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Abstract: Wastewater treatment plants (WWTPs) are the final stage of the anthropogenic water cycle
where a wide range of chemical and biological markers of human activity can be found. In COVID-19
disease contexts, wastewater surveillance has been used to infer community trends based on viral
abundance and SARS-CoV-2 RNA variant composition, which has served to anticipate and establish
appropriate protocols to prevent potential viral outbreaks. Numerous studies worldwide have
provided reliable and robust tools to detect and quantify SARS-CoV-2 RNA in wastewater, although
due to the high dilution and degradation rate of the viral RNA in such samples, the detection limit
of the pathogen has been a bottleneck for the proposed protocols so far. The current work provides
a comprehensive and systematic study of the different parameters that may affect the detection of
SARS-CoV-2 RNA in wastewater and hinder its quantification. The results obtained using synthetic
viral RNA as a template allow us to consider that 10 genome copies per µL is the minimum RNA
concentration that provides reliable and consistent values for the quantification of SARS-CoV-2 RNA.
RT-qPCR analysis of wastewater samples collected at the WWTP in Salamanca (western Spain) and at
six pumping stations in the city showed that below this threshold, positive results must be confirmed
by sequencing to identify the specific viral sequence. This allowed us to find correlations between the
SARS-CoV-2 RNA levels found in wastewater and the COVID-19 clinical data reported by health
authorities. The close match between environmental and clinical data from the Salamanca case study
has been confirmed by similar experimental approaches in four other cities in the same region. The
present methodological approach reinforces the usefulness of wastewater-based epidemiology (WBE)
studies in the face of future pandemic outbreaks.
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1. Introduction

New emerging diseases continue to pose a major threat to human health. Coronavirus
disease 2019 (COVID-19) broke out with great strength in our society, mainly due to the
quick and easy transmission of SARS-CoV-2 through inhalation of aerosols/droplets and
direct person-to-person contact [1,2]. Independent of the airborne and contact transmission
of this virus and its localization in the respiratory tract and skin, SARS-CoV-2 RNA has
been reported in urine [3] and faeces [4–9] of infected persons. In asymptomatic infected
individuals with negative results for the presence of SARS-CoV-2 in nasopharyngeal swabs,
the virus was readily detected over a 42-day period in their faecal samples [10]. The fae-
ces, urine, and vomit of people infected with SARS-CoV-2 are discharged into sewage
systems and subsequently pass into wastewater, allowing for at least the RNA from the
viral particles to eventually reach wastewater treatment plants (WWTPs) [11]. This scenario
prompted the idea that municipal wastewater from communities affected by the virus could
contain traces of SARS-CoV-2 RNA, and different protocols and research approaches have
been used to detect its genomic RNA in this context [12,13], making wastewater screening
a major tool for population-wide surveillance of infectious diseases [14,15]. However,
wastewater-based epidemiology (WBE), drawn from the initial idea that viruses could
be shed into sewage in sufficiently high quantities to be detected, has generated some
controversy, mainly due to the expected lability of both the virus itself and its RNA in such
hostile environments [16,17]. Indeed, studies have shown that SARS-CoV-2 virions are de-
graded by the reactions that occur in WWTPs [18–20]. In any case, detection of SARS-CoV-2
genomic RNA traces in untreated wastewater was promptly reported in several countries,
such as Australia [13], France [21], Japan [22], India [23], Italy [24,25], The Netherlands [19],
Spain [18], Sweden [25], and the USA [26], in the early stages of the pandemic. It is accepted
that sewage is not a putative route for COVID-19 transmission, but the fact that SARS-CoV-2
RNA was detected in wastewater led to some health concerns [27–30]. Comparison of viral
genomic RNA copies with epidemiological data allows for the tracking of infection rates
as an early warning WBE tool for prevention of COVID-19 disease outbreaks, informing
decision making in public health programs [31].

SARS-CoV-2 RNA surveillance in wastewater is a complex approach engaging several
stages until purified RNA is obtained for quantification [32,33]. The step of genome copy
(gc) quantification normally relies on a reverse transcription–quantitative polymerase chain
reaction (RT-qPCR) assay, considered the “gold-standard” method for RNA detection and
quantification [34]. While it is likely that in most laboratories involved in SARS-CoV-2 RNA
monitoring during the pandemic, inter-laboratory comparisons were performed to ensure
accuracy of results, the huge amount of generated RT-qPCR data has been subject to the
reliability and reproducibility of this methodology [35]. In this regard, the performance of
a given primer set plays a key role in concentration determination by RT-qPCR assays, as it
must be adjusted using the synthesis efficiency of a known template.

In the present study, the limitations of the RT-qPCR technique for massive popula-
tion testing of SARS-CoV-2 are examined. To this end, the efficiency of four described
primer–probe sets targeting distinct regions of the viral genome that performed well on
samples derived from infected patients was investigated for SARS-CoV-2 synthetic RNA
quantification. Our experimental approach started from the idea that reagents work well
when the template is at an optimal concentration but that they may not work as well
when the template is diluted so that it becomes a limiting factor, which is a very plau-
sible scenario in wastewater samples. Thus, after validating the correct functioning of
two of the primer–probe sets at a concentration of only 10 gc µL−1, SARS-CoV-2 RNA
was detected and quantified in wastewater samples from the Salamanca WWTP. Multiple
samples collected over a period of eight months (September 2020 to April 2021) from seven
different community facilities were analysed, resulting in a total sample set of 81 time
points for the city of Salamanca. For WBE purposes, a pairwise comparison was performed
using the obtained values and the clinical cases reported by the local health authority
(https://analisis.datosabiertos.jcyl.es/pages/coronavirus/, accessed on 3 October 2023),
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defined as the cumulative number of new COVID-19 cases reported over 7 or 14 days.
For comparison, SARS-CoV-2 synthetic RNA was also quantified, and SARS-CoV-2 RNA
was detected and quantified in these wastewater samples by reverse transcription loop-
mediated isothermal amplification (RT-LAMP). The results presented here demonstrate the
obvious importance of the choice of primer–probe set, as well as the choice of concentration
of template RNA minimally required to obtain reliable data in wastewater monitoring,
which can be extended to other viruses similar to SARS-CoV-2. Despite the high degrada-
tion rate occurring in WWTPs, the trend of clinical cases in the city of Salamanca (Spain)
and in four other nearby cities where our protocol was applied, shows the usefulness of
wastewater monitoring of SARS-CoV-2 RNA to establish epidemiological alerts.

2. Results
2.1. Wastewater Sample Collection and Representativeness Evaluation

To achieve maximum representativeness of the monitoring sites, influent water sam-
ples were collected at the Salamanca WWTP and at six suburban pumping stations located
within the metropolitan area of Salamanca encompassing ca. 170,000 inhabitants (Figure S1).
The sampling point was determined at the inlet of the WWTP, and a preliminary 24 h study
of an ordinary working day was carried out to determine the stretch of time during which
the daily influent sample water should be taken. The determination of total coliform
bacteria, as a recommended indicator for faecal contamination in wastewater, and TOC
concentration served as indicator parameters (Figures S2 and S3) to determine the usual
time slot of maximum evacuation of the population and, therefore, to explore the pres-
ence and predominance of SARS-CoV-2 viral traces in wastewater samples. As depicted
in Figure S2, results of the hourly microbiological analysis of influent wastewater at the
WWTP showed the highest value of coliforms at 11:00 h, whereas the turbidity reached the
maximum at 17:00 h. A study of organic compounds determined that in the time interval
of 10:00–18:00 h, there was a high TOC concentration, as shown in Figure S4, reinforcing
the idea that around 11:00 h would be the best sampling window, as the viral RNAs are
expected to be at their peak. Similarly, a study of Pearson correlations (significance level
of 95% if p < 0.05) between variables was carried out (Figure S3), resulting in an inverse
correlation (r = −0.2171 and p = 0.0473) between total coliforms and suspended solids
to be precipitated (Figure S3A), while a positive correlation (r = 0.3067 and p = 0.0001)
between the concentration of organic matter and suspended solids to be precipitated was
also observed (Figure S3B). Moreover, there was no correlation (p > 0.05) between variables
for faecal coliforms and suspended solids to be precipitated (Figure S3C). According to
these results, 10–18 h was the time slot chosen for wastewater sample collection throughout
the study.

2.2. Detection Limit Determined by RT-qPCR for SARS-CoV-2 RNA

The use of synthetic RNA was chosen as the best option for RT-qPCR normaliza-
tion. The SARS-CoV-2 synthetic RNA covers the entire ssRNA viral genome in six non-
overlapping 5 kb fragments. The RNA is provided at a known concentration, which, after
serial dilution, yields known concentrations ranging from 100,000 to 0.001 RNA gc µL−1

to be tested by RT-qPCR. In that way, standard curves are a suitable tool to interpolate
SARS-CoV-2 RNA concentration from a given wastewater sample. Different oligo pairs
targeting distinct regions of the viral RNA genome available in the literature (Table S1)
were tested. It must be considered that when amplifying the reverse-transcribed cDNA
from viral RNA using the previously described primer–probe sets, a single amplicon was
not always obtained, as determined by melt curve analysis. For instance, using the primer
pair of E_Sarbeco_F1 and E_Sarbeco_R2 (Table S1) targeted to the E gene, the melting curve
showed two peaks—a result that is usually interpreted as primer dimers (Figure S5A). In
fact, follow-up analysis by gel electrophoresis (Figure S5B,C) revealed that both curves
generated two discrete amplicons, confirming that a single PCR product was not obtained.
For RT-qPCR reactions aimed at generating the standard curve, the concentrations in prob-
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lem samples ranged from 25,000 to 0.0025 gc of synthetic RNA per µL. It was observed
that the obtained values were not reliable for SARS-CoV-2 synthetic RNA concentrations
below 1.0 gc µL−1 and that lower values imply pipetting errors, which have been shown to
have a major impact on data consistency. High variability among technical replicates was
observed for concentrations below 10 gc µL−1 in the standard curve (that is, below 2.5 gc
per µL in a 20 µL reaction) (Figure S6). Furthermore, apart from problems generated by
the primer–probe set targeting the E-coding region, the primer–probe set directed to N in
5’-coding region also yielded ambiguous results among technical replicates at the standard
curve point of 10 gc µL−1 (Table S2). Thus, this concentration was established as the lowest
point of the standard curve, with 100, 1000, and 10,000 gc µL−1 being the concentrations
chosen to generate the standard curve. As the Cp obtained for each point varies from one
plate to another, it was necessary to include the four points, with three technical replicates
for each of them, in each plate that was made. In that way, viral gc could be calculated based
on the Cp obtained in the problem sample (Figure 1). Moreover, our results indicate that,
out of the four tested primer–probe sets, only those targeting orf1ab and N in 3′-coding
regions showed reliable performance at a concentration of 10 gc µL−1 on the standard
curve. Thus, these two effective primer–probe sets were elected as trustworthy tools for
subsequent analysis of wastewater samples.
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Figure 1. Validation of primer–probe sets using SARS-CoV-2 synthetic RNA. RT-qPCR was performed
on viral genomic RNA (1 × 104 to 1 × 101 genome copies µL−1) to construct standard curves for
the orf1ab, N2, N, and E regions to tabulate PCR amplification efficiency. Error bars show the
standard deviation.

To assess the extent to which the way cDNA was synthesised had an impact on
the detection and quantification of SARS-CoV-2 RNA, a two-step approach was further
evaluated. To do so, RT was performed in a pre-qPCR reaction using random hexamers
or specific primers for cDNA synthesis, as well as undiluted SARS-CoV-2 synthetic RNA.
Similar to the results obtained when amplifying SARS-CoV-2 synthetic RNA in a one-step
assay, a high variability among technical replicates was detected for standard curve point
concentrations below 10 gc µL−1 (that is, below 2.5 gc µL−1 in a 20 µL reaction). Still,
the Cp values obtained by the two approaches were quite similar for each concentration
point. Although it is not feasible to obtain a linear correlation, the fact that the Cp for each
concentration point was in the same range showed that performing RT and qPCR reactions
in a single tube using the one-step approach was not only appropriate but the best option
for further analysis of wastewater.
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In addition, the RT-qPCR amplicons obtained at each point of the standard curve were
sequenced to confirm and estimate the percentage of real amplification of the viral genome.
In early sampling, PCR amplicons were used directly for sequencing after purification but
with little success, since in most cases, no sequence was retrieved. To overcome this problem,
which could be due to the generation of a mixture of amplicons during the PCR reaction,
amplicons were cloned before sequencing. The sequence of the SARS-CoV-2 control was
straightforwardly detected with up to 100% success when 10,000 gc µL−1 standard curve
point PCR products were analysed (Table 1). However, the percentage decreased as the
analysed concentration of the standard points decreased, reaching the lowest value of 40%
when the one-step RT-qPCR assay was performed using the primer–probe set targeting
the orf1ab-coding region for the 10 gc µL−1 standard curve point (Table 1). RT-qPCR
performance was much worse when two-step assay amplification products were sequenced;
in this case, targeting N in the 3′-coding region for the 10 gc µL−1 standard curve point
achieved 0% success (Table 1). Similarly, to confirm that the PCR products generated
in positive RT-qPCR wastewater samples corresponded to the expected regions of the
viral genome, amplicons were sequenced. As for the standard curve points, the correct
sequence of SARS-CoV-2 was directly detected, confirming that the analysed samples
contained genomic viral traces. Nonetheless, by-products that share homology with another
organism other than SARS-CoV-2 were sequenced. In the case of the sample collected on
27 October 2020, 50% of the amplicons sequenced when targeting the orf1ab-coding region
shared homology with Acinetobacter spp.; on that day, the gc of SARS-CoV-2 RNA was
calculated to be 1.16 × 104 gc L−1 using the same primer–probe set. Likewise, 50% of the
amplicons sequenced when the orfab1-coding region was targeted in the sample collected
on 10 November 2020 showed no homology with sequences present in the databases,
the calculated gc of SARS-CoV-2 RNA on that day being 2.29 × 104 gc L−1 using the
same primer–probe set. Thus, sequenced by-products that either shared homology with
organisms other than SARS-CoV-2 or did not show homology with sequences present in
the databases were considered PCR artifacts.

Table 1. Sensitivity performance expressed as percentage of positive samples detected over 40 cycles
at four concentrations between nCoV_IP4-14095 and 2019-nCoV_N2 primer–probe sets.

Standard Curve Points

RT Methodology Gene 104 103 102 101 NTC

2-step (6-mers primers)
orf1ab 10/10 (100%) 8/8 (100%) 7/9 (77.78%) 7/10 (70%) 0/10 (0%)

3′ N 10/10 (100%) 4/10 (44.5%) 6/10 (60%) 0/10 (0%) 0/10 (0%)

1-step (specific primers)
orf1ab 9/9 (100%) 11/16 (68.7%) 6/9 (66.6%) 4/10 (40%) 1/10 (10%)

3′ N 9/10 (90%) 8/9 (88.9%) 8/10 (80%) 6/10 (60%) 0/10 (0%)

2.3. Detection Limit Determined by One-Step RT-LAMP for SARS-CoV-2 RNA

As for RT-qPCR reactions, different SARS-CoV-2 synthetic RNA concentrations (1000,
100, 50, 25, 12.5, and 10 RNA gc µL−1) were used to generate the RT-LAMP standard
curves. For each concentration point, four viral regions were tested (Figure S7), and their
time-to-positivity (Tp) robustness was determined by including three technical replicates.
A high variability among regions was observed when analysing the performance of primer
sets for SARS-CoV-2 RNA amplification. For instance, the primer set targeting the E-coding
region was non reliable enough for detecting standard curve points less than 2000 gc µL−1

(that is, 266.66 gc µL−1 in a 15 µL reaction). Similarly, targeting N in the 5-coding achieved
negative results for concentrations below 100 gc µL−1 (that is, 13.33 gc µL−1 in a 15 µL
reaction). On the other hand, consistent results were obtained when orf1ab- and N15-coding
regions were targeted, achieving positive results at a concentration of 50 gc µL−1 (that
is 6.66 gc µL−1 in a 15 µL reaction). Eventually, the primer set targeting the N15-coding
region achieved positive results in some reactions at a concentration of 25 gc µL−1 (that is,
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3.33 gc µL−1 in a 15 µL reaction). Thus, orf1ab and N15 primer sets were selected as reliable
tools for subsequent analysis of wastewater samples. SARS-CoV-2 RNA detection was not
achieved by RT-LAMP for concentrations below 1.5 gc µL−1 per reaction (Figure 2 and
Table S1). Moreover, the 50 gc µL−1 standard curve point concentration was established as
the lowest standard curve point, with the other points for generating the standard curve
being 100, 1000, and 10,000 gc µL−1. As occurred for RT-qPCR, the Tp obtained for each
point varied from one plate to another, so it was necessary to include the four points with
three technical replicates for each of them in every reaction plate. In that way, the viral gc
could be calculated from the Tp obtained in the problem sample.
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Figure 2. Validation of primer sets using SARS-CoV-2 synthetic RNA. Real-time RT-LAMP assays
were performed on viral genomic RNA (1 × 104 to 1 × 101 genome copies µL−1) to construct curves
for the orf1ab and N15 regions to tabulate PCR amplification efficiency. Time to positivity (Tp) for
each primer set is indicated. Error bars show the standard deviation.

2.4. Effect of the Wastewater Environment on RNA Stability

Since samples from wastewater may contain environmental inhibitors that could affect
RT-qPCR, a specific commercially available silica membrane mini spin column kit was
chosen for viral RNA extraction from concentrated extracts. In this way, contaminants and
enzyme inhibitors that could lead to false negatives could be removed. The yield of RNA
recovered after RNA isolation could not be determined, as carrier RNA was used during
the RNA extraction procedure. Specific primers and probes were chosen to target at least
two regions of the viral genome. To evaluate how RNA could be altered in such adverse
conditions, a non-targeted RNA sequence was added in few concentrated wastewater
samples as an exogenous spiked-in control. Total RNA extracted from PSTVd-infected
plants was added to the concentrated samples prior to performing the RNA extraction.
Viroid RNA is a very structured kind of RNA that, when compared to mRNA, allows
for discernment of the ratio of degradation based on the folding properties of the RNA.
Recovery of plant viroid RNA was so low that in some samples, 96% was lost, giving an
idea of how unfriendly this environment is to a small circular naked RNA molecule and
how much more hostile it is to larger, less structured RNA.
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2.5. Wastewater SARS-CoV-2 Detection and Effectiveness for Epidemiology Monitoring

The comparative sensitivity of the RT-qPCR and RT-LAMP techniques (Figures 1 and 2)
showed differences when employing a SARS-CoV-2 synthetic RNA standard as a template.
Furthermore, each technique revealed that, depending on the primer set used to amplify
the SARS-CoV-2 synthetic RNA, differences could be observed (Figures 1 and 2). Positive
results were obtained by RT-LAMP with concentrations of 6.66 gc µL−1 per reaction when
orf1ab- and N15-coding regions were targeted (Figure 2). As no detection was achieved
for RT-qPCR concentrations below 1.5 gc µL−1 per reaction, its detection limit was set at
2.5 gc µL−1 per reaction for orf1ab- and 3′N-coding regions (Figure 1), corresponding to
a difference of just over 2.5 fold in the limit of detection in favour of RT-qPCR. Results
consistent with the clinical data on the incidence of COVID-19 in the city of Salamanca
were obtained (Figures 3 and 4) when the presence of SARS-CoV-2 RNA in wastewater was
quantified by either technique.
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targeting N in 3′-coding regions, along with reported COVID-19 cases. Values represented on the
left axis refer to the estimated gc mL−1 of collected samples, while values represented on the right
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(b) Representation of the everyday cumulative incidence of cases diagnosed in 14 days provided by
the local health authority during the analysed period. Days with the maximum number of reported
cases, days with the maximum gc mL−1 calculated for the orf1ab-region, and days with the maximum
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in Salamanca. (a) San José; (b) University district; (c) San Bernardo; (d) Capuchinos; (e) hospital;
(f) nursing home. Values represented on the left axis refer to the estimated gc mL−1 of collected
samples, while values on the right axis denote the cumulative incidence of cases diagnosed in
7 or 14 days provided by the local health authority (https://analisis.datosabiertos.jcyl.es/pages/
coronavirus/, accessed on 3 October 2023).

The highest cumulative number of new reported COVID-19 cases over 7 or 14 days
within the period analysed in the current study was reported on 27 January 2021 (Figure 3),
corresponding to 1.21 × 103 and 2.35 × 103 cases, respectively. The gc calculated by the
RT-LAMP assay reached its maximum on 26 January 2021, independent of the used primer–
probe set. The estimated gc according to the RT-LAMP analysis as 1.64 × 104 gc µL−1 when
the orf1ab-coding region was targeted, while the gc estimated using the same RNA sample
as the template dropped to 1.51 × 102 gc µL−1 when the N15-coding region was targeted
(Figure 5). Still, both primer sets achieved the maximum gc just one day ahead of the cases
reported by the local health authority. Similarly, results obtained by the RT-qPCR resulted
in maximum gc on 26 January 2021, with a value of 1.36 × 104 gc µL−1 when N was targeted
in the 3′-coding region (Figure 3). However, when the orf1ab-coding region was targeted
by RT-qPCR assay, the maximum cg of 3.58 × 104 gc µL−1 was obtained on 19 January
2021, one week ahead of the maximum gc calculated by the other RT-qPCR primer set used,
as well as the one calculated by RT-LAMP, and 8 days ahead of the highest cumulative
number of new reported COVID-19 cases. The study was extended to four other locations
in the Castile and Leon regions with different population sizes, economic activities, and
incidences of COVID-19. Hence, wastewater samples collected at the Ávila, Guijuelo,
Aranda de Duero, and Medina del Campo WWTPs were analysed. Still, regardless of
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the heterogenicity related to the two parameters mentioned above, a good correlation
was obtained between clinical data and SARS-CoV-2 viral RNA quantification (Figure S8),
demonstrating the reliability of the parameters chosen for the analysis. The detection of
SARS-CoV-2 in naturally contaminated wastewater revealed that 100% positive detection
results were obtained in all tested wastewater samples, and viral RNA was readily detected.
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Figure 5. RT-LAMP analysis of RNA extracted from sewage water. (a) Detection of the RNA-
dependent RNA polymerase RNA using orf1ab primers. (b) Detection of nucleoprotein RNA em-
ploying N15 primers. The green line denotes the estimated number of viral RNA genome copies per
L of wastewater sample, while the black and pink lines denote the cumulative incidences of cases
diagnosed in 7 and 14 days, respectively. A positive sample collected on 19 January 2021 is identified
by a red arrow. The green X denotes samples for which not all replicates were positive. Any sample
with a time to positivity (Tp) over 40 min was considered negative.

3. Discussion

The approach based on monitoring and examining wastewater to gain insights into
the health communities has been used for decades [36]. Nevertheless, WBE has gained
significant attention, particularly during the COVID-19 pandemic, as a means to observe
the prevalence and spread of infectious diseases. Indeed, the use of WBE as a community
surveillance tool has enabled non-invasive and mass localized screening for SARS-CoV-2
outbreaks and has been widely accepted and embraced by many countries [37]. In most
individuals, SARS-CoV-2 detection in clinical tests is performed when patients become
symptomatic, making it difficult to obtain a comprehensive or high-level view of trends in
a community or infection rates based on clinical data alone. However, it is possible that
a patient may transmit the virus before becoming symptomatic or that a patient may be
infected but symptomless for the duration of the infection. Therefore, wastewater surveil-
lance, especially at regular sample sites ranging from WWTPs to more granular locations
including hospitals, schools, individual neighbourhoods, and high-risk buildings such as
long-term care facilities, has become a powerful tool for addressing the epidemiological
situation of a population and for decision making [38], especially given that the RNA
associated with the presence of SARS-CoV-2 has been able to be detected 6 days before the
first clinical cases are reported in a population [19,39].

The presence of faecal coliform bacteria in water provides information regarding
stool contamination in warm-blooded animals [40], but it can also serve to estimate the
load of viral debris excreted with faeces [41]. This correlation allowed us to calculate that
the best time for sample collection was at 11:00 am, at least in the WWTPs included in
our study during the COVID-19 outbreak. However, human waste mixes with domestic,
industrial, and drainage water, and viral traces can be found at low concentrations in raw
sewage, making it necessary to concentrate the samples prior to analysis [42]. There is
no consensus on the best concentration method for reliable detection of SARS-CoV-2 in
wastewater, considering differences in laboratory facilities. For instance, when comparing
ultracentrifugation and skimmed-milk flocculation concentration methods, the detection
limits ranged from 1.86 × 103 to 1.26 × 107 gc µL−1 between the former and the latter
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methodology [43]. In our case, the samples were first concentrated by a simple and
previously validated chemical coagulation–flocculation concentration protocol [18,44].

RT-qPCR is the “gold-standard” method for clinical testing for SARS-CoV-2 [34],
and it has proven useful for the study of the presence of SARS-CoV-2 RNA fragments
in wastewater [45–47]. Multiple nucleic acid amplification tests targeting different SARS-
CoV-2-coding regions have been developed to detect RNA of this virus in COVID-19
patients, and different sensitivities have been reported [38]. Obviously, the viral load in
clinical samples is much higher than that to be expected in wastewater samples; thus
performance validation of primer–probe sets is a required step to avoid the generation of
erroneous trends when the viral concentration is below a certain level. Moreover, many
studies have made use of surrogate viruses that structurally and morphologically resemble
SARS-CoV-2 [38]. As no strong epidemiological evidence has been found to support human
faecal–oral transmission of SARS-CoV-2 [27,30] and in view of the environmental conditions
offered by sewage to infectious viral particles, it is very clear that the presence of the whole
virus is not detected in wastewater samples [28]. Attempts to obtain cell lines infected
by virions presumably present in wastewater failed [48], and this is probative of why the
handling of this type of sample can be considered safe, with no infectivity test usually
performed. Similarly, many laboratories have quantified the gc of the virus by plotting the
amplification cycles to an external standard curve built with plasmid DNA, providing an
extra parameter that can compromise the calculated gc, since the RT step performed for
SARS-CoV-2 quantification is omitted in the generation of the standard curve [38].

In this study, the RT-qPCR detection limit was established by employing SARS-CoV-2
synthetic RNA to build the standard curve on which amplification cycles could be plotted
for SARS-CoV-2 gc quantification. Furthermore, exogenous RNA was spiked in as a quality
control to identify RT-qPCR inhibitors and analyse recovery rates. Finally, after comparing
one-step and two-step performance, samples collected from WWTPs and sewer sheds
were analysed by a one-step approach, allowing for efficient synthesis of cDNA and qPCR
in a single tube. Other WBE methodologies have been used for the detection of SARS-
CoV-2 in wastewater samples [49], such as next-generation sequencing (NGS) techniques,
which have proven to be extremely useful for the identification of specific SARS-CoV-2
variants [50–53], but not all laboratories have sufficient assets to employ this methodology
on a regular basis. This type of approach is also time-consuming, limiting the number
of samples that can be processed. The same is true for ultrasensitive assays based on RT-
qPCR such as droplet digital PCR (ddPCR) [54]. Despite providing a direct quantification
without the need for external calibration, ddPCR, like NGS, requires not only specific and
extensive instrumentation but high-cost reagents, which makes it expensive, unaffordable
for regular use, and (at least in our case) not available in the WWTP laboratories responsible
for potential WBE analysis. RT-LAMP is a less equipment-dependent technique that has
proven to be reliable for the detection of SARS-CoV-2 in wastewater [55,56]. And, like
RT-qPCR, it is simple and fast (1 h, approximately). Due to the exponential amplification
feature of RT-LAMP, four different primers can detect six different target sequences at the
same time, and at the end point of detection by this technique, the amplified products
are subsequently analysed by gel electrophoresis [57], although they cannot be sequenced.
Sequencing methods are employed for confirmation of PCR products. Something that can
be done on a regular basis in order to avoid working with artifacts and, as mentioned
above, owing to the peculiar complexity of wastewater, may easily generate quite false
positives. Indeed, given the pressure of working during the pandemic, not many research
groups [22–24,48,58,59] decided to apply this methodological step aimed at sorting out
PCR-derived by-products that could interfere not only with the correct viral detection but
with also with its precise quantification. In the current study, the sensitivity of RT-LAMP
and RT-qPCR on the same samples was compared (collected from 17 November 2020, to
6 April 2021) to evaluate the relationality of the quantified copies of genomic RNA traces
per mL of wastewater sample. Despite the higher speed of RT-LAMP, according to previous
reports [60], a lower detection limit was found for RT-qPCR.
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The amplification efficiency of RT-qPCR was close to 100% in most runs (normally,
desired amplification efficiencies ranged from 90 to 110%), and the theoretical maximum
of 100% indicates that the polymerase enzyme was working at maximum capacity, which
indicates perfect efficiency. Nevertheless, it was reported that small changes in PCR
efficiency from 100 to 97% over 30 cycles caused a 57% difference in the estimated input
DNA, while a change from 100 to 90% resulted in a 36.5% difference [61]. This is why
the origin of the sample and the nature of the viral RNA molecule within may play a
key role in the standardization of protocols and that this may imply a different choice
of target region in the viral genome. SARS-CoV-2 RNA copies were found in varying
amounts in wastewater samples from Australia (3.1 × 103 and 7.5 × 103 gc L−1) [26],
France (5 × 104 and 3 × 106 gc L−1) [21], and Salamanca (3.84 × 103 and 1.06 × 104 gc L−1,
sample collected on 11 November 2020, in this study). Since it is mandatory to design
suitable primer pairs because viruses can go undetected if they are improperly designed or
if the virus has mutated in the target genome region, traces of the virus may be sufficient for
its proper detection in the peculiar environment of wastewater and, thus, potentially useful
for viral load quantification [62]. Therefore, it should be noted that not all primer–probe
sets can be used to adequately quantify the viral RNA copy number in a given sample.
Even so, they can be used to determine the presence/absence of viral genomic material
in wastewater samples. Primer–probe sets that have been proven to perform correctly on
clinical samples can generate amplicons for which up to 50% were artifacts when template
concentrations were low, which is the norm prior to an outbreak alert, so detection and
quantification can be biased due to increased artifacts, irrespective of the Cp values. As for
confirmation of virus variants, the sequence of the amplicons is needed to identify false
positives. In our case, when using too low RNA template concentrations, something that,
in real samples, would not be possible to know, a Cp value of 34 was obtained for the
lowest point of the standard curve (Table S2). Our study shows that many amplifications
were basically artifacts—up to 60% for the lowest point of the standard curve (Table 1).
Thus, artifact amplification could interfere not only in the correct detection of the virus
but also in its accurate quantification, since false-positive results were generated. This
is a very sensitive point because in the first analyses carried out on wastewater samples
during and following the COVID-19 pandemic outbreak, the motivation and the desire that
the developed SARS-CoV-2 detection methodologies be effective and have a real utility,
even passing the evaluation filters of the multiple projects that were funded specifically
for this purpose, led to different research groups, including ours, being questioned in
the face of the wave of positivity that was being offered by many laboratories [63]. In
the hostile environment of WWTPs for viruses, sequencing of PCR products to confirm
that they belong to amplified fragments of the target virus and that they are not artifacts
is a mandatory step [64], a procedure confirmed by the correlation of our data with the
epidemiological curves in the population published by the health authorities (Figures 3–5).
A sequencing approach similar to that of other laboratories [13,22–24,48,58,59] was followed
as a final step in the identification of RNA from SARS-CoV-2 in wastewater. Knowledge
of the amplicon sequence obtained by using control RNA as a template not only allowed
us to determine the lowest concentration rate that provided robust results but facilitated
information about the error that could be introduced when quantifying the virus titre.

There is an ongoing debate about how wastewater monitoring data and clinical
infection rates should be used in combination and the implications they may have for
public health decision making [47], for instance, how disease trends and the effectiveness
of disease control measures taken in a community could be inferred. Some studies have
reported a positive correlation between hospitalizations of infected individuals presenting
symptoms due to COVID-19 with the quantification of SARS-CoV-2 RNA concentration
in wastewater collected at WWTPs [36]. However, the total viral gc also includes viral
RNA from asymptomatic individuals, with an inherent bias to the viral load of each
individual [19]. In our study, the sampling of five WWTPs and six suburban pumping
stations was coordinated for a frequency of once a week. According to recent work [65], a
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frequency of less than three times per week may lead to unreliable estimates of the effective
reproduction number (Rt) based on wastewater monitoring data alone. Still, it was pretty
surprising that the overall result derived from wastewater testing and clinical data matched
so closely in the city of Salamanca and in four other cities in the same region but with very
different economic activities, namely Ávila (tourist), Guijuelo (livestock production and
transformation), Aranda de Duero (industry), and Medina del Campo (agriculture) (Figure
S8). However, in view of recent publications on the subject, if the work were to be carried
out again, it seems more advisable to ensure the results with a higher weekly sampling
frequency to avoid the risk of obtaining unreliable data for Rt calculation. It should also
not be ruled out that the correlation between viral RNA quantification and clinical data
may be not only due to the non-consideration of false positives eliminated after amplicon
sequencing but also to the handled volumes, a precise sample concentration step, and the
RT-qPCR conditions, including the selection of suitable primers.

4. Materials and Methods
4.1. Sampling Locations and Collection of Wastewater Samples

A total of 27 untreated wastewater samples (1 L each) were collected almost weekly
from 28 September 2020 to 19 April 2021 at the WWTP of the city of Salamanca (western
Spain) and at six suburban pumping stations located within its metropolitan area. The six
suburban points were located in the neighbourhoods of San José, the University district, San
Bernardo, and Capuchinos, as well as the central hospital and a nursing home (Figure S1).
Wastewater samples were also collected in four other cities in the same region with different
types of economy, namely Ávila (tourism and services), Guijuelo (livestock production
and transformation), Aranda de Duero (food and pharmaceutical industries, automotive
components, and infrastructure), and Medina del Campo (agriculture). The samples from
the WWTP were collected from the influent, and those from the suburban pumping stations
were taken from the sewers, which were considered, in all cases, raw wastewater. The time
slot (10:00 h–18:00 h) was chosen from 24 h of data according to the information obtained
from previous bacteriological analysis aimed at determining the coliform bacteria content.
To generate the samples, 1 L of composite sample was collected every hour from 10:00 h
to 18:00 h and added to a 10 L container, generating an 8 L sample that was kept at room
temperature, avoiding solar exposure in the sampling location. After shaking, a 1 L aliquot
was taken. All samples were collected in sterile plastic bottles and immediately transported
to the laboratory. During transportation, the samples were kept refrigerated and at 4 ◦C in
the laboratory until 200 mL from each sample was processed, usually within 24 h.

4.2. Bacteriological Analysis

All analyses were carried out aseptically, and the standard methods described by
the American Public Health Association [66] were followed. Bacteriological analysis
of the wastewater samples from each collection point was performed to determine the
presence of coliform bacteria, and colony-forming units (CFUs) were used to estimate
the number of viable bacteria with the pour-plate method [66] on chromogenic agar
(Scharlab, Sentmenat, Spain). Wastewater turbidity was also determined in all collected
samples by employing a portable turbidity meter (Hach Company, Loveland, CO, USA)
and expressed in nephelometric turbidity units (NTUs) (Figure S2). For the calculation
of total organic carbon (TOC), total coliform (TC), and injured coliform (IC), a filtration
method employing a fiberglass filter was employed in accordance with Spanish standard
UNE-EN 872:2006 for water quality regarding the determination of suspended solids in
raw, waste, and treated water (Figure S3). Organic matter was determined by measuring
the 680 ◦C combustion catalytic oxidation with a non-dispersive infrared detector (NDIR)
on a Shimadzu TOC 5000-A (Shimadzu Corporation, Kyoto, Japan) (Figure S4).
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4.3. Preparation of Wastewater Samples for RNA Extraction

The Spanish Government, through the VATar COVID-19 project, provided a stan-
dard protocol for the detection of SARS-CoV-2 in wastewater (https://www.miteco.gob.es/
content/dam/miteco/es/agua/temas/concesiones-y-autorizaciones/vertidos-de-aguas-
residuales/alerta-temprana-covid19/protocolo-deteccion-sars-cov-2-en-aguas-residuales_
tcm30-528265.pdf, accessed on 3 October 2023) that considers both personnel and labora-
tory equipment safety practices in accordance with the World Health Organization [67]
laboratory biosafety manual. The protocol establishes procedures for sampling, shipping,
and receiving, as well as concentration and extraction of wastewater samples. Therefore,
200 mL was treated from each wastewater sample, and RNA was extracted following the
mentioned standardized protocol. In a reduced number of wastewater samples, a tittered
preparation of RNA extracted from tomato plants infected with potato spindle tuber viroid
(PSTVd) was spiked into concentrated wastewater samples to serve as an exogenous control
to monitor recovery efficiency after RNA extraction. For that purpose, 1 µL of plant RNA
at a concentration of 1.14 µg µL−1 was added to 200 mL of wastewater samples.

4.4. RNA Detection Methodologies and Standard Curve Optimization

RNA extraction and amplification analyses were performed in different rooms to
avoid any contamination. RT-qPCR assays were performed using two approaches, namely
a separate RT reaction followed by qPCR (two steps) and a combined RT and qPCR reaction
in the same tube (one step). For the one-step assay, RT-qPCR analyses were performed in
20 µL reaction mixtures using TaqMan Fast Virus 1-Step Master Mix (Applied Biosystems,
Foster City, CA, USA). RT-qPCR mixtures contained 5 µL of 4X TaqMan Fast Virus 1-Step
Master Mix, 1.8 µL of 10 µM forward primer, 1.8 µL of 10 µM reverse primer, 0.4 µL of
10 µM TaqMan probe, 6 µL of RNase-free MilliQ water, and 5 µL of template RNA. This
amount of RNA corresponds to 20 mL of the initial volume of wastewater sample. For the
two-step assay, a PrimeScript 1st strand cDNA Synthesis kit (Takara Inc., Tokyo, Japan)
was used either with random hexamers or specific primers (Table S1) for cDNA synthesis.
In such cases, RT reactions were performed in 10 µL, and each reaction mixture contained
2 µL 5X PrimeScript Buffer, 0.5 µL PrimeScript RT Enzyme Mix I, 0.5 µL 100 µM random
hexamers or 0.5 µL 50 µM specific primer, 2 µL RNase-free MilliQ water, and 5 µL template
RNA, following the manufacturer’s indications. Then, 40 µL MilliQ water was added to the
RT reaction prior to qPCR amplifications, which were performed using 2 µL of synthesised
cDNA as described for the one-step method. Alternatively, reactions were performed
in a total volume of 10 µL, using SYBR FAST KAPA qPCR (Biosystems, Buenos Aires,
Argentina). qPCR mixtures contained 5 µL 2X Fast SYBR Green Master Mix, 0.2 µL 10 µM
forward primer, 0.2 µL 10 µM reverse primer, and 2.6 µL MilliQ water. All qPCR reactions
were performed on a StepOne Plus device (Applied Biosystems, Waltham, MA, USA), and
three biological replicates for each wastewater sample were analysed in triplicate. For
SARS-CoV-2 genomic RNA detection and quantification assays, hydrolysis probes were
used (Table S1). The thermal RT-qPCR cycling parameters were 50 ◦C for 5 min and 95 ◦C
20 s followed by 40 cycles of amplification at 95 ◦C for 3 s and 60 ◦C for 30 s, omitting the
first step at 50 ◦C for 5 min when qPCR reactions were performed on cDNA templates.

Making use of SARS-CoV-2 synthetic RNAs (Twist Bioscience, San Francisco, CA, USA)
that cover the entire ssRNA viral genome in 6 non-overlapping 5 kb fragments (accession
numbers MT007544.1 and MN908947.3), a series of standard curves was generated for
absolute quantification of viral gc and in order to determine the detection limit for each
evaluated primer–probe set targeting orf1ab, E, and N in the 5′-coding regions, and N in
the 3′-coding regions (Table S2). These standards were supplied at a known concentration
of 1,000,000 (106) gc µL−1 (17 pg µL−1). The synthetic RNA was serially diluted to obtain
dilutions to be tested by RT-qPCR ranging from 100,000 (105) to 0.001 (10−3) gc µL−1.
Reactions generated undetermined crossing points (Cp), or number of cycles at which
the amplification plot crosses the threshold (value above the background) when the RNA
concentration was below 10 gc µL−1 (170 ag µL−1). Thus, for each RT-qPCR run, four
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concentrations of a 10-fold serial dilution of the quantified SARS-CoV-2 RNA control
were used, ranging from 1 × 104 to 1 × 101 gc µL−1, and no template (RNase free water)
controls were included. Then, 5 µL of Twist SARS-CoV-2 synthetic RNA control was
used in a 20 µL reaction, and RNA concentrations for the four positive samples ranged
from 2500 to 2.5 gc µL−1. Those four points were used to generate the standard curves
in each run. RT-qPCR Cp data obtained for each run were plotted on the standard curve
produced in the same run for SARS-CoV-2 RNA sample quantification as gc. Alternatively,
SARS-CoV-2 RNA-derived cDNA was synthesised using 7 µL of the quantified synthetic
RNA template (1 × 106 gc µL−1) and a PrimeScript 1st strand cDNA Synthesis Kit (Takara
Inc., Tokyo, Japan), employing either random hexamers or specific primers. Then, a 10-fold
serial dilution of synthesised cDNA ranging from 1 × 104 to 1 × 101 gc per µL was used
for qPCR analysis using TaqMan Fast Virus 1-Step Master Mix as described above.

To detect SARS-CoV-2 genomic RNA using one-step RT-LAMP, the orf1ab-, E-, N5-,
and N15-coding regions (Figure S7) of the SARS-CoV-2 genome were targeted, and assays
were performed as previously described [68] using 2 µL RNA template or RNase-free
MilliQ water for no template samples. Similarly, as for RT-qPCR, three biological replicates
for each wastewater sample were analysed by RT-LAMP in triplicate. The reaction protocol
was 40 min at 63 ◦C followed by a 1 min inhibition step at 95 ◦C. As for RT-qPCR, a standard
curve for absolute quantification of viral gc was generated with synthetic RNA standards
of the SARS-CoV-2 genome. The synthetic RNA was serially diluted at 1 × 103, 1 × 102,
5 × 101, 2.5 × 101, and 1.25 × 101 gc µL−1, and 5 µL was used in a 20 µL RT-LAMP reaction.
As for RT-qPCR, those points generated standard curves on which the data obtained in
each run could be plotted for the quantification of SARS-CoV-2 RNA samples as gc.

4.5. Sequence Determination of Generated Amplicons

Amplified products were electrophoresed on 1% agarose gels buffered with 0.5 X TBE
(89 mM Tris, 89 mM boric acid, and 2 mM EDTA; pH8) and stained with ethidium bromide.
The amplified PCR products were excised from the gels, and DNA was purified using a
NucleoSpin Gel and PCR clean-up kit (Macherey-Nagel GmbH & Co., Düren, Germany)
according to the manufacturer’s instructions. Once purified, amplicons were cloned into the
pCR 2.1-TOPO vector using a TOPO TA Cloning kit (Invitrogen, ThermoFisher Scientific,
Carlsbad, CA, USA) and sequenced employing the M13 forward and M13 reverse primers
(Table S1) on a 3100 Genetic Analyzer (Applied Biosystems, Waltham, MA, USA) on the
Nucleus platform of the University of Salamanca (Salamanca, Spain). Obtained sequences
were subjected to homology determination using the BLAST database tool (http://blast.
ncbi.nlm.nih.gov/Blast.cgi, accessed on 3 October 2023).

4.6. Statistical Analysis

Data obtained from the bacteriological and organic carbon analyses were subjected to
statistical analysis using SIMFIT statistical package version 7.3.1 (Bardsley W.G 2017 Simfit
Statistical package. v. 7.3.1 Academic 64-bit Manchester University, Manchester, UK). Geo-
metric means of bacterial counts were computed, and analysis of Pearson correspondences
between variables was carried out using the correlation module of the SIMFIT statistical
package to determine differences in bacterial count from various sampling points at a 95%
level of significance.

5. Conclusions

The COVID-19 pandemic has taught us that WBE is useful for public health surveil-
lance for future disease outbreaks caused by viruses or other infectious microorganisms, as
the possibility of detecting early warning signals through wastewater data can allow us to
make appropriate public health decisions based on observed case trends in a community.
The opportunity to establish differences in wastewater loads by area within a population
provides epidemiological data on specific points (hospitals, nursing homes, schools, etc.) in
terms of what is happening in the community. The present study also serves to corroborate

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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that the robustness of WBE analysis depends, to a large extent, on the chosen approach
and the methodology described to carry it out, while, in addition to reporting a case study
of the different parameters that need to be assessed to generate an appropriate protocol
for SARS-CoV-2 WBE, reaching a detection limit of 10 gc µL−1 according to the conditions
surrounding the virus itself and the RNA fragments derived from it in nature.
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