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ABSTRACT: Peru has been severely affected by the COVID-19 pandemic. By January 2022, Peru had surpassed 200 000 COVID-
19 deaths, constituting the highest death rate per capita worldwide. Peru has had several limitations during the pandemic: insufficient
testing access, limited contact tracing, a strained medical infrastructure, and many economic hurdles. These limitations hindered the
gathering of accurate information about infected individuals with spatial resolution in real time, a critical aspect of effectively
controlling the pandemic. Wastewater monitoring for SARS-CoV-2 RNA offered a promising alternative for providing needed
population-wide information to complement health care indicators. In this study, we demonstrate the feasibility and value of
implementing a decentralized SARS-CoV-2 RNA wastewater monitoring system to assess the spatiotemporal distribution of
COVID-19 in three major cities in Peru: Lima, Callao, and Arequipa. Our data on viral loads showed the same trends as health
indicators such as incidence and mortality. Furthermore, we were able to identify hot spots of contagion within the surveyed urban
areas to guide the efforts of health authorities. Viral decay in the sewage network of the cities studied was found to be negligible
(<2%). Overall, our results support wastewater monitoring for SARS-CoV-2 as a valuable and cost-effective tool for monitoring the
COVID-19 pandemic in the Peruvian context.

KEYWORDS: wastewater-based epidemiology, SARS-CoV-2, COVID-19, environmental surveillance, epidemiological monitoring,
hot spots

1. INTRODUCTION June 2021, Peru was reported to have had more than 560

COVID-19, a disease caused by the severe acute respiratory deceased per 100 000 inhabitants, the highest excess mortality in
syndrome coronavirus 2 (SARS-CoV-2), was first reported in
Wuhan, China, in December 2019." Since then, it has caused
worldwide public, economic, social, health, and educational
crises,” accounting for more than 360 million confirmed cases
and more than 5.5 million deceased.”” In Peru, the first

the world,” which continued until early 2022.> At the same time,
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confirmed COVID-19 case was reported in March 2020.” Since Received: February 1, 2022
then, Peru has been one of the countries most affected by Revised:  May 6, 2022
COVID-19 globally, with more than 2.8 million confirmed cases Accepted: May 9, 2022
and 204 000 deceased by January 23, 2022.° Furthermore, by Published: May 20, 2022

© 2022 The Authors. Published b
Am:ric‘;n gﬁeml:caissscietz https://doi.org/10.1021/acsestwater.2c00065

W ACS PUbl ications 2144 ACS EST Water 2022, 2, 2144-2157


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Braulio+Pardo-Figueroa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elias+Mindreau-Ganoza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alonso+Reyes-Calderon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonia+P.+Yufra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabel+M.+Solorzano-Ortiz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabel+M.+Solorzano-Ortiz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+J.+Donayre-Torres"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Antonini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+Miguel+Renom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Marty+Quispe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Marty+Quispe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cesar+R.+Mota"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+A.+L.+Chernicharo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+A.+Carbajal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mo%CC%81nica+C.+Santa-Mari%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mo%CC%81nica+C.+Santa-Mari%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsestwater.2c00065&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
https://pubs.acs.org/toc/aewcaa/2/11?ref=pdf
pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsestwater.2c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org/estwater?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research

ACS ES&T Water

pubs.acs.org/estwater

>
>z

>z

Monitoring Points
® stP
@® N
Income Level
B Low
[TITT) medium
High
Watershed
TABOADA
LA CHIRA
PUENTE PIEDRA
SAN JUAN

VENTANILLA
1:360,000

Km
LA CHIRA-SAN BARTOLO 0 3 6 12 18

CARAPONGO

Legend
Monitoring Points
® sip
@ w
Income Level
(TTIT]) Medium
[7] igh
Watershed
ENLOZADA
ESCALERILLA

N1

1:115,000
Km|

o1 2 4 6

Figure 1. Map of the monitored regions and sampling points in (A) Lima and Callao and (B) Arequipa showing the income level of the contributing

populations.

in Peru, there is strong evidence that suggests that the number of
confirmed cases may not reflect the real number of infected
individuals due to the very limited number of clinical tests
performed, the high costs of diagnostic tests (prohibitive for
many), and medical care that does not reach all of the
population, with deficient infrastructure in most cities and many
economic hurdles.”” Therefore, alternative approaches that
allow for reliable, unbiased, population-wide, and cost-effective
monitoring of the COVID-19 pandemic are needed for the
Peruvian context.

SARS-CoV-2 is shed in human feces of infected individuals,
including symptomatic, asymptomatic, and presymptomatic
cases.'*'* It enters the sewage network, where it can be stable
for 2—4 days at 24 °C,"* although COVID-19 infections through
sewage have not yet been confirmed.'®”"® Alternatively, SARS-
CoV-2 RNA can persist in the wastewater system for over 12
days at 25 °C," where it does not replicate, making it a useful
bioindicator for estimating the prevalence of the COVID-19
pandemic in a given population."®*"*!

Consequently, many groups worldwide rapidly implemented
wastewater surveillance for SARS-CoV-2 RNA in the early
stages of the pandemic in sewage treatment plants, environ-
mental water bodies, or sewage networks with remarkable
success.”” > SARS-CoV-2 RNA wastewater surveillance has
been used to give an early warning of the pandemic and to
identify surges and hot spots. As an early warning system, the
presence of the virus in wastewater was reported to precede
confirmed cases by up to 63 days,”" possibly due to SARS-CoV-2
RNA detection in wastewater coming from asymptomatic or
misdiagnosed symptomatic cases;>” overall, 13 studies reported
positive samples before the first cases were detected in the
community.””**7*® Furthermore, Mota et al.>* were able to
identify hot spots within heterogeneous urban areas on the basis
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of SARS-CoV-2 RNA sewage data, whereas Haak et al¥¢
evaluated COVID-19 spatial patterns through spatial monitor-
ing in wastewater basins.

In this study, we monitored SARS-CoV-2 RNA in the sewage
of three major cities in Peru: Lima, the capital; Callao, located
close to Lima; and Arequipa, the second-largest city in Peru. The
estimated total population monitored in this study was 7 million
in Lima and Callao (which represents 65% of the population
residing in these localities) and 0.8 million in Arequipa (55% of
the population residing in the Arequipa metropolitan area).””
These three cities have georeferenced and consolidated
sanitation systems operated by two service providers (SEDA-
PAL for Lima and Callao and SEDAPAR for Arequipa). We
initiated wastewater surveillance in Lima and Callao on
February 08, 2021, when Peru was going through the second
wave of the contagion, and in Arequipa on April 13, 2021, right
before the onset of the second wave in that city. Our objective
was to provide health authorities with relevant data,
complementary to clinical testing data, to help them take action
during the pandemic. Wastewater monitoring in these locations
continued beyond the scope of this study.

2. EXPERIMENTAL METHODS

2a. Monitoring Plan. Our monitoring plan included
sampling points in sewage treatment plants (STPs) and sewer
network (SN) manholes throughout the cities of Lima and
Callao (Figure 1A) and Arequipa (Figure 1B). To select
sampling points, we considered (1) the population covered, (2)
the average income of the contributing population [provided by
the Peruvian Institute on Statistics and Informatics (INEI)], (3)
high-traffic areas (districts with high levels of tourism or having
major markets), and (4) COVID-19 incidence, registered as the

https://doi.org/10.1021/acsestwater.2c00065
ACS EST Water 2022, 2, 2144—-2157


https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00065?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.2c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

total number of deceased (the most reliable indicator of the
pandemic in Peru). We selected five STPs and nine SNs for
metropolitan Lima and Callao (Figure 1A and Table 1) and two
STPs and two SN for the Arequipa metropolitan area (Figure
1B and Table 1). Later in the study, two additional SN
monitoring points were added for Arequipa due to a pronounced
increase in COVID-19 cases reported for that city.

2b. Sampling Procedure. In most STPs, composite
samples were collected for 24 h periods using automated
samplers (Sigma SD900 Portable Sampler and Sigma AWRS
Sampler model 3542SDRH, HACH, Loveland, CO). Other-
wise, composite samples were collected manually for 4 h periods,
between 8 a.m. and 12 p.m. (see Figure 2A for Lima and Callao
and Figure 2B for Arequipa). First, 250 mL and 1 L plastic
bottles [high-density polyethylene (HDPE)], cylindrical, wide
mouth, with a lid and a counter lid, were used for single and
composite wastewater samples, respectively. All sampling bottles
were sanitized as follows. Bottles were submerged in a 1% (v/v)
commercial bleach solution for at least 1 h to overnight; they
were then thoroughly rinsed with distilled water (at least three
times) and allowed to dry placed upside down inside a clean
cabinet. The process for collecting wastewater samples in the
field was as follows.

With the help of service provider companies (SPCs)
(SEDAPAL for Lima and Callao and SEDAPAR for Arequipa),
a perimeter was fenced near the monitoring manhole with cones
and rods. Manholes were opened, and the sampling team waited
a few minutes for the toxic gases to dissipate. Using a bucket and
a rope, two grab samples of 250 mL were taken each hour for a
total of 4 h (total composite sample volume of 2 L). Samples
were kept in a cooler with ice packs (temperature kept below 8
°C at all times). From this 2 L composite sample, a 500 mL
aliquot was used to prerinse the plastic bottles three times. A1L
sample was used for SARS-CoV-2 RNA quantification at the
laboratories of the Universidad de Ingenieria y Tecnologia
(UTEC). A 250 mL sample was used to determine the chemical
oxygen demand (COD), measured by an accredited commercial
analytical laboratory. A third 250 mL aliquot was used to
measure temperature, conductivity, and pH in situ using a pH/
EC EZDO-7200 multiparameter instrument (GOnDO Elec-
tronic Co., Taipei, Taiwan). Samples from STPO1, STP02,
STPO04, STP06, and STPO7 were collected with an autosampler
with a 24 h sampling time. Ice packs and data loggers were used
to monitor temperature. One liter of the composite sample was
used for SARS-CoV-2 RNA quantification. The remaining
volume was used to measure the parameters of interest for each
STP (i.e., COD, BOD, ammoniacal nitrogen, suspended solids,
thermotolerant coliforms, etc.). For STP03 and STPOS,
sampling was done manually, similar to SN points, with 4 h
sampling times.

The same sampling day and time were maintained for each
sampling point throughout the study. Samples were assigned
unique codes, and, overall, methods for ensuring traceability
were put in place. The temperature was kept below 8 °C at all
times. In all cases, wastewater samples were processed within 48
h of being collected. Samples from Arequipa were filtered at the
San Agustin National University (UNSA); filtration membranes
with samples were placed in RST1 and Nucleozol buffers (see
below) and shipped to UTEC laboratories in Lima for further
processing.

2c. CoV-2 RNA Quantification. SARS-CoV-2 viral particles
in wastewater were concentrated using previously reported
methods.*® Briefly, 100 mL aliquots were taken from each 1 L
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composite wastewater sample. One milliliter of 2.5 M MgCl,
(Himedia, Mumbai, India) was added (to afford a final
concentration of 25 mM), as well as 100 uL of Bovilis Vista
Once SQ (MSD Animal Health), a vaccine containing the
bovine respiratory syncytial virus (BRSV), used to evaluate viral
recovery as previously described.” Viral recovery estimations in
this study were used to verify that we were obtaining results
comparable to those previously reported” and to optimize
filtration and transport procedures for the Arequipa samples in
our laboratories in Lima. Samples were stirred for 1 min and
allowed to sit for 30 min at 4 °C.*" Then, 50 mL aliquots were
filtered through a 0.45 um pore size, 47 mm diameter mixed
cellulose ester (MCE) HAWP04700 electronegative membrane
(Merck Millipore, Burlington, MA) and immediately stored in 2
mL ceramic bead tubes containing 770 yL of RST1 and 230 uL
of Nucleozol buffers from the NucleoSpin RNA Stool isolation
kit (Macherey-Nagel, Diiren, Germany). Tubes containing
filtered membranes in Nucleozol buffers were stored at —20 °C
until RNA extraction was performed.

To obtain total RNA, membranes containing filtered
wastewater were cut using sterile scissors (baked for 2 h at
250 °C) inside each bead tube before homogenization. Total
RNA was extracted using the NucleoSpin RNA stool isolation
kit (Macherey-Nagel) following the manufacturer’s instructions,
with minor modifications. First, 770 uL of RST1 buffer (instead
of 660 uL) and 230 uL of Nucleozol buffer (instead of 200 uL)
were added to filtered samples (step 1); then, 165 uL of RST2
buffer (instead of 140 pL) was added to precipitate
contaminants (step 3), and 210 uL of RST2 (instead of 180
uL) was added to adjust the binding conditions (step S). Total
RNA was eluted in 100 yL of RNase-free water and stored at
—80 °C.

SARS-CoV-2 RNA was quantified by RT-qPCR targeting the
nucleocapsid protein (N) gene region N1 and the Homo sapiens
pibonuclease P protein subunit p30 (Hs_ RPP30) gene (to serve
as an internal control), using primer and probe combinations
included in the 2019-NCOV RUO KIT (IDT, Newark, NJ),
following recommendations of the U.S. Centers for Disease
Control and Prevention.*” Amplification reactions were carried
out in a 7500 Fast Real-Time PCR System (Applied Biosystems,
Waltham, MA). Each 20 4L RT-qPCR mixture was composed of
10 pL of GoTaq Probe 1-Step qPCR Master Mix (Promega,
Madison, W1), 3.1 uL of nuclease-free water, 1.5 uL of N1 or
Hs_RPP30 primer/probe mix, 0.4 yL of Go Script RT Mix
(Promega), and S puL of either (1) a commercial plasmid
containing the SARS-CoV-2 N gene (2019-nCoV_N_Positive
Control, IDT), (2) a commercial plasmid containing the
Hs _RPP30 gene (Hs RPP30_Positive Control, IDT), (3)
nuclease-free water (nontemplate control), or (4) 1:5-diluted
RNA samples. All samples, positive controls, and nontemplate
controls were assayed in triplicate. Standard curves were made
by serial 10-fold dilutions of the 2019-nCoV_N_Positive
Control (IDT), ranging from 10 to 10* copies per reaction,
and were included in each RT-qPCR run to avoid interplate
variation. Similarly, the Hs RPP30 target was analyzed in
parallel reactions within the same RT-qPCR run, using 10°
copies for the positive control reactions. Thermal conditions
were 45 °C for 15 min, 95 °C for 2 min, and 45 cycles of 95 °C
for 3 s and 55 °C for 30 s. In all RT-qPCR experiments, we
verified that the amplification efficiency was in the range of 90—
110%, the slope was between —3.1 and —3.6, and the R* was
>0.98. The threshold was set within the exponential
amplification phase and adjusted if needed (i.e., to meet
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e amplification efficiency parameters). Samples with a quantifica-

g% A + * tion cycle (Cq) of >40 were considered negative.

g™ The limit of detection (LOD) was estimated by an
oo " - exponential model™ using a 95% probability of amplification,
22 8 = ] similar to that previously described.”” RT-qPCR mixtures
ng S = @ containing 10% 10%, 10% 50, 30, 10, S, and 3 copies of the
g & 2019-nCoV_N_Positive Control were tested in at least eight

runs using the N1 RT-qPCR assay described above. The
“observed amplification frequency” was estimated as the number
of positive reactions over the total reactions assayed for each
target concentration. The “predicted amplification frequency”
was estimated using the exponential model described by Mota el
al.”> Observed and predicted amplification frequencies were
compared using the y* goodness of fit test, run in Microsoft
Excel. We obtained a p value of 0.94, indicating that our
observed amplification frequency distribution agrees with the
exponential model tested. Then, the LOD was estimated as the
lowest copy number predicted by the model that meets a 95%
probability of amplification, which, for our study, was 22 copies
per reaction (8.8 copies/mL of sewage).

To verify the absence of PCR inhibitors in the RNA samples,
we performed the Sketa22 spike assay as previously
reported.**** Briefly, 10* copies of a 77 bp dsDNA sequence
from the Onchorrhynchus ketaITS2 region (O.keta-ITS2 gBlock;
IDT) were spiked into PCR tubes containing (1) S uL of
nuclease-free water or (2) 5 yL of 1:5 diluted RNA sample (as
used in the RT-qPCR experiments) and amplified by real-time
PCR using Sketa22 primers and the probe (see ref 44). The Cq
values of both reactions were compared. Cq differences over two
cycles were indicative of PCR inhibitors in the RNA samples. In
this case, RT-qPCRs for SARS-CoV-2 RNA were repeated with
a more diluted sample and/or a new RNA extraction was
performed. The inhibitor test was performed for every sample in
the study.

2d. Estimation of SARS-CoV-2 RNA Decay in the
Sewage Network. Viral RNA is labile and may decay as it
travels through sewerage networks. Because sewerage networks
were sampled in different locations, including upstream (near
the contributing population) and downstream (in sewage
treatment plants), it is important to estimate SARS-CoV-2
RNA decay throughout the different sampled points. This allows
us to distinguish when comparing concentrations in upstream
and downstream locations whether there are actual differences
in measured SARS-CoV-2 RNA concentrations (due to higher
viral loads from the contributing population) or whether such
differences are due to RNA decay.

To estimate SARS-CoV-2 RNA decay, the necessary
hydraulic variables of the sewerage system (average diameter,
length, average slope, and average flow) were provided by the
SPC of each city, Lima and Callao (Figure 2A) and Arequipa
(Figure 2B). On the basis of these variables, the travel time was
estimated (Table 2; detailed calculations are presented as

city districts covered (% of total district population)

Arequipa (24.9%), Miraflores (14.8%), Alto Selva Alegre (0.5%)
Jose Luis Bustamante y Rivero (17.1%), Jacobo Hunter (0.1%), Sabandia (21.7%), Socabaya (70.6%)

Arequipa (5.3%), Cayma (0.4%), Cerro Colorado (8.4%), Sachaca (0.3%), Yanahuara (47.9%)

2s, 2 5 g Supporting Information 1). Thenz,2 the degradation rlz;te was
el g & @ estimated according to Mota et al.”™ and Bertsch et al.~ for all
R B B monitoring points using eq 1:

g B SE S 23 Nigy = &

SE 2% 83 88 R W
S T E =ped § 0= § o

where N(gy is the viral load excreted at the beginning of the
drainage area, N(;) is the estimated viral load at the monitoring
point, t is the travel time of the virus from when it was excreted
until it reaches the monitoring point, and k is the decay constant,

SN11
SN12
SN13
UTM coordinates correspond to the monitoring points. “NA, not applicable.

Table 1. continued

watershed
code

a
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Figure 2. (A) Sewage network diagram used to determine distances among STPs and monitoring sites for viral decay estimations in the cities of Lima
and Callao. SNO7 and SNO8 drain to STPs not included in this study. SNO9 drains to the Pacific Ocean without treatment. (B) Sewage network
diagram used to determine distances among STPs and monitoring sites for viral decay estimations in the city of Arequipa.

which is the speed at which SARS-CoV-2 RNA decomposes at
different temperatures (for 25 °C, its value is 0.183 + 0.008
day™)."

2e. Estimation of the SARS-CoV-2 Relative Prevalence
Index. Mota et al.** introduced the relative prevalence index
(RPI) to identify COVID-19 hot spots in cities on the basis of
sewage data. It is a method that allows the comparison of the
concentration of SARS-CoV-2 RNA (gene copies per liter) of an
STP with an SN belonging to its area of influence (eq 2; detailed

calculations are presented as Supporting Information 2).
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RPI = Con
(2)

Csrp

If the RPI value obtained for a given monitoring point at a
given time was >1, then the corresponding sewershed was
considered a hot spot of SARS-CoV-2 prevalence.”* A Johnson ¢
test™® (run in RStudio version 4.1.2.) was used to test the null
hypothesis of having an RPI of >1, with 95% confidence. This
test is based on population means; it requires that the sample
size be >10 and assumes that the statistical distribution is
unknown (therefore not necessarily symmetric). We had one
observation per monitoring point per week; therefore, we
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Table 2. Design Characteristics of Sampled Trunk Sewers and Interceptors and Results of In-Sewer Travel Time Calculations

sewershed average diameter (mm) hydraulic radius (m) length (m)
STPO1 1140 0.338 31075
STPO2 851 0.252 35156
STPO3 618 0.183 20037
STPO4 868 0.257 9963
STPOS 583 0.164 7478
STP06 440 0.130 13273
STPO7 476 0.141 20530
SNO1 823 0.244 13012
SNO02 841 0.249 13677
SNO03 515 0.153 12396
SNO04 549 0.163 8978
SNOS 623 0.185 8530
SNO06 460 0.136 7741

average slope (%)

average flow (L s™')  average velocity (ms™')  travel time (h)

1.39 3959 52 1.7
1.04 1576 3.7 2.6
1.37 769 3.4 1.6
0.68 1345 3.0 0.9
3.81 955 5.3 0.4
3.50 496 44 0.8
321 587 4.4 13
1.92 1957 4.9 0.7
0.80 1340 32 12
1.36 472 3.0 1.1
1.33 583 3.1 0.8
0.74 577 2.5 0.9
1.18 328 2.6 0.8

grouped our data into 11- and 12-week periods (weeks 20—30
and weeks 31—42, respectively). It would have been ideal to
have as many observations as possible in the shortest time period
to allow for a weekly determination of hot spots with statistical
robustness, but this was limited by budget and logistic
constraints. Alternatively, hot spots could be determined on a
weekly basis, with one observation per week and statistical
robustness using a moving average approximation, as described
in ref 47; however, this was beyond the scope of this study. In
addition, we did not have enough data to assume symmetry or
asymmetry in the RPI distribution, thus meeting the second
Johnson t test requirement.

The RPI normalizes the uncertainty of the estimated viral load
introduced by different indicators such as population density,
different water use patterns, rainwater intrusion, etc.”> The
chemical oxygen demand (COD), measured at all monitoring
points through all epidemiological weeks (presented as
Supporting Information S), was used to normalize the RPI
values. When the median COD of the SN was significantly
different from the STP to which it contributes sewage, a
correction factor was used (COD of the SN divided by COD of
the STP). Wilcoxon’s paired statistical test (run in RStudio
version 4.1.2.) was used for significance analysis of COD values
with 95% confidence. This test does not assume that
observations are independent or normally distributed. COD
observations meet these conditions because (1) the sample size
is small (thus, we need a nonparametric test), (2) the COD of
the SN drainage areas contributes to the COD of the STP
drainage area, and (3) the samples were taken in the same
monitoring week (thus, we cannot assume independence).*®
The RPI for STP03 and STPOS, which are smaller watersheds,
was calculated by comparing them to STPO1 due to geographic
proximity and demographic similarities (see Figure 1A).
Similarly, the RPI for SNO7 and STP04 was estimated by
comparing them to the STP02 watershed due to geographic
proximity and similar demographics.

2f. Collection of COVID-19 Indicators from the Health
Care System. COVID-19 data from the health sector were
obtained from the Peruvian national open data platform
(available at https://www.datosabiertos.gob.pe/). The follow-
ing indicators were used: (1) mortality per 100 000 inhabitants,
extracted from the “Sistema Nacional de Defunciones”
(SINADEF), (2) incidence, as confirmed positive cases per
100 000 inhabitants, (3) occupancy of intensive care unit (ICU)
beds per 100 000 inhabitants, (4) occupancy of hospital beds in
the COVID-19 area per 100000 inhabitants, and (S)
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vaccination status (first and second doses). The data were
grouped by date and then summed by week to match SARS-
CoV-2 RNA data in wastewater (which was obtained on a
weekly basis). The information was processed in RStudio
version 4.1.2.%

3. RESULTS AND DISCUSSION

3a. SARS-CoV-2 RNA Viral Decay in the Sewage
Network. Viral loads estimated not accounting for viral decay
[N(y] for each watershed throughout epidemiological weeks 6—
42 are presented as Supporting Information 3. Then, viral loads
estimated accounting for viral decay [N ] for the same period
are presented as Supporting Information 4. Using N(;) and Ng),
we estimated the percent RNA degradation for each watershed
(Table 3). The maximum degradation measured was 2% for
STP02, a watershed in which the virus has the longest travel
path. The values obtained in this study are on the same order of
magnitude as those reported in the city of Belo Horizonte in
Brazil.”* To see how Ny and Ny are related throughout all
monitoring weeks evaluated, a graphical comparison for STP02
is presented (Figure 3). Overall, our results indicate that the viral

Table 3. Estimated SARS-CoV-2 RNA Decay in the Sewer
Network for All Monitoring Points in This Study

sewershed  estimated SARS-CoV-2 RNA decay in the sewer network (%)
STPO1 13
STP02 2.0
STPO3 1.2
STPO4 0.7
STPOS 0.3
STP06 0.6
STPO7 1.0
SNO1 0.6
SNO02 0.9
SNO03 0.9
SNO04 0.6
SNOS 0.7
SNO06 0.6
SNO7 0.7
SNO8 1.1
SNO09 0.5
SN10 0.3
SN11 0.4
SN12 0.5
SN13 0.4
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Figure 3. SARS-CoV-2 viral loads measured at STP02, corrected [N(g)] and not corrected [Ny ] for viral decay. STP02 is the monitoring point with the

largest trajectory and the highest viral decay estimated in the study.
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of deceased. (B) SARS-CoV-2 viral load vs confirmed COVID-19 cases. (C) SARS-CoV-2 viral load vs scope of vaccination for COVID-19. (D) SARS-
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decay of SARS-CoV-2 RNA in the sewage networks surveyed
was negligible. Therefore, N, not N, was used for further
analysis.

3b. In-Sewage SARS-CoV-2 RNA Estimates for Mon-
itoring the COVID-19 Pandemic. Peru faced the COVID-19
pandemic by declaring a countrywide state of health emergency
on March 15, 2020, soon after the first COVID-19 case was
reported. Earlier than most Latin American countries, Peru
implemented a countrywide lockdown, curfew, and several other

2151

mobility restrictions to minimize the impact of COVID-19.
Nevertheless, Peru counted more than 80 000 deaths during its
first wave and more than 110 000 during its second wave despite
its efforts.

At the end of 2020, before the peak of Peru’s second COVID-
19 wave, the Sanitation Division from the Ministry of Housing,
Construction, and Sanitation took the initiative to implement a
wastewater monitoring system for SARS-CoV-2. Following the
success of neighboring countries and others around the world,
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Figure S. Comparison between epidemiological data and SARS-CoV-2 viral loads in wastewater for metropolitan Arequipa. SARS-CoV-2 viral load
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the plan included sites at three of the largest cities in the country:
Lima, Callao, and Arequipa. In this plan, we had sampling points
in STPs, prioritizing those that collected wastewater from the
largest populations, and SN, selecting sampling points with
high spatial resolution. A primary focus was to include
wastewater contributions from low-income settings that are
often neglected by the health care surveillance systems.

The populations of Lima, Callao, and Arequipa present stark
differences in socioeconomic levels based on average household
incomes. This goes along with limited health care coverage and
testing access among low-income people. Thus, monitoring
SARS-CoV-2 through the aforementioned COVID-19 indica-
tors is not enough to have a broad view of the evolution of the
virus in the population. Local researchers highlighted the need
to increase the level of contact tracing that focuses on
symptomatic and asymptomatic cases in Peru.”’ With the aim
of implementing creative and effective alternatives to gather
more COVID-19 prevalence data, SARS-CoV-2 RNA monitor-
ing in wastewater was implemented. Our results allowed us to
generate information complementary to the indicators pre-
viously used to assess the COVID-19 situation in the monitored
regions.

This study successfully presents the first Peruvian SARS-CoV-
2 RNA wastewater monitoring report. This report corresponds
to the period between the second wave peak and the third wave’s
beginning, between the 2021 epidemiological weeks 6 (February
8—14) and 42 (October 18—24). During this period, we
contrasted the main COVID-19 epidemiological indicators,
including COVID-19 incidence and mortality, with the
estimated SARS-CoV-2 RNA viral load in wastewater per
100 000 inhabitants as recommended®’ for metropolitan Lima
and Callao (Figure 4) and metropolitan Arequipa (Figure S).
Herein, we observed that the estimated concentration of SARS-
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CoV-2 RNA in the wastewater followed the same trend as the
COVID-19 epidemiological indicators.

In Lima and Callao, the beginning of the second wave of
infections and deaths from COVID-19 occurred before the
study. Therefore, we were unable to statistically determine how
SARS-CoV-2 RNA wastewater data provided an early warning.
However, the peak in SARS-CoV-2 RNA in the sewage can be
observed between week 7 (February 15—21) and week 14 (April
5—11) of 2021, which showed trends similar to those of
mortality and the number of confirmed cases (Figure 4A,B). For
Arequipa, it was possible to see the second wave of infections
and deaths from COVID-19 between week 18 (May 3—9) and
week 29 (July 19—25) (Figure SA,B). Here, too, SARS-CoV-2
RNA measured in the sewage showed trends similar to those of
mortality and confirmed COVID-19 cases. Similar to the case for
Lima and Callao, our wastewater monitoring started after the
onset of the second wave of the contagion for Arequipa; thus, we
were unable to statistically determine how wastewater data
provided an early warning. It is important that authorities
maintain wastewater monitoring, at least at sentinel points (ie.,
STPs, ground transportation hubs, airports, etc.), regardless of
the fluctuation in epidemiological data, to better use this
approach as an early warning tool.

As one can see in the graphs presented, the SARS-CoV-2 RNA
wastewater data corresponded better with the mortality data
(confirmed deaths per 100 000 inhabitants), followed by the
number of confirmed cases, and to a lesser degree with
hospitalizations and ICU occupancies (Figures 4 and S). The
trends observed may support the thesis that wastewater
surveillance certainly can produce reliable information, which
could help overcome the limitations of the health care system of
Peru (i.e., insufficient testing and limited access to health
infrastructure). Also, the data indicate that the increased
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Figure 6. Identification of hot spots through the relative prevalence index (RPI) during epidemiological weeks 20—30 and 31—42. (A) STPO1
sewershed (also known as Taboada, located in Callao). (B) STP02 sewershed (also known as La Chira, located in Lima). (C) STP07 sewershed (also
known as la Enlozada, located in Arequipa). The average household income of the contributing population is presented. Means (M), medians (—),
outliers (red circles), and hot spots (*) (RPI values of >1 with 95% confidence) are indicated.

vaccination coverage among the population impacted the
epidemiological indicators and the viral load in wastewater
(Figures 4C and SC). These findings should be verified in
further studies.

Molecular biology laboratories equipped for SARS-CoV-2
RNA estimation by RT-qPCR are not readily available
throughout Peru. Therefore, this study also tested how basic
laboratory facilities could be implemented in some cities to do
sampling and initial processing and then ship samples to a
centralized facility for further analysis. This was assayed for the
city of Arequipa, where minimal infrastructure was put in place
to facilitate field work and perform sample filtration. Using data
on viral recovery of the BRSV, we were able to optimize sample
processing and transport from Arequipa to the Lima facility. We
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were able to determine that viral loads corresponding to weeks
15—17 were suboptimal (see Figure 5), which was overcome by
week 18 (using the methods presented in this study), when
BRSV recovery values comparable to those of the samples from
Lima and Callao were obtained (data not shown).

3c. Estimating the Relative Prevalence Index (RPI) to
Identify Hot Spots. While encouraging results were obtained,
estimating the number of cases of COVID-19 with only
wastewater data is not yet possible, with acceptable levels of
uncertainty.22 In the current context of the pandemic, we must
find catchment areas that we know are more infected than
others, ie., to implement epidemiological fences. Spatial
resolution will also allow us to compare populations within
urban areas to find trends and varied needs in the cities studied,
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considering Peru’s stark socioeconomic heterogeneity in urban
populations.

The RPI analysis was performed to address these limitations
and identify hot spots on the basis of sewage data in the drainage
network of STPO1 (Taboada) and STP02 (La Chira),
corresponding to metropolitan Lima and Callao (panels A and
B of Figure 6, respectively), and the drainage network of STP07
(La Enlozada), corresponding to metropolitan Arequipa (Figure
6C). The RPI data were estimated for two periods; the first
period covers week 20 (May 17—23) to week 30 (July 26 to
August 1), and the second period covers week 31 (from August
2—8) to week 42 (October 18—24) of 2021. This was set to
allow for sufficient statistical robustness for the COD and RPI
analysis and to contain the second wave of the contagion in
Arequipa. To facilitate the visual interpretation of the data, the
RPI for each catchment area was color-coded according to the
average household income of the contributing population.

For basin STPO1 [which collects sewage from Lima and
Callao (see Figure 1A)], we observed that most catchment areas
selected (SNO1, SN02, STP03, and STPOS) were hot spots
during epidemiological weeks 20—30 with p values of 0.04,
0.0112, 0.0176, and 0.0264, respectively (Figure 6A). However,
for weeks 31—42, when COVID-19 prevalence was at its lowest
(see Figure 4), hot spots were identified for catchment areas
with the lowest household income [SNO1 and STP03 with p
values of 0.043 and 0.021S, respectively (Figure 6A)]. Similar
observations were reported in previous studies.””>* Interest-
ingly, for the STPO02 basin [which collects from metropolitan
Lima only (see Figure 1A)], all SN catchment areas selected
were not identified as hot spots of SARS-CoV-2 RNA prevalence
during epidemiological weeks 20—30. During this period,
COVID-19 indicators in the population were relatively low
(see Figure 4A,B). Then, similar to the STPOl basin, SN
catchment areas became hot spots during weeks 31—42 [SN04
and SNO7 with p values of 0.00156 and 0.0449, respectively
(Figure 6B)]. At this time, we were approaching a third wave of
contagion, which took place in Lima and Callao by
epidemiological week 47.7

In Arequipa, only SN catchment areas contributing to the
STPO7 basin were surveyed (see Figure 1B). During
epidemiological weeks 20—30, none of the SN catchment
areas were identified as hot spots. This period corresponds to the
second wave of COVID-19 infections in that city. It is possible
that during this period, COVID-19 prevalence was averaged in
the population, given that the number of confirmed cases was
very high and that metropolitan Arequipa is much smaller than
Lima and Callao. Another possibility is that the areas of highest
SARS-CoV-2 incidence were not included in our monitoring
plan. This is why, toward weeks 29 and 30, monitoring points
SN12 and SN13 were added, respectively, to increase the spatial
resolution of our wastewater survey. However, due to the few
observations obtained, the RPI analysis for SN12 and SN13
during epidemiological weeks 20—30 was not representative.

During epidemiological weeks 31—42, SN11, which collects
wastewater from Arequipa’s tourist area, and SN10, whose
catchment area is contiguous to SN11, sharing areas of high-
income households, but also collects sewage from population
settled in the upper areas (surrounding mountains) with lower
average incomes, were identified as hot spots (p values of 0.0012
and 0.038 for SN'10 and SN11, respectively). This agrees with a
previous observation indicating a higher incidence of SARS-
CoV-2 in high-traffic (i.e., touristic areas) and low-income
areas.
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Several difficulties were faced in this study. Implementing
wastewater monitoring requires an advanced geographic
information system (GIS) that allows for a geospatial view of
the sewage system. However, this type of information was not
always available. It is known that advanced GIS in developing
countries is limited, and inadequate sewage infrastructure can
make this type of study even more challenging.”" Another critical
aspect of our study was that not all of the population in the cities
surveyed contributed to the sewage network, especially those
living in poorer parts of the city. This made it more challenging
to translate sewage data to health care estimates. Alternative
approaches should be considered to collect information from
off-the-grid populations.”* Other limitations encountered
included the relatively small sample volumes that could be
collected from the sewage, the lack of automatic samplers to
collect 24 h composite samples at all locations, and the smaller
volume from each composite sample that could be filtered.
Collecting and filtering larger volumes will provide greater
representability; however, they will bring new operational
challenges both in the field and in the laboratory. In any case,
our SARS-CoV-2 RNA data proved to be reliable and valuable,
showing trends similar to those of the health care indicators on
the COVID-19 pandemic at all sampled locations.

For the RPI estimation, the main limitation was the use of
COD data to normalize for the contributing population. While
this parameter proved to be robust and was able to discern
between low- and high-income households (see Supporting
Information 5), we could not discard industrial contributions to
the sewage. Different methods of normalizing for contributing
populations are being developed and tested, which could be
used in future WBE applications.>

Finally, detecting SARS-CoV-2 RNA during the lower points
of the pandemic was challenging using the methods available.
Several studies have shown that the lack of detection of SARS-
CoV-2 RNA in a sewer probably suggests a low prevalence of
COVID-19 cases.’® Alternative viral particle concentration
methods, improved RNA extraction protocols, and/or alter-
native amplification techniques (i.e., digital PCR>”) should be
explored to overcome this limitation.

4. CONCLUSIONS

This study demonstrates the usefulness of wastewater-based
epidemiology analysis in controlling the COVID-19 pandemic,
especially in the context of extremely scarce clinical data. The
information provided by the analysis of SARS-CoV-2 RNA in
wastewater has been shown to be reliable. (1) It follows the same
trends as the health sector indicators. (2) It offers a more
economical, sensitive, and far-reaching alternative to anticipate
the appearance of new waves of the contagion. (3) It makes it
possible to identify community contagion hot spots within large
and heterogeneous metropolitan areas. (4) It can be used as a
general approach to understanding the spread of the pandemic
in a city. (5) It can ensure public health resilience beyond this
pandemic.
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CoV-2 RNA concentrations in genome copies per liter of
wastewater determined for each sewershed, not corrected
for viral decay [N(;] (Supporting Information 3) and
corrected for viral decay [N(g)] (Supporting Information
4), and COD values presented as notched box plots
corresponding to epidemiological weeks 20—30 and 31—
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