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Abstract

The COVID-19 pandemic resulted in the collapse of healthcare systems and led to the development and application of several
approaches of wastewater-based epidemiology to monitor infected populations. The main objective of this study was to carry
out a SARS-CoV-2 wastewater based surveillance in Curitiba, Southern Brazil Sewage samples were collected weekly for
20 months at the entrance of five treatment plants representing the entire city and quantified by qPCR using the N1 marker.
The viral loads were correlated with epidemiological data. The correlation by sampling points showed that the relationship
between the viral loads and the number of reported cases was best described by a cross-correlation function, indicating a lag
between 7 and 14 days amidst the variables, whereas the data for the entire city presented a higher correlation (0.84) with
the number of positive tests at lag O (sampling day). The results also suggest that the Omicron VOC resulted in higher titers
than the Delta VOC. Overall, our results showed that the approach used was robust as an early warning system, even with
the use of different epidemiological indicators or changes in the virus variants in circulation. Therefore, it can contribute to
public decision-makers and health interventions, especially in vulnerable and low-income regions with limited clinical test-
ing capacity. Looking toward the future, this approach will contribute to a new look at environmental sanitation and should
even induce an increase in sewage coverage rates in emerging countries.
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Introduction

The fast dissemination of severe acute respiratory syn-
drome 2 (SARS-CoV-2), which causes a severe acute res-
piratory syndrome known as coronavirus disease (COVID-
19), resulted in many countries' collapse of the healthcare
system. The diffusion of COVID-19 within a community
is influenced by various factors such as population density,
the presence of new viral mutations, vaccination rates, and
a range of geographic and environmental determinants.
These determinants include aspects like air quality, UV
radiation levels, and meteorological variables (Coccia
2020, 2022a; Barcellos et al. 2021; Magazzino et al. 2022;
Mathys et al. 2023). Although risk factors and levels of
preparedness to deal with COVID-19 cases vary among
countries (Coccia 2022a), clinical testing and early diag-
nosis of COVID-19 cases are part of a strategy to combat
the pandemic (Salath et al. 2020). However, clinical test-
ing is expensive, time-consuming, and may be limited to
people with symptoms (Pilevar et al. 2021). In this con-
text, it has been insufficient mainly in underdeveloped
and developing countries, which led to the investigation
of several alternative tools to provide earlier information
on COVID-19 cases to alert the population and support
decision-makers. Although the most common clinical
manifestations associated with COVID-19 include fever,
cough, and dyspnea (Baj et al. 2020; da Rosa Mesquita
et al. 2021), it has been shown that infected patients can
present gastroenteric symptoms, with the virus genetic
material detected in feces and urine (Xiao et al. 2020;
Jones et al. 2020; Fumian et al. 2021). As the virus can be
found in human excretions, it has been demonstrated that
it is possible to detect the viral RNA in wastewater, and the
quantification of this genetic material can act as an early
warning system regarding the number of infected people
with COVID-19 (Ahmed et al. 2020; Medema et al. 2020).

From the beginning of the COVID-19 pandemic, waste-
water-based epidemiology (WBE) has been reported as
a powerful complementary tool for examining an entire
population or community and determining the effective-
ness and direction of government actions on health (Rice
et al. 2020). Wastewater sampling enables the collection
of composite samples from entire populations, compris-
ing a mixture of excretions from individuals in the com-
munity (Kumblathan et al. 2023), so this approach is not
subjected to bias found in traditional epidemiological mon-
itoring, which depends on the degree of access to health
services and testing, and where all potential patients and
asymptomatic cases cannot be accounted for (Mao et al.
2020). It has been demonstrated that SARS-CoV-2 might
be transmitted to other people before the first symptoms
appear (Rothan and Byrareddy 2020; Singhal 2020), with
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estimates that presymptomatic and asymptomatic cases can
account for at least 50% of all transmission events (Johans-
son et al. 2021). Accordingly, as WBE does not depend
on individual testing, this approach is highly suited as an
early warning system for the fluctuations in circulating
viral loads, with several studies showing that the increase
or decrease in the viral load in wastewaters can be corre-
lated to increases or decreases in the number of infected in
subsequent days (Ahmed et al. 2020; Gerrity et al. 2021;
Krivonakova et al. 2021; Karthikeyan et al. 2021).

The methods for SARS-CoV-2 WBE vary in efficiency
and sensitivity due to local settings and to different combi-
nations of wastewater sampling strategies and RNA extrac-
tion and preservation techniques (Le 2023; Li et al. 2023a;
Feng et al. 2023; Torabi et al. 2023). Nonetheless, they have
been adopted successfully in several countries on all con-
tinents with human settlements (Street et al. 2020; Ahmed
et al. 2020; Gonzalez et al. 2020; Arora et al. 2020; Agrawal
et al. 2021b, a; Weidhaas et al. 2021; Bar-Or et al. 2021;
Hasan et al. 2021; Saththasivam et al. 2021; Carrillo-Reyes
etal. 2021; Wu et al. 2021; Yaniv et al. 2021; Giraud-Billoud
et al. 2021). In Brazil, the monitoring and quantification of
viral ribonucleic acid (RNA) as a tool for epidemiological
monitoring was readily implemented in some cities, with
published reports from Niteroi (Rio de Janeiro State) (Prado
et al. 2020, 2021), Sao Paulo and adjacent cities (Sao Paulo
State) (Claro et al. 2021; Razzolini et al. 2021; Barbosa et al.
2022; Bueno et al. 2022; Martins et al. 2022), Belo Horizonte
(Minas Gerais State) (Chernicharo et al. 2020; Mota et al.
2021) and rural settings in southeastern Minas Gerais (Fon-
garo et al. 2021), Goiania (Goiés State), the Federal District,
and Foz do Iguacu (Parana State) (Bueno et al. 2022).

In Brazil, a team of scientists, professionals, students, and
companies is working on the COVID Sewage Monitoring
Network (https://etes-sustentaveis.org/rede-monitoramento-
covid-esgotos/), which was created in March 2021, to pro-
vide additional information’s at different local levels about
the COVID-19 pandemic. The project has been expanded to
include the monitoring of sewage in six major Brazilian capi-
tals, based on a methodology established in previous stud-
ies performed in Belo Horizonte in five state capitals and
the federal capital of Brazil (Mota et al. 2021). The present
study utilized data from a 20-month weekly WBE COVID-19
monitoring conducted at five distinct wastewater treatment
plants (WTPs) in one of these capitals, Curitiba, the larg-
est city in southern Brazil. The three main objectives of the
present were to analyze if the number of daily reported cases
by health regionals in different sectors of the city correlates
with the viral loads found in the wastewater treatment plants
(WWTPs) that serve each region; to access the trends of three
different epidemiological indicators (daily number of posi-
tive tests, reported cases, and active cases) in relation to the
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weekly measured wastewater SARS-CoV-2 titers (combined  the population served by the sewage collection (SNIS 2020).

data); and to examine if the waves caused by different SARS- ~ The sewer network divides the city into five macro-regions,
CoV-2 variants of concern (VOC) lead to any changes inthe  and all collected sewage is transported to five WWTPs,
wastewater viral titers measured during the monitoring. which treat 100% of the collected sewage, as presented in

Fig. 1. In addition, these WWTPs also receive sewage from
part of the metropolitan region of Curitiba, including cit-

Material and methods ies with more than 100 thousand inhabitants, as S3o José
dos Pinhais (WWTP Belém), Colombo, Pinhais, Piraquara
Samples and data (WWTP Atuba Sul), and Araucéria (WWTP CIC-Xisto).

SARS-CoV-2 RNA in the inlet of these WWTPs was moni-
The city of Curitiba, the capital of the Parand State, is  tored weekly from March 2021 to November 2022. The cov-
located in southern Brazil, has a population of 1,948,626  erage area, flow rates, population served, covered cities, and
inhabitants and is one of the Brazilian cities with the best  the number of epidemiological weeks monitored of sampling
sanitation system coverage, with approximately 95.1% of  points are shown in Table 1.
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Fig. 1 Location of Curitiba in Brazil (top left), in the Parana State (bottom left) and the areas attended by each of the five the wastewater treat-
ment plant (WWTPs) sampled from March 2021 to November 2022 in Curitiba (Brazil) for monitoring of SARS-CoV-2 in wastewaters

@ Springer



76690

Environmental Science and Pollution Research (2023) 30:76687-76701

Table 1 Summary data of the five weekly sampled wastewater treatment plants (WWTP) sampled from March 2021 to November 2022 in

Curitiba (Brazil) for monitoring of SARS-CoV-2 in wastewaters

Sampling point (number ~ WWTP (area, km?)?

of weeks sampled)

Average flow during sampling  Population served®
period (L/s) (min—max)

Cities
(individuals)

WWTP-01 Atuba Sul 1,263.3+330.4
(n=91) (50.748) (572-1,820)
WWTP-02 Belém 1,196.7+217.1
(n=92) (95.945) (718-2,084)
WWTP-03 Padilha Sul 324.7+98.7
n=92) (35.889) (147-586)
WWTP-04 CIC Xisto 561.6+155.5
(n=91) (80.436) (309-942)
WWTP-05 Santa Quitéria 482.1+51.8
(n=92) (62.132) (397-647.3)

969,987 Curitiba, Pinhais, Piraquara,
Colombo, Quatro Barras

923,324 Curitiba, Sdo José dos Pinhais

285,885 Curitiba

480,758 Curitiba, Campo Largo, Araucéria

276,778 Curitiba, Campo Magro

2 WWTP coverage area in Curitiba; ® Population served by the WWTP, including the metropolitan region

At each sampling point composite samples were obtained
in the WWTPs a period of 4 h during the morning (from
8:00am to 12:00 pm) using automatic sampling devices
(HACH AS950 and SD900), which were set to collect 400 mL
of sewage every 10 min, resulting in approximately 9.60 L
total volume. After sampling, the sample containers were
vigorously shaken, and composite samples were transferred
to two bottles of 1 L, which were cooled and immediately
transported to the laboratory for SARS-CoV-2 RNA extrac-
tion and preservation. Upon arrival of the samples in the
laboratory they were immediately processed and extracted at
NB2 + cabinets. The concentration of the wastewater material
was carried out using a methodology adapted from Symonds
et al. (2014) and Ahmed et al. (2015), as described by Mota
et al. (2021). The method is based on filtration of the sample
through an electronegative membrane (HAWP04700, Merck-
Millipore, cellulose ester membrane with pore diameter of
0.45 um) using a vacuum pump. Before filtration, sample
volumes of 100 mL were prepared by adding 1 mL of MgCl,
(2.5 M). After homogenization, they were acidified with ace-
tic acid (2 M instead of 1 M as described by Mota et al. 2021)
until they reached a pH between 3 and 3.5. Final acid volume
added ranged from 0.002-0.033 L (mean=0.005+0.004 L,
n=458). Samples were filtered until membrane clogged, so
the volume filtrated was variable, ranging from 0.028-0.1 L
(mean=0.063 +£0.017 L, n=458). After filtration, the mem-
brane was transferred to a sterilized microtube and stored at
-80 C° until extraction (typically between 24—48 h after fil-
tering). The genetic material withheld on the membrane was
extracted using the AllPrep PowerViral DNA/RNA extraction
kit (Qiagen Inc., Diisseldorf, Germany) following the manu-
facturer's instructions, except that after the addition of the
PM1 lysis buffer to the beads tube with the membrane, the
membranes were manually fragmented using a pipet tip before
being placed on the vortex adaptor. The final volume used for
DNA/RNA elution was 100 pL.
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COVID-19 clinical data for Curitiba City, including
the number of positive tests per day, reported cases, active
cases, and the social restrictions/isolation, were obtained
from March 2021 to December 2022 through the COVID-19
Curitiba Panel (https://coronavirus.curitiba.pr.gov.br/paine
Icovid). Data for the number of reported cases in the differ-
ent districts of Curitiba were obtained from the open data-
base of COVID-19 cases (https://www.curitiba.pr.gov.br/
dadosabertos/). Information on the SARS-CoV-2 variants of
concern (VOC) in circulation were obtained from Adamoski
et al. (2022, 2021) and from Paran State Government press
releases, with the first register of Omicron lineage BA.2 in
the metropolitan region of Curitiba being determined by the
Laboratdrio Central do Estado do Parana (EpiCov GISAID
database EPI_ISL_12001963).

Measures of variables

The detection and quantification of the viral material in the
samples were carried out using the US-CDC assay for the
N1 marker, which detects the presence of copies of the N
gene of the SARS-CoV-2, with the RNAse P marker for
human ribonuclease being used as a control for reaction
inhibition (Lu et al. 2020). Rt-qPCR reactions of 20 uL.
were performed in a Quantstudio 5 real-time PCR system
(Applied Biosystems, Walthan, MA, USA) using primers
(reaction final concentration of 0.5 pM/L) and probes (reac-
tion final concentration of 0.125 uM/L) from IDT (Integrated
DNA Technologies Inc., Coralville, IA, USA) and the iTaq
Universal Probes One-Step kit from Biorad Laboratories
(Hercules, CA, USA). All experiments included positive and
negative controls. Volumes of reagents and samples used
for the reactions are presented in Supplementary Table 2,
and qPCR cycling parameters in Supplementary Table 3.
As indicated for clinical samples, if the RNAse P control
amplified and there was no contamination of the negative
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controls, reactions that presented a Cq smaller than 40 for
the N1 marker were considered positive, and those with a
Cq> 40 were deemed to be negative (Lu et al. 2020).

Construction of the standard curve for quantification of
the N1 marker was carried out using the IDT 2019-nCoV_N
plasmid, with five calibration points in serial dilution 1:10,
starting at 20,000 copies uL ™! and ending at 2 copies pL~".
The plasmid concentrations were halved because the plas-
mids used for the standard curve were double-stranded (ds),
but a single-stranded viral RNA was transcribed into dsDNA
during the rt-qPCR reaction (Hillary et al. 2021; Mota et al.
2021). Standard curves were performed in all quantifica-
tion reactions, with 3-5 replicates of each calibration point.
In the samples, quantification reactions of the N1 marker
were carried out in triplicates. The results were valid when
the standard deviation of the Cq between the replicates was
lower than 0.5. The 95% confidence interval (CI) for the
measures of copies is as:

standard deviation
Nz )

The RT-qPCR experiments were analyzed using Design
& Analysis Software 2.6 (Applied Biosystems). The results
were first analyzed using the auto-threshold/baseline func-
tion, and if needed, the values of these parameters were
adjusted to maximize efficiency during the exponential
amplification phase. The calibration curve results were
considered acceptable if they fall with the following val-
ues: slope -2-97 to -3-63, R?>0-99, Y-intercept between
33-37, and efficiency between 90—110%. The limit of detec-
tion (LOD) and limit of quantification (LOQ) for the assay
was estimated by the methodology of Klymus et al. (2020),
which selects the curve fitting method most appropriate for
the data using the Akaike Information Criterion, lack of fit
and residual variance. The analysis was performed using
the script made available by Merkes et al. (2019), with the
LOQ coefficient of variation threshold set to 0.35. The best
curve-fitting model selected was the second-order polyno-
mial model, with an estimated LOD estimated of 8,03 copies
uL~! for a single replicate, and of 1.34 copies uL~! for three
replicates, and an estimated LOQ of 1,823 copies uL™!. The
conversion from copies uL~! to copies L™ was performed
considering the final elution volume during the RNA extrac-
tion (100 pL) and the volume of sample filtered (in mL), as
follows:

CI = x +1.96

) copies per UL X elution volume (pL)
copies per L = )
filtered volume (L)

Converting the LOD for three replicates using the mean
filtered volume indicated above, the LOD was of 2,146.37
copies L™!. To obtain the viral load for each WWTP at each
sampling day, the measured values of copies per L for a

sample was multiplied by the average of the flow (L/s) dur-
ing the automated sampling period (4 h) and by 24 h to
represent a full day.

Concerning the clinical data obtained from the municipal-
ity, positive tests have been defined as new daily cases by
testing date, while the reported cases as new daily cases by
report date. The main difference between these two first indi-
cators is that the number of daily positive tests has been noti-
fied weekly and with a delay of five days, while the reported
cases are notified daily as they are received by the munici-
pal administration. In addition, the municipal administra-
tion defined an active case as a person in the active phase
of the disease with potential for transmission, with the total
value being given by confirmed cases — [deaths + recovered],
with the active phase period being defined as 14 days during
2021, and 10 days from January 2022 onwards. To obtain
the daily number of reported cases associated with each
WWTP, the reported cases for each city district attended
by a given WWTP were summed up, with districts attended
by more than one plant being added to both. Information on
the waves of the SARS-CoV-2 variants of concern (VOC)
Gamma, Delta, and Omicron (lineage BA.1) were obtained
from Adamoski et al. (2021, 2022) and from Parana State
Government press releases, with the first register of Omicron
lineage BA.2 in the metropolitan region of Curitiba being
determined by the Laboratério Central do Estado do Parana
(EpiCov GISAID database EPI_ISL_12001963).

Data analysis procedure

All statistical analyses were performed using R 4.0.3 (R Core
Team 2021). Initial exploring of the epidemiological data
obtained from the COVID-19 Curitiba Panel for the daily
number of positive tests, reported cases, and reported cases
by WWTP showed that these data were often undertested and
underreported on weekends because of the so-called "week-
end effect" (Soukhovolsky et al. 2021). Due to this, before
further analysis, these three epidemiological parameters were
smoothed using a moving average method with seven adja-
cent days using the function rollmean of the zoo R package
(Zeileis and Grothendieck 2005). The number of active cases
did not show a clear "weekend effect" pattern, so it was not
smoothed. The values of N1 copies L™! were used to calcu-
late the daily viral load per sampling point by multiplying the
obtained values by the mean flow value (L s™') times 24 h. To
account for missing data of daily viral load (one time in two
WWTPs) and the different days of sampling due to holidays
(four times) was performed data imputation using a linear
interpolation implemented by the function na.interp of the
forecast R package (Hyndman et al. 2021). These values were
then summed to obtain the total daily viral load.

As viral loads (from each WWTP and total) and
the clinical data do not follow a normal distribution
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(Shapiro—Wilk test, p-values < 0.05, not show), the
correlation between variables were tested using the
non-parametric Spearman rank correlation coefficient
(alpha=0.05). Weekly viral titers were tested for correla-
tion with daily numbers of each epidemiological indicator,
from the day of sampling and for the 20 subsequent days.
The correlation was performed using the cor_mat func-
tion of the rstatix package (Kassambara 2021), with the p
values being estimated with the cor.mtest function of the
corrplot R package (Wei and Simko 2021).The correla-
tion between the wastewater viral loads and the number of
reported cases were also evaluated using a cross-correla-
tion function (Ccf), which evaluates the displacement of a
time series in relation to another, using the CCF function
of the feasts R package (O’Hara-Wild et al. 2021), with a
maximum of four lag units (four weeks or 28 days). The
relation of the total wastewater loads with the different
epidemiological indicators available was analyzed by the
daily load values obtained for each WWTP summed and
tested for correlation as described above with the daily
number of positive tests, new cases, and active cases of
COVID-19.

Additionally, to analyze if the wastewater loads were
similar during the periods with different SARS-CoV-2
VOCs, the data were divided into three waves, Gamma
VOC (monitoring weeks 1 to 13), Delta VOC (weeks 14
to 41), and Omicron VOC (weeks 42 to 92). To evaluate if
there were any changes in the individual viral loads between
these periods, besides comparing the raw daily SARS-CoV-2
wastewater loads, a daily number of viral copies per gram
of feces was also calculated. For this, we divided the daily
citywide SARS-CoV-2 titers by the number of active cases
in the given day divided for the mean value of 149 g grams
of individual daily fecal mass (Rose et al. 2015). As the
three periods were not evenly sampled, and both variables
do not follow a normal distribution (Shapiro—Wilk test,
p-value < 0.05, not shown), the significance of the differ-
ences in the means between these periods and its 95% con-
fidence interval (95%CI) was accessed through a two-way
permutation test with 10,000 replicates. These tests were
performed using the permTS function of the perm R package
(Fay and Shaw 2010).

Results

As an overview of the dynamics of the wastewater COVID-
19 loads in Curitiba during the monitored period (Fig. 2,
which started nearly one year after the first case report, is is
possible to say that at the beginning of the quantification the
pandemic curve was in a wave of new COVID-19 cases, so
the peak of virus in the sewage may not have been detected
in this period. However, the other 3 peaks of SARS-CoV-2

@ Springer

RNA in the sewage were found as follows: (i) on 25" May
2021, the load of SARS-CoV-2 RNA in the sewage influ-
ent to the WWTPs achieved 13 trillion genomic copies
per day, resulting in more than a thousand new daily cases
of COVID-19 reported in the following days; (ii) on 18
January 2022, 19 trillion of genomic copies per day were
detected in sewage influent to the WWTPs, which resulted
in more the 4,000 new daily cases of COVID-19 reported
nine days later; (iii) on 24 May, 2022, viral load similar
to the last peak was observed in sewage, while the reported
new daily cases of COVID-19 formed a plateau with more
than 1,500 cases; and (iv) on 15™ November 2022 there was
another surge with values similar to the ones found in May
2021. On the other hand, mid-September to December 2021,
late January to the beginning of April 2022, and mid-Sep-
tember to mid-October 2022 were the lighter moments of
the COVID-19 pandemic in Curitiba. In these periods, the
SARS-CoV-2 RNA load in sewage influent to the WWTPs
remained below 833 billion genomic copies per day, and
reported cases progressively decreased until they were less
than 900 active cases of COVID-19. Most of the samples
with no viral detection occurred between October to Decem-
ber 2021 (18 out of a total of 458 samples), although there
was also no detection for a single sample from the first week
of May 2022 and the last week of September 2022.

Correlation between individual wastewater
treatment plant SARS-CoV-2 loads and cases
by region attended

The viral load in sewage significantly correlated with clini-
cal data obtained for each region from the open database
of COVID-19 cases. Results of Ccf analysis by sampling
point are show in the Supplementary Information (SI)
(SI Table S1) indicate that the viral loads in the WWTP
showed moderate to high correlation with the local num-
ber of cases in the week following the sampling (lag 1,
7 days after sampling), except for the WWTP Atuba Sul
region, which showed moderate Ccf values for lag 0, and
WWTP Belém, that presented a higher Ccf value with lag 2
(14 days after sampling) (SI Fig. S1, Table S1). Spearman
correlation analysis between the WWTPs viral loads and
the number of cases for the districts (SI Table S2) suggests
at least a monotonic relationship between the variables,
where both tend to move in the same direction but not nec-
essarily at a constant rate as in a linear relationship. The R?
values indicated that the WWTPs showed a low-medium
degree of linearity in the correlation between wastewa-
ter loads and the number of cases (SI Fig S2), except the
WWTP Santa Quitéria region presented a strong correla-
tion. Even so, the discordance between the results of Ccf
analysis, adjusted R?, and Spearman correlation values
suggest that a monotonic relationship does not adequately
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Fig.2 Total loads of SARS-CoV-2 in the wastewater (black lines)
and 95% confidence interval of the quantification (grey shaded area)
in relation to different panels of epidemiological indicators (columns)

describe the pattern of variation between the two measures,
which seems to be best captured by using the Ccf. Between
WWTPs, the SARS-CoV-2 wastewater loads per 100,000

BN A A R SR A A LN g

Y

in Curitiba, Brazil, from March 2021 to November 2022. Background
colors indicate the waves of COVID-19 variant of concern (VOC) a.
Daily number of positive tests. b. Reported cases. c. Active cases

habitants presented Spearman correlation values ranging
from 0.63—72, but only the correlations between three pairs
of WWTs were significant (p <0.05) (SI Table S3).
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Evaluation of the performance of different
epidemiological indicators in relation

to the citywide measures of SARS-CoV-2 loads
in wastewater

The results for the combined data showed, by all methods of
analysis, a higher correlation to the citywide measures of SARS-
CoV-2 loads in wastewater than for the individual measurements
in each WWTP (Fig. 2 and SI Figs S1-2; Tables 2 and SI S1-4).
Spearman correlation of the total N1 wastewater viral loads
showed a high positive correlation with the three epidemiologi-
cal indicators evaluated (Table SI S4), with the higher correla-
tion values being registered three days after sampling for the
number of positive tests (Fig. 2a), eight days for the reported
cases (Fig. 2b), and 11 days for the active cases (Fig. 2c). The
values of the adjusted R? for the days with the highest Spearman
correlation indicated that the daily number of positive tests and
the newly reported cases presented a more linear relationship
with the total N1 viral loads (respectively, adjusted R* 0.72 and
0.69) than the one found for the active cases (adjusted R?0.44).
The Ccf analysis returned results similar to the ones found by the
Spearman correlation, with the total wastewater N1 viral load
presenting the higher correlation with the positive tests at lag O
(sampling day), at lag 1 (seven days) for the reported cases, and
lag 2 (14 days) for the active cases (Table 2).

Effects of different waves of SARS-CoV-2 variants
of concern on the results of viral titers in wastewater

Comparing the total SARS-CoV-2 wastewater loads during
the periods characterized by the presence of different VOCs
waves (Fig. 3a), there were no significant differences between

Table2 Cross-correlation function results for the comparison
between three epidemiological indicators (daily number of positive
tests, new cases, and active cases) and the total SARS-CoV-2 N1
gene wastewater viral loads in Curitiba, Brazil, from March 2021 to
November 2022

Cross-correlation function between SARS-CoV-2
loads in wastewater and three epidemiological
indicators

Lag (days before /
after sampling*)

Positive tests ~ Reported cases  Active cases

—4 (-28 days) 0.127 0.046 -0.198
-3 (=21 days) 0.304 0.192 -0.052
-2 (~14 days) 0.513 0.359 0.107
—1 (7 days) 0.72 0.6 0.323
0 (0 days) 0.836 0.751 0.52

1 (7 days) 0.8 0.827 0.627
2 (14 days) 0.627 0.751 0.647
3 (21 days) 0.397 0.545 0.552
4 (28 days) 0.216 0.343 0.442

*Sampling occurred at lag 0

@ Springer

the loads registered in the period of the Gamma VOC wave
and the Delta VOC wave (two-way permutation test, p =0.28,
95%CI1 0.27-0.30), or between the waves of the Gamma VOC
and the Omicron VOC (two-way permutation test, p=0.1,
95%CI 0.01-0.11). However, the average values registered
after the first detection of the Omicron VOC were about 2.69
times higher than the ones measured after the first detection
of the Delta VOC (two-way permutation test, p<0.01, 95%
CI1x1073-2x107%).

Considering the day with the highest correlation value
between the daily viral load and the number of active cases
(11 days after sampling), measured as number of gene copies
per gram of fecal mass (Fig. 3b), there were no significant
differences between the numbers of gene copies per gram of
fecal mass during the Gamma VOC wave in relation to the
Delta VOC wave (two-way permutation test, p=0.59, 95%CI
0.58-0.60). Even so, the values obtained for these first two
variants were significantly smaller than the one found during
the Omicron VOC wave (two-way permutation test, respec-
tively, Omicron and Gamma, p <0.01, 95%CI 5 x 1073-0.01,
and Omicron and Delta, p <0.01, 95%CI 1x 107-5x 107),
with the virus fecal load increasing between 5-6 times after
the introduction of this last VOC.

Even after being separated by the VOC periods, the total
SARS-CoV-2 wastewater loads and the number of gene cop-
ies per gram of fecal mass showed the same pattern in rela-
tion to the three epidemiological indicators as the data for the
whole period (SI Table S5), with higher values of Spearman
correlation with the number of positive tests than with the
other indicators (Table S5), and with positive cases presenting
a higher ccf correlation at lag 0 (sampling day) (SI Table S6).
The ccf with reported cases (Table S6) was higher at lag 0 for
the Gamma and Delta periods and at lag 1 (seven days after
sampling) in the Omicron period. Considering the ccf with
active cases (Table S6), for the Gamma period it was higher
at lag 3 (21 days after sampling), for the Delta period higher
at lag 0 (sampling day), and higher at lag 2 (14 days after
sampling) for the Omicron period.

Discussion

In summary, our findings showed the existence of local vari-
ations in the SARS-CoV-2 wastewater loads across different
areas of Curitiba city, that the total measured viral titers
presented the smallest lag or response time in relation to the
epidemiological indicator of a daily number of positive tests,
and that the waves of distinct VOCs lead to differences in the
measure wastewater loads.

Regional differences between SARS-CoV-2 wastewater
loads influent on the WWTPs and clinical data are expected
due to local dynamics of COVID-19 infection and seem
reflected in the slightly different lags or response times
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Fig.3 Boxplot of Mean SARS-
CoV-2 wastewater loads and
viral gene copies per gram of

Wave B Gamma & Delta 8 Omicron

b

fecal mass in Curitiba, Brazil 2.0e+13

(from March 2021 to November
2022a.) in the waves of vari-
ants of concern (VOC). Each
boxplot indicates, for a given
wave, the mean (bold line), the
quartiles of the data (box), the
range (whiskers), and outli-

ers (black dots). a. Mean total
SARS-CoV-2 wastewater loads.
b. SARS-CoV-2 N1 gene copies
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found for each WWTP analyzed. Hoar et al. (2022) also
reported a similar scenario for New York City, and sug-
gested these kinds of differences might also be attributed
to particularities in the sewer networks, including residence
times, non-domestic water inputs, the proportion of tran-
sient individuals, and per capita water use, as well as to dif-
ferences in clinical testing rates. In Curitiba, in addition to
these factors, the relationship between the wastewater viral
loads and the regionalized number of reported cases found
for the WWTPs seems to be related to the area and size of
the population attended by each WWTP. It can be observed
that the smaller WWTPs (CIC-Xisto, Padilha Sul, and Santa
Quitéria), presented its highest correlation values with lag
1 (seven days after sampling), whereas the largest WTTPs
(Atuba and Belém) showed higher correlation, respectively,
with lag -1 (seven days before sampling) or lag 2 (14 days
after sampling). A systematic review of correlation measure-
ments of viral titers in sewage and the number of COVID-19
cases reported values ranging -0.38 to 0.99 (Li et al. 2023b),
with studies in Brazil showing positive correlations between
0.41-0.63 (Bueno et al. 2022), and regression coefficients
ranging from 0.22-0.71 (Barbosa et al. 2022; Razzolini et al.
2021). In comparison to the values reported for Brazil, the
ones found for Curitiba in the present study are among the
highest found for the country, which can be related to the
high sewer coverage in the city. It is important to note that,
probably due to variations in data collection and analysis
associated with inappropriate testing and human-to-human

shedding variation, there is no clear correlation among
SARS-CoV-2 wastewater loads and active cases found in
different countries (Parida et al. 2023).

Monitoring epidemics in real-time still presents numer-
ous challenges, including reporting delays caused by factors
such as laboratory confirmations, logistical hurdles, infra-
structure limitations, and other related issues (Bastos et al.
2019). These challenges have also impacted the effective-
ness of measures implemented during the COVID-19 pan-
demic (Sarnaglia et al. 2022). Our results showed that the lag
between the viral measurements and the number of positive
tests is higher for the sampling week, similar to the found by
Martins et al. (2022) in Sao José do Rio Preto (Brazil) for
positive clinical cases, and for positive tests in two localities
of Ontario, Canada (Hegazy et al. 2022). As found by Li et al.
(2023a, b), our analysis found higher correlation measures for
positive tests and daily reported cases than for active cases,
and besides shows that different epidemiological indicators
can have a relevant impact in its response time to be used as
an early warning system. Such delays can be related to the
lag of about one week between positive tests and reported
cases and the wastewater viral loads, or the even larger lag
between the loads and the number of active cases, which
possibly were also affected by the change in the definition
of active cases used by Curitiba municipal administration.
As, in general, a positive test preceded the reporting of a
given case or its consideration as an active one, dates from
positive tests allow that the time to develop COVID-19 after
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contracting the virus ranges between 1 to 14 days, with a
mean incubation period of 5-6 days (Li et al. 2020; Lin-
ton et al. 2020; Guan et al. 2020; Lauer et al. 2020), and
although the virus can be detected in the upper respiratory
tract 1 to 3 days before the onset of the symptoms (WHO
2020), initial recommendations for sample collection to test-
ing were approximately 8 days after the onset of symptoms
(Lima et al. 2021). According to Kucirka et al. (2020), the
probability of an infected person's false-negative result of an
RT-PCR-based test is 38% on the day of the first symptom.
This value decreases to 20% on the third day after the symp-
tom onset. Thus, COVID-19 testing has been recommended
2-10 days after the first symptoms for an etiological diagno-
sis (da Rocha Araujo 2020), and in Curitiba, the municipal
administration recommends testing between 3 to 7 days after
the onset of the symptoms.

Although very important in clinical and health settings,
these directives about when a test is recommended can lead
to another small delay in discovering an outbreak of the dis-
ease. On the other hand, gastrointestinal manifestations of
COVID-19 can appear on average 4.9 days before hospi-
tal admission (Buscarini et al. 2020), with stool testing for
the disease showing positive results since the onset of the
symptoms (Britton et al. 2021). Then, it is possible that viral
shedding in feces occurs 3-5 days before other classic symp-
toms (Jones et al. 2020). Given these considerations, SARS-
CoV-2 wastewater loads can offer a near real-time indicator
of the number of positive tests. According to findings, it
has the ability to detect changes in the infection dynamics
even up to four days prior to individual testing, making it
a trustworthy proxy for the number of infected in the days
following sampling. Additionally, clinical testing alone fre-
quently fails to detect presymptomatic, asymptomatic, and
mild symptomatic cases, which also contribute to the spread
of COVID-19, with data exclusive from diagnostics repre-
senting inadequate surveillance data to decision making by
public health agents (Kumblathan et al. 2023).

The viral loads found in the waves of different COVID-
19 VOCs suggest that the viral lineages in circulation can
strongly affect the quantification of the virus in the sew-
age. Some reports demonstrated that in clinical testing the
VOCs Delta, and Omicron variants produce higher viral
titers than the Gamma VOC (Fall et al. 2022; King et al.
2022), and our data suggests that at least the Omicron VOC
can be associated with higher SARS-CoV-2 RNA loads
in sewage that the Delta VOC, although the results do not
support the same in an increase in the comparison between
Delta and Gamma VOCs. The values of gene copies per
gram of fecal mass calculated from the wastewater SARS-
CoV-2 viral titers and the number of active cases for Curitiba
mainly fall within values described in the literature, rang-
ing between 4.3 10° to 1.3 x 10® gene copies g~! (Kitajima
et al. 2020; Fumian et al. 2021), but the values found for
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the period with a predominance of the Omicron VOC were
significantly higher than the ones found for the others VOCs.
Hegazy et al. (2022) showed that for Ontario (Canada) the
correlation and lag times were affected by periods with a
predominance of the Alpha VOC, Delta VOC, and higher
vaccination levels, and the surge of the Omicron VOC, but
the analysis of our data for the waves of the different variants
showed a little variation on the correlation values (smaller
for the Gamma VOC) and no variation on the lag times, with
all VOCs showing higher values at lag 0 (sampling day) for
the positive tests indicator (note that indicators “reported
cases”’and “active cases’showed variation for correlation and
lag times). As both the raw SARS-CoV-2 wastewater titers
(Fig. 3a) and the viral load by the case (Fig. 3b, expressed
in copies per gram of fecal mass) showed some degree of
change between the different VOC waves, it is not clear if
the observed changes in the viral titer patterns are due to
the generation of higher SARS-CoV-2 loads in the infected
individuals by the Omicron VOC or due to different rates of
transmission between the VOCs. Even so, the results pre-
sented showed that, in comparison with the best-fit epidemi-
ological indicator, SARS-CoV-2 monitoring in wastewaters
could deliver robust results regarding the infection dynamics
in a population.

Conclusion, limitations and prospects

The results of this study represent one more piece of evi-
dence of the utility of SARS-CoV-2 wastewater monitor-
ing as an early warning system, which can provide robust
results even during different viral variant waves if analyzed
in relation to a more precise epidemiological indicator as the
number of positive tests. Thus, based on the analysis per-
formed herein we recommend the use of a daily number of
positive tests as a more efficient epidemiological indicator,
which seems not to be affected by the changes in the waves
of SARS-CoV-2 VOCs. However, is worth noting that the
changes in the definition of active cases by the municipality
from 2022 onwards could have affected the results regarding
this indicator. Likewise, regarding the waves of COVID-
19 VOCs, the differences in the viral loads per case during
the the Omicron VOC wave may have been boosted by the
liberation of self-testing (with no compulsory notification)
by the Brazilian government at the end of January 2022..
Even with these limitations, and considering that there are
still several challenges in the wastewater based epidemiol-
ogy approach to be solved regarding standardized method-
ologies, sewer variation, and data analysis (Ciannella et al.
2023; Jiang et al. 2023), this approach was demonstrated to
be robust to deal intrinsic variations in the data.

More, the SARS-CoV-2 virus can be found in several envi-
ronmental matrices, including aerosols and different kinds



Environmental Science and Pollution Research (2023) 30:76687-76701

76697

of solid surfaces (Vicente et al. 2021; Parida et al. 2023),
with its presence in natural and human-made water bodies
(including wastewater) derived mainly from stool and urine
(Nufiez-Delgado et al. 2021; Parida et al. 2023). It is worth
noting that, despite the low number of publications on the per-
sistence of viable SARS-CoV-2 in excreta or sewage (Wolfel
et al. 2020; Xiao et al. 2020; Jeong et al. 2020; Fumian et al.
2021; Wartzer et al. 2021) the World Health Organization still
considers the potential transmission of COVID-19 through
wastewater as unconfirmed, and due to precaution principles,
it is highly recommended the use of collective and personal
protective equipment by WWTPs workers and that treatment
tanks are covered (WHO 2020; Zaneti et al. 2021). On other
hand, although viral presence in wastewater allows for very
effective tracking and quantification of the infected individu-
als in a population, it does not seems to represent a new route
of transmission or an important factor in determining the
dynamics of viral infections in a community when compared
with air pollution or meteorological conditions (Coccia 2020;
Barcellos et al. 2021; Mathys et al. 2023).

The COVID-19 pandemic showed that there is a lot to
learn and to improve in our ability to face the fast spread of a
pathogenic agent and manage future crisis scenarios (Coccia
2021). Vaccination was the main pharmaceutical measure
that leads to a reduction in the number of infected individu-
als and lethal cases (Coccia 2022b, c), and it has been shown
that good governance can increase vaccination levels (Benati
and Coccia 2022a) Among non-pharmaceutical measures for
crisis management, aside from more effective new technolo-
gies (Coccia 2023), the most common social policies adopted
where lockdowns, which were effective but restricted the
population mobility (Alfano and Ercolano 2020; Cai et al.
2021; Secco and Conte 2022) and contact tracing (Benati and
Coccia 2022b), which were less widely adopted in countries
with limited resources as Brazil. It has been argued that the
adoption of more comprehensive prevention strategies in the
case of new epidemics in the future must also be based on
sustainability and environmental sciences (Coccia 2020).

To conclude, WBE approaches that have already been
traditionally used for drug use surveillance (Luo et al.
2023), proved in the COVID-19 pandemic that can repre-
sent essential pieces of an integrated prevention approach,
providing precise data and almost real-time data and at
a lower cost than individual testing. The future develop-
ment of standardized methods (Jiang et al. 2023), risk
index approaches to inform decision makers (Asadi et al.
2023), and data-driven methods to predict variables related
to outbreaks (Ciannella et al. 2023) will allow the WBE
approach to be more widely utilized in comparative studies
and for decision-making policies.
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