
  Final Project Report 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                        RES/UNICEF/EH/P0237/2021/0013 

                                                                                                                         

 
 

          

Short-term Project on COVID-19 
Pandemic Monitoring 

Weekly Surveillance of 

Wastewater for SARS-CoV-2 Gene 

Detection in Ahmedabad for 

Pandemic Curve Monitoring 

Submitted by 

PROF. MANISH KUMAR (PI) 

Discipline of Earth Sciences, Indian Institute of 

Technology, Gandhinagar, Gujarat-382355 

DR. MADHVI JOSHI (CO-PI) 

Gujarat Biotechnology Research Centre, Gandhinagar 



WEEKLY SURVEILLANCE OF WASTEWATER FOR SARS -
COV-2 GENE DETECTION IN AHMEDABAD FOR PANDEMIC 

CURVE MONITORING 
 

RES/UNICEF/EH/P0237/2021/0013  
 
                                                         
 
 
 
 
 
 
 
 
 
 
 
 

Submitted to:  

 
UNITED NATIONS CHILDREN’S FUND 

INDIA 

 

 

 

 
 

Principal Investigator : Dr. Manish Kumar  

 

Signed 

:  

 

Designation 

:  

Assistant Professor 

Indian Institute of Technology 

Gandhinagar 

manish.kumar@iitgn.ac.in 

 

Year :  June– 2021 

 

                                        

mailto:manish.kumar@iitgn.ac.in


 

 

Acknowledgement 

 

 

We are grateful to UNICEF India for giving attention (especially Dr. Shyamnarayan Dave 

and Dr. Laxmi Bhawani from Gujarat office) to our study on first proof of the capability 

of wastewater surveillance for COVID-19 in India and providing us a platform to carry 

out further research in the form of the project grant. Furthermore, the authors extend 

their sincere thanks to Sri. A. V. Shah from Gujarat Pollution Control Board (GPCB), for 

the sampling design and help during the entire study. We are grateful to the Director, 

Gujarat Biotechnology Research Center (GBRC), Gujarat, for his support and 

encouragement. The PIs highly appreciate the consistent support from the staff and the 

Dean, Research and Development, Indian Institute of Technology Gandhinagar. In 

addition to the UNICEF, the principal funder, we also like to acknowledge the associated 

funds from the Asia Pacific Network, Kiran C Patel Centre for Sustainable Development, 

and UKIERI, India, that was used for reaching this point in our WBE approach for 

pandemic management. In the last, we extend our sincerest appreciation to all the staff 

members involved directly or indirectly for accomplishing this task. 

 

 

 

 

Dr. Manish Kumar  

 

 

Dr. Maddhvi Joshi 

 

(Principal Investigators) 



Table of Contents 

Project Team……………………………………………………………………………………………………………………….i 

List of Figures………………………………………………………………………………………………………………………ii 

List of Tables……………………………………………………………………………………………………………………….iii 

List of Annexures…………………………………………………………………………………………………………………iv 

1. Executive Summary………………………………………………………………………………………………..1-8 

1.1. Background…………………………………………………………………………………………………………………1 

1.2. Scope and Objectives………………………………………………………………………………………………….2-3 

1.3. Methodology………………………………………………………………………………………………………………3  

1.4. Key Findings and Results…………………………………………………………………………………………….3-6 

1.4.1. WBE study in Ahmedabad 

1.4.2. Efficacy of WWTPs to remove SARS-CoV-2 RNA 

1.4.3. Metagenomic study of 16s RNA in wastewater samples 

1.4.4. Wastewater based genomic surveillance of the SARS-CoV-2 

1.4.5. Prevalence of antidrug resistance (ADR) in ambient water samples 

1.5.  Conclusion……………………………………………………………………………………………………………….7-8 
1.5.1. WBE study in Ahmedabad 

1.5.2. Efficacy of WWTPs to remove SARS-CoV-2 RNA 

1.5.3. Wastewater based genomic surveillance of the SARS-CoV-2 

1.5.4. Prevalence of antidrug resistance (ADR) in ambient water samples 

1.6. Utility of knowledge…………………………………………………………………………………………………..8 

 

2. Introduction…………………………………………………………………………………………………………9-14 
2.1. Introduction and Rationale……………………………………………………………………………………..9-10 

2.2. Potential transmission through wastewater……………………………………………………………10 

2.3. Removal of SARS-CoV-2 wastewater from wastewater treatment plants (WWTPs).10-12 

2.4. Wastewater- based epidemiology (WBE) and genomic surveillance approach……….12 

2.5. Antidrug resistance in ambient water samples of Ahmedabad during the COVID-19 

pandemic………………………………………………………………………………………………………………….13 

2.6. Objectives………………………………………………………………………………………………………………..14 

 

3. Methodology……………………………………………………………………………………………………….15-21 
3.1. Study area for WBE study……………………………………………………………………………………….16 

3.2. Sampling approach………………………………………………………………………………………………….16 

3.3. Detection and extraction of viral RNA from wastewater samples………………………….15-18 

3.3.1. Precipitation of viral particle……………………………………………………………………….15-16 

3.3.2. RNA isolation, and RT-PCR…………………………………………………………………………..16-17 

3.3.3. Gene copy estimation: Quality Control and Quality Assurance…………………..17-18 

3.4. Epidemiological information, data collection and interpretation…………………………..18 

3.5. SARS-CoV-2 RNA removal from wastewaters………………………………………………………...19 

3.6. Metagenome analysis of the prokaryotic 16S ribosomal RNA gene……………………….19-20 

3.6.1. 16S Metagenomics Kit Sequencing using Ion Torrent PGM 

3.6.2. Data processing and preparation 

3.7. Genomic surveillance for SARS-CoV-2 variants in wastewater………………………………..20-21 



3.7.1. Library preparation, sequencing and data analysis 

3.7.2. Data filtering, trimming and genome assembly 

3.8. Antidrug resistance study in the Indian ambient waters……………………………….21 
3.8.1. Sample collection and ADR analyses 

3.8.2. SARS-CoV-2 RNA detection 

 

4. Result and Discussion…………………………………………………………………………………………………..22-51 
4.1. Monthly and Weekly Variations………………………………………………………………………………22-26 

4.2. SWEEP-based city zonation and Identification of Hot-Spots……………………………………27-29 

4.3. Early Warning Potential of WBE………………………………………………………………………………29-30 

4.4. Removal efficacy of two principally different wastewater treatment plants (WWTPs) for 

SARS-CoV-2 removal…………………………………………………………………………………………………30-38 

4.4.1. Research findings of the removal efficacy of WWTPs……………………………………30-33 

4.4.2. Discussion on the removal efficacy of WWTPs………………………………………..…….33-38 

4.4.2.1. Significance of Treatment………………………………………………………………....33-35 

4.4.2.2. Comparative efficacy of CAS and RZT processes to remove SARS-CoV-2  

         Genes……………………………………………………………………………………………….35-36 

4.4.2.3. Temporal variation in removal efficacy……………………………………………..36-37 

4.4.2.4. Treatment Impact Insight through multivariate statistical analyses…..37-38 

4.5. Metagenome analysis of bacterial population and their relation with SARS-CoV-2 RNA 

harbouring in wastewater…………………………………………………………………………………….…38-42 

4.6. SARS-CoV-2 whole genome sequencing from the wastewater samples…………………43-47 

4.7. Antidrug resistance in the ambient waters of Ahmedabad………………………………….…48-50 

4.8. Future perspective of WBE study…………………………………………………………………………….51 

 

5. Conclusions………………………………………………………………………………………………………..52-54 
5.1. WBE study in Ahmedabad……………………………………………………………………………………...52 

5.2. Study on the efficacy of WWTPs to remove SARS-CoV-2 RNA……………………………....52-53 

5.3. Metagenomic study of 16s RNA in wastewater samples…………………………………..…..53 

5.4. Wastewater based genomic surveillance of the SARS-CoV-2…………………………...……53-54 

5.5. ADR study in ambient water samples in Ahmedabad…………………………………………....54 

References…………………………………………………………………………………………………………55-60 

Annexures………………………………………………………………………………………………………….61-150 

List of publications………………………………………………………………………………………………61 

Government and media attention towards the project work………………………………62-71 

Photographs of the sampling period…………………………………………………………………..72-75 

Copy of the published research work…………………………………………………………………76-150 

 

 

 

 

 



 i 

Project Team 

Name Degree Position at IIT-Gn 

Dr. Manish Kumar PhD, Tokyo University, Japan Assistant Professor 

Dr. Madhvi Joshi PhD, Saurashtra University, Gujarat Scientist-D 

Dr. Vaibhav Srivastav PhD, Banaras Hindu University, Uttar Pradesh Research Associate 

Dr. Arbind Kumar Patel PhD, Tezpur University, Assam Research Associate 

Ms. Shilangi Gupta MSc, Ahmedabad University, Gujarat Junior Research Fellow 

Mr. Rajesh Rathod 
ITI, Gujarat Council of Vocational Training, 

Gujarat 
Lab–Helper 

 



 

ii       

List of Figures 

 

Figure no. Legend Page number 
1.  Geospatial position of sampling locations in Ahmedabad city 16 

2.  Methodology of sample preparation, virus concentration, RNA 
extraction 

18 

3.  Distribution of Ct values of SARS-CoV-2 genes during the study 
period 

22 

4.  Distribution of SARS-CoV-2 gene copies on a temporal scale 
(monthly variation) 

23 

5.  Temporal variations in targeted gene copies of SARS-CoV-2, 
collected from different sampling points a.) N gene, b.) ORF 1ab 
gene, c.) S gene, and d) Genome concentration. DMRT post-hoc 
test (p<0.05) 

26 

6.  Potential and evidence of wastewater based epidemiology 
surveillance of Covid-19 pandemic as an early warning tool 

30 

7.  Simplified illustration of the layout of two wastewater treatment 
plants; a) Conventional Activated Sludge based WWTP in 
Sargasan, and b) root-zone treatment in an academic institution 
of Gandhinagar, India monitored during August and September, 
2020 

31 

8.  Paired T-test between inlet and outlet wastewater samples 
taken on the same days for SARS-CoV-2 genetic load in a) 
Conventional activated sludge process-based treatment at 
Sargasan, and b) Root-zone treatment at academic institution in 
Gandhinagar. (where *** = p <0.01; ** = p <0.05; * = p <0.1; NS 
= not significant; # = data not available; and RT-PCR was run for 
40 cycles) 

33 

9.  A comparative statistical (paired T-test) analyses of significance 
of SARS-CoV-2 genes removal efficacy based on Ct-values 
obtained for a) CAS; and b) RZT; and various gene copies 
calculated for c) CAS and d) RZT; at p <0.01; p <0.05; and p <0.1 
indicated by three, two and one stars. NS signifies not significant 

34 

10.  Overall comparison of SARS-CoV-2 genome removal efficacy of 
conventional activated sludge and root-zone treatments 
expressed through paired T-test performed on the total effective 
genome concentrations obtained through out the 60 days of 
monitoring period. Same level of significance is used as above 

35 

11.  A comparative statistical (paired T-test) analyses in monthly 
variation of significance of SARS-CoV-2 genes removal efficacy of 
CAS; and b) RZT; at p <0.01; p <0.05; and p <0.1 indicated by 
three, two and one stars. NS signifies not significant 

36 

12.  Three-dimensional projection of the principal component 
loading for a) Influent and b) effluent; exhibiting the effect of 
treatment on SAR-CoV-2 genes association with other water 
quality parameters and confirmed cases of COVID-19 

37-38 



 

iii       

13.  Temporal variation in the bacterial population present in 
wastewater samples of Ahmedabad at, a) phylum level; b) 
species level 

40 

14.  Temporal variation in the bacterial population present in 
untreated and treated wastewater samples at, a) phylum level; 
b) species level 

42 

15. a) Top 10 SARS-CoV-2 Lineages reported from Environmental 
Sites; b) Countries reported SARS-CoV-2 genomes from 
Environmental Sites 

44 

16. SARS-CoV-2 genomes from the environmental sites. From Asian 
countries China (n=23), Bangladesh (n=23), United Arab Emirates 
(n=2), Pakistan (n=1) and Hong Kong (n=1) reported SARS-CoV-2. 
Globally, a total of 802 genomes were available from the samples 
collected from environmental sites. Austria (n=638, 79.55%) has 
submitted highest genomes from the sewage treatment sites. 
Overall, dominance of the PANGO-lineages is represented by 
B.1.1.7 (n=398, 49.63%), B.1 (n=150, 18.70%) and B.1.1 (n=77, 
9.60%). Dominance of the GISAID clades is represented by GRY 
(n=264, 32.92%), G (n=236, 29.43%) and GR (n=199, 24.81%). 

45 

17. Percentage of antibiotic resistance in the influents of different 
water compartments in years 2018 and 2020 against 
fluroquinolone drugs i.e. NFX (Norfloxacin), CIP (Ciprofloxacin), 
LVX (Levofloxacin) for locations including WWTPs CI 
(Chandkheda Inlet), CO (Chandkheda Outlet), VI (Vasna Inlet) and 
VO (Vasna Outlet); Rivers, NB (Nehru Bridge) and SB (Sardar 
Bridge), and Lakes, KL (Kankaria Lake) and CL (Chandola Lake 

49 

18. Percentage of antibiotic resistance in the influents of different 
water compartments in years 2018 and 2020 against tetracycline 
drugs (TCE), aminoglycosides i.e. KM (kanamycin), and others i.e. 
ST (sulfamethoxazole) for locations including WWTPs CI 
(Chandkheda Inlet), CO (Chandkheda Outlet), VI (Vasna Inlet) and 
VO (Vasna Outlet); Rivers, NB (Nehru Bridge) and SB (Sardar 
Bridge), and Lakes KL (Kankaria Lake) and CL (Chandola Lake) 

49 

19. Comparison of antibiotic (antidrug) resistance against various 
antibiotics in 2018 and 2020 with the results of a statistical T-test 

50 

 

 

 

 

 

 

 

 

 



 

iv       

List of Tables 

 

 

Table no. Legend 
 

Page number 

1. Temporal variation in gene copies of the SARS-CoV-2 targeted 
genes and genome concentration at various locations in 
Ahmedabad city 

23 

2. Temporal variation in SARS-CoV-2 genetic material loading found 
in the influent and effluent samples collected from two different 
wastewater treatment plants 

31 

3. Ecological indexes and main data comparisons 41 

4. Variants of Spike protein from river and waste water samples 46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v       

List of Annexures 

 

 

Annexure 
no. 

Legend 
 

Page number 

1. List of publications 61 

2. Government and media attention to the project work  62-71 

3. Photographs of the Sampling period 72-75 

4. Copy of the published work (Research articles) 76-150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                          
 

 

 

 

 

Executive Summary 



 

 

1 EXECUTIVE SUMMARY-WBE 

1. Executive Summary 

 

1.1 Background 

The contagious severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), 

responsible for the coronavirus pandemic, 

has infected 11 million people in India 

alone by February 22nd, 2021 (WHO, 2020). 

A large number of asymptomatic patients 

exerted a never seen before challenges 

over the actual estimation of disease 

spread based on clinical surveillance 

(Rimoldi et al., 2020; Medema et al., 2020). 

Earlier studies suggested that 18-45% of 

patients do not have signs of infection with 

COVID-19 but are capable of spreading the 

disease and pose an adverse impact on the 

actual containment of the disease (Lavezzo 

et al., 2020; Yang et al., 2020; Mizumoto et 

al., 2020; Nishiura et al., 2020). As up to 

67% of infected people showed SARS-CoV-

2 presence in feces (Chan et al., 2020; 

Cheung et al., 2020; Parasa et al., 2020; 

Wong et al., 2020), alternative approaches 

such as wastewater-based epidemiology 

(WBE) surveillance has gained loads of 

recognition as a viable option that can 

provide early warning of the upcoming 

prevalence of the disease within a 

community (Hata et al., 2021; Kumar et al., 

2021a, b,). One of the advantages of WBE 

is that wastewater contains feces from a 

huge number of people. Therefore, it may 

require a far fewer number samples and 

less labor than clinical testing to know the 

presence of infected persons in the area. 

Also, to evaluate WBE's potential as an 

early prediction tool for COVID-19 

pandemic, it is essential to explore the 

correlation between the SARS-CoV-2 

genetic load in wastewater and the 

number of cases at the district level in each 

country.  

Overall, wastewater-based epidemiology 

(WBE) is a promising approach to 

understand the status of the disease 

outbreak in a certain catchment by 

monitoring the viral load in the 

wastewater, as it contains the excretion 

from both symptomatic and asymptomatic 

individuals. WBE had been an effective tool 

during past outbreak of other enteric 

viruses, such as poliovirus, hepatitis A and 

norovirus, it can be used as an early 

warning tool for the disease outbreak in a 

community and used to inform the efficacy 

of the current public health interventions. 

WBE data can help to estimate actual 

infected population due to the virus, as it 

covers asymptomatic and pre-

symptomatic patients too, which may be 

underestimated by clinical surveillance. 

The infectivity of SARS-CoV-2 RNA in 

wastewater, owing to viral shedding of 

infected symptomatic/asymptomatic 

patients, and their transmission remains 

under debate (Buitrago-Garcia et al., 

2020). Potential community transmission 

associated with untreated/ treated 

wastewater, e.g., reuse of wastewater 

(inbuilt environments), aerosols of 

wastewater potentially exposing WWTP 

workers, sludge transfer activities, 

irrigation and recreational activities in 

wastewater-impacted waters, is still being 

debated (Barceló et al., 2020a, b; Lavezzo 

et al., 2020). 

In the initial pandemic phase, the 

effluents from wastewater treatment 

facilities were reported mostly free from 



 

 

2 EXECUTIVE SUMMARY-WBE 

Severe Acute Respiratory Coronavirus 2 

(SARS-CoV-2) RNA, and thus conventional 

wastewater treatments were generally 

considered effective. However, there is a 

lack of first-hand data on i) comparative 

efficacy of various treatment processes for 

SARS-CoV- 2 RNA removal; and ii) temporal 

variations in the removal efficacy of a given 

treatment process in the backdrop of 

active COVID-19 cases.  

 

1.2  Scope and Objectives 

The study intends to conduct weekly 

surveillance of SARS-CoV-2 to gather 

evidence about the COVID-19 situation at 

the community level. The surveillance 

study is to be carried out in the 

Ahmedabad city of Gujarat state, India and 

the area covered is 464 Km2, 53m 

elevation above the MSL, and have 

population of 55.7 lakhs (2011). It will 

cover the urban population in corporation 

area and urban poor in slum settlements. 

As the individual test of Corona patient 

required significant cost and time, 

alternatively wastewater epidemiology 

approach at community level for 

surveillance of COVID-19 would be more 

inclusive. In view the scale of the pandemic 

situation, the proposed study would 

develop methodology capable of 

predicting the worst situation rise due to 

COVID-19. 

Following the proven concept and 

capabilities of detecting the RNA of Severe 

Acute Respiratory Coronavirus 2 (SARS-

CoV-2) in wastewater, it is imperative for 

the adoption of WBE on the policy level, 

which has been for some reason still 

delayed in the major parts of the globe. 

Under the light of above discussion, the 

objectives of the present study aimed at: i) 

To detect and quantify variation in the 

genetic material of SARS-CoV-2 in the 

various wastewaters of Ahmedabad to 

understand pandemic situation; ii) To have 

a weekly resolution of the data for three 

months in genetic material loadings in the 

various wastewater treatment plants of 

Ahmedabad; iii) To establish applicability 

of WBE for COVID-19 surveillance as a 

potential tool for public health monitoring 

at the community level; iv) To understand 

the pathogen diversity (viral and bacterial) 

from wastewater in order to establish early 

sign of WBE as prediction tool. 

However, keeping in mind the Potential 

community transmission associated with 

untreated/ treated wastewater, e.g., reuse 

of wastewater (inbuilt environments), 

aerosols of wastewater potentially 

exposing WWTP workers, sludge transfer 

activities, irrigation and recreational 

activities in wastewater-impacted waters, 

“a comparison and evaluation of the 

removal efficacy of SARS-CoV-2 RNA by 

conventional activated sludge (CAS) and 

root zone treatment (RZT) processes have 

been made through two months-long 

influent and effluent monitoring”  

Likewise, in view of the new coming/ 

reported variants of SARS-CoV-2, an 

attempt has been made for “Wastewater 

based genomic surveillance of SARS-CoV-

2 (whole genome sequencing)”  

On top of that, the exponential rise in 

the consumption rate of certain 

antimicrobials during the COVID-19 

pandemic in an effort to minimise the risk 



 

 

3 EXECUTIVE SUMMARY-WBE 

of severe infections and mortality. Also, 

due to lack of regulations on the 

prescription and non-prescription use of 

antimicrobials and its consumption rate in 

India, a third additional objective aimed 

“to assess the effect of imprudent 

consumption of ABS during the COVID-19 

pandemic, comparison of the 2020 

prevalence of antidrug resistance (ADR) of 

Escherichia coli (E. coli) with a similar 

survey carried out in 2018 in Ahmedabad, 

India using SARS-CoV-2 gene detection as 

a marker of ABS usage.” 

 

1.3  Methodology  

Wastewater samples were collected from 

nine different locations, including eight 

wastewater pumping stations and a single 

sewage treatment plant (Fig. 1). The 

samples were collected weekly for twenty-

five weeks from each location during 

September 2020 to February 2021. A total 

of 224 samples were analyzed in the 

present study to detect SARS-CoV-2 RNA 

from nine different sites, comprising 199 

samples from eight wastewater pumping 

stations and 25 samples from a single 

sewage treatment plant in Ahmedabad, 

India. All the samples were collected by 

grab hand sampling using 250 ml sterile 

bottles. Simultaneously, blanks in the same 

type of bottle were examined to know any 

contamination during the transport. The 

samples were kept cool in an ice-box until 

further process. The analysis was 

performed on the same day after bringing 

the samples to the laboratory.  

Wastewater samples were centrifuged, 

filtered, and concentrated using 

polyethylene glycol (PEG) and NaCl. RNA 

isolation from the pellet with the 

concentrated virus was performed using 

Nucleo-Spin® RNA Virus isolation kit 

(Macherey-Nagel GmbH & Co. KG, 

Germany). The samples were spiked with 

MS2 phage as an internal control prior to 

the RNA extraction provided by 

TaqPathTM Covid-19 RT-PCR Kit.  

Applied Biosystems 7500 Fast Dx Real-

Time RT-PCR Instrument (version 2.19 

software) was used for SARS-CoV-2 gene 

detection. In the process, the probes 

anneal to three specific target sequences 

located between three unique forward and 

reverse primers for the N, ORF 1ab, and S 

genes. The methodology is shown with 

Illustrative flowchart in Fig.2. 

 

1.4  Key Findings and Results 

1.4.1 WBE study in Ahmedabad 

We detected and quantified variation in 

SARS-CoV-2 RNA from wastewater samples 

for six months (September 2020 and 

February 2021) to understand the 

pandemic situation in Ahmedabad, 

Gujarat, India. Among the 224 samples 

analyzed in the study, 212 (94.6%) were 

found positive, comprising at least two 

positive RT-PCR results targeting SARS-

CoV-2 ORF1ab, S gene, and N gene assays. 

In addition to this, 213/224 (95.1%), 

202/224 (90.2%), and 209/224 (93.3%) 

samples showed positive RT-PCR results 

for N, ORF 1b and S genes, respectively. 

The average Ct values for N, ORF 1ab, and 

S genes were 32.11, 32.74, and 33.14, 

respectively. The average Ct values of 
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internal control (MS2 bacteriophage) was 

27.50, and no SARS-CoV-2 genes were 

detected in the negative control samples. 

Monthly variation depicted a significant 

decline of 89.7, 63.7, and 90.1% in N, ORF-

1ab, and S gene concentration (copies/L), 

respectively in October compared to 

September 2020, followed by a sharp 

increment in November 2020 i.e. ~25 folds 

in N gene, ~22 folds in ORF 1ab and ~26 

folds in S gene. The PCR products for all 

three genes were maximum in wastewater 

samples of November. The descending 

order of monthly variation in ORF 1ab gene 

concentration in wastewater samples was: 

November> September> December> 

January> October> February. Likewise, 

decreasing order of N and S genes in 

wastewater samples followed a similar 

pattern and found in order of November> 

September> December> January> 

February> October. The genome 

concentration of SARS-CoV-2 RNA was 

maximum in the month of November 

(~10729 copies/ L), followed by September 

(~3047 copies/ L), January (1810 copies/ L), 

December (1802 copies/ L), February (492 

copies/ L) and October (453 copies/L). The 

rise in genome concentration in 

wastewater samples collected in 

November was in line with a ~ 1.5-fold rise 

in the number of confirmed cases during 

the 3rd September 2020 and 26th 

November 2020. Trends of monthly 

variation in SARS-CoV-2 RNA concentration 

in the wastewater samples may be 

ascribed to a decline of 19.3% in active 

cases in October 2020 and a rise of 1.82% 

in November 2020 compared to the 

preceding months. A little percentage 

increase of 1.82% in the active cases 

equalled 59 cases, while the total number 

of active cases was 3293 in the month of 

November 2020. However, at the same 

time, a prominent rise of 17.3% (i.e., 7386 

new cases) noticed in November 2020. 

Also, a monthly decrease of 3.73% in 

recovered cases was noticed in November 

compared to October 2020. The monthly 

recovery rate of patients was 16.61, 19.31, 

and 15.58% in September, October, and 

November 2020, respectively. Apart from 

that, people's casual and reluctant attitude 

during the festive season in India (mid-

October to mid-Nov) might be the reason 

for the piercing rise in COVID-19 cases. 

This finding was further supported by the 
relation between the percentage change in 
effective gene concentration level and 
confirmed cases, which followed a similar 
trend on the temporal scale with a ~1 to 2 
weeks’ time distance. The percentage 
change in the gene concentration was 
observed in the lead of 1-2 weeks with 
respect to the provisional figures of 
confirmed cases. SWEEP data-based city 
zonation was matched with the heat map 
of the overall COVID-19 infected 
population in Ahmedabad city, and month-
wise effective RNA concentration 
variations are shown on the map. The 
results expound on the potential of WBE 
surveillance of COVID-19 as a city zonation 
tool that can be meaningfully interpreted, 
predicted, and propagated for community 
preparedness through advanced 
identification of COVID-19 hotspots within 
a given city. 
 
1.4.2 Efficacy of WWTPs to remove SARS-

CoV-2 RNA 

This work provides a comparative account 

of the removal efficacy of conventional 

activated sludge (CAS) and root zone 
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treatments (RZT) based on weekly 

wastewater surveillance data, consisting of 

forty-four samples, during a two-month 

period. The average genome 

concentration was higher in the inlets of 

CAS-based wastewater treatment plant in 

the Sargasan ward (1.25 × 103 copies/ L), 

than that of RZT plant (7.07×102 copies/ L) 

in an academic institution campus of 

Gandhinagar, Gujarat, India. ORF 1ab and S 

genes appeared to be more sensitive to 

treatment i.e., significantly reduced (p < 

0.05) than N genes (p > 0.05). CAS 

treatment exhibited better RNA removal 

efficacy (p = 0.014) than RZT (p = 0.032). 

Multivariate analyses suggested that the 

effective genome concentration should be 

calculated based on the presence/absence 

of multiple genes. The present study 

stresses that treated effluents are not 

always free from SARS-CoV-2 RNA, and the 

removal efficacy of a given WWTPs is 

prone to exhibit temporal variability owing 

to variations in active COVID-19 cases in 

the vicinity and genetic material 

accumulation over the time. 

Disinfection seems less effective than the 

adsorption and coagulation processes for 

SARS-CoV-2 removal. Results stress the 

need for further research on mechanistic 

insight on SARS-CoV-2 removal through 

various treatment processes taking solid–

liquid partitioning into account. 

 

1.4.3 Metagenomic study of 16s RNA in 

wastewater samples 

The results suggest no clear-cut pattern 

among the bacterial population and 

association with SARS-CoV-2 genetic load 

in wastewater samples. Some of the 

bacterial population significantly changed 

on monthly temporal scale but no clear-cut 

concluding pattern was seen. There was 

significant difference at the bacterial 

taxonomic level was observed between 

the untreated and treated wastewater 

samples. We did not have explicit raw data 

of the wastewater quality parameters on 

the sampling date, therefore cannot draw 

a concrete and convincing finding. The 

results were not promising but they 

indicated a possible correlation ship 

among the SARS-CoV-2 gene concentration 

and bacterial population and dynamics. 

Therefore, further investigation is required 

considering different influencing factors 

such as sampling timing, sewage flow rate, 

treatment process, and wastewater 

physico-chemical parameters.   

 

1.4.4 Wastewater based genomic 

surveillance of the SARS-CoV-2 

We have first reported, detected and 

identified the designated Variant of 

Concern (VoC: VOC-21APR-02; B.1.617.2) 

from wastewater samples using genomic 

surveillance approach.  The key spike 

protein mutations that were identified in 

the SARS-CoV-2 genome assembly as 

compared to the reference Wuhan/Hu-

1/2019 (EPI_ISL_402125) variant that were 

identified include C21618G/Thr19Arg 

(T19R), T22917G/Leu452Arg (L452R), 

C22995A/Thr478Lys (T478K), 

A23403G/Asp614Gly (D614G), and 

C23604G/Pro681Arg (P681R) from the 

samples collected in the month of 

February, 2021. The observation of the 

deletion at 22029 (6 bp), 28248 (6 bp) and 
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28271 (1 bp) were also observed and seen 

in the B.1.617.2 lineage. These findings 

point towards probably an early circulating 

B.1.617.2 lineage in Ahmedabad, Gujarat 

while clinical samples sequenced in the 

month of March, 2021 were detected with 

the cases of B.1.617.2 variant. The variants 

of concern (VOCs) can be more 

transmissible resulting in probably higher 

disease severity outcomes and are also 

known for reduced sensitivity to antibody 

neutralization. 

 

1.4.5 Prevalence of antidrug resistance 

(ADR) in ambient water samples 

To assess the effect of imprudent 

consumption of ABS during the COVID-19 

pandemic, we compare the 2020 

prevalence of antidrug resistance (ADR) of 

Escherichia coli (E. coli) with a similar 

survey carried out in 2018 in Ahmedabad, 

India using SARS-CoV-2 gene detection as a 

marker of ABS usage. We found a 

significant ADR increase in 2020 compared 

to 2018 in ambient water bodies, 

harbouring a higher incidence of ADR E.coli 

towards non-fluoroquinolone drugs. 

Effective SARS-CoV-2 genome copies were 

found to be associated with the ADR 

prevalence. The prevalence of ADR 

depends on the efficiency of WWTPs 

(Wastewater Treatment Plants) and the 

catchment area in its vicinity. In the year 

2018 study, prevalence of ADR was 

discretely distributed, and the maximum 

ADR prevalence recorded was ~ 60%; 

against the current homogenous ADR 

increase, and up to 85% of maximum ADR 

among the incubated E.coli isolated from 

the river (Sabarmati) and lake (Chandola 

and Kankaria) samples. Furthermore, 

wastewater treatment plants showed less 

increase in comparison to the ambient 

waters, which eventually imply that 

although SARS-CoV-2 genes and faecal 

pollution may be diluted in the ambient 

waters, as indicated by low Ct-value and 

E.coli count, the danger of related 

aftermath like ADR increase cannot be 

nullified. Also, Non-fluoroquinolone drugs 

exhibited overall more resistance than 

quinolone drugs. Overall, this is probably 

the first-ever study that traces the COVID-

19 pandemic imprints on the prevalence of 

antidrug resistance (ADR) through 

wastewater surveillance and hints at 

monitoring escalation of other 

environmental health parameters. This 

study will make the public and 

policyholders concerned about the 

optimum use of antibiotics during any kind 

of treatment. 

 

1.5  Conclusion 

1.5.1 WBE study in Ahmedabad 

A temporal variation of SARS-CoV-2 RNA 

presence in wastewater was studied for a 

period of three months in Ahmedabad, 

India. A total 212 samples (94.6%) of the 

total 224 samples tested in the study were 

found to be positive, with at least two 

positive RT-PCR results targeting SARS-

CoV-2 ORF1ab, S gene, and N gene assays.  

Monthly variation depict-ed a significant 

decline in all three gene targets copies in 

October compared to September 2020, 

followed by a sharp increment in 

November 2020. Correspondingly, the 

descending order of average genome 
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concentration was November (~10729 

copies/ L) > September (~3046 copies/ L) > 

October (~454 copies/ L). This finding was 

further supported by the relation between 

the percentage change in genome 

concentration level and confirmed cases, 

which followed a similar trend on the 

temporal scale with a ~1 to 2 weeks’ time 

distance. The results unveiled the 

untapped potential of WBE surveillance of 

COVID-19 as an early warning tool for 

practical use of city zonation based on 

SWEEP data for actual scenario and future 

prediction. This approach may help the 

authorities identify the hotspots within a 

city and tuning effective management 

interventions. Further research may be 

focused on quantification of correlation of 

SWEEP results with clinical surveillance 

data and development of predictive model 

that can translate SWEEP data for easy 

propagation to policy makers and common 

public to enhance the preparedness and 

management of pandemics.   

 

1.5.2 Efficacy of WWTPs to remove SARS-

CoV-2 RNA 

The study concluded that influent waters 

present better picture in terms of SARS-

CoV-2 gene monitoring; effective genome 

concentration should be calculated based 

on presence/absence of multiple genes 

rather the presence of one specific gene; 

and treatments are less effective on N-

genes and the most effective for S-genes. 

CAS treatment exhibited better RNA 

removal rate (t=2.98, p=0.014) compared 

to the root-zone treatment (t=2.54, 

p=0.032). In addition, treatment plants 

with smaller capacity are likely to show 

more fluctuations in effluent water quality. 

Two most critical findings from the ongoing 

pandemic perspectives were that the 

treated effluents are not always free from 

SARS-CoV-2 RNA, and are subject to 

temporal variability. We stress the need for 

wastewater surveillance of SARS-CoV-2 at 

the treatment plant scale with further 

investigation on the efficacy of the 

treatment processes on the removal of the 

enveloped virus such as SARS-CoV-2 as well 

as the genomic materials. 

1.5.3 Metagenomic study of 16s RNA in 

wastewater samples 

No clear-cut pattern among the bacterial 

population and association with SARS-CoV-

2 genetic load in wastewater samples was 

observed. Some of the bacterial population 

significantly changed on monthly temporal 

scale but no clear-cut concluding pattern 

was seen. There was significant difference 

at the bacterial taxonomic level was 

observed between the untreated and 

treated wastewater samples. The results 

were not promising but they indicated a 

possible correlation ship among the SARS-

CoV-2 gene concentration and bacterial 

population and dynamics. Therefore, 

further investigation is required 

considering different influencing factors 

such as sampling timing, sewage flow rate, 

treatment process, and wastewater 

physico-chemical parameters.  

  

1.5.4 Wastewater based genomic 

surveillance of the SARS-CoV-2 
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The designated Variant of Concern (VoC: 

VOC-21APR-02; B.1.617.2) from 

wastewater samples has been identified 

using genomic surveillance approach.  The 

variants of concern (VOCs) can be more 

transmissible resulting in probably higher 

disease severity outcomes and are also 

known for reduced sensitivity to antibody 

neutralization.  

Therefore, WBE could be a useful method 

in early warning of the circulating novel 

variants and monitoring cryptic 

transmission of the SARS-CoV-2. Also, real 

time monitoring of the pandemic 

progression and helping the decision 

support system for public health 

interventions.   

 

1.5.5 Prevalence of antidrug resistance 

(ADR) in ambient water samples 

Non-fluoroquinolone drugs showed overall 

more resistance as compared to 

fluoroquinolone drugs. Tetracycline 

followed by norfloxacin has shown more 

resistance as compared to the other drugs. 

Despite a decrease in the prevalence of E. 

coli on the sampled river locations, the 

percentage resistance had been 

significantly increased in the year 2020 

compared to year 2018. The increased 

consumption of antimicrobials in the 

pandemic period, the percentage of 

antidrug resistance has been increased 

significantly. Wastewater based 

epidemiology can be the key tool to 

monitor the antimicrobials prevalence and 

antidrug resistance in the pandemic 

situations. 

 

1.6  Utility of knowledge  

The result findings will help in providing: 

a. Interactive publicly accessible genome 

concentrations data on web with a week 

lag for general public and three-day lag to 

public health workers, policy makers and 

water managers. 

b. Longer time-series data to be used for 

various modelling and risk evaluation 

study. 

c. An additional way to understand the 

efficacy of vaccine. 

d. Resolution with signs indicative of 

temporal variation in COVID-19 patient 

loadings. 

e. Developing advisory in the context of 

rapid-testing, number of testing, 

community clearance, hotspot 

identification, vaccine need identification 

zones as well as, to stay at home the 

accurate scale of the pandemic must use 

the environmental surveillances of SARS-

CoV-2 in wastewater to supplement the 

individual testing and timely identification 
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2. Introduction 

2.1 Introduction and Rationale 

The global pandemic caused by severe 

acute respiratory syndrome 2 (SARS-CoV-

2) disease has led to more than 11 million 

people in India alone by February 22nd, 

2021 (WHO, 2020). A large number of 

asymptomatic patients exerted a never 

seen challenges over the actual estimation 

of disease spread based on clinical 

surveillance (Rimoldi et al., 2020; Medema 

et al., 2020). Also, the high prevalence of 

asymptomatic infectious persons is a 

matter of concern that raises doubt on the 

available data of active cases based on a 

clinical survey (Rimoldi et al., 2020; 

Medema et al., 2020). Therefore, 

alternative approaches such as 

wastewater-based epidemiology (WBE) 

are gaining recognition, and surveillance of 

SARS-CoV-2 transmission and real-time 

trend monitoring is being endorsed to 

trigger pandemic responses by scientific 

communities (Medema et al., 2020; 

Randazzo et al., 2020). The SARS-CoV-2 

virus replicates in epithelial cells of alveoli 

and enterocytes of the intestinal lining in 

human beings due to the expression of 

ACE2 receptor resulting in respiratory 

illness and gastro-intestinal symptoms 

such as vomiting and diarrhoea (Ni et al., 

2020; Kumar et al., 2020; Gupta et al., 

2020; Zhang et al., 2020; Xiao et al., 2020). 

The clinical symptoms of SARS-CoV-2 

infection include cough, breathing 

problems, diarrhoea, and fever. Different 

studies suggest that 48–67% of deceased 

persons exhibited SARS-CoV-2 RNA in the 

stool (Chan et al., 2020; Cheung et al., 

2020; Parasa et al., 2020; Wong et al., 

2020). 

 Due to the presence and extended 

excretion of SARS-CoV-2 RNA in the faecal 

matter of pre-symptomatic and deceased 

persons, WBE is gaining attention 

worldwide to monitor COVID-19, 

particularly in the developing economies 

with poor health infrastructure. An earlier 

investigation on COVID-19 patients 

revealed the prevalence of SARS-CoV-2 

RNA in the stool of a larger population 

(48.1%) than patients with gastro-

intestinal symptoms (17%) (Cheung et al., 

2020). The latter study suggested that 

asymptomatic persons together with 

symptomatic persons, discharge viral 

particles in the excreta finding their way to 

sewage treatment plants. Interestingly, 

18–45% of patients lack symptoms in the 

case of COVID-19 infection but are capable 

of transmitting the disease and can 

adversely affect the actual containment of 

COVID-19 (Lavezzo et al., 2020; Yang et al., 

2020; Mizumoto et al., 2020; Nishiura et 

al., 2020). Haver and co-workers (2020) 

reported 6 to 24 times higher infection 

among asymptomatic and mild 

symptomatic individuals than confirmed 

cases at ten different sites in the United 

States based on surveillance of antibodies 

to SARS-CoV-2. 

The wastewater encompasses 

SARS-CoV-2 RNA from both asymptomatic 

and symptomatic patients; therefore, WBE 

may prove its worthiness for COVID-19 

surveillance to forecast the overall 

pandemic situation. WBE may help in 

identifying the hotspots and tuning the 

public health initiatives that will give 
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preparatory time to the regulatory bodies 

to handle the adverse situation. Further, 

WBE could provide an early warning of 

possible re-outbreaks and seasonal 

outbreaks in the future. The occurrence of 

SARS-CoV-2 RNA in wastewater has widely 

been reported from all corners of the 

world, including Spain, France, Italy, China, 

Netherlands, Australia, India, and Japan 

(Randazzo et al. 2020; Wurtzer et al., 2020; 

Zhang et al., 2020; Medema et al., 2020; La 

Rosa et al., 2020; Ahmed et al., 2020; Hata 

et al., 2020; Kumar et al., 2020, 2021). 

Although the sensitivity of WBE is 

comparatively less than clinical trials and 

largely depends on the viral load in the 

patient’s faecal matter, earlier clues and 

wide acceptability of WBE suggest that this 

approach could be superior to clinical 

surveillance for the early prediction of 

COVID-19 status for highly populated 

places (Medema et al., 2020; Randazzo et 

al., 2020; La Rosa et al., 2020). Therefore, 

to evaluate WBE’s potential as an early 

prediction tool for COVID-19 pandemic, it 

is essential to explore the correlation 

between the SARS-CoV-2 genetic load in 

wastewater and the number of cases at the 

district level in each country. 

 

2.2 Potential transmission through 
wastewater 

The awareness of the potential risk of 

SARS-CoV-2 from wastewater has 

increased since RNA detection of SARS-

CoV-2 in wastewater reached public 

domains. Recently, possible transmission 

of COVID-19 from sewage was reported by 

a cohort study in Guanzhou, China (Yuhan 

et al., 2020). Although the occurrence of 

fecal-oral route transmission and potential 

community spread associated with 

untreated/treated wastewater, e.g., reuse 

of wastewater (inbuilt environments), 

aerosols of wastewater potentially 

exposing WWTP workers, sludge transfer 

activities, irrigation and recreational 

activities in wastewater-impacted waters, 

is still being debated (Barcelo et al., 2020 

a,b; Lavezzo et al., 2020). However, there 

are growing concerns about the exposure 

risk of SARS-CoV-2 in natural water bodies 

that receive treated effluent from 

wastewater treatment plants (WWTPs), 

among citizens, administrative sectors, and 

policymakers. Because of the limited prior 

knowledge, the fate of SARS-CoV-2 from 

wastewater treatment to the water 

environment is still being scholarly 

speculated in a qualitative manner.  

 

2.3 Removal of SARS-CoV-2 
wastewater from wastewater 
treatment plants (WWTPs) 
 
To date, we have gained knowledge on 

many aspects of Severe Acute Respiratory 

Coronavirus 2 (SARS-CoV-2), especially on 

transmission, monitoring, analytical 

techniques, prognosis, diagnosis, models, 

and management aspects. However, the 

infectivity of SARS-CoV-2 RNA in 

wastewater, owing to viral shedding of 

infected symptomatic/asymptomatic 

patients, and their transmission remains 

under debate (Buitrago-Garcia et al., 

2020). Potential community transmission 

associated with untreated/ treated 

wastewater, e.g., reuse of wastewater 

(inbuilt environments), aerosols of 

wastewater potentially exposing WWTP 
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workers, sludge transfer activities, 

irrigation and recreational activities in 

wastewater-impacted waters, is still being 

debated (Barceló et al., 2020a, b; Lavezzo 

et al., 2020). The two main obstacles are i) 

whether the viral genome load in 

wastewater is viable, and ii) whether 

wastewater treatments can completely 

remove SARS-CoV-2 RNA? (Balboa et al., 

2021; Haramoto et al., 2020; Rimoldi et al. 

,2020; La Rosa et al., 2020). 

In general, wastewater surveillance of 

SARS-CoV-2 has focused on early-warning 

capability verifications [Ahmed et al., 2020; 

Kitajima et al., 2020; Kumar et al., 2020a, 

b) or protocol improvement through 

comparing various techniques of 

concentration and precipitations 

(Sherchan at al., 2020; Prevost et al., 2020; 

Lodder et al., 2020), and solid-aqueous 

interactions from sludge and virus 

interaction perspectives. However, since 

the beginning, subtle parallel efforts were 

there to check the SARS-CoV-2 RNA 

presence in secondary- and tertiary 

treated wastewater. Apart from several 

reports neglecting the presence of SARS-

CoV-2 in treated water, Randazzo et al., 

2020 confirmed 11% (2 out of 18) of 

secondary- and 0% (0/12) tertiary-treated 

water samples positive for SARS-CoV-2 

RNA. Haramoto et al., (2020) detected as 

many as 2400 gene copies/L of SARS-CoV-

2 RNA in secondary-treated wastewater, 

whereas raw wastewater samples were 

not positive with SARS-CoV-2, owing to the 

difference of sample amounts taken for 

filtration i.e. 200 mL for raw wastewater vs 

5000 mL for secondary-treated 

wastewater. They also tested river 

samples, but no positive samples could be 

traced. Interestingly, they reported that 

20% of secondary-treated wastewater 

samples that were found positive could not 

show the presence of S and ORF1a genes 

but the N-genes. 

By 2021, more efforts started pouring, 

which tried to screen the treated water like 

Westhaus et al., (2020) reported modest 

SARS-CoV-2 removal from all three 

monitored conventional activated-sludge-

based WWTP plants. They pointed out that 

the plant with full-scale ozonation 

illustrated a relatively better reduction of 

SARS-CoV-2 fragments in the effluent; and 

recommended to include membrane-

based WWTP plant for future studies. On 

the other hand, Hasan et al., (2020) 

reported no positive results after 

monitoring 11 WWTPs effluents. They 

concluded that the treatment technologies 

used in the UAE were efficient in degrading 

SARS-CoV-2, and confirming the safety of 

treated water in the country for reuse. 

Similar results were reported by Balboa et 

al (Balboa et al., 2020) after observing 

WWTP in Spain for few days in both 

effluent and treated sludge. 

 

We performed two months of monitoring 

for SARS-CoV-2 genes in untreated and 

treated wastewater samples, collected 

from two mechanically different treatment 

plants, viz. conventional activated sludge 

(CAS) process (Sargasan) and root zone 

treatment (RZT) (academic institution) 

located in Gandhinagar, India. Our main 

objectives were to: i) compare and 

evaluate the removal efficacy of SARS-CoV-

2 by CAS and RZT processes through 

months-long influent and effluent 

monitoring; and ii) study temporal 
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variations in the removal efficacy of a given 

treatment process in the backdrop of 

active COVID-19 cases. We wish to add 

significant pertinent knowledge related to 

the actual and varying capabilities of one 

conventional and another zero-discharge 

trending root-zone treatment systems, so 

that infectivity can be adequately 

understood and appropriate information 

disseminated to the community. Our study 

is vital as transmission routes in the 

developing countries are many, owing to 

less prevalent, unproperly managed sewer 

systems that lead to wastewater leakages, 

occurrences of open defecation and 

common sewer overflow (CSO) situations. 

  
 
2.4 Wastewater- based 
epidemiology (WBE) and genomic 
surveillance approach 
 

Genomic signature of the SARS-CoV-2 can 

be deciphered through wastewater-based 

epidemiology (WBE) and genomic 

surveillance approach. The World Health 

organization (WHO) recognizes the 

environmental sewage surveillance 

strategies for the monitoring and detection 

of the viral pathogens in circulation. Even 

though it is challenging due to the sample 

heterogeneity and complex nature of the 

samples with fragmented nucleic acids. 

However, it remains a powerful tool for the 

detection, identification, prediction and 

development of an early system for the 

pathogen outbreaks surveillance to 

support the public health interventions. 

Pathogen in sewage and wastewater 

treatment sites can be helpful in 

development of the early warning systems. 

Further, it will be helpful in identification of 

the areas with higher prevalence of the 

virus in circulation among populations to 

aid in the non-pharmaceutical 

interventions (NPIs).  

SARS-CoV-2 can persist in water 

droplets in the form of aerosols and raises 

several concerns on mode of transmission 

especially in clinical settings, hospitals and 

high-risk zones even though less 

quantifiable and definite evidence are 

difficult to prove otherwise. Further, 

investigation is required to conclusively 

determine the nature and extent to which 

it can be transmissible and cause 

infections.  

Evidences are required to establish 

the hypothesis of the transmission of the 

SARS-CoV-2 from the wastewater sites or 

fecal-oral transmission routes, which 

remains debatable. In a study from 205 

patients from China, published in early 

March 2020 by Wang et al. speculated the 

transmission of the SARS-CoV-2 via fecal 

route. Infection control guidelines 

remained silent on the airborne 

transmission of the SARS-CoV-2 until 

recently, whereas the Centre for Disease 

Control (CDC), USA updated the scientific 

briefing on 7th May, 2021 on the 

transmission modes of SARS-CoV-2. The 

virus containing large droplets remains 

suspended in air for minutes to hours and 

can be a possible source of transmission.  

China sequenced and submitted a 

total of five environmental samples 

collected from the Huanan Seafood Market 

in Wuhan, Hubai with collection date 1 Jan, 

2020 in the GISAID server. Some of the 

genomes were also sequenced from outer 

packaging of cold chain products in 
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Shandong province, China in September, 

2020. Further, Bangladesh reported 23 

genomes sequenced from the currency 

note swab samples in the month of August 

and September, 2020 collected from the 

local transportation, grocery shops and 

restaurants. While, United Arab Emirates 

(UAE) sequenced SARS-CoV-2 genome 

from the samples collected from washing 

table (stainless steel) swab in a bakery in 

December, 2020. Similarly, SARS-CoV-2 

genomes from Austria were sampled from 

the sewage and wastewater treatment 

plants. Similarly, SARS-CoV-2 genomes 

were also sequenced from non-primate 

hosts and submitted to the GISAID server. 

The coverage and quality of these datasets 

is of varying degree in terms of quality of 

the sequenced genomes due to several 

factors in the environmental samples. Still, 

it is debatable and there is lack of direct 

scientific evidence to conclude whether a 

person can get SARS-CoV-2 infection from 

wastewater samples.   

 
To the best of our knowledge no 

new variant of SARS-CoV-2 has been 
reported from the wastewater samples. 
Keeping in mind the early and prolonged 
excretion of SARS-CoV-2 virus in 
wastewater, it is imperative to search for a 
new SARS-CoV-2 variant in wastewater 
that would not only help in identifying new 
variants but also help in better 
understanding of the pandemic situation 
and tuning the public health intervention.  

 

2.5 Antidrug resistance in ambient 
water samples of Ahmedabad 
during the COVID-19 pandemic 

The exponential rise in the consumption of 

antimicrobials in various applications such 

as medical, veterinary, domestic and 

agricultural and their leak to aquatic 

ecosystems has caused the global 

prevalence of antidrug resistance (ADR), 

which is being considered a major threat to 

public health (Rodriguez-Mozaz et al., 

2015; Chatterjee et al., 2010; Baker-Austin 

et al., 2006). The rate of consumption of 

certain antimicrobials has escalated during 

the COVID-19 pandemic in an effort to 

minimise the risk of severe infections and 

mortality (Miranda et al., 2020; Liu et al., 

2020). Around 70% of COVID-19 patients 

have received antimicrobial treatment 

along with overuse of various antibiotics 

despite only 10% on average show 

microbial infections (Hsu, 2020). As most of 

the consumed drugs and their metabolites 

are excreted through urine and faeces, 

their discharge to aquatic environments 

depends on the removal efficiency of the 

WWTPs (Azuma et al., 2012; Takanami et 

al., 2010; Kumar et al., 2020a). If the 

WWTP clearing rate is low, microorganisms 

exposed to antimicrobials and metabolites 

develops mutations causing ADR (Guo et 

al. 2018, Kumar et al., 2020a). Thus, the 

increased use of antimicrobials in the 

current pandemic will probably pose an 

increased risk in terms of ADR during post 

COVID-19 as concerned by a number of 

recent studies (Kuroda et al., 2021; Lucien 

et al., 2021; Hsu, 2020; Kumar et al., 2020a; 

Asaduzzaman et al., 2020). Therefore, it is 

imperative to assess the effect of 

imprudent consumption of antimicrobial 

substances (ABS) during the COVID-19 

pandemic. 
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2.6 Objectives 

Following the proven concept and 

capabilities of detecting the RNA of Severe 

Acute Respiratory Coronavirus 2 (SARS-

CoV-2) in wastewater, it is imperative for 

the adoption of WBE on the policy level, 

which has been for some reason still 

delayed in the major parts of the globe. 

Under the light of above discussion, the 

objectives of the present study aimed at: i) 

To detect and quantify variation in the 

genetic material of SARS-CoV-2 in the 

various wastewaters of Ahmedabad to 

understand pandemic situation; ii) To have 

a weekly resolution of the data for three 

months in genetic material loadings in the 

various wastewater treatment plants of 

Ahmedabad; iii) To establish applicability 

of WBE for COVID-19 surveillance as a 

potential tool for public health monitoring 

at the community level; iv) To understand 

the pathogen diversity (viral and bacterial) 

from wastewater in order to establish early 

sign of WBE as prediction tool. 

 Apart from the approved 

objectives, we have performed further 

studies for better understanding and 

effective management of COVID-19 like 

pandemic/ epidemic condition. The 

objectives are as follows:   

a.) Comparison and evaluation of the 

removal efficacy of SARS-CoV-2 by 

conventional activated sludge (CAS) 

and root zone treatment (RZT) 

processes through two months-long 

influent and effluent monitoring.  

 

b.) Wastewater based genomic 

surveillance of SARS-CoV-2 (whole 

genome sequencing) to get an idea 

about mutants. 

 

c.) To assess the effect of imprudent 

consumption of ABS during the COVID-

19 pandemic, comparison of the 2020 

prevalence of antidrug resistance (ADR) 

of Escherichia coli (E. coli) with a similar 

survey carried out in 2018 in 

Ahmedabad, India using SARS-CoV-2 

gene detection as a marker of ABS 

usage. 
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3. Methodology 

3. 1 Study area for WBE study 

Ahmedabad is the seventh largest city in 

India and the second biggest trade centre 

in the western Indian region, with a 

population of 5.5 million (Census, 2011). It 

has a 1523 km sewage network assisted 

with forty-three sewage pumping stations. 

The present existing treatment capacity of 

the wastewater treatment plant in the city 

is 670 MLD in 2007 which is likely to be 

extended to 1075 MLD by 2021 

(https://web.worldbank.org/archive/webs

ite01409/WEB/IMAGES/2010_1_1.PDF 

AMC Report). There are 84 urban health 

centres present in different ward in 

Ahmedabad (AMC, 2021).  

 

3. 2 Sampling approach for WBE 

In order to achieve the objective; firstly, 

the entire city was divided based on 

urban/rural as well as north and south to 

the Sabarmati River- the major river that 

dissects the city; and 29 locations had been 

chosen in association with Gujarat 

Pollution Control Board (GPCB) officials. 

We observed the data variations of 29 

locations for the first four weeks. 

Thereafter, based on the significance of 

the variations within the data-set, we fixed 

thirteen locations to continue monitoring 

including nine different locations for the 

wastewater (eight wastewater pumping 

stations and a single sewage treatment 

plant) (Fig. 1); and four surface water 

locations (three lakes and one river 

sample).  In the present study, we reported 

weekly data of wastewater samples 

collected from nine different locations for 

thirteen weeks during September to 

November 2020.  

A total of 116 samples were analyzed in the 

present study to detect SARS-CoV-2 RNA 

from nine different sites, comprising 103 

samples from eight wastewater pumping 

stations and 13 samples from a single 

sewage treatment plant in Ahmedabad, 

India. All the samples were collected by 

grab hand sampling using 250 ml sterile 

bottles (Tarsons, PP Autoclavable, Wide 

Mouth Bottle, Cat No. 582240, India). 

Simultaneously, blanks in the same type of 

bottle were examined to know any 

contamination during the transport. The 

samples were kept cool in an ice-box until 

further process. The analysis was 

performed on the same day after bringing 

the samples to the laboratory. All the 

analyses were performed in Gujarat 

Biotechnology Research Centre (GBRC), a 

laboratory approved by the Indian Council 

of Medical Research (ICMR), New Delhi. 

 

3.3 Detection and extraction of viral 

RNA from wastewater samples 

3.3.1 Precipitation of viral particle 

30 mL samples were centrifuged at 4000×g 

(Model: Sorvall ST 40R, Thermo Scientific) 

for 40 minutes in a 50 mL falcon tube 

followed by filtration of supernatant using 

0.22-micron syringe filter (Mixed cellulose 

esters syringe filter, Himedia). After 

filtrating 25 mL of the supernatant, 2 g of 

PEG 9000 and 0.437 g of NaCl (17.5 g/L) 

were mixed in the filtrate, and this was  

https://web.worldbank.org/archive/website01409/WEB/IMAGES/2010_1_1.PDF
https://web.worldbank.org/archive/website01409/WEB/IMAGES/2010_1_1.PDF
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incubated at 17°C, 100 rpm overnight 

(Model: Incu-Shaker™ 10LR, Benchmark). 

Next day, the mixture was centrifuged at 

14000×g (Model: Kubota 6500, Kubota 

Corporation) for about 90 minutes. The 

supernatant was discarded after 

centrifugation, and the pellet was 

resuspended in 300µL RNase-free water. 

The concentrated sample was kept in 

1.5ml eppendorf at -40 °C, and this was 

further used as a sample for RNA isolation.  

 

3.3.2 RNA isolation, and RT-PCR 

RNA isolation from the pellet with the 

concentrated virus was performed using 

NucleoSpin® RNA Virus isolation kit 

(Macherey-Nagel GmbH & Co. KG, 

Germany). The samples were spiked with 

MS2 phage as an internal control prior to 

the RNA extraction provided by 

TaqPathTM Covid-19 RT-PCR Kit. Some 

other specifics are, a) the nucleic acid was  

 

 

extracted by NucleoSpin® RNA Virus 

isolation kit and Qubit 4 Fluorometer 

(Invitrogen) was used for the total RNA 

concentrations estimation, b) MS2 phage 

was taken as a molecular process inhibition 

control for evaluating the efficiency of 

nucleic acid extraction and PCR inhibition. 

(MPC; Haramoto et al., 2018). Briefly, steps 

were carried out as per the guideline 

provided with the product manual of 

Macherey-Nagel GmbH & Co. KG, and 

RNAs were detected using reverse 

transcription PCR (RT-PCR).  

Applied Biosystems 7500 Fast Dx RT-PCR 

Instrument (version 2.19 software) was 

used for SARS-CoV-2 gene detection. In the 

process, the probes anneal to three 

specific target sequences located between 

three unique forward and reverse primers 

for the N, ORF 1ab, and S genes. A template 

of 7 µl of extracted RNA was used in each 

reaction with TaqPath™ 1 Step Multiplex 

Master Mix (Thermofischer Scientific, 

USA). Total reaction mixture volume of 20 

8

Gujarat

INDIA
Ahmedabad City

Fig. 1 Geospatial position of sampling locations in Ahmedabad city 
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µL contained 10.50 µL Nuclease-free 

Water, 6.25 µL Master Mix, and 1.25 µL 

COVID-19 RT-PCR Assay Multiplex. Three 

controls were used, namely: positive 

control (TaqPath™ COVID 19 Control), one 

negative control (from extraction run 

spiked with MS2), and no template control 

(NTC). The RT-PCR contained 1 incubation 

step cycle of 25°C & 2 minutes, 1 cycle of 

reverse transcription 53°C & 10 minutes, 1 

cycle of activation 95°C & 2 minutes, and 

40 cycles of amplification, including 

denaturation at 95°C for 03 seconds and 

extension 60°C for 30 seconds. Finally, 

results were interpreted using Applied 

Biosystems Interpretive Software, and Ct 

values for three target genes i.e., ORF1ab, 

N Protein, and S Protein of SARS-CoV-2  

along with MS2 used as an internal control.  

 

3.3.3 Gene copy estimation: Quality 
Control and Quality Assurance 

The samples were considered as positive if 

at least two of the three primer probe sets 

showed amplification. The average Ct-

value of a given sample was then 

converted to gene copy numbers 

considering the equivalence of 500 copies 

of SARS-CoV-2 genes as 26 Ct-value 

(provided with the kit), and the same was 

extrapolated to derive approximate copies 

of each gene. In this semi-quantitaive 

method to provide the gene concentration, 

the calibration curve was prepared based 

on the well-established principle of 3.3 CT 

change corresponding to a 10-fold gene 

concentration change. The average 

effective gene concentration of SARS-CoV-

2 present in a given sample was calculated 

by multiplying the RNA amount used as a 

template with the enrichment factor for 

each sample. In addition, we had 

calculated the gene copy numbers based 

on the positive control provided with kit 

i.e., 104 copies/µl and the final 

concentration of 25 copies per reaction. 

The positive control was providing the 

same ct values for all 3 genes, and relative 

to the Ct values of genes of positive 

controls, copy numbers have been 

calculated in test samples of different 

sources.  The effective gene concentration 

is considered as “zero” when RT-PCR 

results were positive for only one gene out 

of three in the wastewater sample. The 

limit of detection has been set to 40 

amplification cycle (Ct=40) in the RT-PCR 

analysis. The effective gene concentration 

was calculated by averaging the gene 

copies of all three genes in a particular 

sample. 

Due to various constraints, samples 

were analyzed in duplicate, considering 

that the samples were analyzed in the 

batch accompanied with negative and 

positive controls, and each sample was 

spiked with known concentrations of MS2. 

In the event of any variations (among 

duplicate and controls) of more than 10%, 

samples were re-analyzed. It is worth 

noting that the primer efficiency of 

different genes will be slightly varied 

according to the primer sequence. Based 

on several hundreds of RTPCR run, it was 

found that the positive control was robust 

enough to provide the same Ct values for 

all three genes, implying no evident 

difference between the primer efficiency. 

We report both primary Ct-values and 

derived gene copies relative to the Ct 

values of positive controls for both 
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individual genes and effective SARS-CoV-2 

gene concentration.  

 

 

 

3.4 Epdemiological information, 
data collection and interpretation 
 

The data of affected people and their 

locations were obtained from the 

governmental mobile application ‘Arogya 

Setu’ which is published as Ahmedabad 

COVID-19 community vulnerability map 

published by SustainAbly and Accion Land 

Pvt. Ltd, accessible at 

http://google.org/crisismap/a/gmail.com/

amdcovid19. ‘Aarogya Setu’ mobile 

application was launched by the Ministry 

of Electronics and Information Technology 

of the Indian government for collecting 

data pertaining to tracing, syndromic 

mapping and self-assessment on COVID–

19. This application reached more than 100  

 

 

million installs in 40 days (Arogya setu, 

Wikipedia 2021). Other information was 

obtained from the Ahmedabad city portal 

accessed using link 

https://ahmedabadcity.gov.in/portal/web

?requestType=ApplicationRH&actionVal=l

oadCoronaRelatedDtls&queryType=Select

&screenId=114. Several other 

informations can be accessed using 

https://ahmedabadcity.gov.in/portal/jsp/

Static_pages/water_project.jsp . 

Statistical Package for the Social 

Sciences (SPSS 21) has been used for 

hypothesis testing through Analysis of 

variance (ANOVA) and Duncan's Multiple 

Range Test (DMRT). The OriginPro 2019b 

Fig. 2 Methodology of sample preparation, virus concentration, RNA extraction 

and RT-PCR 

https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/jsp/Static_pages/water_project.jsp
https://ahmedabadcity.gov.in/portal/jsp/Static_pages/water_project.jsp
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data analysis software has been used to 

draw boxplots. 

 

3.5 SARS-CoV-2 RNA removal from 
wastewaters  

We investigated wastewater samples 

collected from conventional activated 

sludge (CAS) based treatment plant 

situated at the Sargasan ward of 

Gandhinagar (Sargasan WWTP), and from 

the root-zone treatment plant of an 

academic institution located in 

Gandhinagar, both located in Gujarat, 

India.   

At the two WWTPs, influent and effluent 

wastewater samples were initially 

collected biweekly, then weekly for two 

months, from August to September 2020. 

Twenty-one grab samples, representing 

the treatment plant inlets and outlets of 

both treatment plants, were collected 

every Monday of the week at 10 am and 

placed into 250-ml sterile bottles (Tarsons, 

PP Autoclavable, Wide Mouth Bottle, Cat 

No. 582240, India). Simultaneously, blanks 

were included to check for contamination 

during travel. The samples were kept cool 

in an ice-box until analysis. All laboratory 

analyses were performed on the same day 

and included duplicates to ensure accuracy 

and precision. It is imperative to note that 

we evaluated the removal of SARS-CoV-2 

RNA by wastewater treatment methods, 

including disinfection. It is therefore, final 

effluent was sampled after the disinfection 

process, which is essential in the context of 

risk assessment of SARS-CoV-2 in receiving 

water. 

3.6 Metagenome analysis of the 
prokaryotic 16S ribosomal RNA 
gene 

 

3.6.1 16S Metagenomics Kit Sequencing 
using Ion Torrent PGM 

The 16S region was amplified with 16S Ion 

Metagenomics Kit ™ (Life Technologies) by 

2 separate PCR reactions using primer set 

V3 and V4 hypervariable or V regions of the 

16S rRNA. Equal volumes of V3 and V4 

amplification reactions were combined. 

Fifty nanograms of combined amplicons 

were processed to make the DNA library 

using Ion Plus Fragment Library Kit ™ and 

Ion Xpress Barcodes Adapters, 1–16 ™ (Life 

Technologies, Grand Island, NY). Adapter-

ligated and nick-repaired DNA was 

amplified with the following steps: 1 cycle 

of 95°C for 5 min; 5 cycles of 95°C for 15sec, 

58°C for 15 sec, 70°C for 1 min; hold at 4°C. 

Each step was followed by purification 

using 1.4 volumes of Agencourt AMPure 

beads (Beckman Coulter, Inc, Atlanta, 

Georgia) and eluted in low Tris-EDTA 

buffer. Size and quantity of processed 

libraries were evaluated with DNA high 

sensitivity kit in 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA.). Each 

sample was adjusted to 26 picomolar 

concentration. Equal volumes of all 

samples of Ahmedabad were combined 

and processed with One-Touch 2 and One-

Touch ES systems (Life Technologies, 

Grand Island, NY) according to the 

manufacturer’ instructions. Sequencing 

was performed on the Ion Personal 

Genome Machine (PGM) using 400-bp kit 

and 316 v2 chip. 
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Base calling and run demultiplexing were 

performed by Torrent Suite version 4.4.2 

(Life Technologies, Grand Island, NY) with 

default parameters. FileExporter version 

4.4.0. 0 (Life Technologies, Grand Island, 

NY) was used to generate demultiplexed 

fastq files for each sample. Mean read 

length for both forward and reverse reads 

ranged between 235bp to 238 bp for all 

samples. 

 

3.6.2 Data processing and preparation 

The data pipeline can be described in 3 

steps for this work. Pre-processing includes 

quality filtering and length filtering, adding 

read labels in order to mimic non-

demultiplexed data for downstream 

analysis, and concatenating reads into one 

file. The second step involves dividing 

reads into 2 subsets of the 2 hypervariable 

regions. This step begins with aligning the 

reads to the Silva Database using Mothur, 

separating reads into forward and reverse, 

and binning reads based on start and stop 

coordinate from the Mothur alignment. 

The third step, Operational Taxonomic 

Units (OTU) clustering and taxonomic 

assignment, includes trimming reads and 

removing chimeras, clustering reads into 

OTUs and assigning taxonomy using 

Quantitative Insights into Microbial 

Ecology (QIIME). Finally, OTUs were 

compared across different V regions. 

Future work will be to develop a consensus 

OTU table, if possible, taking into account 

OTUs from each region. 

3.7 Genomic surveillance for SARS-

CoV-2 variants in wastewater 

3.7.1 Library preparation, sequencing and 

data analysis 

RNA was extracted as described in our 

previous studies (Kumar et al., 2020; 2021) 

in that, we enrich the virus particles using 

polyethylene glycol (PEG) method. The 

extracted RNA was subjected to cDNA 

synthesis using SuperScript-III First-Strand 

Synthesis System (Invitrogen/Thermo 

Fisher Scientific). For library preparation, 

we used Ion AmpliSeq Community SARS-

CoV-2 panel and Ion AmpliSeq library kit 

Plus (Invitrogen/Thermo Fisher Scientific). 

Quality of the library was checked on 

Bioanalyzer (Agilent 2100) using DNA High 

Sensitivity (HS) Kit (Agilent). Sequencing 

was carried out on Ion S5 Plus System 

(Thermo Fisher Scientific) on 530 Chip and 

400 bp chemistry.  

 

3.7.2 Data filtering, trimming and genome 

assembly 

All raw sequences were processed using 

the PRINSEQ-lite v.0.20.4 for quality 

filtering. Reads were trimmed from the 

right where the average quality of the 5 bp 

window was lower than QV25, 5 bp from 

the left end was trimmed. Reads with 

length lower than 50 bp with average 

quality QV25 were filtered. Quality filtered 

data were assembled using reference-

based mapping using CLC Genomics 

Workbench version 12.0.3. Mapping tracks 

were used for variant calling and 

identification of the mutations. 

Haplotyping of the assembled genomes 

were carried out based on the 80% (Major 

allele) and 20% (Minor allele) frequency. 

These variants were verified and 
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confirmed using Integrative Genomics 

Viewer (IGV) after manual curation. 

Further, Pango-Lineages were identified 

using the pango-lineage classification 

system (https://cov-lineages.org/).  

The key challenges in wastewater based 

genomic surveillance of the SARS-CoV-2 

are: i) primer biases and sensitivity issues 

were observed and remains a plausible 

concern; ii) sample collection timing and 

intervals are critical parameters for 

optimal surveillance strategy; iii) 

assessment of the SARS-CoV-2 for the 

viability in cell cultures and infectivity; iv) 

effect of physicochemical wastewater 

treatment process on the false positive and 

negative detection limits 

 

3.8 Antidrug resistance study in the 
Indian ambient waters 

 

3.8.1 Sample collection and ADR analyses 

The water samples were collected from 6 

different locations of Ahmedabad city on 

23rd June 2018, and 16th October 2020. 

Two locations on the stretch of Sabarmati 

River: Nehru Bridge (NB) and Sardar Bridge 

(SB); two lakes: Kankariya Lake (KL) and 

Chandola Lake (CL), and two WWTP 

locations: Chandkheda (inlet: CI and outlet: 

CO) and Vasna, also known as Juhapura 

(inlet: VI and outlet: VO), selected to assess 

ADR. For SARS-CoV-2 gene detection, a 

total of 10 locations were selected to 

represent various zones of the city that 

comprises all ADR sampling locations. We 

kept ADR locations low to match the 

number of locations tested in 2018 (Ram 

and Kumar, 2020). The geographical details 

about the selected locations are well 

described in our previous study by Ram 

and Kumar (2020). Sterile bottles (Tarson-

546041) of medical grade were used to 

collect the samples, which were then kept 

in iceboxes until arrival at the laboratory. 

For on-site measurement of pH, EC, ORP, 

TDS and salinity, a multi-parameter probe, 

HANNA HI9828 was used. The procedure 

for testing the isolation of E. coli for ADR is 

likewise described in Ram and Kumar 

(2020). Briefly, the water samples were 

filtered through membranes with 0.45-μm-

pore size, and E. coli trapped by the 

membranes were incubated on 

Chromocult® Coliform Agar ES (Merck 

Microbiology, Darmstadt, Germany). Each 

E. coli isolate was tested for susceptibility 

to six antibiotics (kanamycin, KM; 

tetracycline, TC; norfloxacin, NFX; 

ciprofloxacin, CIP; levofloxacin, LVX; and 

sulfamethoxazole, ST) by Kirby-Bauer 

method using PERLCORE® Sensitivity Test 

(ST) Agar (EIKEN Chemical Co., Ltd, Tokyo). 

 

3.8.2 SARS-CoV-2 RNA detection 

Same as described in Subsection 3.3 
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4. Result and Discussion 

We detected and quantified variation in 

SARS-CoV-2 RNA from wastewater samples 

for six months (September 2020 and 

February 2021) to understand the 

pandemic situation in Ahmedabad, 

Gujarat, India. Among the 224 samples 

analyzed in the study, 212 (94.6%) were 

found positive, comprising at least two 

positive RT-PCR results targeting SARS-

CoV-2 ORF1ab, S gene, and N gene assays 

(Table 1). In addition to this, 213/224 

(95.1%), 202/224 (90.2%), and 209/224 

(93.3%) samples showed positive RT-PCR 

results for N, ORF 1b and S genes, 

respectively. The distribution analysis of Ct 

values for different genes using boxplot is 

represented in Fig. 3. The average Ct values 

for N, ORF 1ab, and S genes were 32.11, 

32.74, and 33.14, respectively. The average 

Ct values of internal control (MS2 

bacteriophage) was 27.50, and no SARS-

CoV-2 genes were detected in the negative 

control samples. 

 

 

4.1 Monthly and Weekly Variations 

Monthly variation depicted a 

significant decline of 89.7, 63.7, and 90.1% 

in N, ORF-1ab, and S gene concentration 

(copies/L), respectively in October 

compared to September 2020, followed by 

a sharp increment in November 2020 i.e. 

~25 folds in N gene, ~22 folds in ORF 1ab 

and ~26 folds in S gene. The PCR products 

for all three genes were maximum in 

wastewater samples of November. The 

descending order of monthly variation in 

ORF 1ab gene concentration in wastewater 

samples was: November> September> 

December> January> October> February. 

Likewise, decreasing order of N and S 

genes in wastewater samples followed a 

similar pattern and found in order of 

November> September> December> 

January> February> October (Fig. 4 a-c). 

The genome concentration of SARS-CoV-2 

RNA was maximum in the month of 

November (~10729 copies/ L), followed by 

September (~3047 copies/ L), January 

(1810 copies/ L), December (1802 copies/ 

L), February (492 copies/ L) and October 

(453 copies/L). The rise in genome 

concentration in wastewater samples 

collected in November was in line with a ~ 

1.5-fold rise in the number of confirmed 

cases during the 3rd September 2020 and 

26th November 2020 (Fig. 4d).  

There had been a decline of 20.47% 

in active cases in October 2020 with 

respect to September, and a rise of 1.82% 

occurred in November 2020 compared to 

the preceding month i.e., October. While 

the increase of 1.82% in the active cases of 

November with respect to October is 

equivalent to a change of 59 cases (3,234 
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Fig. 3 Distribution of Ct values of SARS-CoV-

2 genes during the study period 
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cases on 1st November – 3,293 on 26th 

November); however, the same monthly 

change in the total confirmed cases  

between October and November has been 

of 14.1% due to addition of 6,019 new 

                                                       

                                                      

cases to the tally of October by 26th 

November, 2020. Also, a monthly decrease 

of 4.45% in recovered cases was noticed in 

November compared to October 2020. The 

monthly recovered new cases were 16.61, 

20.02, and 15.58% in September, October, 

and November 2020, respectively. Apart 

from that, people's casual and reluctant 

attitude during the festive season in India  

(mid-October to mid-Nov) might be the 

reason for the piercing rise in COVID-19 

cases. 

 

 

 

 

 

 

 

 

Fig. 4 Distribution of SARS-CoV-2 gene copies on a temporal scale (monthly variation) 
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3.09 10.09 17.09 24.09 0.1.10 8.10 15.10 22.10 29.10 5.11 12.11 19.11 26.11 14.12 21.12 28.12 4.01 8.01 11.01 15.01 22.01 29.01 8.02 15.02 22.02

Active Cases 3671 4168 4038 4252 4122 3614 3472 3451 3372 3283 3280 3362 3293 2998 2994 2930 2894 2848 2796 2552 1991 1478 855 544 548

SARS-CoV-2 Genes

N 19.9 120 0.36 1.56 7.99 2.84 1.23 30.8 ND 28.7 70.8 522.7 57.8 7.29 5.85 50.81 34.39 8.48 31.48 11.79 11.27 19.38 6.55 5.91 15.24

ORF 5.84 16 1.43 5.73 1.7 1.16 10 20.8 ND 3.86 104 783.2 44.4 6.06 2.31 24.44 9.75 6.59 3.69 6.51 12.91 3.12 ND 1.01 4.08

S 4.4 71.1 0.78 4.6 1.27 1.32 3.17 11.3 0.34 3.65 63.9 350.8 18.2 7.40 2.30 8.06 22.30 5.02 4.31 3.13 6.08 3.77 0.26 3.53 7.58

Genome 10.1 69.1 0.86 3.96 3.65 1.77 4.8 21 ND 12.1 79.5 552.2 40.1 6.92 3.49 27.77 22.15 6.69 13.16 7.14 10.09 8.76 2.27 3.48 8.97

N 3.18 310.4 9.8 5.4 6.61 3.73 2.17 0.68 0.17 64.2 33.1 471 124.7 22.50 4.34 433.41 13.64 27.00 24.21 12.03 65.62 15.55 4.09 5.07 1.97

ORF ND 51.9 41.7 14.8 0.86 ND 13.3 3.59 0.95 29.9 30.5 463.2 101.9 28.27 0.27 70.13 5.67 17.14 15.33 ND 5.92 ND ND 2.07 1.18

S 0.46 105 39.2 15.2 1.67 0.51 5.91 0.18 0.78 15.8 24.8 289.9 37.04 39.97 0.42 47.54 7.49 14.81 8.92 2.94 15.83 1.74 ND 1.19 1.68

Genome 1.22 155.8 30.2 11.8 3.05 1.41 7.14 1.48 0.63 36.6 29.4 408.1 87.9 30.25 1.68 183.69 8.93 19.65 16.15 4.99 29.13 5.76 ND 2.78 1.61

N 5 40.5 3.26 ND 12.1 0.27 0.23 0.55 0.3 8.69 12.6 99.8 39.1 2.21 8.90 25.69 26.03 21.90 8.57 23.51 56.48 32.00 ND 31.03 8.41

ORF 1.73 11.7 11.1 0.28 3.31 0.19 0.69 2.17 0.27 5.77 24.4 140.5 21.9 1.29 0.96 7.88 22.00 8.95 ND 5.10 8.85 ND ND 13.78 3.46

S 0.79 29.6 9.8 0.75 1.76 ND 0.66 2.78 0.69 3.52 27.2 118.9 9.93 1.74 0.58 0.84 10.72 6.32 3.97 6.44 22.38 ND 0.56 11.80 5.28

Genome 2.51 27.2 8.07 0.34 5.74 0.15 0.53 1.83 0.42 5.99 21.4 119.7 23.6 1.75 3.48 11.47 19.58 12.39 4.18 11.68 29.24 ND 0.00 18.87 5.72

N 12.4 100 3.07 1.37 2.15 2.37 0.87 0.96 ND 15.1 2.74 116.3 12 9.72 9.82 4.30 66.61 36.93 6.54 11.34 22.72 ND 9.20 11.00 23.27

ORF 4 30.4 9.74 4.13 0.65 0.24 3.9 5.17 ND 12.2 3.89 129.6 12.9 7.36 2.42 3.41 24.28 24.30 10.91 3.25 4.70 0.72 0.82 ND 11.41

S 3.14 86.6 10.4 4.57 1.2 ND 1.87 1.55 0.15 6.03 4.24 141.9 3.67 10.78 1.48 ND 57.41 14.26 2.74 6.03 19.12 ND 1.21 4.36 8.44

Genome 6.51 72.3 7.74 3.36 1.33 0.87 2.21 2.56 ND 11.1 3.63 129.3 9.5 9.29 4.57 2.57 49.43 25.16 6.73 6.88 15.51 ND 3.74 5.12 14.37

N 5.8 48.5 6.15 0.62 15.4 3.5 2.78 ND 0.15 8.3 NA 168.6 34.5 3.49 7.01 16.26 67.67 3.51 18.52 63.21 27.96 48.70 12.60 3.26 2.00

ORF 1.05 10.3 26.3 2.62 3.95 0.26 26.1 2.54 1.68 5.93 NA 172.7 28.3 1.38 5.68 5.13 2.18 2.54 6.17 25.12 13.69 1.30 ND 1.96 0.82

S 1.18 20.6 35.2 2.08 2.84 0.73 12.1 ND 0.47 2.17 NA 105.2 10.4 2.96 4.73 2.21 36.99 2.75 5.44 23.56 14.31 2.46 0.48 3.17 1.31

Genome 2.68 26.4 22.5 1.78 7.39 1.5 13.7 ND 0.77 5.47 NA 148.8 24.4 2.61 5.80 7.87 35.62 2.93 10.04 37.30 18.65 17.49 4.36 2.80 1.38

N 14.1 141.7 4.91 6.48 30.4 4.88 2.23 0.21 0.28 10.2 8.21 23.2 29.5 1.89 2.54 14.25 133.93 12.03 0.43 15.70 36.81 81.68 2.16 19.05 7.06

ORF 1.4 39.9 23 24.8 10.8 1.05 17.2 3.34 2.15 7.52 5.82 13.3 27.6 ND 1.04 3.24 47.25 6.37 1.05 11.76 19.64 ND 1.18 3.69 3.79

S 2 78 23.3 24.8 7.01 0.36 7.09 1.69 0.51 0.68 3.03 12.1 10.3 0.92 0.81 0.74 55.06 3.21 0.89 4.80 11.25 ND 0.52 3.23 5.49

Genome 5.82 86.5 17.1 18.7 16.1 2.1 8.85 1.75 0.98 6.15 5.69 16.2 22.5 0.93 1.46 6.08 78.75 7.20 0.79 10.75 22.56 ND 1.28 8.66 5.45

N 11 92.2 2.57 ND 20.6 ND 1.68 3.16 0.92 111.5 127.4 470.9 56.4 36.71 29.42 18.59 25.81 14.53 9.37 62.92 6.93 154.19 27.95 13.52 8.72

ORF 3.97 22.3 34.7 ND 6.44 ND 16.8 34.7 6.8 43.9 187.1 1049 17.1 19.94 15.57 18.03 6.22 1.67 6.31 77.78 5.20 2.07 2.85 5.21 2.24

S 6.23 51.1 37.3 ND 4.97 ND 5.98 11.6 2.52 18.5 105 374.5 11.7 12.11 4.87 17.30 4.18 0.30 4.02 23.70 8.78 5.37 3.61 2.56 4.06

Genome 7.06 55.2 24.9 ND 10.7 ND 8.15 16.5 3.41 57.9 139.8 631.5 28.4 22.92 16.62 17.97 12.07 5.50 6.57 54.80 6.97 53.88 11.47 7.10 5.01

N 38.1 427.5 5.84 1.69 22.7 0.29 2.2 ND 1.61 155.2 305.2 249.9 401.7 45.53 40.30 58.17 11.84 11.64 12.65 19.17 4.06 51.22 ND 4.02 ND

ORF 17.9 91.4 31 3.46 9.05 ND 21.3 40.5 8.38 132.5 512.1 277.8 305.5 24.79 15.90 29.69 15.43 5.61 2.94 12.41 5.76 3.11 ND ND ND

S 6.87 329.2 31.5 7.43 6.96 ND 8.57 0.15 3.36 69.3 316.5 206.4 131.7 21.61 8.32 46.51 7.44 2.45 3.71 11.55 1.95 10.33 0.30 ND ND

Genome 20.9 282.7 22.8 4.19 12.9 5.74 10.7 0.2 4.45 119 377.9 244.7 279.6 30.64 21.51 44.79 11.57 6.56 6.44 14.38 3.92 21.55 ND ND ND

N 13.2 110 3.12 0.87 10.3 0.8 0.22 2.02 0.46 23.9 28.5 34.7 15.2 1.39 26.20 10.31 6.05 24.35 38.47 15.01 8.67 92.96 7.35 6.82 4.79

ORF 7.94 35.4 15.5 0.13 4.63 0.14 7.7 17.2 2.14 6.54 23.2 31.8 10.8 1.63 5.99 2.05 ND 15.88 16.81 15.51 11.45 0.73 0.94 2.54 3.34

S 1.33 48.7 20.2 1.01 3.01 ND 1.09 8.56 0.76 7.93 17.5 25.3 5.62 2.22 0.88 6.08 1.66 6.64 9.12 8.27 3.63 46.65 ND 5.24 3.12

Genome 7.51 64.7 12.9 0.67 5.97 0.47 3 9.27 1.12 12.8 23 30.6 10.5 1.75 11.02 6.15 2.57 15.62 21.47 12.93 7.92 46.78 2.76 4.87 3.75
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Weekly temporal variations in average 

SARS-CoV-2 gene copies were analyzed for 

SARS-CoV-2 RNA presence in samples 

collected from all the sampling locations in 

Ahmedabad and are displayed in Fig. 4a-d. 

One-way ANOVA and Duncan post hoc test 

(p < 0.05) was performed to see the 

significance level in gene copy variation 

among different sampling dates. The 

results showed significant differences in all 

three gene copies, i.e., N-gene (ANOVA, F= 

7.49, p <0.001), ORF-1ab genes (ANOVA, F= 

5.94, p <0.001), and S-gene (ANOVA, F= 

8.25, p <0.001) on the temporal scale 

(sampling dates). Similarly, differences 

were significant in the case of effective 

gene concentration (ANOVA, F= 7.12, p 

<0.001).   

The N-Gene concentration in 

wastewater samples collected on 

September 10th, 2020 was found to be 

significantly higher than other sampling 

dates, except November 26th, 2020, and 

lower than November 19th, 2020. The ORF 

1ab gene copies/ L in wastewater samples 

noticed maximum on November 19th, 2020 

and were significantly higher than other 

sampling dates. Except for November 19th, 

2020, the changes in ORF 1ab gene 

concentration were insignificant among 

different sampling dates. Likewise, the 

highest S-Gene concentration was noticed 

on November 19th, 2020 (p <0.05), 

followed by September 10th, 2020. The S 

gene copies/ L in wastewater samples 

collected on September 10th, 2020 was 

significantly higher than other sampling 

dates except for November 12th, 2020. In 

addition to this, the alteration in S-Gene 

concentration was statistically insignificant 

among the remaining dates. Moreover, the 

SARS-CoV-2 effective gene concentration 

was found to be maximum and significantly 

higher on November 19th, 2020 than 

others. The effective gene concentration in 

wastewater sampled on September 10th, 

2020 was significantly higher than the 

samples of September 24th, 2020 and 

October 8th & 29th 2020.  All three gene 

copies (i.e., N, ORF1ab, and S genes) and 

effective gene concentration were 

detected maximum on November 19th, 

2020, and values were significant (p <0.05) 

as compared to other sampling dates. The 

exponential rise in virus gene 

concentration might be due to the decline 

in the decreasing trend (< -0.1%, 

November 12th, 2020) followed by the 

increase in the number of active cases (i.e. 

2.5% which corresponded to the 82 new 

cases on November 19th, 2020), compared 

to the earlier sampling dates.  

The major implications of these 

temporal variations in monthly and weekly 

data of various genes can be explained in 

three ways: i) the explicit effect of 

variations in new confirmed cases on gene 

copies. In this context, it is interesting to 

note that change in the active cases is not 

showing much relationship with the WBE 

data; ii) there is not much difference 

among the individual genes and effective 

gene concentrations when we visualize the 

monthly variation; and iii) weekly variation 

brings out the difference among the 

various genes and need to normalize the 

data in effective gene concentrations. 

Weekly data explicitly confirms that N 

genes are much more resistant among the 

three and ORF-1ab seems the least 

sensitive gene. These two observations are 

clearly evident in data of 10th September 
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and 5th November (Fig. 5) when the 

variations/ disagreements among the 

various genes are explicit. The further 

implications of these findings are related to 

the required sampling event and 

calculations of the effective gene 

calculations. It is evident here is that 

biweekly sampling should be enough to get 

a trend in a given Indian city. Also, COVID-

19 wastewater surveillance-based data 

must not be judged or evaluated based on 

a single particular gene of SARS-CoV-2 but 

its effective gene concertation based on 

multiple genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Temporal variations in targeted gene 

copies of SARS-CoV-2, collected from different 

sampling points a.) N gene, b.) ORF 1ab gene, 

c.) S gene, and d) Genome concentration. 

DMRT post-hoc test (p<0.05) 
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4.2 SWEEP-based city zonation and 
Identification of Hot-Spots 

 

Depending on the SARS-CoV-2 effective 

gene concentration in wastewater samples 

based on analytical results, we identified 

highly susceptible areas for COVD-19 

infection and its transmission among the 

community. Although we do not have 

explicit epidemiological data at the ward 

level/ sampling locations; variations were 

good enough to classify a city based on 

SARS-CoV-2 gene concentration in 

wastewater samples. The north (Motera 

and Ranip) and east (Odhav and Satyam) 

zones were highly affected areas with an 

average effective gene concentration of 

~15,574 and ~13,397 copies/L, 

respectively, in November (Fig. 5a). 

Likewise, in September, wastewater 

samples collected from the east zone 

showed maximum effective gene 

concentration (~5734 copies/ L), followed 

by the north zone (~3536 copies/ L). 

Though areas present in north and east 

zones showed high virus genetic load, yet a 

sharp rise in SARS-CoV-2 RNA was noticed 

in all the zones in November 2020 (Fig. 5a). 

It has also been represented in a 

summarised format with a comparison to 

the affected population in the city (Fig.5b 

& c).  

It is imperative to note that 5b is a 

generalised status of the city as of 26th 

November, 2020 pertaining to the COVID-

19 total confirmed cases and Fig 5c depicts 

three months change in SARS-CoV-2 

effective gene concentration by bar 

diagram with existing positive cases of 26th 

November, 2020 by colour coding.  

Although it would have been better to 

provide heat maps, active case 

distributions and effective gene 

concentrations over the entire study 

period to understand the effectiveness of 

WBE surveillance; the two observations 

are critical i.e. i) Satyam and Vinzol 

locations showed opposite monthly trends 

of SARS-CoV-2 gene concentration. It was 

found to be higher in case of Vinzol for the 

month of November compared to Satyam, 

implying the capability of WBE to 

distinguish the parts of city based on SARS- 

CoV-2 gene concentration; and ii) scale of 

change varies among the sampling 

locations, therefore seems to be related to 

the size of the catchment and treatment 

plant, suggesting month-wise variation is 

not enough. Also, there is a need for the 

match between the epidemiological data 

and SARS-CoV-2 gene concentration in 

wastewater samples. Overall, despite 

several challenges in epidemiological and 

clinical data collection as well as sewage 

water collection and catchment 

delineation in India, the proper scrutiny 

and regular monitoring of wastewater 

could be useful for preparedness against 

adverse conditions as appeared in post-

festive days in Ahmedabad. 

The SWEEP technology offers a 

better picture of the pandemic situation at 

the sub-city or zone level, relying on the 

SARS-CoV-2 RNA concentration in 

wastewater samples of a particular area. 

SWEEP data can help to estimate the actual 

extent of the infection due to the SARS-

CoV-2, as it covers both asymptomatic and 

presymptomatic patients, which may be 

underestimated by clinical surveillance. 

Therefore, SWEEP data-based zonation of  
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the city can help to identify hot-spots to 

increase the preparedness in advance. On 

the other hand, clinical surveillance usually 

fails to classify the city into distinct zones 

as it is more dependent on the location of  

 

 

 

 

 

test centres rather than the COVID-19 

patients, and owing to asymptomatic and 

presymptomatic patients. This is why 

several study could early detect the SARS-

CoV-2 RNA in wastewater, before the first  
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Fig. 5. a) Zone-wise Covid-19 pandemic status in Ahmedabad city; b) Heat map of the overall 
infected population in Ahmedabad City based on Aarogya-setu mobile application. Very low, low, 
medium, high and very high indicates no to up to 50, 51-180, 181-300, 301-650, and >651 
registered positive covid-19 cases per ward. and c) Month-wise Effective gene concentration at the 
sampling locations (y-axis in bar diagrams represents SARS-CoV-2 effective gene concentration in 
copies x 102/ L wastewater samples). Note: Positive patient count has been taken on ward basis 
not on the population-density. 
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clinical report like Madema et al. (2020) in  

the Netherlands, La Rosa et al. (2020) in 

two different cities in Italy and Randazzo et 

al. (2020) in Spain. However, this is 

probably the first study where the SARS-

CoV-2 RNA data has been compared with 

ward wise positive patient counts.  

 

4.3 Early Warning Potential of WBE 

In this view, the present research work 

followed our first proof concept study, 

where we detected SARS-CoV-2 genetic 

material in wastewater and proposed its 

wide applicability for COVID surveillance in 

the community (Kumar et al. 2020a). The 

linear regression between changes in 

SARS-CoV-2 effective gene concentration 

and the number of confirmed cases 

showed a positive correlation but was not 

statistically significant (p = 0.135, R= 

0.438). There was no linear relationship 

between the SARS-CoV-2 gene 

concentration and epidemiological data. 

Therefore, we showed the relationship 

between percentage changes in effective 

gene concentration and confirmed cases 

that can be used as a pre-alarming tool, 

which gives a lead of ~2 weeks for the 

upcoming scenario (Fig. 6). Examining the 

potential of WBE for COVID-19 surveillance 

as a potential tool showed that the 

percentage change in effective gene 

concentration level on a particular date 

was in conjunction with the confirmed 

cases registered 1-2 weeks later on a 

temporal scale by the regulatory authority 

based on clinical tests (Fig. 6). For example, 

on October, 8th, 2020, a sharp decline of 

~86% was noticed in the percentage 

change in the average effective gene 

concentration which was followed by 

~0.4% decline in the percentage change in 

confirmed COVID cases on October, 22nd, 

2020. Likewise, on November 5th, 2020, a 

steep hike of >22-folds in the percentage 

change in the average effective gene 

concentration was noticed compared to 

the earlier sampling date, which was 

followed by ~0.6% and 2.37% increment in 

the percentage change in confirmed COVID 

cases on November 19th and November, 

26th, 2020, respectively. In the contrary, 

more than >1,000% and 500% increase 

were noticed in percentage change in 

SARS-CoV-2 effective gene concentration 

in wastewater in early September and mid-

October, respectively. However, there 

seems no notable increase in the number 

of confirmed cases 1-2 weeks later. Still, 

this technique displayed positive 

prediction in most of the cases during the 

study period. Therefore, we can predict the 

severity of the pandemic situation 1-2 

weeks prior to the official reports by the 

regulatory body based on clinical tests.  

The results unravel the potential of 

WBE surveillance of COVID-19 as an early 

warning tool displayed by the adequate 

presence of SARS-CoV-2 genetic material in 

wastewater samples though limited cases 

were documented and based on the 

immediate future trends. These findings 

were in agreement with those of Ahmed et 

al. (2020b), who noticed a longitudinal 

decline in the presence of SARS-CoV-2 RNA 

with the tapering of the first epidemic 

wave; however, there was no concrete 
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relationship between virus RNA and daily 

cases numbers. 

 

 

4.4 Removal efficacy of two 
principally different wastewater 
treatment plants (WWTPs) for 
SARS-CoV-2 removal 

 

4.4.1 Research findings of the removal 

efficacy of WWTPs 

 

We analyzed the efficacy of two treatment 

processes of CAS and RZT (schematic 

diagrams of the operating mechanism of 

both plants in Sargasan and academic 

campus are shown in Figs. 7 a and b, 

respectively). Table 2 summarizes the 

change in the Ct-value and gene copies of  

 

 

 

 

 

 

SARS-CoV-2 N-genes (nucleocapsid protein), 

S-genes (spike glycoprotein), and ORF 1ab 

genes (polyprotein) before and after the 

treatment i.e., in the samples of influent and 

effluent for two months (August and 

September 2020) of monitoring. It also 

provides the date of sampling, effective 

genome concentration, and active COVID-

cases. The Ct values of internal control (MS2 

bacteriophage) ranged between 25.41 to 

28.01 and 25.59 to 30.08 in the samples from 

Sargasan and academic institution WWTPs, 

respectively. No SARS-CoV-2 genes were 

detected in the negative control samples. 
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Fig.7. Simplified illustration of the layout of two wastewater treatment plants; a) Conventional Activated 
Sludge based WWTP in Sargasan, and b) root-zone treatment in an academic institution of Gandhinagar, 
India monitored during August and September, 2020 
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Table 2. Temporal variation in SARS-CoV-2 genetic material loading found in the influent and effluent 
samples collected from two different wastewater treatment plants 

India monitored during August and September, 2020 
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Paired T-tests between the inlet and outlet 

wastewater samples, taken on the same 

days, were performed to understand the 

significance of the SARS-CoV-2 gene removal 

efficacy of each treatment process, i.e., CAS 

process-based treatment at Sargasan (Fig. 

8a) and RZT at an academic institution in 

Gandhinagar (Fig. 8b). We then combined 

the data and conducted paired T-test 

analyses of the significance of SARS-CoV-2 

gene removal efficacy based on Ct-values 

obtained and various gene copies calculated 

for CAS (Figs. 9a and c) and RZT (Figs. 9b and 

d), respectively. 

 

Overall comparison of SARS-CoV-2 genome 

removal efficacy of CAS and RZT is expressed 

through paired T-test performed on the total 

effective genome concentrations obtained 

throughout the 60 days of monitoring (Fig. 

10). Monthly variations and their significance 

of SARS-CoV-2 genes removal efficacy of 

CAS; and RZT is presented in Fig. 11 to 

understand the impact of genetic loading in 

the influent and its correlation with removal 

efficacy of the treatment processes. MVA 

was conducted to understand the overall 

impact of treatment by visualizing the PC 

loading in a 3-D domain for various water 

quality parameters and SARS-CoV- 2 gene 

loading of collected influent (untreated) and 

effluent (treated) samples during the two-

month monitoring period (Figs. 12a and b).  

 

Although there will be a considerable 

uncertainty, we could estimate the number 

of people shedding SARS-CoV-2 to 

wastewater. SARS-CoV-2 is contained in the 

human stool at 4-6 log copy/g, and assuming 

that the average stool weight is 500 g per day 

per person, that results in 5x106 to 5x108 

copies per person per day shredded to 

wastewater. Assuming that our raw 

wastewater samples had 1000 copies/L on 

average, raw wastewater from Sargasan 

WWTP had 1x109 copies per day, implying 

that there were 2 to 200 people shedding 

SARS-CoV-2 in the catchment on a day. 

However, there would be too many 

uncertainties in this calculation, due to 

significant decay/reduction of viral RNA 

during transport from toilets to WWTPs. 

Therefore, hereafter, only Ct-values and 

gene copies are compared. Further, the role 

of aqueous and solid-phase interactions for 

the quantification of SARS-CoV-2 gene 

concentrations has been prominently 

highlighted in terms of recovery of the viral 

RNA in the aqueous environment through 

solid fractions (Kitamura et al., 2020). 

However, we did not take sludge into 

account as there still needs a robust 

standard protocol for sludge clean up and 

RT-qPCR measurements to be established. 
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4.4.2 Discussion on the removal efficacy of 

WWTPs 

 

4.2.2.1 Significance of Treatment 

 

Of the eleven samples collected from the 

inlet and outlet points of WWTPs during the 

study period, eight samples from Sargasan 

and five samples from the academic 

institution showed significant removal of the 

viral genes (Figs. 8a and b). Paired T-tests 

between influent and effluent wastewater 

show a significant reduction through CAS 

treatment systems except for three 

occasions. Reduction/removal of SARS-CoV- 

2 genes was highly significant (p <0.01) in 

nearly 50% of the samples, with non-

significant removal in August only. RZT 

appeared effective in August but failed to 

show significant removal of SARS-CoV-2 RNA 

in September. There may be two possible 

explanations related to the operation of 

WWTPs and COVID-19 cases in the vicinity of 

WWTPs. The RZT was situated and precisely 

received waste from the campus dwellers 

and visitors only, and COVID-19 cases 

increased in September 2020. Thus, even if 

we assume the viral shedding contribution of 

visitors was non-variable, it is certain that 

genetic loading increased in the RZT plant 

during September 2020. We also suspect 

that operating conditions at the treatment 

plants were not consistent throughout the 

monitoring period. Nevertheless, the RZT 

achieved significant removal on more than 

50% of the sampling dates. 

 

Paired t-tests show that irrespective 

of treatment type, the N-gene is much more 

stable than S- and ORF-1ab genes of SARS-

CoV-2 (Figs. 9a to d). Removal efficacy was 

highest for S genes (p <0.01) followed by 

ORF-1ab (p <0.05) for both treatment 

processes. Overall, N genes showed non-

significant reduction after treatment. The 

ORF 1ab-gene copy numbers decreased by 

84.4% (t=2.78, p=0.022) and 70.5% (t=2.30, 

p=0.047) in Sargasan WWTP and the 

academic institution WWTP, respectively 

(Figs. 9c and d). Likewise, S-genes were 

significantly removed by both treatment 

plants (80.5%, t=4.10, p=0.002 at Sargasan 

and 69.5%, t=2.84, p=0.019 at the academic 

institution). Conversely, the abundance of N-

gene declined 83.4% at Sargasan WWTP (Fig. 

9c) and 52.0% at the academic institution 

during treatment (Fig. 9d), but the 

differences in S- and N-gene removal were 

statistically significant (t=2.04, p=0.069 and 

t=1.59, p=0.147, respectively). The results 

showed that both the cyclic activated sludge 

process and root zone treatment plants of 

Sargasan and the academic institution 
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Fig. 8. Paired T-test between inlet and 
outlet wastewater samples taken on the 
same days for SARS-CoV-2 genetic load in a) 
Conventional activated sludge process-
based treatment at Sargasan, and b) Root-
zone treatment at academic institution in 
Gandhinagar. (where *** = p <0.01; ** = p 
<0.05; * = p <0.1; NS = not significant; # = 
data not available; and RT-PCR was run for 
40 cycles) 
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effectively removed ORF ab-genes and S-

genes, but not N-genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our hypothesis- prevalence may be causing 

the difference in removal- was not correct 

(Table 2). It seems structural properties of 

the genes are more responsible for such 

removal disparity than prevalence. This is 

because, among four major structural 

proteins of SARS-CoV-2; S proteins are the 

most exposed one being the spike surface 

glycoprotein (S), while ORF-1ab gene is not 

only a signatory gene for SARS-Co-2 genes 

but also located at both the 5’ & 3’ 

terminuses of the SARS-CoV-2 genome (Wu 

et al., 2020). Nucleocapsid protein (N) is 

more protected in the SARS-CoV-2 

structures, and common genes among family 

Coronaviridae, marked by the presence of 

single-stranded, positive-sense RNA 

genome, surrounded by spikes and protein 
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Fig. 9. A comparative statistical (paired T-
test) analyses of significance of SARS-CoV-2 
genes removal efficacy based on Ct-values 
obtained for a) CAS; and b) RZT; and various 
gene copies calculated for c) CAS and d) RZT; 
at p <0.01; p <0.05; and p <0.1 indicated by 
three, two and one stars. NS signifies not 
significant 
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envelope. Earlier studies suggested 

reduction of SARS-CoV-2 genetic material 

during wastewater treatment processes via 

secondary treatment such as activated 

sludge/ A2O/ extended aeration and tertiary 

treatment such as disinfection, coagulation, 

flocculation, sand filtration, NaClO/UV 

(Randazzo at al., 2020). Interestingly, none of 

the studies investigated the removal efficacy 

of a given treatment for SARS-CoV-2 RNA. In 

our study, both the CAS and RZT processes 

are found to effectively remove SARS-CoV-2 

RNA. To the best of our knowledge, this is the 

first report assessing the effectiveness of RZT 

for SARS-CoV-2 RNA reduction. 

 

4.2.2.2 Comparative efficacy of CAS and RZT 

processes to remove SARS-CoV-2 genes 

 

SARS-CoV-2 RNA is substantially reduced in 

treated wastewater i.e. effluents of both 

WWTPs throughout the sampling period, as 

indicated by the overall comparison of SARS-

CoV-2 genome removal efficacy of CAS and 

RZT through a paired T-test (Fig. 10). 

Although there was a significant difference in 

average SARS-CoV-2 genome concentration 

in the influents of the CAS plant at Sargasan 

(1.25 x 103 copies/ L) and the RZT system of 

an academic institution (7.07 x 102 copies/ L). 

Yet, both processes mostly showed effective 

removal at p<0.05. However, incomplete 

removal may have some environmental and 

health implications. 

While infectivity and viability of these 

genomes are still being debated and 

researched with a general consensus of 

viability being less likely and thus the 

infectivity, there is still no study that has yet 

proven the chance of transmission and 

infectivity impossible. In such a scenario, 

significant removal is not enough, as such 

effluents will finally be received by the 

ambient waters. Therefore, we foresee an 

immediate increase in reporting of SARS-

CoV-2 genes in freshwater systems like lakes, 

rivers, and perhaps groundwater. Several 

imperative hypotheses need to be tested in 

this regard, and the present study signifies 

the need of such investigations. 

 

 

 

 

 

 

 

 

 

 

 

 

Further, we also suspect that the size of the 

treatment plant and operational and 

management consistencies, along with the 

quality of influent water will play a critical 

role in the entire research scenario of COVID-

19 transmission and monitoring (Kumar et 

al., 2021a). As far as treatment type is 

concerned, the RZT will show a bit wider 

fluctuation than the CAS treatment process 

(Fig. 10). The low genome concentration at 

the academic institution WWTP is apparently 
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Fig. 10. Overall comparison of SARS-CoV-2 
genome removal efficacy of conventional 
activated sludge and root-zone treatments 
expressed through paired T-test performed 
on the total effective genome concentrations 
obtained through out the 60 days of 
monitoring period. Same level of significance 
is used as above. 
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due to institutional wastewater load which 

was confined to the 

institutional community and malfunctioning 

of the ultrafiltration unit of the WWTP. 

Conversely, the Sargasan WWTP receives 

municipal wastewater, resulting in the 

presence ofSARS-CoV-2 RNA in effluent 

wastewater, owing to fluctuating genetic 

loading in the inlet waters. We conclude that 

both WWTPs effectively removed viral 

genes, but Sargasan STP was more efficient 

(82.4% decrease, t=2.98, p=0.014) than the 

academic institution (67.9% decrease, 

t=2.54, p=0.032) (Fig. 10). It is imperative to 

note that we have collected samples from 

both treatment processes after disinfection 

processes and still found the genetic 

fragments of SARS-CoV-2 in the effluent. This 

observation may imply that owing to 

nanosized colloidal nature of genetic 

fragments, disinfection processes like 

chlorination/UV are likely to be less effective 

than the process of coagulation. 

 

Overall, as PCR-based detection of RNA does 

not mean detection of viable SARS-CoV-2, 

and quantifying active (viable) SARS-CoV-2 is 

a difficult challenge, with so far only one lab-

scale experiment reported (Bivins et al. 

2020), we recommend further study for a 

valid discussion on implications of leftover 

SARS-CoV-2 RNA after the treatment. 

However, our data explicitly disapprove the 

general notion that treatment completely 

removes the genetic fragments of SARS-CoV-

2. 

 

4.2.2.3 Temporal variation in removal 

efficacy 

As suspected above, we investigated the role 

of influent quality in terms of SARS-COV-2 

genetic loading through temporal variation 

in the performances of both CAS and RZT 

systems (Fig. 11). For CAS plant in Sargasan 

ward, inlet quality in September showed 

higher genetic loading than that of August, 

which has been verified by confirmed COVID-

19 cases in the city, yet removal was better 

in September than August 2020. When 

inquired with operational staff, it seems that 

operational inconsistencies are responsible 

for these results rather than the genetic 

material loading. While in the case of the 

academic institution RZT-based plant, where 

the operation was rather more consistent, it 

seems that genetic material loading in the 

inlet water has reflected the genome 

concentration left in the effluent waters. This 

is also very likely to be attributed to the size 

of plant i.e., CAS facility of Saragasan is 

10,000 m3/day against 2360 m3/day of the 

RTZ plant of the academic institution, leading 

to the sensitivity of RZT plant for genetic 

loading in the inlet wastewater. 

Nevertheless, at this juncture, we take these 

results as indicative ones, and more 

convincing conclusions pertaining to the role 

of influent water quality, and its implication 

may be derived after further monitoring. 

Such notion has also been expressed 

elsewhere (Lescure et al., 2020; Hata et al., 

2020b; McCarty et al., 1986). 
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4.2.2.4 Treatment Impact Insight through 

multivariate statistical analyses 

 

Principal component analyses show a 

comprehensive picture of the overall 

contribution and influence of treatment on 

SARS-COV-2 gene removal. The entire 

dataset obtained for influent and effluent 

were subjected to PCA and projected in the 

3-D domain of three main PCs. Owing to 

more complex nature of influents, four PCs 

were identified after nine iterations that 

explain 90% of the total variance in the 

dataset of influent waters. The first PC 

explains 34% of the total variance with 

significant loading for in-situ water quality 

parameters forming a cluster (EC, TDS, 

Salinity, and pH) with moderate loading (0.5) 

for N genes. On the other hand, nearly the 

same (~30%) variation of data sets is 

explained by SARS-COV-2 genes, and 

genome concentrations form a cluster upper 

left domain with significant loadings for 

effective genome concentrations (0.94) 

followed by S-genes, ORF-1ab, and N-genes 

as PC2. Interestingly in influent waters, N-

genes illustrated moderate to high loading as 

both PC1 and PC2. 

After treatment, the complexion changed 

significantly with the overall reductions of 

PCs to three, explaining cumulative 

variations of 80% in the dataset. Another 

significant observation was that SARS-CoV-2 

genes exhibit higher loadings than the in-situ 

water quality parameters in effluent waters. 

Order of loadings among SARS-CoV-2 genes 

and genome remains the same i.e., effective 

genome concentration > S-genes > ORF-1ab 

> N-genes. Confirmed COVID-19 emerged as 

PC3 (with moderate loading of 0.78) in 

influent waters, stressing the relationship of 

confirmed cases with SARS-CoV-2 RNA in the 

wastewater, but the influence was 

weakened in the treated water with non-

significant say in the quality variations of the 

samples (Orive et al., 2020; Pan et al., 2020). 

This is the first time MVAs was used with 

wastewater surveillance dataset to signify 

the impact of treatment, which eventually 

proves that: i) wastewater surveillances did 

track COVID-19 loading of the community; ii) 

influent waters present a better picture in 

terms of SARS-CoV-2 gene monitoring; iii) 

effective genome concentration should be 

calculated based on presence/absence of 

multiple genes rather the presence of one 

specific gene; iv) N-genes are the most 

resistant to treatment with higher sensitivity 

than S and ORF-1ab genes; and v) the 

presence of residual SARS-CoV-2 genes after 

treatment is critical from the effluent quality 

point of view. Among the other exciting 

observations; the explicit 

grouping/clustering of SARS-CoV-2 genes 

and other water quality parameter; and 

influence of confirmed COVID-19 cases has 

been significant from the wastewater-based 

epidemiology perspectives. 

Fig. 11. A comparative statistical (paired 
T-test) analyses in monthly variation of 
significance of SARS-CoV-2 genes removal 
efficacy of CAS; and b) RZT; at p <0.01; p 
<0.05; and p <0.1 indicated by three, two 
and one stars. NS signifies not significant 
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4.5 Metagenome analysis of 
bacterial population and their 
relation with SARS-CoV-2 RNA 
harbouring in wastewater 
 

The results suggest no clear-cut pattern 

among the bacterial population and 

association with SARS-CoV-2 genetic load 

in wastewater samples. Some of the 

bacterial population significantly changed 

on monthly temporal scale but no clear-cut 

concluding pattern was seen. There was 

significant difference at the bacterial 

taxonomic level was observed between 

the untreated and treated wastewater 

samples. We did not have explicit raw data 

of the wastewater quality parameters on 

the sampling date, therefore cannot draw 

a concrete and convincing finding. The 

results were not promising but they 

indicated a possible correlation ship 

among the SARS-CoV-2 gene concentration 

and bacterial population and dynamics. 

Therefore, further investigation is required 

considering different influencing factors 

such as sampling timing, sewage flow rate, 

treatment process, and wastewater 

physico-chemical parameters.  

Fig. 12. Three-dimensional projection of 
the principal component loading for a) 
Influent and b) effluent; exhibiting the 
effect of treatment on SAR-CoV-2 genes 
association with other water quality 
parameters and confirmed cases of 
COVID-19 
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October, 2020

uncultured bacterium Candidatus Solibacter usitatus uncultured delta proteobacterium
Pseudomonas citronellolis uncultured alpha proteobacterium Phaeospirillum fulvum
Thiococcus pfennigii uncultured proteobacterium Opitutaceae bacterium TAV2
Legionella taurinensis uncultured beta proteobacterium Solimonas soli
beta proteobacterium KB13 uncultured Rhodospirillaceae bacterium Rickettsia endosymbiont of Deronectes platynotus
Methylobacillus sp. M8 Cytophaga sp. I-1787 Desulfotomaculum acetoxidans
uncultured soil bacterium uncultured gamma proteobacterium Isosphaera pallida
Brevibacillus thermoruber Rhodocista pekingensis Haemophilus parainfluenzae
Mycoplasma agassizii Halothiobacillus neapolitanus Pseudomonas gessardii
Pseudomonas pseudoalcaligenes Pseudomonas stutzeri Shewanella putrefaciens
Pseudomonas fluorescens Pseudomonas putida Pseudomonas mandelii
Mycoplasma zalophidermidis Prevotella dentalis Mitsuaria chitosanitabida
Pseudomonas poae Cellvibrio sp. OA-2007 Dyella ginsengisoli
endosymbiont of Vestimentiferan tubeworm Flexibacter litoralis Methylomonas sp. Fw12E-Y
Prosthecochloris aestuarii Weissella cibaria Clostridium sordellii
Prosthecobacter fusiformis Prosthecobacter vanneervenii Singularimonas variicoloris
Aquabacterium commune Pseudomonas grimontii uncultured epsilon proteobacterium
Pseudomonas gingeri Aeromonas caviae Bacteroides graminisolvens
Flavobacterium johnsoniae Legionella jordanis Porphyromonas endodontalis
Candidatus Chloracidobacterium thermophilum Desulfuromusa sp. S1 uncultured marine bacterium
Pseudomonas brenneri unidentified marine eubacterium Ralstonia pickettii
Pseudomonas chlororaphis Rickettsia africae Brevibacillus borstelensis
Acidovorax delafieldii Rikenella microfusus Hahella chejuensis
Stenotrophomonas maltophilia Shewanella amazonensis Campylobacter showae
Gallibacterium anatis Bdellovibrio bacteriovorus Dyella japonica
Pseudomonas rhodesiae Nitrosococcus mobilis Leptonema illini
Halothiobacillus sp. HL2 Candidatus Kuenenia stuttgartiensis Brevundimonas subvibrioides
Burkholderia thailandensis Chondromyces apiculatus Edwardsiella tarda
Acholeplasma morum Pseudomonas sp. QD03 Pseudomonas koreensis

November, 2020September, 2020

Fig. 13. Temporal variation in the bacterial population present in wastewater samples of Ahmedabad at, a) phylum level; b) species level 



 

 

41 RESULTS & DISCUSSION-WBE 

 

 

 

4.5.1 Comparison of bacterial profile 

between untreated and treated 

wastewater samples 

The results suggest no clear-cut pattern 

among the bacterial population and 

association with SARS-CoV-2 genetic load 

in wastewater samples. Some of the 

bacterial population significantly changed 

on monthly temporal scale but no clear-cut 

concluding pattern was seen. There was 

significant difference at the bacterial 

taxonomic level was observed between 

the untreated and treated wastewater 

samples. We did not have explicit raw data 

of the wastewater quality parameters on 

the sampling date, therefore cannot draw 

a concrete and convincing finding. The 

results were not promising but they  

 

 

indicated a possible correlation ship 

among the SARS-CoV-2 gene concentration 

and bacterial population and dynamics. 

Therefore, further investigation is required 

considering different influencing factors 

such as sampling timing, sewage flow rate, 

treatment process, and wastewater 

physico-chemical parameters.   

 

 

 

 

 

 

 

 

 

 

Table 3. Ecological indexes and main data comparisons 

Months
Index

Sampling site Taxa_S Individuals Dominance_D Simpson_1-D Shannon_H Evenness_e^H/S Fisher_alpha Chao-1

1
0

-S
e

p
-2

0

Motera PS 768 82502 0.2721 0.7279 2.54 0.01651 117.1 1183

Ranip PS 800 89031 0.2114 0.7886 2.849 0.02158 121.2 1235

Paldi PS 602 50659 0.276 0.724 2.57 0.02171 96.01 1129

Santivan PS 751 116172 0.2069 0.7931 2.649 0.01882 107.5 1089

Sabarmati 756 108408 0.2862 0.7138 2.545 0.01686 109.6 1170

Maninagar PS 746 66817 0.2325 0.7675 2.707 0.02008 117.6 1236

Satyam PS 684 94119 0.2576 0.7424 2.646 0.02061 99.86 1093

Vinzol STP 867 106987 0.2335 0.7665 2.716 0.01744 129 1431

Odhav PS 795 110388 0.2965 0.7035 2.404 0.01392 115.9 1228

Vatva PS 547 58135 0.2956 0.7044 2.411 0.02037 83.56 909.1

1
5

-O
ct

-2
0 Motera PS 555 113036 0.2531 0.7469 2.074 0.01434 75.97 834.6

Santivan PS 643 86313 0.3473 0.6527 2.265 0.01498 94.27 1011

Maninagar PS 752 98503 0.4312 0.5688 2.057 0.01041 110.7 1144

Satyam PS 522 111041 0.5258 0.4742 1.569 0.009195 70.96 964.8

Odhav PS 571 49258 0.2239 0.7761 2.552 0.02248 90.64 1014

1
9

-N
o

v-
2

0

Motera PS 285 13149 0.3346 0.6654 2.1 0.02866 51.36 435.1

Ranip PS 304 116147 0.6521 0.3479 0.942 0.008438 37.86 479.5

Paldi PS 724 61460 0.2432 0.7568 2.938 0.02608 115.3 1137

Santivan PS 894 63023 0.3633 0.6367 2.478 0.01333 147.5 1249

Sabarmati 311 94675 0.4635 0.5365 1.662 0.01694 40.03 469.1

Maninagar PS 878 57351 0.2351 0.7649 3.053 0.02413 147.1 1319

Satyam PS 563 52123 0.2944 0.7056 2.823 0.02988 88.2 720.5

Vinzol STP 738 52006 0.4141 0.5859 2.177 0.01195 121.8 1104

Odhav PS 349 15895 0.1543 0.8457 2.996 0.05731 63.07 579.8

Vatva PS 504 48908 0.2696 0.7304 2.88 0.03535 78.27 674.5
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Fig. 14. Temporal variation in the bacterial population present in untreated and treated 
wastewater samples at, a) phylum level; b) species level 
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4.5 SARS-CoV-2 whole genome 
sequencing from the wastewater 
samples 

Identification of the circulating variant 

from the wastewater provides critical 

information about the possible undetected 

cases in the populations and thus support 

the early warning of the coming pandemics 

situation in real time. Therefore, insights 

from our study further highlight the role of 

the dominant circulating variants from 

wastewater. Key spike protein mutations 

that were identified in the SARS-CoV-2 

genome assembly as compared to the 

reference Wuhan/Hu-1/2019 

(EPI_ISL_402125) variant that were 

identified include C21618G/Thr19Arg 

(T19R), T22917G/Leu452Arg (L452R), 

C22995A/Thr478Lys (T478K), 

A23403G/Asp614Gly (D614G), and 

C23604G/Pro681Arg (P681R) from the 

samples collected in the month of 

February, 2021. The observation of the 

deletion at 22029 (6 bp), 28248 (6 bp) and 

28271 (1 bp) were also observed and seen 

in the B.1.617.2 lineage. These findings 

point towards probably an early circulating 

B.1.617.2 lineage in Ahmedabad, Gujarat 

while clinical samples sequenced in the 

month of March, 2021 were detected with 

the cases of B.1.617.2 variant. The variants 

of concern (VOCs) can be more 

transmissible resulting in probably higher 

disease severity outcomes and are also 

known for reduced sensitivity to antibody 

neutralisation (Wang et al. 2021; Davies et 

al. 2021). These variants often harbour 

multiple mutations in the spike protein and 

other prominent genomic regions which 

may result in attenuated effectiveness of 

SARS-CoV-2 therapeutic interventions. 

Therefore, it is essential to track current 

circulating variants and dominant 

mutations to identify rapidly evolving new 

variants to ensure an appropriate public 

health response and interventions. The 

classification of the variants of concern are 

defined by Public Health England (PHE), UK 

(https://github.com/phe-

genomics/variant_definitions).  

These variants are significant in terms of 

viral pathogenicity, virulence and 

transmission. E484K is located in the 

receptor binding ridge of the spike protein 

and is found in many lineages including 

B.1.351 (VOC-20DEC-02), P.1 (VOC-21JAN-

02), A.23.1 (VUI-21FEB-01), B.1.525, 

B.1.1.318, P.2 (VUI-21JAN-01), B.1.324.1, a 

subclade of B.1.526, and P.3 (VUI-21MAR-

02). This mutation reduces binding to 

polyclonal sera (Greaney, Loes, et al. 

2021b) and escapes treatment with the 

antibody REGN10933 (Starr et al. 2021) 

which is part of the REGN-COV2 cocktail. It 

also results in escape from class 2 

antibodies (Greaney, Starr, et al. 2021). 

The mutation P681H is located adjacent to 

the spike protein furin cleavage site and is 

found in B.1.1.7 (VOC-20DEC-01), 

B.1.1.318 and P.3 (VUI-21MAR-02), and 

P681R is found in A23.1 and all B.1.617 

lineages. P681H has been shown to 

enhance cleavage of spike (Brown et al. 

2021). The impact of this increased 

efficiency in cleavage is not clear but is one 

hypothesis to explain the enhanced 

transmissibility of B.1.1.7. Similarly, D614G 

is known for enhanced transmissibility of 

the SARS-CoV-2 (Korber et al. 2020).  

 

https://github.com/phe-genomics/variant_definitions
https://github.com/phe-genomics/variant_definitions
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Fig. 15 a) Top 10 SARS-CoV-2 Lineages reported from Environmental Sites; b) Countries reported 
SARS-CoV-2 genomes from Environmental Sites 

(Global Data as per GISAID as on 18 May, 2021)   

 

(Global Data as per GISAID as on 18 May, 2021)   
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SARS-CoV-2 GISAID clades from Environmental Sites
(Global Data as per GISAID as on 18 May, 2021)  
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Fig. 16. SARS-CoV-2 genomes from the environmental sites. From Asian countries China 

(n=23), Bangladesh (n=23), United Arab Emirates (n=2), Pakistan (n=1) and Hong Kong (n=1) 

reported SARS-CoV-2. Globally, a total of 802 genomes were available from the samples 

collected from environmental sites. Austria (n=638, 79.55%) has submitted highest genomes 

from the sewage treatment sites. Overall, dominance of the PANGO-lineages is represented 

by B.1.1.7 (n=398, 49.63%), B.1 (n=150, 18.70%) and B.1.1 (n=77, 9.60%). Dominance of the 

GISAID clades is represented by GRY (n=264, 32.92%), G (n=236, 29.43%) and GR (n=199, 

24.81%). No report of SARS-CoV-2 Whole Genome Sequence from environmental sites from 

India as per GISAID server as on 18 May, 2021. 
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Key mutations: Thr19Arg; Asp614Gly (D614G) 

 

 

Key mutations: Thr19Arg; Asp614Gly (D614G) 

 

 

 

 

 

Table 4a-d. Variants of Spike protein from river and waste water samples 

 

(Global Data as per GISAID as on 18 May, 2021)   

 

a) Sabarmati river (Date of sampling: 22.09.2020) 

 

(Global Data as per GISAID as on 18 May, 2021)   

 

b) Vinzol STP untreated wastewater (Date of sampling: 26.11.2020) 

 

(Global Data as per GISAID as on 18 May, 2021)   

 



 

 47 RESULTS & DISCUSSION-WBE 

 

Key mutations: Thr19Arg; Asp614Gly (D614G); Leu452Arg (L452R);   

                             Pro681Arg (P681R) 

 

 

Key mutations: Thr19Arg; Asp614Gly (D614G); Leu452Arg (L452R);  

                             Pro681Arg (P681R); Thr478Lys (T478K);                  

                             22029 del  

 

 

 

 

 

N-Gene 

Asp63Gly (D63G); Arg203Met (R203M) 

Asp377Tyr (D377Y); (28248 del and 28271 del)

c) Vinzol STP untreated wastewater (Date of sampling: 08.02.2021) 

 

(Global Data as per GISAID as on 18 May, 2021)   

 

d) Vinzol STP treated wastewater (Date of sampling: 08.02.2021) 

 

(Global Data as per GISAID as on 18 May, 2021)   
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4.7 Antidrug resistance in the 
ambient waters of Ahmedabad 

Fig. 17 and Fig. 18 represents the 

comparative sensitivity of E.coli towards six 

antibiotics including the fluoroquinolone 

drugs NFX (norfloxacin), CIP (ciprofloxacin), 

LVX (levofloxacin) as well as TCE 

(tetracycline drugs), KM (kanamycin 

monosulphate), and ST 

(sulfamethoxazole), at various sampling 

locations (CI, VI, CO, VO, NB, SB, CL, and KL) 

in 2018 and 2020. In 2018, the river 

location NB had 0% resistance for all 

antibiotics, whereas SB location had 40% 

resistance towards all antibiotics except 

60% resistance for KM. SB is the central 

urban location. This indicates that the ADR 

on the urbanisation and the discharge 

conditions. However, in 2020, this 

resistance increased at both river locations 

for all antibiotics, except for KM at SB. For 

all Quinolone drugs, the antidrug 

resistance increased to 50% at both river 

locations in 2020, whereas it was varying 

for TCE, KM and ST. At location NB, 

resistance was observed to be increased 

for TCE, KM and ST. Whereas, at location 

SB, resistance increased for TCE, ST, but 

decreased for KM. This indicates inflow or 

generation of antidrug resistant E.coli in 

the river water from urbanised sources 

which reflect increased use of 

antimicrobials, due to the unavailability of 

COVID-19 specific drugs (Abelenda-Alonso 

et al., 2020; Getahun et al., 2020; Hsu, 

2020). Though the prevalence of E. coli was 

highest in 2018, more antidrug resistant 

E.coli are generated in the year 2020 due to 

heavy usage of antimicrobials. 

In 2018, no ADR was observed for any of 

the antibiotics at location CL and KL, except 

for NFX, TCE and ST at location KL. (Fig. 17 

and Fig. 18). However, significant 

resistance was observed for all antibiotics, 

except KM, at both lake locations with 

higher values at CL than KL. This indicates 

more urbanised discharge carrying 

antidrug resistant E.coli accumulates at the 

location CL. One of the major reasons for 

the generated resistance at CL is the 

occasional discharge to the CL from nearby 

open Pirana solid waste dumping site 

(Singh et al. 2008). This call for a 

monitoring of urban wastewater flows 

being discharged to the lake ecosystem. 

Among the sampled WWTP locations in the 

year 2018, at locations VI and VO, no 

resistance was observed for any of the 

antibiotics except TCE (20% in influent) 

(Fig. 17 and Fig. 18). Whereas, at CI 

location resistance for NFX, LVX, TCE, KM, 

was observed but only found to be 

increasing towards CIP and KM at location 

CO. These results show the increase in 

antidrug resistance after WWTP treatment, 

which was consistent as reported in the 

studies from Sweden and Austria 

(Reinthaler et al., 2003; Flach et al., 2018).  

Interestingly, ADR increased significantly 

for all antibiotics in the year 2020 at the VI 

and VO locations when compared to year 

2018. In the year 2020, ADR was observed 

for all antibiotics at VI and these 

resistances were observed to be increasing 

or being constant at VO locations for all 

antibiotics except KM (decreased by 35%) 

(Fig. 17 and 18). Such a high increase in the 

resistance in treated effluent can be 

attributed to a long residence time. 
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wastewater in WWTP, residues for a long 

time (Honda et al., 2018). 

 

 

 

 

 

Fig. 18. Percentage of antibiotic resistance in the influents of different water compartments in years 2018 and 
2020 against tetracycline drugs (TCE), aminoglycosides i.e. KM (kanamycin), and others i.e. ST (sulfamethoxazole) 
for locations including WWTPs CI (Chandkheda Inlet), CO (Chandkheda Outlet), VI (Vasna Inlet) and VO (Vasna 
Outlet); Rivers, NB (Nehru Bridge) and SB (Sardar Bridge), and Lakes KL (Kankaria Lake) and CL (Chandola Lake). 
 

(Global Data as per GISAID as on 18 May, 2021)   

Fig. 17. Percentage of antibiotic resistance in the influents of different water compartments in years 2018 and 
2020 against fluroquinolone drugs i.e. NFX (Norfloxacin), CIP (Ciprofloxacin), LVX (Levofloxacin) for locations 
including WWTPs CI (Chandkheda Inlet), CO (Chandkheda Outlet), VI (Vasna Inlet) and VO (Vasna Outlet); Rivers, 
NB (Nehru Bridge) and SB (Sardar Bridge), and Lakes, KL (Kankaria Lake) and CL (Chandola Lake). 
 

(Global Data as per GISAID as on 18 May, 2021)   
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In the case of CI in the year 2020, no 

resistance was observed towards the 

quinolone drugs, whereas the observed 

ADR for KM, ST, and TCE, was reduced 

significantly at CO location. However, 

resistance was observed to be generated 

for NFX and CIP at CO in year 2020. The 

high resistance towards quinolone drugs is 

attributed to the discharge having 

domestic origin (Threedeach et al., 2012; 

Auerbach et al., 2007); because these 

drugs are prescribed for treatments of 

respiratory and urinary tract infections, 

their use has increased significantly during 

the COVID-19 pandemic (Abelenda-Alonso 

et al., 2020; Getahun et al., 2020; Hsu, 

2020).  

Fig. 19 highlights the statistical comparison 

of overall ADR in the year 2018 and 2020,  

 

whose causes are well described above. It 
is clearly seen that the mean percentage 
value of overall ADR was increased for the 
resistant strains of E. coli in the year 2020 
than 2018, except in the case of kanamycin 
(remains nearly same). Whereas, the mean 
percentage value of overall ADR observed 
to be decreasing for the sensitive strains of 
E. coli in the year 2020 than 2018, except 
in case of kanamycin (increases). The 
percentage of ADR (in resistant E.coli 
strains) for almost all antibiotics: CIP, LVX, 
TC, KM, ST (except NFX: 89.1% change), 
was observed to be very significant in the 
year 2020 than 2018, as p < 0.10. 

This indicates that the significant change is 
occurring due to increase in the mean 
value of percentage of ADR. Overall, the 
comparison of overall ADR shows a 
significant increase statistically in the year 
2020 than 2018.  

 

 
Fig. 19. Comparison of antibiotic (antidrug) resistance against various antibiotics in 2018 and 2020 with the results 
of a statistical T-test.  
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4.8. Future perspective of WBE 
study  

we explicitly put forward an example of the 

effectiveness of SWEEP for the early 

warning of COVID-19, and emphasize the 

continuous long-term monitoring with the 

following future objectives: i) monitoring 

the COVID-19 curve in the post-vaccination 

period through quantifying the genetic 

material of SARS-CoV-2 in the wastewaters 

of a given city (Ahmedabad); ii) 

understanding the association of antibiotic 

resistance with COVID-19 prevalence; iii) 

developing an online portal with a weekly 

update of gene concentration with 

accessibility provided to the public and 

policymakers; iv) estimating the potential 

risk of SARS-CoV-2 in natural water bodies 

through various water activities using a 

quantitative microbial risk assessment 

(QMRA) framework; v) generating longer 

time-series data to further check the 

robustness of early warning capability of 

the techniques and its possible benefits; 

and vi) developing predictive modelling for 

connecting the missing points in SWEEP 

generated database, meaningful 

interpretations, and supporting other 

surveillance protocols. SWEEP can be 

considered for developing advisory in the 

context of rapid-testing, the number of 

testing, community clearance, hotspot 

identification, vaccine need identification 

zones, as well as making a 

recommendation on staying at home and 

implementing curfews. 

In this first phase, we have explicitly 

shown the capability of WBE as an early 

warning and city zonation tool however in 

a country like India, where sewer systems 

are not complete, and treatment systems 

are not well-managed, it is important to 

have long-term monitoring for a year at the 

least so that precious meaningful data for 

the developing country can be obtained. 

Furthermore, a practical guide and 

pandemic management tools can be 

developed by integrating the virtues of 

information technology with the early 

warning capability of wastewater 

surveillance. Confidence may be generated 

among the commons as well as to the 

government agencies like Ahmedabad 

Municipal Corporation (AMC) for 

incorporating WBE into regular monitoring 

program for the management of the 

current or future COVID-like epidemic or 

pandemic outbreak. 

The removal efficacy of the two 

studied WWTPs suggests that the treated 

effluents are not always free from SARS-

CoV-2 RNA, and are subject to temporal 

variability. Therefore, we stress the need 

for wastewater surveillance of SARS-CoV-2 

at the treatment plant scale with further 

investigation on the efficacy of the 

treatment processes on the removal of the 

enveloped virus such as SARS-CoV-2 as well 

as the genomic materials. The future 

research efforts may therefore consider 

the influence of genetic material loading in 

the influent, difference in sewage flow and 

treatment methods, hydraulic and sludge 

retention time of technology used, and 

serviced people. 

Furthermore, ADR study in ambient 

water samples in Ahmedabad suggests 

that WBE can be the key tool to monitor 

the antimicrobials prevalence and antidrug 

resistance in the pandemic situations. 
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5. Conclusions 

5.1 WBE study in Ahmedabad 

A temporal variation of SARS-CoV-2 RNA 

presence in wastewater was studied for a 

period of three months in Ahmedabad, 

India. A total 111 samples (95.7%) of the 

total 116 samples tested in the study were 

found to be positive, with at least two 

positive RT-PCR results targeting SARS-

CoV-2 ORF1ab, S gene, and N gene assays.  

Monthly variation depicted a significant 

decline in all three gene targets in October 

compared to September 2020, followed by 

a sharp increment in November 2020. 

Correspondingly, the descending order of 

average effective gene concentration was 

November (~10729 copies/ L) > September 

(~3046 copies/ L) > October (~454 copies/ 

L). This finding was further supported by 

the relation between the percentage 

change in effective gene concentration 

level and confirmed cases, which followed 

a similar trend on the temporal scale with 

a ~1 to 2 weeks’ time distance. The results 

unveiled the untapped potential of WBE 

surveillance of COVID-19 as an early 

warning tool for practical use of city 

zonation based on SWEEP data for actual 

scenarios and future prediction. This 

approach may help the authorities identify 

the hotspots within a city and tuning 

effective management interventions. 

Further research may be focused on 

quantification of correlation of SWEEP 

results with clinical surveillance data and 

development of a predictive model that 

can translate SWEEP data for easy 

propagation to policymakers and common 

public to enhance the preparedness and 

management of pandemics.   

5.2 Study on the efficacy of WWTPs to 

remove SARS-CoV-2 RNA 

Comparison of SARS-CoV-2 RNA removal 

efficacy of CAS and RZT, the two most used 

treatment systems in India, was studied 

through biweekly and monthly variations 

in their performances. We applied long-

term monitoring data and performed 

statistical tests to understand the 

significance of removal and correlated it 

with other water quality parameters 

before and after deployed treatment. For 

the first time, MVAs used in this study 

along with other statistical tests 

highlighted the disparity in performance 

and statistical significance of SARS-CoV-2 

RNA removal between CAS and RZT. It can 

be concluded that influent waters present 

better picture in terms of SARS-CoV-2 gene 

monitoring; effective genome 

concentration should be calculated based 

on presence/absence of multiple genes 

rather the presence of one specific gene; 

and treatments are less effective on N-

genes and the most effective for S-genes. 

CAS treatment exhibited better RNA 

removal rate (t=2.98, p=0.014) compared 

to the root-zone treatment (t=2.54, 

p=0.032). In addition, treatment plants 

with smaller capacity are likely to show 

more fluctuations in effluent water quality. 

Two most critical findings from the 

ongoing pandemic perspectives were that 

the treated effluents are not always free 

from SARS-CoV-2 RNA, and are subject to 

temporal variability. We stress the need for 

wastewater surveillance of SARS-CoV-2 at 

the treatment plant scale with further 
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investigation on the efficacy of the 

treatment processes on the removal of the 

enveloped virus such as SARS-CoV-2 as well 

as the genomic materials. The future 

research efforts may therefore consider 

the influence of genetic material loading in 

the influent, difference in sewage flow and 

treatment methods, hydraulic and sludge 

retention time of technology used, and 

serviced people. In addition, the 

mechanistic understanding may be 

generated on the SARS-CoV-2 removal 

using long-term step-wise sampling and 

monitoring of a given treatment processes. 

Nevertheless, our results are based on RNA 

fragment detection by RT-PCR, thus the 

abundance of viable SARS-CoV-2 in the 

samples can be significantly lower than the 

RNA-based gene copies. Therefore, 

research is needed for assessing infectivity 

through viable virus estimation, specifically 

for the use of reclaimed water in 

agriculture and drinking water supply. 

 

5.3 Metagenomic study of 16s RNA in 

wastewater samples 

The results suggest no clear-cut pattern 

among the bacterial population and 

association with SARS-CoV-2 genetic load 

in wastewater samples. Some of the 

bacterial population significantly changed 

on monthly temporal scale but no clear-cut 

concluding pattern was seen. There was 

significant difference at the bacterial 

taxonomic level was observed between 

the untreated and treated wastewater 

samples. We did not have explicit raw data 

of the wastewater quality parameters on 

the sampling date, therefore cannot draw 

a concrete and convincing finding. The 

results were not promising but they 

indicated a possible correlation ship 

among the SARS-CoV-2 gene concentration 

and bacterial population and dynamics. 

Therefore, further investigation is required 

considering different influencing factors 

such as sampling timing, sewage flow rate, 

treatment process, and wastewater 

physico-chemical parameters.   

 

5.4 Wastewater based genomic 

surveillance of the SARS-CoV-2 

We have first reported, detection and 

identification of designated Variant of 

Concern (VoC: VOC-21APR-02; B.1.617.2) 

from wastewater samples using genomic 

surveillance approach.  The key spike 

protein mutations that were identified in 

the SARS-CoV-2 genome assembly as 

compared to the reference Wuhan/Hu-

1/2019 (EPI_ISL_402125) variant that were 

identified include C21618G/Thr19Arg 

(T19R), T22917G/Leu452Arg (L452R), 

C22995A/Thr478Lys (T478K), 

A23403G/Asp614Gly (D614G), and 

C23604G/Pro681Arg (P681R) from the 

samples collected in the month of 

February, 2021. The observation of the 

deletion at 22029 (6 bp), 28248 (6 bp) and 

28271 (1 bp) were also observed and seen 

in the B.1.617.2 lineage. These findings 

point towards probably an early circulating 

B.1.617.2 lineage in Ahmedabad, Gujarat 

while clinical samples sequenced in the 

month of March, 2021 were detected with 

the cases of B.1.617.2 variant. The variants 

of concern (VOCs) can be more 

transmissible resulting in probably higher 

disease severity outcomes and are also 
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known for reduced sensitivity to antibody 

neutralization.  

Therefore, WBE could be a useful method 

in early warning of the circulating novel 

variants and monitoring cryptic 

transmission of the SARS-CoV-2. Also, real 

time monitoring of the pandemic 

progression and helping the decision 

support system for public health 

interventions.   

 

5.5 ADR study in ambient water samples 

in Ahmedabad 

Non-fluoroquinolone drugs showed overall 

more resistance as compared to 

fluoroquinolone drugs. Tetracycline 

followed by norfloxacin has shown more 

resistance as compared to the other drugs. 

Despite a decrease in the prevalence of E. 

coli on the sampled river locations, the 

percentage resistance had been 

significantly increased in the year 2020 

compared to year 2018. However, the E. 

coli prevalence in STP samples was 

increased in the order of 102, but the 

pattern of antidrug resistance was not 

consistent. Lake locations also exhibited an 

increase in the antidrug resistance during 

the duration of pandemic. The river 

locations and the lake locations have 

shown a significant increase in the antidrug 

resistance, and these locations are from 

the highly COVID-19 infected zones of the 

city. The COVID-19 spread in various zones 

of the city has shown corresponding 

changes in the SARS-CoV-2 genome 

concentration and ADR in environmental 

waters. Overall, due to increased 

consumption of antimicrobials in the 

pandemic period, the percentage of 

antidrug resistance has been increased 

significantly. Wastewater based 

epidemiology can be the key tool to 

monitor the antimicrobials prevalence and 

antidrug resistance in the pandemic 

situations. 
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A B S T R A C T

Following the proven concept, capabilities, and limitations of detecting the RNA of Severe Acute Respiratory
Coronavirus 2 (SARS-CoV-2) in wastewater, it is pertinent to understand the utility of wastewater surveillance
data on various scale. In the present work, we put forward the first wastewater surveillance-based city zonation
for effective COVID-19 pandemic preparedness. A three-month data of Surveillance of Wastewater for Early Epi-
demic Prediction (SWEEP) was generated for the world heritage city of Ahmedabad, Gujarat, India. In this expe-
dition, one hundred sixteen wastewater samples were analyzed to detect SARS-CoV-2 RNA, from September 3rd
to November 26th, 2020. A total of 111 samples were detected with at least two out of three SARS-CoV-2 genes
(N, ORF 1ab, and S). Monthly variation depicted a significant decline in all three gene copies in October com-
pared to September 2020, followed by a sharp increment in November 2020. Correspondingly, the descending
order of average effective gene concentration was: November (~10,729 copies/L) > September (~3047 copies/
L) > October (~454 copies/L). Monthly variation of SARS-CoV-2 RNA in the wastewater samples may be as-
cribed to a decline of 20.48% in the total number of active cases in October 2020 and a rise of 1.82% in No-
vember 2020. Also, the monthly recovered new cases were 16.61, 20.03, and 15.58% in September, October,
and November 2020, respectively. The percentage change in the gene concentration was observed in the lead
of 1–2 weeks with respect to the provisional figures of confirmed cases. SWEEP data-based city zonation was
matched with the heat map of the overall COVID-19 infected population in Ahmedabad city, and month-wise
effective RNA concentration variations are shown on the map. The results expound on the potential of WBE sur-
veillance of COVID-19 as a city zonation tool that can be meaningfully interpreted, predicted, and propagated for
community preparedness through advanced identification of COVID-19 hotspots within a given city.

© 2018

1. Introduction

The contagious severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), responsible for the coronavirus pandemic, has infected
11 million people in India alone by February 22nd, 2021 (WHO, 2020).
A large number of asymptomatic patients exerted never seen challenges
over the actual estimation of disease spread based on clinical surveil-
lance (Rimoldi et al., 2020; Medema et al., 2020). Earlier studies
suggested that 18–45% of patients do not have signs of infection with
COVID-19 but are capable of spreading the disease and pose an adverse
impact on the actual containment of the disease (Lavezzo et al., 2020;
Yang et al., 2020; Mizumoto and Chowell, 2020; Nishiura et al.,
2020). Cheung et al. (2020) conducted a study on a total of 4243
COVID-19 patients and detected SARS-CoV-2 RNA in feces from a higher
proportion of patients (48.1%) compared to the gastro-intestinal symp

⁎ Corresponding author at: Discipline of Earth Science, IIT Gandhinagar, India.
E-mail address: manish.kumar@iitgn.ac.in (M. Kumar)

toms (17%). As up to 67% of infected people showed the presence of
SARS-CoV-2 RNA in feces (Chan et al., 2020; Cheung et al., 2020;
Parasa et al., 2020; Wong et al., 2020), alternative approaches such as
wastewater-based epidemiology (WBE) surveillance has gained loads of
recognition as a viable option that can provide early warning of the up-
coming prevalence of the disease within a community (Hata et al., 2021;
Kumar et al., 2021a, 2021b). One of the advantages of WBE is that
wastewater contains feces from a huge number of people. Therefore, it
may require a far fewer number samples and less labor than clinical test-
ing to know the presence of infected persons in the area. However, the
sensitivity of WBE for SARS-CoV-2 detection is comparatively less than
norovirus, presumably due to the low SARS-CoV-2 load in the patient's
fecal matter and it's enveloped nature (Hata et al., 2020). Also, to eval-
uate WBE's potential as an early prediction tool for the COVID-19 pan-
demic, it is essential to explore the correlation between the SARS-CoV-2
genetic load in wastewater and the number of cases at the district level
in each country.

Overall, following the proven concept and capabilities of detect-
ing the RNA of Severe Acute Respiratory Coronavirus 2 (SARS-CoV-2)
in wastewater,

https://doi.org/10.1016/j.scitotenv.2021.148367
0048-9697/© 2018.
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several limitations and bottlenecks have been put forward towards its
practical applicability (Zhu et al., 2021; Tran et al., 2020). On the
other hand, there is a dire need for time-series data of SARS-CoV-2 RNA
concentration in the wastewater that can be matched with the actual
clinical survey data to confirm the utility and predictability of waste-
water surveillance. This is also imperative for the adaptation of the Sur-
veillance of Wastewater for Early Epidemic Prediction (SWEEP) on the pol-
icy level, which has been delayed for some reason in the major parts
of the globe (Tiwari et al., 2021). There has also been an active de-
bate of varying levels of effectiveness of WBE based on the size of wa-
tersheds, catchment type, complexity of sewer systems, and population.
Although the science, concepts, and knowledge pertaining to COVID-19
are still evolving and changes rapidly, it is pertinent to check how effec-
tive SWEEP can be on the urban scale, that too if cases reported from
the given city have been pretty high. Under this scenario, the four major
directions in the field of SWEEP may be summarised as i) substantiating
the data unraveling the early warning capability of wastewater surveil-
lance for COVID-19 through temporal studies on SARS-CoV-RNA detec-
tion; ii) need for the escalation of WBE monitoring of various parts of
the globe to generate results from all the levels of COVID-19 situation;
iii) developing the model that can use Ct-value obtained through SWEEP
into the meaningful predictions for effective COVID-19 pandemic pre-
paredness; and iv) collectively reach to the understanding of critical is-
sues like removal, discharge, decay, dilution, and infectivity due to the
presence of SARS-CoV-2 RNA in wastewaters (Prevost et al., 2015;
Kumar et al., 2021a).

In view of this, the objective of this study was to put forward the
evidence of practical applicability of SWEEP for COVID-19 pandemic
management by comparing the detected concentration of SARS-CoV-2
RNA in wastewater of various parts of the city with the COVID- 19 clin-
ical cases. The Idea is that clinical surveillance hardly classifies the city
into precise zones where more tests or attention are required, while
SWEEP-based information can help in zoning of the city and identifying
the hotspots on a city scale. The detected concentrations of SARS-CoV-2
RNA in wastewater would reflect the true prevalence of COVID-19 in-
fection in the sewer catchment, including clinically undiagnosed pa-
tients, while the number of clinically reported cases covers only di-
agnosed patients and also depends on the number of PCR diagnosis.
We analyzed SARS-CoV-2 RNA in the wastewater samples (n = 116)
from nine different locations, including wastewater pumping stations
and sewage treatment plant (STP) and in Ahmedabad, India, from Sep-
tember 3rd to November 26th, 2020 (thirteen weeks), with the fol-
lowing objectives: a) detection and quantification of SARS-CoV-2-RNA
concentration in the influent wastewater samples of Ahmedabad to un-
derstand the temporal variation in the pandemic situation over three
months, b) weekly resolution of the SARS-CoV-2 RNA data for

three months in wastewater samples; and c) explicating the potential
of WBE for COVID-19 surveillance as a potential tool for identifying
hotspots and public health monitoring at the city level.

2. Material and methods

2.1. Study area

Ahmedabad is the seventh largest city in India and the second biggest
trade centre in the western Indian region, with a population of 5.5 mil-
lion (Census, 2011). It has a 1523 km sewage network assisted with
forty-three sewage pumping stations. The present existing treatment ca-
pacity of the wastewater treatment plant in the city is 670 MLD in
2007 which is likely to be extended to 1075 MLD by 2021 (https://web.
worldbank.org/archive/website01409/WEB/IMAGES/2010_1_1.PDF
AMC Report). There are 84 urban health centrespresent in different
ward in Ahmedabad (AMC, 2021).

2.2. Sampling approach

In order to achieve the objective; firstly, the entire city was divided
based on urban/rural as well as north and south to the Sabarmati River-
the major river that dissects the city; and 29 locations had been cho-
sen in association with Gujarat Pollution Control Board (GPCB) offi-
cials. We observed the data variations of 29 locations for the first four
weeks. Thereafter, based on the significance of the variations within the
data-set, we fixed thirteen locations to continue monitoring including
nine different locations for the wastewater (eight wastewater pumping
stations and a single sewage treatment plant) (Fig. 1); and four surface
water locations (three lakes and one river sample). In the present study,
we reported weekly data of wastewater samples collected from nine dif-
ferent locations for thirteen weeks during September to November 2020.

A total of 116 samples were analyzed in the present study to de-
tect SARS-CoV-2 RNA from nine different sites, comprising 103 samples
from eight wastewater pumping stations and 13 samples from a single
sewage treatment plant in Ahmedabad, India. All the samples were col-
lected by grab hand sampling using 250 ml sterile bottles (Tarsons, PP
Autoclavable, Wide Mouth Bottle, Cat No. 582240, India). Simultane-
ously, blanks in the same type of bottle were examined to know any
contamination during the transport. The samples were kept cool in an
ice-box until further process. The analysis was performed on the same
day after bringing the samples to the laboratory. All the analyses were
performed in Gujarat Biotechnology Research Centre (GBRC), a labora-
tory approved by the Indian Council of Medical Research (ICMR), New
Delhi.

Fig. 1. Geospatial position of sampling locations in Ahmedabad city.

https://web.worldbank.org/archive/website01409/WEB/IMAGES/2010_1_1.PDF
https://web.worldbank.org/archive/website01409/WEB/IMAGES/2010_1_1.PDF
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2.3. Detection and extraction of viral RNA from wastewater samples

2.3.1. Precipitation of viral particle
30 mL samples were centrifuged at 4000 ×g (Model: Sorvall ST 40R,

Thermo Scientific) for 40 min in a 50 mL falcon tube followed by fil-
tration of supernatant using 0.22-micron syringe filter (Mixed cellu-
lose esters syringe filter, Himedia). After filtrating 25 mL of the super-
natant, 2 g of PEG 9000 and 0.437 g of NaCl (17.5 g/L) were mixed
in the filtrate, and this was incubated at 17 °C, 100 rpm overnight
(Model: Incu-Shaker™ 10LR, Benchmark). Next day, the mixture was
centrifuged at 14,000 ×g (Model: Kubota 6500, Kubota Corporation)
for about 90 min. The supernatant was discarded after centrifugation,
and the pellet was resuspended in 300 μL RNase-free water. The con-
centrated sample was kept in 1.5 ml eppendorf at −40 °C, and this was
further used as a sample for RNA isolation.

2.3.2. RNA isolation, and RT-PCR
RNA isolation from the pellet with the concentrated virus was per-

formed using NucleoSpin® RNA Virus isolation kit (Macherey-Nagel
GmbH & Co. KG, Germany). The samples were spiked with MS2 phage
as an internal control prior to the RNA extraction provided by Taq-
PathTM Covid-19 RT-PCR Kit. Some other specifics are, a) the nucleic
acid was extracted by NucleoSpin® RNA Virus isolation kit and Qubit 4
Fluorometer (Invitrogen) was used for the total RNA concentrations esti-
mation, b) MS2 phage was taken as a molecular process inhibition con-
trol for evaluating the efficiency of nucleic acid extraction and PCR inhi-
bition (MPC; Haramoto et al., 2020). Briefly, steps were carried out as
per the guideline provided with the product manual of Macherey-Nagel
GmbH & Co. KG, and RNAs were detected using reverse transcription
PCR (RT-PCR).

Applied Biosystems 7500 Fast Dx RT-PCR Instrument (version 2.19
software) was used for SARS-CoV-2 gene detection. In the process, the
probes anneal to three specific target sequences located between three
unique forward and reverse primers for the N, ORF 1ab, and S genes. A
template of 7 μl of extracted RNA was used in each reaction with Taq-
Path™ 1 Step Multiplex Master Mix (Thermofischer Scientific, USA). To-
tal reaction mixture volume of 20 μL contained 10.50 μL Nuclease-free
Water, 6.25 μL Master Mix, and 1.25 μL COVID-19 RT-PCR Assay Mul-
tiplex. Three controls were used, namely: positive control (TaqPath™
COVID 19 Control), one negative control (from extraction run spiked
with MS2), and no template control (NTC). The RT-PCR contained 1 in-
cubation step cycle of 25 °C & 2 min, 1 cycle of reverse transcription
53 °C & 10 min, 1 cycle of activation 95 °C & 2 min, and 40 cycles of
amplification, including denaturation at 95 °C for 03 s and extension
60 °C for 30 s. Finally, results were interpreted using Applied Biosystems
Interpretive Software, and Ct values for three target genes i.e., ORF1ab,
N Protein, and S Protein of SARS-CoV-2 along with MS2 used as an in-
ternal control.

2.3.3. Gene copy estimation: quality control and quality assurance
The samples were considered as positive if at least two of the three

primer probe sets showed amplification. The average Ct-value of a given
sample was then converted to gene copy numbers considering the equiv-
alence of 500 copies of SARS-CoV-2 genes as 26 Ct-value (provided
with the kit), and the same was extrapolated to derive approximate
copies of each gene. In this semi-quantitative method to provide the
gene concentration, the calibration curve was prepared based on the
well-established principle of 3.3 CT change corresponding to a 10-fold
gene concentration change. The average effective gene concentration
of SARS-CoV-2 present in a given sample was calculated by multiply-
ing the RNA amount used as a template with the enrichment factor
for each sample. In addition, we had calculated the gene copy num-
bers based on the positive control provided with kit i.e., 104 copies/μl
and the final concentration of 25 copies per reaction. The positive
control was providing the same ct values for all 3 genes, and rela-
tive to the Ct values of genes of positive controls, copy numbers have
been calculated in test samples of different sources. The effective gene
concentration is considered as “zero” when RT-PCR results were pos-
itive for only one gene out of three in the wastewater sample. The

limit of detection has been set to 40 amplification cycle (Ct = 40) in the
RT-PCR analysis. The effective gene concentration was calculated by av-
eraging the gene copies of all three genes in a particular sample.

Due to various constraints, samples were analyzed in duplicate, con-
sidering that the samples were analyzed in the batch accompanied with
negative and positive controls, and each sample was spiked with known
concentrations of MS2. In the event of any variations (among duplicate
and controls) of more than 10%, samples were re-analyzed. It is worth
noting that the primer efficiency of different genes will be slightly varied
according to the primer sequence. Based on several hundreds of RTPCR
run, it was found that the positive control was robust enough to provide
the same Ct values for all three genes, implying no evident difference
between the primer efficiency. We report both primary Ct-values and de-
rived gene copies relative to the Ct values of positive controls for both
individual genes and effective SARS-CoV-2 gene concentration.

2.4. Epdemiological information, data collection and interpretation

The data of affected people and their locations were obtained from
the governmental mobile application ‘Arogya Setu’ which is published
as Ahmedabad COVID-19 community vulnerability map published by
SustainAbly and Accion Land Pvt. Ltd., accessible at http://google.
org/crisismap/a/gmail.com/amdcovid19. ‘Aarogya Setu’ mobile appli-
cation was launched by the Ministry of Electronics and Information
Technology of the Indian government for collecting data pertaining to
tracing, syndromic mapping and self-assessment on COVID–19. This
application reached more than 100 million installs in 40 days (Aro-
gya setu, Wikipedia 2021). Other information was obtained from
the Ahmedabad city portal accessed using link https://ahmedabadcity.
gov.in/portal/web?requestType=ApplicationRH&
actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114.
Several other informations can be accessed using https://
ahmedabadcity.gov.in/portal/jsp/Static_pages/water_project.jsp.

The percentage change showed for the confirmed and active cases
were calculated using the formula:

Statistical Package for the Social Sciences (SPSS 21) has been used
for hypothesis testing through Analysis of variance (ANOVA) and Dun-
can's Multiple Range Test (DMRT). The OriginPro 2019b data analysis
software has been used to draw boxplots.

3. Results and discussions

We detected and quantified variation in SARS-CoV-2 RNA from
wastewater samples for three months (September and November) to un-
derstand the pandemic situation in Ahmedabad, Gujarat, India. Among
the 116 samples analyzed in the study, 111 (95.7%) were found positive,
comprising at least two positive RT-PCR results targeting SARS-CoV-2
ORF1ab, S gene, and N gene assays (Table 1). In addition to this, 109/
116 (93.7%) samples showed positive RT-PCR results for each N, ORF
1b, and S genes. The distribution analysis of Ct values for different genes
using boxplot is represented in Fig. 2. The average Ct values for N, ORF
1ab, and S genes were 32.50, 32.36, and 33.85, respectively. The aver-
age Ct values of internal control (MS2 bacteriophage) was 28.2, and no
SARS-CoV-2 genes were detected in the negative control samples.

3.1. Monthly and weekly variations

Monthly variation depicted a significant decline of 89.7, 63.7, and
90.1% in N, ORF-1ab, and S gene concentration (copies/L), respec-
tively in October compared to September 2020, followed by a sharp
increment in November 2020 i.e., ~25 folds in N gene, ~22 folds in
ORF 1ab and ~26 folds in S gene. The PCR products for all three
genes were maximum in wastewater samples of November, followed
by September and October (Fig. 3a–c). Likewise, the effective gene
concentration of SARS-CoV-2 was maximum in the month of No

http://google.org/crisismap/a/gmail.com/amdcovid19
http://google.org/crisismap/a/gmail.com/amdcovid19
https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/web?requestType=ApplicationRH&actionVal=loadCoronaRelatedDtls&queryType=Select&screenId=114
https://ahmedabadcity.gov.in/portal/jsp/Static_pages/water_project.jsp
https://ahmedabadcity.gov.in/portal/jsp/Static_pages/water_project.jsp
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Table 1
Temporal variation in gene copies of the SARS-CoV-2 targeted genes and effective gene concentration at various locations in Ahmedabad city.
Where, ND = not detected; NA = data not available.

Fig. 2. Distribution of Ct values of SARS-CoV-2 genes during the study period.

vember (~10,729 copies/L), followed by September (~3047 copies/L),
and October (454 copies/L) in line with a ~1.5-fold rise in the number
of confirmed cases during the study period (3rd September 2020 and
26th November 2020) (Fig. 3d).

There had been a decline of 20.47% in active cases in October
2020 with respect to September, and a rise of 1.82% occurred in No-
vember 2020 compared to the preceding month i.e. October. While
the increase of 1.82% in the active cases of November with respect
to October is equivalent to a change of 59 cases (3234 cases on 1st
November–3293 on 26th November); however, the

same monthly change in the total confirmed cases between October and
November has been of 14.1% due to addition of 6019 new cases to the
tally of October by 26th November 2020. Also, a monthly decrease of
4.45% in recovered cases was noticed in November compared to Oc-
tober 2020. The monthly recovered new cases were 16.61, 20.02, and
15.58% in September, October, and November 2020, respectively. Apart
from that, people's casual and reluctant attitude during the festive sea-
son in India (mid-October to mid-Nov) might be the reason for the pierc-
ing rise in COVID-19 cases.

Weekly temporal variations in average SARS-CoV-2 gene copies were
analyzed for SARS-CoV-2 RNA presence in samples collected from all
the sampling locations in Ahmedabad and are displayed in Fig. 4a–d.
One-way ANOVA and Duncan post hoc test (p < 0.05) were performed
to see the significance level in gene copy variation among different
sampling dates. The results showed significant differences in all three
gene copies, i.e. N-gene (ANOVA, F = 7.49, p < 0.001), ORF-1ab genes
(ANOVA, F = 5.94, p < 0.001), and S-gene (ANOVA, F = 8.25,
p < 0.001) on the temporal scale (sampling dates). Similarly, differ-
ences were significant in the case of effective gene concentration
(ANOVA, F = 7.12, p < 0.001).

The N-Gene concentration in wastewater samples collected on Sep-
tember 10th, 2020 was found to be significantly higher than other sam-
pling dates, except November 26th, 2020, and lower than November
19th, 2020. The ORF 1ab gene copies/L in wastewater samples noticed
maximum on November 19th, 2020 and were significantly higher than
other sampling dates. Except for November 19th, 2020, the changes in
ORF 1ab gene concentration were insignificant among different sam-
pling dates. Likewise, the highest S-Gene con



UN
CO

RR
EC

TE
D

PR
OO

F

M. Kumar et al. / Science of the Total Environment xxx (xxxx) 148367 5

Fig. 3. Distribution of SARS-CoV-2 gene copies on a temporal scale (monthly variation).

centration was noticed on November 19th, 2020 (p < 0.05), followed
by September 10th, 2020. The S gene copies/L in wastewater samples
collected on September 10th, 2020 was significantly higher than other
sampling dates except for November 12th, 2020. In addition to this, the
alteration in S-Gene concentration was statistically insignificant among
the remaining dates. Moreover, the SARS-CoV-2 effective gene concen-
tration was found to be maximum and significantly higher on Novem-
ber 19th, 2020 than others. The effective gene concentration in waste-
water sampled on September 10th, 2020 was significantly higher than
the samples of September 24th, 2020 and October 8th & 29th 2020. All
three gene copies (i.e. N, ORF1ab, and S genes) and effective gene con-
centration were detected maximum on November 19th, 2020, and val-
ues were significant (p < 0.05) as compared to other sampling dates.
The exponential rise in virus gene concentration might be due to the de-
cline in the decreasing trend (<−0.1%, November 12th, 2020) followed
by the increase in the number of active cases (i.e. 2.5% which corre-
sponded to the 82 new cases on November 19th, 2020), compared to the
earlier sampling dates.

The major implications of these temporal variations in monthly and
weekly data of various genes can be explained in three ways: i) the
explicit effect of variations in new confirmed cases on gene copies. In
this context, it is interesting to note that change in the active cases
is not showing much relationship with the WBE data; ii) there is not
much difference among the individual genes and effective gene con-
centrations when we visualize the monthly variation; and iii) weekly
variation brings out the difference among the various genes and need
to normalize the data in effective gene concentrations. Weekly data
explicitly confirms that N genes are much more resistant among the
three and ORF-1ab seems the least sensitive gene. These two obser-
vations are clearly evident in data of 10th September and 5th No-
vember (Fig. 4) when the varitions/disagreements among the various
genes are explicit. The further implications of these findings are re-
lated to the required sampling event and calculations of the effective
gene calculations. It is evident here is that biweekly sampling should be
enough to get a trend in a given Indian city. Also, COVID-19 wastewater
surveillance based data must not be judged or evaluated based on a

single particular gene of SARS-CoV-2 but its effective gene concertation
based on multiple genes.

3.2. SWEEP-based city zonation and identification of hot-spots

Depending on the SARS-CoV-2 effective gene concentration in waste-
water samples based on analytical results, we identified highly suscep-
tible areas for COVD-19 infection and its transmission among the com-
munity. Although we do not have explicit epidemiological data at the
ward level/sampling locations; variations were good enough to clas-
sify a city based on SARS-CoV-2 gene concentration in wastewater sam-
ples. The north (Motera and Ranip) and east (Odhav and Satyam) zones
were highly affected areas with an average effective gene concentra-
tion of ~15,574 and ~13,397 copies/L, respectively, in November (Fig.
5a). Likewise, in September, wastewater samples collected from the east
zone showed maximum effective gene concentration (~5734 copies/L),
followed by the north zone (~3536 copies/L). Though areas present in
north and east zones showed high virus genetic load, yet a sharp rise in
SARS-CoV-2 RNA was noticed in all the zones in November 2020 (Fig.
5a). It has also been represented in a summarised format with a compar-
ison to the affected population in the city (Fig. 5b & c).

It is imperative to note that 5b is a generalised status of the city as of
26th November 2020 pertaining to the COVID-19 total confirmed cases
and Fig. 5c depicts three months change in SARS-CoV-2 effective gene
concentration by bar diagram with existing positive cases of 26th No-
vember 2020 by colour coding. Although it would have been better to
provide heat maps, active case distributions and effective gene concen-
trations over the entire study period to understand the effectiveness of
WBE surveillance; the two observations are critical i.e. i) Satyam and
Vinzol locations showed opposite monthly trends of SARS-CoV-2 gene
concentration. It was found to be higher in case of Vinzol for the month
of November compared to Satyam, implying the capability of WBE to
distinguish the parts of city based on SARS- CoV-2 gene concentration;
and ii) scale of change varies among the sampling locations, therefore
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Fig. 4. Temporal variations in targeted gene copies of SARS-CoV-2, collected from different sampling points a.) N gene, b.) ORF 1ab gene, c.) S gene, and d) effective gene concentration.

seems to be related to the size of the catchment and treatment plant,
suggesting month-wise variation is not enough. Also, there is a need for
the match between the epidemiological data and SARS-CoV-2 gene con-
centration in wastewater samples. Overall, despite several challenges in
epidemiological and clinical data collection as well as sewage water col-
lection and catchment delineation in India, the proper scrutiny and reg-
ular monitoring of wastewater could be useful for preparedness against
adverse conditions as appeared in post-festive days in Ahmedabad.

The SWEEP technology offers a better picture of the pandemic sit-
uation at the sub-city or zone level, relying on the SARS-CoV-2 RNA
concentration in wastewater samples of a particular area. SWEEP data
can help to estimate the actual extent of the infection due to the
SARS-CoV-2, as it covers both asymptomatic and presymptomatic pa-
tients, which may be underestimated by clinical surveillance. Therefore,
SWEEP data-based zonation of the city can help to identify hot-spots to
increase the preparedness in advance. On the other hand, clinical sur-
veillance usually fails to classify the city into distinct zones as it is more
dependent on the location of test centres rather than the COVID-19 pa-
tients, and owing to asymptomatic and presymptomatic patients. This
is why several study could early detect the SARS-CoV-2 RNA in waste-
water, before the first clinical report like Medema et al. (2020) in the
Netherlands, La Rosa et al. (2020) in two different cities in Italy and
Randazzo et al. (2020) in Spain. However this is probably the first
study where the SARS-CoV-2 RNA data has been compared with ward
wise positive patient counts.

3.3. Early warning potential of WBE

In this view, the present research work followed our first proof con-
cept study, where we detected SARS-CoV-2 genetic material in waste-
water and proposed its wide applicability for COVID surveillance in
the community (Kumar et al., 2020a). The linear regression between
changes in SARS-CoV-2 effec

tive gene concentration and the number of confirmed cases showed
a positive correlation (Fig. S1) but was not statistically significant
(p = 0.135, R = 0.438). There was no linear relationship between the
SARS-CoV-2 gene concentration and epidemiological data. Therefore,
we showed the relationship between percentage changes in effective
gene concentration and confirmed cases that can be used as a pre-alarm-
ing tool, which gives a lead of ~2 weeks for the upcoming scenario (Fig.
6). Examining the potential of WBE for COVID-19 surveillance as a po-
tential tool showed that the percentage change in effective gene con-
centration level on a particular date was in conjunction with the con-
firmed cases registered 1–2 weeks later on a temporal scale by the reg-
ulatory authority based on clinical tests (Fig. 6). For example, on Oc-
tober, 8th, 2020, a sharp decline of ~86% was noticed in the percent-
age change in the average effective gene concentration which was fol-
lowed by ~0.4% decline in the percentage change in confirmed COVID
cases on October, 22nd, 2020. Likewise, on November 5th, 2020, a steep
hike of >22-folds in the percentage change in the average effective
gene concentration was noticed compared to the earlier sampling date,
which was followed by ~0.6% and 2.37% increment in the percent-
age change in confirmed COVID cases on November 19th and Novem-
ber, 26th, 2020, respectively. In the contrary, more than >1000% and
500% increase were noticed in percentage change in SARS-CoV-2 effec-
tive gene concentration in wastewater in early September and mid-Octo-
ber, respectively. However, there seems no notable increase in the num-
ber of confirmed cases 1–2 weeks later. Still, this technique displayed
positive prediction in most of the cases during the study period. There-
fore, we can predict the severity of the pandemic situation 1–2 weeks
prior to the official reports by the regulatory body based on clinical tests.

The results unravel the potential of WBE surveillance of COVID-19
as an early warning tool displayed by the adequate presence of
SARS-CoV-2 genetic material in wastewater samples though limited
cases were documented and based on the immediate future trends.
These findings were in agreement with
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Fig. 5. a) Zone-wise Covid-19 pandemic status in Ahmedabad city; b) Heat map of the overall infected population in Ahmedabad City based on Aarogya-setu mobile application. Very
low, low, medium, high and very high indicates no to up to 50, 51–180, 181–300, 301–650, and >651 registered positive covid-19 cases per ward. and c) Monthwise Effective gene
concentration at the sampling locations (y-axis in bar diagrams represents SARS-CoV-2 effective gene concentration in copies ×102/L wastewater samples). Note: Positive patient count
has been taken on ward basis not on the population-density.

Fig. 6. Potential and evidence of wastewater based epidemiology surveillance of Covid-19 pandemic as an early warning tool.
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those of Ahmed et al. (2020b), who noticed a longitudinal decline in
the presence of SARS-CoV-2 RNA with the tapering of the first epidemic
wave; however, there was no concrete relationship between virus RNA
and daily cases numbers.

3.4. Limitations and perspectives

Epidemiological data accessible for this study has been weak as the
clear catchment delineation and exact population being catered by each
location is not precise. We also just matched RNA data with secondary
sourced information on COVID-19 vulnerability maps. Although it may
still be considered as a good beginning, yet it emphasizes the need for
collaborations among the different governmental organizations. Never-
theless, we explicitly put forward an example of the effectiveness of
SWEEP for the early warning of COVID-19, and emphasize the continu-
ous long-term monitoring with the following future objectives: i) moni-
toring the COVID-19 curve in the post-vaccination period through quan-
tifying the genetic material of SARS-CoV-2 in the wastewaters of a given
city (Ahmedabad); ii) understanding the association of antibiotic resis-
tance with COVID-19 prevalence (Kumar et al., 2021b); iii) develop-
ing an online portal with a weekly update of gene concentration with
accessibility provided to the public and policymakers; iii) estimating the
potential risk of SARS-CoV-2 in natural water bodies through various
water activities using a quantitative microbial risk assessment (QMRA)
framework; iv) generating longer time-series data to further check the
robustness of early warning capability of the techniques and its possi-
ble benefits (Kumar et al., 2021c); and v) developing predictive mod-
eling for connecting the missing points in SWEEP generated database,
meaningful interpretations, and supporting other surveillance protocols.
SWEEP can be considered for developing advisory in the context of
rapid-testing, the number of testing, community clearance, hotspot iden-
tification, vaccine need identification zones, as well as making a recom-
mendation on staying at home and implementing curfews.

In this first phase, we have explicitly shown the capability of WBE as
an early warning and city zonation tool however in a country like India,
where sewer systems are not complete, and treatment systems are not
well-managed, it is important to have long-term monitoring for a year
at the least so that precious meaningful data for the developing coun-
try can be obtained. Furthermore, a practical guide and pandemic man-
agement tools can be developed by integrating the virtues of informa-
tion technology with the early warning capability of wastewater surveil-
lance. Confidence may be generated among the commons as well as to
the government agencies like Ahmedabad Municipal Corporation (AMC)
for incorporating WBE into regular monitoring program for the manage-
ment of the current/future COVID-like epidemic/pandemic outbreak.

4. Conclusion

A temporal variation of SARS-CoV-2 RNA presence in wastewater
was studied for a period of three months in Ahmedabad, India. A total
111 samples (95.7%) of the total 116 samples tested in the study were
found to be positive, with at least two positive RT-PCR results target-
ing SARS-CoV-2 ORF1ab, S gene, and N gene assays. Monthly variation
depicted a significant decline in all three gene targets in October com-
pared to September 2020, followed by a sharp increment in November
2020. Correspondingly, the descending order of average effective gene
concentration was November (~10,729 copies/L) > September (~3046
copies/L) > October (~454 copies/L). This finding was further sup-
ported by the relation between the percentage change in effective gene
concentration level and confirmed cases, which followed a similar trend
on the temporal scale with a ~1 to 2 weeks' time distance. The re-
sults unveiled the untapped potential of WBE surveillance of COVID-19
as an early warning tool for practical use of city zonation based on
SWEEP data for actual scenarios and future prediction. This approach
may help the authorities identify the hotspots within a city and tuning
effective management interventions. Further research may be focused on
quantification of correlation of SWEEP results with clinical surveillance
data and development of a predictive model that can translate SWEEP

data for easy propagation to policymakers and common public to en-
hance the preparedness and management of pandemics.
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A B S T R A C T   

Wastewater-based Epidemiological (WBE) surveillance offers a promising approach to assess the pandemic sit
uation covering pre-symptomatic and asymptomatic cases in highly populated area under limited clinical tests. In 
the present study, we analyzed SARS-CoV-2 RNA in the influent wastewater samples (n = 43) from four 
wastewater treatment plants (WWTPs) in Gandhinagar, India, during August 7th to September 30th, 2020. A 
total of 40 samples out of 43 were found positive i.e. having at least two genes of SARS-CoV-2. The average Ct 
values for S, N, and ORF 1 ab genes were 32.66, 33.03, and 33.95, respectively. Monthly variation depicted a 
substantial rise in the average copies of N (~120%) and ORF 1 ab (~38%) genes in the month of September as 
compared to August, while S-gene copies declined by 58% in September 2020. The SARS-CoV-2 genome con
centration was higher in the month of September (~924.5 copies/L) than August (~897.5 copies/L), corre
sponding to a ~2.2-fold rise in the number of confirmed cases during the study period. Further, the percentage 
change in genome concentration level on a particular date was found in the lead of 1–2 weeks of time with 
respect to the official confirmed cases registered based on clinical tests on a temporal scale. The results pro
foundly unravel the potential of WBE surveillance to predict the fluctuation of COVID-19 cases to provide an 
early warning. Our study explicitly suggests that it is the need of hour that the wastewater surveillance must be 
included as an integral part of COVID-19 pandemic monitoring which can not only help the water authorities to 
identify the hotspots within a city but can provide up to 2 weeks of time lead for better tuning the management 
interventions.   

1. Introduction 

The global pandemic caused by severe acute respiratory syndrome 2 
(SARS-CoV-2) disease has led to more than 40 million confirmed cases 
and >1 million deaths worldwide, covering 216 countries, as of 
December 10th, 2020 (WHO, 2020). The high prevalence of asymp
tomatic infectious persons is a matter of concern that raises doubt on the 
available data of active cases based on a clinical survey (Rimoldi et al., 
2020; Medema et al., 2020). Therefore, alternative approaches such as 
wastewater-based epidemiology (WBE) are gaining recognition, and 
surveillance of SARS-CoV-2 transmission and real-time trend monitoring 
is being endorsed to trigger pandemic responses by scientific commu
nities (Medema et al., 2020; Randazzo et al., 2020). The SARS-CoV-2 

virus replicates in epithelial cells of alveoli and enterocytes of the in
testinal lining in human beings due to the expression of ACE2 receptor 
resulting in respiratory illness and gastro-intestinal symptoms such as 
vomiting and diarrhoea (Ni et al., 2020; Kumar et al., 2020; Gupta et al., 
2020; Zhang et al., 2020; Xiao et al., 2020). The clinical symptoms of 
SARS-CoV-2 infection include cough, breathing problems, diarrhoea, 
and fever. Different studies suggest that 48–67% of deceased persons 
exhibited SARS-CoV-2 RNA in the stool (Chan et al., 2020; Cheung et al., 
2020; Parasa et al., 2020; Wong et al., 2020). 

Due to the presence and extended excretion of SARS-CoV-2 RNA in 
the faecal matter of pre-symptomatic and deceased persons, WBE is 
gaining attention worldwide to monitor COVID-19, particularly in the 
developing economies with poor health infrastructure. An earlier 
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investigation on COVID-19 patients revealed the prevalence of SARS- 
CoV-2 RNA in the stool of a larger population (48.1%) than patients 
with gastro-intestinal symptoms (17%) (Cheung et al., 2020). The latter 
study suggested that asymptomatic persons together with symptomatic 
persons, discharge viral particles in the excreta finding their way to 
sewage treatment plants. Interestingly, 18–45% of patients lack symp
toms in the case of COVID-19 infection but are capable of transmitting 
the disease and can adversely affect the actual containment of COVID-19 
(Lavezzo et al., 2020; Yang et al., 2020; Mizumoto et al., 2020; Nishiura 
et al., 2020). Haver and co-workers (2020) reported 6 to 24 times higher 
infection among asymptomatic and mild symptomatic individuals than 
confirmed cases at ten different sites in the United States based on sur
veillance of antibodies to SARS-CoV-2. 

The wastewater encompasses SARS-CoV-2 RNA from both asymp
tomatic and symptomatic patients; therefore, WBE may prove its 
worthiness for COVID-19 surveillance to forecast the overall pandemic 
situation. WBE may help in identifying the hotspots and tuning the 
public health initiatives that will give preparatory time to the regulatory 
bodies to handle the adverse situation. Further, WBE could provide an 
early warning of possible re-outbreaks and seasonal outbreaks in the 
future. The occurrence of SARS-CoV-2 RNA in wastewater has widely 
been reported from all corners of the world, including Spain, France, 
Italy, China, Netherlands, Australia, India, and Japan (Randazzo et al. 
2020; Wurtzer et al., 2020; Zhang et al., 2020; Medema et al., 2020; La 
Rosa et al., 2020; Ahmed et al., 2020; Hata et al., 2020; Kumar et al., 
2020, 2021). Although the sensitivity of WBE is comparatively less than 
clinical trials and largely depends on the viral load in the patient’s faecal 
matter, earlier clues and wide acceptability of WBE suggest that this 
approach could be superior to clinical surveillance for the early pre
diction of COVID-19 status for highly populated places (Medema et al., 
2020; Randazzo et al., 2020; La Rosa et al., 2020). Therefore, to evaluate 
WBE’s potential as an early prediction tool for COVID-19 pandemic, it is 
essential to explore the correlation between the SARS-CoV-2 genetic 
load in wastewater and the number of cases at the district level in each 
country. 

In view of this, the objective of this study was to verify the WBE 
approach for COVID-19 by comparing the detected concentration of 
SARS-CoV-2 in wastewater with the COVID- 19 cases reported by the 
clinical surveillance. The detected concentrations of SARS-CoV-2 RNA in 
wastewater would reflect the true prevalence of COVID-19 infection in 
the sewer catchment, including clinically undiagnosed patients, while 
the number of clinically reported cases covers only diagnosed patients 
and also depends on the number of PCR diagnosis. In the present study, 
we analyzed SARS-CoV-2 RNA in the influent wastewater samples (n =
43) from four wastewater treatment plants (WWTPs) in Gandhinagar, 

India, from August 7th to September 30th, 2020, with the following 
objectives: a) detection and quantification of SARS-CoV-2-RNA in the 
influent wastewater samples of Gandhinagar to understand the 
pandemic situation over 2 months b) biweekly and weekly resolution of 
the data for two months in genetic material loadings; and c) explicating 
the potential of WBE for COVID-19 surveillance as a potential tool for 
identifying hotspots and public health monitoring at the community 
level. 

2. Material and methods 

2.1. Sampling approach 

Influent wastewater samples were collected from four different 
treatment plants viz. Basan, Jaspur, and Sargasan wards, and an aca
demic institution present in the municipal territory of Gandhinagar 
(Fig. 1). The capacity of treatment plants was 2, 10, 10, and 2.36 MLD, 
respectively. The details of the WWTPs, including their geospatial po
sition, capacity, treatment process, etc., are shown in Table S1. The 
influent wastewater samples were collected from each WWTP first 
biweekly, followed by weekly for two months, during August and 
September 2020. A total of forty-three influent wastewater samples 
collected from four different treatment plants were analyzed for two 
months. All the samples were collected by grab hand sampling using 
250 mL sterile bottles (Tarsons, PP Autoclavable, Wide Mouth Bottle, 
Cat No. 582240, India). Simultaneously, blanks in the same type of 
bottle were examined to know any contamination during the transport. 
In-situ water quality parameters (pH, Electrical Conductivity, Dissolved 
Oxygen, Oxidation-Reduction Potential, and Total Dissolved Solids, 
Salinity) were examined prior to the sample collection using YSI multi- 
parameter probe and summarized in Table S2. The samples were kept 
cool in an ice-box until analysis. 

2.2. SARS-CoV-2 gene detection 

2.2.1. Precipitation of viral particle 
30 mL samples were centrifuged at 4000×g (Model: Sorvall ST 40 R, 

Thermo Scientific) for 40 min in a 50 mL falcon tube followed by 
filtration of supernatant using 0.22-μm syringe filter (Mixed cellulose 
esters syringe filter, Himedia). After filtrating 25 mL of the supernatant, 
it was treated with PEG 9000 (80 g/L), and NaCl (17.5 g/L), and this was 
incubated at 17 ◦C, 100 rpm overnight (Model: Incu-Shaker™ 10LR, 
Benchmark). Next day, the mixture was centrifuged at 14,000×g 
(Model: Kubota 6500, Kubota Corporation) for about 90 min. The su
pernatant was discarded after centrifugation, and the pellet was 

Fig. 1. Geospatial map of the sampling points in Gandhinagar, Gujarat.  
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resuspended in 300 μL RNase free water. The concentrated sample was 
kept in 1.5 mL eppendorf at − 40 ◦C, and this was further used as a 
sample for RNA isolation. 

2.2.2. RNA isolation, RT-PCR and gene copy estimation 
RNA isolation from the pellet with the concentrated virus was per

formed using NucleoSpin® RNA Virus (Macherey-Nagel GmbH & Co. 
KG, Germany) isolation kit. MS2 phage was used as an internal control 
provided by TaqPathTM Covid-19 RT-PCR Kit. Some other specifics are, 
a) the nucleic acid was extracted by NucleoSpin@ RNA Virus isolation 
Kit (Applied Biosystems), and Qubit 4 Fluorometer (Invitrogen) was 
used for RNA concentrations estimation, b) molecular process inhibition 
control (MPC) was evaluated through MS2 phage for the QC/QA ana
lyses of nucleic acid extraction and PCR inhibition (Haramoto et al., 
2018). We have described methodology elsewhere (Kumar et al., 2021 
and 2020a). Briefly, steps were carried out as per the guideline provided 
with the product manual of Macherey-Nagel GmbH & Co. KG, and RNAs 
were detected using real-time PCR (RT-PCR). 

SARS-CoV-2 gene was detected with Applied Biosystems 7500 Fast 
Dx Real-Time PCR Instrument (version 2.19 software) and for each run a 
template of 7 μL of extracted RNA was used with TaqPath™ 1 Step 
Multiplex Master Mix (Thermofischer Scientific, USA). Final reaction 
mixture (20 μmL) contained nuclease-free water 9 (10.50 μL), Master 
Mix (6.25 μL), and COVID-19 Real-Time PCR Assay Multiplex (1.25 μL). 
Positive control (TaqPath™ COVID 19 Control), negative control (from 
extraction run spiked with MS2), and no template control (NTC) were 
run with each batch. 40 cycles of amplification were set and results were 
interpreted based on the Ct values for three target genes i.e., ORF1ab, N 
Protein, and S Protein of SARS-CoV-2 along with that of MS2 used as an 
internal control. 

Results were considered inconclusive if less than two genes are 
detected in the samples. Effective genome concentration was calculated 
semi-qualitatively using the equivalence of 500 copies of SARS-CoV-2 
genes as 26 Ct-value (provided with the kit), and multiplying the RNA 
amount used as a template and the enrichment factor of waste water 

samples during the experimentation. The OriginPro 2019b was used for 
data plotting and analysis. 

Test of significance and multivariate analyses (MVA) was performed 
with help of Statistical Package for the Social Sciences (SPSS 21) to 
evaluate the relatedness among various quality parameters analyzed and 
to delineate the principle components (PCs) governing variables in the 
produced data-set through orthogonal transformation that explains the 
captured variance in the dataset. Principle component analyses (PCA) 
not only reduces the dimensionality of datasets but also provides the 
influences of each dimensions on each other. Determining the Eigen 
values and Eigen vectors were the key steps in the process of PCA, 
following the square matrix during the formation of factor loading 
matrix. 

3. Results and discussions 

We detected and quantified variation in SARS-CoV-2 RNA from 
influent wastewater samples for two months (August and September) to 
understand the pandemic situation in Gandhinagar, Gujarat, India. 
Among 43 samples analyzed in the study, 40 were found positive, 
comprising two out of three targetted genes (Table 1). The distribution 
analysis of Ct values for different genes using boxplot is represented in 
Fig. 2a. The average Ct values for S, N, and ORF 1 ab genes were 32.66, 
33.03, and 33.95, respectively. The Ct values of internal control (MS2 
bacteriophage) ranged between 25.15 and 28.01. Also, no SARS-CoV-2 
genes were detected in the negative control samples. The average 
gene copies were found to be maximum for S-gene (~1223 copies/L), 
followed by N-gene (~1022 copies/L) and ORF 1 ab-gene (~485 copies/ 
L) (Fig. 2b). 

3.1. The monthly variations 

The monthly variation depicted a substantial rise in the average 
copies of N (~120%) and ORF 1 ab (~38%) genes in the month of 
September as compared to August, while S-gene copies declined by 58% 

Table 1 
Temporal variation in SARS-CoV-2 genetic material loading found in the influent and effluent samples collected from two different wastewater treatment plants. 
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in September 2020 (Fig. 3a). The SARS-CoV-2 genome concentration 
was higher in the month of September (~925 copies/L) than August 
(~898 copies/L), corresponding to a ~2.2-fold rise in the number of 
confirmed cases during the study period (Fig. 3b). Temporal variations 
in average SARS-CoV-2 gene copies were analyzed from different 
WWTPs in Gandhinagar are displayed in Fig. 4a–d. One-way ANOVA 
and Duncan post hoc test (p < 0.05) was performed to see the signifi
cance level in gene copy variation among different sampling dates. The 
results showed significant differences in N-gene (ANOVA, F = 2.68, p <
0.05) and S-gene copies (ANOVA, F = 2.20, p < 0.05) on the temporal 
scale (sampling dates). Conversely, differences were non-significant in 
case of ORF-1ab genes (ANOVA, F = 1.13, p > 0.05) and genome con
centration (ANOVA, F = 1.63, p > 0.05). 

There are some studies available around the globe on early detection 
of SARS-CoV-2 RNA in wastewater, even before the first report of clin
ical diagnosis. For example, Madema et al. (2020) reported the presence 
of SARS-CoV-2 genetic material in wastewater in February, even before 
the official declaration of the first case in the Netherlands. Likewise, La 
Rosa et al. (2020) reported SARS-CoV-2 genetic material in wastewater 
samples before the first official documented report from two different 
cities in Italy. Similarly, Randazzo et al. (2020) detected SARS-CoV-2 
RNA in wastewater samples from Spain. Since then, many researchers 
detected and reported the occurrence of SARS-CoV-2 RNA in wastewater 
samples and pondered its applicability for WBE surveillance (Ahmed 
et al., 2020, Kumar et al., 2020 a,b). However, a few studies available 
focused on assessing its potential on the temporal scale in relation to the 
changes in COVID cases. 

3.2. The early warning capability 

The present research work followed our first proof of the concept, 
where we detected SARS-CoV-2 genetic material in wastewater and 
proposed its wide applicability for COVID surveillance in the community 
(Kumar et al., 2020a). Examining the potential of WBE for COVID-19 
surveillance as a potential tool showed that the percentage change in 
genome concentration level on a particular date was in conjunction with 
the confirmed cases registered 1–2 weeks later on a temporal scale by 
the regulatory authority based on clinical tests (Fig. 5). For example, on 
August 21st, 2020, a sharp decline of ~51% was noticed in the per
centage change in the average genome concentration which was fol
lowed by ~0.76% decline in the percentage change in confirmed COVID 
cases on August 28th, 2020. Likewise, on August 25th, 2020, a steep 
hike of ~75% in the percentage change in the average genome con
centration was noticed, which was followed by ~11% increment in the 
percentage change in confirmed COVID cases on September 7th, 2020. 
Therefore, we can predict the severity of the pandemic situation 1–2 
weeks prior to the official reports by the regulatory body based on 
clinical tests. The results unravel the potential of WBE surveillance of 
COVID-19 as an early warning tool displayed by the adequate presence 
of SARS-CoV-2 genetic material in wastewater samples though limited 
cases were documented and based on the immediate future trends. These 
findings were in agreement with those of Ahmed et al. (2020b), who 
noticed a longitudinal decline in the presence of SARS-CoV-2 RNA with 
the tapering of the first epidemic wave; however, there was no concrete 
relationship between virus RNA and daily cases numbers. 
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Fig. 2. Distribution of SARS-CoV-2 viral gene a) Ct values, and b) target gene copies during entire study period in Gandhinagar.  

Fig. 3. Distribution of SARS-CoV-2 gene copies on a temporal scale (monthly variation), a) Target gene copies, b) Genome concentration.  
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3.3. Relatedness with COVID-19 cases and water quality through 
multivariate analyses 

Finally, MVA was performed to know the relation among influent 
wastewater physico-chemical characteristics, SARS-CoV genetic mate
rial, and pandemic status (i.e., confirmed, active, recovered, and 
deceased cases) through principal component analysis depicted by PCs 
loading in a 3-D domain during the entire two months of the monitoring 

period (Fig. 6a and b). A summary description of in-situ parameters 
(Table S3), variation explained, eigenvalue variations, and principal 
component loadings for influent wastewater (Table S4, Fig S1) have 
been provided as supplementary items. 

Principal component analyses showed a comprehensive picture of 
the overall interaction among SARS-CoV-2 genetic material and influent 
wastewater characteristics. The entire dataset obtained for August and 
September were subjected to PCA and projected in the 3-D domain of 

Fig. 4. Temporal variations in average SARS-CoV-2 gene copies collected from different STPs in Gandhinagar, a) N-Gene, b) ORF1 ab Gene, c) S-Gene, and d) 
Genome concentration. Alphabetical letters in graphs represent a statistically significant difference of p < 0.05 by Duncan post hoc test. 

Fig. 5. Potential and evidence of wastewater-based epidemiology surveillance of Covid-19 pandemic as an early warning tool in Gandhinagar.  
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three main PCs. In the month of August, four PCs were identified that 
explains 76.9% of the total variance in the dataset. The first PCs 
explained 26.9% of the total variance with significant loading for COVID 
cases forming a cluster (confirmed, recovered, and active cases) with 
moderate loading (~0.5) of influent wastewater parameters (ORP and 
DO) and weak loading for ORF gene (Fig. 6a and Supplementary 
Table S3 and S4). On the other hand, nearly the same (~23.8%) varia
tion of data sets is explained by SARS-CoV-2 genes, and genome con
centrations form a cluster upper left domain with significant loadings for 
effective genome concentrations (0.98) followed by ORF-1ab, N-genes, 
and S-genes as PC2. Interestingly in August, the ORF 1 ab genes illus
trated positive loadings in both PC1 and PC2. The PC3 and PC4 
exhibited almost similar contribution (~13%) of the total variance. 

In September, the complexion changed significantly with the overall 
reductions of PCs to three, explaining cumulative variations of 84% in 
the dataset. The trends were almost similar to the month of August. 
However, SARS-CoV-2 genes exhibited higher loadings. Order of load
ings among SARS-CoV-2 genes and genome remains same i.e., effective 
genome concentration > ORF-1ab > N-genes > S-genes. The confirmed 
and active COVID cases showed a positive relationship with SARS-CoV-2 
genes (ORF 1 ab, N-gene, and genome concentration), though the rela
tionship was not strong due to weak correlation coefficients (<0.1). 
Though the results of MVA suggested a weak relationship between the 
SARS-CoV-2 genome concentration and confirmed cases, yet the per
centage change in genome concentration showed a positive relation to 
the percentage change in the confirmed cases. This might be because of 
the effect of change in SARS-CoV-2 genome concentration was reflected 
in 1–2 weeks later data of the confirmed cases. This could also partly be 
ascribed to the number of confirmed cases not necessarily reflect the 
actual prevalence of the disease (Hata et al., 2020). 

4. Conclusion 

A temporal variation of SARS-CoV-2 RNA presence in influent 
wastewater was studied for a period of two months in Gandhinagar, 
India. Out of 43 samples, 40 samples were found positive, while RT-PCR 
showed greater sensitivity for S-gene, followed by N-gene and ORF 1 ab 
gene. A comparison of monthly variation demonstrated higher SARS- 
CoV-2 genome concentration in September (~925 copies/L) than 
August (~898 copies/L) in line with the ~2.2-fold rise in the number of 
confirmed cases during the study period. The results profoundly unravel 
the potential of WBE surveillance to predict the fluctuation of COVID-19 
cases to provide an early warning. Our study explicitly suggests that it is 
the need of hour that the wastewater surveillance must be included as an 
integral part of COVID-19 pandemic monitoring which can not only help 
the authorities to identify the hotspots within a city but can provide up 

to 2 weeks of time lead for better tuning the management interventions. 
However, the capability of WBE for early warning of COVID-19 needs to 
be further substantiated through long-term dataset, as cross correlation 
of temporal patterns between SARS-CoV-2 RNA and confirmed cases is 
not easy to interpret with short-term data set. Second, biasness in the 
interpretation may arise based on the extent of effort and capacity of 
COVID-19 cases diagnosis. 

Future outlook of WBE can have several research and application 
directions such as: i) continuum data on SARS-CoV-2 RNA should be 
obtained that can be key for future, ii) not only wastewater but treated 
effluents and ambient waters should also be monitored; ii) temporal 
variability in WBE data along with epidemiological information of the 
community should be made available for future comparison and pre
dictions; iii) removal efficacy of WWTPs should not be taken for granted 
and virus RNA decay or accumulation perspective should be taken into 
account; iv) infectivity through viable virus estimation in the ambient 
and reclaimed waters is imperative; and iv) WBE can help to understand 
the efficacy of COVID-19 vaccine. 
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A B S T R A C T

In the initial pandemic phase, effluents from wastewater treatment facilities were reported mostly free from Se-
vere Acute Respiratory Coronavirus 2 (SARS-CoV-2) RNA, and thus conventional wastewater treatments were
generally considered effective. However, there is a lack of first-hand data on i) comparative efficacy of various
treatment processes for SARS-CoV-2 RNA removal; and ii) temporal variations in the removal efficacy of a given
treatment process in the backdrop of active COVID-19 cases. This work provides a comparative account of the re-
moval efficacy of conventional activated sludge (CAS) and root zone treatments (RZT) based on weekly waste-
water surveillance data, consisting of forty-four samples, during a two-month period. The average genome con-
centration was higher in the inlets of CAS-based wastewater treatment plant in the Sargasan ward (1.25 × 103

copies/ L), than that of RZT plant (7.07 × 102 copies/ L) in an academic institution campus of Gandhinagar, Gu-
jarat, India. ORF 1ab and S genes appeared to be more sensitive to treatment i.e., significantly reduced
(p < 0.05) than N genes (p > 0.05). CAS treatment exhibited better RNA removal efficacy (p = 0.014) than
RZT (p = 0.032). Multivariate analyses suggested that the effective genome concentration should be calculated
based on the presence/absence of multiple genes. The present study stresses that treated effluents are not always
free from SARS-CoV-2 RNA, and the removal efficacy of a given WWTPs is prone to exhibit temporal variability
owing to variations in active COVID-19 cases in the vicinity and genetic material accumulation over the time.
Disinfection seems less effective than the adsorption and coagulation processes for SARS-CoV-2 removal. Results
stress the need for further research on mechanistic insight on SARS-CoV-2 removal through various treatment
processes taking solid–liquid partitioning into account.

1. Introduction

At this juncture, when the world is facing a second winter after be-
ing threatened for the entire year with Corona Virus Disease (COVID)-
19, cases are surging, with over 40 million infections and >1 million
deaths [1]. To date, we have gained knowledge on many aspects of Se-
vere Acute Respiratory Coronavirus 2 (SARS-CoV-2), especially on
transmission, monitoring, analytical techniques, prognosis, diagnosis,
models, and management aspects [2–21]. However, the infectivity of
SARS-CoV-2 RNA in wastewater, owing to viral shedding of infected
symptomatic/asymptomatic patients, and their transmission remains

under debate [22]. Potential community transmission associated with
untreated/treated wastewater, e.g., reuse of wastewater (in built envi-
ronments), aerosols of wastewater potentially exposing WWTP work-
ers, sludge transfer activities, irrigation and recreational activities in
wastewater-impacted waters, is still being debated [23–26] . The two
main obstacles are i) whether the viral genome load in wastewater is vi-
able; and ii) whether wastewater treatments can completely remove
SARS-CoV-2 RNA? [27–38].

In general, wastewater surveillance of SARS-CoV-2 has focused on
early-warning capability verifications [8,11,16,39–40]), or protocol
improvement through comparing various techniques of concentration
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and precipitations [40–43], and solid-aqueous interactions from sludge
and virus interaction perspectives. However, since the beginning, subtle
parallel efforts were there to check the SARS-CoV-2 RNA presence in
secondary- and tertiary-treated wastewater. Apart from several reports
neglecting the presence of SARS-CoV-2 in treated water, Randazzo et
al., 2020 confirmed 11% (2 out of 18) of secondary- and 0% (0/12) ter-
tiary-treated water samples positive for SARS-CoV-2 RNA. Haramoto et
al., (2020) detected as many as 2400 gene copies/L of SARS-CoV-2 RNA
in secondary-treated wastewater, whereas raw wastewater samples
were not positive with SARS-CoV-2, owing to the difference of sample
amounts taken for filtration i.e. 200 mL for raw wastewater vs 5000 mL
for secondary-treated wastewater. They also tested river samples, but
no positive samples could be traced. Interestingly, they reported that
20% of secondary-treated wastewater samples that were found positive
could not show the presence of S and ORF1a genes but the N-genes.

By 2021, more efforts started pouring, which tried to screen the
treated water like Westhaus et al., [44] reported modest SARS-CoV-2
removal from all three monitored conventional activated-sludge-based
WWTP plants. They pointed out that the plant with full-scale ozonation
illustrated a relatively better reduction of SARS-CoV-2 fragments in the
effluent; and recommended to include membrane-based WWTP plant
for future studies. On the other hand, Hasan et al., [45] reported no pos-
itive results after monitoring 11 WWTPs effluents. They concluded that
the treatment technologies used in the UAE were efficient in degrading
SARS-CoV-2, and confirming the safety of treated water in the country
for reuse. Similar results were reported by Balboa et al [27] after ob-
serving WWTP in Spain for few days in both effluent and treated sludge.

We previously compared the decay in genetic loading of conven-
tional and Upflow Anaerobic Sludge Blanket (UASB) treatment systems
with limited data [13] and reported a gradual decay in gene copies of
SARS-CoV-2 from raw influent to UASB effluent to aeration pond and to
the final effluents. We then summarized that higher RNA loading trans-
lated to higher decay along with the treatment. However, data were
based on two-time sampling, and a detailed investigation was recom-
mended. It is still unclear how a varying genome loading in the influent
impacts the remaining SARS-CoV-2 genome in the effluent. Therefore,
it is novel to perform a comparative study, including both untreated
and treated wastewater samples to assess the efficacy of treatment
plants. While multivariate analysis (MVA) helps source apportionment
for environmental samples, it projects unbiased relationships among
parameters and their contribution to variations in the data set [39]. To
date, however, reported wastewater surveillance datasets have not
been large enough for MVA.

Accordingly, we performed two months of monitoring for SARS-
CoV-2 genes in untreated and treated wastewater samples, collected
from two mechanically different treatment plants, viz. conventional ac-
tivated sludge (CAS) process (Sargasan) and root zone treatment (RZT)
(academic institution) located in Gandhinagar, India. Our main objec-
tives were to: i) compare and evaluate the removal efficacy of SARS-
CoV-2 by CAS and RZT processes through months-long influent and ef-
fluent monitoring; and ii) study temporal variations in the removal effi-
cacy of a given treatment process in the backdrop of active COVID-19
cases. We wish to add significant pertinent knowledge related to the ac-
tual and varying capabilities of one conventional and another zero-
discharge trending root-zone treatment systems, so that infectivity can
be adequately understood and appropriate information disseminated to
the community. Our study is vital as transmission routes in the develop-
ing countries are many, owing to less prevalent, unproperly managed
sewer systems that leads to wastewater leakages, occurrences of open
defecation and common sewer overflow (CSO) situations.

2. Material and Methods:

2.1. Wastewater treatment plants (WWTPs)

We investigated wastewater samples collected from conventional
activated sludge (CAS) based treatment plant situated at the Sargasan
ward of Gandhinagar (Sargassan WWTP), and from the root-zone treat-
ment plant of an academic institution located in Gandhinagar, both lo-
cated in Gujarat, India. Schematic diagrams of the two treatment
processes are shown in Fig. 1. At Sargasan WWTP (capacity:
10,000 m3/day), the primary treatment consisted of screening by fine
screening channels and grit separator tank. The secondary treatment
employed was a cyclic activated sludge process operated with 3–5 h,
following which the supernatant was removed from the basin and chlo-
rinated to release as the effluent.

At the treatment plant at the academic institution (capacity:
2,360 m3/day), the root-zone treatment (RZT) was employed as a part
of an innovative Decentralized Wastewater Treatment System (DE-
WATS) that treats all wastewater produced by academic campus
dwellers. In this plant, heavy particles and suspended solids in un-
treated sewage were first removed in the settler tank. Then the sewage
was treated by biological treatment through the anaerobic baffled reac-
tor, where anaerobic degradation of organic matter took place. In the
third step, the sewage ran through a planted gravel filter, known as an
RZT system, where the roots of the Canna indica absorbed organic pol-
lutants from the sewage. In the fourth stage, sewage was passed
through a pressure sand filter to reduce turbidity and BOD of the efflu-
ent. After chlorination, the final effluent was pumped to Water Service
Centres in separate storage tanks. Currently the water does not go
through ultrafiltration as it is pumped directly to irrigation tanks to be
used for campus irrigation.

2.2. Sampling

At the two WWTPs, influent and effluent wastewater samples were
initially collected biweekly, then weekly for two months, from August
to September 2020. Twenty-one grab samples, representing the treat-
ment plant inlets and outlets of both treatment plants, were collected
every Monday of the week at 10 am and placed into 250-ml sterile bot-
tles (Tarsons, PP Autoclavable, Wide Mouth Bottle, Cat No. 582240, In-
dia). Simultaneously, blanks were included to check for contamination
during travel. The samples were kept cool in an ice-box until analysis.
All laboratory analyses were performed on the same day and included
duplicates to ensure accuracy and precision. It is imperative to note that
we evaluated the removal of SARS-CoV-2 RNA by wastewater treat-
ment methods, including disinfection. It is therefore, final effluent was
sampled after the disinfection process, which is essential in the context
of risk assessment of SARS-CoV-2 in receiving water [46].

2.3. Detection and extraction of viral RNA from sewage samples

2.3.1. Precipitation of virus
Thirty mL samples were centrifuged at 4000 × g for 40 min in a

50 mL falcon tube followed by filtration of supernatant using 0.22-µm
syringe filter (Mixed cellulose esters syringe filter, Himedia). After fil-
tration, 25 mL of the supernatant was treated with polyethylene glycol
(PEG) and NaCl at 80 g/L and 17.5 g/L, respectively and incubated at
10 °C, 100 rpm overnight. The next day, the mixture was centrifuged
for 90 min at 14000 × g and the supernatant were discarded to collect
a pellet containing viruses and their fragmented genes. The pellet was
resuspended in 300 µL RNase-free water and kept in 1.5 mL Eppendorf
tubes at −40 °C, until further analyses.

Briefly, two mechanisms of precipitation are mediated by PEG,
which is a chemically inert, nontoxic, water soluble synthetic polymer.
a) PEG sterically excludes proteins from a solvent due to ‘salting out ef-
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Fig. 1. Simplified illustration of the layout of two wastewater treatment plants; a) Conventional Activated Sludge based WWTP in Sargasan, and b) root-zone
treatment in an academic institution of Gandhinagar, India monitored during August and September 2020.

fect’ by acting as an “inert solvent sponge”. And b) unfavorable thermo-
dynamic effect on the protein surface charges by solubilized PEG, caus-
ing it to be excluded from the “protein zone”, at appropriately high con-
centrations of polymer. The dynamics of this process is dependent on
factors like protein size, their concentration and charge; pH and ionic
strength of the solution; and temperature. The required amount of salt
depends on the molecular weight of PEG, which counteract the “Don-
nan effect” and distributes viruses unequally between the phases.

2.3.2. RNA isolation, RT-PCR and gene copy estimation
A NucleoSpin® RNA Virus, (Macherey-Nagel GmbH & Co. KG, Ger-

many) kit was used for RNA isolation from the pellet containing the
concentrated virus. MS2 phage, provided by TaqPathTM Covid-19 RT-
PCR Kit, was used as an internal control. Other specifics: a) the nucleic
acid was extracted using NucleoSpin® RNA Virus Kit (Applied Biosys-
tems), and Qubit 4 Fluorometer (Invitrogen) was used for RNA concen-
trations estimation; b) molecular process inhibition control was evalu-
ated through the MS2 phage for QC/QA analyses of nucleic acid extrac-
tion and PCR inhibition [47]. We have described methodologies else-
where [12,13]. Briefly, steps were carried out as per the guideline pro-
vided with the product manual of Macherey-Nagel GmbH & Co. KG and
RNAs were detected using real-time PCR (RT-PCR).

An Applied Biosystems 7500 Fast Dx Real-Time PCR Instrument
(version 2.19 software) was used for SARS-CoV-2 gene detection. A
template of 7 µL of extracted RNA was used in each reaction with Taq-
Path™ 1-Step Multiplex Master Mix (Thermofischer Scientific, USA).
The reaction mixture volume of 20 µL contained 10.50 µL Nuclease-
free Water, 6.25 µL Master Mix, and 1.25 µL COVID-19 Real Time PCR
Assay Multiplex. Three controls were included: positive control (Taq-
Path™ COVID-19 Control); negative control (from extraction run
spiked with MS2); and a no template control (NTC) [48]. The real-time
PCR contained 1 incubation step cycle of 25 °C for 2 min, 1 cycle of re-
verse transcription 53 °C for 10 min, 1 cycle of activation 95 °C for
2 min, and 40 cycles of amplification, including denaturation at 95 °C

for 3 sec and extension at 60 °C for 30 sec. Finally, results were inter-
preted using Applied Biosystems Interpretive Software, and Ct values
for three target genes, i.e., ORF1ab, N Protein, and S Protein of SARS-
CoV-2, were detected along with MS2 as an internal control.

The samples were considered as positive if at least two genes
showed amplification. The average Ct-value of a given sample was then
converted to gene copy numbers considering the equivalence of 500
copies of SARS-CoV-2 genes as 26 Ct-value (provided with the kit). The
same was extrapolated to derive approximate copies of each gene, using
the well-established principle of 3.3 CT change corresponding to a 10-
fold gene concentration change. The average effective genome concen-
tration of SARS-CoV-2 present in a given sample was calculated by mul-
tiplying the RNA amount used as a template with the enrichment factor
for each sample.

It is noteworthy that the primer efficiency of different genes will be
slightly varied according to the sequence of primer. However, the gene
copies were numbered based on the positive control provided with kit
i.e., 104 copies/µl and the final concentration of 25 copies per reaction.
Based on several hundreds of RTPCR run, it was found that the positive
control was robust enough to provide the same Ct values for all 3 genes,
implying no evident difference between the primer efficiency. We re-
port both primary Ct-values and derived gene copies relative to the Ct
values of positive controls, for both individual genes and effective
SARS-CoV-2 genome concentration.

Due to various constraints, samples were analyzed in duplicate, con-
sidering that the samples were analyzed in the batch accompanied with
negative and positive controls, and each sample was spiked with known
concentrations of MS2. In the event of any variations (among duplicate
and controls) of >10%, samples were re-analyzed.

2.4. Statistical analysis

Box plots were prepared to explain the data variability, and one-way
ANOVA was used to determine significance of the difference among the
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treatment plant, various gene types and temporal variation in the SARS-
CoV-2 RNA copies before and after treatment. The results obtained
from ANOVA analysis were reported as (Fcritical = Fcalculated, significant
level P) and if Fcalculated value is greater than Fcritical value, the null hy-
pothesis will be rejected. The Statistical Package for the Social Sciences
(SPSS 21) was used for hypothesis testing and multivariate analyses
(MVA) to determine the significance of removal efficacy and related-
ness of various water quality parameters with SARS-CoV-2 genes
through paired t-tests and principal component analyses (PCA) respec-
tively, after Z-score data normalization [39]. A non-related principal
components (PCs) was generated using orthogonal varimax rotation,
and the results were projected on three-dimensional loading domain.
Since the principal component analysis (PCA) are found to be useful for
evidencing temporal variation caused by COVID-19 patient load and
treatment, strong positive or negative correlation between a variable
and a factor is indicated by a high factor loading close to 1 or −1, re-
spectively. Three-dimensional projection of PCs is an unsupervised pat-
tern recognition technique that groups the objects (variables) as per
their similarities within a class and dissimilarities between different
classes. In the present study, PCA was done using agglomeration and
Ward linkage techniques.

3. Results

We analyzed the efficacy of two treatment processes of CAS and RZT
(schematic diagrams of the operating mechanism of both plants in Sar-
gasan and academic campus are shown in Fig. 1 a and b, respectively).
Table 1 summarizes the change in the Ct-value and gene copies of
SARS-CoV-2N-genes (nucleocapsid protein), S-genes (spike glycopro-
tein), and ORF 1ab genes (polyprotein) before and after the treatment
i.e., in the samples of influent and effluent for two months (August and
September 2020) of monitoring. It also provides the date of sampling,
effective genome concentration, and active COVID-cases. The Ct values
of internal control (MS2 bacteriophage) ranged between 25.41 to 28.01
and 25.59 to 30.08 in the samples from Sargasan and academic institu-
tion WWTPs, respectively. No SARS-CoV-2 genes were detected in the
negative control samples.

Paired T-tests between the inlet and outlet wastewater samples,
taken on the same days, were performed to understand the significance
of the SARS-CoV-2 gene removal efficacy of each treatment process,

i.e., CAS process-based treatment at Sargasan (Fig. 2a) and RZT at an
academic institution in Gandhinagar (Fig. 2b). We then combined the
data and conducted paired T-test analyses of the significance of SARS-
CoV-2 gene removal efficacy based on Ct-values obtained and various
gene copies calculated for CAS (Fig. 3a and c) and RZT (Fig. 3b and d),
respectively.

Overall comparison of SARS-CoV-2 genome removal efficacy of CAS
and RZT is expressed through paired T-test performed on the total effec-
tive genome concentrations obtained throughout the 60 days of moni-
toring (Fig. 4). Monthly variations and their significance of SARS-CoV-2
genes removal efficacy of CAS; and RZT is presented in Fig. 5 to under-
stand the impact of genetic loading in the influent and its correlation
with removal efficacy of the treatment processes. MVA was conducted
to understand the overall impact of treatment by visualizing the PC
loading in a 3-D domain for various water quality parameters and
SARS-CoV-2 gene loading of collected influent (untreated) and effluent
(treated) samples during the two-month monitoring period (Fig. 6a and
b). A summary description of in-situ parameters (Table S1), variation
explained, eigenvalue variations, and principal component loadings for
influent (Table S2, Fig S1, Table S3) and effluent (Table S2, Fig S1,
Table S3) are provided as supplementary material.

Although there will be a considerable uncertainty, we could esti-
mate the number of people shedding SARS-CoV-2 to wastewater. SARS-
CoV-2 is contained in the human stool at 4–6 log copy/g [49], and as-
suming that the average stool weight is 500 g per day per person, that
results in 5x106 to 5x108 copies per person per day shredded to waste-
water. Assuming that our raw wastewater samples had 1000 copies/L
on average, raw wastewater from Sargassan WWTP had 1x109 copies
per day, implying that there were 2 to 200 people shedding SARS-CoV-
2 in the catchment on a day. However, there would be too many uncer-
tainties in this calculation, due to significant decay/reduction of viral
RNA during transport from toilets to WWTPs. Therefore, hereafter, only
Ct-values and gene copies are compared. Further, the role of aqueous
and solid-phase interactions for the quantification of SARS-CoV-2 gene
concentrations has been prominently highlighted in terms of recovery
of the viral RNA in the aqueous environment through solid fractions
[50]. However, we did not take sludge into account as there still needs a
robust standard protocol for sludge clean-up and RT-qPCR measure-
ments to be established.

Table 1
. Temporal variation in SARS-CoV-2 genetic material loading found in the influent and effluent samples collected from two different wastewater treatment plants
i.e. conventional activated sludge (CAS) at Sargasan ward, and root-zone treatment (RZT) at academic institute at Gandhingar.
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Fig. 2. Paired T-test between inlet and outlet wastewater samples taken on the same days for SARS-CoV-2 genetic load in a) Conventional activated sludge process-
based treatment at Sargasan, and b) Root-zone treatment at academic institution in Gandhinagar. (where *** = p < 0.01; ** = p < 0.05; * = p < 0.1; NS = not
significant; # = data not available; and RT-PCR was run for 40 cycles).

Fig. 3. A comparative statistical (paired T-test) analyses of significance of SARS-CoV-2 genes removal efficacy based on Ct-values obtained for a) CAS; and b)
RZT; and various gene copies calculated for c) CAS and d) RZT; at p < 0.01; p < 0.05; and p < 0.1 indicated by three, two and one stars. NS signifies not sig-
nificant.

4. Discussion

4.1. Significance of treatment

Of the eleven samples collected from the inlet and outlet points of
WWTPs during the study period, eight samples from Sargasan and five
samples from the academic institution showed significant removal of
the viral genes (Fig. 2a and b). Paired T-tests between influent and ef-
fluent wastewater show a significant reduction through CAS treatment
systems except for three occasions. Reduction/removal of SARS-CoV-2

genes was highly significant (p < 0.01) in nearly 50% of the samples,
with non-significant removal in August only. RZT appeared effective in
August but failed to show significant removal of SARS-CoV-2 RNA in
September. There may be two possible explanations related to the oper-
ation of WWTPs and COVID-19 cases in the vicinity of WWTPs. The RZT
was situated and precisely received waste from the campus dwellers
and visitors only, and COVID-19 cases increased in September 2020.
Thus, even if we assume the viral shedding contribution of visitors was
non-variable, it is certain that genetic loading increased in the RZT
plant during September 2020. We also suspect that operating condi-
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Fig. 4. Overall comparison of SARS-CoV-2 genome removal efficacy of conventional activated sludge and root-zone treatments expressed through paired T-test per-
formed on the total effective genome concentrations obtained through out the 60 days of monitoring period. Same level of significance is used as above.

Fig. 5. A comparative statistical (paired T-test) analyses in monthly variation
of significance of SARS-CoV-2 genes removal efficacy of CAS; and b) RZT; at
p < 0.01; p < 0.05; and p < 0.1 indicated by three, two and one stars. NS
signifies not significant.

tions at the treatment plants were not consistent throughout the moni-
toring period. Nevertheless, the RZT achieved significant removal on>
50% of the sampling dates.

Paired t-tests show that irrespective of treatment type, the N-gene is
much more stable? than S- and ORF-1ab genes of SARS-CoV-2 (Fig.
3a–d). Removal efficacy was highest for S-genes (p < 0.01) followed
by ORF-1ab (p < 0.05) for both treatment processes. Overall, N-genes
showed non-significant reduction after treatment. The ORF 1ab-gene
copy numbers decreased by 84.4% (t = 2.78, p = 0.022) and 70.5%
(t = 2.30, p = 0.047) in Sargasan WWTP and the academic institution
WWTP, respectively (Fig. 3c and d). Likewise, S-genes were signifi-
cantly removed by both treatment plants (80.5%, t = 4.10, p = 0.002
at Sargasan and 69.5%, t = 2.84, p = 0.019 at the academic institu-
tion). Conversely, the abundance of N-gene declined 83.4% at Sargasan
WWTP (Fig. 3c) and 52.0% at the academic institution during treat-
ment (Fig. 3d), but the differences in S- and N-gene removal were statis-
tically significant (t = 2.04, p = 0.069 and t = 1.59, p = 0.147, re-
spectively). The results showed that both the cyclic activated sludge
process and root zone treatment plants of Sargasan and the academic

institution effectively removed ORF ab-genes and S-genes, but not N-
genes.

Our hypothesis- prevalence may be causing the difference in re-
moval- was not correct (Table 1). It seems structural properties of the
genes are more responsible for such removal disparity than prevalence.
This is because, among four major structural proteins of SARS-CoV2; S
proteins are the most exposed one being the spike surface glycoprotein
(S), while ORF-1ab gene is not only a signatory gene for SARS-CoV-2
genes but also located at both the 5′ & 3′-terminuses of the SARS-CoV-2
genome [37]. Nucleocapsid protein (N) is more protected in the SARS-
CoV-2 structures, and common genes among family Coronaviridae,
marked by the presence of single-stranded, positive-sense RNA genome,
surrounded by spikes and protein envelope.

A comparison of the effectiveness of various wastewater treatment
systems for the removal of SARS-CoV-2 genetic material is shown in
Table 2. Earlier studies suggested reduction of SARS-CoV-2 genetic ma-
terial during wastewater treatment processes via secondary treatment
such as activated sludge/ A2O/ extended aeration and tertiary treat-
ment such as disinfection, coagulation, flocculation, sand filtration, Na-
ClO/UV [21]. Interestingly, none of the studies investigated the re-
moval efficacy of a given treatment for SARS-CoV-2 RNA. In our study,
both the CAS and RZT processes are found to effectively remove SARS-
CoV-2 RNA. To the best of our knowledge, this is the first report assess-
ing the effectiveness of RZT for SARS-CoV-2 RNA reduction.

4.2. Comparative efficacy of CAS and RZT processes to remove SARS-CoV-
2 genes

SARS-CoV-2 RNA is substantially reduced in treated wastewater i.e.
effluents of both WWTPs throughout the sampling period, as indicated
by the overall comparison of SARS-CoV-2 genome removal efficacy of
CAS and RZT through a paired T-test (Fig. 4.). Although there was a sig-
nificant difference in average SARS-CoV-2 genome concentration in the
influents of the CAS plant at Sargasan (1.25 × 103 copies/ L) and the
RZT system of an academic institution (7.07 × 102 copies/ L). Yet,
both processes mostly showed effective removal at p < 0.05. However,
incomplete removal may have some environmental and health implica-
tions.

While infectivity and viability of these genomes are still being de-
bated and researched with a general consensus of viability being less
likely and thus the infectivity, there is still no study that has yet proven
the chance of transmission and infectivity impossible. In such a sce-
nario, significant removal is not enough, as such effluents will finally be
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Fig. 6. Three-dimensional projection of the principal component loading for a) Influent and b) effluent; exhibiting the effect of treatment on SAR-CoV-2 genes asso-
ciation with other water quality parameters and confirmed cases of COVID-19.

received by the ambient waters. Therefore, we foresee an immediate in-
crease in reporting of SARS-CoV-2 genes in freshwater systems like
lakes, rivers, and perhaps groundwater. Several imperative hypotheses
need to be tested in this regard, and the present study signifies the need
of such investigations.

Further, we also suspect that the size of the treatment plant and op-
erational and management consistencies, along with the quality of in-
fluent water will play a critical role in the entire research scenario of
COVID-19 transmission and monitoring [13]. As far as treatment type is
concerned, the RZT will show a bit wider fluctuation than the CAS
treatment process (Fig. 4). The low genome concentration at the acade-
mic institution WWTP is apparently due to institutional wastewater
load which was confined to the institutional community and malfunc-
tioning of the ultrafiltration unit of the WWTP. Conversely, the Sar-
gasan WWTP receives municipal wastewater, resulting in the presence
of SARS-CoV-2 RNA in effluent wastewater, owing to fluctuating ge-
netic loading in the inlet waters. We conclude that both WWTPs effec-
tively removed viral genes, but Sargasan STP was more efficient (82.4%
decrease, t = 2.98, p = 0.014) than the academic institution (67.9%
decrease, t = 2.54, p = 0.032) (Fig. 4). It is imperative to note that we
have collected samples from both treatment processes after disinfection
processes and still found the genetic fragments of SARS-CoV-2 in the ef-
fluent. This observation may imply that owing to nano-sized colloidal
nature of genetic fragments, disinfection processes like chlorination/
UV are likely to be less effective than the process of coagulation.

Overall, as PCR-based detection of RNA does not mean detection of
viable SARS-CoV-2, and quantifying active (viable) SARS-CoV-2 is a dif-
ficult challenge, with so far only one lab-scale experiment reported
(Bivins et al. 2020), we recommend further study for a valid discussion
on implications of leftover SARS-CoV-2 RNA after the treatment. How-
ever, our data explicitly disapprove the general notion that treatment
completely removes the genetic fragments of SARS-CoV-2.

4.3. Temporal variation in removal efficacy

As suspected above, we investigated the role of influent quality in
terms of SARS-COV-2 genetic loading through temporal variation in the
performances of both CAS and RZT systems (Fig. 5). For CAS plant in
Sargasan ward, inlet quality in September showed higher genetic load-
ing than that of August, which has been verified by confirmed COVID-
19 cases in the city, yet removal was better in September than August
2020. When inquired with operational staff, it seems that operational
inconsistencies are responsible for these results rather than the genetic
material loading. While in the case of the academic institution RZT-

based plant, where the operation was rather more consistent, it seems
that genetic material loading in the inlet water has reflected the
genome concentration left in the effluent waters. This is also very likely
to be attributed to the size of plant i.e., CAS facility of Saragasan is
10,000 m3/day against 2360 m3/day of the RTZ plant of the academic
institution, leading to the sensitivity of RZT plant for genetic loading in
the inlet wastewater. Nevertheless, at this juncture, we take these re-
sults as indicative ones, and more convincing conclusions pertaining to
the role of influent water quality, and its implication may be derived af-
ter further monitoring. Such notion has also been expressed elsewhere
[51–54].

4.4. Treatment impact insight through multivariate statistical analyses

Principal component analyses show a comprehensive picture of the
overall contribution and influence of treatment on SARS-COV-2 gene
removal. The entire dataset obtained for influent and effluent were sub-
jected to PCA and projected in the 3-D domain of three main PCs. Ow-
ing to more complex nature of influents, four PCs were identified after
nine iterations that explain 90% of the total variance in the dataset of
influent waters. The first PC explains 34% of the total variance with sig-
nificant loading for in-situ water quality parameters forming a cluster
(EC, TDS, Salinity, and pH) with moderate loading (0.5) for N-genes
(Fig. 6a and Supplementary Tables S2 and S3). On the other hand,
nearly the same (~30%) variation of data sets is explained by SARS-
COV-2 genes, and genome concentrations form a cluster upper left do-
main with significant loadings for effective genome concentrations
(0.94) followed by S-genes, ORF-1ab, and N-genes as PC2. Interestingly
in influent waters, N-genes illustrated moderate to high loading as both
PC1 and PC2.

After treatment, the complexion changed significantly with the
overall reductions of PCs to three, explaining cumulative variations of
80% in the dataset. Another significant observation was that SARS-
CoV-2 genes exhibit higher loadings than the in-situ water quality para-
meters in effluent waters. Order of loadings among SARS-CoV-2 genes
and genome remains the same i.e., effective genome concentra-
tion > S-genes > ORF-1ab > N-genes. Confirmed COVID-19 emerged
as PC3 (with moderate loading of 0.78) in influent waters, stressing the
relationship of confirmed cases with SARS-CoV-2 RNA in the waste-
water, but the influence was weakened in the treated water with non-
significant say in the quality variations of the samples [55–60].

This is the first time MVAs was used with wastewater surveillance
dataset to signify the impact of treatment, which eventually proves
that: i) wastewater surveillances did track COVID-19 loading of the
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Table 2
Comparison of the effectiveness of various wastewater treatment systems for the removal of SARS-CoV-2 genetic material.

Country City Wastewater treatment method
and types

Virus concentration method RT-(q)PCR target
region

Before treatment
(gene copies /L)

After
treatment
(gene copies
/L)

References

India Gandhinagar Root Zone
Treatment/institutional
wastewater

PEG precipitation N gene 6.58 × 102 3.16 × 102 Present
study

ORF 1ab gene 4.48 × 102 1.32 × 102

S gene 1.05 × 103 0.32 × 103

Genome conc. 7.07 × 102 2.27 × 102

SBR/Cyclic Activated Sludge
Process/chlorination Municipal
wastewater

N gene 1.48 × 103 0.25 × 103

ORF 1ab gene 0.74 × 103 0.12 × 103

S gene 1.49 × 103 0.29 × 103

Genome conc. 1.25 × 103 0.22 × 103

Ahmedabad UASB PEG precipitation ORF1ab, N gene 3.5 × 103 <LOQ [13]
S gene

Aeration pond ORF1ab 1.5 × 102 (<LOQ) Not
detected

China Septic tank treatment of hospital
effluent

PEG precipitation ORF1 Not detected 0.05–
1.87 × 103

[20]

N gene
France Paris Municipal wastewater treatment Ultracentrifugation E gene 1 × 103–1 × 105 <10 × 103 [32]
Spain Murcia Secondary treatment (activated

sludge/A2O/extended aeration),
disinfection, NaClO/UV)

Aluminium
flocculation – beef
extract precipitation

N gene N1: 1.4 × 103 <2.5 × 103 [21]

N2: 3.4 × 103

N3: 3.1 × 103

Valencia Municipal wastewater treatment
(treatment methods not
provided)

Aluminium
flocculation – beef
extract precipitation

N gene N1: 1.0 × 103 –
1.0 × 104 (Averaged
value)

Not
detected

[21]

Ourense Primary settler, secondary
treatment of municipal sewage

Ultrafiltration of centrifugated
supernatant

N gene 7.5 × 103–
1.5 × 104

Not
detected

[27]

E gene
RdRp gene

Australia Brisbane Untreated wastewater Adsorption-direct RNA extraction and
Ultrafiltration

N Sarbeco,
NIID_2019-
nCOV_N

1.9 × 101 –
1.2 × 102 copies/ L

NA [8]

USA Southern
Louisiana

Untreated wastewater,
secondary treated, and final
effluent

Ultrafiltration and Adsorption-elution
using electronegative membrane

CDC N1, N2 3.1 × 103 –
7.5 × 103

Not
detected

[40]

Netherlands – Untreated wastewater Ultrafiltration CDC N1, N2, N3,
E_Sarbeco

2.6 × 103 –
2.2 × 106

NA [61]

Italy Milan and
Rome

Untreated wastewater PEG/dextran precipitation RT-qPCR (RdRp),
nested PCR
(ORF1aband S
assays)

6/12 samples found
positive; gene copies
were not detected

NA [62]

Japan Yamanashi
Prefecture

Untreated influent and
secondary-treated wastewater
before chlorination

Electronegative membrane-vortex (EMV)
method and the membrane adsorption-
direct (MAD) RNA extraction method

N_sarbeco,
NIID_2019-
nCOV_N, CDC-N1,
N-2

EMV: <6.6 × 104 –
<8.2 × 104

EMV:
<1.4 × 102

– 2.5 × 103

[29]

MAD: < 4 × 103 MAD: <
1.6 × 102

USA Bozeman,
Montana

Untreated wastewater Ultrafiltration CDC N1, N2 >3 × 104 NA [34]

USA Massachusetts Untreated wastewater PEG precipitation CDC N1, N2, N3 >2 × 105 NA [63]
France Paris Untreated and treated

wastewater
Ultracentrifugation E_Sarbeco > 106.5 ~ 105 [64]

community; ii) influent waters present a better picture in terms of
SARS-CoV-2 gene monitoring; iii) effective genome concentration
should be calculated based on presence/absence of multiple genes
rather the presence of one specific gene; iv) N-genes are the most resis-
tant to treatment with higher sensitivity than S and ORF-1ab genes; and
v) the presence of residual SARS-CoV-2 genes after treatment is critical
from the effluent quality point of view. Among the other exciting obser-
vations; the explicit grouping/clustering of SARS-CoV-2 genes and
other water quality parameter; and influence of confirmed COVID-19
cases has been significant from the wastewater-based epidemiology
perspectives.

5. Conclusion

A comparison of SARS-CoV-2 RNA removal efficacy of CAS and RZT,
the two most used treatment systems in India, was studied through bi-
weekly and monthly variations in their performances. We applied long-
term monitoring data and performed statistical tests to understand the
significance of removal and correlated it with other water quality para-
meters before and after deployed treatment. For the first time, MVAs
used in this study along with other statistical tests highlighted the dis-
parity in performance and statistical significance of SARS-CoV-2 RNA
removal between CAS and RZT. It can be concluded that influent waters
present better picture in terms of SARS-CoV-2 gene monitoring; effec-
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tive genome concentration should be calculated based on presence/ab-
sence of multiple genes rather the presence of one specific gene; and
treatments are less effective on N-genes and the most effective for S-
genes. CAS treatment exhibited better RNA removal rate (t = 2.98,
p = 0.014) compared to the root-zone treatment (t = 2.54,
p = 0.032). In addition, treatment plants with smaller capacity are
likely to show more fluctuations in effluent water quality.

Two most critical findings from the ongoing pandemic perspectives
were that the treated effluents are not always free from SARS-CoV-2
RNA, and are subject to temporal variability. We stress the need for
wastewater surveillance of SARS-CoV-2 at the treatment plant scale
with further investigation on the efficacy of the treatment processes on
the removal of the enveloped virus such as SARS-CoV-2 as well as the
genomic materials. The future research efforts may therefore consider
the influence of genetic material loading in the influent, difference in
sewage flow and treatment methods, hydraulic and sludge retention
time of technology used, and serviced people. In addition, the mecha-
nistic understanding may be generated on the SARS-CoV-2 removal us-
ing long-term step-wise sampling and monitoring of a given treatment
processes. Nevertheless, our results are based on RNA fragment detec-
tion by RT-PCR, thus the abundance of viable SARS-CoV-2 in the sam-
ples can be significantly lower than the RNA-based gene copies. There-
fore, research is needed for assessing infectivity through viable virus es-
timation, specifically for the use of reclaimed water in agriculture and
drinking water supply.
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A B S T R A C T   

The ongoing COVID-19 pandemic increases the consumption of antimicrobial substances (ABS) due to the un
availability of approved vaccine(s). To assess the effect of imprudent consumption of ABS during the COVID-19 
pandemic, we compare the 2020 prevalence of antidrug resistance (ADR) of Escherichia coli (E. coli) with a similar 
survey carried out in 2018 in Ahmedabad, India using SARS-CoV-2 gene detection as a marker of ABS usage. We 
found a significant ADR increase in 2020 compared to 2018 in ambient water bodies, harbouring a higher 
incidence of ADR E.coli towards non-fluoroquinolone drugs. Effective SARS-CoV-2 genome copies were found to 
be associated with the ADR prevalence. The prevalence of ADR depends on the efficiency of WWTPs (Wastewater 
Treatment Plants) and the catchment area in its vicinity. In the year 2018 study, prevalence of ADR was 
discretely distributed, and the maximum ADR prevalence recorded was ~ 60%; against the current homogenous 
ADR increase, and up to 85% of maximum ADR among the incubated E.coli isolated from the river (Sabarmati) 
and lake (Chandola and Kankaria) samples. Furthermore, wastewater treatment plants showed less increase in 
comparison to the ambient waters, which eventually imply that although SARS-CoV-2 genes and faecal pollution 
may be diluted in the ambient waters, as indicated by low Ct-value and E.coli count, the danger of related 
aftermath like ADR increase cannot be nullified. Also, Non-fluoroquinolone drugs exhibited overall more 
resistance than quinolone drugs. Overall, this is probably the first-ever study that traces the COVID-19 pandemic 
imprints on the prevalence of antidrug resistance (ADR) through wastewater surveillance and hints at monitoring 
escalation of other environmental health parameters. This study will make the public and policyholders con
cerned about the optimum use of antibiotics during any kind of treatment.   

1. Introduction 

The exponential rise in the consumption of antimicrobials in various 
applications such as medical, veterinary, domestic and agricultural and 

their leak to aquatic ecosystems has caused the global prevalence of 
antidrug resistance (ADR), which is being considered a major threat to 
public health (Rodriguez-Mozaz et al., 2015; Chatterjee et al., 2010; 
Baker-Austin et al., 2006). The ADR is not only limited to the survival 
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and infection by any particular type of microorganism, but can lead to 
life threatening diseases for both animals and human (Singer et al., 
2008; Ferreira da Silva et al., 2007; Jiang et al., 2013). Due to lack of 
regulations on the prescription and non-prescription use of antimicro
bials, its consumption rate in, for example, India has been increased by 
105% from 2000 to 2015 while worldwide it is estimated to increase by 
63% during 2010–2030 (Klein et al., 2018; Global Antibiotic Resistance 
Partnership GARP-India Working Group, 2011; Van Boeckel et al., 
2015). On top of that, the rate of consumption of certain antimicrobials 
has escalated during the COVID-19 pandemic in an effort to minimise 
the risk of severe infections and mortality (Miranda et al., 2020; Liu 
et al., 2020). Around 70% of COVID-19 patients have received antimi
crobial treatment along with overuse of various antibiotics despite only 
10% on average show microbial infections (Hsu, 2020; Rawson et al., 
2020). As most of the consumed drugs and their metabolites are excreted 
through urine and faeces, their discharge to aquatic environments de
pends on the removal efficiency of the WWTPs (Singer et al., 2008; 
Azuma et al., 2012; Takanami et al., 2010; Auerbach et al., 2007; Kumar 
et al., 2020a). If the WWTP clearing rate is low, microorganisms exposed 
to antimicrobials and metabolites develops mutations causing ADR (Aali 
et al. 2014, Alexander et al. 2020, Guo et al. 2018, Kumar et al., 2020a, 
2020c) Thus, the increased use of antimicrobials in the current 
pandemic will probably pose an increased risk in terms of ADR during 
post COVID-19 as concerned by a number of recent studies (Kuroda 
et al., 2021; Lucien et al., 2021; Hsu, 2020; Kumar et al., 2020a; Asa
duzzaman et al., 2020). 

The high consumption of antimicrobials causes an increase in the 
prevalence of ADR in several environmental compartments including 
drinking, waste and groundwater, sludge, sediments and municipal solid 
waste leachate (Al-Judaibi, 2014; Ferreira da Silva et al., 2007; Kumar 
et al., 2020d; 2020e; Ram and Kumar, 2020; Zhang et al., 2015; Stor
teboom et al., 2010; Threedeach et al., 2012). In the case of for example 
E.coli isolates from the effluent of WWTPs have shown a higher preva
lence of antidrug resistance as compared to the influent, which is 
probably due to poor treatment conditions, prolonged microbial activ
ities, and chemical properties of the antimicrobial drugs (Reinthaler 
et al., 2003; Silva et al., 2006; Miranda and Castillo, 1998; Marcinek 
et al., 1998). Specifically, the conventional treatment processes at 
WWTPs do not completely mineralise the parent antimicrobial drugs, 
and generate some residues, metabolites or transformation products that 
may have the same biological activity as the parent drugs (Zhang et al., 
2015; Kumar et al., 2020c). Thus, WWTPs are considered hotspots for 
the spreading ADR due to high microbial density, horizontal gene 
transfer (HGT), nutritional richness and the availability of antimicrobial 
metabolites (Zhang et al., 2015; Threedeach et al., 2012; Silva et al., 
2006). Previous studies have reported a correlation between the prev
alence of ADR and inefficiently treated wastewater discharge, having 
the abundance of E. coli, extravasating to river and lake waters (Na et al., 
2018; Yang et al., 2017; Honda et al., 2016, 2018; Biswas et al., 2015; 
Akhter et al., 2014; Ram and Kumar, 2020; Kumar et al., 2020d; 2020e). 
Thus, a better understanding of the occurrence, distribution and fre
quency of antidrug resistance in the urban waters is needed to prevent or 
slower the rate of increase in ADR. 

With the same purpose, presumptive actions are needed to study the 
prevalence of the ADR during wastewater treatment and the water 
bodies receiving the WWTP effluents. Wastewater based epidemiology 
(WBE) is an efficient way to trace the prevalence of ADR in highly 
COVID -19 infected areas, which are potentially major zones of high 
consumption of drugs, can be identified with the help of the WBE 
approach for tracing the SARS-CoV-2 genome concentration in waste
waters (Kumar et al., 2020b). Also, with the help of authorised software 
and apps (for example: Arogya-Setu app in India), the infected popula
tion within a certain region can be predicted. Identifying the WWTPs in 
such infected areas aids in correlating ADR with the elevated cases of 
COVID-19. Therefore, the impact of such highly contaminated zones on 
the prevalence of ADR in wastewaters needs to be studied well. 

ADR is not included in the water quality standards and guidelines of 
India mostly due to the lack of proper treatment facilities in many cities 
where domestic wastewater is directly discharged to aquatic environ
ments (IS10500, 2012). In this study, we select the Ahmedabad City of 
Gujarat Province in western India with a population of 5.6 million (2011 
Census) to assess the prevalence of ADR in WWTP, lake and river loca
tions within various zones of the city. The specific objectives of the 
present study are: i) to compare and discuss the prevalence of E. coli in 
the surface water and wastewater in Ahmedabad in order to have a prior 
knowledge of ADR pervasiveness in different compartments, ii) to 
analyse a comparative status of the antidrug resistance in the E. coli 
isolated from the urban waters of the city and iii) to further understand 
the imprints of COVID-19 situation on the status of SARS-CoV-2 genome 
concentration and ADR prevalence at various zones of the city. 

2. Material and methods 

2.1. Sample collection and ADR analyses 

The water samples were collected from 6 different locations of 
Ahmedabad city on 23rd June 2018, and 16th October 2020 (Fig. 1). 
Two locations on the stretch of Sabarmati river: Nehru Bridge (NB) and 
Sardar Bridge (SB); two lakes: Kankariya Lake (KL) and Chandola Lake 
(CL), and two WWTP locations: Chandkheda (inlet: CI and outlet: CO) 
and Vasna, also known as Juhapura (inlet: VI and outlet: VO), selected to 
assess ADR. For SARS-CoV-2 gene detection, a total of 10 locations were 
selected to represent various zones of the city that comprises all ADR 
sampling locations. We kept ADR locations low to match the number of 
locations tested in 2018 (Ram and Kumar, 2020). The geographical 
details about the selected locations are well described in our previous 
study by Ram and Kumar (2020) (See Supplementary Information). 
Sterile bottles (Tarson-546041) of medical grade were used to collect the 
samples, which were then kept in iceboxes until arrival at the labora
tory. For on-site measurement of pH, EC, ORP, TDS and salinity, a 
multi-parameter probe, HANNA HI9828 was used. The procedure for 
testing the isolation of E. coli for ADR is likewise described in Ram and 
Kumar (2020) (See Supplementary information). Briefly, the water 
samples were filtered through membranes with 0.45-µm-pore size, and 
E. coli trapped by the membranes were incubated on Chromocult® 
Coliform Agar ES (Merck Microbiology, Darmstadt, Germany). Each 
E. coli isolate was tested for susceptibility to six antibiotics (kanamycin, 
KM; tetracycline, TC; norfloxacin, NFX; ciprofloxacin, CIP; levofloxacin, 
LVX; and sulfamethoxazole, ST) by Kirby-Bauer method using PERL
CORE® Sensitivity Test (ST) Agar (EIKEN Chemical Co., Ltd, Tokyo). 

2.2. SARS-CoV-2 RNA detection 

The SARS-CoV-2 RNAs were isolated and detected from 30 mL 
wastewater samples that were centrifuged at 4000g for 40 min, followed 
by filtration of supernatant using 0.22-micron syringe filter (Mixed 
cellulose esters syringe filter, Himedia). After filtration, 25 mL of the 
supernatant was treated with polyethylene glycol and NaCl at 80 g/L 
and 17.5 g/L respectively, and incubated at 17 ◦C, 100 rpm overnight. 
The mixture was centrifuged for 90 min at 14000g and the supernatant 
was discarded to collect a pellet containing viruses and their fragmented 
genes. The pellet was re-suspended in 300 µl RNase-free water and kept 
in 1.5 mL vials at − 40 ◦C, until further analyses. 

RNA isolation from the pellet with the concentrated virus was per
formed using NucleoSpin® RNA Virus isolation kit (Macherey-Nagel 
GmbH & Co. KG, Germany). The samples were spiked with MS2 phage as 
an internal control prior to the RNA extraction provided by TaqPathTM 
Covid-19 RT-PCR Kit. The nucleic acid was extracted and a Qubit 4 
Fluorometer (Invitrogen) was used for RNA concentrations estimation. 
The molecular process inhibition control was evaluated through the MS2 
phage for QA/QC analyses of nucleic acid extraction and PCR inhibition 
(Haramoto et al., 2018). We have described the methodologies in Kumar 
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et al. (2021, 2020b). 
Briefly, steps were carried out as per the guideline provided with the 

product manual of Macherey-Nagel GmbH & Co. KG and RNAs were 
detected using real-time PCR (RT-PCR). An Applied Biosystems 7500 
Fast Dx Real-Time PCR Instrument (version 2.19 software) was used for 
SARS-CoV-2 gene detection. A template of 7 µl of extracted RNA was 
used in each reaction with TaqPath™ 1-Step Multiplex Master Mix 
(Thermofischer Scientific, USA). Three controls were included: positive 
control (TaqPath™ COVID-19 Control); negative control (from extrac
tion run spiked with MS2); and a no template control (NTC). Finally, 
results were interpreted using Applied Biosystems Interpretive Software, 
and Ct values for three target genes, i.e., ORF1ab, N Protein, and S 
Protein of SARS-CoV-2, were detected along with MS2 as an internal 
control. 

The samples were considered as positive if at least two genes showed 
amplification. The average Ct-value of a given sample was then con
verted to gene copy numbers considering the equivalence of 500 copies 
of SARS-CoV-2 genes as 26 Ct-value (provided with the kit), and the 
same was extrapolated to derive approximate copies of each gene. The 
average effective genome concentration present in a given sample was 
calculated by multiplying the RNA amount used as a template with the 
enrichment factor for each sample. 

2.3. Quality assurance/quality control (QA/QC) and statistical analysis 

To determine the contamination occurred during transport, blanks in 
the same type of bottle were analysed prior to sampling. Duplicate 
analysis of samples was conducted to check accuracy and precision. To 
ensure instrument sensitivity and check cross-contamination, blanks 
were run for each batch of five samples. Signals were considered sig
nificant if the signal-to noise ratio was more than three. The limit of 
quantification (LOQ) of the overall method was defined as sample 
concentration equivalent to 1 copy per reaction tube, which was 
1.7 × 102 copies/L. We have calculated the gene copy numbers based on 
the positive control provided with kit i.e., 104 copies/µl and the final 
concentration of 25 copies per reaction. Based on our experience, the 
same positive control is providing the same Ct values for all 3 genes 
analysed in this study. Hence, it is evident that primer efficiency is more 
or less same. Relative to the Ct values of genes of positive controls, copy 

numbers have been calculated in test samples of different sources. 
ADR analyses were carried out in triplicate for the accuracy and 

precision of the data generated. Tests were repeated if the standard 
deviation between the triplicate was higher than 10%. Statistical anal
ysis by Student t-test was done to compare the antidrug resistance 
caused by all six antibiotics in year 2018 and 2020, and the results were 
represented by Pearson’s correlation coefficient (p), whose value ranges 
between zero to unity. The change in percentage resistance of more than 
90% (p = 0.10) was considered significant. 

3. Results and discussions 

3.1. Comparison of prevalence of E. coli 

The prevalence of E. coli and environmental parameters is summar
ised in Table 1. In 2018, the E. coli count was highest in river sampling 
locations, with maximum count of 76,600 cfu (colonies forming unit) 
mL-1, which was the highest among the lake and WWTP locations except 
for the Vasana STP. This critically high prevalence is due to the river- 
human interactions at the riverfront, wastewater discharge or the stag
nant flow conditions near the sampling locations (Pormohammad et al., 
2019). This reported prevalence in the Sabarmati River was higher than 
the reported prevalence in rivers of tropical countries like India and 
Thailand (Chatterjee et al., 2010; Kumar and Sharma, 2014; Honda 
et al., 2016, 2018; Hamner et al., 2007; Hu et al., 2008). The higher 
recreational activities at KL location as compared to the CL location are 
the main cause of higher E. coli prevalence at KL (15,600 cfu mL-1) than 
CL (3467 cfu mL-1) (Kumar and Sharma, 2014; Ram and Kumar, 2020). 
The varying E. coli prevalence at STP locations (inlet and outlet) in 2018 
indicates the varying amount of incoming faecal contamination and 
reduction ratios in the STP. 

In the year 2020, the E. coli prevalence at STP locations was higher 
than in 2018 samples ranging from 950,000 to 400,000 cfu mL-1 at 
inlet locations and 19,500–32,500 cfu mL-1 at outlet locations. This is 
attributed to the increased domestic wastewater discharge from the 
Covid-19 lockdown which also increased the burden on municipal 
WWTPs resulting in less removal of E. coli in WWTPs. It is worth noting 
that, this critical E. coli prevalence alarms the municipal authorities to 
advance the disinfection processes in WWTPs, and therefore potential 

Fig. 1. Map showing the sampling locations in Ahmedabad, Gujarat (i) locations at Sabarmati River (Nehru Bridge: NB; Sardar Bridge: SB), (ii) two lakes (Kankaria 
Lake: KL; Chandola Lake: CL) and (iii) two different Sewage Treatment Plants (STPs) (Chandkheda STP; Vasna STP). 
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human health effects could be reduced (Pormohammad et al., 2019). 
Whereas, the reduced E. coli prevalence in the Sabarmati river, can be 
attributed to the improved water quality and attenuation capacity of the 
river due to less human and industrial interaction. Another reason can 
be the dilution level of the samples collected from the river than that of 
the lake and WWTPs (Pormohammad et al., 2019). 

3.2. Mechanism and pathways of antibiotic resistance 

Though antimicrobials and antibiotics are among the essential 
medical interventions, increased antimicrobial resistance threatens the 
success of patient treatment. Antibiotic resistance has been listed as one 
of the three major threats to the public health in 21st century by the 
world health organisation (WHO) (World Health Organization, 2014). 
Thus, to understand and reduce the consequences of antibiotic resis
tance, we need to understand its mechanism. Antimicrobial resistance is 
expected to be the result of the environmental interactions of several 

organisms. As most antimicrobials consists of naturally produced com
pounds in nature, many of the bacteria have overcoming molecular 
mechanism to overcome the drugs thereby being intrinsically resistant 
to antimicrobials (Blair et al., 2015; Munita and Arias, 2016). However, 
we are here dealing with the acquired resistance by the bacteria which 
were originally susceptible to the particular antimicrobial. 

Summarising the molecular and biochemical mechanisms of anti
biotic resistance is shown in Fig. 2 (Munita and Arias, 2016). These 
mechanisms of antidrug are generally categorised based on genetic and 
mechanistic basis. In a genetic basis, antidrug resistance can be devel
oped due to mutational resistance, horizontal and vertical gene transfer 
(HGT and VGT). Whereas, in a mechanistic basis, antidrug resistance can 
be developed due to changes in the target site, modifications of anti
biotic molecule, and decreased antibiotic penetration and efflux. Fig. 2 
also shows that how COVID-19 spread may impact the development of 
antidrug resistance. The increased pharmaceutical pollution during 
COVID-19 spread can increase environmental stress on bacteria or 

Table 1 
Sampling locations along with in-situ water quality (pH, EC, TDS, ORP and salinity) and prevalence of E. coli in 2018 and 2020.  

Sampling Location Year pH EC TDS ORP Salinity E. coli 

Nehru Bridge (NB) 2018 8.4 1320 1090 -16 691 24,267 
2020 7.67 554 343 123.5 0.25 1400 

Sardar Bridge (SB) 2018 8.00 1541 1100 2 691 76,600 
2020 7.30 533 352 115.7 0.27 5200 

Kankaria Lake (KL) 2018 8.70 3015 2050 13 1350 15,333 
2020 8.58 5934 3323 30.9 2.71 13,100 

Chandola Lake (CL) 2018 8.10 3240 2300 29 1510 3467 
2020 7.86 1014 590 43 0.44 ND 

Chandkheda Inlet (CI) 2018 6.70 2100 1480 -274 972 4220 
2020 6.85 3745 2324 -238.6 1.87 950,000 

Chandkheda Outlet (CO) 2018 7.30 1620 1400 -57 911 2893 
2020 7.52 3624 2249 118.6 1.81 32,500 

Vasna Inlet (VI) 2018 6.60 1500 1060 -117 674 96,393 
2020 6.97 3254 2017 -231.7 1.61 4,000,000 

Vasna Outlet (VO) 2018 6.90 1506 1070 -193 670 9467 
2020 7.34 2767 1715 90.3 1.36 19,500 

ND: Not Detected Unit – µS cm-1 mg L-1 mV ppt cfu mL-1  

Fig. 2. Mechanism of Antidrug Resistance and the impact of COVID-19: Probable changes in molecular and biochemical triggers of an antidrug resistance.  
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microbes causing more mutation. This catalyses both the genetic and 
mechanistic basis of drug resistance. Also, the higher prevalence of 
bacteriophage may enhance the transduction related to HGT. Thus, the 
highly infected regions or hotspots of COVID-19 spread around the globe 
have a greater probability of the emergence of super bugs having 
multidrug resistance. Drugs like Remdesivir, Ivermectin, Azithromycin, 
Favipiravir, Chloroquine, Umiferovir, Ritonavir, Aspirin, and Hydrox
ycholoroquinine are going to remain under the scanner. 

3.3. Comparison of occurrence of ADR 

Fig. 3 and Fig. 4 represents the comparative sensitivity of E.coli to
wards six antibiotics including the fluoroquinolone drugs NFX (nor
floxacin), CIP (ciprofloxacin), LVX (levofloxacin) as well as TCE 
(tetracycline drugs), KM (kanamycin monosulphate), and ST (sulfa
methoxazole), at various sampling locations (CI, VI, CO, VO, NB, SB, CL, 
and KL) in 2018 and 2020. In 2018, the river location NB had 0% 
resistance for all antibiotics, whereas SB location had 40% resistance 
towards all antibiotics except 60% resistance for KM. SB is the central 
urban location. This indicates that the ADR on the urbanisation and the 
discharge conditions. However, in 2020, this resistance increased at 
both river locations for all antibiotics, except for KM at SB. For all 
Quinolone drugs, the antidrug resistance increased to 50% at both river 
locations in 2020, whereas it was varying for TCE, KM and ST. At 
location NB, resistance was observed to be increased for TCE, KM and 

ST. Whereas, at location SB, resistance increased for TCE, ST, but 
decreased for KM. This indicates inflow or generation of antidrug 
resistant E.coli in the river water from urbanised sources which reflect 
increased use of antimicrobials, due to the unavailability of COVID-19 
specific drugs (Abelenda-Alonso et al., 2020; Getahun et al., 2020; 
Hsu, 2020). Though the prevalence of E. coli was highest in 2018, more 
antidrug resistant E.coli are generated in the year 2020 due to heavy 
usage of antimicrobials. 

In 2018, no ADR was observed for any of the antibiotics at location 
CL and KL, except for NFX, TCE and ST at location KL. (Fig. 3 and Fig. 4). 
However, significant resistance was observed for all antibiotics, except 
KM, at both lake locations with higher values at CL than KL. This in
dicates more urbanised discharge carrying antidrug resistant E.coli ac
cumulates at the location CL. One of the major reasons for the generated 
resistance at CL is the occasional discharge to the CL from nearby open 
Pirana solid waste dumping site (Singh et al. 2008). This call for a 
monitoring of urban wastewater flows being discharged to the lake 
ecosystem. 

Among the sampled WWTP locations in the year 2018, at locations VI 
and VO, no resistance was observed for any of the antibiotics except TCE 
(20% in influent) (Fig. 3 and Fig. 4). Whereas, at CI location resistance 
for NFX, LVX, TCE, KM, was observed but only found to be increasing 
towards CIP and KM at location CO. These results show the increase in 
antidrug resistance after WWTP treatment, which was consistent as re
ported in the studies from Sweden and Austria (Reinthaler et al., 2003; 

Fig. 3. Percentage of antibiotic resistance in the influents of different water compartments in years 2018 and 2020 against fluroquinolone drugs i.e. NFX (Nor
floxacin), CIP (Ciprofloxacin), LVX (Levofloxacin) for locations including WWTPs CI (Chandkheda Inlet), CO (Chandkheda Outlet), VI (Vasna Inlet) and VO (Vasna 
Outlet); Rivers, NB (Nehru Bridge) and SB (Sardar Bridge), and Lakes, KL (Kankaria Lake) and CL (Chandola Lake). 
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Flach et al., 2018). Interestingly, ADR increased significantly for all 
antibiotics in the year 2020 at the VI and VO locations when compared 
to year 2018. In the year 2020, ADR was observed for all antibiotics at VI 
and these resistances were observed to be increasing or being constant at 
VO locations for all antibiotics except KM (decreased by 35%) (Figs. 3 
and 4). Such a high increase in the resistance in treated effluent can be 
attributed to a long residence time of wastewater in WWTP, where E.coli 
is in contact with the antibiotics or antibiotic residues for a long time 
(Honda et al., 2018). In the case of CI in the year 2020, no resistance was 
observed towards the quinolone drugs, whereas the observed ADR for 
KM, ST, and TCE, was reduced significantly at CO location. However, 
resistance was observed to be generated for NFX and CIP at CO in year 
2020. The high resistance towards quinolone drugs is attributed to the 
discharge having domestic origin (Threedeach et al., 2012; Auerbach 
et al., 2007); because these drugs are prescribed for treatments of res
piratory and urinary tract infections, their use has increased signifi
cantly during the COVID-19 pandemic (Abelenda-Alonso et al., 2020; 
Getahun et al., 2020; Hsu, 2020). 

Overall, domestic municipal wastewater likely possesses higher 
concentrations of antimicrobials than any other ambient water. Aeration 
enhances the generation and replication of antidrug resistant E.coli if 
there is a high density and diversity of the microbial population in a 
given wastewater (Ram and Kumar, 2020; Kumar et al., 2020f). The 
advanced or hybrid wastewater treatment processes should be adopted 
to effectively remove the antimicrobials and their residue in order to 
reduce the possibility of resistance (Dhangar and Kumar, 2020). 

Treatment technologies such as MBR-NF/UF, MBR-UV oxidation, 
AS-gamma radiation was found to be very effective (removal efficiency: 
∼ 90–100%) for most of the antibiotics and other pharmaceuticals 
(Dhangar and Kumar, 2020). 

The abundance in both antidrug resistance and E. coli count in the 
STPs was found to be statically related. Previously, in case of the Zenne 
river of Belgium, the abundance of E. coli and antidrug resistance 
increased from upstream to downstream after merging the effluent from 
Brussel’s WWTP (Proia et al., 2018). Thus, proper and timely monitoring 
should be done to track such load of E. coli and ADR while discharging 
the treated effluents to the river water. From the current study, it is seen 
that the antidrug resistance to NFX, CIP, LVX, TCE and ST is found at 
most sampling locations. Such ADR generated during COVID_19 re
quires rigorous monitoring at local and international level through 
wastewater based epidemiology (Kumar et al., 2020b). However, the 
lack of sanitation and treatment facilities in the undeveloped and 
developing countries is a big challenge to monitor the spread of ADR in 
the environmental waters (Pormohammad et al., 2019). Perhaps the 
current pandemic may accelerate the upgradation of the current status 
of WWTP processes to tackle the pharmaceuticals and other antimicro
bials successfully and to monitor ADR (Kumar et al., 2020a). 

Fig. 5 highlights the statistical comparison of overall ADR in the year 
2018 and 2020, whose causes are well described above. It is clearly seen 
that the mean percentage value of overall ADR was increased for the 
resistant strains of E. coli in the year 2020 than 2018, except in the case 
of kanamycin (remains nearly same). Whereas, the mean percentage 

Fig. 4. Percentage of antibiotic resistance in the influents of different water compartments in years 2018 and 2020 against tetracycline drugs (TCE), aminoglycosides 
i.e. KM (kanamycin), and others i.e. ST (sulfamethoxazole) for locations including WWTPs CI (Chandkheda Inlet), CO (Chandkheda Outlet), VI (Vasna Inlet) and VO 
(Vasna Outlet); Rivers, NB (Nehru Bridge) and SB (Sardar Bridge), and Lakes KL (Kankaria Lake) and CL (Chandola Lake). 
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value of overall ADR observed to be decreasing for the sensitive strains 
of E. coli in the year 2020 than 2018, except in case of kanamycin (in
creases). The percentage of ADR (in resistant E.coli strains) for almost all 
antibiotics: CIP, LVX, TC, KM, ST (except NFX: 89.1% change), was 

observed to be very significant in the year 2020 than 2018, as p < 0.10. 
This indicates that the significant change is occurring due to increase in 
the mean value of percentage of ADR. Overall, the comparison of overall 
ADR shows a significant increase statistically in the year 2020 than 

Fig. 5. Comparison of antibiotic (antidrug) resistance against various antibiotics in 2018 and 2020 with the results of a statistical T-test.  

Fig. 6. Illustration depicting: a) zonation of Ahmedabad along with the sampling locations for SARS-CoV-2 RNA analyses, and antibiotic resistance bacteria (ARB) 
analyses. Two locations of the rivers i.e. SB and NB are shown with their increased resistance against norfloxacin between 2018 and 2020; B) Zone-wise scenario of 
effective SARS-CoV-2 genome concentrations (copies/L) measured in the samples and C) Number of people under threat of COVID-19 infection as predicted by 
Aarogya-setu application based on active cases reported and population density of a given area. 
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2018. 

3.4. Imprints of COVID-19 spread over ADR distribution 

The increased cases of COVID-19 is not surprisingly correlated to 
SARS-CoV-2 genes in waste and natural waters (Medema et al., 2020; 
Ahmed et al., 2020; Haramoto et al., 2020; La Rosa et al., 2020; Sher
chan et al., 2020; Kumar et al., 2020; Nemudryi et al., 2020; Kocamemi 
et al., 2020). Fig. 6 represents the population under threat of COVID-19 
in Ahmedabad city (as predicted by nationally authorised Arogya-Setu 
app), Zone-wise scenario of effective SARS-CoV-2 genome concentra
tion (copies/L) in Ahmedabad city, sampling locations for SARS-CoV-2 
RNA analyses, and ADR analyses. The population under threat of 
COVID-19 in various zones of the city has been predicted by Arogya-Setu 
app based on the confirmed cases and the population of the respective 
zone. Arogya-Setu is an authorised Indian COVID-19 contact tracing, 
syndromic mapping and self-assessment digital service provided under 
the Ministry of Electronics and Information Technology (MeitY), India. 
The sampling locations were chosen so as to cover various parts of the 
city. Two locations of the river i.e., SB and NB are shown with their 
resistance increase for Norfloxacin between 2018 and 2020. These two 
locations fall in the central zone of the city, which was highly affected by 
COVID-19, as can be seen from Fig. 6a and b. Table 2 summarises the 
status of the SARS-CoV-2 gene along copies with their corresponding 
Ct-values in the water samples collected from various parts of Ahme
dabad, Gujarat on 15th October 2020. It also provides the effective 
genome concentration for the sampled locations. The genome concen
trations were observed to be high in central, east, south and north zones 
of the city, which can be observed at Maninagar (1365 copies/L), Odhav 
PS (1070 copies/L), Satyam PS (885 copies/L), Vinzole STP (815 
copies/L), and Ranip PS (714 copies/L). The sampled river location and 
the lake locations encompass in the same zones of the city. The high 
SARS-CoV-2 genome copies in these zones hint at the potential high 
prescription of antimicrobial drugs as a remedy to the symptoms of 
COVID-19. This can be the probable reason for a significant increase in 
ADR towards most of the drugs tested at the sampling locations in these 
zones. This indicates that the highly infected zones of the city, due to 
excessive consumption of antimicrobial drugs, have significantly 
impacted the antidrug resistance generated in the microorganisms. 
Overall, the spread of COVID-19 in the community has a prodigious 
correlation with the effective genome concentration of SARS-CoV-2 and 
with the prevalence of ADR in environmental waters. 

4. Limitations 

The present study compared the anti-drug resistance in E.coli in 2018 
and 2020 with the latter prevalence of SARS-CoV-2 genes during the 
sampling period. Despite the correlations between increased ADR and 
COVID-19 spread, more future studies with rigorous sampling events are 
needed to conclude about the cause and effects. In addition, the 

concentration of pharmaceutical and personal care products (PPCPs) in 
the ambient environment should be monitored to quantify their increase 
owing to COVID-19; and then connect back to the corresponding effect 
on ADR for quantitative evaluation. In this study, we attempted to start a 
timely discussion about the likely relationships between ADR and 
COVID-19 spread throughout the globe. Our approach to analyse the 
ADR prevalence is mostly qualitative and there may be a slight possi
bility of both false positive and negative results. To obtain the conclusive 
evidence, the quantification of genetic markers for antimicrobial resis
tance will be helpful. In addition, one time point data may be argued 
-inadequate to derive a conclusion especially when samples used for 
ADR and SARS-CoV-2 genomes studies do not match. Hence we 
recommend regular monitoring along the consideration of wasetwater 
flow data for presenting gene flux or E. coli flux. 

5. Conclusion 

Non-fluoroquinolone drugs showed overall more resistance as 
compared to fluoroquinolone drugs. Tetracycline followed by nor
floxacin has shown more resistance as compared to the other drugs. 
Despite a decrease in the prevalence of E. coli on the sampled river lo
cations, the percentage resistance had been significantly increased in the 
year 2020 compared to year 2018. However, the E. coli prevalence in 
STP samples was increased in the order of 102, but the pattern of anti
drug resistance was not consistent. Lake locations also exhibited an in
crease in the antidrug resistance during the duration of pandemic. The 
river locations and the lake locations have shown a significant increase 
in the antidrug resistance, and these locations are from the highly 
COVID-19 infected zones of the city. The COVID-19 spread in various 
zones of the city has shown corresponding changes in the SARS-CoV-2 
genome concentration and ADR in environmental waters. Overall, due 
to increased consumption of antimicrobials in the pandemic period, the 
percentage of antidrug resistance has been increased significantly. 
Wastewater based epidemiology can be the key tool to monitor the an
timicrobials prevalence and antidrug resistance in the pandemic 
situations. 

Notes 

The authors declare no competing financial interest. 

CRediT authorship contribution statement 

Manish Kumar: Conceptualization, Visualization, Project supervi
sion, Writing - review & editing; Kiran Dhangar: Data curation, First 
draft, Writing - review & editing; Alok Kumar Thakur: Sampling and 
analyses in 2020, Data curation, First draft, Writing - review & editing; 
Bhagwana Ram: Sampling and analyses in 2018, Writing - review & 
editing; Tushara Chaminda: Writing - review & editing; Pradeep 
Sharma: Writing - review & editing; Abhay Kumar: Writing - review & 

Table 2 
SARS-CoV-2 Ct-values along with their corresponding gene copies in the water samples collected from various parts of Ahmedabad, Gujarat on 15th October 2020. 
Effective genome concentrations have also been provided in the last column.  

Sampling Station Ct values Gene copies/ L 

N ORF S N ORF S Effective gene concentration 

Motera PS  35.50  32.18  33.96  123  1002  317  480 
Ranip PS  34.57  31.75  32.98  217  1334  591  714 
Paldi PS  38.36  36.47  36.53  23  69  66  53 
Santivan PS  36.08  33.63  34.80  87  390  187  221 
Sanbarmati  38.46  35.67  37.14  22  110  47  60 
Maninagar  34.17  30.77  31.89  278  2605  1213  1365 
Satyam PS  34.52  31.37  32.70  223  1724  709  885 
Vinzole STP  34.98  31.41  32.96  168  1680  598  815 
Odhav PS  34.54  31.06  32.41  220  2131  857  1070 
Vatva PS  38.51  32.58  35.69  22  770  109  300  

M. Kumar et al.                                                                                                                                                                                                                                 



Journal of Hazardous Materials 416 (2021) 126125

9

editing; Nirav Raval: Writing - review & editing; Vaibhav Srivastava: 
Sampling and analyses, Data curation, First draft, Writing - review & 
editing; Jörg Rinklebe: Writing - review & editing; Keisuke Kuroda: 
Writing - review & editing; Christian Sonne: Writing - review & editing; 
Damia Barcelo: Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

This work is funded by Kiran C Patel Centre for Sustainable Devel
opment at IIT Gandhinagar, UNICEF, Gujarat and UK-India Education 
and Research Initiative (UKIERI). We also acknowledge the help 
received from Dr. Shyamnarayan Dave, Dr. Madhvi Joshi, Dr. Arbind K 
Patel, and other GBRC and WET Lab members who contributed towards 
sample and data analyses. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2021.126125. 

References 

Aali, R., Nikaeen, M., Khanahmad, H., Hassanzadeh, A., 2014. Monitoring and 
comparison of antibiotic resistant bacteria and their resistance genes in municipal 
and hospital wastewaters. Int. J. Prev. Med. 5 (7), 887–894. 

Abelenda-Alonso, G., Padullés, A., Rombauts, A., Gudiol, C., Pujol, M., Alvarez-Pouso, C., 
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Abstract 49 

 50 

COVID-19 positive patients can egest live SARS-CoV-2 virus through faecal matter and urine, 51 

raising concerns about viral transmission through faecal-oral route and/or contaminated 52 

aerosolized water. These worries are heightened in many low and middle income nations, 53 

where raw sewage is often dumped into surface waterways and open defecation betide. In this 54 

manuscript we attempt to discern the presence of SARS-CoV-2 genetic material (ORF-1ab, N 55 

and S genes) in two urban cities of India viz., Ahmedabad, in western India with ~12 WWTPs 56 

and Guwahati, in north-east of the country with no such plants. 100% and 20% of the surface 57 

water samples had detectable SARS-CoV-2 RNA load in Ahmedabad and Gandhinagar, 58 

respectively. N-gene>S-gene>ORF-1ab-gene were readily detected in surface water of 59 

Ahmedabad, whereas, no such significant trend was found in the case of Guwahati. The high 60 

concentration of gene (ORF-1ab – 800 copies/L for Sabarmati river, Ahmedabad and S-gene – 61 

565 copies/L for Bharalu urban river, Guwahati) found in natural waters indicates low 62 

sanitation and have various health and ecological consequences that should be investigated 63 

further.  64 

 65 

Keywords: COVID-19, surface water, wastewater, sewage, SARS-CoV-2 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 

 

 74 

Introduction 75 

Viruses are reported to occur in the surface water and believed to impact environmental and 76 

human health (Lu and Yu, 2018; Qu et al., 2018, Kauppinen et al., 2018; Sekwadi et al., 77 

2018; Kuroda et al., 2015; Kumar et al., 2019; Kumar et al., 2020). Absence of sufficient 78 

sewage collection and treatment system is likely to make the situation more severe, especially 79 

in cities of the developing countries owing to high population density, discharge of (often 80 

unregulated) domestic and industrial effluents and ineffective treatment of wastewater 81 

(Samaraweera et al., 2019). It is a known fact that enteric viruses can enter into the aquatic 82 

environments through several routes such as water outflows or heavy rainfall, combined sewer 83 

outflows, blockages or sanitation system failures (Fong et al., 2010; Kumar et al., 2019). 84 

Various enteric viruses are very similar in terms of their structure, origin and symptoms of 85 

enteric viruses. Severe Acute Respiratory Viruses (SARS) are also reported to be prevalent in 86 

wastewater and surface water despite being an enveloped virus, that rapidly degrade in the 87 

environment. The prevalence of such viruses in the aquatic environment is likely to increase 88 

considerably during the ongoing Coronavirus disease (COVID-19) pandemic situation, that 89 

pose severe health risk to humans via faecal-oral transmission or aerosolisation of water 90 

droplets containing virus (Lodder and de Roda Husman, 2020; Naddeo and Liu, 2020). 91 

Nonetheless, because numerous countries like India are now witnessing the largest COVID-19 92 

peaks and a probable onset of third wave in 2021, also knowing the viable viral particles might 93 

be particularly important for Quantitative Microbiological Risk Assessment (QMRA) 94 

associated to exposure to SARS-CoV-2 contaminated water. Overall, considering the millions 95 

of infections and deaths related to COVID-19, it is highly pertinent to monitor the occurrences 96 

of SARS coronavirus 2 (SARS-CoV-2) in the freshwater and wastewater systems which is vital 97 

for human sustenance. However, faecal shedding of the virus and its detection in wastewater 98 
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might be particularly problematic in low-sanitation areas where wastewater treatment is partial 99 

or non-existent (Kozer et al., 2021; Guerrero-Latorre et al., 2020). 100 

 101 

Further, the abundance of viruses in tropical countries has not been well documented. As, the 102 

lipids of viral envelop can be easily disrupted by environmental stressors (Pinon and Vialette, 103 

2018), enveloped viruses such as SARS-CoV-2 are more susceptible than non-enveloped 104 

viruses (e.g. Norovirus, Rhinovirus, etc.) under similar adverse conditions (Gundy et al., 105 

2009). Although, the high temperatures and solar radiations during tropical summers can 106 

effectively lower the prevalence of viruses, COVID-19 spread in the world does not suggest 107 

such (Carratala et al., 2013; Baker et al., 2021).  The pathway of SARS-CoV-2 reaching to 108 

the ambient waters have been plenty (Kumar et al., 2020), including that of short circuiting of 109 

wastewater release into the urban waters and incomplete removal of viruses during the 110 

treatment. It was found that tertiary treatment of wastewater could remove greater % of SARS-111 

CoV-2 RNA (100%) while, that of secondary treatment (89%) (Randazzo et al., 2020). de 112 

Oliveira et al, (2021) detected SARS-CoV-2 in artificially spiked river water (filtered and 113 

unfiltered) at two different temperatures viz., 4°C and 24°C through plaque assays. On the 114 

other hand, Haramoto et al, (2020) reported no positive results for virus RNA in raw 115 

wastewater whereas, ~2400 gene copies/L were detected in wastewater with secondary 116 

treatment. They also sampled surface water (river) to detect the viral genome, however, there 117 

was no trace of SARS-CoV-2 RNA in river water. Surprisingly, they also observed the 118 

abundance of N genes in positive secondary treated samples but ORF-1a and S genes were not 119 

found. Although the frequency of reports on SARS-CoV-2 presence in the treated wastewater 120 

is increasing day by day (Westhaus et al., 2021, Hasan et al., 2021), the ambient urban waters 121 

are somehow not being monitored. Hence it is very likely that we are going to miss this 122 

opportunity to learn a lot about the pandemic situation to make our future generations capable 123 
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of understanding and manage them better. Mancuso et al, (2021) reviewed how SARS-CoV-124 

2 might infiltrate the urban water cycle and subsequently spread from urban to rural water 125 

settings, posing a possible risk to crop production and, hence, human health. Mahlknecht et 126 

al, (2021) reported the first study on the detection of SARS-CoV-2 RNA in groundwater in 127 

Monterrey. There is currently no indication that COVID-19 may be transferred to animals or 128 

humans through polluted water (La Rosa et al., 2020). Despite this, the World Health 129 

Organization (WHO, 2020) has emphasised the need of study into the novel coronavirus 130 

persistence in environmental matrices like as surface water and wastewater.  131 

 132 

Under the light of above discussion, we conducted SARS-CoV-2 titre monitoring in various 133 

surface waters of two Indian cities i.e. Ahmedabad in Gujarat Province and Guwahati in Assam. 134 

Cities are selected such that the former has one of the highest number of wastewater treatment 135 

plants (WWTPs) among the Indian cities i.e. Ahmedabad in western India and the latter do not 136 

have even a single treatment plant available in the city i.e., case of Guwahati in north-east India. 137 

Our main objectives were to: i) understand the frequency of positive occurrence of SARS-138 

CoV-2 titre during weekly surveillance of the representative water bodies present in both the 139 

cites; ii) comparative assessment of the vulnerability of urban waters in a city setup among the 140 

silhouette of COVID-19 clinical cases. Our research is critical since there are several 141 

transmission pathways in underdeveloped nations due to less prevalent, poorly managed 142 

sewage systems, which result in wastewater leakages and common sewage overflow issues.  143 

2. Materials and methods 144 

2.1 Study area and sampling location 145 

In the present study, three lakes i.e. Kankaria Lake, Chandola Lake, Vastrapur Lake and the 146 

Sabarmati Rivers were sampled weekly since September 3rd, 2020 to 29th December, 2020, as 147 
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a representative urban ambient water bodies in Ahmedabad (Fig. 1a). In Ahmedabad, the 148 

sewage is collected through a system comprising an underground drainage network, auxiliary 149 

pumping stations (APS), Sewage Treatment Plants (STPs), and are disposed into the natural 150 

water bodies and rivers after treatment. Wastewater generated from all these development is 151 

collected by a network of underground sewers and pumping stations and is conveyed to the 152 

sewage treatment works for physical and biological treatment to meet the Gujarat Pollution 153 

Control Board (GPCB) guidelines before discharge into the nearest water body. The 154 

Ahmedabad Municipal Corporation comprises of 9 STPs, 45 Sewage Pumping Stations, and 155 

an extended Sewage Network of ~2500 km present in the city.  156 

 157 

On the other hand, ten samples representing Dipor Bil Lake, the Brahmaputra River, the 158 

Bharalu River and the Urban Drains of the Guwahati city were taken and analysed monthly 159 

from October to December, 2020 (Fig. 1b). Guwahati, known as gateway of the north-eastern 160 

India, has a concise area of 328 km2 that exhibit rapid and unplanned urban growth with around 161 

a million of city residents as per the 2011 census. The Brahmaputra River, an international 162 

transboundary, the fifteenth longest and the ninth largest river in terms of discharge (Pervez 163 

and Henebry, 2015) provides one side boundary to the city. While the Bharalu River, a 164 

tributary of Brahmaputra River, flows through the dense urban region of Guwahati city and 165 

now has virtually become an urban drain. Dipor Bil Lake is a natural freshwater lake/wetland 166 

system recognised under the Ramsar Convention provides another side of the city. There is not 167 

a single STP present in Guwahati city of Assam Province. Probably the main solution of the 168 

wastewater here is the dilution owing to relatively higher rainfall (average annual precipitation 169 

of 2054 mm) with 91.9 average rainy days over a year. The perennial discharge of the 170 

Brahmaputra River is disposing the responsibility of diluting all the wastes of the city. 171 

Sampling locations in Guwahati was selected based on our previous work (Kumar et al., 172 
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2019). We added two additional locations i.e. Khanapara and AIDC based on COVID-19 173 

quarantine centre locations in the city. Overall, eight sampling locations were precisely same 174 

as described in Kumar et al, (2019) and two additional locations were added specific to 175 

COVID-19 pandemic. Samples were collected using composite grab sampling by mixing three 176 

samples simultaneously taken at each location. 177 

2.2 Sample collection and preparation 178 

The samples were collected using grab sampling technique in 500ml polyethylene sterile 179 

bottles (Tarsons, PP Autoclavable, Wide Mouth Bottle, Cat No. 582240, India) and transferred 180 

in an icebox to the laboratory at Gujarat Biotechnology Research Centre (GBRC) and 181 

refrigerated at 40C until further process. To take the cross-contamination during transportation 182 

into account, the sampling blanks were prepared and analysed. Samples from Guwahati was 183 

transported in a sealed ice-box by air-mail within the same day of sampling and RNA extraction 184 

was performed within 72 hrs of sampling.  185 

Poly ethylene glycol (PEG) based precipitation method was used for concentration of the 186 

sample as explained by (Kumar et al., 2020b). Briefly, 30ml sample was centrifuged (Model: 187 

Sorvall ST 40R, Thermo Scientific) at 4000g for 30 minutes in a 50ml falcon tube followed by 188 

the filtration of the supernatant with a syringe filter of 0.2µ (Mixed cellulose esters syringe 189 

filter, Himedia). The filtrate was then treated with NaCl (17.5 g/L) and PEG 9000 (80 g/L) and 190 

incubated at 100 rpm overnight (Model: Incu-Shaker™ 10LR, Benchmark). The room 191 

temperature was maintained at 17 0C using air-conditioner. A protocol for the same was 192 

established before and the effect of several variables like volume of the samples, temperature, 193 

rpm speed, and amount of PEG and NaCl were already observed and standardized. To make 194 

the pellet, the solution was then subjected to ultra-centrifugation at 14000g for 90 minutes 195 

(Model: Incu-Shaker™ 10LR, Benchmark). RNase-free water was used for the resuspension 196 
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of the pellet containing viral particles, which then was stored in a 1.5ml Eppendorf tube at a 197 

temperature of -40°C until RNA isolation. The detailed work flow concept has been depicted 198 

in Fig. 2. 199 

2.3 Isolation of the SARS-CoV-2 viral genome 200 

SARS-CoV-2 RNA isolation was performed using a commercially ready-for-use kit 201 

(NucleoSpin® RNA Virus, Macherey-Nagel GmbH & Co. KG, Germany). MS2 phage (10 202 

μL), Proteinase K (20 μL) and RAV1 buffer (600 μL) consisting of carrier RNA were mixed 203 

with 300 μL of the concentrated viral particles. MS2 phage serves as the molecular process 204 

inhibition as a test control. It was used to monitor the efficacy of RNA extraction and PCR 205 

inhibition. It should be remembered that MS2 may spontaneously exist in wastewater, so there 206 

is a risk that the retrieved MS2 may consist of both the spiked and the background viral 207 

material. As per the user manual instructions (Macherey-Nagel GmbH & Co. KG), further 208 

procedures were carried out. The last elution was done with 30 μL of kit-supplied elution 209 

buffer. Using a Qubit 4 Fluorometer (Invitrogen), RNA concentrations were checked.  210 

The nucleic acid was analyzed to identify the S gene, N gene, and ORF1ab of SARS-CoV-2 211 

and the internal control (MS2) with the help of RT-PCR using the TaqPathTM Covid-19 RT-212 

PCR package (Applied Biosystems). Amplification was conducted in a reaction (25 μL) vial 213 

containing 7 μL of RNAs derived from each sample. 2 μL of the positive control (TaqPath™ 214 

COVID-19 Control) and refined 5 μL of negative control were used for the study. Nuclease-215 

free water was applied as a template-free control in this analysis. Additional process steps were 216 

executed, as defined in the product guidebook. The RT-qPCR step consisting of 40 cycles, 217 

included UNG incubation (25 °C for 2 min), reverse transcription (53 °C for 10 min), and 218 

activation (95 °C for 2 min). The reactions were conducted and elucidated as instructed in the 219 

handbook of Applied BiosystemsTM 7500 Fast Real-Time PCR. 220 
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2.4 Data visualization 221 

OriginPro 2019b software has been used for data analysis and to draw boxplots.   222 

 223 

3. Results and discussion 224 

Wastewater samples collected from surface urban waters of Ahmedabad (Sabarmati River, 225 

Kankaria, Chandola and Vastrapur lakes), Gujarat, India, revealed a considerable variation in 226 

SARS-CoV-2 genome titre. Analogy of qRT-PCR assay analysis for the determination of the 227 

virus genetic material (N, S, and ORF 1ab genes) showed 100% (4/4) positive samples. The 228 

average N-gene copies were found to be maximum in Sabarmati River (694 copies/L), followed 229 

by Kankaria (549 copies/ L) and Chandola (402 copies/L) while, Vastrapur did not show the 230 

presence of N-gene. The ORF 1ab-gene copies were found maximum in samples collected from 231 

Sabarmati River (800 copies/ L), followed by Kankaria (87 copies/L). Chandola and Vastrapur 232 

lake samples were negative for the ORF-1ab gene. Similarly, the S-gene copies climbed down 233 

from: Sabarmati River (490 copies/L)> Vastrapur (58 copies/ L)> Chandola (52 copies/ L)> 234 

Kankaria (45 copies/L). Correspondingly, a higher SARS-CoV-2 genome concentration was 235 

observed in Sabarmati River (492 copies/L), followed by Kankaria (318 copies/ L) and 236 

Chandola lake sample (75 copies/L) (Table 1a). The number of active COVID-19 cases in 237 

Ahmedabad on the day of sampling matched the gene amplification and detection patterns 238 

(viral genetic load) in surface water rather well (Fig. 3). The N-gene was detected in many 239 

samples even though the samples were negative for ORF-1ab gene and S-gene. This may be 240 

due to the fact that there may be sparse concentration of RNA for gene specific amplification. 241 

The box plots for Ahmedabad shows highest detection of N-gene, S-gene, ORF-1ab gene and 242 

genome concentrations in copies/L for the month of November 2020 and April 2021 (Fig. 4). 243 
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  245 

The water samples collected from Guwahati (Dipor Bil lake, Brahmaputra river and WWTP at 246 

Indian Institute of Technology Guwahati (IITG) showed negative results for SARS-CoV-2 247 

RNA. While, 1 sample near a COVID care centre and 1 sample from Bharalu urban drain tested 248 

positive for the presence of the virus genome thus showing 20% (2/10) positive results for the 249 

sampled locations. The average N-gene, ORF-1ab gene and S-gene copies were found to be 250 

maximum in the COVID care centre i.e., 9169, 4153 and 3580 copies/L than that of Bharalu 251 

urban drain. However, in the Bharalu drain the S-gene concentration was found to be the 252 

highest (565 copies/L) followed by N-gene (549 copies/L) and ORF-1ab gene (435 copies/L). 253 

Evidently, a larger genome concentration was observed in the COVID care facility (5634 254 

copies/L) than the urban drain (516 copies/L) (Table 1b). Conversely, the number of active 255 

cases rapidly decreased in the month of October, 2020 in Guwahati which, followed the trend 256 

till March, 2021 before another rise in cases from April, 2021.  257 

 258 

The reason for negative detection of the SARS-CoV-2 gene in the Guwahati samples 259 

correspond to the decrease in clinical cases during the sampling period which, seems to be one 260 

of the lowest in the year 2020-May, 2021. The COVID care centre showed positive results as 261 

the symptomatic and asymptomatic patients were treated there. Bharalu drain, however, flows 262 

through the heat and lungs of the city and collects sewage and waste before finally joining to 263 

the Brahmaputra River. Hence, the asymptomatic cases or those who were not admitted to 264 

COVID care centres still shedding the virus would be detected in the wastewater. Guwahati 265 

city not having any WWTPs might face a lot of sanitation issues. The Bharalu river which 266 

turned into an urban drain carrying such enteric viruses might play as a hub of faecal-oral 267 

transmission. WWTPs can remove SARS-CoV-2 RNA, thus, strengthening the cities weak 268 
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health infrastructure. However, a much deeper research is still needed on the efficient removal 269 

of viral genome in WWTPs. The current results reveal the microbiological implications of 270 

sewage discharge into natural streams without prior treatment. Guwahati's urban waterways 271 

are harmed by the unmediated exude of sewage water from a population of about one million 272 

people. 273 

 274 

India is on the verge of facing a third wave of COVID-19 among many natural calamities in 275 

2021 e.g., several severe earthquakes in Assam and cyclone Tauktae near Gujarat coast. In such 276 

case access to safe water, health and hygiene during rehabilitation is pivotal. Therefore, all 277 

possible exposure pathways of SARS-CoV-2 is needed to be considered scientifically and point 278 

of discharge needs to identified and tested for microbial contamination along with basic water 279 

quality parameters. The findings of our study may be applied to other cities where, sewage is 280 

disposed directly into natural waterways. Particularly, the presence of SARS-CoV-2, along 281 

with other waterborne pathogens released in open surface waters, may provide a risk of 282 

infection to anyone who come into contact with such water downstream. It is crucial to note, 283 

however, that in the current study, only SARS-CoV-2 genetic material has been identified in 284 

waterways, and the virus's survival in contaminated waterways is unknown. Furthermore, 285 

because zoonotic spill over episodes are common in the Coronaviridae family, viral 286 

propagation into the environment has an undisclosed influence on domestic animals and 287 

wildlife health (Franklin & Bevins, 2020). Eventually, if diagnostic equipment’s are 288 

restricted, the abundance of the viral genome can be employed as a surveillance criteria for a 289 

prompt warning system monitoring main sewage discharges across the city, assisting in the 290 

containment of the pandemic (Bivins et al., 2020).  291 

 292 
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Conclusion 293 

The persistence of the SARS-CoV-2 virus and the viral RNA in various water matrixes is a 294 

current research subject. In the context of intermittent lockdown and progressive rise in COVID 295 

cases in India, we attempted to investigate the occurrence of SARS-CoV-2 genetic signature 296 

in two metropolitan cities of India viz., Ahmedabad (Western zone) and Guwahati (North-297 

Eastern zone). The sustenance of the viral RNA load in urban surface waters in both the cities 298 

were congruent to the trends in active clinical COVID-19 cases. Lack of wastewater treatment 299 

coverage might be a contributing reason to the elevated probability of a COVID-19 pandemic. 300 

Water safety begins with the preservation of natural water resources in the watershed; as a 301 

result, it is crucial to keep surface and groundwater from contamination with faeces and to 302 

prevent direct discharge of grey water into rivers, streams, lakes, wetlands, open wells, etc. 303 

Surface waters receiving direct sewage or effluent discharge can be targeted for surveillance 304 

of SARS-CoV-2 genome and thus, can provide a lot of insights on rise in transmissions, 305 

sanitation, future risks and management. The approach described in this paper can be employed 306 

in other places where sampling sewage is impossible and wastewaters are disposed into lakes, 307 

streams or rivers. The knowledge is also helpful to indicate thorough investigation of 308 

possibility of contagion in places with inadequate sanitation, where people are at risk of being 309 

exposed to polluted water or even raw sewage. 310 
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Figures 380 

 381 

 382 

 383 

 384 

Fig.1. Map depicting the sampling sites in (a) Ahmedabad, Gujarat and (b) Guwahati, Assam 385 
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Fig.2. Advantage of qRT-PCR based detection of SARS-CoV-2 RNA over clinical tests for early detection, prediction and management of 

COVID-19 pandemic .
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Fig.3. SARS-CoV-2 genome concentration as compared to clinical positive active cases in 

Ahmedabad and Guwahati, India
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Fig. 4. Box and whiskers plots of SARS-CoV-2 (a) N gene, (b) ORF 1ab gene, (c) S gene, and 

(d) genome concentration in Ahmedabad, Gujarat  
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Tables 

 

Table 1a: Occurrence of SARS-CoV-2 RNA traces in the freshwater samples collected from 

different locations in Ahmedabad. 

Sampling 
date 

Location 
Ct value Gene copies (copies/ L) 

N ORF S N ORF S Genome 

03.09.20 

Kankaria Lake 36.01 ND ND 90 0 0 INC 

Chandola Lake ND ND 36.94 0 0 52 INC 

Vastrapur Lake ND ND 36.75 0 0 58 INC 

Sabarmati River ND ND 38.34 0 0 24 INC 

10.09.20 

Kankaria Lake 33.10 36.08 ND 549 87 0 318 

Chandola Lake ND ND ND 0 0 0 0 

Vastrapur Lake ND ND ND 0 0 0 0 

Sabarmati River ND ND ND 0 0 0 0 

17.09.20 

Kankaria Lake 37.87 ND ND 31 0 0 INC 

Chandola Lake ND ND ND 0 0 0 0 

Vastrapur Lake ND ND ND 0 0 0 0 

Sabarmati River ND ND ND 0 0 0 0 

24.09.20 

Kankaria Lake ND ND 37.21 0 0 45 INC 

Chandola Lake 37.33 ND ND 402 0 0 INC 

Vastrapur Lake ND ND ND 0 0 0 0 

Sabarmati River 39.24 ND 38.80 14 0 18 16 

01.10.20 

Kankaria Lake 35.67 ND ND 111 0 0 0 

Chandola Lake 35.31 ND 39.64 137 0 12 75 

Vastrapur Lake ND ND ND 0 0 0 0 

Sabarmati River 35.51 ND ND 122 0 0 INC 

08.10.20 

Sabarmati River 
 
 
 
 
 
 
 

37.70 35.78 36.86 34 104 55 64 

15.10.20 38.46 35.67 37.14 22 110 47 60 

22.10.20 ND ND ND 0 0 0 0 

29.10.20 33.07 32.52 35.57 559 800 118 492 

05.11.20 ND ND ND 0 0 0 0 

12.11.20 ND ND ND 0 0 0 0 

19.11.20 ND ND 36.96 0 0 52 INC 

26.11.20 ND ND ND 0 0 0 0 

14.12.20 34.70 35.42 33.27 199 129 490 273 

21.12.20 ND ND ND 0 0 0 0 

28.12.20 32.73 33.80 39.96 694 350 10 351 

Where; ND= Not detected, and INC= Detected but data inconclusive 
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Table 1b: SARS-CoV-2 gene concentration in wastewater samples collected from Guwahati. 

Sampling 
date 

Location 

Ct Value Gene copies (copies/ L) 

N-
Gene 

ORF-
Gene 

S-
Gen

e 

N-
Gene 

ORF-
Gene 

S-
Gen

e 

Genome  

concentra
tion 

27.10.20 

Dipor Bil 
(Boragaon)  

ND ND ND ND ND ND ND 

Khanapara 29 30.1 30.3 9169 4153 3580 5634 

AIDC 33.1 33.5 33.1 549 435 565 516 

Uzan Bazar ND ND ND ND ND ND ND 

Dipor Bil-1 ND ND ND ND ND ND ND 

Bhangaghar ND ND ND ND ND ND ND 

Kharguli ND ND ND ND ND ND ND 

Pandu ND ND ND ND ND ND ND 

Dipor Bil-2 ND ND ND ND ND ND ND 

WW/IITG ND ND ND ND ND ND ND 
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Graphical abstract 

 

Abstract 

The scientific community has widely supported wastewater monitoring of SARS-CoV-2 due 

to the early and prolonged excretion of coronavirus in the faecal matter. In the present 

study, eighteen influent wastewater samples from different wastewater treatment plants 

and pumping stations (5 samples from Vadodara city, 4 from Gandhinagar, and nine from 

Ahmedabad city) were collected and analyzed for the occurrence of SARS-CoV-2 RNA in 

Gujarat province, India. The results showed the highest SARS-CoV-2 genome concentration 

in Vadodara (3078 copies/ L), followed by Ahmedabad (2968 copies/ L) and Gandhinagar 

(354 copies/ L). The comparison of genome concentration more or less corresponded to the 

number of confirmed and active cases in all three cities. The study confirms the potential of 

the Surveillance of Wastewater for Early Epidemic Prediction (SWEEP) that can be used at a 

large scale around the globe for better dealing with the pandemic situation. 

Keywords: COVID-19; SARS-CoV-2; Wastewater based epidemiology (WBE); Pandemic; 
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1. Introduction 

Identifying the emergence and dissemination of the Severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) biohazard, which remains a global threat after even a year now 

into the 2019 coronavirus disease (COVID-19) pandemic. While some nations are now 

attempting to test every person (e.g., Korea and Iceland) to collect population-wide data, 

this method is inefficient, sluggish, and cost-prohibitive for most nations around the globe 

[1]. Based on a clinical study, the high pervasiveness of asymptomatic contagious individuals 

raises doubts about the available data on active cases [2,3]. Wastewater-based 

epidemiology (WBE) is drawing worldwide attention to COVID-19 surveillance due to the 

prevalence and protracted exudation of SARS-CoV-2 RNA in the feces of pre-symptomatic 

and deceased individuals, especially in developed economies with weak health 

infrastructure. 

 

In India, the first case of COVID-19 was detected when a student returned from Wuhan, 

China, on 30th January 2020 [4]. Thenceforth, the number of infections has seen a steady 

spike. India has effectuated international travel bans and a stringent lockdown and curfew 

in the country to control the spread. Nonetheless, tropical countries like India are at higher 

risk due to relatively large and dense population demography, inadequate infrastructure, 

and healthcare services to meet very high demands. Gujarat, India, has recorded 272811 

cumulative cases of COVID-19 (active cases: 3025), as of 06
th

 March 2021. The details of the 

pandemic situation in Vadodara (VABO), Gandhinagar (GN), and Ahmedabad (AMD) have 

been shown in Table 1 [5,6,7].  

Table 1. Comparison of SARS-CoV-2 pandemic in three different cities of Gujarat, India  

District 

Cumulative cases as on 06
th 

March 

2021 

Cumulative cases on sampling 

date 

Confirmed cases Active cases 

Confirmed 

cases Active cases 

Vadodara 30490 527 16055 2045 

Gandhinagar 8866 50 4980 632 

Ahmedabad 63453 604 43381 3283 
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To better understand the skill and possible implementation of WBE surveillance of the novel 

coronavirus, the wastewater analysis for the occurrence of SARS-CoV-2 RNA was performed 

in three different cities (VABO, GN, and AMD) Gujarat, India, and comparisons were made 

with the clinical survey-based data. We also studied the temporal variance in the viral RNA 

concentration in STPs during post lockdown time in GN and AMD cities of Gujarat, India 

[8,9]. The prime goal of the present study was to substantiate the Surveillance of 

Wastewater for Early Epidemic Prediction (SWEEP) potential to know the extent of COVID 

infection by comparing the SWEEP data with clinical survey-based secondary data.  Also, it 

will persuade the authorities and policymakers to incorporate WBE surveillance into the 

regular monitoring program and policy framework to manage current or future COVID-19 

like pandemic situations efficiently. 

 

 

Fig. 1 Geospatial position of sampling locations in three different cities of Gujarat, India 

 

8

Gujarat

INDIA
Ahmedabad City
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2. Materials and methods 

2.1 Sampling location 

In the present study, eighteen influent wastewater samples (5 samples from Vadodara city, 

4 from Gandhinagar, and nine from Ahmedabad city) were collected and analyzed for the 

presence of SARS-CoV-2 genetic material (Fig. 1). In all three cities, the sewage is collected 

through a system comprising an underground drainage network, auxiliary pumping stations 

(APS), Sewage Treatment Plant, and disposal into the natural water bodies and rivers after 

treatment. Wastewater generated from all this development is collected by a network of 

underground sewers and pumping stations and is conveyed to the sewage treatment works 

for physical and biological treatment to meet the Gujarat Pollution Control Board (GPCB) 

guidelines before discharge into the nearest water body.  

 

 

Fig.2. Sampling points and layout of the wastewater treatment in Vadodara, Gujarat, India  
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Vadodara Municipal Corporation has three drainage zones for the sewerage system based 

on the city's natural topography. Each of the drainage zones has a sewage treatment plant 

(STP). The sewage from drainage zones-I and II is disposed into the Jambuva River which, 

ultimately joins the River Vishwamitri. The sewage from drainage zone-III is disposed into 

the River Vishwamitri. The schematic layout of the wastewater treatment in Vadodara is 

shown in Fig. 2. Sewage Disposal Works Department of Vadodara includes 6 STPs & 49 

Auxiliary/Main Pumping stations (APS/MPS). In the APS, the wastewater (sewage) from 

various parts of the city is collected in the wet well of the APS and then pumped to the Main 

Pumping Station and ultimately to the STP for treatment. Based on the natural topography 

of the Vadodara city sewerage system is divided into three drainage zones. 

 

Likewise, the Ahmedabad Municipal Corporation comprises 9 STPs, 45 Sewage Pumping 

Stations, and an extended Sewage Network of ~2500 km present in the city. In Gandhinagar, 

the entire city's wastewater is first collected in the Sargasan Drainage Pumping Station via 

the underground pipe network. Thereafter, it is pumped and transferred mainly to the 

Jaspur and Sargasan STPs, where treatment processes occur. Details of the sampling 

locations, such as geospatial positions, capacity of the treatment plant, and wastewater 

source, are given in Table 2.  

 

2.2 Sample collection and preparation 

The untreated wastewater was collected from different locations in three cities, i.e., 

Vadodara (VABO), Gandhinagar (GN), and Ahmedabad (AMD) of Gujarat province, India.  A 

total of 5 influent samples were collected from five STPs of VABO, 4 samples from STPs in 

GN, and 9 samples (8 from pumping stations and one from STP) from AMD in the first week 

of November 2020. The grab sampling method was used for the sample collection in 500ml 

polyethylene sterile bottles (Tarsons, PP Autoclavable, Wide Mouth Bottle, Cat No. 582240, 

India). Collected samples were transferred in an icebox to the laboratory and refrigerated at 

4
0
C until further process. A sampling blank was also prepared to examine the cross-

contamination during transportation. The experiments were performed at Gujarat 
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Biotechnology Research Centre (GBRC), an approved laboratory by the Indian Council of 

Medical Research (ICMR), New Delhi.  

 

Table 2. Details of Sampling locations 

Sl 

No. Sampling Location Lat Long 

Wastewater source Capacity 

(MLD) 

Vadodara (VBO)     

1.  Tarsali 22°15'30.5"N 73°13'10.7"E Residential & commercial 52 

2.  Gajarawadi 22°17'12.3"N 73°13'13.8"E Residential & commercial 66 

3.  Kapurai 73°15'42.3"E 73°10'04.9"E Residential & commercial 43 

4.  Atladra 22°19'02.9"N 73°11'37.3"E Residential & commercial 43+43 

5.  Sayaji Garden 22°16'15.4"N 73°15'42.3"E Residential 8.5 

      

Gandhinagar (GN)     

6.  Basan inlet 23.12.28.4"N 72.40.56.3"E Residential 2 

7.  Sargasan inlet 23.11.42.4"N 72.37.18.1"E Residential & commercial 10 

8.  Jaspur inlet 23.09.40.7"N 72.32.20.3"E Residential & commercial 76 

9.  Academic institution 23°12'58.6"N  72°41'18.6"E Institutional and residential 2.36 

      

Ahmedabad (AMD)     

10.  Motera pumping station  23°06'36.9"N 72°36'0.9"E Residential NA 

11.  Ranip pumping station  23°25'06.3"N 72°34'37.7" E Commercial NA 

12.  Paldi pumping station  23°00'44.2"N 72°33'4.1" E Commercial NA 

13.  Santivan pumping station  23°00'03.5"N 72°33'40.1" E Residential NA 

14.  Maninagar pumping station 22°59'52.5"N 72°35'39.8" E Residential NA 

15.  Satyam pumping station 23°03'59.6"N 72°39'38.5" E Residential NA 

16.  STP vinzole  22°56'16.3"N 72°38'36.8" E Residential & commercial 100 

17.  Odhav pumping station 23°01'31.9"N 72°40'25.5" E Commercial NA 

18.  Vatva pumping station  22°57'11.1"N 72°36'15.8" E Commercial NA 

 

2.3 Concentration methods 

The concentration method consisted of a PEG 9000 (80 g/L) and NaCl (17.5 g/L) precipitation 

protocol previously described by Kumar et al., 2020 [10] for wastewater samples. 30ml 

sample was centrifuged (Model: Sorvall ST 40R, Thermo Scientific) at 4000g for 30 minutes 

in a 50ml falcon tube followed by the filtration of the supernatant with a syringe filter of 

0.2µ (Mixed cellulose esters syringe filter, Himedia). The 25ml sample filtrated was then 

treated with the NaCl (17.5 g/L) and PEG 9000 (80 g/L) and incubated at 17°C, 100 rpm 
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overnight (Model: Incu-Shaker™ 10LR, Benchmark). The sample was then transferred in an 

oak ridge tube for further centrifugation (Model: Incu-Shaker™ 10LR, Benchmark) at 14000g 

for 90 minutes, ultimately forming the pellets. RNase-free water was used for the 

resuspension of the viral particles after discarding the supernatant. The sample was then 

stored in a 1.5ml Eppendorf tube at a temperature of -40°C for RNA isolation.  

2.4 Isolation of the SARS-CoV-2 viral genome 

Using a commercially ready-for-use kit (NucleoSpin® RNA Virus, Macherey-Nagel GmbH & 

Co. KG, Germany), SARS-CoV-2 RNA isolation was performed. MS2 phage (10 μL), Proteinase 

K (20 μL) and RAV1 buffer (600 μL) consisting of carrier RNA were mixed with 300 μL of the 

concentrated viral particles. MS2 phage serves as the molecular process inhibition as a test 

control [11]. It was used to monitor the efficacy of RNA extraction and PCR inhibition. It 

should be remembered that MS2 may spontaneously exist in wastewater, so there is a risk 

that the retrieved MS2 may consist of both the spiked and the background viral material. As 

per the user manual instructions (Macherey-Nagel GmbH & Co. KG), further procedures 

were carried out. The last elution was done with 30 μL of kit-supplied elution buffer. Using a 

Qubit 4 Fluorometer (Invitrogen), RNA concentrations were checked.  

The nucleic acid was analyzed to identify the S gene, N gene, and ORF1ab of SARS-CoV-2 and 

the internal control (MS2) with the help of RT-PCR using the TaqPath
TM

 Covid-19 RT-PCR 

package (Applied Biosystems). Amplification was conducted in a reaction (25 μL) vial 

containing 7 μL of RNAs derived from each sample. 2 μL of the positive control (TaqPath™ 

COVID-19 Control) and refined 5 μL of negative control were used for the study. Nuclease-

free water was applied as a template-free control in this analysis. Additional process steps 

were executed, as defined in the product guidebook. The RT-qPCR step consisting of 40 

cycles, included UNG incubation (25 °C for 2 min), reverse transcription (53 °C for 10 min), 

and activation (95 °C for 2 min). The reactions were conducted and elucidated as instructed 

in the handbook of Applied BiosystemsTM 7500 Fast Real-Time PCR. 

2.5 Data visualization 

OriginPro 2019b software has been used for data analysis and to draw boxplots.   
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3. Results and discussion 

Wastewater samples collected from three cities (Vadodara, Gandhinagar, and Ahmedabad) 

of Gujarat, India, showed a great variation in SARS-CoV-2 RNA load. Comparison of RT-PCR 

assay findings for the detection of SARS-CoV-2 RNA (N, ORF 1ab, and S genes) among three 

cities showed 100% positive samples in Vadodara (5/5), 75% in Gandhinagar (3/4), and 

100% in Ahmedabad (9/9). The average N-gene copies were found to be maximum in AMD 

(4731 copies/L), followed by VABO (3179 copies/ L) and GN (243 copies/ L). The ORF 1ab-

gene copies were found maximum in wastewater samples collected from VABO (3730 

copies/ L), followed by AMD (2756 copies/ L) and GN (611 copies/ L). Similarly, the 

descending order of S-gene copies was: VABO (2325 copies/ L)> AMD (1417 copies/ L)> GN 

(207 copies/ L). Conclusively, a greater genome concentration was noticed in VABO (3078 

copies/ L), trailed by AMD (2968 copies/ L) and GN (354 copies/ L). The distribution of SARS-

CoV-2 gene copies in wastewater samples collected from three cities is depicted in Fig. 3. 

Also, the variation in gene copies of the SARS-CoV-2 targeted genes and genome 

concentration in wastewater samples is shown in Table 3. 

 

The trends of virus genetic load were more or less in line with the number of confirmed and 

active cases, which were highest in VABO, followed by AMD and GN (Table 1). A very 

nominal difference in the SARS-CoV-2 genome concentration in wastewater samples of VBO 

and AMD was noticed despite a difference of more than two-folds in the cumulative number 

of confirmed cases and above 1000 active cases in AMD compared to VBO on sampling date 

(Table 1). This trend can be ascribed to the fact that samples were collected from STPs (5) in 

VABO; while in the case of AMD, samples were mainly collected from pumping stations (8). 

Therefore, the concentration of SARS-CoV-2 RNA might be higher in STPs as compared to 

the sewage pumping station that was reflected in the analysis in VABO. However, some 

other factors such as population density, city development plan, sewerage system, health 

amenities, and management strategies may influence the SARS-CoV-2 genetic load in 

wastewater samples. 
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Fig.3. Distribution of SARS-CoV-2 gene copies, collected from three different cities of 

Gujarat, India; a.) N gene, b.) ORF 1ab gene, c.) S gene, and d) Genome concentration 

 

The results were in agreement with Kumar et al. [8], who studied weekly temporal variation 

in SARS-CoV-2 genetic material concentration in wastewater samples targeting N, ORF 1ab, 

and S genes in a two-month study in Gandhinagar. The results suggested a positive 

correlation between SARS-CoV-2 genome concentration in wastewater and the number of 

confirmed cases, which was found higher in the month of September compared to August 

2020, corresponded to ~2.2 folds increase in confirmed cases during the study period. 

Likewise, in another three-month (September to November 2020) weekly analysis of 

wastewater samples from 9 different locations in Ahmedabad city showed similar trends, 

and the maximum SARS-CoV-2 genome concentration was noticed in November (~10729 

copies/ L), trailed by September (~3047 copies/ L), and October (454 copies/ L) in line with a 
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~ 1.5-fold rise in the confirmed cases during the study period. The decrease in SARS-CoV-2 

concentration in October subjected to a decline of 20.5% in active cases (~844 cases), while 

a significant rise in virus RNA in November 2020 was due to a rise of 1.82% in active cases 

(~59 cases). Though the rise in active cases was nominal in November, but at the same time, 

a sharp rise of >7000 new cases (17.3%) was reported in November 2020 [9]. There are 

many other studies in the public domain from different parts of the world, such as the 

Netherlands [3], Spain [12], the USA [13,14], Paris [15], China [16], India [8,10], Australia 

[17], etc. which support WBE surveillance of COVID-19.  

  

Table 3. Variation in gene copies of the SARS-CoV-2 targeted genes and genome 

concentration in wastewater samples, collected from three different cities of Gujarat, India   

Sampling 

date 

Station Ct value Gene copies (copies/ L) 

N ORF S N ORF S Genome 

concentration 

0
2
.
1
1
.2
0
2
0
 

Vadodara        

STP-1 Tarsali 29.9 30.31 31.43 4814 3594 1656 3355 

STP-2 Gajrawad 31.09 31.1 32.16 2086 2069 1012 1722 

STP-3 Atladara 30.04 29.53 29.91 4346 6261 4792 5133 

STP-4 Sayaji 33.76 34.18 35.96 360 275 93 243 

STP-5 Kapurai 30.06 29.49 30.13 4292 6449 4072 4938 

0
2
.1
1
.2
0
2
0
 Gandhinagar        

Basan Inlet 32.65 31.53 33.32 733 1551 474 919 

Jaspur Inlet 36.00 34.53 36.91 91 222 53 122 

IIT inlet ND ND ND 0 0 0 0 

Sargasan inlet 35.20 32.78 34.04 147 672 301 373 

0
5
.1
1
.
2
0
2
0
 

Ahmedabad        

Motera PS 30.63 33.65 33.73 2873 386 365 1208 

Ranip PS 29.50 30.58 31.50 6415 2986 1580 3661 

Paldi PS 32.39 33.02 33.79 869 577 352 599 

Santivan PS 31.57 31.88 32.95 1506 1220 603 1110 

Maninagar PS 32.46 32.98 34.57 830 593 217 547 

Satyam PS 32.14 32.61 36.50 1024 752 68 615 

STP Vinzole  28.75 30.03 31.27 11148 4386 1848 5794 

Odhav PS 28.31 28.52 29.39 15523 13247 6930 11900 

Vatva PS 30.90 32.83 32.53 2390 654 793 1279 

 

One of the main advantages of WBE is that it includes both asymptomatic and symptomatic 

individuals, therefore can give a better picture of the pandemic situation as compared to 

clinical-based secondary data, which includes only symptomatic patients and rely on the 

number and efficiency of clinical tests. Therefore, under certain circumstances, it is possible 
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that despite an increase in SARS-CoV-2 RNA load in wastewater, no significant change in 

COVID cases may observe. Consequently, SWEEP technology can provide the actual extent 

of the infection at sub-city or zone levels and help in identifying the hot spots within a city.  

 

4. Conclusion 

A comparison of SARS-CoV-2 RNA presence in wastewater samples from three cities of 

Gujarat unveiled the highest load in VBO, followed by AMD and GN. The virus genetic 

material showed a positive correlation with the number of confirmed and active cases in all 

three cities. Also, the genome concentration more or less corresponded to the number of 

confirmed and active cases in the present study. The study concludes that regular 

monitoring of wastewater samples could be used to know the pandemic situation in a 

particular area and help in tuning the management interventions efficiently. Though WBE 

has immense potential that must be exploited and included in the policy framework around 

the globe; however long-scale time-series data along with epidemiological information is 

required to substantiate the robustness of this technology. Also, future emphasis should be 

paid to developing a predictive model using WBE and clinical survey data for a better 

understanding of the situation to the policymakers and enhancing the preparedness and 

management of epidemic/ pandemic situations. 
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