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• Wastewater from open drains showed
consistent presence of SARS-CoV-2 RNA.

• The fragments were successfully se-
quenced using Nanopore NGS platform.

• Novel mutations were detected in
wastewater samples before clinical de-
tection.

• SARS-CoV-2 Delta variant lineage asso-
ciated mutations (B.1.617) in wastewa-
ter correlates with the clinical suspicion.
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Given a large number of SARS-CoV-2 infected individuals, clinical detection has proved challenging. The
wastewater-based epidemiological paradigm would cover the clinically escaped asymptomatic individuals
owing to the faecal shedding of the virus.Wehypothesised usingwastewater as a valuable resource for analysing
SARS-CoV-2 mutations circulating in the wastewater of Pune region (Maharashtra; India), one of the most
affected during the covid-19 pandemic. We conducted study in open wastewater drains from December 2020–
March 2021 to assess the presence of SARS-CoV-2 nucleic acid and further detectmutations using ARTIC protocol
of MinION sequencing. The analysis revealed 108 mutations across six samples categorised into 39 types of mu-
tations. We report the occurrence of mutations associated with Delta variant lineage in March-2021 samples,
simultaneously also reported as a Variant of Concern (VoC) responsible for the rapid increase in infections. The
study also revealed four mutations; S:N801, S:C480R, NSP14:C279F and NSP3:L550del not currently reported
fromwastewater or clinical data in India but reported worldwide. Further, a novel mutation NSP13:G206F map-
ping to NSP13 region was observed from wastewater. Notably, S:P1140del mutation was detected in December
2020 samples while it was reported in February 2021 from clinical data, indicating the instrumentality of waste-
water data in early detection. This is the first study in India to demonstrate utility of sequencing in wastewater-
based epidemiology to identify mutations associated with SARS-CoV-2 virus fragments from wastewater as an
early warning indicator system.

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

The respiratory distress virus, Severe Acute Respiratory Syndrome –
Corona Virus – 2 (SARS-CoV-2), has unprecedented effects on human
life and the healthcare system worldwide. The findings of Tang et al.
(2020) revealed the high viral load in the faecal matter of infected
individual, irrespective of the individuals showing any symptoms. The
wastewater containing viral load from infected individuals would enter
the wastewater system of Sewage Treatment Plant in well-planned re-
gions or directly into the river system as untreated wastewater, raising
concerns worldwide (Mohapatra et al., 2020). The diagnostics limited
to clinical context was eventually hypothesised for wastewater system
to gain insight into the infection dynamics of the infected population.
The Wastewater-based Epidemiological Study (WBE) provided a com-
prehensive depiction of infection dynamics in the population by en-
abling asymptomatic individuals to be included, who would otherwise
escape the clinical settings. TheWBE approachwas previously employed
to identify illicit drug use and specific infective agents like SARS and Polio
(Zuccato et al., 2005, Heijnen and Medema, 2011, Lago et al., 2003). The
foundation of theWBE toolwas laid quickly for a better understanding of
SARS-CoV-2 spread worldwide.

It was crucial to evaluate the current wastewater viral concentration
protocols to optimise novel viral detection and the work was started
promptly. Ahmed et al. (2020) provided an evidence-based protocol
for concentrating Murine Hepatitis Virus, a positive sense single-
stranded enveloped virus, as a surrogate for SARS-CoV-2, from waste-
water using seven methods and MCE electronegative membrane filter
protocol showed highest recovery. The work for isolating and concen-
trating SARS-CoV-2 from wastewater was also started worldwide. The
statistical model-based evidence suggested by Peccia et al. (2020) pro-
vided insight into the correlation of the fluctuations observed in the
number of infected individuals and viral load present in thewastewater.
Wastewater is the metagenomic landscape with various organisms;
hence, detection of specific viral nucleic acids posed a challenge (Che
et al., 2019). The MinION sequencer from Oxford Nanopore Technolo-
gies can be very useful in such scenarios as the total genomic material
from the sample can be sequenced to identify the potential candidate
(Che et al., 2019; Pantha et al., 2021). The development of ARTIC proto-
col facilitated the study of the metagenomic landscape of SARS-CoV-2
from wastewater utilizing the amplicon sequencing to obtain whole-
genome sequences (Tyson et al., 2020, Josh Quick, 2021).

The numerous mutations of SARS-CoV-2 were observed worldwide
and raised concerns about the effectiveness of treatment and vaccines.
The mutants were studied, and particular mutants were speculated for
the higher spreading of infection, such as the rapid spread of B.1.617.1
variant by mediating increment of viral entry into certain cell lines by
Hoffmann et al., 2021. Studieswere also performed for the effectiveness
of vaccine candidates among the Variants of Concern (VOC), such as the
effectiveness of BBV152 (Covaxin) being able to generate neutralising
serological response against B.1.617.1 (Yadav et al., 2021). The tracking
of genomic variants from wastewater was assumed essential to under-
stand the spread. The phylogenetic assessment of SARS-CoV-2 from
wastewater was carried out by Nemudryi et al., 2020 using a long-
read sequencing platform. Genomic variants were studied using Next
Generation Sequencing (NGS) platforms by Agrawal et al., 2021 in
Germany, Landgraff et al., 2021 in Canada, Wilton et al., 2021 in
London, Crits-Christoph et al., 2021 in California, Jahn et al., 2021 in
Switzerland and others. The studies were essential to analyse the re-
gionally prevalent strains in circulation, aiding the assumption of Vari-
ants of Concerns as causal elements in rising cases in the region.

Presently India is one of the worst affected countries in the world,
and Pune in the state of Maharashtra recording one of the highest
CoViD19 infections (Pune-Maharashtra covid cases). It was necessary
to evaluate the wastewater from Pune city to understand the infection
dynamics and focus on the variants circulating in the population. How-
ever, no studies are currently being recorded in India, allowing the
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variant analysis of SARS-CoV-2 from wastewater. To emphasise the im-
portance of the variant study, we present the first study in India for the
amplicon-based metagenomic landscape of SARS-CoV-2 in the waste-
water of the Pune region.

We hypothesised that wastewater in Pune, being a highly affected
region, would demonstrate SARS-CoV-2 RNA presence, which eventu-
ally could be employed to analyse the genomic variants. Our goal was
to examine the presence of SARS-CoV-2 RNA in thewastewater streams
and employ the NGS platform of the MinION sequencer to identify mu-
tations. The study could provide essential information regarding the
variants circulating in the community while also examining the poten-
tial source of wastewater as an early warning system.

2. Material and methods

2.1. Sample collection and processing

Samples WW9, WW10 and WWP (WWP is SARS-CoV-2 RT-qPCR
positive RNA sample collected on 23/12/2020, 26/12/2020, 19/02/
2021 and 22/02/2021, pooled for sequencing) from Deccan
(18.506492,73.836359; Kothrud Basin) and samples WW8, WW10
and WW12 from Near Deccan (18.512711,73.840699; Prabhat Road
Basin) are open wastewater drains entering the Mutha river near the
sample collection site (Fig. 1). The samples were collected as 1 l- 1 h
grab sample between morning 09:00 am to 10:00 am in a sterile plastic
container (Himedia Solution Bottles - TCP040-1x12NO) throughout De-
cember 2020 to April 2021 (Rimoldi et al., 2020). The sample bottles
were thoroughly cleaned fromoutside by 70% alcohol and 1% hypochlo-
rite solution and transported to the laboratory at 4 °C. The wastewater
sample container was kept in the water bath for 60 min at 60 °C for
heat inactivation (Wang et al., 2020). After the heat treatment, the bot-
tles were allowed to cool down to room temperature andwere immedi-
ately processed (Fig. 2). The permissions regarding sample collection
and processing were obtained from Pune Municipal Corporation.

2.2. Virus concentration

An aliquot of 200 ml was transferred into a sterile Fluorinated HDPE
Bottle (Tarson; 584,230) and centrifuged at 4500g for 10 min to settle
down larger debris. The sample was then filtered throughWhatman fil-
ter paper (Whatman; 1001-047) using the vacuum filtration assembly
(Tarson; 050030A) and Vacuum pump. The filtrate was transferred
into a sterile glass flask, and 25 mM of MgCl2 was added. The sample
was then filtered through a 0.45um Mixed Cellulose Ester filter
(Millipore; HAWP04700). The MCE filter was immediately transferred
to a bead beating tube from the RNA extraction kit. Contaminated glass-
ware and plastic wares were decontaminated or disposed of according
to the rules of the institute.

2.3. RNA extraction and Realtime-qPCR

RNeasy Power Water Kit (Qiagen; 14700-50-NF) was used for RNA
extraction following the instruction by the manufacturer. The Real-
timequantitative Polymerase Chain Reaction (RT-qPCR)was performed
for the detection of SARS-CoV-2 using ICMR validated kit TRUPCR®
SARS-CoV-2 RT qPCR kit (V-3.2) (3B BlackBio Biotech India Limited;
3B306) on Applied Biosystem ™ 7500 plus (Applied Biosystems). The
threshold for cycle cut-off was set manually, and positive samples
were detected (Supplementary Table 1). The SARS-CoV-2 positive
RNA was employed further for the Oxford Nanopore Sequencing plat-
form using ARTIC protocol (Tyson et al., 2020, Josh Quick, 2021).

2.4. cDNA and nanopore library preparation

According tomanufacturer instructions, theReal-time-qPCR positive
RNA from six sampleswas subjected to cDNApreparation usingMaxima



Fig. 1. Sampling was done in open drains containing wastewater that was directly entering the Mutha river in Pune, one of India's worst SARS-CoV-2 affected cities.

T. Dharmadhikari, V. Rajput, R. Yadav et al. Science of the Total Environment 807 (2022) 151038
H minus Reverse Transcriptase Enzyme (Thermofisher; EP0752). The
cDNA prepared was then purified using Agencourt Ampure XP beads
(Beckman Coulter; A63881). The purified cDNA was further subjected
to nCoV-2019 sequencing protocol v3 (LoCost) V.3, which uses two
primer pool to amplify the whole genome of SARS-CoV-2 present in
sample (Tyson et al., 2020, Josh Quick, 2021). The reverse-transcribed
cDNA was amplified using Q5 High-Fidelity DNA Polymerase (New
England Biolabs; M0491S), 5× Q5 Reaction Buffer (New England
Biolabs; M0491S), dNTPs mix (New England Biolabs; N0447S) and
primer pools 40U/ul SARS-CoV-2 primers (Pool A & B) 100uM (ARCTIC)
(New England Biolabs; GTR_066_COVID25). The amplified pools were
mixed and purified using Agencourt Ampure XP beads (Beckman Coul-
ter; A63881). End preparation and Barcoding was performed using
Blunt/TA Ligase MasterMix (New England Biolabs; M0367L), NEBNext
Ultra II End Repair/dA-Tailing Module (New England Biolabs; E7546L)
and Native Barcoding Expansion 1–12 (PCR-free) (Oxford Nanopore
Technologies; EXP-NBD104). The quantification was performed with
Qubit Fluorometer (Invitrogen), and the 24 ng library was loaded onto
the flow cell. The barcoded samples were pooled together, and the run
was set up on the MinION device (Oxford Nanopore Technologies).
The sequencing was allowed to run for 24 h, and data was collected.
The raw reads from the Nanopore sequencer were base-called using
Fig. 2.The collected samplewas transported to the laboratory in a cold chain, and then heat trea
membrane filtration. The filter was used to extract RNA, and positive RT-qPCR samples were s
(Image: BioRender.com).
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Guppy High Accuracy - dna_r9.4.1_450bps_hac.cfg, and further analysis
was carried out using ARTIC Bioinformatic Pipeline with few required
modifications (Tyson et al., 2020, Josh Quick, 2021). All the sequences
obtained were analysed with reference to the SARS-CoV-2 reference ge-
nome Wuhan-Hu-1 (NCBI Accession: MN908947). The GSAID database
was utilised to obtain information regarding the reported mutation
and was last accessed on 01st May 2021.

3. Results

The Ct values for the sample are provided in the Supplementary
Table 1. All the wastewater samples collected between December
2020 through April 2021 consistently were positive for the presence
of SARS-CoV-2 nucleic acids. The cycle threshold values obtained from
all the samples have shown variability attributed to the changing infec-
tion dynamics. The amplicon sequenced Sequence Read Archive data is
submitted to the National Center for Biotechnology Information data-
base with accession number SRA:PRJNA728440. The analysis revealed
severalmutations inmultiple genomic regions of SARS-CoV-2, including
3′UTR, ORF1a, ORF1b, Spike, ORF3a, ORF7a,M, ORF6, N, ORF8 and 3′UTR.
In total, 108 mutations, categorised into 39 types based on nucleotide
position, were detected in all the samples (Table 1, Supplementary
ted. A 200ml aliquotwas centrifuged, and the viruswas concentratedusing electronegative
ubjected to Nanopore amplicon sequencing to identify genomic sequences.

http://BioRender.com


Table 1
Mutations identified in the six samples collected from December 2020 throughout April 2021. ‘-’ indicates- no mutation detected.
The table displays the detailed mutations detected in the samples using Oxford Nanopore amplicon sequencing. Notably, samples collected in March (WW8, WW9, WW10, WW11, and
WW12) contain the SARS-CoV-2 Delta variant lineagemutations S:L452R and S:E484Q, which are not present inWWP. The six samples revealed ninemutations associatedwith the spike
region of the SARS-CoV-2 genome.

Samples SARS-CoV-2 genomic regions

5′UTR ORF NSP N S M 3′UTR

WW8, WW9, WW10, WW11, WW12 WWP 5′-UTR:210
5′-UTR:241

ORF3a:S26L NSP3:Y246Y
NSP12b:P314L

– S:P1140del – –

WW8, WW9, WW10, WW11, WW12 – – NSP13:M429I – S:L452R
S:E484Q

– 3′UTR:28270

WWP, WW8, WW9, WW10, WW11 – – – – S:D614G – –
WW8, WW9, WW10, WW11 – – NSP3:T749I

NSP6:T77A
– S:Q1071H – –

WW9, WW10, WW11 – ORF6:I33T
ORF7a:V82A

– – – – –

WW8, WW9, WW11 – – – – – – 3′UTR:29742
WWP – ORF3a:E261*

ORF8:S97I
NSP3:H1630H
NSP10:H80H

– – – –

WW12 5′-UTR:75 – NSP3:L550del
NSP13:P77L
NSP13:G206F
NSP13:V484F
NSP14:C279F

– S:C480R
S:D950N

M:V10A 3′-UTR:21555
3′UTR:26493

WWP, WW12 – – NSP14:C279C – – – –
WWP, WW10 – – – – S:N801 – –
WW11, WW12 – – NSP3:P822L – – – –
WW9 – – – N:R203M – – 3′-UTR:29700
WW11 – – – N:D63G S:P681R – –
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Table 2). We detected 15 mutations from WW8, 19 mutations from
WW9, 17 mutations fromWW10, 20 mutations fromWW11, 23 muta-
tions fromWW12 and 13 mutations fromWW-P (Table 1, Supplemen-
tary Table 2). Notably, nine mutations in the Spike region (S: L452R, S:
C480R, S: E484Q, S: D614G, S: P681R, S: N801, S: D950N, S: Q1071H,
S: P1140) were observed in this study (Table 1, Supplementary
Table 2). The March-2021 samples showed L452R and E484Q muta-
tions, while these mutations were absent in the sample collected from
December-2020 to February-2021 (WWP). We detected five novel
mutations not reported from Indian clinical sequence data on Global
Initiative on Sharing Avian flu Data (GISAID)21. These mutations are as
follows: 23964 AT>A (S: N801del), 4369 TG > T (NSP3:L550),
18,875C > T (NSP14:C279F), 16,852/16853 GG > TT (NSP15:C206F),
23,000 T > C (S:C480R).

4. Discussion

The wastewater based epidemiological approach can be used for
predicting the infection dynamics of the population (Peccia et al.,
2020). However, an exact estimation of the infected individuals is
currently unattainable. Currently, exact estimation of viral loadusing re-
covery and stability of virus from the faecal source to sewage treatment
plant has not been carried out. However, WBE can be applied to obtain
comparative infection dynamics of a particular region to obtain infor-
mation regarding the severity of affected regions (Peccia et al., 2020).
Since the water has shown consistent viral presence, as seen in current
study, it is essential to bring the public and government attention to the
constant viral presence to take actions accordingly. The study has also
provided us instanceswhere themutations obtained from thewastewa-
ter sequenced data are either not reported in GISAID from India or, in
case of novel mutation, not across the world.

The WBE study can provide us information regarding genomic vari-
ants in the population as mentioned earlier (Hoffmann et al., 2021;
Agrawal et al., 2021; Landgraff et al., 2021; Wilton et al., 2021; Crits-
Christoph et al., 2021; Jahn et al., 2021). The clinical evaluation of vari-
ants in circulation is an arduous exercise, where asymptomatic can be
overlooked, along with the time-consuming protocols for viral culture
and whole-genome sequencing. The state of Maharashtra recorded
4

very high cases of infection, and it has been raised concern as
B.1.617.1 variant to be a causal factor (Maharashtra double mutant).
The clinical evaluation raised concern over rising cases from B.1.617.1
variant from March 2021, and the data analysis also revealed the
presence of mutations L452R and E484Q associated with B.1.617.1 var-
iant lineage in samples collected during March 2021. While the men-
tioned mutations were absent in samples collected from December
2020 to February 2021, the mutations concerning the variant were
also observed in the wastewater sample from a similar period. When
clinical genome sequencing data became available, the speculation
was confirmed, as the percentage of SARS-CoV-2 infections associ-
ated with the B.617.2 lineage began to rise in March 2021 (https://
clingen.igib.res.in/covid19genomes/). Here, it can be concluded
that wastewater can act as early warning system and regular waste-
water monitoring can be a critical resource. Hence, regular monitor-
ing of wastewater is an essential criterion for the study of variants in
circulation as the required results can be obtained from a smaller
sample volume of wastewater, as compared to the larger number of
individuals.

There are mutations found in wastewater such as S:P1140del which
was reported in late February from India and earlier only from Africa-
Egypt andNorth America (GISAID - Shu andMcCauley, 2017). However,
the mutation, which is in the Spike region, was present in all the sam-
ples collected from December 2020 to March 2021. This identification
provides conclusive evidence of how clinical data can lag behindwaste-
water sequencing data to identify the presence of the mutations and a
possible variant in circulation. WW12 was the most recent sample
with maximum mutations recorded and has 12 mutations unique to
the sample, in which NSP3:L550del, NSP14:C279F and S:C480R are
not yet reported from India (GISAID - Shu and McCauley, 2017). We
also report a novel mutation NSP13:G206F (NSP13 region). This identi-
fication of a novel mutation can be an instance where novel mutations
are identified across the wastewater sample before they are identified
clinically. The WWP is the pooled sample from WW1, WW2, WW3
and WW4 from Deccan and Near Deccan site showing 13 reported
mutations, and we report the mutation S:N801 (Spike region), not yet
reported from India (GISAID - Shu and McCauley, 2017). WW9 has
shown mutation N:R203M and 3′-UTR:29700, while WW11 has

https://clingen.igib.res.in/covid19genomes/
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shownmutation S:P618R and N:D63G, present in samples collected in
March 2021, and absent in sample WWP taken before March. It can
be predicted that the mentioned mutations prevailed in wastewater
from March 2021 and might have been absent before. These muta-
tions have not yet been reported from India, while reported in
other countries (GISAID - Shu and McCauley, 2017). This detection
of mutation from wastewater sample provides an instance where
mutations that are clinically neglected can be recorded in wastewa-
ter sample, providing thorough information for mutations of the
virus in circulation.

It has been observed in studies around the world; how variants of
the SARS-CoV-2 virus has shown distinct infectivity (Hoffmann et al.,
2021). Hence, it is crucial to constantly examine the evolvingmutations
and classify the variants in circulation. In order to understand the geno-
mic variations in SARS-CoV-2, an open drain system can be used to ob-
tain information regarding the mutations and strain analysis. The
methods used in the experiment followed the protocols of Ahmed
et al. (2020) for viral concentration. The virus concentrationwas carried
out using MCE electronegative filtration, which provides a mean recov-
ery of 65.7%±23.8 (Mean±SDof % recovery) of the viral particles from
sample (Ahmed et al., 2020). The regular monitoring and repetitive ex-
traction of such samples can increase the possibility of concentrating
virus that can be identified for novel mutations. The studies conducted
in India have reported the viral presence across the STPs or wastewater.
However, no studies have yet revealed NGS platform sequencing to
identify the variants in circulation from wastewater (Srivastava et al.,
2021; Chakraborty et al., 2021; Hemalatha et al., 2021; Arora et al.,
2020; Kumar et al., 2020). Our study is first to report the approach of
variant analysis in the WBE and provides an insight into the variants
in circulation, along with reporting novel mutations.

5. Conclusion

Wastewater can be considered a vital source to understand the mu-
tations in circulation and understand the infection dynamics. The prev-
alence of clinically unreported mutations, such as S:P1140del, NSP3:
L550del, NSP14:C279F and S:C480R, in circulation from wastewater
data, provide conclusive evidence for the potential utilization of waste-
water as early warning system.We also report novel mutations such as
NSP13:G206F (NSP13), which conclude the capability of wastewater se-
quencing data to provide mutations in circulation before they are ob-
served clinically. The observation of mutations L452R and E484Q
associatedwith B.1.617.1 variant lineage in similar period of declaration
as variant of concern provides a conclusive evidence of WBE as early
warning system. Regular monitoring of wastewater system for
analysing mutations can act as an early warning system to understand
the community infection dynamics.
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