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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) wastewater surveillance has become an 
increasingly important tool since the initial moments of the coronavirus disease (COVID-19) pandemic, mainly 
conducted at a large population scale. However, the large-sized sewersheds may not provide suitable information 
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for monitoring localized outbreaks. After the declaration of a community COVID-19 outbreak in two neighborhoods 
of Castellón (Spain), SARS-CoV-2 RNA levels were monitored in wastewater samples. Moreover, genomic 
sequencing was performed. Thirty-three samples were collected in 2020, distributed over three points of the 
sewage network, two of which were close to the areas where the cases were declared. The third point was located 
at the inlet of the municipal wastewater treatment plant (WWTP). The samples were analyzed by RT-qPCR, using 
specific N1 and N2 target regions. The sum of confirmed cases, with the date of symptoms onset within the 3 
weeks before each sampling day, was calculated. SARS-CoV-2 RNA was detected on most days in the two sampling 
points at neighborhood level, and the detection became negative when the number of cases with symptoms onset 
during the last 21 days in the study areas decreased to 0 or 1 case. The genomic sequencing performed for RNA 
from wastewater and clinical samples showed the same variant. The detection of SARS-CoV-2 and the subsequent 
non-detection provided the epidemiologists in charge of controlling the outbreak with useful information to confirm 
its closure, complementing the clinical and epidemiological data. Our findings illustrate the value of wastewater 
surveillance for localized outbreaks, especially in situations of low incidence of COVID-19 at the broader 
community level.

Keywords: COVID-19, SARS-CoV-2, wastewater-based epidemiological monitoring, clinical data, outbreak, 
genomic sequencing

INTRODUCTION
SARS-CoV-2, identified in humans and the causative agent of coronavirus disease COVID-19, has been 
responsible for more than 670 million cases and  6.8 million deaths as of 3 March 2023[1,2]. Although on 5 
May 2023, WHO stated that “COVID-19 is now an established and ongoing health issue which no longer 
constitutes a public health emergency of international concern”[3], surveillance for COVID-19 remains 
critical to monitoring the evolution of the virus and changes in epidemiological patterns, the burden of 
disease on health care capacity, and the impact of vaccination and other public health interventions[4].

There is evidence of SARS-CoV-2 replication in the gastrointestinal tract, which facilitates its excretion 
through feces of infected individuals including asymptomatic cases. This aspect has been reported by 
numerous clinical studies, describing the frequency, magnitude and duration of excretion through this 
route[5]. Subsequently, SARS-CoV-2 enters the sewage system in municipalities via human excretions, mainly 
through feces. Although less frequently, its excretion through urine has been evidenced[6]. In addition, 
disposal of respiratory secretions (e.g., hand washing, disposable tissues, nasal rinses) may contribute to the 
load of the SARS-CoV-2 in sewage networks, as its RNA has been detected in washbasin and shower 
siphons[7].

From the initial moments of the pandemic, different studies around the globe have reported the presence of 
SARS-CoV-2 genetic material in wastewater samples collected from WWTP, at neighborhood scale, in 
samples taken from a University Campus, schools, nursery homes, and sanitary centers[8-14]. Surveillance of 
the virus in wastewater has been considered a tool for monitoring the pandemic evolution and even an early 
warning monitoring system[15,16], given its ability to cover undeclared cases, including pre-symptomatic and 
asymptomatic, which can more easily escape sanitary control. In this sense, different studies have reported a 
correlation between the genetic load of the virus in wastewater and different health outcomes related to 
COVID-19[17,18]. However, SARS-CoV-2 gene concentrations presented a poorer correlation with COVID-19 
cases as the catchment populations decreased and when COVID-19 incidence was low[19]. Still, 
neighborhood-scale monitoring of COVID-19 has been reported to be an effective surveillance tool for 
uncovering local outbreaks that the larger-scale wastewater-based epidemiology (WBE) would not detect[13].
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Several countries have performed national wastewater surveillance programs[16,20,21]. Moreover, the detection 
of SARS-CoV-2 in wastewater has been included in the HERA incubator initiative from the European 
Commission to accelerate the search for variants using sequencing information retrieved from sewage 
analysis of SARS-CoV-2 titters[22]. In this context, genomic sequencing of wastewater samples is useful to 
identify mutations and viral lineages/variants of interest in circulating population.

However, despite the recognized value of wastewater analysis, there are uncertainties in the estimation of 
COVID-19 prevalence through WBE and more information is needed to increase the knowledge about this 
key issue. Aspects related to virus shedding, in-sewer transportation, sampling and storage, analysis of 
SARS-CoV-2 and back-estimation have a great impact on the data obtained and on the accuracy of the 
prevalence estimation[23]. In the particular case of fecal shedding, it is worth noticing that prolonged fecal 
shedding of viral RNA has been observed in patients, e.g., from 1 week to up to 5 weeks even after the 
respiratory swabs identified negative[6].

However, according to WHO[24], SARS-CoV-2 wastewater surveillance can be a useful tool to observe trends 
and changes in viral circulation at a population level, including its presence or absence, rather than to 
provide a true quantitative estimation of the incidence and prevalence of COVID-19 cases in the 
community. Thus, it can help to inform decisions on interventions and could allow for more targeted public 
health monitoring in a specific community.

At the end of Jun 2020, shortly after restrictions on interregional mobility in Spain were lifted and 
COVID-19 incidence was at a low level, an outbreak of COVID-19 was declared in the municipality of 
Castelló de la Plana (Spain) (174,264 inhabitants)[25], a municipality located on the east coast of Spain, with a 
total of 4,294 positive polymerase chain reaction (PCR) and 90 deaths from COVID-19 in 2020[26]. The 
outbreak of this study was notified on 27 Jun 2020, a time of very low incidence of cases in the town. It was 
a community outbreak, with 37 identified cases, all members of a group formed by relatives and friends. The 
information about the cases enabled the identification of two neighbourhoods where most outbreak cases 
were concentrated, both considered to be socially vulnerable areas. In this study, wastewater surveillance 
was applied at a small-area level as a complementary tool to assess the effectiveness of the contention 
measures of the outbreak (isolation of cases and tracing of contacts), and also to evaluate the time delay for 
wastewater samples to become negative from the date when no further cases were detected. For that 
purpose, we describe the concentrations found of SARS-CoV-2 RNA in the wastewater from sampling 
points in these specific areas, and from the WWTP inlet, and compare them with the trends in the number 
of declared cases of COVID-19. We contrast the hypothesis that neighbourhood-scale wastewater 
surveillance, in situations of low incidence of COVID-19 at the broader community level, provides useful 
information for monitoring and controlling localized community outbreaks.

METHODS
Clinical and survey information
The COVID-19 outbreak presented in this study was notified on 27 Jun 2020, a time of very low incidence 
of cases in the town (two COVID-19 positive cases, PCR-based, in the previous 14 days) [Figure 1]. It was a 
community outbreak, with 37 identified cases, all members of a group formed by relatives and friends. 
According to an internal source of information, the first cases reached the town from a municipality located 
more than 200 km away. The information about the cases enabled the identification of two neighborhoods 
where most outbreak cases were concentrated, both considered to be socially vulnerable areas.
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Figure 1. Evolution of daily confirmed cases of COVID-19 in municipalities continuously connected to the Castelló de la Plana WWTP 
(January/October 2020). In the red box, the cases in the area associated with the study outbreak are included.

The data on the total daily confirmed cases in the study area were provided by the General Sub-directorate 
of Epidemiology, Health Surveillance and Environmental Health of the regional government of the 
Valencian Community. Information on the cases affected by the outbreak was obtained from the 
epidemiological surveys carried out by the Castelló Public Health Centre, derived from the active search for 
cases, following the Recommendations of the Spanish Society of Epidemiology (SEE) on the ethical aspects 
of epidemiological research[27]. These surveys have socio-demographic information on each patient (age, 
gender, and address), clinical aspects (date of symptoms onset, date of diagnosis, asymptomatic, and 
hospital admission) and information on trips made and contact with cases, among others. Confirmed cases 
of COVID-19 were defined as symptomatic patients with positive PCR or with negative PCR but positive 
immunoglobulin M (IgM) determined by high-throughput serology. Confirmed cases were also those 
asymptomatic with positive PCR and/or positive IgM[28].

Meteorological data (daily temperature and precipitation) were obtained from the State Meteorological 
Agency.

Study area sampling points
The study was carried out in two neighborhoods located in the city of Castelló (174,264 inhabitants)[25], a 
municipality located on the east coast of Spain, where the COVID-19 outbreak was declared. One 
neighborhood was located in the southwest (point A) and the other in the north of the town (point B) 
[Figure 2], separated by a distance of 3 km. We selected one manhole sewer access sampling point as 
representative as possible in each neighborhood [Table 1], prioritizing proximity to the most affected 
homes. In fact, the sewer access points were carefully chosen through discussion with the wastewater 
management company on the structure of the sewer network to ensure that the effluent sampled was mainly 
from the neighborhood buildings of interest to the study.

In addition, the inlet of the WWTP of Castelló city was added as a third sampling point (point C). During 
the study period, this WWTP also provided continuous service to the neighboring municipality of Borriol 
(5,397 inhabitants)[25].
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Table 1. Characteristics of the sewer network in relation to the selected sampling points in the neighborhoods affected by the 
COVID-19 outbreak studied

Sampling point A Sampling point B

Distance from hotspotsa to the sampling points (m) 20 118 

Distance from sampling points to the WWTP (m) 9,224 4,124

No. of intermediate pumps up to the WWTP 1 2

Residence time from sampling points to WWTP (min) 256 115

Average speed (m/s) 0.6 0.6

aThe dwellings with the highest concentration of cases were considered hotspots: a few blocks of dwellings in neighbourhood A, with 9 cases, and 
a home in neighbourhood B, with 14 cases.

Figure 2. Location of the sampling points A (39°58'49.20"N, 0° 4'17.02"O) and B (39°59'55.18"N, 0° 2'29.11"O) in the corresponding 
affected neighborhoods and the Wastewater Treatment Plant (WWTP) (point C) (39°59'10.37"N, 0° 0'18.12"O). Castelló de la Plana, 
Spain. Source: Google Earth.

Sample collection
Sampling was designed considering the evidence derived from previous studies on WBE[8]. Wastewater 
samples were collected twice a week (Tuesday and Friday) between 7 Jul and 7 Aug 2020. In the sampling 
points located in the two studied neighbourhoods (A and B), 10 samples (4 h-composite) were collected in 
total in this study, from 8:00-12:00 am, with a total volume of 2 liters. These samples consisted of 6 
subsamples spaced approximately 45 min taken along this time period. Moreover, 13 influent wastewater 
composite samples were also collected in the WWTP (point C) on the same days, in a time proportional 
sampling mode every 15 min, seven of them for 4 h (8:00-12:00 am) and another six during 24 h (24 h-
composite samples) (8:00 am day X -8:00 am day X + 1). Samples were refrigerated and transported to the 
laboratory, where they were processed upon arrival (samples were always processed a few hours after 
arrival).

Analytical procedure
Water samples were subjected to a concentration process using a protocol based on adsorption and 
precipitation by aluminium[29]. To determine the efficiency of the entire process and validate the results, the 
samples were spiked with 105 PCR units of Mengovirus (MgV) vs. MC0 (CECT100000) as a process control 
according to ISO 10705-3: 2003, ISO15216-1: 2017. RNA extraction was performed using the Nucleospin 
RNA virus kit (Macherey-Nagel) following the recommended protocol, along with an initial pre-treatment 
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step with Plant RNA Isolation Aid (Ambion, USA)[29]. Reverse transcription polymerase chain reaction (RT-
qPCR) analyses were performed using the Prime Script TM One Step RT-PCR kit, validated by the US 
Centers for Disease Control and Prevention (2019-nCoV RUO kit), in a StepOne Plus Applied Biosystem 
instrument, following the manufacturer´s instructions. Specific primers and probes for nucleocapsid N1 
and N2 target regions[30] and envelope (E) target genes were used to determine the presence of SARS-CoV-2 
(Charité Berlin procedures)[31]. Briefly, a first step of retrotranscription at 45 °C for 10 s, followed by 40 
cycles of PCR amplification and fluorescence recording (consisting of a denaturing step at 95 °C for 5 s, and 
annealing/elongation at 55 °C for 34 s), was set up[32]. A calibration curve was performed using the 2019-
nCoV_N and 2019-nCoV_E positive controls (IDT). Cycle threshold (Ct) values were used to calculate 
genomic copies per liter (gc/L) in the original sample. For Mengovirus, the detection was carried out using 
primers and probes described by ISO 15216-1:2017. Standard curves for MgV quantifications were 
performed using extracted MgV genomic RNA in triplicate and with serial 10-fold dilutions. For each 
sampling day on which virus was detected, the average of gc/L was calculated from the two replicates 
analyzed at each point for each of the selected targets. Ct values were used to calculate the viral load, which 
was reported as gc/L, in the original sample. Ct values lower than 40 were considered positive for 
SARS-CoV-2, as proposed previously[33].

Genomic sequencing
The genomic sequencing was performed for RNA samples from wastewater and clinical samples were 
confirmed as SARS-CoV-2-positive by RT-PCR. Clinical samples corresponded to the remaining RNA 
extracts from naso- and oropharyngeal clinical specimens employed for diagnosis. RNA was retro-
transcribed into cDNA and SARS-CoV-2 complete genome amplification was performed in two multiplex 
PCR, in accordance with an openly available protocol developed by the ARTIC network[34] using the V3 
multiplex primers scheme[35]. Two resulting amplicon pools were combined and used for sequencing library 
preparation. Genomic libraries were constructed with the Nextera DNA Flex Sample Preparation kit 
(Illumina Inc., San Diego, CA) according to the manufacturer’s protocol with 5 cycles for indexing PCR. 
Whole genome sequencing was carried out in the MiSeq platform (2 × 150 cycles paired-end run; Illumina).

The sequences obtained were analyzed with a pipeline based on iVar[36], which is open-source and can be 
accessed at (https://gitlab.com/fisabio-ngs/sars-cov2-mapping).

Phylogenetic analysis
Additional complete SARS-CoV-2 sequences were retrieved from the GISAID database to be used as 
references for the analysis of outbreak-related sequences. The corresponding multiple alignment was used 
to derive a maximum likelihood tree with IQTREE2[37] using GTR + G as an evolutionary model, collapsing 
branches of zero length, and performing 1000 ultrafast bootstrap replicates[38]. The resulting tree was 
visualized with iTOL (https://itol.embl.de)[39].

Epidemiological study
The evolution of the cases in each location was studied. The sum of confirmed cases, with the date of 
symptoms onset within the 3 weeks before each sampling day, was calculated. For asymptomatic cases, the 
diagnosis date was considered as the onset date.

The frequency distribution of cases and the viral concentration based on each target region detected by 
location and dates were described. The SPSS vs. 22 software package was used for descriptive analysis.

https://gitlab.com/fisabio-ngs/sars-cov2-mapping
https://itol.embl.de
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RESULTS
The 37 cases associated with the outbreak (20 women and 17 men) were nasopharyngeal PCR positive, 
except one symptomatic patient with positive IgM and negative IgG. Ten cases (27%) were asymptomatic 
and 16 (43%) were under 15 years old. None of the cases died or was hospitalized. Of the total cases 
associated with the outbreak, 23 were located in the two studied neighborhoods. The characteristics of the 
cases in each neighborhood are described in Table 2. At sampling point A, 9 cases resided in the same 
building blocks, and at point B, 14 cases resided in the same dwelling.

At that moment, there was a protocol in place for COVID-19 outbreak management for quarantining new 
COVID-19 positives and their close contact. It was mandatory that positive individuals had to quarantine 
for 10 days in their homes. During home isolation, it was recommended to use a face mask when sharing 
common spaces with other family members, and to keep a frequent routine of hand hygiene. In addition, 
close contacts (family or leisure partners) were also quarantined during the incubation period, and a test 
was carried out after 7 days if they remained asymptomatic. In the case they presented COVID-like 
symptoms before the 7 days, they were immediately tested by PCR (there was no antigen test available at 
that time). Finally, COVID-19-positive individuals were discharged when they were asymptomatic for 48 h 
and tested negative, which in some cases could last between 7 to 10 days.

The presence of SARS-CoV-2 in wastewater was determined and quantified by RT-qPCR. At sampling point 
A, SARS-CoV-2 RNA was detected for N1 and N2 regions, while at sampling point B, only N1 region was 
amplified. N1 was the target region for which the highest viral concentration was obtained, while target gen 
E was not detected in any of the samples. In all samples, the mean recovery rate of MgV control was 17.7% ± 
6.39%, an acceptable value according to previous work[40].

SARS-CoV-2 RNA concentrations obtained were higher at point A, with 645,654 gc/L for N1 on 14 Jul. At 
sampling point B, the maximum viral concentration measured was 67,608 gc/L, recorded on the first day of 
the sampling collection. In general, a progressive decrease in SARS-CoV-2 RNA material was observed over 
time in these samples, with the exception of the samples collected on 10 Jul. SARS-CoV-2 RT-qPCR 
detection for all target regions remained negative when the number of cases with symptoms onset during 
the last 21 days decreased to 0 cases at sampling point B and to 1 case at point A.

In relation to the samples collected at the inlet of the WWTP (point C), SARS-CoV-2 RNA was not detected 
in the 4-hour composite samples during the study period, except for the one on 10 Jul, where a 
concentration close to 22,000 gc/L (N1) was found. The 24-h composite sample collected at the WWTP on 
the last day when SARS-CoV-2 RNA was detected at sampling points A and B (17 Jul) was also positive for 
N1. Later, there was a continuous detection in the 24-h composite samples of the WWTP in the last three 
sampling dates, when the accumulated number of cases in the city of Castelló de la Plana, no longer linked 
to the studied outbreak, increased considerably (60 COVID-19 positive by oropharyngeal PCRs in the last 
14 days).

Quantification of genome copies for N1 and N2 in wastewater samples is shown in Table 3. The same table 
includes the cases with symptoms onset in each point during the 7, 14 and 21 days prior to each sampling to 
consider sustained excretion. Supplementary Figure 1 from Supporting Information offers an illustrative 
image based on these data.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202308/jeea2005-SupplementaryMaterials.pdf
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Table 2. Characteristics of the COVID-19 cases declared in the areas related to each sampling point

Sampling point A Sampling point B

Associated cases 9 14

Women/Men 6/3 9/5

Age (median and range) 15 (3-55) 16.5 (4-70)

Asymptomatic 2 4

Evidence of diarrhoea 1 0

Hospital admissions 0 0

Six wastewater samples and 29 biological samples from human cases associated with the outbreak were 
available for genomic sequencing. Respectively, only 3 and 21 yielded results with enough quality to be 
included in the ensuing phylogenetic analysis. Consensus sequences of the two sampling sites identified 
from wastewater samples showed majority variant characterized by two mutations in the spike protein. 
Those mutations were D614G and A222V, which are markers of the 20E/EU1 variant. Sequencing from 
human nasopharyngeal swabs of cases belonging to the outbreak also identified 20E/EU1 as the viral variant 
causing the outbreak. The genetic distance between wastewater samples and human cases overlapped with 
the genetic distance observed exclusively among human cases [Table 4]. 20E/EU1 emerged in Northeast 
Spain and epidemiologically linked data is compatible with the introduction in the area from the first cases 
detected of the outbreak who traveled from Northeast Spain to Castellón on June 20[41]. For their 
phylogenetic analyses, we included 79 additional sequences derived from Spanish samples taken in Jun and 
Jul 2020 and belonging to the 20E (EU1) clade. The resulting phylogenetic tree is shown in Supplementary 
Figure 2, and it reflects the early expansion of this clade in our country. The few mutations found among 
the outbreak sequences were enough to split them into several groups. The two largest groups also included 
wastewater samples. Altogether, our data showed that wastewater samples reflected the variant associated 
with the outbreak, thus allowing high-resolution monitoring of community outbreaks from wastewater.

DISCUSSION
In the present study, SARS-CoV-2 RNA was detected and quantified (gc/L) in wastewater samples collected 
in the vicinity of two clusters of cases affected by the same outbreak. Samples were positive up to three 
weeks after the date of symptoms onset of those people affected. Although previous studies have studied 
wastewater from communities[42,43], from specific places such as college campuses[44-46], aircraft[47], and from 
quarantined COVID-19 patients[7], in the present work, we have performed continuous surveillance of 
SARS-CoV-2 RNA levels in wastewater during a community outbreak in the affected neighborhoods. 
Unfortunately, limited data have been published in this respect so far[48-52].

Sampling frequency was designed considering the evidence derived from previous studies[8]. According to 
our results, when samples are taken in the sewage network sufficiently close to the neighbourhood buildings 
with a COVID-19 outbreak, sampling twice a week would be sufficient to monitor SARS-CoV-2 genetic 
material throughout the duration of the active outbreak. The Centers for Disease Control and Prevention 
(CDC) recommends a minimum of three samples per week as an ideal frequency for wastewater testing. 
However, the CDC also emphasizes that the frequency of wastewater sampling should be tailored to the 
intended utilization of the data for public health purposes, as well as to reflect the prevalence of COVID-19 
in the community. In fact, when wastewater surveillance aims to monitor for the presence of SARS-CoV-2 
in wastewater, sampling once per week may be adequate[53].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202308/jeea2005-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202308/jeea2005-SupplementaryMaterials.pdf
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Table 3. Description of RNA SARS-CoV-2 detected levels (genomic copies (gc)/L) for N1 and N2 target regions in sampling points (A, B and WWTP: 4 h/24 h sampling), and the number of 
declared cases in each point with onset of symptoms during the 7, 14 and 21 days prior to sampling dates (from 7/7/20 to 7/8/20)

Sampling point A 
(n = 9)

Sampling point B 
(n = 14) WWTP (influent)

Date (dd/mm/yy)
N1 
gc/L

N2 
gc/L n07 n014 n021 N1 

gc/L
N2 
gc/L n07  

n014 n021 N1 
(4 h) gc/L

N1 
(24 h) 
gc/L

N2 
(24 h) 
gc/l

n07 n014 n021
N1 
(24 h) 
gc/L

7/7/20 446,683 162,181 1 8 8 67,608 ND 0 12 14 ND - - 8 31 34 -

10/7/20 ND ND 0 8 8 ND ND 0 10 14 22,387 - - 5 26 35 -

14/7/20 645,654 147,910 0 6 8 35,481 ND 0 0a 7 ND - - 1 32 32 -

17/7/20 ND 17,378 0 1 8 30,199 ND 0 0 5 ND 34,674 ND 0 5 26 34,674

21/7/20 ND ND 1b 1b 2b ND ND 0 0 0 ND ND ND 6 7 15 ND

24/7/20 ND ND 1 1 1 ND ND 0 0 0 - ND ND 11 11 16 ND

28/7/20 ND ND 0 1 1 ND ND 0 0 0 ND - - 18 22 23 -

31/7/20 ND ND 0 1 1 ND ND 0 0 0 - 19,055 ND 21 29 29 19,055

4/8/20 ND ND 0 0 1 ND ND 0 0 0 ND ND 23,442 22,387 29 43 47

7/8/20 ND ND 0 0 1 ND ND 0 0 0 - - 23,740 22,613 40 60 68

n07: accumulated confirmed cases the sampling day and 7 days before; n014: accumulated confirmed cases the sampling day and 14 days before; n021: accumulated confirmed cases the sampling day and 21 days 
before; ND: Not detected; -: No sample; a7 cases leave the city and came back home; bAsymptomatic case detected. The data of the period in which all the cases were in quarantine is boxed.

The 4-h composite wastewater samples were collected early in the morning to cover the times with the highest probability of excretion through feces and of 
achieving a higher concentration[54,55]. These samples allowed the detection of SARS-CoV-2 RNA in the vicinity of those affected, despite the risk of loss of 
relevant pulses since 24-h sampling was not feasible for technical reasons. Nevertheless, other sampling approaches, such as grab samples or a few hours-
composite samples, have also demonstrated significant epidemiological utility when the sampling timeframe is appropriately selected (typically during the 
morning peak)[48].

However, RNA was not detected in the 4-h samples collected in parallel from the WWTP of Castelló de la Plana, located at 9 and 4 km from sampling points A 
and B, respectively. The decay of SARS-CoV-2 RNA might be attributed to the circulation time through the sewer system[56] (about 4 and 2 h, respectively), the 
dilution of the virus residues in the water[50], and the possible effects that RNAses and conditions such as temperature, pH, organic matter or suspended solids[6] 
may have an impact on viral genetic material detection . The information derived from the 4-h samples collected at the WWTP raises questions about the 
minimum number of cases or the distance (residence time) required to enable viral RNA detection in the studied WWTP. In this sense, geolocation of cases 
could help to better understand the correlation between epidemiological indicators and virus detection levels in the studied WWTP. During the study period, 
there was no significant rainfall in the area (data not shown) that could have affected flow and, consequently, the results.
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Table 4. Nucleotide differences (SNPs) between complete genome sequences of clinical (COV*) and wastewater (CASTE*) samples associated with the outbreak

COV006443

COV006444 0

COV006445 0 0

COV006446 1 1 1

COV006447 2 2 2 1

COV006448 2 2 2 1 0

COV006449 3 3 3 2 1 1

COV006450 2 2 2 1 0 0 1

COV006451 2 2 2 1 0 0 1 0

COV006452 1 1 1 0 1 1 2 1 1

COV006455 1 1 1 0 1 1 2 1 1 0

COV006457 0 0 0 1 2 2 3 2 2 1 1

COV006459 2 2 2 1 0 0 1 0 0 1 1 2

COV006461 2 2 2 1 0 0 1 0 0 1 1 2 0

COV006463 3 3 3 2 1 0 2 1 1 2 2 3 1 1

COV006464 2 2 2 1 0 0 1 0 0 1 1 2 0 0 1

COV006466 1 1 1 0 1 1 2 1 1 0 0 1 1 1 2 1

COV006467 1 1 1 0 1 1 2 1 1 0 0 1 1 1 2 1 0

COV006468 3 3 3 2 1 0 2 1 1 2 2 3 1 1 0 1 2 2

COV006469 3 3 3 2 1 1 2 1 1 2 2 3 1 1 2 1 2 2 2

COV006471 2 2 2 1 0 0 1 0 0 1 1 2 0 0 1 0 1 1 1 1

CASTE02 3 3 3 2 2 2 3 2 2 2 2 3 2 2 3 2 2 2 3 3 2

CASTE03 3 3 3 2 2 2 3 2 2 2 2 3 2 2 2 2 2 2 2 3 2 2

CASTE05 1 1 1 0 1 1 2 1 1 0 0 1 1 1 2 1 0 0 2 2 1 2 1

Although the number of COVID-19 cases in the vicinity of location A was lower, higher RNA concentrations were obtained at this point, and both N1 and N2 
target regions were detected versus a single target N1 region at point B. This can be partly explained because sampling point A was only 20 meters away from 
the residence blocks of those affected, a distance 6 times shorter than from point B. In other words, the distance between the isolated building and the 
sampling point (residence time) might be a parameter affecting viral RNA detection of the sample, in that dilution and mixing of wastewater from multiple 
sources at the WWTP mask the underlying COVID-19 outbreak[50]. From the epidemiological standpoint, despite the limited sample size, both groups 
presented similar socio-demographic and clinical characteristics. However, it is important to highlight that the outbreak began at point B. Consequently, viral 
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fecal shedding commenced earlier in this locale, possibly leading to an earlier cessation of viral shedding in 
COVID-19-infected individuals compared to those at point A, with later cases contributing to RNA 
detection. In fact, as mentioned in Methods, the primary cases reached point B from an outbreak declared 
in a municipality located 200 km away. Then, transmission happened from point B to point A. Therefore, 
our hypothesis is that despite point A had a small number of infected individuals, they were shedding SARS-
CoV-2 into wastewater closer to the beginning of the sampling. However, it is necessary to highlight that 
according to the CDC, variability in the load of SARS-CoV-2 in wastewater samples is greater in the case of 
smaller populations[53]. This is because the SARS-CoV-2 RNA accumulated in wastewater has less 
opportunity to spread out, which is characterized by parameters such as inter- and intra-individual 
differences in the frequency of bowel movements[57], among others.

Additionally, other environmental factors may influence RNA detection. In the present study, it is striking 
that the SARS-CoV-2 RNA was not detected on 10 Jul, while high viral concentrations were found on the 
sampling days before and after, especially at sampling point A. A possible explanation of the high and 
unexpected differences in the genetic loads over consecutive days might be the exhaustive cleaning and 
disinfection measures that were undertaken in the area in the previous days (including inside the buildings), 
which included the application of hypochlorite and other biocides. These practices affect the stability of the 
genetic material[55,58], as well as the microorganisms present in the wastewater system, with the consequent 
impact on the degradation of SARS-CoV-2 nucleocapsid, which might promote the release of genetic 
material.

This study provides evidence on the relationship between the detection of SARS-CoV-2 genetic material in 
wastewater and the number of people affected in the vicinity of their homes at different times after the onset 
of symptoms. The fact that the sampling began 10 days after the outbreak was declared, when practically all 
the cases had started symptoms for more than 7 days, did not prevent the detection of SARS-CoV-2 RNA. 
The lack of SARS-CoV-2 genetic material detection in the neighbourhoods only occurred when there were 
hardly any cases, with started symptoms in the vicinity of the sampling points, during the 3 weeks prior to 
sampling. Despite the limitations due to the small size of the studied population, the results obtained would 
be consistent with those derived from clinical studies on SARS-CoV-2 feces excretion. Different studies have 
indicated prolonged fecal shedding of viral RNA for up to 5 weeks[6,59]. The results of this study showed long 
periods of RNA SARS-CoV-2 excretion in the cases. Specifically, Zhang et al. reported a mean period of 
SARS-CoV-2 feces excretion of 22 days, which is similar to what was obtained in this work[60]. Therefore, the 
SARS-CoV-2 RNA detection in wastewater should not necessarily imply the occurrence of active cases. In 
fact, it has been described that the contribution of residual viral shedding is happening from both active 
cases and recovered cases[61]. Therefore, the temporal pattern of excretion through feces from active cases 
and recovered cases might be considered in the study of the relationship between the levels of RNA SARS-
CoV-2 in wastewater and its correlation with different epidemiological indicators.

Among all 4-h composite samples from the WWTP, only one was found positive for N1 (sample from 10 
Jul 2020), while the detection of N1 and N2 occurred in several 24-h composite samples analyzed. It is 
worth noting that positive results at the end of the study period in the samples collected from the WWTP 
(point C) corresponded to an increase in the number of reported cases accumulated in its coverage area 
[Table 3], coinciding with the relaxation of restrictive measures and the beginning of the second wave, but 
were not related with the case study herein reported.

Wastewater samples can be used to monitor viral variants (mutations and lineages)[41]. However, until now, 
very little is known about the resolution to identify variants in ongoing community outbreaks. In this study, 
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we recovered the genome sequence of the dominating viral variant during the outbreak, 20E/EU1. Variant 
20E/EU1 was first identified on 20 Jun 2020 in superspreading events in northeast Spain associated with 
seasonal fruit workers[18,41]. Epidemiological data link the first cases of the Castelló de la Plana outbreak to 
travel from those high-risk areas. Our analysis shows how the imported variant propagated in the 
community and how this is reflected in the SARS-CoV-2 wastewater composition in the proximity of the 
outbreak.

Although this study reports useful data that help to understand the role of urban wastewater in monitoring 
a community outbreak, there have been obvious limitations that might be overcome in future studies 
considering the experience gained in the current pandemic. Thus, it would have been convenient to begin 
collecting samples earlier in the outbreak to better assess the correspondence, both in the ascending and 
descending phases of the outbreak curve. The fact that 4-h and 24-h WWTP composite samples could not 
always be available made it difficult to verify which of these samples could have been more useful and would 
correlate better with data obtained at points A and B located in the proximity of the cases. The lack of flow 
data in sampling points A and B made it unfeasible to calculate viral loads (gc/day), which is more 
appropriate to get conclusions in WBE studies. Therefore, it was necessary to deal with data expressed as 
concentrations (gc/L). In relation to wastewater genomic sequencing, it must be noticed that it comprises a 
mixture of various variants that are in circulation at the given time and possess a sufficient presence to be 
detectable. This situation can complicate the identification of the outbreak variant. In addition, consensus 
sequences from wastewater many times do not cover the whole genome, complicating the analysis. 
However, in our analysis, these limitations were less relevant. One of the samples was nearly complete and 
therefore the results were robust. As the wastewater samples came from local locations, the diversity of 
SARS-CoV-2 was low. Furthermore, this was among the first outbreaks after the major lockdown in Spain 
that removed almost all diversity of SARS-CoV-2[62], and the origin of the variant closely matched the origin 
of the outbreak and therefore there was little room for diversification. This convergence of factors enabled 
the precise identification of the outbreak variant through wastewater genomic analysis.

Among the potential uses of SARS-CoV-2 wastewater surveillance, the WHO highlights the generation of 
knowledge about COVID-19, the detection and monitoring of the virus in localities where clinical 
surveillance is limited. It is especially useful in high-risk environments where the response can be 
implemented quickly, such as large or crowded workplaces, nursing homes, or prisons[15]. Moreover, at 
neighborhood scale, WBE also contributes to identifying covert local outbreaks[13]. The present work 
illustrates the potential of WBE applied to the monitoring of SARS-CoV-2 as a complementary tool for 
epidemiologists to assess neighbourhood effectiveness of the containment and mitigation protocols, as 
somehow indicated by Pico-Tomás et al. For instance, targeted wastewater surveillance at a neighbourhood 
scale can help to verify the closure of a localized outbreak (cessation of viral RNA detection) without the 
need to perform clinical surveillance[49]. In addition, sewage monitoring might be useful to direct tailored 
community-level interventions, for instance, by defining the quarantine period of both symptomatic or even 
close contacts only considering detection of SARS-CoV-2 RNA.

CONCLUSION
Our findings highlight the usefulness of neighbourhood-scale wastewater surveillance for localized 
outbreaks, especially in situations of low incidence of COVID-19 at the broader community level. 
Wastewater surveillance at a small scale can be used as a complementary tool for the management of certain 
community outbreaks, where the cases can be delimited to a perimeter whose wastewater is collected or 
channelled by specific collectors. In this case study, WBE results provided an additional and complementary 
tool to epidemiologists in charge of controlling the outbreak, allowing them to evaluate the implemented 
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measures. In addition, WBE data reported in this paper facilitated the conclusion of the outbreak 
surveillance with greater guarantees by verifying the maintained absence of viral circulation in the 
wastewater of the initially most affected areas. It is worth noticing the importance of collaboration and the 
coordinated work of professionals from different fields and disciplines to carry out this study, which was 
essential to integrate the necessary aspects for its development, implementation and draw conclusions.
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