in each wastewater treatment phase was measured with the Pearson
correlation coefficient. Statistical tests were performed bilaterally at a significance level of 5%.
The statistical analysis of the data was performed using statistical software R, version 3.4.3. [74].

3. Results

3.1. Environmental and Drinking Waters

A statistical summary for virus, microbiological, physical and chemical results (median) is
presented in Table 1, concerning blank assays (BA), superficial water intended for drinking water
production (DW1), drinking water from Lisbon’s public supply system (DW2) and underground water
samples collected at two different sites in Lisbon (GW1 and GW2). None of the enteric viruses targeted
in this study—NoV GI, NoV GII, and HepA—were detected in samples from superficial water intended
for drinking water production (n = 10), drinking water from Lisbon’s supply system (n = 11) and
underground water samples (n = 19).

Microbiological, physical, and chemical results for drinking water samples (n = 11) were all in
compliance with national legislation—Law Decree No. 306/2007, 27th August, and Law Decree No.
236/1998, 1st August, with no microbial contamination detected. Environmental - superficial and
underground bodies of water - presented similar and reduced levels of fecal contamination, with no
significant differences between them (Table 1). Apart from conductivity and TOC, which presented
lower and higher values, respectively, in the superficial water samples. The physical and chemical
results were similar between the superficial and underground water samples.
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Table 1. Microbiological, physical, and chemical results (median) for blank assays (BA), superficial
water intended for drinking water production (DW1), drinking water from Lisbon’s supply system
(DW2), and underground water samples collected at two different sites in Lisbon (GW1 and GW2).
MNP—Most Probable Number, CFU—Colony Forming Units, GC—Genomic Copies. ND—Not
detected. n = total analyzed samples. LD (limit of detection) = 1 MPN/100 mL.

BA DW1 DW2 GW1 GW2
(n=3) (n =10) (n=11) (n=8) (n=11)
Total Coliforms (MPN/100 mL) <LD 7.58 x 102 <LD 5.6 x 10! 2.01 x 102
E. coli (MPN/100 mL) <LD 2 <LD 3 <LD
Fecal Coliforms (MPN/100 mL) <LD 1 <LD 2 1
Enterococcus (MPN/100 mL) <LDO0 4 <LD 5 2.6 x 10!
HPC37 °C (CFU/mL) ND 8.4 x 10 ND 1.4 x 10! 1.57 x 10?
HPC22 °C (CFU/mL) ND 1.86 x 102 ND 8.9 x 10! 3.01 x 10?
TOC (mg/L) 0.0 3.9 0.0 0.0 0.0
Chlorides (mg C17/L) 1 7 14 30 69
Free chlorine (mg Cly/L) 0.06 0.06 0.60 0.08 0.07
Conductivity (uS/cm at 20 °C) 2 71 173 552 827
pH (25°) 6.0 7.9 7.9 7.8 7.1
NoV GI (GC/100 mL) ND ND ND ND ND
NoV GII (GC/100 mL) ND ND ND ND ND
HepA (GC/100 mL) ND ND ND ND ND

3.2. Wastewater

Untreated wastewater influent (WW1), effluent with secondary treatment (WW2) and effluent
with tertiary treatment (WW3) statistical results summary for virus, microbiological, physical and
chemical results (median) is presented in Table 2. HepA virus was only detected in one untreated
influent sample, with a 3.99 x 10° gc¢/100 mL concentration. NoV GI was detected in all wastewater
treatment stages - untreated wastewater influent (n = 15), effluent with secondary treatment (n = 7)
and effluent with tertiary treatment (n = 5). Similar results were obtained for NoV GII with the
following positive samples: untreated wastewater influent (n = 15), effluent with secondary treatment
(n =11) and effluent with tertiary treatment (n = 3). It can be noted that NoV GI median concentration
reductions are significant between stages; a 6.67 X 107 gc/100 mL initial concentration is reduced
to 8.34 x 10° gc/100 mL (WW2) and to 8.81 x 10° gc/100 mL final concentration. NoV GII initial
4.86 x 107 gc/100 mL median concentration is also significantly reduced with secondary treatment
to 2.29 x 10° gc/100 mL (WW2). With UV and sand filtration, the effluent’s concentration is also
diminished (9.69 x 10° gc/100 mL), although with no observed statistical significance.

Significant differences were found between all treatment wastewater phases for FIB and HPC
at 37 °C and 22 °C concentrations. Notably, we can observe a significant FIB decay not only with
secondary treatment but also with tertiary sand filtration and UV treatment—after which FIB have
been eliminated upon tertiary treatment (results < limit of detection). According to current Portuguese
national legislations—Law Decree No. 119/2019, 21st August—these effluents (with tertiary treatment)
can be adequate for non-potable uses including irrigation, industrial uses, firefighting or street cleaning.
Excluding chlorides, with no significant variations between wastewater treatments, the majority of the
physical and chemical results, display a statistically significant reduction with secondary treatment -
activated sludge.
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Table 2. Microbiological, physical, and chemical results (median) for untreated wastewater
influent (WW1), effluent with secondary treatment (WW2) and effluent with tertiary treatment
(WW3). * Kruskall-Wallis non parametric test. ** Multiple comparisons tests with Bonferroni
correction. a—Statistically significant difference between untreated influent and secondary treated
effluent. b—Statistically significant difference between untreated influent and tertiary treated effluent.
c—Statistically significant difference between secondary and tertiary treated effluent. MNP—Most
Probable Number, CFU—Colony Forming Units, GC—Genomic Copies. ND—Not Detected. n = total
analyzed samples. LD (limit of detection) = 1 MPN/100 mL.

wwi ww2 wws P-Value * Pairwise Test **
(n=15) (n=15) (n=15)
Total Coliforms (MPN/100 mL) 7.70 x 107 9.80 x 10* <LD <0.001 a,b,c
E. coli (MPN/100 mL) 1.66 x 107 2.14 x 10* <LD <0.001 a,b,c
Fecal Coliforms (MPN/100 mL) 1.19 x 107 1.58 x 10* <LD <0.001 a,b,c
Enterococcus (MPN/100 mL) 3.99 x10° 8.80 x 10% <LD <0.001 ab,c
HPC37 °C (CFU/mL) 3.10 x 10° 1.50 x 10* 4 <0.001 a,b,c
HPC22 °C (CFU/mL) 4.20 x 100 2.04 x 10* 2 <0.001 a,b,c
TOC (mg/L) 169.0 7.90 7.70 <0.001 a,b
Chlorides (mg CI7/L) 173 136 129 0.250 -
Free chlorine (mg Cly/L) 0.06 0.10 0.09 <0.001 a,b
Conductivity (1S/cm at 20 °C) 1262 839 860 <0.001 a,b
pH (25°) 8.0 7.0 7.5 <0.001 a,b,c
NoV GI (GC/100 mL) 6.67 x 107 8.34 x 10° 8.81 x 10° <0.001 a,b,c
NoV GII (GC/100 mL) 4.86 x 107 2.29 x 10° 9.69 x 10° <0.001 a,b
HepA (GC/100 mL) 3.99 x 10° ND ND - -

Correlations between the microbiological parameters analyzed in each wastewater treatment
phase (WW1, WW2 and WW3) were measured (Figure 1A-C). A positive correlation was observed
between NoV GI and NoV GII in untreated influent (p = 0.54), and between NoV GI and fecal coliforms
(p = 0.61). One of the highest correlations on this phase was found between Total Coliforms and
Enterococcus (p = 0.68). Several positive correlations were detected for secondary treated effluent
samples in microbiological parameters but none significant concerning NoV GI/GIL. In tertiary treated
effluents, only one moderate correlation was observed for HPC 22 °C/37 °C (p = 0.60).
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Figure 1. Graphical display of the correlation matrix of the microbiological parameters tested in each
wastewater treatment phase (A) WW1, (B) WW2, and (C) WW3). The “?”—means “Not enough finite

observations”.

4. Discussion and Conclusions

In the case of environmental and drinking waters, enteric viruses NoV GI, NoV GII, and HepA
virus were not detected in any of the samples in drinking, superficial, or underground water, suggesting
an absence of fecal contamination from a human source in these types of water. However, the presence
of total coliforms, E. coli, enterococci, and fecal coliforms were detected in samples from underground
and superficial samples, and though in reduced concentrations, it suggests a natural and expected
fecal contamination from animal origin. Studies showed that NoV, could be detected in particularly
high concentrations in feces - up to 10!* GC/g [75]. Consequently, the occurrence of NoV in surface
waters can be linked to contaminated water sources (i.e., fecal contamination) and with environmental
conditions determining the survival of the virus [14,76]. Since these viruses are highly infectious [49]
and demonstrate a high resistance to environmental degradation in water [77-79], its presence in
surface and groundwater intended for human consumption raises as a potential public health risk, by
which frequent monitoring of enteric viruses such as NoV besides FIB, could be desirable and prudent.

On what concerns the treated wastewaters, our results demonstrate that the absence of FIB does
not imply the absence of pathogenic microorganisms, namely NoV GI and GII in tertiary treated
wastewater (obtained after sand filtration and UV). FIB monitoring and their correlations with enteric
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viruses have recently been questioned [17,80,81], hence the necessity for more adequate indicators
in water quality monitoring, especially for wastewater use. Growing water resources management
concerns arise, not only in areas affected by droughts but also importantly in urban areas, like the one
targeted in this study—Lisbon, where water reuse represents one of the municipality’s commitments
as part of a sustainable hydric resources management, with self-evident safeguard for public health.
The results here obtained for Nov GI and GII concentrations are in accordance with previous studies
targeting untreated, secondary, and tertiary treated wastewater [82-85].

The results of our study support the hypothesis that NoV GI and GII might be suitable indicators
for water quality monitoring regarding wastewater treatment efficiency, regardless of the level of
the treatment—secondary or tertiary. A correlation between NoV (GI) and FIB (fecal coliforms) is
observed in untreated effluent, but in subsequent treatment phases, there was no correlation between
the targeted enteric viruses and FIB. While positive correlations observed between FIB and NoV
in untreated wastewater could be expected and were indeed observed, the absence of correlations
between FIB and secondary and tertiary treatment stages points out to a lack of a link between FIB and
the targeted enteric viruses concentrations. Moreover, in several samples with an apparent total FIB
elimination with UV and sand filtration treatment, NoV was still detectable. Our results point out
to the need of further studies and expansion to different WWTPs, in diverse locations and including
a higher number of samples, not only to further reinforce the results of this study and validate our
hypothesis but also to expand detection methods to other viral pathogens and evaluate the best and
most comprehensive indicators to use for water reuse situations. While cell culture methods have
been the gold standard for the detection of infectious viruses, qPCR methods became essential for
enteric virus detection in water samples due to shorter detection times, high sensitivity and specificity,
and the ability to detect viruses that are not easily or at all culturable [86]. A significant limitation of
the method applied in our study is the inability to differentiate infective viruses from non-infective
viruses. Nonetheless, viral genomes are present in water samples, particularly in reclaimed wastewater.
Considering an estimated 50% infectious dose (ID50) between 18 and 1,015 genomic equivalents [49],
public health risks may arise even from non-potable uses like irrigation or street cleaning, as incorrect
usage of treated wastewater has caused outbreaks of viral infectious diseases worldwide [31-33].
To this fact, it must enhance while qPCR delivers quantitative data with high accuracy; results
obtained by this method should be interpreted prudently because of potential losses during the
sample concentration/extraction/purification procedure, which may result in an underestimation in the
detection/quantification process [86]. The whole process control used in our study — Mengo virus —
allowed evaluating the efficiency for virus recovery in the different stages — from sample concentration
and RNA extraction, to RT-qPCR. However, even within the established ISO values (recovery >1%),
the obtained recovery rates for this control were usually low (<10%), which can underestimate NoV GI
and GII concentrations, particularly in reclaimed wastewater. Importantly, this study shows that a
procedure based on the international standard method for the determination of viruses in foods ISO/TS
15216-1 [72] could be applied for routine water quality monitoring of NoV and HepA, in different
water matrices.

The importance of FIB is undoubtedly as they are responsible for a significant improvement
in water quality assessment and safety management for many decades [1]. Nevertheless, current
regulations and legislation require critical revision to determine safety in particular for water reuse, as
we can observe samples determined compliant for bacterial indicators that are positive for NoV GI and
GII presence. Representing a key to the global water crisis, water reuse should also be determined safe
considering the different treatments applied, as enteric viruses’ infections also represent a worldwide
economic concern.
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