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ABSTRACT

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) wastewater-based epidemiology (WBE)
has been applied as a complementary approach for spatial tracking of coronavirus disease 2019 cases
(COVID-19) as well as early warning of the occurrence of infected populations. The present study presents
the result of the monitoring of sanitary sewerage in the municipality of Niter6i, a metropolitan re-
gion of Rio de Janeiro (Brazil) and its use as a complementary indicator in the surveillance of COVID-
19 cases, thus assisting actions of public health from local authorities. Twelve composite raw sewage
samples were weekly collected from two wastewater treatment plants (WWTPs) and alternately from 17
sewer pipes (SP) from surrounding neighbourhoods and slums throughout 20 weeks (April 15th to August
25th, 2020). Two hundred twenty-three samples were concentrated using the ultracentrifugation-based
method and SARS-CoV-2 RNA detected and quantified by RT-qPCR using primers and probe targeting the
N2 genome. SARS-CoV-2 RNA was detected in 84.3% (188/223) of samples with a positive rate ranging
from 42% (5/12) in the first week of monitoring to 100% during the peak of epidemic with viral con-
centration ranging from 3.1 to 7.1 log;p genome copies ;100 mL throughout the studied period. Positive
rates were higher in WWTPs when compared to SP, being useful tool for monitoring trends in the evo-
lution of the COVID-19 curve, while SP data were more effective when health public interventions were
needed. Whole-genome sequencing using Illumina MiSeq System confirmed the lineage of three genomes
as B.1.1.33 (clade G) containing the nucleotide substitutions observed in strains that circulate in the Rio
de Janeiro during the period of this study. In addition, geoprocessing tool was used to build heat maps
based on SARS-CoV-2 data from sewage samples, which were weekly updated and available online to
the general population as an indicator of the ongoing epidemic situation in Niterdi city, raising public
awareness.
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1. Introduction

The coronavirus disease 2019 (COVID-19) caused by the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) brought
an unprecedented impact worldwide. After the first cases reported
in November 2019 in Wuhan, Hubei province, China (Zhu et al.,
2020), SARS-CoV-2, a new beta-coronavirus, rapidly spread to other
regions in China and then to many other countries worldwide. On
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31st January 2020, the WHO declared the outbreak of COVID-19
to be of Public Health Emergency of International Concern pos-
ing a high risk especially to countries with vulnerable health sys-
tems (WHO, 2020). According to WHO reports, on December 18th,
the number of reported cases and deaths reached 73,275,943 and
1650,348, respectively (WHO, https://covid19.who.int/).

In Brazil, the first COVID-19 case was confirmed in Sdo Paulo
on February 26th, and a week later, Rio de Janeiro confirmed its
first case. As major Brazilian metropolis, both cities are important
in the entry flow of transmissible diseases into the country. As
of December 14th, 2020, over 180,000 COVID-19 confirmed deaths
have been officially reported by the Brazilian Ministry of Health
(MS, https://covid.saude.gov.br/), and Brazil is the third country
with the largest number of confirmed cases to date (WHO, https:
/[covid19.who.int/).

The main route of SARS-CoV-2 transmission is through respi-
ratory droplets and aerosols generated by coughing, sneezing and
speaking, and although less likely, contaminated fomites could be
implicated in the transmission of SARS-CoV-2 (Chia et al., 2020;
Liu et al., 2020; Goldman, 2020). SARS-CoV-2 infection can af-
fect not only the respiratory system, causing fever, cough, rhinor-
rhoea, dyspnoea or severe pneumonia, but may also cause other
clinical symptoms like lethargy, muscle ache, headache, neuro-
logic manifestation or gastrointestinal symptoms such as diarrhoea
(Foladori et al., 2020). Diarrhoea has been reported in a signif-
icant number of cases (incidences varying from 3.8% to 80% of
cases), with positive viral RNA in stools ranging from 15% to 83%
of patients (Foladori et al., 2020). SARS-CoV-2 RNA titers in stool
may be highly variable as well (from 103 to 108 RNA copies/g of
stool) depending on the day of sampling post onset of symptoms
(Foladori et al., 2020; Kitajima et al., 2020).

Detection of SARS-CoV-2 in faeces and early shedding demon-
strated by virus detection in faeces (He et al., 2020) resulted in
use of an environmental approach called wastewater-based epi-
demiology (WBE) as an additional tool to support COVID-19 pre-
vention and control actions in several regions (Farkas et al., 2020;
Hart and Halden, 2020; Mao et al., 2020; Thompson et al., 2020).
According to Polo et al. (2020), WBE consists on the assump-
tion that any stable substance that is excreted by humans and
in wastewater can be used to back-calculate the original con-
centration excreted by the serviced population. The same con-
cept can be used for analysis of pathogens circulation in sanitary
sewers in a given population, when excreted in the faeces/urine
of infected people (Mao et al.,, 2020; Polo et al., 2020). Such an
approach is a useful tool especially where resources for clinical
diagnosis are limited and when reporting systems are unavail-
able or inefficient (Kitajima et al.,, 2020; Hart and Halden, 2020;
Thompson et al., 2020).

Since the beginning of the COVID-19 pandemic this environ-
mental approach for tracking SARS-CoV-2 has been used in sev-
eral countries such as Australia, Netherlands, France, Spain, Italy,
Japan, China, India, and the USA (Ahmed et al., 2020a; Farkas et al.,
2020; Haramoto et al., 2020; Hart and Halden, 2020; Kumar et al.,
2020; La Rosa et al., 2020a; Mao et al., 2020; Medema et al., 2020;
Randazzo et al., 2020; Wurtzer et al., 2020). Based on this concept
and in addition to rapid action to face the epidemic in Niteréi, this
municipality established a partnership with Oswaldo Cruz Founda-
tion - Fiocruz (under the Brazilian Ministry of Health) aiming at
promoting an environmental surveillance project based on detec-
tion of SARS-CoV-2 in sewers. The intention was to provide data
on the spread of these viruses in the municipality alone and to as-
sist actions carried out by the local Health Secretariat. Niter6i re-
ported the first COVID-19 case on March 12th, a few weeks after
the first confirmed case in the country. The success in detecting
SARS-CoV-2 in sewerage samples in this pilot project (Prado et al.,
2020) led us to expand sampling throughout the city thus adding
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environmental surveillance data to support decision making of lo-
cal public health policies.

In this study, we present data from SARS-CoV-2 detected in the
sewerage system over a 20-week monitoring period, in samples
obtained from wastewater treatment plants (WWTPs) and sewer
pipes (SP) in locations with demographic density and of variable
income levels (neighbourhoods and slums) throughout COVID-19
epidemic in Niter6i. The SARS-CoV-2 RNA was characterized by
complete genome sequencing using the Illumina MiSeq platform,
which represented an important report of SARS-CoV-2 sewage se-
quencing data in Brazil to evaluate its local circulation compared
to strains distributed globally. Local public health actions to con-
trol the epidemic are also described, as well as an attempt to for-
mulate an environmental health indicator based on data from the
WBE.

2. Methods
2.1. Study area, period of study and sampling sites

The present study was carried out in Niter6i municipality, state
of Rio de Janeiro, Southeast region of Brazil. The city is con-
nected to Rio de Janeiro capital (second largest Brazilian city) by a
13.3 km-bridge thus integrating the Metropolitan Region of Rio de
Janeiro (Fig. 1A). Niter6i houses an estimated population of 513,584
inhabitants, occupying an area of 133,757 km?, with the high-
est Municipal Human Development Index of Rio de Janeiro state.
The city is divided into five administrative regions named: Pra-
ias da Baia (Guanabara Bay beaches - Central), Ocednica (Oceanic),
Leste (East), Norte (North) and Pendotiba, with demographic den-
sity ranging from 69 to 76,654 inhabitants/Km? (Fig. 1B). Based on
data from 2014, the city figures in the 12th national position of ba-
sic sanitation coverage, with 100% of treated water supply. Regard-
ing sewerage system, the rate of sewage collection and treatment
is of 94.5% (SNIS, 2020).

The collection strategy for monitoring followed criteria prior-
itized by the Municipal Health Secretariat, such as densely pop-
ulated areas, more exposed areas in relation to the SARS-CoV-2
transmission and areas with social vulnerability covered by the
Family Medical Program (FMP). FMP is part of the Brazilian Univer-
sal Public Health System that provides health services by a “gen-
eral practitioner” or “family doctor” or “primary care physician” in
low-income areas.

Between April and August 2020, 12 raw sewage samples were
weekly processed for SARS-CoV-2 investigation. In total, 19 sites
were monitored being, two WWTP, 10 SPs from neighbourhood
and seven SPs from slums (Fig. 1B). Five fixed collection points
were monitored weekly, being two WWTP and three SPs located
at the most populous region of the city (Praias da Baia). The other
seven samples were obtained from 14 SPs, where sampling oc-
curred fortnightly, in order to monitor all regions of the munici-
pality.

Each raw sewage sample was collected as a 10h-composite sam-
ple (1 L) from each sampling point (Fig. 1B). Samples were col-
lected in sterile polypropylene bottles and transported at 4 °C un-
til processing at the Laboratory of Comparative and Environmental
Virology, Oswaldo Cruz Foundation.

2.2. Virus concentration, recovery rates and replicates

Before concentration, sewage samples were pasteurized at
60 °C for 90 minutes for virus’ inactivation, as described
by Wu et al. (2020). Viruses were concentrated using the
ultracentrifugation-based method (Pina et al., 1998). Briefly, 42 mL
of sewage samples were centrifuged at 100,000 x g for 1 h at 4
°C. After supernatant discharge, pellet was re-suspended in 4 mL
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of 0.25 N glycine buffer (pH 9.5) and incubated at 4 °C for 30 min,
mixed by vortex each 5 min. The solution was then neutralized by
adding 4 mL of 2 x phosphate-buffered saline (PBS, pH 7.2), and
clarified by centrifugation at 12,000 x g for 20 min. Finally, super-
natant samples (~ 8 mL) were centrifuged at 100,000 x g for 1 h
at 4 °C and viral particles were re-suspended in 400 pL of 1 x PBS
(pH 7.2) and processed immediately for nucleic acid extraction or
stored at —80 °C until use.

Ultracentrifugation recovery rates were evaluated by spiking ex-
periments using the enveloped bovine respiratory syncytial virus
(BRSV/Inforce™ 3, Zoetis, US) and a non-enveloped RNA bacterio-
phage (PP7, ATCC 15692-B2). RT-qPCR TagMan System was used for
genome copy (GC) quantification according to described protocols,
respectively (Boxus et al., 2005; Rajal et al., 2007).

Viral recovery rates were calculated according to the following
eq. (E):

E (%) = [number of GC/mL) of PP7/BRSV after concentration/
number of GC/mL of spiked PP7/BRSV] x 100.

Technical and biological replicates were performed by testing
eight 42-ml aliquots from the same sample, and by testing paral-
leled samples collected within 10-min intervals, respectively.

2.3. RNA extraction and RT-qPCR for virus detection

For viral RNA extraction (SARS-CoV-2, BRSV and PP7), 140 pL
of the suspended viral concentrates were extracted using the QI-
Aamp® Viral RNA Mini kit (QIAGEN, CA, USA) and a QIAcube®
automated system (QIAGEN). SARS-CoV-2 RNA was detected and
quantified by RT-qPCR using primers and probe targeting the N2
genome, according to CDC protocols (Lu et al., 2020). Reactions
were performed with 5 pL of the extracted RNA in a final vol-
ume of 20 pL, using the SuperScript™ III Platinum™ One-Step
qRT-PCR Kit (Invitrogen) and 1.5 pL of N2 primers and probe mix-
ture (2019-nCoV RUO Kit, Integrated DNA Technologies, Coralville,
IA, USA) using Applied Biosystems ViiA 7 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). PP7 and BRSV RT-
qPCR reactions were performed using same conditions as described
above with primers and probes concentrations according to pre-
viously published protocols described by Rajal et al. (2007) and
Boxus et al. (2005), respectively. Quality controls included the
use of different rooms (master mix preparation, nucleic acid ex-
traction, qPCR setting up, and product analysis) to prevent cross-
contamination, as well as positive control included in the kit
(2019-nCoV RUO Kit, Integrated DNA Technologies) and negative
controls (DNA/RNAse free water).

SARS-CoV-2 titers were estimated using a standard curve (y = -
3.533x + 41.627) prepared by five 10-fold serial dilutions (10°-10!
GC per reaction) of a double-stranded DNA fragment (gBlock Gene
Fragment, Integrated DNA Technologies) containing the SARS-CoV-
2 amplification region sequence. All RNA samples obtained from
sewage were tested in duplicate as well as undiluted and 10-fold
diluted in order to observe the presence of inhibitors. All samples
that crossed the threshold line showing a characteristic sigmoid
curve with a cycle threshold (Ct) value <40 (Wang et al., 2020)
for at least two of the four wells tested were regarded as positive.
SARS-CoV-2 viral concentration was expressed as GC per 100 mL
(GC/100 mL), considering the volumes of the sample, the concen-
trate (eluate), the nucleic acid extracts and the RT-qPCR reaction.
Recovery rates were not employed to estimate the concentration
of SARS-CoV-2 in the samples.

2.4. Whole genome sequencing
Aiming at recovering SARS-CoV-2 genomes from sewage sam-

ples, 11 pL of the viral RNA from positive samples (cycle threshold
- Ct ranging 24.5 to 38.8) was submitted to a previously developed
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protocol (Resende et al., 2020a). A RT was conducted using the Su-
perScript® IV First-Strand Synthesis System (Invitrogen) followed
by two multiplex PCR containing primers to cover the whole SARS-
CoV-2 genome. After the amplification, DNA amplicons were puri-
fied using AMPure XP PCR Purification magnetic beads (Beckman
Coulter) and quantified by Qubit™ dsDNA HS Assay Kit (Thermo
Fisher Scientific). The library was constructed using the Nextera XT
DNA Library Preparation Kit (Illumina) and submitted to Illumina
MiSeq System using MiSeq Reagent Kit v3 (600-cycle, Illumina) to
recover at least 1000 depth coverage of these genomes.

2.5. Pipelines to obtain the consensus file and lineage classification

The bioinformatic pipeline to obtain the assembled reads, to
observe the viral variants and to recover the consensus was
performed using the CLC Genomics Workbench platform (Qia-
gen). The consensus file was generated and submitted to Epi-
CoV GISAID platform after a manual curation (Global initia-
tive on sharing avian flu data) under the accession numbers:
EPI_ISL_541397 to EPI_ISL_541400. For lineage classification, the
consensus file was submitted to Pangolin software (Phylogenetic
Assignment of Named Global Outbreak LINeages) (https://github.
com/cov-lineages/pangolin) (Rambaut et al., 2020).

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism
v.8.4.1 (GraphPad Software, San Diego, CA, USA). Data of viral con-
centrations were grouped by type of sampling points: WWTPs,
neighbourhoods and slums. Mann-Whitney U test was used for
comparison of median viral concentration values obtained for
WWTPs, neighbourhoods and slums. For analyses, a p-value < 0.05
was considered statistically significant.

3. Results
3.1. Evaluation of ultracentrifugation-based method for viral recovery

The ultracentrifugation-based method recoveries were assessed
by spiking 42 mL of raw sewage samples with BRSV (n = 23) and
PP7 (n = 6) concentrations previously quantified by RT-qPCR (Sup-
plementary Material Table S1). Both viruses were detected in 100%
of spiked samples. For BRSV, recovery rates varying from 11.4% to
40.2%, with mean of 27.4% + 8.64 were found (standard deviation,
sd); for PP7, recovery rates varied from 6.7% to 24.9%, with mean of
18.5% + 7.46. Technical and biological replicates to assess the per-
formance of the used method were also carried out. Eight repli-
cates were collected from two different samples and SARS-CoV-
2 was detected and quantified from these replicates. SARS-CoV-
2 was detected in 100% of replicates from both samples tested.
For sample #1, viral concentration varied from 4.8 to 5.1 logyg
GC/100 mL, among the eight replicates tested (Ct values varied
from 32.7 to 34). For sample #2, viral concentration varied from
5.2 to 5.6 log;g GC/100 mL (Ct values varied from 31.1 to 32.4).
For biological replicates, we analysed three composite samples col-
lected within 10-min intervals between the collections. We found
minor variations among three biological replicates. For sample #1,
Ct values of SARS-CoV-2 were 30.4, 30.5 and 30.7; and for sample
#2, Ct values were 33.2, 33.4 and 33.5. Detailed information of re-
covery efficiency and technical and biological replicates is shown
in Table S1 and Fig. S1 in the Supplementary Material.

3.2. SARS-CoV-2 in sewerage systems from Niterd6i, Rio de Janeiro

A total of 223 composite raw sewage samples were collected
weekly between April 15th and August 25th, and SARS-CoV-2
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was detected in 84.3% (188/223) of samples. SARS-CoV-2 posi-
tive rate varied from 42% (5/12) in the first week of monitoring,
in 100% (12/12) of samples, observed for the first time in 19th
May (Fig. 2A). We observed high positive rates (>90% of posi-
tivity among weekly tested samples) between 5th May and 30th
June. From the beginning of July onwards, SARS-CoV-2 positive de-
creased to <75% (Fig. 2A).

Fig. 2A also shows the variation of SARS-CoV-2 RNA titers de-
tected throughout the 20-week study. The lowest RNA concentra-
tions were observed in the first week of the study (April 15), when
SARS-CoV-2 RNA median value was of 3.4 logg GC/100 mL. RNA
titers peaked in the third week of monitoring (28th April) with
median of 6.1 log;g GC/100 mL, being the only median recorded
above 6 logg. From May to early-June, median values remained
high, varying between 4.8 and 5.7 log;q GC/100 mL, and from mid-
June to beginning of August, a decreasing trend in SARS-CoV-2

RNA concentration in sewage samples was observed (median val-
ues from 3.6 to 4.6 log;g GC/100 mL). In the last two weeks of
August, SARS-CoV-2 RNA titers in sewage increased again in some
areas with median values of 4.9 and 4.2 log;g GC/100 mL (Fig. 2A).

We analysed SARS-CoV-2 RNA titers (by median values) with
confirmed COVID-19 cases and deaths registered in Niter6i by the
Municipal Health Secretariat (Fig. 2B). To calculate median values,
we included all the samples collected in 12 weeks , using a value
equal to the LOD of N2 assay (3.1 logg) divided by square root of
2 (Croghan and Egeghy, 2003), when a sample was non-detected
(bellow the LOD). Overall, high titers of SARS-CoV-2 RNA in sewage
samples coincided with the period when the city registered the
highest numbers of COVID-19 cases and related deaths (end of
April to mid-June).

Fig. 3 shows the expansion of the affected areas in Niterdi
by detection of SARS-CoV-2 RNA from sewerage system along
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Fig. 3. Heat maps showing SARS-CoV-2 spread (logjo RNA titers/100 mL) in different regions (hotspots areas) of Niter6i municipality over the epidemic period.
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Administrative region Areas HDI Apr15 Apr22 Apr28 May05 May12 May19 May26 Jun02 Jun09 Junl6 Jun23 Jun30 Jul07 Julld Jul2l Jul28 Aug04 Augll Augl8 Aug25 Total
WWTP 1 - ETE Icara 0.962 | | L
SP 1 - Iearaf 0962 I [ [ [ I [ ||
SP2- Santa Rosa 0962 [—— [ . [ | |
Praias da Bafa (Central) SP 3 - Morro do Palicio ] | ] [
SP 4 - Preventério | ] | ] | ]
SP 5 - Cascarejo | ]
SP 6 - Morro do Estado 0.681 | ] | ] | ] | ]
Number of COVID-19 cases 208 331 432 426 419 382 331 361 230 250 235 331 241 209 175 214 185 198 107 74 5339
WWTP 2 - ETE Camboinhas 0916 | 0 I .
Ocednica SP7 - Maravista 0933 I | | |
SP 8 - Boa Esperanga ] ] ] |
Number of COVID-19 cases 46 72 104 105 95 115 8 80 65 56 51 64 55 43 6L 65 4l 37 37 13 1290
SP9 - Barreto 0.651 N B e |
Norte SP 10 - Engenhoca 0731 ] ] | ] |
SP 11 - Caramujo 0.735 ] | | | [ |
SP 12 - Vila Ipiranga 0.661 | ] | ]
Number of COVID-19 cases 95 122 204 203 245 215 174 181 151 144 155 154 133 109 102 111 89 94 6 34 2784
SP 13 - Sapé 072 N [ | e | |
Pendotiba SP 14 - Maceié 068 [ —; [ ]
SP 15 - Ittioca 0735 | | [ | | |
Number of COVID-19 cases 51 65 3 119 120 101 8% 57 6 sl 2 &£ 43 48 63 50 2 1418
Lete SP 16 - Vérzea das Mogas 0738
SP 17 - Rio do Ouro 0.738 [ ] | ] ||
Number of COVID-19 cases 6 5 9 6 8 17 12 9 3 9 5 12 5 4 6 10 11 6 2 1 146
Ctscale: | I ORGSR 32540 3537 38-40 >4d0

Fig. 4. SARS-CoV-2 spread in different areas of Niterdi according to wastewater treatment plants (WWTPs) and sewer points (SP) from neighbourhoods and slums. HDI:
Human Development Index; Squares in white: without sample collection; Number of COVID-19 cases were provided by Health Secretariat.

Table 1

Frequency of detection and median viral concentrations obtained for WWTPs, neighbourhoods and slums during period of monitoring (April to August 2020).

Location (n) Total samples analysed* Positive samples

Frequency (%)

Range(min -max logyy GC/100 mL)  Median (log;p GC/100 mL)

WWTPs (n = 2) 39 39
Neighbourhoods (n = 10) 120 104
Slums (n = 7) 64 45
Total 223 188

100.0 3.78 - 6.14 4.65
86.6 343 - 6.54 4.48
70.3 3.07 - 7.12 4.31
843 3.07 - 7.12 4.6

the studied period. These heat maps were designed based on
SARS-CoV-2 sewage titers, and used as an environmental indica-
tor of viral spread through different areas of the city (Fig. 3).
The maps were built using ArcGIS Pro with the colour’s scales
varying from lowest viral RNA titer value (blue colour - mod-
erate risk areas) to maximum value (white colour - higher
risk areas). Colours gradations between the minimum and max-
imum viral concentrations were calculated according to the pro-
gram’s algorithm (https://pro.arcgis.com/en/pro-app/help/mapping/
layer-properties/color-schemes.htm) (Fig. 3).

At the beginning of monitoring, SARS-CoV-2 was detected in
four sampling points at Praias da Baia (Guanabara Bay beaches)
region, where the first cases were registered in the municipality
(15th April). SARS-CoV-2 spread to other regions and reached 100%
of detection on 19th May, during the peak of the epidemic. In the
subsequent weeks, a reduction of positive rates and viral concen-
trations were observed between June and July. On 18th August,
viruses were detected again in the sewers from five regions of the
municipality, with an increase in viral concentration (Fig. 3).

Geodetic reference: SIRGAS2000; Projection System: UTM; Spin-
dle: 23S; Scale: 1: 220,000.

3.3. Findings according to collection points

Fig. 4 illustrates SARS-CoV-2 RNA monitoring during the course
of the epidemic through WWTP and decentralized sewage collec-
tion networks (SP), including areas with different socio-economic
conditions (neighbourhoods, slums) considered of interest by the
Municipal Health Secretary. We analysed RNA titers by 3-Ct inter-
vals (from 25 to 40 that correspond to ~1 log;y GC decrease). It
is possible to observe that low Ct values (high SARS-CoV-2 RNA
titers) for all five administrative regions of Niter6i were concen-
trated between April and mid-June, thus coinciding with the high
numbers of COVID-19 confirmed cases in each region (Fig. 4).

Collection points were also grouped in WWTPs, neighbour-
hoods and slums for descriptive statistics (Table 1).

Results demonstrated that positive rates were higher in WWTPs
compared to sewer pipes (neighbourhoods and slums) (Table 1).

Median viral concentrations were significantly higher in WWTPs
compared to slums (p < 0.036), but no significant difference was
found between WWTPs and neighbourhoods (p > 0.05). In the
same way, no significant difference was observed between the me-
dian viral concentrations obtained between neighbourhoods and
slums.

3.4. Genomic surveillance strains detected in the sewage

Twenty-seven SARS-CoV-2 positive samples were submitted to
the protocol for genome amplification. However, only four of them
presented enough viral material to assemble the library. Lineage
of three genomes B.1.1.33 (clade G) containing the nucleotide sub-
stitutions described were recovered (Table 2). Details of the four
partial genomes recovered are described in the Supplementary
Material-Table S2.

4. Discussion
4.1. Environmental surveillance of SARS-CoV-2

In the present study, we successfully used an environmental ap-
proach to track SARS-CoV-2 presence, concentration and genetic
diversity from wastewater samples obtained in different areas of
Niter6i municipality, Brazil. Following biosafety measures previ-
ously recommended wastewater samples were thermal inactivated
prior to viral concentration, once there is no evidence that this
procedure causes a considerable loss of viral RNA in these samples
(Wu et al,, 2020; La Rosa et al., 2020b)

The mean recovery rate of BRSV, used as a surrogate of
SARS-CoV-2, obtained in our study was 27.4%, similar to values
ranging from <6% to 33.5%, previously obtained for enveloped
viruses using the ultracentrifugation-based method (Ye et al., 2016;
Ahmed et al., 2020b; Rusifiol et al., 2020). For PP7, the mean re-
covery rate found was of 18.5%, similar to the one found for men-
govirus (11 + 2.1%), a non-enveloped picornavirus (Randazzo et al.,
2020). Other concentration methods resulted in lower recovery
rates (range: 6.6% to 11%) using surrogates for human coronavirus
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Table 2
Pangolin lineage classification and nucleotide substitution compared to the reference strain observed in sewage samples from Niterdi, Rio de Janeiro State.
Strain | collection points - date Genome % stretches of NNNs of Nucleotide
(EpiCoV GISAID accession number) coverage overall genome
Coverage
Position Reference Sample depth Frequency
hCoV-19/env/Brazil/R]-4712/2020 94,6% 4,6% 241 C T 101 100
lineage B.1.1.33 - Clade G/SP8 Boa 3037 C T 126 100
Esperanga - 22 April (EPILISL_541397) 3240 A G 97 100
11,528 G A 26 100
14,408 C T 1951 99,74
22,583 G A 31 100
23,403 A G 872 99,43
27,299 T C 2160 99,91
29,148 T C 15 93,33
hCoV-19/env/Brazil/R]-4736/2020 93,7% 5,5% 241 C T 79 100
lineage B.1.1.33 - Clade G/SP15 3037 C T 159 99,37
Ititioca - 05 May (EPI_ISL_541398) 14,408 C T 603 100
23,403 A G 730 99,18
27,299 T C 699 99,86
28,881 GGG AAC 21 100
29,148 T C 15 100
hCoV-19/env/Brazil/R]-4830/2020 98,3% 1,2% 241 C T 733 99,73
lineage B.1.1.33 - Clade G/SP2 Icarai - 3037 C T 260 100
02 June (EPI_ISL_541399) 3689 G A 273 98,17
8016 C T 533 98,31
11,083 G T 503 85,69
14,408 C T 2480 99,76
22,028 G C 11 100
23,403 A G 428 100
27,299 T C 1027 100
28,087 C T 1825 99,78
28,881 GGG AAC 652 99,69
29,148 T C 694 99,57
29,648 G T 363 100
hCoV-19/env/Brazil/R]-4841/2020* | 34,5% 63,9% 14,408 C T 14 100

SP16 Varzea das Mogas - 02 June
(EPI_ISL_541400)

(Randazzo et al., 2020; Gonzales et al., 2020), although variable
rates were observed by Ahmed et al. (2020b) comparing different
types of viral concentration methods.

The confirmation of positive RT-qPCR signals by sequencing
analysis or the use or more than one target region is highly rec-
ommended until assay specificities have been validated for envi-
ronmental samples (Kitajima et al., 2020; Michael-Kordatou et al.,
2020). Despite no consensus on the best methodology to detect
SARS-CoV-2, we used N2 primes and probe based on studies that
described this target region as the most suitable to detect these
viruses (Nalla et al., 2020; Gonzalez et al., 2020).

Over the period of five months, we analysed 223 raw sewage
samples weekly collected from different sampling collection points
(WWTP and SP), and SARS-CoV-2 was detected in 84.3% of them
presenting Ct values ranging from 24.8 and 39.8 and detection fre-
quencies between 42% and 100%. During the surveillance, viral con-
centrations ranged from 3.1 to 7.1 log;g GC/100 mL. Concentrations
found in our study were higher than those found in Australia, USA,
India, Israel and Turkey (Ahmed et al., 2020a; Gonzalez et al., 2020;
Kocamemi et al., 2020; Kumar et al., 2020). However, it is worth
mentioning that most of these studies analysed a limited num-
ber of samples. In Australia and Turkey, nine samples were anal-
ysed, and two and seven were positive for SARS-CoV-2, respec-
tively, presenting Ct values higher than 34 (Ahmed et al., 2020a;
Kocamemi et al., 2020). Our results are more aligned with SARS-
CoV-2 concentrations found in Spain and France (Randazzo et al.,
2020; Wurtzer et al., 2020). As stated by Gonzalez et al. (2020), we
believe that several factors affect different findings of viral concen-
tration in sewage samples, especially the ongoing circumstances of
COVID-19 pandemic in the studied region.

From 188 SARS-CoV-2-positive samples, we selected 27 samples
based on lower Ct values to perform whole-genome sequencing.

From these, we successfully obtained the almost complete genome
of four samples, all presenting Ct values < 30. Three out of four
genomic sequences were identified as lineage B.1.1.33 (clade G).
This lineage was the most prevalent SARS-CoV-2 lineage in Rio
de Janeiro state in the early phase of the pandemic (late Febru-
ary to late April) (Resende et al., 2020b), probably established be-
fore the detection of the first reported SARS-CoV-2 case in the
country. Comparing SARS-CoV-2 genomes obtained from our sam-
ples with other genomes available in EpiCoV GISAID, we observed
that the strains recovered from sewage samples in Niterdi held a
close identity with SARS-CoV-2 strains circulating locally in Rio de
Janeiro capital.

Interestingly, Brazilian SARS-CoV-2 strains were clustered into
three major clades (1, 2 and 3), and currently, clade 2 also charac-
terized as lineage B.1.1.33 (B.1.1.BR) is described by two nucleotide
substitutions in ORF6 (T27299C) and nucleoprotein (T29148C)
(Resende et al., 2020b). Lineage B.1.1.33 is considered the most spa-
tially widespread lineage in Rio de Janeiro state (Resende et al.,
2020b). In this study, three complete genome of the strains recov-
ered from sewage samples showed the same nucleotide mutations.
The most recent common ancestor of the Brazilian lineage B.1.1.33
was dated from 22nd February, indicating that the community-
driven transmission was already stablished in Brazil by early March
(Resende et al., 2020b).

4.2. Wastewater-based epidemiology to support public health policies

During the pandemic of COVID-19, several studies have demon-
strated how an environmental approach was useful to monitor
SARS-CoV-2 spread in a given geographic area (Gonzalez et al.,
2020; Medema et al., 2020; Randazzo et al., 2020). However, there
are few examples reporting how WBE data were used by local au-
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thorities to assist public health interventions at controlling the epi-
demic or how sewage monitoring programs could be incorporated
into public health policies.

This intersectional project, initiated by the City Hall of Niteroi,
involved several municipal government departments (Environment,
Health, Planning and Transport), as well as the Water and Sanita-
tion Company (Aguas de Niterdi) and Fiocruz as a research insti-
tute. Throughout this study, the interaction of these groups took
place through weekly meetings with the participation of different
representatives of these institutions to discuss the data obtained
and plan health interventions.

In the first week of sewage monitoring, higher COVID-19 num-
ber of cases was found in Praias da Baia (Guanabara Bay beaches
- Central), one of the regions with the highest HDI and popula-
tion density in the municipality. At this moment, we also tested
raw sewage from two hospitals in this area, however, SARS-CoV-
2 RNA was not detected (data not shown). The use of diapers in
patients and/or hospital cleaning procedures may explain the ab-
sence of detectable viruses in hospital sewage. After the first week,
the other regions (eastern and northern) reported an increase in
the number of cases reaching lower-income populations and sev-
eral poorer communities in the municipality. The expansion of the
disease to more vulnerable communities was accompanied by virus
research in sewers, which explains the increase in SPs analyzed
and in relation to the pilot project (Prado et al., 2020).

The idea of investigating SP in addition to WWTP was sup-
ported by the need for new indicators to guide allocation of re-
sources and investments to control the spread of the disease,
promoting interventions in the most affected areas. One exam-
ple of this action plan took place in a specific area located at
the Ocednica region, Boa Esperanca community. The community
houses 610 families (2083 people) registered in the FMP. SARS-
CoV-2 was firstly detected in sewage (Ct value of ~26) on April
22, when no COVID-19 cases had been reported in this community.
Based on sewage findings, the first intervention was to launch an
active surveillance to search for individuals showing COVID-19 re-
lated symptoms, identifying infected individuals by testing and to
implement measures to control the spread of the disease. Based on
this scenario, supplementary assistance services were conducted,
such as guidance of appropriate support treatment, as well as
tracking contacts and advising of family members on disease pre-
vention. In addition, payment for hotel accommodation was also
offered to families without physical spaces in their homes to pro-
mote social isolation.

The ongoing environmental surveillance in Niter6i demon-
strated an increase of SARS-CoV-2 concentration in sewage fol-
lowed by progressive decrease that reflected the epidemic control
measures implemented by Niter6i City Hall. However, from August
towards, the progressive lifting of social distancing and re-opening
of commerce and services have promoted an increase of SARS-CoV-
2 concentration, observed in the last monitoring campaign carried
out on 18th August 2020, when the city presented average values
of social isolation below 50%. However, the increase of SARS-CoV-2
in sewage did not follow a proportionally great number of reported
COVID-19 cases or related deaths by the Niteréi health system. In
this case, we have two hypotheses. It is likely that a large part of
the new wave of infection is occurring in young people who usu-
ally have mild symptoms and who attend bars, gyms and collective
sports activities, dispensing medical or hospital care in most cases.
The second hypothesis is related to underreporting or delay in up-
dating the number of daily/weekly cases reported by the health
system.

Our findings highlight the use of WBE approach as an early
warning system for the emergence of new COVID-19 cases en-
abling faster prevention and public health actions by the State,
as emphasized recently (Farkas et al, 2020; Medema et al.,
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2020; Polo et al., 2020; Randazzo et al.,, 2020; Thompson et al.,
2020). The success of the intervention carried out in the Boa
Esperan¢ca community, resulted in the inclusion of SARS-CoV-2
sewage data as a complementary indicator to other tradition-
ally health indicators used, such as growth rates of new cases
and hospitalizations, mortality rate, number of available hos-
pital beds and bed occupancy rate. Moreover, SARS-CoV-2 en-
vironmental data as well as heat maps showing a time line
were published and weekly updated in the official control panel
of the Niter6i City Hall webpage (https://experience.arcgis.com/
experience/305269f3cdd24839b263c5ab346elaa7sed), as an addi-
tional information tool encouraging disease prevention actions.

Although national or municipal responses to control COVID-
19 are different according to institutional arrangements that com-
pounds the public policies of each government (Capano et al.,
2020), the decision to include the investigaton of SARS-CoV-2 in
sewage to support strategies for controlling the epidemic in Niter6i
was pionner in the country. This action provides evidences to iden-
tify regions with unreported cases of the disease, mainly in areas
of social vulnerability and to define regionalized coping strategies
in priority areas to focus on the distribution of tests and other re-
sources. The development of geoinformation management system
(SiGeo), including "smart cities" tools citizen service (mobile app),
was implemented to share scientific information among the gen-
eral public. Scientific evidence-based public actions supported by
multilevel partnership between Public Health research institution,
Sanitation Company and Government Secretariats were fundamen-
tal to the success of this project.

5. Conclusion

In this study, we demonstrated comprehensive aspects of WBE
and how its results have been converted into more effective public
health policies for the population. Environmental monitoring dur-
ing the course of the epidemic through decentralized sewage col-
lection networks (SP), including areas of uneven socio-economic
conditions (neighbourhoods and slums) considered of interest by
Municipal Health Secretariat allowed quick and targeted actions
carried out in areas of greatest risk and social vulnerability.

WWTPs does not offer the same accuracy for identifying out-
breaks and rapid intervention for controlling of the disease, but
their higher detection rates (100% during monitoring program),
are more effective for monitoring trends, that is, for assessing
whether SARS-CoV-2 concentrations are increasing or decreasing
in a broader population, indicating a risk for the occurrence of
the disease in communities. Moreover, whole-genome sequencing
demonstrated that SARS-CoV-2 lineage circulating in Niteroi mu-
nicipality is closest related to the Brazilian strains, more specifi-
cally, with strains circulating in Rio de Janeiro. Community trans-
mission should have occurred before the first cases were notified
in the city.

The successful experience of WBE and public health interven-
tions adopted by Niter6i municipality could be replicated at the
national level as well as in other countries interested in using
SARS-CoV-2 environmental surveillance data as part of the COVID-
19 combat strategies.
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