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• SARS-CoV-2 was detected in all the STP
inlets and sewage pumping stations of
Chennai city.

• Majority of hospital wastewater sam-
ples were found with cycle threshold
(Ct) values less than 30.

• Removal efficiency of caffeine is in tan-
dem with the removal of SARS-Cov-2
in treated wastewater of STPs.

• High azithromycin in STPs reflects the
consumption of this antibiotic during
the pandemic.
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Wastewater based epidemiology
Surveillance of SARS-CoV-2 and organic tracers (OTs) were conducted in the community wastewater of Chennai
city and the suburbs, South India, during partial and post lockdown phases (August–September 2020) as a re-
sponse to the coronavirus disease 2019 (COVID-19) pandemic. Wastewater samples were collected from four
sewage treatment plants (STPs), five sewage pumping stations (SPSs) and at different time intervals from a sub-
urban hospital wastewater (HWW). Four different methods of wastewater concentrations viz., composite
(COM), supernatant (SUP), sediment (SED), and syringe filtration (SYR) were subjected to quantitative real
time-polymerase chain reaction (qRT-PCR). Unlike HWW, STP inlet, sludge and SPS samples were found with
higher loading of SARS-CoV-2 by SED followed by SUP method. Given the higher levels of dissolved and
suspended solids in STPs and SPSs over HWW, we suspect that this enveloped virus might exhibit the tendency
of higher partitioning in solid phase. Cycle threshold (Ct) valueswere<30 in 50% of theHWWsamples indicating
higher viral load from the COVID-19 infected patients. In the STP outlets, a strict decline of biochemical oxygen
demand, >95% removal of caffeine, and absence of viral copies reflect the efficiency of the treatment plants in
Chennai city. Among the detected OTs, a combination of maximum dynamic range and high concurrence per-
centage was observed for caffeine and N1 gene of SARS-CoV-2. Hence, we suggest that caffeine can be used as
ty).
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an indicator for the removal of SARS-CoV-2 by STPs. Our predicted estimated number of cases are in linewith the
available clinical data from the catchments. Densely distributed population of the Koyambedu catchment could
be partly responsible for the high proportion of estimated infected individuals during the study period.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Since early 2020, the worldwide spread of coronavirus disease 2019
(COVID-19) has been a serious public health concern (Cucinotta and
Vanelli, 2020). COVID-19 patients have symptoms of cough, fever, dys-
pnoea, diarrhoea, and anosmia. Both symptomatic and asymptomatic
patients shed severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) viral ribonucleic acid (RNA) in feces (Chen et al., 2020;
Collivignarelli et al., 2020b; La Rosa et al., 2020a; Mallapaty, 2020).
Transmission of SARS-CoV-2 via sewage is not reported to be an expo-
sure pathway (Kitajima et al., 2020), but an increasing level of patho-
gens in the community dwellers will eventually increase the viral load
in the sewer systems (Mallapaty, 2020). Cahill and Morris, 2020,
highlighted the concerns regarding the transmission and risks of
SARS-CoV-2 in recreationalwaters, especially those which receive in-
adequately treated wastewater. Wastewater-based epidemiology
(WBE) aims in monitoring the prevalence of viruses in a given
catchment, much before the spread of the viral load in the commu-
nity dwellers (Lodder and de Roda Husman, 2020; Randazzo et al.,
2020; Wu et al., 2020). WBE has been found to be a cost-effective
tool to handle the coronavirus pandemic, and it is stated that
worldwide about 2.1 billion people could be monitored from
wastewater samples in 105,600 sewage treatment plants (STPs)
(Hart and Halden, 2020).

Detection of SARS-CoV-2 in wastewater has been so far reported
from developed nations such as Italy (Collivignarelli et al., 2020a;
La Rosa et al., 2020b; Race et al., 2020), Cyprus (Michael-Kordatou
et al., 2020), Ireland (Cahill and Morris, 2020), Japan (Haramoto
et al., 2020), the Netherlands (Medema et al., 2020a, 2020b),
Australia (Ahmed et al., 2020), France (Wurtzer et al., 2020), Spain
(Randazzo et al., 2020), Switzerland (Stringhini et al., 2020) and
the USA (Peccia et al., 2020). From India, SARS-CoV-2 have been re-
ported earlier in samples from a wastewater treatment plant
(WWTP) at Ahmedabad in Gujarat (Kumar et al., 2020), and munic-
ipal WWTPs and hospital wastewater at Jaipur in Rajasthan (Arora
et al., 2020).

Despite the mammoth increase in the number of COVID-19 cases in
a vast country like India, there is a dearth of information on the possibil-
ity of community spread from the STPs or WWTPs, especially after the
end of lockdown phase. During March–May 2020, with 10,471 COVID-
19 positive cases, Tamil Nadu was listed as the second-most affected
state in India. Chennai is the most populated city of Tamil Nadu and
the only district that was identified of having more than half of the
state's COVID-19 positive cases.

Given the uncertainties of an effective vaccine and the continuing
pandemic situation, it is imperative to predict and prevent the second
and subsequent waves in the catchment areas. Detection of SARS-CoV-
2 in STPs can be used as an important tool for public health experts to
decide on the containment and relaxation measures in the catchment
community.

Transcripts of nucleocapsid, N gene (N1&N2) are themost abundant
transcripts of the SARS-CoV-2 and are therefore, good targets for the de-
tection of the virus in the samples (Babiker et al., 2020; Petrillo et al.,
2020). According to the Centre for Public Health and Environmental En-
gineering Organization (CPHEEO), Ministry of Housing and Urban Af-
fairs (MoHUA), Government of India, 70–80% of the total amount of
domestic water supplied is generated as wastewater (Kaur et al.,
2012). STPs orWWTPs receive raw sewage or wastewater from domes-
tic households. Quality of treated water from STPs and WWTPs,
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especially during the pandemic, is a matter of public health concern.
Both caffeine and carbamazepine were used as potential chemical
markers to evaluate the proper functioning of STPs and WWTPs in
India (Chakraborty et al., 2019; Chakraborty et al., 2021). Hence, during
partial and post lockdown phases, we took the first attempt to conduct
an intensive wastewater surveillance to detect the presence of SARS-
CoV-2 in the four major STPs and five sewage pumping stations (SPSs)
of Chennai city. Simultaneously, we conducted weekly monitoring of
wastewater at different time intervals of the day in a community hospi-
tal located about 30 km away from the city. The major objectives of the
study were to: (i) compare four different wastewater concentration
methods for RNA extraction and subsequent detection of N1 and N2
genes of SARS-CoV-2 by quantitative real-time polymerase chain reac-
tion (qRT-PCR) (ii) quantitatively enumerate the number of RNA copies
(iii) quantitate the level of organic tracers including wastewater
markers (caffeine, carbamazepine) and selected pharmaceuticals and
personal care products (PPCPs) and track the concurrence of these con-
taminants with SARS-CoV-2 (iv) elucidate the functional efficacy of
STPs, and (v) estimate the number of infected persons in each
catchment area.

2. Materials and methods

2.1. Sampling site selection and sample collection

2.1.1. STPs and SPSs in Chennai city
Locations of the sampling sites are given in Fig. 1 and Table S1 of the

supporting information (SI). Fig. 1 was prepared using Arc GIS 9 (Ver-
sion: Arc Map 9.3). Data on population distribution were obtained
from elsewhere (GreaterChennnaiCorporation, 2018). During 5th–11th

September 2020, composite grab samples from inlet, primary sludge
and outlet were collected from each of the four STPs and five associated
SPSs of Chennai city viz., Perungudi (PG-STP, PG-SPS), Nesapakkam
(NP-STP, NP-SPS) Kodungaiyur (KD-STP, KD-SPS-1, KD-SPS-2) and
Koyambedu (KYB-STP, KYB-SPS). The sampling locations in STPs viz.,
inlet, sludge and outlet have been given in Fig. S1. In total, 12 samples
from STPs and 5 samples from SPSs were collected in sterile plastic con-
tainers. Strict safety protocols were followed throughout the sample
collection and processing stages. Samples were transported to the labo-
ratory in ice boxes and processed for virus concentration procedures on
the same day of sampling.

2.1.2. Hospital wastewater
Similarly, hospital wastewater (HWW) samples were collected at

different intervals of the day (7 AM, 10 AM, 1 PM, 4 PM and 7 PM) for
three weeks during partial lockdown (n = 15) (August, 2020) and
one week during post lockdown (September, 2020) (n = 5) from SRM
hospital.

2.2. Physico-chemical water quality

Water quality parameters for the wastewater samples such as dis-
solved oxygen (DO) in mg/L, conductivity (COND) in mS/cm, pH, total
dissolved solids (TDS) in (mg/L), salinity in parts per million (ppm),
and biochemical oxygen demand (BOD) in mg/L were analysed using
portable digital probes. Each device was rinsed with millipore water
three times and allowed to dry before each analysis. Further details on
analysis and the data on water quality parameters for STPs, SPSs, and
HWW are presented in Tables S2 & S3.



SRM Hospital  
wastewater

(HWW)

Fig. 1. Samplingmapwith the location of the sewage treatment plants (STPs), sewage pumping stations (SPSs) in Chennai city and SRMhospitalwastewater (HWW)collection site in the suburbs.
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2.3. SARS-CoV-2

2.3.1. Concentration of SARS-CoV-2 from wastewater samples
In several studies, SARS-CoV-2 was concentrated from wastewater

by different procedures. The supernatant concentration method was
found to be very effective in isolating SARS-CoV-2 (Ahmed et al.,
2020; Medema et al., 2020a, 2020b). Prior to RNA extraction from
each sample, we have used four methods of wastewater concentration
with some modifications: composite (COM), supernatant (SUP), sedi-
ment (SED) and syringe filtration (SYR): a) COM: 1 mL of composite
wastewater sample was taken from 250 mL of wastewater from each
site and treated with 20 mg/mL of proteinase K for 10 min in 65 °C
dry bath. b) SED: One loop-full of the sediment was suspended in
1 mL of 1× phosphate buffer saline (PBS) which was then treated with
20 mg/mL of proteinase K for 10 min in 65 °C dry bath. c) SUP:
250 mL of the sample was centrifuged at 8100 rpm for 30 min in a
cooling centrifuge (model: REMI, CPR 24 Plus) (Fig. S2). The
3

supernatant was treated with 5 mg of aluminium hydroxide and then
incubated in a Rocker Orbitek® laboratory refrigerated shaker for 12 h
at 4 °C. At the end of 12 h, the supernatant was further centrifuged at
14000 rpm for 45 min and then filtered through a 0.45 μm pore size,
47 mm cellulose nitrate membrane filter (Thermo-Scientific, Cat.no.
LSMCN4547NST). The filtrate was then transferred to a sterile tube
and 4 mL of 1× PBS was added to it and the filtrate was incubated at
4 °C for 50 oscillations per minute for 20 ± 5 min. Again 4 mL of 1×
PBS was added to the tube and the sample was concentrated using the
Amicon®ultra-15ultra-centrifugal filters (Cat.no. #UFC910096) at
7000 rpm at 4 °C for 15 min. d) SYR: 10 mL of the sample was passed
through a 0.2 μ syringe filter.

2.3.2. RNA extraction
RNA extraction was carried out in Bio-Safety Level II cabinet

(Thermo-scientific, Model: 1300 series A2), with proper safety mea-
sures in the laboratory. RNA was extracted by using the QIAamp Viral
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RNA mini kit (Cat.no#52906), Qiagen, Germany, according to the man-
ufacturer's instructions. Briefly, 140 μL of the sample was added to
560 μL of AVL buffer™ and incubated at room temperature for
10 mins and then the sample was centrifuged. Further, 560 μL of 100%
ethanol was added and 630 μL of the sample was added to the mini
spin column and then centrifuged at 8000 rpm for 1min. To the column,
500 μL of AW1wash buffer was added and centrifuged at 8000 rpm for
1 min. Then 500 μL of AW2 wash buffer was added and centrifuged at
14000 rpm for 3 mins. Further, the column was placed in a sterile
2 mL Eppendorf tube and then 60 μL of AVE elution buffer was added
and then` incubated for 1 min followed by centrifugation at 8000 rpm
for 1 min. The eluted RNA was stored at−80 °C until further analysis.

2.3.3. RNA analysis
RNA analysis was performed in qRT-PCR in Light cycler 96, ROCHE

PCR machine. SARS-CoV-2 RNA was detected by using Prime script III
qRT-PCR mix (Takara Bio, USA, Cat no#RR600A). IDT 2019-nCoV CDC-
EUA kit (Integrated DNA Technologies, Coralville, IA, USA, Cat
no#10006770) was used for the detection of N1, N2 of SARS-CoV-2,
and RNaseP. Human RNaseP primer-probe mix serves as the internal
control for monitoring the sample quality and extraction protocol. The
reaction mixture consisted of 10 μL of prime script master mix, 0.5 μL
of Taqman primer-probe mix of N1/N2/RNaseP of FAM-labelled
primer-probe mix, 3.5 μL of nuclease-free water, and 6.0 μL of the RNA
extracted from the sample (Table S4). The thermal conditions were re-
verse transcription at 45 °C for 15 min followed by initial denaturation
at 95 °C for 2 min. Then the reaction was followed with 45 cycles of
95 °C for 3 s and 55 °C for 30 s.

QA/QC: EURM-019 obtained from the European Commission Joint
Research Centre (JRC), served as an internal positive control as nucleo-
capsid gene CDC-N1 and CDC-N2 containing the universal synthetic
ssRNA of 880 nucleotides. N1 and N2 genes were amplified by qRT-
PCR with the ssRNA and served as the positive control for the assay val-
idation. Similarly, RNA was extracted from buccal swab and amplified
with RNaseP gene which served as an internal control. Basically, with
positive control, N1 and N2 amplifications were seen; however, ssRNA
did not show amplification with RNaseP. Furthermore, with nuclease
free water (Molecular Biology grade), no amplification curve was ob-
served. The internal positive control had Ct values of 17.02 and 16.13
for N1 and N2, respectively. RNA isolated from human buccal swab
showed amplification with Ct value of 29, whereas negative control
did not show any amplification with the nuclease free water.

2.3.4. Estimation of RNA copies
After the PCR, 96 well plates were taken for analysis of RNA copies.

The completed cDNA of N1 and N2 together with the corresponding
RNA copies present in the samples were analysed by Thermo Scientific
Nano Drop 2000 UV-VIS Spectrophotometer. RNA copies were calcu-
lated according to the formula given elsewhere (IDT, 2013; Pfaffl, 2004)

No:of copies moleculeð Þ ¼ x ng� 6:0221� 1023molecules
mole

N� 660 g
mole � 1� 109 ng

g

where ‘X’ refers to the difference between DNA concentration after qRT-
PCR and RNA concentration before qRT-PCR; N refers to the length of
dsDNA amplicon and 660 g/mol is the average mass of 1 bp dsDNA.
RNA copies were predicted by using the IDT online software.

2.3.5. Estimation of infected persons in the particular catchment area
We estimated the infected persons by using the formula given else-

where (Ahmed et al., 2020).

Persons infected ¼
RNA copiesð Þ
L wastewater � L wastewater

day
g feces
person
day

� RNA copies
g feces
4

where, RNA copies/L of wastewater = 560multiplied with RNA copies/
μL, Litres of wastewater/day inmillion litres/day (MLD), g feces per per-
son/day=243 g in low income countries (Rose, 2003), RNA copies/g fe-
ces =107 (Foladori et al., 2020).

2.4. Organic tracers

Based on frequent usage, twenty-one OTs were quantified in the
wastewater samples. OTs were categorised as: a) wastewater markers
(caffeine, carbamazepine) b) pharmaceuticals and personal care products
(PPCPs). The list of OTs included fluoroquinolones (norfloxacin,
ofloxacin, ciprofloxacin), antibiotics (erythromycin, roxithromycin,
azithromycin, clarithromycin, trimethoprim, tetracycline, oxytetracy-
cline, doxycycline hyclate, chloramphenicol), sulphonamides (sulfadia-
zine, sulfamethoxazole), parabens (ethyl paraben, methyl paraben,
propyl paraben, butyl paraben) and antimicrobial agent (triclosan).

2.4.1. Wastewater extraction for organic tracers
100 mL of wastewater samples were filtered on the same day of

sample collection using glass fibre filter (GF/F) (Whatman), acidified
to pH 2 immediately after sampling and stored at−20 °C. Each Oasis
hydrophilic lipophilic balanced (HLB) cartridge (500 mg 6 mL,
Waters) was preconditioned with 20 mL methanol, 6 mL milli-Q
water, and 6 mL milli-Q water with pH 2.0. Filtered aliquots of the
water samples were added with 250 mg Na2EDTA and spiked with
surrogate standards of each group of OTs. The water samples were
loaded into the cartridges at a flow rate around 5 mL/min. After the
cartridges were dried under an airstream for 10 min, analytes were
eluted with 12 mL of methanol. The eluates were collected, evapo-
rated to dryness with nitrogen stream and reconstituted to 1.0 mL
with methanol:water (1:1, v: v).

2.4.2. Instrumental analysis
Chromatographic separation of analytes was performed using an At-

lantis T3 column (100mm×2.1mm, 3 μm,Waters,MA, US) by aWaters
ACQUITY Ultra Performance Liquid Chromatography (UPLC) H class
coupled with Xevo TQ-S micro–Triple Quadrupole Mass Spectrometry.
For the positive electrospray ionization mode (ESI), two methods
were used. For sulfonamides, fluoroquinolones, and tetracycline, the
mobile phase A contained 0.1% formic acid in water and mobile phase
Bwasmethanol. Formacrolides, carbamazepine and trimethoprim,mo-
bile phase A contained 2mMammonium formate with 0.1% formic acid
in water and mobile phase B contained 0.1% formic acid in acetonitrile.
For parabens, chloramphenicol and triclosan, negative ESI mode was
usedwith themobile phase A containingwater andmobile phase B con-
tainingmethanol. 13C12 Caffeine used as surrogate standardwas quanti-
fied in all the threemethods. The sample injection volumewas 2 μL. The
monitored target and reference ions are given in Table S5. Nine organic
tracers detected in thewastewater sampleswere: caffeine (CAF), carba-
mazepine (CBZ), azithromycin (AZT), erythromycin (ERY), methyl
paraben (MP), sulfamethoxazole (SMX), ofloxacin (OFL), norfloxacin
(NOR), ciprofloxacin (CIP), and triclosan (TCS).

QA/QC: Identification of each OT was performed by UPLC-MS with
multiple reactionmonitoring (MRM)mode, using the two highest char-
acteristic precursor ions. Instrument detection limit (IDL) was calcu-
lated at S/N ratios ≥10. The method detection limits (MDLs) were
estimated by combining instrumental quantification limits, recoveries
and concentration factors. Recovery for 13C caffeine varied between
86%–104%. Recovery percentage for fluroquinolones, sulphonamides,
antibiotics and parabens varied between 89 and 127% (103 ± 13),
96–113% (101 ± 7), 88–112% (99 ± 8), 93–130% (105 ± 5), respec-
tively. Further, instrumental blank, procedural blank, blank spike, and
matrix spike were applied for each batch of five samples to keep a
track of the contamination level during the sample preparation proce-
dure. All instrumental and procedural blanks were below MDL
(Table S5a and 5b).
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2.5. Statistical analysis

Statistical analysis was performed using SPSS version 22. Regression
analysis, t-tests and one-way ANOVAwas done at 95% confidence interval.

3. Results and discussion

3.1. General discussion

Physico-chemical parameters of wastewater are given in Tables S2
and S3. Water quality parameters such as TDS, DO and BOD drastically
improved at the outlets of STPs. Based on the Ct values using qRT-PCR,
positive results for SARS-CoV-2 from four different wastewater concen-
trationmethodsmentioned in the earlier section are given in Table 1. Ct
values greater than 23 and less than 40 for nucleocapsid genes-N1 and
N2 were considered positive. Increasing Ct values correspond to lesser
number of RNA copies per litre of wastewater. Further, the semi-
quantitatively detected SARS-CoV-2 RNA copies are given in Figs. 2
and S3. The number of RNA copies of N1 was significantly higher than
N2 (p < 0.05) for most of the samples. Higher number of RNA copies
of N1 is in agreement with the WBE study, wherein the authors identi-
fied higher sensitivity of N1 primer-probe over N2 (Medema et al.,
2020a, 2020b). Similarly, US-FDA has also reported that sensitivity of
N1 is greater than N2 in clinical samples (Hallo et al., 2020).

3.2. Detection of SARS-CoV-2

3.2.1. STPs and SPSs
Of all the 17wastewater samples, SARS-CoV-2was detected in all SPSs

(n=5), STP inlets (n=4) and sludge samples excluding NP-STP (n=3).
Table 1
Cycle threshold (Ct) values for detected SARS-Cov-2 inwastewater samp
wastewater concentration methods.

Ct range color coding

5

However, none of the outlet samples were positive for SARS-CoV-2.
Longer survival rate of corona viruses in primary wastewater over
secondary wastewater has been observed in the past due to the
less inactivation by increased suspended particles (Gundy et al.,
2009). With SED method, all the positive samples were found with
the lowest range of Ct values (N1, 29.2 to 33.22 and N2, 30.09 to
33.81) for SARS-CoV-2 excluding one inlet sample (NP-STP-I, N1,
33.22; N2, 34.29) (Table 1). Similar positive response was seen for
SUP method with slightly higher Ct values (N1, 32–38: N2, 30–36).

Correspondingly, maximum number of RNA copies for N1 gene ob-
tained by the SED method in all the positive samples from STPs (range
9.66×104–1.99×105 gc/L) were higher over the SPSs (range 1.41×104–
9.96×104 gc/L). In STPs and SPSs, SED followed by SUP concentration
methods showedhigher number of SARS-CoV-2 in thewastewater sam-
ples. It is to be noted that N1 numbers obtained from SEDmethod were
significantly higher than other methods (p < 0.01 to 0.05). Given the
possibility of SARS-CoV-2 being hydrophobic, such particles in waste-
water stream can have higher tendency to get associated with solids
(Balboa et al., 2020). Enveloped viruses such as Murine hepatitis virus
and Pseudomonas phage Φ6, exhibited higher partitioning (26%) to
solid component in wastewater over non-enveloped viruses (6%) (Ye
et al., 2014). Hence, higher loading of SARS-CoV-2 by SED concentration
methodmight be due to the adsorption of the virus particles to solids in
sewage and/or sludge particularly in the STP inlets.Most of the viral par-
ticles in raw sewage can settle down, thereby, reducing the viral load in
the SYR method. Highest number of RNA copies were observed in
Koyambedu sludge sample (KYB-STP-S, N1, 1.99×105 gc/L) followed
by the Koyambedu inlet (KYB-STP-I, N1, 1.63×105 gc/L) by SEDmethod
(Fig. 2). Excluding Nesapakkam inlet (NP-STP-I, N1, 5.6×104 gc/L), N1
copies obtained from the SED method in rest of the STPs and SPSs
les from STPs and SPSs of Chennai city concentrated by four different



COM SED SUP SYR

COM SED SUP SYR

COM SED SUP SYR

Fig. 2. Error plots showing the four wastewater concentration techniques and corresponding SARS-CoV-2 RNA copies of N1 gene during post lock down for a). STP inlets (STP-I) and STP-
sludge (STP-S) b). SPSs c). Hospital wastewater samples at different time intervals.
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ranged between 1.00×105–1.99×105 gc/L. Similarly, results from SUP
and COM methods were found with higher number RNA copies for
KYB-STP and KYB-SPS samples (Fig. 2).

3.2.2. Hospital wastewater (HWW)
Unlike STPs, maximum positive response (85%) was seen in

samples concentrated by SUP method with Ct values for N1 and
N2 ranging from 28.02 to 35.51 and 26.38 to 35.83, respectively.
About 40% of the total HWW samples concentrated by SED method
showed positive response, with Ct values for N1 ranging from 28.68
to 38.24 and N2 ranging from 25.85 to 32.07. Out of the four
sampling dates for HWW samples, we observed relatively lesser
suspended solids in HWW over STPs particularly during partial
lockdown period (Table S3). SYR concentration method gave either
non-detects or much less viral load in the samples. With COM
method, we found lesser RNA copies/L (1.19 ×104–9.89×104 gc/L)
compared to the other three methods (Fig. S3) and is in agreement
with a study conducted in Bozeman, Montana (USA) (Nemudryi
et al., 2020). Thus, SUP concentration method was found to be
most effective in concentrating SARS-CoV-2 from HWW samples
and is in line with other studies (Ahmed et al., 2020). RNA copies
by SUP method increased from 4.25 ×105 gc/L (on 10/08/20) to
1.62×106 gc/L (on 17/08/20) (Fig. S3). Even though the RNA copies
were less, all complete post lockdown HWW samples were positive
for SARS-CoV-2 in all the methods. In HWW, RNA copies for N1 were
significantly different (p < 0.01) between partial and post lock-
down phases. Higher viral loading in HWW samples during
partial lock-down (1.10×105–1.62×105 gc/L) over post-lockdown
(1.20×104–1.15×105 gc/L) can be related with the lower number
of active COVID-19 patients admitted in SRM hospital during that
period.
6

3.3. Organic tracers and concurrence with SARS-CoV-2

3.3.1. Organic tracers (OTs)
This study encompasses a broad range of OTs with log KOW

values from very hydrophilic compound (log KOW < 1, caffeine) to
hydrophobic compound (log KOW > 4, triclosan). Eight detected
OTs viz., CAF, CBZ, CIP, NOR, OFL, AZT, SMX and MP showed 100%
detection frequency in STP inlets and sludge samples. In outlets
and SPSs, the detection frequency varied between 20 and 100%
(Table 2). The concentration of eight frequently detected OTs in
the outlet samples were significantly lower (p < 0.05) than the
inlet samples with the removal efficiencies varying between 13%
(ERY)–98% (CAF) (Table 2). CAF concentration is over hundred-
fold higher than the other detected OTs. Such dominance of CAF in
STPs and WWTPs has been reported from previous studies in
China (Zhou et al., 2010) and India (Anumol et al., 2016). AZT con-
centrations and removal efficiencies in WWTP (88–100%) were
comparable with other studies from Japan (Kobayashi, 2006) and
Egypt (Younes et al., 2019). Dominance of AZT and FQs reflect the
consumption of these commonly prescribed drugs for ailments
among SARS-CoV-2 patients having cold, fever and respiratory in-
fections (Kotwani and Holloway, 2011).

3.3.2. Wastewater markers
CAF has been used as a sourcemarker for humanwastewater associ-

ated with domestic sewage (Buerge et al., 2006; Chakraborty et al.,
2021). Concentration of CAF in the SPSs and STP inlets varied between
12 and 33 μg/L. About 97% of CAF was observed in the inlets and only
3% in primary sludge due to it's hydrophilic nature (Nam et al., 2014).
Highest concentration of CAF was found in inlet of KD-STP (20.2 μg/L)
followed by inlets of KYB-STP (17.8 μg/L), PG-STP (16.6 μg/L) and NP-



Table 2
Detection and concentration range of chemical markers and organic tracers in wastewater samples from STP, SPS and hospital (ND: not detected).

Chemical markers Detection frequency Concentration in ng/L

Inlet Sludge Outlet SPSs

STP-Inlet STP-Sludge STP-Outlet SPS Range (Avg ± STDEV)

Caffeine (CAF) 100% 100% 100% 100% 14,376–20,280
(17,272 ± 2459)

40–10,366
(3114 ± 4881)

94–2700
(966 ± 1180)

12,096–32,794
(17,710 ± 8657)

Carbamazepine (CBZ) 100% 100% 100% 80% 92–152 (124 ± 30) 46–106 (77 ± 25) 74–184 (142 ± 49) ND-128 (76 ± 51)
Ciprofloxacin (CIP) 100% 100% 100% 100% 148–440 (272 ± 122) 80–176 (132 ± 40) 96–348 (165 ± 123) 122–656 (282 ± 218)
Norfloxacin (NOR) 100% 80% 80% 100% 70–138 (110 ± 29) ND-78 (50 ± 35) ND-118 (54 ± 49) 46–190 (88 ± 61)
Ofloxacin (OFL) 100% 100% 100% 100% 112–302 (236 ± 85) 48–124 (87 ± 34) 88–402 (209 ± 143) 132–1156 (365 ± 443)
Azithromycin (AZT) 100% 100% 20% 100% 54–360 (190 ± 156) 56–206 (113 ± 71) ND-42 (11 ± 21) 46–250 (125 ± 94)
Sulfamethoxazole (SMX) 100% 25% 50% 50% 48–240 (118 ± 84) ND-80 (20 ± 40) ND-90 (43 ± 49) ND-144 (56 ± 61)
Methyl Paraben (MP) 100% – – 100% 64–188 (129 ± 55) ND ND 40–192 (105 ± 56)
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STP (14.3 μg/L). Among SPSs, highest CAF concentration was observed
in PG-SPS (32.7 μg/L) followed by NP-SPS (17 μg/L), KD-SPS 2
(14.1 μg/L), KYB-SPS (12.4 μg/L) and KD-SPS1 (12 μg/L). Removal effi-
ciency of caffeine in the STPs varied between 84 and 98% (Fig. 3). Such
high removal efficiency of CAF is in line with a previous study from
Chennai (Anumol et al., 2016). Maximum removal efficiency of CAF
(98%) was observed at NP-STP. It is noteworthy that we observed neg-
ative qRT-PCR results for all the STP outlet samples. Furthermore,
Fig. 3. Box and whisker plots showing the range of a) SARS-CoV-2 N1 RNA copies obtained fro
tracers in STP inlets, primary sludge and outlets.
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>80% removal of CAF at the STP outlets suggest proper functioning of
STPs in Chennai city (Fig. 3 and Table S6).

Up to 30% CBZ was observed in the sludge samples from the STPs
(Fig. 3). Owing to its moderately hydrophobic nature, nearly 5–20%
CBZ gets absorbed onto activated sludge (Wijekoon et al., 2013; Zhang
et al., 2008). Furthermore, unlike STPs and SPSs, HWW did not show
any CBZ peak (Table 2). CBZ has increased adsorption tendency towards
solidmatrix in the environment (Chakraborty et al., 2019). Hence, lesser
m four wastewater concentration methods b) caffeine c) other majorly detected organic
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solid particles can be reasoned for low CBZ in HWW when compared
with STPs and SPSs samples. Among SPSs, PG-SPS (116 ng/L) had the
highest level, followed by KYB-SPS (128 ng/L), KD-SPS 2 (76 ng/L) and
KD-SPS 1 (62 ng/L). The range of CBZ (74–184 ng/L) in STP outlets
were much lower than Canada, Germany, South Korea and Taiwan,
but was slightly higher than USA and Japan (Hai et al., 2018). Excluding
NP-STP, negative removal efficiencywas seen for CBZ in the other three
STPs. Maximum CBZ was observed in the outlet samples of KD-STP
(184 ng/L) followed by PG-STP (170 ng/L), KYB-STP (138 ng/L) and
inlet sample of NP-STP (92 ng/L). Similar to this study, higher concen-
trations of CBZ in outlets or effluents have been observed earlier in
Chennai due to deconjugation of CBZ precursors during conventional
activated sludge process (Anumol et al., 2016). Complex adaptive sys-
tem (CAS) followed during biological treatment in STPs can lead to
higher concentrations of CBZ in the outlets of STPs (Kwon and
Rodriguez, 2014; Spongberg and Witter, 2008).

3.3.3. PPCPs
Prevalence of FQs in wastewater can be reasoned with higher con-

sumption rate of these compounds in India (Arun et al., 2020). Among
macrolides, only AZT and ERY were observed with a detection fre-
quency of 100% and 75%, respectively. More than three-fourth of total
AZT concentration was from STP sludge samples, most likely due to
partitioning into bio-solids (Jones-Lepp and Stevens, 2007). In treat-
ment plants, protonation of the basic dimethyl amino group can be rea-
soned for AZT loading in bio-solids (Younes et al., 2019). The range of
AZT in STPs of Chennai city was comparable with earlier studies from
Switzerland (Göbel et al., 2005), India (Mohapatra et al., 2016), Japan
(Yasojima et al., 2006) and USA (Loganathan et al., 2009).

SMX andMP showed a detection frequency of 100%.Major contribu-
tion of SMX stemmed from the primary sludge samples and MP was
mostly seen in STP inlet samples. Elevated usage of TCS as an anti-
microbial agent in sanitizers might have resulted in high TCS in hospital
wastewater (11.2 μg/L).

3.3.4. Concurrence and dynamic range
High prevalence of pepper mild mottle virus (PMMoV) and PPCPs

have been reported earlier by using the dynamic range of the detection
method and persistence of PMMoV (Kuroda, 2015). We have used a
similar approach of concurrent percentage and dynamic range in this
study to enumerate the co-existence of OTs and SARS-CoV-2 viral
load. CAF was detected in all the samples. The concurrence percentage
between CAF and viral load (gc/L) for N1and N2 was highest by SED
and SUP (92%) followed by COM (75%) method (Table S7). The concur-
rence percentages of CBZ for SED, SUP and COM were found to be be-
tween 83 and 100%. The maximum concurrences of N1 and N2 from
SED and SUP concentration methods were observed for AZT and NOR.
This might be due to increased use of these drugs to combat the com-
mon symptoms caused by SARS-CoV-2. For OTs and SARS-CoV-2 RNA
copies, dynamic range has been estimated as the ratio of their arith-
metic mean concentration in the influent samples with the correspond-
ing limit of quantification. Dynamic range for OTs varied between 62
and 8636 with the highest value for CAF and lowest for CBZ, indicating
ubiquitous presence of CAF in wastewater (Table S7). Dynamic range
for SARS-CoV-2 by all thewastewater concentrationmethods varied be-
tween 1008-2891 and 469-1920 for N1 and N2, respectively. The dy-
namic ranges for CIP, OFL, AZT were higher than CBZ and varied
between 95 and 136. A hundred-fold higher dynamic range of CAF
over the other frequently detected OTs, coupled with the concurrence
of N1 andN2 genes of SARS-CoV-2 indicate that CAF can be used as a po-
tential marker even for less polluted aquatic environment.

3.4. Estimated number of infected persons in different catchments

With the estimated RNA (in gc/L) in wastewater samples, we have
predicted the number of infected individuals from the population of a
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given catchment area (Fig. S4). It was noted that during post lockdown,
the estimated number of persons infected obtained by SED method for
PG inlet (3983) was in line with the number of actual active COVID-19
cases in the PG catchment (3418). Our estimates obtained from average
of all methods showed that the maximum number of infected individ-
uals was found in KYB catchment (5523). It is noteworthy that KYB-
STP caters to a relatively lesser population (1.4 million) and receives
less than half the amount of wastewater (90 MLD) in comparison with
KD catchment (3million, 202MLD) (Table S1). Yet, the numbers of pre-
dicted infected cases were maximum in KYB catchment. High popula-
tion density in KYB can be an important factor for the spread of
infection. Similar spread of SARS-CoV-2with increasingpopulation den-
sity was observed in Algeria (Kadi and Khelfaoui, 2020). Maximum
number of RNA copies and very high level of CAF indicate higher waste-
water discharge from this catchment. The number of COVID-19 cases in
Tamil Nadu with a massive number of active cases (1,07,109) within
four months of the first detected case in Chennai city (on 18th March
2020) seems to be attributed mainly to the delay in shutting the
Koyambedu market, one of the largest perishable goods market in
Asia (Rakkini and Vincent, 2018). The community spread was evident
as people from diverse backgrounds contracted the infection. Unlike
KYB, PG catchment houses a population of 3.1 million and generates al-
most similar amount of wastewater as KYB (95 MLD). PG covers a rela-
tively posh locality with the possibility of better sanitation and hygiene
conditions. Hence, percentage of predicted infected individuals was
four-fold lesser than KYB catchment. Such detection of SARS-CoV-2 in
community wastewater is a cost-effective mode of obtaining an early
sign for the spread of COVID-19 infection in Chennai after the complete
lockdown phase.

4. Conclusion and way forward

This study has gathered evidence from analysis of a total of 4 STPs, 5
SPSs and HWW for detection of SARS-CoV-2 viral load during partial
lock-down and post-lockdown periods in Chennai city. Of the four
wastewater concentration methods, SED, and SUP wastewater concen-
tration methods gave comparable values for predicted and real infected
cases.

The study was further strengthened by incorporating the quan-
titative presence of organic tracers to justify the efficacy of STPs in
removing the viral load in treated wastewater. Removal of >80%
caffeine, 100% of SARS-CoV-2 viral load and a steady decline of
BOD in the treated wastewater reflect the efficiency of the treat-
ment plants in Chennai city. It further gives a valuable information
that CAF can be used as a potential indicator for removal of SARS-
CoV-2 by STPs. The wastewater surveillance showed the presence
of higher number of infected people in communities with high
population density (as in the case of Koyambedu catchment).

Suchwastewatermonitoring of SARS-CoV-2 viral loading in STPs can
help the local government, water boards and public health experts to
estimate the number of infected persons in a given catchment and pre-
dict the severity of the infection spread even before an outbreak of an
epidemic/pandemic in the near future. This study suggests the need
for regular monitoring of community wastewater as a cost-effective
tool to obtain anearly signal for the futurewaves of COVID-19pandemic
in both urban and rural areas of India. This can further support policy
makers in taking decisions on intensifying testing and imposing/lifting
of restrictions.
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