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Abstract
Wastewater-based epidemiology has been recognized as a tool to monitor the progress of COVID-19 pandemic worldwide. 
The study presented herein aimed at quantitating the SARS-CoV-2 RNA in the wastewaters, predicting the number of infected 
individuals in the catchment areas, and correlating it with the clinically reported COVID-19 cases. Wastewater samples 
(n = 162) from different treatment stages were collected from three wastewater treatment plants (WWTPs) from Mumbai city 
during the 2nd surge of COVID-19 (April 2021 to June 2021). SARS-CoV-2 causing COVID-19, was detected in 76.2% and 
4.8% of raw and secondary treated (n = 63 each) wastewater samples respectively while all tertiary treated samples (n = 36) 
were negative. The quantity of SARS-CoV-2 RNA determined as gene copies/100 mL varied among all the three WWTPs 
under study. The gene copy numbers thus obtained were further used to estimate the number of infected individuals within 
the population served by these WWTPs using two published methods. A positive correlation (p < 0.05) was observed between 
the estimated number of infected individuals and clinically confirmed COVID-19 cases reported during the sampling period 
in two WWTPs. Predicted infected individuals calculated in this study were 100 times higher than the reported COVID-19 
cases in all the WWTPs assessed. The study findings demonstrated that the present wastewater treatment technologies at the 
three WWTPs studied were adequate to remove the virus. However, SARS-CoV-2 genome surveillance with emphasis on 
monitoring its variants should be implemented as a routine practice to prepare for any future surge in infections.

Keywords  COVID-19 · SARS-CoV-2 · RT-qPCR · Wastewater treatment plants · Wastewater-Based Epidemiology · 
Surveillance

Introduction

Coronavirus disease-2019 (COVID-19) is caused by Severe 
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
belonging to the species SARS-related coronavirus in the 

subgenus Sarbecovirus of the family Coronaviridae contain-
ing enveloped viruses with positive sense single stranded 
RNA (Kitajima et al., 2020). COVID-19 was first detected 
in Wuhan, China in December 2019. This disease was later 
reported in 114 countries and therefore the World Health 
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Organization declared COVID-19 as a pandemic on 11th 
March 2020 (Medema et  al., 2020). As of 29th March 
2023, the disease has affected 761,402,282 individuals 
and 6,887,000 deaths were reported worldwide (WHO-
COVID-19 Dashboard accessed at https://​covid​19.​who.​int/ 
on 5th April 2023). In India, 4,47,29,284 confirmed cases 
and 5,30,901 deaths have been reported till 5th April 2023. 
(Government of India COVID-19 Dashboard accessed at 
https://​www.​mygov.​in/​covid-​19 on 5th April 2023). In India, 
the first case of COVID -19 was detected in Thrissur, state 
Kerala on 27th January 2020 while in Mumbai, state Maha-
rashtra, the first case was identified on 11th March, 2020 
(https://​www.​hindu​stant​imes.​com/​cities/​mumbai-​news/​
mumba​is-​first-​covid-​patie​nts-​we-​have-​let-​it-​stay-​under-​
the-​carpet-​10161​47970​73559.​html accessed on 24.11.2022). 
Individuals infected with COVID-19 infection (symptomatic 
or asymptomatic) shed SARS-CoV-2 RNA in feces (at a con-
centration up to 107 copies/g), which is further disposed of 
in wastewater and may increase the likelihood of fecal–oral 
transmission (Ahmed et al., 2020; Hemalatha et al., 2021; 
Kitajima et al., 2020; Pandey et al., 2021).

Surveillance of virus transmission within the popula-
tion using environmental samples has been established for 
well-known poliovirus as well as newly emerging Aichi 
virus (Arora et al., 2020; Hemalatha et al., 2021; Sharma 
et al., 2021). This type of monitoring is often referred to 
as Wastewater-Based Epidemiology (WBE) and has also 
been recognized as a promising surveillance tools for sev-
eral enteric viruses such as Norovirus, Hepatitis A and E 
virus, Adenovirus, Rotavirus, and Influenza A (H1N1) and 
is currently implemented around the globe for SARS-CoV-2 
(Arora et al., 2020). WBE has been proven to be effective 
in monitoring the viral load in the wastewater catchment 
area, which may provide unambiguous predictions of future 
outbreaks. It may also aid in uncovering the ground real-
ity of COVID-19 cases (including asymptomatic cases) 
by examining a larger population as opposed only clini-
cally reported cases in the area (Hata et al., 2020a, 2020b; 
Srivastava et al., 2021a, 2021b). Various WBE studies for 
monitoring of SARS-CoV-2 RNA in wastewater have been 
conducted worldwide in countries such as Australia (Ahmed 
et al., 2020), Japan (Hata et al., 2020a, 2020b), Netherlands 
(Medema et al., 2020), Pakistan (Sharif et al., 2020), France 
(Wurtzer et al., 2020), Spain (Randazzo et al., 2020) and 
USA (Peccia et al., 2020; Weidhaas et al., 2021).

Several studies have been reported from Indian cities 
viz. Gandhinagar (Kumar et al., 2021a), Ahmedabad (Joshi 
et al., 2021; Kumar et al., 2021b) Vadodara (Srivastava 
et al., 2021b), Bengaluru (Lamba et al., 2023) focusing on 
estimating the concentration of SARS-CoV-2 in influent 
wastewater samples received by the wastewater treatment 
plants in the respective city. Researchers have also used 
the viral copy number of SARS-CoV-2 data obtained from 

the wastewater to predict COVID-19 infected individuals 
(or active shredders) within the community served by the 
WWTP (Chakraborty et al., 2020; Hemalatha et al., 2021; 
Lamba et al., 2023). Brian et al., 2022 has summarized 
India, along with Australia, Japan and the United States in 
the list of growing number of countries to undertake WBE 
studies. As SARS-CoV-2 has been widely detected in the 
influent wastewater samples, the data on efficacy of treat-
ment system to remove the SARS-Cov-2 is very limited. In 
India, such evaluation has been undertaken only in Jaipur 
(Arora et al., 2020), Chennai (Chakraborty et al., 2020) 
and Hyderabad (Hemalatha et al., 2021).

Mumbai is one of the largest and densely populated 
metropolitan cities in the western coast of India with 6.5 
million living in the urban slums (Government of India 
2011). The city has recorded 2nd highest number of 
COVID-19 positive cases (11,57,747) with 19,747 deaths 
as of 5th April 2023 (Municipal Corporation of Greater 
Mumbai- accessed at https://​stopc​orona​virus.​mcgm.​gov.​in/​
assets/​docs/​Dashb​oard.​pdf on 5th April 2023). During the 
initial pandemic phase, one study carried out by Sharma 
et al. (2021) has reported the presence of SARS-CoV-2 
RNA in Mumbai city’s wastewater. In this study, waste-
water samples from 5 large open drain and sewage pump-
ing stations between February, March and May 2020 were 
assessed for the presence of SARS-CoV-2. The city gen-
erates 2190 MLD wastewater which is distributed among 
eight wastewater treatment plants (WWTPs) located across 
the city. However, each WWTP processes the wastewater 
up to different stages also using different technologies. viz. 
WWTP located in Colaba and Charkop are the only two 
WWTPs carrying out tertiary treatment (chlorination and 
ozonation, respectively). Bhandup and Versova WWTPs 
treat the wastewater up to the secondary stage while Ban-
dra, Malad, Ghatkopar and Worli WWTPs treat it up to 
the primary stage. Of these, 3 WWTPs (Colaba, Charkop 
and Bhandup) covering south, north and central zone of 
the city and representing 5,87,930 populations (Table 1), 
were chosen in the present study.

The present study was undertaken during the 2nd surge 
of the disease, by when the virus detection systems were 
also standardized. The objective of the present study was 
to detect and quantify SARS-CoV-2 RNA in the wastewa-
ters of Mumbai city at various stages of the wastewater 
treatment process to evaluate treatment systems potential 
to inactivate/eliminate the SARS-CoV-2 virus from the 
final effluent. Social distancing/preventive measures in 
compact places of Mumbai city particularly in slums was 
a big challenge for the municipal authority, therefore the 
study also aimed to establish the correlation between the 
SARS-CoV-2 copy number data obtained from the waste-
water with the clinically reported cases from the respective 
WWTP wards.

https://covid19.who.int/
https://www.mygov.in/covid-19
https://www.hindustantimes.com/cities/mumbai-news/mumbais-first-covid-patients-we-have-let-it-stay-under-the-carpet-101614797073559.html
https://www.hindustantimes.com/cities/mumbai-news/mumbais-first-covid-patients-we-have-let-it-stay-under-the-carpet-101614797073559.html
https://www.hindustantimes.com/cities/mumbai-news/mumbais-first-covid-patients-we-have-let-it-stay-under-the-carpet-101614797073559.html
https://stopcoronavirus.mcgm.gov.in/assets/docs/Dashboard.pdf
https://stopcoronavirus.mcgm.gov.in/assets/docs/Dashboard.pdf
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Materials and Methods

Sampling Sites and Sample Collection

Raw (influent), secondary and tertiary treated wastewater 
(effluent) samples were collected by grab sampling tech-
nique from three WWTPs. Bhandup WWTP (WWTP-
Z3), located in zone-3 under the ‘S’ administrative ward 
of Mumbai Municipal Corporation of Greater Mumbai 
(MCGM). Colaba WWTP (WWTP-Z1), situated in zone1 
(city center) is under 'A' ward of MCGM and Charkop 
WWTP (WWTP-Z5) in zone 5 of Mumbai city under ‘R/
South’ ward of MCGM (Fig. 1). Technical details of the 

wastewater treatment at the three WWTPs are compiled in 
Table 1. A total of 162 wastewater samples (1 L) were col-
lected in a sterile polypropylene (PP) containers which com-
prised paired raw/influent and secondary treated wastewa-
ter samples collected from WWTP-Z3 (n = 27), WWTP-Z5 
(n = 22) and WWTP-Z1 (n = 14) WWTP, respectively. Ter-
tiary treated wastewater were also collected from WWTP-
Z5 (n = 22) and WWTP-Z1 (n = 14) WWTP, respectively. 
All samples were collected during April 2021 to June 2021 
on weekdays (Monday to Thursday/Friday) between 9:00 
AM-10:00 AM. This sampling period covered the 2nd 
wave of COVID-19 pandemic in Mumbai city. However, 
due to the lockdown and restricted travel, there was a gap of 
2 weeks during the sampling.

Table 1   Technical specification of WWTPs for surveillance of SARS-CoV-2 in Mumbai city, India

a MCGM Report, 2020–2021 (Accessed at https://​portal.​mcgm.​gov.​in/​irj/​go/​km/​docs/​docum​ents/​MCGM%​20Dep​artme​nt%​20List/​Envir​onment/​
Docs/​MCGM%​20ESR%​20Eng​lish%​202020%​20-%​202021.​pdf on 25th February 2022)
b National Inventory of Sewage Treatment Plant, March 2021, CPCB Accessed at https://​cpcb.​nic.​in/​openp​dffile.​php?​id=​UmVwb​3J0Rm​lsZXM​
vMTIy​OF8xN​jE1MT​k2MzI​yX21l​ZGlhc​GhvdG​85NTY​0LnBk​Zg== on 25th Feb 2022

WWTP code WWTP/location/
MCGM ward

Installed capacity* Served population Average dry 
weather flow 
capacitya

Secondary treatment 
technologyb

Tertiary treatment

WWTP-Z1 Colaba (Zone 1)
City Center [A ward]

37 MLD 1,10,916 26.65 MLD Sequential Batch 
Reactors (SBR)

Chlorination

WWTP-Z5 Charkop (Zone 5)
Northern Suburbs
[R/South ward]

6 MLD 27,814 4.57 MLD Rotating Media Bio-
reactors (RMBR)

Ozonation

WWTP -Z3 Bhandup (Zone 3)
Central Suburbs
[S ward]

280 MLD 4,49,200 81.23 MLD Aerated lagoons Facility not available

Fig. 1   Location of the three WWTPs of Mumbai city under study

https://portal.mcgm.gov.in/irj/go/km/docs/documents/MCGM%20Department%20List/Environment/Docs/MCGM%20ESR%20English%202020%20-%202021.pdf
https://portal.mcgm.gov.in/irj/go/km/docs/documents/MCGM%20Department%20List/Environment/Docs/MCGM%20ESR%20English%202020%20-%202021.pdf
https://cpcb.nic.in/openpdffile.php?id=UmVwb3J0RmlsZXMvMTIyOF8xNjE1MTk2MzIyX21lZGlhcGhvdG85NTY0LnBkZg==
https://cpcb.nic.in/openpdffile.php?id=UmVwb3J0RmlsZXMvMTIyOF8xNjE1MTk2MzIyX21lZGlhcGhvdG85NTY0LnBkZg==
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Sample Processing and SARS‑CoV‑2 Concentration

Samples were processed within 3 h post collection on the 
same day. Standardized PEG precipitation method (Michael-
kordatou et al., 2020) was used to concentrate SARS-CoV-2 
in wastewater samples by taking 100 mL of wastewater 
sample, centrifuged at 4000×g for 20 min (Eppendorf Cen-
trifuge 5804R) to remove the coarse debris. The superna-
tant was then transferred into sterile screw cap glass bottle 
containing 8% (w/vol) polyethylene glycol (PEG) (Sigma 
Aldrich, USA) and 0.2 M (w/v) sodium chloride (Sigma 
Aldrich, USA). Bacteriophage Phi6 (DSM 21518), spiked 
at 5.5. × 105 pfu/100 mL of sewage was used as an internal 
process control to assess recovery of enveloped RNA viruses 
from wastewater samples (Kitajima et al., 2020). The sam-
ples were transferred to an orbital shaker incubator (Trishul 
Equipments India) adjusted at 4 °C and 130 RPM for 2 h 
and then subsequently held at 2–8 °C for virus precipitation 
(Flood et al., 2021). The virus precipitate was pelleted out by 
centrifugation at 10,000×g for 30 min at 4 °C and the pellet 
was resuspended in 2 mL PBS (Themofisher, USA). The 
virus concentrates were stored at − 80 °C. RNA extraction 
and the subsequent qPCR assay was performed within 72 h.

Qualitative Detection of SARS‑CoV‑2

For qualitative detection of SARS-CoV-2, 450 µL of virus 
concentrate was mixed with 50 µL of uninfected human 
plasma (NHP) and was used for RNA extraction. RNA was 
extracted using the Roche HiPure system viral nucleic acid 
kit (Roche, USA) as per the manufacturer’s instructions. 
The RNA was eluted in 75 µL of elution buffer and used 
for the detection of SARS-CoV-2 using TRUPCR SARS-
CoV-2 RT- qPCR kit (V-3.2) (3B BlackBio Biotech India 
Ltd., India) in StepOne™ Instrument (Applied Biosystems, 
USA). The procedure included addition of 10 µL of extracted 

RNA to 15 µL of total reaction mix which contained master 
mix (10 µL), enzyme mix (0.35 µL) and primer–probe mix 
(4.65 µL). The RT qPCR program set up was 1 cycle each 
at 50 °C/15 min and 95 °C/05 min followed by 38 cycles 
of 95 °C/05 s, 60 °C/40 s (included dye acquisition) and 
72 °C/15 s. Each run included negative and positive control 
provided with the kit.

Quantification of SARS‑CoV‑2 in Wastewater 
Samples Using qRT‑PCR

Wastewater samples tested positive qualitatively were sub-
jected to quantitative reverse transcriptase PCR assay to 
determine the RNA copies of SARS-CoV-2. RNA extracted 
from 300 µL of virus concentrate using the HiPure system 
viral nucleic acid kit (Roche, USA) was eluted in 50 µL of 
nuclease free water. Specific gene targets viz. N1 (Nucle-
ocapsid), ORF1b-nsp14 (located in Open Reading Frame 1b) 
and RdRp (RNA dependent RNA polymerase) were selected 
for quantification of SARS-CoV-2 RNA. Additionally, Phi6 
used as an internal process control was also quantified. The 
sequences of primers-probes used are given in Table 2. 5 µL 
of RNA template was used in a total reaction volume of 
25 µL containing SuperScript™ III RT/Platinum Taq Mix 
(0.5 µL), 2X Reaction mix (12.5 µL), 10 μm forward and 
reverse primer (0.5 µL), 10 μM fluorogenic probe 0.25 µL. 
qRT-PCR cycling program was set as 1 cycle of each 
50 °C/15 min (cDNA synthesis) and 95 °C/2 min followed 
by 40 cycles each of 95 °C/15 s, 60 °C/30 s. Quantitative 
PCR was carried out using SuperScript™ III Platinum™ 
One-Step qRT-PCR Kit (Invitrogen, USA) in Applied Bio-
systems StepOnePlus™ Instrument. Gene copies/reaction 
obtained from the assay was used to back calculate gene 
copies/100 mL of wastewater samples. SARS-CoV-2 quan-
titative RNA reference standard (ATCC 3276SD) was used 
as a standard copy control.

Table 2   List of primer–probe sequence chosen for SARS-CoV-2 and Phi6 qRT-PCR

Target Primer/probe set Primer/probe sequence (5′ to 3′) References

SARS CoV-2 2019-nCoV_N1-F
2019-nCoV_N1-R
2019-nCoV_N1-P

GAC​CCC​AAA​ATC​AGC​GAA​AT
TCT​GGT​TAC​TGC​CAG​TTG​AAT​CTG​
FAM-ACC​CCG​CAT​TAC​GTT​TGG​TGG​ACC​-BHQ2

CDC (2020)

HKU-ORF1b-nsp14F
HKU-ORF1b-nsp14 R
HKU-ORF1b-nsp14 P

TGG​GGY​TTT​ACR​GGT​AAC​CT’
AAC​RCG​CTT​AAC​AAA​GCA​CTC​
LC-RED610—TAG​TTG​TGA​TGC​WAT​CAT​GAC​TAG​- 

BHQ2

ICMR- NIV and Kitajima et al. (2020)

RdRP_SARSr-F2
RdRP_SARSr-R1
RdRP_SARSr-P2
Specific for Wuhan-CoV

GTG​ARA​TGG​TCA​TGT​GTG​GCGG​
CAR​ATG​TTAAASACA​CTA​TTA​GCA​TA
LC-RED610-CAG​GTG​GAA​CCT​CAT​CAG​GAG​ATG​C- 

BHQ2

ICMR- NIV, Corman et al. (2020) and 
La Rosa et al. (2020)

Phi6 Φ6Tfor
Φ6Trev
Φ6Tprobe

TGG​CGG​CGG​TCA​AGAGC​
GGA​TGA​TTC​TCC​AGA​AGC​TGCTG​
CY5-CGG​TCG​TCG​CAG​GTC​TGA​CAC​TCG​C-BHQ2

Gendron et al. (2010)
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COVID‑19 Reported Cases in WWTP Catchment 
Zone and Number of Infectious Individuals 
in the Population Served by 3 WWTP

Data on the number of daily reported COVID-19 cases dur-
ing the study (April to June 2021) was provided by the pub-
lic health officers of the respective MCGM administrative 
wards. Information related to the area served by the WWTP 
was obtained from the respective ward offices. Number of 
infected individuals among the population served by each 
WWTP was estimated using 2 different methods that have 
been previously reported (Ahmed et al., 2020; Hemalatha 
et al., 2021).

The equations used for calculation are mentioned below:

Method 1 (Eq. 1): (Ahmed et al., 2020)

For g feces, 128 g was used for feces excreted/person/day 
and it has been estimated that, positive individual shed 
107 RNA copies/g of feces (Ahmed et al., 2020).
Method 2 (Eq. 2): (Hemalatha et al., 2021)

107 RNA copies/g of feces was multiplied with 120 mL of 
volume of faeces excreted by human (considering density 
of feces as 1.07 g/mL) and total wastewaters (L) received 
at WWTP (Hemalatha et al., 2021).

Data Analysis

The data obtained from qualitative and quantitative estima-
tion of SARS-CoV-2 RNA as well as Phi6 was transferred 
and analyzed in Microsoft Excel spreadsheet. IBM SPSS 
version 23.0 was used for data visualization and statistical 
analysis. Based on the Phi6 and the SARS-CoV-2 stand-
ard copy control, sample limit of detection and assay limit 
of detection was determined. The copy controls were used 
to calculate the gene copies of Phi6 and SARS-CoV-2 per 
reaction in each of the samples and was subsequently back 
calculated to gene copies/ 100 mL of sewage. Correlational 
analysis was performed to determine correlation of average 
SARS-CoV-2 GC/100 mL quantities with physico-chemical 

(1)

Persons Infected =

(

RNA copies

liter wastewater

)

×

(

liters wastewater

day

)

(

g feces

person - day

)

×

(

RNA copies

g feces

)

(2)
Persons Infected =

No. of RNA copies per liter of wastewater

Contribution of RNA copies per person to total sewage water

parameters, reported COVID-19 cases, and infectious indi-
viduals in the population calculated using three methods and 
p value < 0.05 was considered as a statistically significant 
correlation. Qualitatively positive SARS-CoV-2 samples 
that were undetected for a particular gene were assigned the 
sample limit of detection for correlational analysis.

Results

Qualitative Detection of SARS‑CoV‑2 in Wastewater 
Samples

To assess the prevalence of SARS-CoV-2 in the wastewa-
ter samples, TRUPCR SARS-CoV-2 RT- qPCR kits (V-3.2) 
were used. The dual gene targets (RdRp + N) used for quali-
tative detection of SARS-CoV-2 was detected in 76.2% 
(48 out of 63) of raw wastewater samples (mean Ct. value 
31.5 ± 3.2). Of the 63 secondary treated wastewater sam-
ples, only three (4.8%) from WWTP-Z3 (Mean Ct. value 
34.3 ± 0.5) were positive for SARS-CoV-2. The remain-
ing 60 secondary treated samples as well as all the tertiary 
treated samples (n = 36) collected in this study were negative 
for SARS-CoV-2.

Quantification of Phi6 and SARS‑CoV‑2 

in Wastewater Samples

Recovery of Internal Process Control Phi6

Phi6, an enveloped RNA bacteriophage, has been used as 
a surrogate for viral respiratory pathogens such as SARS-
CoV-2 in wastewater analysis because of its resemblance 
to those viral respiratory pathogens and absence in urban 
wastewater (Fedorenko et al., 2020; Kitajima et al., 2020). 
Thus, an internal process control Phi6 was added to all the 
samples including the negative control to assess the recovery 
of enveloped viruses using RT-qPCR. Phi6 was detected in 
all the spiked samples with the mean cycle threshold (Ct) 
value of 29.7 ± 3.2. (Mean ± S.D.) and the mean percentage 
recovery of 33.9 ± 29.9% (Mean ± S.D.).

Quantification of SARS‑CoV‑2 in Wastewater

The wastewater samples positive for SARS-CoV-2 
RNA by qualitative method were subjected to quantita-
tive PCR for 3 gene targets viz. N1, ORF1b-nsp14 and 
RdRp. The performance efficiency of RT-qPCR assay for 
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SARS-CoV-2 and Phi6 gene targets have been summa-
rized in Table 3. The Ct values and the calculated mean 
gene copies/100 mL of wastewater samples are provided 
in Table 4. The mean N1, ORF1b-nsp14 and RdRp genes 
copies in WWTP-Z3 and WWTP-Z5 were in the range of 
105 GC/100 mL (except for N1 and RdRp gene quantified 
in WWTP-Z3 were 104 GC/100 mL) and were higher by 
52.6% and 85.9% of gene copies, respectively as compared 
to WWTP-Z1 (104 GC/100 mL). However, amongst the 
three WWTPs, SARS-CoV-2 gene copies obtained were 
highest in WWTP-Z5. These observed variations in the 
quantities of three genes in the raw wastewaters across 
the three WWTPs is represented using the box-whisker 
plot (Fig. 2).

Reported Cases of COVID‑19 During Wastewater 
Surveillance Period and Correlational Analysis 
with SARS‑CoV‑2

The study period was in the middle of the 2nd surge of 
COVID-19 cases in Mumbai city, the clinically confirmed 
COVID-19 case load was retrieved from the MCGM 
wards. It was observed that the number of daily reported 
cases from WWTP-Z3 (S ward) and WWTP-Z5 (R/South 
ward) decreased from 430 and 519 cases/day in April 2021 
to 43 and 48 cases/day in the month of June 2021, respec-
tively. Similar trend was also observed in WWTP-Z1 (A 
ward) wherein during the study period (May and June 
2021), COVID-19 cases decreased from 30 cases/day in 
May 2021 to a mere five cases/day by June 2021. These 
observations were in-line with SARS-CoV-2 gene copy 
numbers observed in the wastewater samples of the respec-
tive wards (Fig. 3). A positive trend was observed between 
the weekly average SARS-CoV-2 gene copy number in the 
wastewater and the cumulative weekly reported COVID-19 
cases in all the three WWTPs. A statistically significant 
strong positive correlation was obtained with WWTP-
Z3 (0.863, p = 0.027) and WWTP-Z5 (0.859, p = 0.028) 
WWTP (Table 5). WWTP-Z1 showed moderate positive 
correlation (− 0.31, p = 0.69) however, this association 
was not statistically significant.

Number of Infected Individuals and Correlation 
with COVID‑19 Reported Cases

Two methods were used to estimate the number of infected 
individuals among the population served by WWTP based 
on the SARS-CoV-2 gene copy number obtained from the 
wastewater samples (Ahmed et al., 2020; Hemalatha et al., 
2021). It was observed that the number of infected individu-
als estimated by the method 1 and method 2 were similar 
and in the range of 104–105 (Fig. 4). Correlational analy-
sis of reported cases with the estimated number of infected 
individuals are shown in Table 5. The predicted number 
of infected individuals using the two methods followed a 
decreasing trend similar to the reported COVID-19 cases 
and a statistically significant correlation was obtained with 
data from WWTP-Z3 (r = 0.863; p = 0.027) and WWTP-Z5 
(r = 0.859; p = 0.028) but not with WWTP-Z1 (r = − 0.31; 
p = 0.69).

Discussion

The present study conducted in the city of Mumbai, India 
aimed to provide an in-depth analysis of the prevalence of 
SARS-CoV-2 RNA viral copies in the wastewater and its 
persistence through the treatment process during the 2nd 
surge of the COVID-19 pandemic. The study aimed to 
evaluate the efficiency of the treatment systems (followed 
at three WWTPs) to eliminate the SARS-CoV-2 virus from 
the wastewater. The obtained SARS-CoV-2 RNA copy data 
was used to establish correlation between the SARS-CoV-2 
RNA copies in the untreated wastewater and the reported 
clinical infections from the areas served by the WWTP.

During sample processing, bacteriophage phi-6 was 
incorporated in all the samples as a process control to assess 
virus recovery and the samples were processed using the 
PEG/NaCl to obtain the virus concentrates (Michael-kor-
datou et al., 2020). The bacteriophage phi-6 was selected 
as a process control due to its similarity to enveloped RNA 
viruses and its substantiated use as a surrogate for various 
respiratory viruses such as Ebola virus, influenza virus, cor-
onaviruses (SARS-1) and recently, SARS-CoV-2 (Fedorenko 
et al., 2020; Kitajima et al., 2020; Whitworth et al., 2020). 

Table 3   Performance efficiency 
of qRT-PCR assay for SARS-
CoV-2 and Phi6 gene targets

Gene Efficiency (%) Slope Y-Intercept R2 value Assay limit of detection 
(copies/5 μL of RNA 
template)

N1 gene 87.05 − 3.677 43.719 0.988 300
ORF1b-nsp14gene 71.34 − 4.276 45.673 0.991 300
RdRp gene 75.52 − 4.093 46.084 0.983 300
Phi6 73.248 − 4.19 43.053 0.999 80
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The Phi6 recoveries observed in the study (22–36%) were 
similar to values reported by Flood et al. (2021) using simi-
lar method. Many researchers have higher recoveries of phi6 
(56% and 54%) using ultrafiltration and adsorption-elution 
methods for virus concentration respectively (Sherchan 
et al., 2020). The recovery of the phi6 using PEG/NaCl 
method in the present study is similar to that reported by 
Flood et al. (2021) (22–36%). The satisfactory virus recov-
ery along with the cost-effectiveness of PEG/NaCl method 
substantiates its use particularly in the resource limited 
settings.

The presence of SARs-CoV-2 in the wastewater samples 
was qualitatively detected using TRUPCR SARS-CoV-2 RT- 
qPCR kit (V-3.2) (3B BlackBio Biotech India Ltd, India) 
which is an Indian Council of Medical Research (ICMR) 
approved kit for qualitative real-time PCR kit. The kit is very 
sensitive with a limit of detection of 6 copies/ µL of reaction. 
This high sensitivity is attributed to the use of dual probes 
with single dye against the RdRp gene and N gene for the 
detection of SARS-CoV-2, thus preventing any ambiguity 
resulting from mutations in any one of the target region. 
It was observed that the SARS-CoV-2 RNA was detected 
in majority of the untreated wastewater samples (76.2%, 
n = 48/63) indicating prevalence of COVID-19 disease in 
the population served by the three WWTPs under study. The 
SARS-CoV-2 RNA was undetected in most of the secondary 
and all of the tertiary treated in WWTPs Z1 and WWTP Z5.

Z1 and Z5 WWTP use the Rotating Media Bio Reactor 
(RMBR) and Sequential Batch Reactor (SBR) technology 
for secondary treatment, respectively. These technologies 
aid in efficient separation of the generated sludge from 
the wastewater which is also known to drastically reduce Ta
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Fig. 2   Gene copies of SARS-CoV-2 gene targets in 3 WWTP using 
Box and Whiskers plot. The data represents the average number of 
SARS-CoV-2 gene copies for N1 gene, ORF-1ab and RdRp gene per 
100 mL of sewage sample obtained in the untreated wastewater sam-
ples from the Three WWTPs
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bacterial and viral load from the wastewater (Bhave et al., 
2020), thus no viral RNA was detected post-secondary treat-
ment herein. Arora et al. (2020) also reported absence of 
SARS-CoV-2 in the treated wastewater samples processed 
through similar methods. However, it would be worthwhile 
to check the presence of SARS-CoV-2 RNA or the live virus 
in the sludge generated from the WWTPs that subsequently 
ends up in landfills or in gardens. The lagoon-based second-
ary treatment followed at WWTP-Z3 was able to reduce the 
SARS-CoV-2 sample positivity by 95.2%; with 3 samples 
out of 27 from this WWTP testing positive for SARS-CoV-2 
RNA. This indicates the limitation of this method of sec-
ondary treatment in the virus elimination. Similar findings 
have been reported from a Spain-based study using similar 
treatment technology (Randazzo et al., 2020), wherein 11% 
of the secondary treated samples (n = 18, from 2 different 
WWTPs) were positive for SARS-CoV-2. Inability of this 
treatment procedure, may be due to the large area of the 
lagoon resulting in inefficient uniform aeration. However, 
this assumption needs to be validated.

Post qualitative assessment, SARS-COV-2 viral copies 
in the wastewater were estimated using three targets genes 
of SARS-CoV-2 namely N1, ORF1b-nsp14 and RdRp gene 
Selection of these genes was based on recommendations 
by national and international bodies. N1 gene was recom-
mended by Center for Disease Control (CDC), Atlanta, USA 
and has also been commonly used in several wastewater-
based studies worldwide (Haramoto et al., 2020; Medema 
et al., 2020; Randazzo et al., 2020; Sherchan et al., 2020). 
The use of ORF1b-nsp14 and RdRp was as per genes targets 
reported for clinical and environmental studies by several 
researchers (Corman et al., 2020; Kitajima et al., 2020; Rosa 
et al., 2020) however, the RT-qPCR efficiencies have not 
been discussed and as per the recommendation by ICMR, 
Delhi, India),. for this surveillance (https://​www.​icmr.​gov.​in/​
pdf/​covid/​labs/2_​SOP_​for_​Confi​rmato​ry_​Assay_​for_​2019_​
nCoV.​pdf accessed on 19th June, 2022).

We observed that the PCR efficiency for Orf-1b-nsp-14 
and RdRp was in the range of 71–75%) while that of N1 
gene was 87%. Considering that the same samples were used 

Fig. 3   Week-wise trend of mean SARS-CoV-2 gene copies estimated 
in raw wastewater versus reported COVID-19 cases in the WWTPs 
served area. A WWTP-Z1 (Colaba), B WWTP-Z3 (Bhandup) and 

C WWTP-Z5 (Charkop). Bars represent weekly mean SARS-CoV-2 
gene copies/100 mL of sewage and Line represents the weekly mean 
COVID-19 cases for the ward area served by the WWTP

https://www.icmr.gov.in/pdf/covid/labs/2_SOP_for_Confirmatory_Assay_for_2019_nCoV.pdf
https://www.icmr.gov.in/pdf/covid/labs/2_SOP_for_Confirmatory_Assay_for_2019_nCoV.pdf
https://www.icmr.gov.in/pdf/covid/labs/2_SOP_for_Confirmatory_Assay_for_2019_nCoV.pdf
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Table 5   Estimation of infectious persons in the population served by WWTP and Correlation with reported COVID-19 cases

*Significant association between average COVID-19 reported clinical cases versus SARS-CoV-2 GC/100  mL and no. of infectious persons 
(p < 0.05)

WWTP Week Consecutive 
samples

Average dry 
weather flow 
capacity

Population 
served by 
WWTP

Average 
reported 
COVID-19

Average 
SARS-CoV-2 
GC/100 mL

No. of infectious person

Method 1 
(Ahmed et al., 
2020)

Method 2 
(Hemalatha 
et al., 2021)

WWTP-Z3* Week 1
06/04/21–

08/04/21

3 81 449,200 361 2.17E + 05 137,602 146,775

Week 2
12/04/21–

15/04/21

4 332 1.70E + 05 107,736 114,919

Week 3
03/05/21–

07/05/21

5 112 1.61E + 05 102,149 108,959

Week 4
10/05/21–

14/05/21

5 97 3.72E + 04 23,545 25,115

Week 5
24/05/21–

28/05/21

5 62 4.48E + 04 28,341 30,231

Week 6
31/05/21–

04/06/21

5 38 2.53E + 04 16,002 17,069

WWTP-Z5* Week 1
06/04/21–

08/04/21

3 5 27,814 533 6.26E + 05 24,444 26,074

Week 2
12/04/21–

13/04/21

2 386 6.76E + 05 26,406 28,167

Week 3
03/05/21–

07/05/21

5 193 5.67E + 05 22,143 23,619

Week 4
10/05/21–

14/05/21

5 118 2.56E + 05 7990 8523

Week 5
24/05/21–

28/05/21

5 64 1.60E + 04 626 668

Week 6
07/06/21–

08/06/21

2 55 0 0 0

WWTP-Z1 Week 1
20/05/21–

21/05/21

2 36 110,916 29 0 0 0

Week 2
24/05/21–

28/05/21

5 13 7.77E + 04 23,296 22,496

Week 3
31/05/21–

4/06/21

5 7 5.80E + 04 17,410 15,810

Week 4
07/06/21–

08/06/21

2 5 0 0 0
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for all the three gene targets the used of ORF1-b-nsp-14 and 
RdRp should be studied further for its suitability in waste-
water-based surveillance. Quantitative data on SARS-CoV-2 
wastewater surveillance studies have been reported from 
other parts of India during different phases of the pandemics 
with variable gene copy numbers. Chakraborty et al., 2020 
reported 104–105 GC/L of SARS-CoV-2 (N1 and N2 genes) 
in 4 WWTPs from Chennai city during September 2020. 
Srivastava et al. (2021a, 2021b) reported lower gene cop-
ies (102–103 GC/L) of SARS-CoV-2 (N, ORF and S gene) 
in untreated wastewaters of Gandhinagar, Ahmedabad and 
Vadodara cities in India during November 2020. Nag et al. 
(2022), studied 11 WWTP’s across Jaipur city during Feb 
to Jun 2021 and obtained SARS-CoV-2 gene (E, RdRp and 
N) concentrations in the range of 1 × 104 to 1 × 106 gene 
copies/L of wastewater.

From Mumbai city wastewaters, SARS-CoV-2 virus was 
studied in the early phase of the pandemic (Feb 2020 to May 
2020). The study was qualitative, using E and RdRp gene 
sampled largely from 5 open drains and one sewage pumping 
station (Sharma et al., 2021) This study, thus was designed 
to understand the quantitative data of a large metropolitan 
city, also the virus fate in waste water treatment and finally 
correlating the quantitative data with clinical cases, con-
tributing to WBE. The study conducted here estimated the 
SARS-CoV-2 viral copy numbers in the wastewater was 
carried out between April–June 2021. It was observed that 
the viral copy numbers were higher (104–105 GC/100 mL) 
in untreated wastewater samples and was tenfold higher in 
WWTP-Z5 (105 GC/100 mL) as compared to WWTP-Z1and 
WWTP-Z3 (104 GC/100 mL). This variation between the 
SARS-CoV-2 copy number observed in the WWTPs could 
largely be attributed to number of prevalent COVID-19 

cases among the population, the population density and the 
amount of wastewater generated by the community served 
by the WWTP. Even though WWTP-Z5 had the lowest 
volume of wastewater treated per day amongst the three 
WWTPs, this WWTP mainly serves only the residential area 
which may contribute to higher SARS-CoV-2 viral load as 
compared to WWTP-Z3 and WWTP-Z5 where the chance 
of wastewater getting diluted due to industrial activities can-
not be excluded. Similar observations were also reported 
by Kumar et al. (2021a) where N, ORF and S genes were 
used for the study. The three secondary treated samples from 
WWTP-Z3 that were qualitatively positive for SARS-CoV-2 
were also positive by quantitative tests for at least two genes. 
However, there was a 1.38 Log10 reduction in the SARS-
CoV-2 RNA copies/100 mL when compared to untreated /
raw wastewater.

In the present study, a statistically significant strong posi-
tive correlation was observed between the weekly mean 
SARS-CoV-2 RNA copies from wastewater and weekly 
mean confirmed COVID-19 cases reported from the catch-
ment areas of two WWTP’s (Z3 and Z5). Similar correla-
tions were also observed by Kumar et al. (2021a, 2021b) and 
Srivastava et al. (2021a, 2021b) in studies conducted across 
various cities (Gandhinagar, Vadodara and Ahmedabad) 
across Gujarat. However, such correlation was not observed 
in WWTP-Z1 wherein the sampling was initiated during the 
late stage of the 2nd surge of COVID-19 infection where 
the reported case load from this municipal ward was also 
very low. Thus, this inconsistency may have been one of 
the contributing factor. Additionally, using the weekly mean 
SARS-CoV-2 gene copy number data from the wastewa-
ter, the number of active shedders was estimated by two 
published methods (Ahmed et al., 2020; Hemalatha et al., 
2021). Although a positive trend (tenfold decrease) was 
observed in the estimated SARS-CoV-2 gene copies and 
reported COVID-19 cases across all 3 WWTPs (Table 5), 
the predicted caseloads were 100 times higher (median 
value) than clinically confirmed COVID-19 cases (Table 6). 
This difference may be a result of lag in the active reporting 
of cases, the prevalence of asymptomatic infections within 

Fig. 4   Reported and Predicted COVID 19 infected cases across 
3 WWTPs. The figure represents mean of week-wise COVID-19 
reported cases and predicted infected individuals using Ahmed et al. 
(2020) and Hemalatha et al. (2021) methods using Wastewater-based 
Epidemiology approach. The correlation between reported and pre-
dicted COVID-19 cases was significant (p < 0.05) among WWTP-Z3 
and Z5 and vice-versa

Table 6   Median Reported COVID-19 cases and predicated infectious 
cases

Name Median COVID-
19 reported cases

Median predicated COVID-19 
cases

Method 1 
(Ahmed et al., 
2020)

Method 2 
(Hemalatha 
et al., 2021)

WWTP-Z3 105 65,245 69,595
WWTP-Z5 156 15,067 16,071
WWTP-Z1 10 8705 7905
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the community as well as the enrichment of SARS-CoV-2 
copies due to grab sampling method during the peak hours 
of the wastewater flow. The latter may become a contribut-
ing factor as the concentration of SARS-CoV-2 in the grab 
samples may vary at different time points.

It is important to highlight that the models used in this 
study were based on the available models developed during 
the early phase of the pandemic which may be crude as com-
pared to some of the current models developed. Recent stud-
ies (Oh et al., 2022; Zhan et al., 2022) have incorporated RT-
qPCR data normalization using the PMMoV (Pepper Mild 
Mottle Virus) which is naturally present in the wastewater 
(contributed as part of human faeces) which may be more 
robust in estimating the depth of infection in the community.

Though the study was designed using information, meth-
ods and data available during the 1st quarter of 2021, there 
were also a few limitations that were beyond our control 
while executing the project. Although simultaneous sam-
pling was initially envisaged in this study, strict lockdown 
imposed by Maharashtra State due to emergence of SARS-
CoV-2 Delta variant (2nd COVID-19 wave in 2021) ham-
pered continuous sampling from the three WWTPs. One 
cannot deny that these changes may partly affect the corre-
lation co-efficient observed in this study. Furthermore, grab 
sampling method was used assuming the enriched samples at 
peak hours between 9 and 10 am over composite sampling, 
to avoid dilution of SARS-CoV-2 in composite samples.

To conclude, this study was undertaken to assess the pres-
ence of SARS-CoV-2 in the wastewater samples in three 
WWTPs of Mumbai city during the 2nd surge of COVID-19. 
The data obtained suggests that 1) PEG/NaCl method was 
relatively effective to concentrate the virus from the waste-
water and can be used in resource limited settings. 2) SARS-
CoV-2 RNA was efficiently eliminated during wastewater 
treatment from all the three WWTPs including the one with 
just a secondary treatment facility. 3) Although qualitative 
method can be used for routine screening of the wastewaters 
for SARS-CoV-2 RNA while quantitative data provides the 
number of active shedders who are already infected in the 
geographical area and hence giving an estimate of cases to 
manage any surge in infections in the future 4) The study 
also highlights the importance of upgrading the WWTPs 
up to tertiary treatment for reduction of the virus to non-
detectable levels as observed in the two WWTPs equipped 
with tertiary treatment (WWTP-Z5 and WWTP-Z1) and 5) 
Continued monitoring of SARS-CoV-2 including its variants 
in wastewater is suggested for early warning system.
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