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Abstract: Background

Wastewater-based epidemiology (WBE) surveillance as an early warning system
(EWS) for monitoring community transmission of SARS-CoV-2 in low- and middle-
income country (LMIC) settings, where diagnostic testing capacity is limited, needs
further exploration. We explored the feasibility to run a WBE in Indonesia, one of the
global epicenters of the COVID-19 pandemic in the middle of 2021, with the fourth
largest population in the world where sewer and non-sewered sewage systems are
implemented. The feasibility and resource capacity to collect samples on a weekly or
fortnightly basis with grab and/or passive sampling methods, as well as to conduct
qualitative and quantitative identification of SARS-CoV-2 Ribonucleic acid (RNA) using
the real-time RT-PCR (RT-qPCR) in the environmental samples were explored.

Methods

We initiated a routine surveillance of wastewater and environmental sampling at three
predetermined districts in Yogyakarta. Water samples were collected from central and
community wastewater treatment plants (WWTPs), including manholes flowing to the
central WWTP, and additional soil samples were collected for the near source tracking
(NST) locations (i.e., public spaces where people congregate).

Results

We began collecting samples in the Delta wave of the COVID-19 pandemic in
Indonesia in July 2021. From a 10-week period, 54% (296/544) of wastewater and
environmental samples were positive for SARS-CoV-2 RNA. The proportion of sample
positivity rate decreased in proportion with the reported incidence of COVID-19 clinical
cases in the community. The highest positivity rate of 77%, was obtained for samples
collected in July 2021 and decreased to 25% by the end of September 2021.

Conclusion

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to conduct for
monitoring community burden of infections. Future studies testing the potential of WBE
and EWS for signaling early outbreak of SARS-CoV-2 transmissions in the setting are
required.
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qualitative and quantitative identification of SARS-CoV-2 Ribonucleic acid (RNA) 
using the real-time RT-PCR (RT-qPCR) in the environmental samples were explored. 
We collected samples in the Delta wave of the COVID-19 pandemic in Indonesia in 
July 2021. From a 10-week period, 54% (296/544) of wastewater and environmental 
samples were positive for SARS-CoV-2 RNA. The proportion of sample positivity rate 
decreased in proportion with the reported incidence of COVID-19 clinical cases in the 
community. The highest positivity rate of 77%, was obtained for samples collected in 
July 2021 and decreased to 25% by the end of September 2021. 
We found that WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to 
conduct for monitoring community burden of infections.  
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The feasibility of SARS-CoV-2 surveillance using wastewater and environmental sampling 

in Indonesia 

  

Abstract 

Background  

Wastewater-based epidemiology (WBE) surveillance as an early warning system (EWS) for 

monitoring community transmission of SARS-CoV-2 in low- and middle-income country 

(LMIC) settings, where diagnostic testing capacity is limited, needs further exploration. We 

explored the feasibility to run a WBE in Indonesia, one of the global epicenters of the COVID-

19 pandemic in the middle of 2021, with the fourth largest population in the world where sewer 

and non-sewered sewage systems are implemented. The feasibility and resource capacity to 

collect samples on a weekly or fortnightly basis with grab and/or passive sampling methods, as 

well as to conduct qualitative and quantitative identification of SARS-CoV-2 Ribonucleic acid 

(RNA) using the real-time RT-PCR (RT-qPCR) in the environmental samples were explored. 

Methods 

We initiated a routine surveillance of wastewater and environmental sampling at three 

predetermined districts in Yogyakarta. Water samples were collected from central and 

community wastewater treatment plants (WWTPs), including manholes flowing to the central 

WWTP, and additional soil samples were collected for the near source tracking (NST) locations 

(i.e., public spaces where people congregate).   

Results  

We began collecting samples in the Delta wave of the COVID-19 pandemic in Indonesia in July 

2021. From a 10-week period, 54% (296/544) of wastewater and environmental samples were 

positive for SARS-CoV-2 RNA. The proportion of sample positivity rate decreased in proportion 

with the reported incidence of COVID-19 clinical cases in the community. The highest positivity 

rate of 77%, was obtained for samples collected in July 2021 and decreased to 25% by the end of 

September 2021. 

Conclusion 

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to conduct for monitoring 

community burden of infections. Future studies testing the potential of WBE and EWS for 

signaling early outbreak of SARS-CoV-2 transmissions in the setting are required.  



  

Keywords wastewater-based epidemiology surveillance, environmental sampling, SARS-CoV-2, 

COVID-19, Indonesia 

 

Introduction 

Understanding the full extent of COVID-19 pandemic is a major public health challenge. 

Traditional epidemiological indicators which are based on the number of confirmed clinical cases 

and deaths due to COVID-19 disease have potential biases and limitations. The capacity for timely 

diagnosis using laboratory tests may be limited, particularly in low- and middle- income countries 

(LMICs) during the high seasons. Incidence rates based on hospitalization data lag behind the 

incidence of infection in the community and lack of representativeness for identification of cases 

who do not access care, have non-serious illness, or are asymptomatic.  

People infected with SARS-CoV-2 shed the virus in stool independently of gastrointestinal 

symptoms and therefore viral RNA can be detected in wastewater, containing excreta of infected 

people and sewerage treatment plants.1–4 Public health surveillance using wastewater is now well 

established and has been used to monitor communities for the presence of poliovirus, antimicrobial 

resistant enteric bacteria, and drugs of abuse, e.g. opioids.5–7 It has been postulated that routine 

monitoring for the presence of SARS-CoV-2 in wastewater may be useful in predicting an existing 

or a new potential epidemic.6,8  

Studies reporting the detection of SARS-CoV-2 RNA in wastewater have been predominantly 

limited to high-income countries such as Australia, the United States, Japan and a number of 

European countries,. To date, only a few studies have detected the genetic material of SARS-CoV-



2 in wastewater from low and middle income countries (LMICs), including studiesfrom Argentina, 

Brazil, Ecuador, India, Pakistan, and South Africa.9–20 The lack of formal sewerage systems in 

LMICs, particularly in impoverished areas and informal settlements, has posed a major challenge 

for SARS-CoV-2 surveillance using wastewater. It is also in these communities where 

epidemiological surveillance using rates based on disease case capture and death are problematic. 

The adaptation of environmental surveillance methods suitable for use in LIMCs provides an 

opportunity to monitor community transmission and inform the public response to SARS-CoV-2  

and other future pandemic infections.  

This short communication describes the assessment of the feasibility of conducting SARS-CoV-

2 surveillance using wastewater and environmental sampling in Indonesia. The aim was to 

provide a proof of concept for use of wastewater and environmental surveillance  to monitor the 

community burden of SARS-CoV-2 infection in Indonesia.  

 

Methods 

General information on wastewater systems and challenges in Indonesia 

In Indonesia, a high proportion of the population is not connected to a sewerage system. In the 

capital city of Jakarta, a city with a population of over 10 million, it is estimated that only 2% of 

households are connected to a reticulated sewerage system, with >95% of wastewater leaking into 

agricultural fields, rivers, and other groundwater sources.21 

We established the first Indonesian wastewater-based SARS-CoV-2 epidemiology (WBE) 

surveillance program in Yogyakarta province, one of the locations with the highest number of 

COVID-19 cases during the COVID-19 Delta wave outbreak. In the Yogyakarta province, only 



25,294 households (6% population serviced) are connected to a formal reticulated sewerage 

system. There are two types of wastewater treatment plants (WWTPs) systems in operation in the 

province: (a) the central WWTP (Instalasi Pengolahan Air Limbah Sewon/IPAL Sewon, Bantul) 

managed by the provincial government and (b) community WWTPs (IPAL community) that are 

independently managed by each local community, in addition to individual septic tanks. The 

service coverage of IPAL Sewon in the Yogyakarta province includes 13 of the 14 sub districts in 

the Kota Yogyakarta regency, 4 of the 17 sub districts in the Sleman regency and 3 of the 17 sub 

districts in the Bantul regency. Community WWTPs are used in some suburban areas due to the 

lack of capacity of the central WWTPs to service their needs and the geography of the region that 

does not allow passive gravitational flow. 

 SARS-CoV-2 surveillance on wastewater and environmental sampling in Indonesia 

(SWESP study)  

Routine WBE surveillance (i.e., sewerage and wastewater sites, and waterways) and soil was 

initiated in three of four districts in the Yogyakarta province (Kota Yogyakarta, Sleman and 

Bantul districts, Figure 1). One district was not included do to practical challenges due to the 

geography and relatively sparse population.  Identification and mapping of the infrastructure of 

wastewater system (formal and informal) at provincial and district level was conducted prior to 

commencing the study. Of the total of ten sites, we selected six subdistricts from Yogyakarta city 

as these areas have the highest coverage of the formal central wastewater system and samples 

may be considered more representative the broader community. We also selected 12 clustered 

communities that were served by small community WWTPs. Each community WWTP served 

between 50-150 households.   

  



 

 

Fig 1. Flowchart of sample strategy 

We selected ten subdistricts from three out of five districts in Yogyakarta Province (Yogyakarta city, Bantul, 

Sleman). Samples from three sub districts were taken weekly (as pointed by blue arrows), while others were taken 

fortnightly. Detailed type and number of samples in each sub district are illustrated in the figure.  

  

We collected samples using either the grab or passive sampling methods. Wastewater from 

manholes was collected by immersing a ~500ml bottle into the water to a depth of around 20 – 

30 cm until the bottle was filled, allowing about 1 cm of air.  Recreational water was collected 

using a-2 L bottle using a similar grab method.  Bottles were pre-labelled with sample specific 

barcodes. A torpedo-style passive sampler with multiple entry points (front, top, sides, and 

bottom)22,23 was used to collect samples from septic tanks, rivers, and the central and community 

WWTPs. Passive samplers were retrieved 24 hours after deployment. Soil samples (20g) and 

fecal scats (whole pellet) were collected using zip lock bags.  Samples were transferred on ice at 

2-8°C within four hours to the Microbiology laboratory at the Universitas Gadjah Mada.24 

 

Laboratory methods for wastewater and environmental samples 

 Samples of wastewater (50mL) or recreational water (1000mL) are filtered through a 47mm 

diameter, 0.45 µm pore size, cellulose nitrate high flow electronegative membrane (Satorius, 

Germany). The whole filter paper was stored at -80°C until the RNA extraction and RT-qPCR 

analysis. Soil samples are thoroughly mixed within the collection bag upon arrival in the 

laboratory.  Approximately 0.25 grams of soil were added to DNA/RNA Shield solutions (Zymo 

Research, USA) and stored at -80°C until the RNA extraction process.  



The RNA samples were extracted using the QIAGEN RNeasy PowerMicrobiome kit (QIAGEN, 

Germany) by replacing the supplied beads with PowerBead Tubes-Garnet beads (QIAGEN, 

Germany). For every batch of samples processed, a negative control and internal control (MS2 

bacteriophage) as supplied in the PerkinElmer SARS-CoV-2 Nucleic Acid Detection Kit (RUO) 

(PerkinElmer) were included in the RNA extraction process to monitor the RNA extraction 

performance.  

To detect the SARS-Cov2 RNA, a quantitative real-time PCR was conducted using the SARS-

CoV-2 Real-time RT-PCR Assay (PerkinElmer, US) and synthetic SARS-CoV-2 RNA Controls 

MT007544 (Twist Bioscience, California) as the standard curve. The kit is a multiplex assay 

using primers probes targeting the N gene and ORF1ab region of the SARS-CoV-2 genomes. 

qRT-PCR assays were performed using two replicates of 5 μL template, with a total reaction 

volume of 30 μL and a total 45 cycles of amplification. The quantification of the Twist Synthetic 

SARS-CoV- 2 RNA Control 1 was supplied by the manufacturer. The qRT-PCR assay was 

performed as described by the manufacturer's instruction using the LightCycler 96 (Roche, 

Germany).  

In order to report the “true” value of SARS-CoV-2 RNA, we calculated the recovery efficiency. 

In each qPCR run, multiple SARS-CoV-2 RNA controls, a MS2 phage control (to determine the 

RNA recovery efficiency and as internal control) of different known concentrations and a 

negative control were included.  

The limit of detection (LOD) for the qRT-PCR assay was determined by the analysis of 10 

replicates for each dilution of the Twist Synthetic SARS-CoV-2 RNA Control 1 analyzed and 

was defined as the lowest number of copies of the N gene target and ORF1ab region that could 

be detected in 80% of the replicates tested. REF The LOD was expressed as the lowest 



detectable concentration of the N gene target and ORF1ab region in sewage based on the 

equivalent volume of sewage analyzed in each qRT-PCR assay, not adjusting for any potential 

loss through the processing of the sewage sample or any potential inhibition of the qRT-PCR 

assay.25 

  

Results  

Feasibility of WBE surveillance 

The average time from sample collection to availability of the RT-qPCR results was a mean of 

64 hours, including the filtration time (3 to 4 hours), RNA extraction and RT-qPCR (2 to 3 

hours), and quantification analysis (1 to 2 hours). Both weekly and fortnightly sample collections 

were practical to conduct. A key challenge was the delay in the importation of critical reagents 

and consumables exacerbated by the COVID-19 pandemic.  As the UGM laboratory is also the 

central clinical laboratory, priority for the analysis of clinical samples resulted in a delay in 

wastewater analysis during major clinical peaks in incidence. Initial trials of deployment of the 

passive samplers were required to limit damage or loss due to difficulties with positioning and 

securing samplers. We defined criteria for reliable deployment that considered locations with 

solid ground to safely access, ideally in an inconspicuous position, and using a strong pole or tree 

to secure the sampler. To avoid samplers being removed we labeled samplers with signs of 

warning and explanation such as “Sample for Research by Universitas Gadjah Mada and 

Yogyakarta Government”. 

 

The detection and positivity rates of SARS-CoV-2 RNA 



Sample collection commenced on the 27th July 2021 during the Delta wave of the COVID-19 

pandemic in Indonesia (Figure 2). During the 10-week sampling period, a total of 544 samples 

were collected with 54% (296/544) of all samples testing positive for SARS-CoV-2 RNA. The 

highest positivity rate of 77%, was obtained for samples collected in July 2021 and decreased to 

25% by the end of September 2021, reflecting the decrease with the incidence of reported 

COVID-19 clinical cases in the community. 

The Nucleocapsid (N) gene was identified in 74% (191/258) of sewage (grab method), 64% 

(67/104) of NST water samples (passive sampling method), 48% (19/40) of river samples (grab 

method), and 3% (2/60) of NST soil. This finding was consistent with the open reading frame of 

1ab (ORF1ab) gene target but with a higher proportion of soils samples being positive (8%, 5/60) 

for the ORFlab gene as compared to N gene (what %).  

 

 Fig 2. Initial samples were collected at the peak of new confirmed cases during the second wave pandemic of the 

COVID-19 pandemic in Yogyakarta (available at https://www.worldometers.info/coronavirus/country/indonesia/) 

  

Discussion 

WBE surveillance for SARS-CoV-2 RNA was feasible in Indonesia and refected the SARS-

CoV-2 clinical burden in the community. The high level of positivity of SARS-CoV-2 RNA in 

the environment in Indonesia suggests a considerable public health burden and may represent 

asymptomatic or mild cases that did not access health facilities for testing. Manholes consistently 

showed higher positivity rates in comparison with river and soil samples. Although river and soil 

samples showed lower positivity rates, the data are useful to complement the WBE surveillance 

data particularly in regions where connection to a formal sewerage system is limited.  This 

https://www.worldometers.info/coronavirus/country/indonesia/


combination of sampling strategies provides additional insights into the prevalence and 

distribution of COVID-19 within the community.  

In Yogyakarta, many households are not connected to the IPAL Sewon. This may because they 

were built after the IPAL Sewon infrastructure was established therefore have no connection to 

the IPAL pipes. Other households were not connected due to technical reasons, such as in lower 

altitudes and geography that does not support passive gravity flow of wastewater to the central 

WWTP. However, in this study we managed to collect samples from community WWTPs and 

septic tanks from NST sites to capture communities that were not served by the central WWTP.  

Although we found that both weekly or fortnightly collection frequency with grab and/or passive 

sampling collection methods as feasible, weekly collections were preferred in order to provide 

real-time data to inform the public health response.  The laboratory capacity to conduct 

qualitative (positive/negative) and quantitative identification of SARS-CoV-2 RNA in the 

environmental samples (wastewater and soil) were also feasible although some pre-processing 

procedures need to be conducted prior to the qRT-PCR procedure (i.e., wastewater filtration and 

soil homogenization). There were challenges of providing real-time results during peak COVID-

19 outbreaks due to overburdened staff and limited access to equipment, and therefore, ideally 

WBE surveillance should be integrated into the routine surveillance programs with, dedicated 

staff. Yet the availability of imported reagents have delayed laboratory analysis during periods of 

high output. Local epidemiological data describing the distribution of COVID-19 cases 

(symptomatic and asymptomatic) with laboratory confirmed positive tests for SARS-CoV-2 

infections by sub district, on a weekly basis, were available to compare with findings from WBE 

surveillance.  However, data analysis to link environmental and community data remain 

challenging and need further exploration.  



Despite efforts there remain practical limitations of WBE surveillance in LIMCs. It is likely that 

wastewater sampling of the reticulated sewerage system reflects the more modern and affluent 

sector of the city and may not provide meaningful insights into the presence of SARS-CoV-2 

infection within the broader community. Most of the city and rural areas manage human effluent 

via septic tanks, pit latrines or by open defecation with subsequent contamination of surface 

water and rivers. Therefore, to understand the distribution of SARS-CoV-2 RNA in 

environments that reflect the presence of community infections with fragmented wastewater 

infrastructures, NST sites, and in places where people publicly congregate were selected. These 

sites include permanent dwellings (apartment and flats), temporary living places (hotels), public 

spaces (traditional markets, town squares, mosques, and a public swimming pool), rivers, 

working spaces (both office and factory), and COVID-19 shelters (facilities which are designated 

as temporary quarantine shelters for people testing positive for COVID-19). This WBE 

approaches using NST may allow detection of targeted clusters for whom rapid action may 

reduce or prevent the risk of larger outbreaks within the community.26 

It has been proposed that WBE surveillance has the potential to act as an early warning system for 

COVID-19 outbreaks.27–32 This should be conducted in collaboration with the public health 

authorities to enable the timely follow up of positive detections by strategies such as contact 

tracing, strengthening health protocols, or implementing a community lockdown. This could be 

broadly implemented across the community or in a targeted response depending on the local 

context and level of concern. For instance, if SARS-CoV-2 RNA is detected (positive result) in 

the sewerage sample in an area where there had consistently been no detections (negative result), 

then a lockdown or mass screening could be implemented in the area drained by the sewerage 



system; or if the result is taken from a closed community (e.g., Boarding school), contact tracing 

within the community should be conducted immediately (Figure 3).  

  

Fig 3. Implementation strategy of the wastewater surveillance program.  

Weekly and fortnightly wastewater and environment samples including NST, are collected using grab and passive 

sampling methods. Further, samples are analysed in the Microbiology Laboratory for detection and quantification of 

SARS-CoV-2 RNA. Proposed scenario of actions following positive detections of SARS-CoV-2 RNA from 

wastewater and environmental samples are notification to local public health office and sewerage management 

facilities for further planning for preventive measures, including contact tracing and breaking transmission chain 

(i.e., local lockdown).  

SWESP: SARS-CoV-2 surveillance using wastewater and environmental sampling in Indonesia; RNA: Ribonucleic 

Acid; PCR: Polymerase Chain Reaction 

  

In conclusion, an environmental surveillance system for SARS-CoV-2 in Indonesia is feasible 

and can be used to monitor the community burden of SARS-CoV-2 infection. However, future 

research is needed to explore its potential to act as an early warning system for the early 

identification of SARS-CoV-2 outbreaks within a community, especially in regions with limited 

access to clinical testing. Although the sewer infrastructure of wastewater systems is quite 

limited in Indonesia, an expanded sampling approach based on the local context and including 

NST can support an effective SARS-COV-2 surveillance program. 
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you obtained informed written or verbal consent. If consent was waived for your study, please include this information
in your statement as well.

Reviewers' comments:

Reviewer's Responses to Questions

Comments to the Author

1. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions.
Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The
conclusions must be drawn appropriately based on the data presented.

Reviewer #1: Yes

Reviewer #2: Partly

2. Has the statistical analysis been performed appropriately and rigorously?

Reviewer #1: Yes

Reviewer #2: No

3. Have the authors made all data underlying the findings in their manuscript fully available?

The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully
available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF
file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public
repository. For example, in addition to summary statistics, the data points behind means, medians and variance
measures should be available. If there are restrictions on publicly sharing data—e.g. participant privacy or use of data
from a third party—those must be specified.

Reviewer #1: Yes

Reviewer #2: No

4. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct,
and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any
specific errors here.

Reviewer #1: Yes

http://www.plosone.org/static/policies.action#sharing
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Reviewer #2: Yes

5. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional
comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please
upload your review as an attachment if it exceeds 20,000 characters)

Reviewer #1: This paper presents a feasibility study of using wastewater-based epidemiology for early detection of
SARS-CoV-2 in low- and middle in come countries. The study is based on 10-week period data collected from key
locations. The results show the highest rate of 77% and the lowest rate of 25% in positivity. Overall, I have a positive
impression over this paper. I see that it makes a contribution in three ways: First, it focuses on low- and middle-
income countries, which may often be disadvantaged in terms of receiving early notification of the virus spread.
Second, it provides a practical proof of concept showing evidence of how this approach may be used to track drastic
changes in the positivity over a period of time. Third, it provides meaningful discussion on how this approach may can
be used in control policy.

Reviewer #2: This is an important and relevant paper that looks at the feasibility of wastewater surveillance in a low-
and middle-income country. Specifically, in a city with a population of over 10 million where it is estimated that only
2% of households are connected to a reticulated sewerage system, with >95% of wastewater leaking into agricultural
fields, rivers, and other groundwater sources. However, there are main concerns that need to be addressed.

Main concerns
1- The paper describes how samples were collected and analyzed but there is no data showing RT-qPCR results.
The authors should follow: “The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time
PCR Experiments” (https://academic.oup.com/clinchem/article/55/4/611/5631762) when reporting their results.
2- The results provided by the authors appear correct:
- higher positivity rate in wastewater corresponds with clinical data
- higher positivity rate for samples from wastewater treatment plans vs rivers and soil
However, with out the data described above these results can’t be validated.

Minor concerns
1- There are a few typos in the manuscript that suggest that perhaps the authors did not upload the latest version.
2- The resolution of the figures should be improved.
3- A map showing the geographical location of the samples would be helpful to interpret results.

6. PLOS authors have the option to publish the peer review history of their article (what does this mean?). If
published, this will include your full peer review and any attached files.

If you choose “no”, your identity will remain anonymous but your review may still be made public.

Do you want your identity to be public for this peer review? For information about this choice, including consent
withdrawal, please see our Privacy Policy.

Reviewer #1: No

Reviewer #2: No

 

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine
(PACE) digital diagnostic tool, https://pacev2.apexcovantage.com/. PACE helps ensure that figures meet PLOS
requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the
UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any
questions when using PACE, please email PLOS at figures@plos.org. Please note that Supporting Information files
do not need this step.
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Response to Reviewers [PONE-D-22-14874]
The feasibility of SARS-CoV-2 surveillance using wastewater and environmental sampling in Indonesia

Editor's comment:
As pointed out by one of the reviewers, please describe the data of qPCR.

Response to the Editor:
We thank you for your interest and positive comments on this paper. In this revised version, we have described the
data or RT-qPCR following the MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR
Experiments, as pointed out by the Reviewer #2.

Response to reviewers:
Reviewer #1:
This paper presents a feasibility study of using wastewater-based epidemiology for early detection of SARS-CoV-2 in
low- and middle-income countries. The study is based on 10-week period data collected from key locations. The
results show the highest rate of 77% and the lowest rate of 25% in positivity. Overall, I have a positive impression
over this paper. I see that it makes a contribution in three ways: First, it focuses on low- and middle-income
countries, which may often be disadvantaged in terms of receiving early notification of the virus spread. Second, it
provides a practical proof of concept showing evidence of how this approach may be used to track drastic changes in
the positivity over a period of time. Third, it provides meaningful discussion on how this approach may can be used
in control policy.

Response to reviewer #1:
We greatly appreciate your positive comments on this paper.

Reviewer #2:
This is an important and relevant paper that looks at the feasibility of wastewater surveillance in a low- and middle-
income country. Specifically, in a city with a population of over 10 million where it is estimated that only 2% of
households are connected to a reticulated sewerage system, with >95% of wastewater leaking into agricultural
fields, rivers, and other groundwater sources. However, there are main concerns that need to be addressed.

Main concerns
1- The paper describes how samples were collected and analyzed but there is no data showing RT-qPCR results. The
authors should follow: “The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR
Experiments” (https://academic.oup.com/clinchem/article/55/4/611/5631762) when reporting their results.

Response to reviewer 2:
Thank you for pointing out The MIQE Guidelines for reporting RT-qPCR experiments. We provided the information on
RT-qPCR experiments such as details of the samples, nucleic acid extraction, reverse transcription, and qPCR target
information under the section ‘Laboratory methods for wastewater and environmental samples’ (page 8-10, line 147-
186). We also have amended the paper to describe the data and the RT-qPCR as described in the MIQE Guidelines.
Furthermore, we have added the median of RT-qPCR cycle threshold data during the 10-week of sample collection for
both the N and ORF1ab genes.
“The median of cycle threshold (Ct) values for positive N and ORF1ab gene results was 35.1 (IQR: 32.1 – 36.9) and
33.9 (IQR: 30.1 – 35.9), respectively.” (results section, page 11, line 212-214)

2- The results provided by the authors appear correct:
- higher positivity rate in wastewater corresponds with clinical data
- higher positivity rate for samples from wastewater treatment plans vs rivers and soil
However, without the data described above these results can’t be validated.

Response to reviewer #2:
We found that the changed trends of the positivity rate detected using N and ORF1ab genes were in alignment with
confirmed cases in the community. In order to support this result, we attached the distribution maps of SARS-CoV-2
in Yogyakarta, comparing the detection of SARS-CoV-2 targeting N gene to confirmed community cases (Fig 3).

The distribution maps illustrate three time points, i.e., week 1-2 (Fig 3A), week 5-6 (Fig 3B) and week 9-10 (Fig 3C).
The areas were colored with different shades of blue to depict the number of confirmed COVID-19 cases in
community, in which the darker color means the higher confirmed COVID-19 cases. The sampling locations were
marked using circles (manholes), pentagons (river) and triangles (NST water) which are colored red if detected as
positive or colored green if non-detected. In week 1-2, the COVID-19 cases in the community were high (dark blue),
almost all sampling locations were positive for COVID-19 (only two green dots/triangles were shown). As the
confirmed cases decreased through time, in week 9-10 the areas were shaded with light blue and the number of
sampling locations detected as positive was lower. In addition, we revised the relevant results section to summarize
this finding, as below.
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“The temporal changes in rates of sample positivity correlate with the number of confirmed cases in the community
as illustrated in Fig 3. The highest positivity rate of 77%, was obtained for samples collected in July 2021 during
week 1 of sample collection and decreased to 25% by the end of September 2021 (corresponding to week 10 of
sample collection), reflecting a decreased detection rate correlating with a decrease in the incidence of reported
COVID-19 clinical cases in the community.” (results section, page 11, line 216-221)

We also added the summary comparing positivity rate between sample types (in results section, page 11, line 214-
216) and pie charts of positivity rates of each sample type (Fig 2, see below) to support the finding that river and soil
samples showed the lowest positivity rate.
“The highest positivity rate was for manhole samples (74%, 191/258 samples, Fig 2) and the lowest was for soil
samples (3%, 2/60 samples, Fig 2).” (results section, page 11, line 214-216)

Minor concerns
1- There are a few typos in the manuscript that suggest that perhaps the authors did not upload the latest version.

Response to reviewer #2:
Thank you for pointing out this matter, we have corrected the typos and ensured that the submitted version is the
latest version of our work.

2- The resolution of the figures should be improved.

Response to reviewer #2:
We have re-read the guideline for figures and reviewed our figures following the PLOS ONE requirements using the
suggested PACE tool.

3- A map showing the geographical location of the samples would be helpful to interpret results.

Response to reviewer#2:
The newly attached maps of Fig 3 showing the distribution of SARS-CoV-2 in Yogyakarta have addressed this
feedback. This figure is a geographical map of Yogyakarta province. As explained previously, we colored the sub-
districts included in this study based on the number of confirmed COVID-19 cases. We also marked the sampling
location and gave different symbols to each sample type, i.e., circle (manholes), pentagon (river) and triangle (NST
water).
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Abstract: Background

Wastewater-based epidemiology (WBE) surveillance as an early warning system
(EWS) for monitoring community transmission of SARS-CoV-2 in low- and middle-
income country (LMIC) settings, where diagnostic testing capacity is limited, needs
further exploration. We explored the feasibility to conduct a WBE surveillance in
Indonesia, one of the global epicenters of the COVID-19 pandemic in the middle of
2021, with the fourth largest population in the world where sewer and non-sewered
sewage systems are implemented. The feasibility and resource capacity to collect
samples on a weekly or fortnightly basis with grab and/or passive sampling methods,
as well as to conduct qualitative and quantitative identification of SARS-CoV-2
ribonucleic acid (RNA) using real-time RT-PCR (RT-qPCR) testing of environmental
samples were explored.

Materials and methods

We initiated a routine surveillance of wastewater and environmental sampling at three
predetermined districts in Special Region of Yogyakarta Province. Water samples were
collected from central and community wastewater treatment plants (WWTPs), including
manholes flowing to the central WWTP, and additional soil samples were collected for
the near source tracking (NST) locations (i.e., public spaces where people
congregate).

Results

We began collecting samples in the Delta wave of the COVID-19 pandemic in
Indonesia in July 2021. From a 10-week period, 54% (296/544) of wastewater and
environmental samples were positive for SARS-CoV-2 RNA. The sample positivity rate
decreased in proportion with the reported incidence of COVID-19 clinical cases in the
community. The highest positivity rate of 77% in week 1, was obtained for samples
collected in July 2021 and decreased to 25% in week 10 by the end of September
2021.

Conclusion

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to monitor the
community burden of infections. Future studies testing the potential of WBE and EWS
for signaling early outbreaks of SARS-CoV-2 transmissions in this setting are required.
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Response to Reviewers: Response to Reviewers [PONE-D-22-14874]
The feasibility of SARS-CoV-2 surveillance using wastewater and environmental
sampling in Indonesia

Editor's comment:
As pointed out by one of the reviewers, please describe the data of qPCR.

Response to the Editor:
We thank you for your interest and positive comments on this paper. In this revised
version, we have described the data or RT-qPCR following the MIQE Guidelines:
Minimum Information for Publication of Quantitative Real-Time PCR Experiments, as
pointed out by the Reviewer #2.

Response to reviewers:
Reviewer #1:
This paper presents a feasibility study of using wastewater-based epidemiology for
early detection of SARS-CoV-2 in low- and middle-income countries. The study is
based on 10-week period data collected from key locations. The results show the
highest rate of 77% and the lowest rate of 25% in positivity. Overall, I have a positive
impression over this paper. I see that it makes a contribution in three ways: First, it
focuses on low- and middle-income countries, which may often be disadvantaged in
terms of receiving early notification of the virus spread. Second, it provides a practical
proof of concept showing evidence of how this approach may be used to track drastic
changes in the positivity over a period of time. Third, it provides meaningful discussion
on how this approach may can be used in control policy.

Response to reviewer #1:
We greatly appreciate your positive comments on this paper.

Reviewer #2:
This is an important and relevant paper that looks at the feasibility of wastewater
surveillance in a low- and middle-income country. Specifically, in a city with a
population of over 10 million where it is estimated that only 2% of households are
connected to a reticulated sewerage system, with >95% of wastewater leaking into
agricultural fields, rivers, and other groundwater sources. However, there are main
concerns that need to be addressed.

Main concerns
1- The paper describes how samples were collected and analyzed but there is no data
showing RT-qPCR results. The authors should follow: “The MIQE Guidelines: Minimum
Information for Publication of Quantitative Real-Time PCR Experiments”
(https://academic.oup.com/clinchem/article/55/4/611/5631762) when reporting their
results.

Response to reviewer 2:
Thank you for pointing out The MIQE Guidelines for reporting RT-qPCR experiments.
We provided the information on RT-qPCR experiments such as details of the samples,
nucleic acid extraction, reverse transcription, and qPCR target information under the
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section ‘Laboratory methods for wastewater and environmental samples’ (page 8-10,
line 147-186). We also have amended the paper to describe the data and the RT-
qPCR as described in the MIQE Guidelines. Furthermore, we have added the median
of RT-qPCR cycle threshold data during the 10-week of sample collection for both the
N and ORF1ab genes.
“The median of cycle threshold (Ct) values for positive N and ORF1ab gene results
was 35.1 (IQR: 32.1 – 36.9) and 33.9 (IQR: 30.1 – 35.9), respectively.” (results section,
page 11, line 212-214)

2- The results provided by the authors appear correct:
-higher positivity rate in wastewater corresponds with clinical data
-higher positivity rate for samples from wastewater treatment plans vs rivers and soil
However, without the data described above these results can’t be validated.

Response to reviewer #2:
We found that the changed trends of the positivity rate detected using N and ORF1ab
genes were in alignment with confirmed cases in the community. In order to support
this result, we attached the distribution maps of SARS-CoV-2 in Yogyakarta,
comparing the detection of SARS-CoV-2 targeting N gene to confirmed community
cases (Fig 3).

The distribution maps illustrate three time points, i.e., week 1-2 (Fig 3A), week 5-6 (Fig
3B) and week 9-10 (Fig 3C). The areas were colored with different shades of blue to
depict the number of confirmed COVID-19 cases in community, in which the darker
color means the higher confirmed COVID-19 cases. The sampling locations were
marked using circles (manholes), pentagons (river) and triangles (NST water) which
are colored red if detected as positive or colored green if non-detected. In week 1-2,
the COVID-19 cases in the community were high (dark blue), almost all sampling
locations were positive for COVID-19 (only two green dots/triangles were shown). As
the confirmed cases decreased through time, in week 9-10 the areas were shaded with
light blue and the number of sampling locations detected as positive was lower. In
addition, we revised the relevant results section to summarize this finding, as below.

“The temporal changes in rates of sample positivity correlate with the number of
confirmed cases in the community as illustrated in Fig 3. The highest positivity rate of
77%, was obtained for samples collected in July 2021 during week 1 of sample
collection and decreased to 25% by the end of September 2021 (corresponding to
week 10 of sample collection), reflecting a decreased detection rate correlating with a
decrease in the incidence of reported COVID-19 clinical cases in the community.”
(results section, page 11, line 216-221)

We also added the summary comparing positivity rate between sample types (in
results section, page 11, line 214-216) and pie charts of positivity rates of each sample
type (Fig 2, see below) to support the finding that river and soil samples showed the
lowest positivity rate.
“The highest positivity rate was for manhole samples (74%, 191/258 samples, Fig 2)
and the lowest was for soil samples (3%, 2/60 samples, Fig 2).” (results section, page
11, line 214-216)

Minor concerns
1-There are a few typos in the manuscript that suggest that perhaps the authors did not
upload the latest version.

Response to reviewer #2:
Thank you for pointing out this matter, we have corrected the typos and ensured that
the submitted version is the latest version of our work.

2-The resolution of the figures should be improved.

Response to reviewer #2:
We have re-read the guideline for figures and reviewed our figures following the PLOS
ONE requirements using the suggested PACE tool.

3-A map showing the geographical location of the samples would be helpful to interpret
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results.

Response to reviewer#2:
The newly attached maps of Fig 3 showing the distribution of SARS-CoV-2 in
Yogyakarta have addressed this feedback. This figure is a geographical map of
Yogyakarta province. As explained previously, we colored the sub-districts included in
this study based on the number of confirmed COVID-19 cases. We also marked the
sampling location and gave different symbols to each sample type, i.e., circle
(manholes), pentagon (river) and triangle (NST water).
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Abstract 29 

Background  30 

Wastewater-based epidemiology (WBE) surveillance as an early warning system (EWS) for 31 

monitoring community transmission of SARS-CoV-2 in low- and middle-income country 32 

(LMIC) settings, where diagnostic testing capacity is limited, needs further exploration. We 33 

explored the feasibility to conduct a WBE surveillance in Indonesia, one of the global epicenters 34 

of the COVID-19 pandemic in the middle of 2021, with the fourth largest population in the 35 

world where sewer and non-sewered sewage systems are implemented. The feasibility and 36 

resource capacity to collect samples on a weekly or fortnightly basis with grab and/or passive 37 

sampling methods, as well as to conduct qualitative and quantitative identification of SARS-38 

CoV-2 ribonucleic acid (RNA) using real-time RT-PCR (RT-qPCR) testing of environmental 39 

samples were explored. 40 

Materials and methods 41 

We initiated a routine surveillance of wastewater and environmental sampling at three 42 

predetermined districts in Special Region of Yogyakarta Province. Water samples were collected 43 

from central and community wastewater treatment plants (WWTPs), including manholes flowing 44 

to the central WWTP, and additional soil samples were collected for the near source tracking 45 

(NST) locations (i.e., public spaces where people congregate). 46 

Results  47 

We began collecting samples in the Delta wave of the COVID-19 pandemic in Indonesia in July 48 

2021. From a 10-week period, 54% (296/544) of wastewater and environmental samples were 49 
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positive for SARS-CoV-2 RNA. The sample positivity rate decreased in proportion with the 50 

reported incidence of COVID-19 clinical cases in the community. The highest positivity rate of 51 

77% in week 1, was obtained for samples collected in July 2021 and decreased to 25% in week 52 

10 by the end of September 2021. 53 

Conclusion 54 

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to monitor the community 55 

burden of infections. Future studies testing the potential of WBE and EWS for signaling early 56 

outbreaks of SARS-CoV-2 transmissions in this setting are required.  57 

  58 

Keywords 59 

Wastewater-based epidemiology surveillance, environmental sampling, SARS-CoV-2, COVID-60 

19, Indonesia. 61 

 62 

Introduction 63 

Understanding the full extent of the Coronavirus Disease (COVID-19) pandemic is a major 64 

public health challenge. Traditional epidemiological indicators which are based on the number of 65 

confirmed clinical cases and deaths due to COVID-19 disease have potential biases and 66 

limitations. The capacity for timely diagnosis using laboratory tests may be limited, particularly 67 

in low- and middle- income countries (LMICs) during epidemic wave. Incidence rates based on 68 

hospitalization data lag behind the incidence of infection in the community and lack of 69 
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representativeness for identification of cases who do not access care, have non-serious illness, or 70 

are asymptomatic.  71 

People infected with SARS-CoV-2 shed the virus in stool independently of gastrointestinal 72 

symptoms and therefore viral ribonucleic acid (RNA) can be detected in environmental 73 

wastewater, containing excreta from infected people and sewerage treatment plants.[1–4] Public 74 

health surveillance using wastewater is now well established and has been used to monitor 75 

communities for the presence of poliovirus, antimicrobial resistant enteric bacteria, and drugs of 76 

abuse, e.g. opioids.[5–7] It has been postulated that routine monitoring for the presence of 77 

SARS-CoV-2 in wastewater may be useful in detecting an existing or predicting a new potential 78 

epidemic.[6,8] 79 

Studies reporting the detection of SARS-CoV-2 RNA in wastewater have been predominantly 80 

limited to high-income countries such as Australia, the United States, Japan and a number of 81 

European countries. To date, only a few studies have detected the genetic material of SARS-82 

CoV-2 in wastewater from LMICs, including studies from Argentina, Brazil, Ecuador, India, 83 

Pakistan, and South Africa.[9–20] The lack of formal sewerage systems in LMICs, particularly 84 

in impoverished areas and informal settlements, has posed a major challenge for SARS-CoV-2 85 

surveillance using wastewater. It is also in these communities where epidemiological 86 

surveillance using rates based on disease case capture and death are problematic. The adaptation 87 

of environmental surveillance methods suitable for use in LMICs provides an opportunity to 88 

monitor community transmission and inform the public response to SARS-CoV-2 and other 89 

future pandemic infections.  90 

This short communication describes the assessment of the feasibility of conducting SARS-CoV-91 

2 surveillance using wastewater and environmental sampling in Indonesia. The aim was to 92 
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provide a proof of concept for the use of wastewater and environmental surveillance to monitor 93 

the community burden of SARS-CoV-2 infection in Indonesia.  94 

 95 

Materials and methods 96 

General information on wastewater systems and challenges in 97 

Indonesia 98 

In Indonesia, a high proportion of the population is not connected to a sewerage system. In the 99 

capital city of Jakarta, a city with a population of over 10 million, it is estimated that only 2% of 100 

households are connected to a reticulated sewerage system, with >95% of wastewater leaking 101 

into agricultural fields, rivers, and other groundwater sources.[21] 102 

We established the first Indonesian wastewater-based SARS-CoV-2 epidemiology surveillance 103 

program in Special Region of Yogyakarta province, one of the regions with the highest number 104 

of COVID-19 cases during the Delta wave. In the Special Region of Yogyakarta province, only 105 

25,294 households (6% population serviced) are connected to a formal reticulated sewerage 106 

system. There are two types of wastewater treatment plants (WWTPs) systems in operation in 107 

the province: (a) the central WWTP (Instalasi Pengolahan Air Limbah Sewon/IPAL Sewon, 108 

Bantul) managed by the provincial government and (b) community WWTPs (IPAL community) 109 

that are independently managed by each local community, in addition to individual septic tanks. 110 

The service coverage of IPAL Sewon in the Special Region of Yogyakarta province includes 13 111 

of the 14 sub-districts in the Yogyakarta city, 4 of the 17 sub-districts in the Sleman district and 112 

3 of the 17 sub-districts in the Bantul district. Community WWTPs are used in some suburban 113 
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areas due to the lack of capacity of the central WWTPs to service their needs and the terrain of 114 

the region that does not allow passive gravitational flow. 115 

 SARS-CoV-2 surveillance on wastewater and environmental 116 

sampling in Indonesia (SWESP study)  117 

Routine wastewater-based epidemiology (WBE) surveillance (i.e., testing of sewerage and 118 

wastewater sites, and waterways) and testing of soil was initiated in three of five districts in the 119 

Special Region of Yogyakarta province (Yogyakarta city, Sleman and Bantul districts, Fig 1). 120 

Two districts were not included due to practical challenges, such as the geography and relatively 121 

sparse population. Identification and mapping of the infrastructure of the wastewater system 122 

(formal and informal) at provincial and district level was conducted prior to commencing the 123 

study. We selected six sub-districts from Yogyakarta city as these areas have the highest 124 

coverage of the formal central wastewater system and samples may be considered more 125 

representative to the broader community, two from Sleman district, and the remaining two from 126 

Bantul district. Within the total of ten sub-districts, we also selected 12 clustered communities 127 

that were served by small community WWTPs. Each community WWTP served between 50-150 128 

households. 129 

  130 

Fig 1. Flowchart of sample strategy. We selected ten sub-districts from three out of five 131 

districts in Special region of Yogyakarta Province (Yogyakarta city, Bantul, and Sleman 132 

districts). Samples from three sub-districts were taken weekly (identified by blue arrows), while 133 

others were taken fortnightly. Detailed type and number of samples in each sub-district are 134 

illustrated in the figure.  135 
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  136 

We collected samples using either the grab or passive sampling methods. Wastewater from 137 

manholes was collected by immersing a ~500 mL bottle into the water to a depth of around 20 – 138 

30 cm until the bottle was filled, allowing about 1 cm of air. Recreational water was collected 139 

using a 2 L bottle using a similar grab method. Bottles were pre-labelled with sample specific 140 

barcodes. A torpedo-style passive sampler with multiple entry points (front, top, sides, and 141 

bottom) [22,23] was used to collect samples from septic tanks, rivers, and the central and 142 

community WWTPs. Passive samplers were retrieved 24 hours after deployment. Soil samples 143 

(20 g) were collected using zip lock bags. Within four hours of collection, samples were 144 

transferred on ice at 2-8°C [24] to the Microbiology laboratory at the Universitas Gadjah Mada 145 

Special Region of Yogyakarta, Indonesia. 146 

Laboratory methods for wastewater and environmental samples 147 

The wastewater samples, passive samplers and soil samples were stored in the 4°C fridge upon 148 

arrival until the sample processing. Samples of wastewater (50 mL) or recreational water (1000 149 

mL) were filtered through a 47 mm diameter, 0.45 µm pore size, cellulose nitrate high flow 150 

electronegative membrane (Sartorius, Germany). This filtration process was performed 151 

immediately (<2 hours) once the samples were received at the laboratory. The collection bag 152 

containing the soil samples was thoroughly mixed. In a 2 mL tube, 0.25 grams of soil and 2 mL 153 

of DNA/RNA Shield solutions (Zymo Research, USA) were added. The passive samplers were 154 

opened, and the filter membrane and q-tips were collected.  155 
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All of the processed samples from wastewater samples, passive samplers and soil samples were 156 

stored at -80°C until the RNA extraction and reverse-transcription quantitative real-time PCR 157 

(RT-qPCR) analysis. 158 

The RNA was extracted from samples using the QIAGEN RNeasy PowerMicrobiome Kit 159 

(QIAGEN, Germany) following manufacturer’s instructions with the exception of replacing the 160 

supplied beads with PowerBead Tubes-Garnet beads (QIAGEN, Germany). For every batch of 161 

samples processed, a negative extraction controls and internal control (MS2 bacteriophage) as 162 

supplied in the PerkinElmer SARS-CoV-2 Nucleic Acid Detection Kit (RUO) (PerkinElmer) 163 

were included in the RNA extraction process to monitor the RNA extraction performance.  164 

To detect the SARS-Cov2 RNA, a RT-qPCR was conducted using the SARS-CoV-2 Real-time 165 

RT-PCR Assay (PerkinElmer, US) and synthetic SARS-CoV-2 RNA Control 1-MT007544.1 166 

(Twist Bioscience, Australia) as the standard curve. The kit is a multiplex assay using primers 167 

and probes targeting the Nucleocapsid (N) gene and open reading frame 1ab (ORF1ab) region of 168 

SARS-CoV-2. RT-qPCR assays were performed using two replicates of 5 μL RNA template, 169 

with a total reaction volume of 30 μL and a total 45 cycles of amplification. The quantification of 170 

the samples was calculated using the synthetic SARS-CoV-2 RNA Control 1-MT007544.1 171 

(Twist Bioscience, Australia) as a standard curve, according to the manufacturer’s instruction. 172 

The RT-qPCR assay was performed as described by the manufacturer's instruction using the 173 

LightCycler 96 instrument (Roche, Germany).  174 

In order to report the actual value of SARS-CoV-2 RNA, we calculated the recovery efficiency. 175 

In each qPCR run, multiple SARS-CoV-2 RNA controls, a MS2 phage control (to determine the 176 

RNA recovery efficiency and as internal control) of different known concentrations and a 177 

negative control were included.  178 
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The limit of detection (LOD) for the RT-qPCR assay was determined by the analysis of 10 179 

replicates for each dilution of the synthetic SARS-CoV-2 RNA Control 1-MT007544.1 (Twist 180 

Bioscience, Australia) analyzed and was defined as the lowest number of copies of the N gene 181 

target and ORF1ab gene that could be detected in 80% of the replicates tested. The LOD was 182 

expressed as the lowest detectable concentration of the N gene target and ORF1ab gene in 183 

sample based on the equivalent volume of sample analyzed in each RT-qPCR assay, not 184 

adjusting for any potential loss through the processing of the sample or any potential inhibition 185 

of the RT-qPCR assay.[25] All assays were performed at Microbiology laboratory at the 186 

Universitas Gadjah Mada,, Special Region of Yogyakarta, Indonesia. 187 

Ethics 188 

The SWESP study obtained ethics approval from the Medical and Health Research Ethics 189 

Committee (MHREC), Faculty of Medicine, Public Health and Nursing, Universitas Gadjah 190 

Mada DR. Sardjito General Hospital, Indonesia (KE/FK/0426/EC/2021, KE/FK/0514/EC/2022). 191 

Written or verbal consent was not applicable for this study as we did not collect data from 192 

individual participants. 193 

Results  194 

Feasibility of WBE surveillance 195 

The average time from sample collection to availability of the RT-qPCR results was a mean of 196 

64 hours, including the filtration time (3 to 4 hours), RNA extraction (2 to 3 hours), and RT-197 

qPCR quantification analysis (3 hours). Both weekly and fortnightly sample collections were 198 

practical to conduct. A key challenge was the delay in the importation of critical reagents and 199 

consumables exacerbated by the COVID-19 pandemic. As the UGM laboratory is also the 200 
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central clinical laboratory, priority for the analysis of clinical samples resulted in a delay in 201 

wastewater analysis during major clinical peaks in incidence. Initial trials of deployment of the 202 

passive samplers were required to limit damage or loss due to difficulties with positioning and 203 

securing samplers. We defined criteria for reliable deployment that considered locations with 204 

solid ground to safely access, ideally in an inconspicuous position, and using a strong pole or tree 205 

to secure the sampler. To avoid samplers being removed we labeled samplers with signs of 206 

warning and explanation such as “Sample for Research by Universitas Gadjah Mada and 207 

Yogyakarta Government”. 208 

The detection and positivity rates of SARS-CoV-2 RNA 209 

Sample collection commenced on the 27th of July 2021 during the Delta wave of the COVID-19 210 

pandemic in Indonesia. During the 10-week sampling period, a total of 544 samples were 211 

collected with 54% (296/544) of all samples testing positive for SARS-CoV-2 RNA. The median 212 

of cycle threshold (Ct) values for positive N and ORF1ab gene results was 35.1 (IQR: 32.1 – 213 

36.9) and 33.9 (IQR: 30.1 – 35.9), respectively. The highest positivity rate was for manhole 214 

samples (74%, 191/258 samples, Fig 2) and the lowest was for soil samples (3%, 2/60 samples, 215 

Fig 2). The temporal changes in rates of sample positivity correlate with the number of 216 

confirmed cases in the community as illustrated in Fig 3. The highest positivity rate of 77%, was 217 

obtained for samples collected in July 2021 during week 1 of sample collection and decreased to 218 

25% by the end of September 2021 (corresponding to week 10 of sample collection), reflecting a 219 

decreased detection rate correlating with a decrease in the incidence of reported COVID-19 220 

clinical cases in the community. 221 

 222 
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Fig 2. Nucleocapsid (N) gene positivity by sample types. 223 

Fig 3. Distribution maps of SARS-CoV-2 in Special Region of Yogyakarta province, 224 

comparing detection targeting N gene to community confirmed cases. (A) In week 1-2 of the 225 

sample collection. (B) In week 5-6 of the sample collection. (C) In week 9-10 of the sample 226 

collection. Community COVID-19 confirmed cases were represented by blue color, the lighter 227 

the fewer cases. Detected cases in sampling locations were represented by red colored 228 

dots/triangles/pentagons, while non-detected cases were represented by green colored 229 

dots/triangles/pentagons. With circles denoting manholes, pentagons denoting river and triangles 230 

denoting NST water. 231 

 232 

The N gene was identified in 74% (191/258) of sewage samples (grab method), 64% (67/104) of 233 

near source tracking (NST) water samples (passive sampling method), 50% (25/50) of river 234 

samples (grab method), and 3% (2/60) of NST soil samples. This finding was consistent with the 235 

ORF1ab gene target but with a higher proportion of soils samples being positive (8%, 5/60) for 236 

the ORFlab gene as compared to the N gene (3%).  237 

Discussion 238 

We successfully demonstrated that WBE surveillance for SARS-CoV-2 RNA was feasible in 239 

Indonesia and reflected the SARS-CoV-2 clinical burden in the community. The high level of 240 

positivity of SARS-CoV-2 RNA in the environment in Indonesia suggests a considerable public 241 

health burden and may represent asymptomatic or mild cases that did not access health facilities 242 

for testing. Manholes consistently showed higher positivity rates in comparison with river and 243 

soil samples. Although river and soil samples showed lower positivity rates, the data are useful 244 
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to complement the WBE surveillance data particularly in regions where connection to a formal 245 

sewerage system is limited. This combination of sampling strategies provides additional insights 246 

into the prevalence and distribution of COVID-19 within the community.  247 

In Special Region of Yogyakarta province, many households are not connected to the IPAL 248 

Sewon. This may be because they were built after the IPAL Sewon infrastructure was established 249 

and therefore have no connection to the IPAL pipes. Other households were not connected due to 250 

technical reasons, such as in lower altitudes and terrain that does not support passive 251 

gravitational flow of wastewater to the central WWTP. However, in this study we managed to 252 

collect samples from community WWTPs and septic tanks from NST sites to capture 253 

communities that were not served by the central WWTP.  254 

Although we found that both weekly or fortnightly collection frequency with grab and/or passive 255 

sampling collection methods as feasible, weekly collections were preferred in order to provide 256 

real-time data to inform the public health response. The laboratory capacity to conduct 257 

qualitative (positive/negative) and quantitative identification of SARS-CoV-2 RNA in the 258 

environmental samples (wastewater and soil) were also feasible although some pre-processing 259 

procedures need to be conducted prior to the RT-qPCR procedure (i.e., wastewater filtration and 260 

soil homogenization). There were challenges in providing real-time results during peak COVID-261 

19 outbreaks due to overburdened staff and limited access to equipment, and therefore, ideally 262 

WBE surveillance should be integrated into the routine surveillance programs with dedicated 263 

staff. Additionally, the availability of imported reagents has delayed laboratory analysis during 264 

periods of high output. Local epidemiological data describing the distribution of COVID-19 265 

cases (symptomatic and asymptomatic) with laboratory confirmed positive tests for SARS-CoV-266 

2 infections by sub district, on a weekly basis, were available to compare with the findings from 267 
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WBE surveillance. However, data analysis to link environmental and community data remains 268 

challenging and needs further exploration.  269 

Despite efforts, there remain practical limitations of WBE surveillance in LIMCs. It is likely that 270 

wastewater sampling of the reticulated sewerage system reflects the more modern and affluent 271 

sector of the city and may not provide meaningful insights into the presence of SARS-CoV-2 272 

infection within the broader community. Most of the city and rural areas manage human effluent 273 

via septic tanks, pit latrines or by open defecation with subsequent contamination of surface 274 

water and rivers. Therefore, to understand the distribution of SARS-CoV-2 RNA in 275 

environments that reflect the presence of community infections with fragmented wastewater 276 

infrastructures, NST sites, and in places where people publicly congregate were selected. These 277 

sites include permanent dwellings (apartment and flats), temporary living places (hotels), public 278 

spaces (traditional markets, town squares, mosques, and a public swimming pool), rivers, 279 

working spaces (both office and factory), and COVID-19 shelters (facilities which are designated 280 

as temporary quarantine shelters for people testing positive for COVID-19). This WBE 281 

approaches using NST may allow detection of targeted clusters for whom rapid action may 282 

reduce or prevent the risk of larger outbreaks within the community.[26] 283 

It has been proposed that WBE surveillance has the potential to act as an early warning system 284 

(EWS) for COVID-19 outbreaks.[27–32] This should be conducted in collaboration with the 285 

public health authorities to enable the timely follow up of positive detections by strategies such 286 

as contact tracing, strengthening health protocols, or implementing a community lockdown. This 287 

could be broadly implemented across the community or in a targeted response depending on the 288 

local context and level of concern. For instance, if SARS-CoV-2 RNA is detected (positive 289 

result) in the sewerage sample in an area where there had consistently been no detections 290 
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(negative result), then a lockdown or mass screening could be implemented in the area drained 291 

by the sewerage system; or if the result is taken from a closed community (e.g., Boarding 292 

school), contact tracing within the community should be conducted immediately.  293 

 Conclusions 294 

In conclusion, an environmental surveillance system for SARS-CoV-2 in Indonesia is feasible 295 

and can be used to monitor the community burden of SARS-CoV-2 infection. However, future 296 

research is needed to explore its potential to act as an EWS for the early identification of SARS-297 

CoV-2 outbreaks within a community, especially in regions with limited access to clinical 298 

testing. Although the sewer infrastructure of wastewater systems is quite limited in Indonesia, an 299 

expanded sampling approach based on the local context and including NST can support an 300 

effective SARS-COV-2 surveillance program. 301 
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The feasibility of SARS-CoV-2 surveillance using 43 

wastewater and environmental sampling in Indonesia 44 

  45 

Abstract 46 

Background  47 

Wastewater-based epidemiology (WBE) surveillance as an early warning system (EWS) for 48 

monitoring community transmission of SARS-CoV-2 in low- and middle-income country 49 

(LMIC) settings, where diagnostic testing capacity is limited, needs further exploration. We 50 

explored the feasibility to run conduct a WBE surveillance in Indonesia, one of the global 51 

epicenters of the COVID-19 pandemic in the middle of 2021, with the fourth largest population 52 

in the world where sewer and non-sewered sewage systems are implemented. The feasibility and 53 

resource capacity to collect samples on a weekly or fortnightly basis with grab and/or passive 54 

sampling methods, as well as to conduct qualitative and quantitative identification of SARS-55 

CoV-2 rRibonucleic acid (RNA) using the real-time RT-PCR (RT-qPCR) testing of in the 56 

environmental samples were explored. 57 

Materials and mMethods 58 

We initiated a routine surveillance of wastewater and environmental sampling at three 59 

predetermined districts in Special Region of Yogyakarta Province. Water samples were collected 60 

from central and community wastewater treatment plants (WWTPs), including manholes flowing 61 

to the central WWTP, and additional soil samples were collected for the near source tracking 62 

(NST) locations (i.e., public spaces where people congregate).   63 
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Results  64 

We began collecting samples in the Delta wave of the COVID-19 pandemic in Indonesia in July 65 

2021. From a 10-week period, 54% (296/544) of wastewater and environmental samples were 66 

positive for SARS-CoV-2 RNA. The proportion of sample positivity rate decreased in proportion 67 

with the reported incidence of COVID-19 clinical cases in the community. The highest positivity 68 

rate of 77% in week 1, was obtained for samples collected in July 2021 and decreased to 25% in 69 

week 10 by the end of September 2021. 70 

Conclusion 71 

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to conduct for monitor 72 

theing community burden of infections. Future studies testing the potential of WBE and EWS for 73 

signaling early outbreaks of SARS-CoV-2 transmissions in thise setting are required.  74 

  75 

Keywords 76 

 Wwastewater-based epidemiology surveillance, environmental sampling, SARS-CoV-2, 77 

COVID-19, Indonesia. 78 

 79 

Introduction 80 

Understanding the full extent of the Coronavirus Disease (COVID-19) pandemic is a major 81 

public health challenge. Traditional epidemiological indicators which are based on the number of 82 

confirmed clinical cases and deaths due to COVID-19 disease have potential biases and 83 

limitations. The capacity for timely diagnosis using laboratory tests may be limited, particularly 84 
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in low- and middle- income countries (LMICs) during the high seasonsepidemic wave. Incidence 85 

rates based on hospitalization data lag behind the incidence of infection in the community and 86 

lack of representativeness for identification of cases who do not access care, have non-serious 87 

illness, or are asymptomatic.  88 

People infected with SARS-CoV-2 shed the virus in stool independently of gastrointestinal 89 

symptoms and therefore viral ribonucleic acid (RNA) can be detected in environmental 90 

wastewater, containing excreta of from infected people and sewerage treatment plants.[(1–4])1–4 91 

Public health surveillance using wastewater is now well established and has been used to monitor 92 

communities for the presence of poliovirus, antimicrobial resistant enteric bacteria, and drugs of 93 

abuse, e.g. opioids.[(5–7])5–7 It has been postulated that routine monitoring for the presence of 94 

SARS-CoV-2 in wastewater may be useful in predicting detecting an existing or predicting a 95 

new potential epidemic.[(6,8)6,]8  96 

Studies reporting the detection of SARS-CoV-2 RNA in wastewater have been predominantly 97 

limited to high-income countries such as Australia, the United States, Japan and a number of 98 

European countries,. To date, only a few studies have detected the genetic material of SARS-99 

CoV-2 in wastewater from low and middle income countries (LMICs), including studies from 100 

Argentina, Brazil, Ecuador, India, Pakistan, and South Africa.[(9–20])9–20 The lack of formal 101 

sewerage systems in LMICs, particularly in impoverished areas and informal settlements, has 102 

posed a major challenge for SARS-CoV-2 surveillance using wastewater. It is also in these 103 

communities where epidemiological surveillance using rates based on disease case capture and 104 

death are problematic. The adaptation of environmental surveillance methods suitable for use in 105 

LIMICs provides an opportunity to monitor community transmission and inform the public 106 

response to SARS-CoV-2  and other future pandemic infections.  107 
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This short communication describes the assessment of the feasibility of conducting SARS-CoV-108 

2 surveillance using wastewater and environmental sampling in Indonesia. The aim was to 109 

provide a proof of concept for the use of wastewater and environmental surveillance  to monitor 110 

the community burden of SARS-CoV-2 infection in Indonesia.  111 

 112 

Materials and mMethods 113 

General information on wastewater systems and challenges in 114 

Indonesia 115 

In Indonesia, a high proportion of the population is not connected to a sewerage system. In the 116 

capital city of Jakarta, a city with a population of over 10 million, it is estimated that only 2% of 117 

households are connected to a reticulated sewerage system, with >95% of wastewater leaking 118 

into agricultural fields, rivers, and other groundwater sources.[(21])21 119 

We established the first Indonesian wastewater-based SARS-CoV-2 epidemiology (WBE) 120 

surveillance program in Special Region of Yogyakarta province, one of the locations regions 121 

with the highest number of COVID-19 cases during the COVID-19 Delta wave outbreak. In the 122 

Special Region of Yogyakarta province, only 25,294 households (6% population serviced) are 123 

connected to a formal reticulated sewerage system. There are two types of wastewater treatment 124 

plants (WWTPs) systems in operation in the province: (a) the central WWTP (Instalasi 125 

Pengolahan Air Limbah Sewon/IPAL Sewon, Bantul) managed by the provincial government and 126 

(b) community WWTPs (IPAL community) that are independently managed by each local 127 

community, in addition to individual septic tanks. The service coverage of IPAL Sewon in the 128 

Special Region of Yogyakarta province includes 13 of the 14 sub- districts in the Kota 129 
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Yogyakarta regencycity, 4 of the 17 sub- districts in the Sleman regency district and 3 of the 17 130 

sub- districts in the Bantul regencydistrict. Community WWTPs are used in some suburban areas 131 

due to the lack of capacity of the central WWTPs to service their needs and the geography terrain 132 

of the region that does not allow passive gravitational flow. 133 

 SARS-CoV-2 surveillance on wastewater and environmental 134 

sampling in Indonesia (SWESP study)  135 

Routine wastewater-based epidemiology (WBE) surveillance (i.e., testing of sewerage and 136 

wastewater sites, and waterways) and testing of soil was initiated in three of four five districts in 137 

the Special Region of Yogyakarta province (Kota Yogyakarta city, Sleman and Bantul districts, 138 

Figure 1). One Two districts was were not included dueo to practical challenges, such as due to 139 

the geography and relatively sparse population.  Identification and mapping of the infrastructure 140 

of the wastewater system (formal and informal) at provincial and district level was conducted 141 

prior to commencing the study. WOf the total of ten sites, we selected six sub-districts from 142 

Yogyakarta city as these areas have the highest coverage of the formal central wastewater system 143 

and samples may be considered more representative to the broader community, two from Sleman 144 

district, and the remaining two from Bantul district. Within the total of ten sub-districts, wWe 145 

also selected 12 clustered communities that were served by small community WWTPs. Each 146 

community WWTP served between 50-150 households.   147 

  148 

 149 

 150 

Fig 1. Flowchart of sample strategy.  151 
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We selected ten sub-districts from three out of five districts in Special region of Yogyakarta 152 

Province (Yogyakarta city, Bantul, and Sleman districts). Samples from three sub- districts were 153 

taken weekly (as pointed identified by blue arrows), while others were taken fortnightly. 154 

Detailed type and number of samples in each sub- district are illustrated in the figure.  155 

  156 

We collected samples using either the grab or passive sampling methods. Wastewater from 157 

manholes was collected by immersing a ~500 mLl bottle into the water to a depth of around 20 – 158 

30 cm until the bottle was filled, allowing about 1 cm of air.  Recreational water was collected 159 

using a -2 L bottle using a similar grab method.  Bottles were pre-labelled with sample specific 160 

barcodes. A torpedo-style passive sampler with multiple entry points (front, top, sides, and 161 

bottom) [(22,23])22,23 was used to collect samples from septic tanks, rivers, and the central and 162 

community WWTPs. Passive samplers were retrieved 24 hours after deployment. Soil samples 163 

(20 g) and fecal scats (whole pellet) were collected using zip lock bags. Within four hours of 164 

collection,  sSamples were transferred on ice at 2-8°C [(24]) within four hours to the 165 

Microbiology laboratory at the Universitas Gadjah Mada Special Region of Yogyakarta, 166 

Indonesia.(24)24 167 

 168 

Laboratory methods for wastewater and environmental samples 169 

The wastewater samples, torpedo passive samplers and soil samples were stored in the 4°C 170 

fridge upon arrival until the sample processing.  Samples of wastewater (50 mL) or recreational 171 

water (1000 mL) weare filtered through a 47 mm diameter, 0.45 µm pore size, cellulose nitrate 172 

high flow electronegative membrane (Sartorius, Germany). This filtration process was performed 173 
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immediately (<21 hours) once the samples were received at the laboratory.  The collection bag 174 

containing the soil samples was thoroughly mixed. In a 2 mL tube, 0.25 grams of soil and 2 mL 175 

of DNA/RNA Shield solutions (Zymo Research, USA) were added. The torpedo passive 176 

samplers were opened, and the filter membrane and cotton buds q-tips were collected.  177 

The whole filter paper was stored at -80°C until the RNA extraction and reverse-transcription 178 

quantitative real-time PCR (RT-qPCR) analysis. Soil samples weare thoroughly mixed within the 179 

collection bag upon arrival in the laboratory.  Approximately 0.25 grams of soil were was added 180 

to DNA/RNA Shield solutions (Zymo Research, USA) and stored at -80°C until the RNA 181 

extraction process. This filtration process was performed immediately (<1 hour) once the 182 

samples were received at the laboratory. All of the Thprocessede whole filter papersamples from 183 

wastewater samples, torpedo passive samplers and soil samples wereas stored at -80°C until the 184 

RNA extraction and reverse-transcription quantitative real-time PCR (RT-qPCR) 185 

analysis.Additionally, the samples were stored for at least 24 hours after sample collection prior 186 

to RNA extraction, except for the last 319 samples that were delayed for approximately three 187 

months due to discontinued consumable supply.  188 

The RNA was extracted from samples were extracted using the QIAGEN RNeasy 189 

PowerMicrobiome Kkit (QIAGEN, Germany) following manufacturer’s instructions with the 190 

exception of by replacing the supplied beads with PowerBead Tubes-Garnet beads (QIAGEN, 191 

Germany). For every batch of samples processed, a negative extraction controls and internal 192 

control (MS2 bacteriophage) as supplied in the PerkinElmer SARS-CoV-2 Nucleic Acid 193 

Detection Kit (RUO) (PerkinElmer) were included in the RNA extraction process to monitor the 194 

RNA extraction performance.  195 
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To detect the SARS-Cov2 RNA, a quantitative real-time RT-qPCR was conducted using the 196 

SARS-CoV-2 Real-time RT-PCR Assay (PerkinElmer, US) and synthetic SARS-CoV-2 RNA 197 

Controls 1-MT007544.1 (Twist Bioscience, CaliforniaAustralia) as the standard curve. The kit is 198 

a multiplex assay using primers and probes targeting the Nucleocapsid (N) gene and open 199 

reading frame 1ab (ORF1ab) region of the SARS-CoV-2 genomes. qRT-qPCR assays were 200 

performed using two replicates of 5 μL RNA template, with a total reaction volume of 30 μL and 201 

a total 45 cycles of amplification. The quantification of the samples was calculated using the 202 

Twist sSynthetic SARS-CoV- 2 RNA Control 1-MT007544.1 (Twist Bioscience, Australia) was 203 

supplied by the manufactureras a standard curve, according to the manufacturer’s instruction. 204 

The qRT-qPCR assay was performed as described by the manufacturer's instruction using the 205 

LightCycler 96 instrument (Roche, Germany).  206 

In order to report the “trueactual” value of SARS-CoV-2 RNA, we calculated the recovery 207 

efficiency. In each qPCR run, multiple SARS-CoV-2 RNA controls, a MS2 phage control (to 208 

determine the RNA recovery efficiency and as internal control) of different known 209 

concentrations and a negative control were included.  210 

The limit of detection (LOD) for the qRT-qPCR assay was determined by the analysis of 10 211 

replicates for each dilution of the Twist sSynthetic SARS-CoV-2 RNA Control 1-MT007544.1 212 

(Twist Bioscience, Australia) analyzed and was defined as the lowest number of copies of the N 213 

gene target and ORF1ab region gene that could be detected in 80% of the replicates tested. REF 214 

The LOD was expressed as the lowest detectable concentration of the N gene target and ORF1ab 215 

region gene in sewage sample based on the equivalent volume of sewage sample analyzed in 216 

each qRT-qPCR assay, not adjusting for any potential loss through the processing of the sewage 217 

sample or any potential inhibition of the qRT-qPCR assay.[(25] All )25assays were performed at 218 Formatted: Not Superscript/ Subscript
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Microbiology laboratory at the Universitas Gadjah Mada,, Special Region of Yogyakarta, 219 

Indonesia. 220 

 Ethics 221 

The SWESP study obtained ethics approval from the Medical and Health Research Ethics 222 

Committee (MHREC), Faculty of Medicine, Public Health and Nursing, Universitas Gadjah 223 

Mada DR. Sardjito General Hospital, Indonesia (KE/FK/0426/EC/2021, KE/FK/0514/EC/2022). 224 

Written or verbal consent was not applicable for this study as we did not collect data from 225 

individual participants. 226 

Results  227 

Feasibility of WBE surveillance 228 

The average time from sample collection to availability of the RT-qPCR results was a mean of 229 

64 hours, including the filtration time (3 to 4 hours), RNA extraction and RT-qPCR (2 to 3 230 

hours), and RT-qPCR quantification analysis (1 to 2 3 hours). Both weekly and fortnightly 231 

sample collections were practical to conduct. A key challenge was the delay in the importation of 232 

critical reagents and consumables exacerbated by the COVID-19 pandemic.  As the UGM 233 

laboratory is also the central clinical laboratory, priority for the analysis of clinical samples 234 

resulted in a delay in wastewater analysis during major clinical peaks in incidence. Initial trials 235 

of deployment of the passive samplers were required to limit damage or loss due to difficulties 236 

with positioning and securing samplers. We defined criteria for reliable deployment that 237 

considered locations with solid ground to safely access, ideally in an inconspicuous position, and 238 

using a strong pole or tree to secure the sampler. To avoid samplers being removed we labeled 239 
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samplers with signs of warning and explanation such as “Sample for Research by Universitas 240 

Gadjah Mada and Yogyakarta Government”. 241 

 242 

The detection and positivity rates of SARS-CoV-2 RNA 243 

Sample collection commenced on the 27th of July 2021 during the Delta wave of the COVID-19 244 

pandemic in Indonesia (Figure 2). During the 10-week sampling period, a total of 544 samples 245 

were collected with 54% (296/544) of all samples testing positive for SARS-CoV-2 RNA. The 246 

mean/median of cycle threshold (Ct) values for positive N and  ORF1ab gene results was 35.1 247 

(IQR: 32.1 – 36.9) and 33.9 (IQR: 30.1 – 35.9), respectively. TThe highest positivity rate was for 248 

manhole samples (74%, 191/258 samples, Fig 2) and the lowest was for soil samples (3%, 2/60 249 

samples, Fig 2). The temporal changes in rates of sample positivity correlate with the number of 250 

confirmed cases in the community as illustrated in Fig 3. The highest positivity rate of 77%, was 251 

obtained for samples collected in July 2021 during week 1 of sample collection and decreased to 252 

25% by the end of September 2021 (corresponding to week 10 of sample collection), reflecting a 253 

the decreased detection rate correlating with a decrease in with the incidence of reported 254 

COVID-19 clinical cases in the community. 255 

 256 

Fig 2. Nucleocapsid (N) gene positivity by sample types. 257 

Fig 3. Distribution maps of SARS-CoV-2 in Special Region of Yogyakarta province, 258 

comparing detection targeting N gene to community confirmed cases. (A) In week 1-2 of the 259 

sample collection. (B) In week 5-6 of the sample collection. (C) In week 9-10 of the sample 260 

collection. Community COVID-19 confirmed cases were represented by blue color, the lighter 261 
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the fewer cases. Detected cases in sampling locations were represented by red colored 262 

dots/triangles/pentagons, while non-detected cases were represented by green colored 263 

dots/triangles/pentagons. With circles denoting manholes, pentagons denoting river and triangles 264 

denoting NST water. 265 

 266 

The The Nucleocapsid (N) N gene was identified in 74% (191/258) of sewage samples (grab 267 

method), 64% (67/104) of near source tracking (NST) water samples (passive sampling method), 268 

5048% (2519/540) of river samples (grab method), and 3% (2/60) of NST soil samples. This 269 

finding was consistent with the open reading frame of 1ab (ORF1ab) gene target but with a 270 

higher proportion of soils samples being positive (8%, 5/60) for the ORFlab gene as compared to 271 

the N gene (what 3%).  272 

 273 

 Fig 2. Initial samples were collected at the peak of new confirmed cases during the second wave 274 

pandemic of the COVID-19 pandemic in Yogyakarta (available at 275 

https://www.worldometers.info/coronavirus/country/indonesia/) 276 

  277 

Discussion 278 

We successfully demonstrated that WBE surveillance for SARS-CoV-2 RNA was feasible in 279 

Indonesia and reflected the SARS-CoV-2 clinical burden in the community. The high level of 280 

positivity of SARS-CoV-2 RNA in the environment in Indonesia suggests a considerable public 281 

health burden and may represent asymptomatic or mild cases that did not access health facilities 282 

for testing. Manholes consistently showed higher positivity rates in comparison with river and 283 
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soil samples. Although river and soil samples showed lower positivity rates, the data are useful 284 

to complement the WBE surveillance data particularly in regions where connection to a formal 285 

sewerage system is limited.  This combination of sampling strategies provides additional insights 286 

into the prevalence and distribution of COVID-19 within the community.  287 

In Special Region of Yogyakarta province, many households are not connected to the IPAL 288 

Sewon. This may be because they were built after the IPAL Sewon infrastructure was established 289 

and therefore have no connection to the IPAL pipes. Other households were not connected due to 290 

technical reasons, such as in lower altitudes and geography terrain that does not support passive 291 

gravitationaly flow of wastewater to the central WWTP. However, in this study we managed to 292 

collect samples from community WWTPs and septic tanks from NST sites to capture 293 

communities that were not served by the central WWTP.  294 

Although we found that both weekly or fortnightly collection frequency with grab and/or passive 295 

sampling collection methods as feasible, weekly collections were preferred in order to provide 296 

real-time data to inform the public health response.  The laboratory capacity to conduct 297 

qualitative (positive/negative) and quantitative identification of SARS-CoV-2 RNA in the 298 

environmental samples (wastewater and soil) were also feasible although some pre-processing 299 

procedures need to be conducted prior to the qRT-qPCR procedure (i.e., wastewater filtration 300 

and soil homogenization). There were challenges of in providing real-time results during peak 301 

COVID-19 outbreaks due to overburdened staff and limited access to equipment, and therefore, 302 

ideally WBE surveillance should be integrated into the routine surveillance programs with, 303 

dedicated staff. YetAdditionally, the availability of imported reagents hasve delayed laboratory 304 

analysis during periods of high output. Local epidemiological data describing the distribution of 305 

COVID-19 cases (symptomatic and asymptomatic) with laboratory confirmed positive tests for 306 
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SARS-CoV-2 infections by sub district, on a weekly basis, were available to compare with the 307 

findings from WBE surveillance.  However, data analysis to link environmental and community 308 

data remains challenging and needs further exploration.  309 

Despite efforts, there remain practical limitations of WBE surveillance in LIMCs. It is likely that 310 

wastewater sampling of the reticulated sewerage system reflects the more modern and affluent 311 

sector of the city and may not provide meaningful insights into the presence of SARS-CoV-2 312 

infection within the broader community. Most of the city and rural areas manage human effluent 313 

via septic tanks, pit latrines or by open defecation with subsequent contamination of surface 314 

water and rivers. Therefore, to understand the distribution of SARS-CoV-2 RNA in 315 

environments that reflect the presence of community infections with fragmented wastewater 316 

infrastructures, NST sites, and in places where people publicly congregate were selected. These 317 

sites include permanent dwellings (apartment and flats), temporary living places (hotels), public 318 

spaces (traditional markets, town squares, mosques, and a public swimming pool), rivers, 319 

working spaces (both office and factory), and COVID-19 shelters (facilities which are designated 320 

as temporary quarantine shelters for people testing positive for COVID-19). This WBE 321 

approaches using NST may allow detection of targeted clusters for whom rapid action may 322 

reduce or prevent the risk of larger outbreaks within the community.[(26])26 323 

It has been proposed that WBE surveillance has the potential to act as an early warning system 324 

(EWS) for COVID-19 outbreaks.[(27–32])27–32 This should be conducted in collaboration with 325 

the public health authorities to enable the timely follow up of positive detections by strategies 326 

such as contact tracing, strengthening health protocols, or implementing a community lockdown. 327 

This could be broadly implemented across the community or in a targeted response depending on 328 

the local context and level of concern. For instance, if SARS-CoV-2 RNA is detected (positive 329 
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result) in the sewerage sample in an area where there had consistently been no detections 330 

(negative result), then a lockdown or mass screening could be implemented in the area drained 331 

by the sewerage system; or if the result is taken from a closed community (e.g., Boarding 332 

school), contact tracing within the community should be conducted immediately (Figure 3).  333 

  334 

Fig 3. Implementation strategy of the wastewater surveillance program.  335 

Weekly and fortnightly wastewater and environment samples including NST, are collected using 336 

grab and passive sampling methods. Further, samples are analysed in the Microbiology 337 

Laboratory for detection and quantification of SARS-CoV-2 RNA. Proposed scenario of actions 338 

following positive detections of SARS-CoV-2 RNA from wastewater and environmental samples 339 

are notification to local public health office and sewerage management facilities for further 340 

planning for preventive measures, including contact tracing and breaking transmission chain 341 

(i.e., local lockdown).  342 

SWESP: SARS-CoV-2 surveillance using wastewater and environmental sampling in Indonesia; 343 

RNA: Ribonucleic Acid; PCR: Polymerase Chain Reaction 344 

 Conclusions 345 

In conclusion, an environmental surveillance system for SARS-CoV-2 in Indonesia is feasible 346 

and can be used to monitor the community burden of SARS-CoV-2 infection. However, future 347 

research is needed to explore its potential to act as an early warning systemEWS for the early 348 

identification of SARS-CoV-2 outbreaks within a community, especially in regions with limited 349 

access to clinical testing. Although the sewer infrastructure of wastewater systems is quite 350 
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limited in Indonesia, an expanded sampling approach based on the local context and including 351 

NST can support an effective SARS-COV-2 surveillance program. 352 
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Abstract 29 

Background  30 

Wastewater-based epidemiology (WBE) surveillance as an early warning system (EWS) for 31 

monitoring community transmission of SARS-CoV-2 in low- and middle-income country 32 

(LMIC) settings, where diagnostic testing capacity is limited, needs further exploration. We 33 

explored the feasibility to conduct a WBE surveillance in Indonesia, one of the global epicenters 34 

of the COVID-19 pandemic in the middle of 2021, with the fourth largest population in the 35 

world where sewer and non-sewered sewage systems are implemented. The feasibility and 36 

resource capacity to collect samples on a weekly or fortnightly basis with grab and/or passive 37 

sampling methods, as well as to conduct qualitative and quantitative identification of SARS-38 

CoV-2 ribonucleic acid (RNA) using real-time RT-PCR (RT-qPCR) testing of environmental 39 

samples were explored. 40 

Materials and methods 41 

We initiated a routine surveillance of wastewater and environmental sampling at three 42 

predetermined districts in Special Region of Yogyakarta Province. Water samples were collected 43 

from central and community wastewater treatment plants (WWTPs), including manholes flowing 44 

to the central WWTP, and additional soil samples were collected for the near source tracking 45 

(NST) locations (i.e., public spaces where people congregate). 46 

Results  47 

We began collecting samples in the Delta wave of the COVID-19 pandemic in Indonesia in July 48 

2021. From a 10-week period, 54% (296/544) of wastewater and environmental samples were 49 



4 

 

positive for SARS-CoV-2 RNA. The sample positivity rate decreased in proportion with the 50 

reported incidence of COVID-19 clinical cases in the community. The highest positivity rate of 51 

77% in week 1, was obtained for samples collected in July 2021 and decreased to 25% in week 52 

10 by the end of September 2021. 53 

Conclusion 54 

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to monitor the community 55 

burden of infections. Future studies testing the potential of WBE and EWS for signaling early 56 

outbreaks of SARS-CoV-2 transmissions in this setting are required.  57 

  58 

Keywords 59 

Wastewater-based epidemiology surveillance, environmental sampling, SARS-CoV-2, COVID-60 

19, Indonesia. 61 

 62 

Introduction 63 

Understanding the full extent of the Coronavirus Disease (COVID-19) pandemic is a major 64 

public health challenge. Traditional epidemiological indicators which are based on the number of 65 

confirmed clinical cases and deaths due to COVID-19 disease have potential biases and 66 

limitations. The capacity for timely diagnosis using laboratory tests may be limited, particularly 67 

in low- and middle- income countries (LMICs) during epidemic wave. Incidence rates based on 68 

hospitalization data lag behind the incidence of infection in the community and lack of 69 
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representativeness for identification of cases who do not access care, have non-serious illness, or 70 

are asymptomatic.  71 

People infected with SARS-CoV-2 shed the virus in stool independently of gastrointestinal 72 

symptoms and therefore viral ribonucleic acid (RNA) can be detected in environmental 73 

wastewater, containing excreta from infected people and sewerage treatment plants.[1–4] Public 74 

health surveillance using wastewater is now well established and has been used to monitor 75 

communities for the presence of poliovirus, antimicrobial resistant enteric bacteria, and drugs of 76 

abuse, e.g. opioids.[5–7] It has been postulated that routine monitoring for the presence of 77 

SARS-CoV-2 in wastewater may be useful in detecting an existing or predicting a new potential 78 

epidemic.[6,8] 79 

Studies reporting the detection of SARS-CoV-2 RNA in wastewater have been predominantly 80 

limited to high-income countries such as Australia, the United States, Japan and a number of 81 

European countries. To date, only a few studies have detected the genetic material of SARS-82 

CoV-2 in wastewater from LMICs, including studies from Argentina, Brazil, Ecuador, India, 83 

Pakistan, and South Africa.[9–20] The lack of formal sewerage systems in LMICs, particularly 84 

in impoverished areas and informal settlements, has posed a major challenge for SARS-CoV-2 85 

surveillance using wastewater. It is also in these communities where epidemiological 86 

surveillance using rates based on disease case capture and death are problematic. The adaptation 87 

of environmental surveillance methods suitable for use in LMICs provides an opportunity to 88 

monitor community transmission and inform the public response to SARS-CoV-2 and other 89 

future pandemic infections.  90 

This short communication describes the assessment of the feasibility of conducting SARS-CoV-91 

2 surveillance using wastewater and environmental sampling in Indonesia. The aim was to 92 
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provide a proof of concept for the use of wastewater and environmental surveillance to monitor 93 

the community burden of SARS-CoV-2 infection in Indonesia.  94 

 95 

Materials and methods 96 

General information on wastewater systems and challenges in 97 

Indonesia 98 

In Indonesia, a high proportion of the population is not connected to a sewerage system. In the 99 

capital city of Jakarta, a city with a population of over 10 million, it is estimated that only 2% of 100 

households are connected to a reticulated sewerage system, with >95% of wastewater leaking 101 

into agricultural fields, rivers, and other groundwater sources.[21] 102 

We established the first Indonesian wastewater-based SARS-CoV-2 epidemiology surveillance 103 

program in Special Region of Yogyakarta province, one of the regions with the highest number 104 

of COVID-19 cases during the Delta wave. In the Special Region of Yogyakarta province, only 105 

25,294 households (6% population serviced) are connected to a formal reticulated sewerage 106 

system. There are two types of wastewater treatment plants (WWTPs) systems in operation in 107 

the province: (a) the central WWTP (Instalasi Pengolahan Air Limbah Sewon/IPAL Sewon, 108 

Bantul) managed by the provincial government and (b) community WWTPs (IPAL community) 109 

that are independently managed by each local community, in addition to individual septic tanks. 110 

The service coverage of IPAL Sewon in the Special Region of Yogyakarta province includes 13 111 

of the 14 sub-districts in the Yogyakarta city, 4 of the 17 sub-districts in the Sleman district and 112 

3 of the 17 sub-districts in the Bantul district. Community WWTPs are used in some suburban 113 
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areas due to the lack of capacity of the central WWTPs to service their needs and the terrain of 114 

the region that does not allow passive gravitational flow. 115 

 SARS-CoV-2 surveillance on wastewater and environmental 116 

sampling in Indonesia (SWESP study)  117 

Routine wastewater-based epidemiology (WBE) surveillance (i.e., testing of sewerage and 118 

wastewater sites, and waterways) and testing of soil was initiated in three of five districts in the 119 

Special Region of Yogyakarta province (Yogyakarta city, Sleman and Bantul districts, Fig 1). 120 

Two districts were not included due to practical challenges, such as the geography and relatively 121 

sparse population. Identification and mapping of the infrastructure of the wastewater system 122 

(formal and informal) at provincial and district level was conducted prior to commencing the 123 

study. We selected six sub-districts from Yogyakarta city as these areas have the highest 124 

coverage of the formal central wastewater system and samples may be considered more 125 

representative to the broader community, two from Sleman district, and the remaining two from 126 

Bantul district. Within the total of ten sub-districts, we also selected 12 clustered communities 127 

that were served by small community WWTPs. Each community WWTP served between 50-150 128 

households. 129 

  130 

Fig 1. Flowchart of sample strategy. We selected ten sub-districts from three out of five 131 

districts in Special region of Yogyakarta Province (Yogyakarta city, Bantul, and Sleman 132 

districts). Samples from three sub-districts were taken weekly (identified by blue arrows), while 133 

others were taken fortnightly. Detailed type and number of samples in each sub-district are 134 

illustrated in the figure.  135 
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  136 

We collected samples using either the grab or passive sampling methods. Wastewater from 137 

manholes was collected by immersing a ~500 mL bottle into the water to a depth of around 20 – 138 

30 cm until the bottle was filled, allowing about 1 cm of air. Recreational water was collected 139 

using a 2 L bottle using a similar grab method. Bottles were pre-labelled with sample specific 140 

barcodes. A torpedo-style passive sampler with multiple entry points (front, top, sides, and 141 

bottom) [22,23] was used to collect samples from septic tanks, rivers, and the central and 142 

community WWTPs. Passive samplers were retrieved 24 hours after deployment. Soil samples 143 

(20 g) were collected using zip lock bags. Within four hours of collection, samples were 144 

transferred on ice at 2-8°C [24] to the Microbiology laboratory at the Universitas Gadjah Mada 145 

Special Region of Yogyakarta, Indonesia. 146 

Laboratory methods for wastewater and environmental samples 147 

The wastewater samples, passive samplers and soil samples were stored in the 4°C fridge upon 148 

arrival until the sample processing. Samples of wastewater (50 mL) or recreational water (1000 149 

mL) were filtered through a 47 mm diameter, 0.45 µm pore size, cellulose nitrate high flow 150 

electronegative membrane (Sartorius, Germany). This filtration process was performed 151 

immediately (<2 hours) once the samples were received at the laboratory. The collection bag 152 

containing the soil samples was thoroughly mixed. In a 2 mL tube, 0.25 grams of soil and 2 mL 153 

of DNA/RNA Shield solutions (Zymo Research, USA) were added. The passive samplers were 154 

opened, and the filter membrane and q-tips were collected.  155 
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All of the processed samples from wastewater samples, passive samplers and soil samples were 156 

stored at -80°C until the RNA extraction and reverse-transcription quantitative real-time PCR 157 

(RT-qPCR) analysis. 158 

The RNA was extracted from samples using the QIAGEN RNeasy PowerMicrobiome Kit 159 

(QIAGEN, Germany) following manufacturer’s instructions with the exception of replacing the 160 

supplied beads with PowerBead Tubes-Garnet beads (QIAGEN, Germany). For every batch of 161 

samples processed, a negative extraction controls and internal control (MS2 bacteriophage) as 162 

supplied in the PerkinElmer SARS-CoV-2 Nucleic Acid Detection Kit (RUO) (PerkinElmer) 163 

were included in the RNA extraction process to monitor the RNA extraction performance.  164 

To detect the SARS-Cov2 RNA, a RT-qPCR was conducted using the SARS-CoV-2 Real-time 165 

RT-PCR Assay (PerkinElmer, US) and synthetic SARS-CoV-2 RNA Control 1-MT007544.1 166 

(Twist Bioscience, Australia) as the standard curve. The kit is a multiplex assay using primers 167 

and probes targeting the Nucleocapsid (N) gene and open reading frame 1ab (ORF1ab) region of 168 

SARS-CoV-2. RT-qPCR assays were performed using two replicates of 5 μL RNA template, 169 

with a total reaction volume of 30 μL and a total 45 cycles of amplification. The quantification of 170 

the samples was calculated using the synthetic SARS-CoV-2 RNA Control 1-MT007544.1 171 

(Twist Bioscience, Australia) as a standard curve, according to the manufacturer’s instruction. 172 

The RT-qPCR assay was performed as described by the manufacturer's instruction using the 173 

LightCycler 96 instrument (Roche, Germany).  174 

In order to report the actual value of SARS-CoV-2 RNA, we calculated the recovery efficiency. 175 

In each qPCR run, multiple SARS-CoV-2 RNA controls, a MS2 phage control (to determine the 176 

RNA recovery efficiency and as internal control) of different known concentrations and a 177 

negative control were included.  178 
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The limit of detection (LOD) for the RT-qPCR assay was determined by the analysis of 10 179 

replicates for each dilution of the synthetic SARS-CoV-2 RNA Control 1-MT007544.1 (Twist 180 

Bioscience, Australia) analyzed and was defined as the lowest number of copies of the N gene 181 

target and ORF1ab gene that could be detected in 80% of the replicates tested. The LOD was 182 

expressed as the lowest detectable concentration of the N gene target and ORF1ab gene in 183 

sample based on the equivalent volume of sample analyzed in each RT-qPCR assay, not 184 

adjusting for any potential loss through the processing of the sample or any potential inhibition 185 

of the RT-qPCR assay.[25] All assays were performed at Microbiology laboratory at the 186 

Universitas Gadjah Mada,, Special Region of Yogyakarta, Indonesia. 187 

Ethics 188 

The SWESP study obtained ethics approval from the Medical and Health Research Ethics 189 

Committee (MHREC), Faculty of Medicine, Public Health and Nursing, Universitas Gadjah 190 

Mada DR. Sardjito General Hospital, Indonesia (KE/FK/0426/EC/2021, KE/FK/0514/EC/2022). 191 

Written or verbal consent was not applicable for this study as we did not collect data from 192 

individual participants. 193 

Results  194 

Feasibility of WBE surveillance 195 

The average time from sample collection to availability of the RT-qPCR results was a mean of 196 

64 hours, including the filtration time (3 to 4 hours), RNA extraction (2 to 3 hours), and RT-197 

qPCR quantification analysis (3 hours). Both weekly and fortnightly sample collections were 198 

practical to conduct. A key challenge was the delay in the importation of critical reagents and 199 

consumables exacerbated by the COVID-19 pandemic. As the UGM laboratory is also the 200 
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central clinical laboratory, priority for the analysis of clinical samples resulted in a delay in 201 

wastewater analysis during major clinical peaks in incidence. Initial trials of deployment of the 202 

passive samplers were required to limit damage or loss due to difficulties with positioning and 203 

securing samplers. We defined criteria for reliable deployment that considered locations with 204 

solid ground to safely access, ideally in an inconspicuous position, and using a strong pole or tree 205 

to secure the sampler. To avoid samplers being removed we labeled samplers with signs of 206 

warning and explanation such as “Sample for Research by Universitas Gadjah Mada and 207 

Yogyakarta Government”. 208 

The detection and positivity rates of SARS-CoV-2 RNA 209 

Sample collection commenced on the 27th of July 2021 during the Delta wave of the COVID-19 210 

pandemic in Indonesia. During the 10-week sampling period, a total of 544 samples were 211 

collected with 54% (296/544) of all samples testing positive for SARS-CoV-2 RNA. The median 212 

of cycle threshold (Ct) values for positive N and ORF1ab gene results was 35.1 (IQR: 32.1 – 213 

36.9) and 33.9 (IQR: 30.1 – 35.9), respectively. The highest positivity rate was for manhole 214 

samples (74%, 191/258 samples, Fig 2) and the lowest was for soil samples (3%, 2/60 samples, 215 

Fig 2). The temporal changes in rates of sample positivity correlate with the number of 216 

confirmed cases in the community as illustrated in Fig 3. The highest positivity rate of 77%, was 217 

obtained for samples collected in July 2021 during week 1 of sample collection and decreased to 218 

25% by the end of September 2021 (corresponding to week 10 of sample collection), reflecting a 219 

decreased detection rate correlating with a decrease in the incidence of reported COVID-19 220 

clinical cases in the community. 221 

 222 
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Fig 2. Nucleocapsid (N) gene positivity by sample types. 223 

Fig 3. Distribution maps of SARS-CoV-2 in Special Region of Yogyakarta province, 224 

comparing detection targeting N gene to community confirmed cases. (A) In week 1-2 of the 225 

sample collection. (B) In week 5-6 of the sample collection. (C) In week 9-10 of the sample 226 

collection. Community COVID-19 confirmed cases were represented by blue color, the lighter 227 

the fewer cases. Detected cases in sampling locations were represented by red colored 228 

dots/triangles/pentagons, while non-detected cases were represented by green colored 229 

dots/triangles/pentagons. With circles denoting manholes, pentagons denoting river and triangles 230 

denoting NST water. 231 

 232 

The N gene was identified in 74% (191/258) of sewage samples (grab method), 64% (67/104) of 233 

near source tracking (NST) water samples (passive sampling method), 50% (25/50) of river 234 

samples (grab method), and 3% (2/60) of NST soil samples. This finding was consistent with the 235 

ORF1ab gene target but with a higher proportion of soils samples being positive (8%, 5/60) for 236 

the ORFlab gene as compared to the N gene (3%).  237 

Discussion 238 

We successfully demonstrated that WBE surveillance for SARS-CoV-2 RNA was feasible in 239 

Indonesia and reflected the SARS-CoV-2 clinical burden in the community. The high level of 240 

positivity of SARS-CoV-2 RNA in the environment in Indonesia suggests a considerable public 241 

health burden and may represent asymptomatic or mild cases that did not access health facilities 242 

for testing. Manholes consistently showed higher positivity rates in comparison with river and 243 

soil samples. Although river and soil samples showed lower positivity rates, the data are useful 244 
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to complement the WBE surveillance data particularly in regions where connection to a formal 245 

sewerage system is limited. This combination of sampling strategies provides additional insights 246 

into the prevalence and distribution of COVID-19 within the community.  247 

In Special Region of Yogyakarta province, many households are not connected to the IPAL 248 

Sewon. This may be because they were built after the IPAL Sewon infrastructure was established 249 

and therefore have no connection to the IPAL pipes. Other households were not connected due to 250 

technical reasons, such as in lower altitudes and terrain that does not support passive 251 

gravitational flow of wastewater to the central WWTP. However, in this study we managed to 252 

collect samples from community WWTPs and septic tanks from NST sites to capture 253 

communities that were not served by the central WWTP.  254 

Although we found that both weekly or fortnightly collection frequency with grab and/or passive 255 

sampling collection methods as feasible, weekly collections were preferred in order to provide 256 

real-time data to inform the public health response. The laboratory capacity to conduct 257 

qualitative (positive/negative) and quantitative identification of SARS-CoV-2 RNA in the 258 

environmental samples (wastewater and soil) were also feasible although some pre-processing 259 

procedures need to be conducted prior to the RT-qPCR procedure (i.e., wastewater filtration and 260 

soil homogenization). There were challenges in providing real-time results during peak COVID-261 

19 outbreaks due to overburdened staff and limited access to equipment, and therefore, ideally 262 

WBE surveillance should be integrated into the routine surveillance programs with dedicated 263 

staff. Additionally, the availability of imported reagents has delayed laboratory analysis during 264 

periods of high output. Local epidemiological data describing the distribution of COVID-19 265 

cases (symptomatic and asymptomatic) with laboratory confirmed positive tests for SARS-CoV-266 

2 infections by sub district, on a weekly basis, were available to compare with the findings from 267 
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WBE surveillance. However, data analysis to link environmental and community data remains 268 

challenging and needs further exploration.  269 

Despite efforts, there remain practical limitations of WBE surveillance in LIMCs. It is likely that 270 

wastewater sampling of the reticulated sewerage system reflects the more modern and affluent 271 

sector of the city and may not provide meaningful insights into the presence of SARS-CoV-2 272 

infection within the broader community. Most of the city and rural areas manage human effluent 273 

via septic tanks, pit latrines or by open defecation with subsequent contamination of surface 274 

water and rivers. Therefore, to understand the distribution of SARS-CoV-2 RNA in 275 

environments that reflect the presence of community infections with fragmented wastewater 276 

infrastructures, NST sites, and in places where people publicly congregate were selected. These 277 

sites include permanent dwellings (apartment and flats), temporary living places (hotels), public 278 

spaces (traditional markets, town squares, mosques, and a public swimming pool), rivers, 279 

working spaces (both office and factory), and COVID-19 shelters (facilities which are designated 280 

as temporary quarantine shelters for people testing positive for COVID-19). This WBE 281 

approaches using NST may allow detection of targeted clusters for whom rapid action may 282 

reduce or prevent the risk of larger outbreaks within the community.[26] 283 

It has been proposed that WBE surveillance has the potential to act as an early warning system 284 

(EWS) for COVID-19 outbreaks.[27–32] This should be conducted in collaboration with the 285 

public health authorities to enable the timely follow up of positive detections by strategies such 286 

as contact tracing, strengthening health protocols, or implementing a community lockdown. This 287 

could be broadly implemented across the community or in a targeted response depending on the 288 

local context and level of concern. For instance, if SARS-CoV-2 RNA is detected (positive 289 

result) in the sewerage sample in an area where there had consistently been no detections 290 
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(negative result), then a lockdown or mass screening could be implemented in the area drained 291 

by the sewerage system; or if the result is taken from a closed community (e.g., Boarding 292 

school), contact tracing within the community should be conducted immediately.  293 

 Conclusions 294 

In conclusion, an environmental surveillance system for SARS-CoV-2 in Indonesia is feasible 295 

and can be used to monitor the community burden of SARS-CoV-2 infection. However, future 296 

research is needed to explore its potential to act as an EWS for the early identification of SARS-297 

CoV-2 outbreaks within a community, especially in regions with limited access to clinical 298 

testing. Although the sewer infrastructure of wastewater systems is quite limited in Indonesia, an 299 

expanded sampling approach based on the local context and including NST can support an 300 

effective SARS-COV-2 surveillance program. 301 
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Abstract

Background

Wastewater-based epidemiology (WBE) surveillance as an early warning system (EWS) for

monitoring community transmission of SARS-CoV-2 in low- and middle-income country

(LMIC) settings, where diagnostic testing capacity is limited, needs further exploration. We

explored the feasibility to conduct a WBE surveillance in Indonesia, one of the global epicen-

ters of the COVID-19 pandemic in the middle of 2021, with the fourth largest population in

the world where sewer and non-sewered sewage systems are implemented. The feasibility

and resource capacity to collect samples on a weekly or fortnightly basis with grab and/or

passive sampling methods, as well as to conduct qualitative and quantitative identification of

SARS-CoV-2 ribonucleic acid (RNA) using real-time RT-PCR (RT-qPCR) testing of environ-

mental samples were explored.

Materials and methods

We initiated a routine surveillance of wastewater and environmental sampling at three pre-

determined districts in Special Region of Yogyakarta Province. Water samples were col-

lected from central and community wastewater treatment plants (WWTPs), including

manholes flowing to the central WWTP, and additional soil samples were collected for the

near source tracking (NST) locations (i.e., public spaces where people congregate).
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Results

We began collecting samples in the Delta wave of the COVID-19 pandemic in Indonesia in

July 2021. From a 10-week period, 54% (296/544) of wastewater and environmental sam-

ples were positive for SARS-CoV-2 RNA. The sample positivity rate decreased in proportion

with the reported incidence of COVID-19 clinical cases in the community. The highest posi-

tivity rate of 77% in week 1, was obtained for samples collected in July 2021 and decreased

to 25% in week 10 by the end of September 2021.

Conclusion

A WBE surveillance system for SARS-CoV-2 in Indonesia is feasible to monitor the commu-

nity burden of infections. Future studies testing the potential of WBE and EWS for signaling

early outbreaks of SARS-CoV-2 transmissions in this setting are required.

Introduction

Understanding the full extent of the Coronavirus Disease (COVID-19) pandemic is a major

public health challenge. Traditional epidemiological indicators which are based on the number

of confirmed clinical cases and deaths due to COVID-19 disease have potential biases and lim-

itations. The capacity for timely diagnosis using laboratory tests may be limited, particularly in

low- and middle- income countries (LMICs) during epidemic wave. Incidence rates based on

hospitalization data lag behind the incidence of infection in the community and lack of repre-

sentativeness for identification of cases who do not access care, have non-serious illness, or are

asymptomatic.

People infected with SARS-CoV-2 shed the virus in stool independently of gastrointestinal

symptoms and therefore viral ribonucleic acid (RNA) can be detected in environmental waste-

water, containing excreta from infected people and sewerage treatment plants [1–4]. Public

health surveillance using wastewater is now well established and has been used to monitor

communities for the presence of poliovirus, antimicrobial resistant enteric bacteria, and drugs

of abuse, e.g. opioids [5–7]. It has been postulated that routine monitoring for the presence of

SARS-CoV-2 in wastewater may be useful in detecting an existing or predicting a new poten-

tial epidemic [6, 8].

Studies reporting the detection of SARS-CoV-2 RNA in wastewater have been predomi-

nantly limited to high-income countries such as Australia, the United States, Japan and a num-

ber of European countries. To date, only a few studies have detected the genetic material of

SARS-CoV-2 in wastewater from LMICs, including studies from Argentina, Brazil, Ecuador,

India, Pakistan, and South Africa [9–20]. The lack of formal sewerage systems in LMICs, par-

ticularly in impoverished areas and informal settlements, has posed a major challenge for

SARS-CoV-2 surveillance using wastewater. It is also in these communities where epidemio-

logical surveillance using rates based on disease case capture and death are problematic. The

adaptation of environmental surveillance methods suitable for use in LMICs provides an

opportunity to monitor community transmission and inform the public response to SARS-

CoV-2 and other future pandemic infections.

This short communication describes the assessment of the feasibility of conducting SARS-

CoV-2 surveillance using wastewater and environmental sampling in Indonesia. The aim was
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to provide a proof of concept for the use of wastewater and environmental surveillance to

monitor the community burden of SARS-CoV-2 infection in Indonesia.

Materials and methods

General information on wastewater systems and challenges in Indonesia

In Indonesia, a high proportion of the population is not connected to a sewerage system. In

the capital city of Jakarta, a city with a population of over 10 million, it is estimated that only

2% of households are connected to a reticulated sewerage system, with>95% of wastewater

leaking into agricultural fields, rivers, and other groundwater sources [21].

We established the first Indonesian wastewater-based SARS-CoV-2 epidemiology surveil-

lance program in Special Region of Yogyakarta province, one of the regions with the highest

number of COVID-19 cases during the Delta wave. In the Special Region of Yogyakarta prov-

ince, only 25,294 households (6% population serviced) are connected to a formal reticulated

sewerage system. There are two types of wastewater treatment plants (WWTPs) systems in

operation in the province: (a) the central WWTP (Instalasi Pengolahan Air Limbah Sewon/
IPAL Sewon, Bantul) managed by the provincial government and (b) community WWTPs

(IPAL community) that are independently managed by each local community, in addition to

individual septic tanks. The service coverage of IPAL Sewon in the Special Region of Yogya-

karta province includes 13 of the 14 sub-districts in the Yogyakarta city, 4 of the 17 sub-dis-

tricts in the Sleman district and 3 of the 17 sub-districts in the Bantul district. Community

WWTPs are used in some suburban areas due to the lack of capacity of the central WWTPs to

service their needs and the terrain of the region that does not allow passive gravitational flow.

SARS-CoV-2 surveillance on wastewater and environmental sampling in

Indonesia (SWESP study)

Routine wastewater-based epidemiology (WBE) surveillance (i.e., testing of sewerage and

wastewater sites, and waterways) and testing of soil was initiated in three of five districts in the

Special Region of Yogyakarta province (Yogyakarta city, Sleman and Bantul districts, Fig 1).

Two districts were not included due to practical challenges, such as the geography and rela-

tively sparse population. Identification and mapping of the infrastructure of the wastewater

system (formal and informal) at provincial and district level was conducted prior to commenc-

ing the study. We selected six sub-districts from Yogyakarta city as these areas have the highest

coverage of the formal central wastewater system and samples may be considered more repre-

sentative to the broader community, two from Sleman district, and the remaining two from

Bantul district. Within the total of ten sub-districts, we also selected 12 clustered communities

that were served by small community WWTPs. Each community WWTP served between 50–

150 households.

We collected samples using either the grab or passive sampling methods. Wastewater from

manholes was collected by immersing a ~500 mL bottle into the water to a depth of around

20–30 cm until the bottle was filled, allowing about 1 cm of air. Recreational water was col-

lected using a 2 L bottle using a similar grab method. Bottles were pre-labelled with sample

specific barcodes. A torpedo-style passive sampler with multiple entry points (front, top, sides,

and bottom) [22, 23] was used to collect samples from septic tanks, rivers, and the central and

community WWTPs. Passive samplers were retrieved 24 hours after deployment. Soil samples

(20 g) were collected using zip lock bags. Within four hours of collection, samples were trans-

ferred on ice at 2–8˚C [24] to the Microbiology laboratory at the Universitas Gadjah Mada

Special Region of Yogyakarta, Indonesia.
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Laboratory methods for wastewater and environmental samples

The wastewater samples, passive samplers and soil samples were stored in the 4˚C fridge upon

arrival until the sample processing. Samples of wastewater (50 mL) or recreational water (1000

mL) were filtered through a 47 mm diameter, 0.45 μm pore size, cellulose nitrate high flow

electronegative membrane (Sartorius, Germany). This filtration process was performed imme-

diately (<2 hours) once the samples were received at the laboratory. The collection bag con-

taining the soil samples was thoroughly mixed. In a 2 mL tube, 0.25 grams of soil and 2 mL of

DNA/RNA Shield solutions (Zymo Research, USA) were added. The passive samplers were

opened, and the filter membrane and q-tips were collected.

All of the processed samples from wastewater samples, passive samplers and soil samples

were stored at -80˚C until the RNA extraction and reverse-transcription quantitative real-time

PCR (RT-qPCR) analysis.

The RNA was extracted from samples using the QIAGEN RNeasy PowerMicrobiome Kit

(QIAGEN, Germany) following manufacturer’s instructions with the exception of replacing

the supplied beads with PowerBead Tubes-Garnet beads (QIAGEN, Germany). For every

batch of samples processed, a negative extraction controls and internal control (MS2 bacterio-

phage) as supplied in the PerkinElmer SARS-CoV-2 Nucleic Acid Detection Kit (RUO) (Perki-

nElmer) were included in the RNA extraction process to monitor the RNA extraction

performance.

To detect the SARS-Cov2 RNA, a RT-qPCR was conducted using the SARS-CoV-2 Real-

time RT-PCR Assay (PerkinElmer, US) and synthetic SARS-CoV-2 RNA Control

1-MT007544.1 (Twist Bioscience, Australia) as the standard curve. The kit is a multiplex assay

using primers and probes targeting the Nucleocapsid (N) gene and open reading frame 1ab

(ORF1ab) region of SARS-CoV-2. RT-qPCR assays were performed using two replicates of

5 μL RNA template, with a total reaction volume of 30 μL and a total 45 cycles of amplification.

The quantification of the samples was calculated using the synthetic SARS-CoV-2 RNA Con-

trol 1-MT007544.1 (Twist Bioscience, Australia) as a standard curve, according to the manu-

facturer’s instruction. The RT-qPCR assay was performed as described by the manufacturer’s

instruction using the LightCycler 96 instrument (Roche, Germany).

Fig 1. Flowchart of sample strategy. We selected ten sub-districts from three out of five districts in Special region of Yogyakarta Province (Yogyakarta city,

Bantul, and Sleman districts). Samples from three sub-districts were taken weekly (identified by blue arrows), while others were taken fortnightly. Detailed type

and number of samples in each sub-district are illustrated in the figure.

https://doi.org/10.1371/journal.pone.0274793.g001
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In order to report the actual value of SARS-CoV-2 RNA, we calculated the recovery effi-

ciency. In each qPCR run, multiple SARS-CoV-2 RNA controls, a MS2 phage control (to

determine the RNA recovery efficiency and as internal control) of different known concentra-

tions and a negative control were included.

The limit of detection (LOD) for the RT-qPCR assay was determined by the analysis of 10

replicates for each dilution of the synthetic SARS-CoV-2 RNA Control 1-MT007544.1 (Twist

Bioscience, Australia) analyzed and was defined as the lowest number of copies of the N gene

target and ORF1ab gene that could be detected in 80% of the replicates tested. The LOD was

expressed as the lowest detectable concentration of the N gene target and ORF1ab gene in sam-

ple based on the equivalent volume of sample analyzed in each RT-qPCR assay, not adjusting

for any potential loss through the processing of the sample or any potential inhibition of the

RT-qPCR assay [25]. All assays were performed at Microbiology laboratory at the Universitas

Gadjah Mada, Special Region of Yogyakarta, Indonesia.

Ethics

The SWESP study obtained ethics approval from the Medical and Health Research Ethics

Committee (MHREC), Faculty of Medicine, Public Health and Nursing, Universitas Gadjah

Mada DR. Sardjito General Hospital, Indonesia (KE/FK/0426/EC/2021, KE/FK/0514/EC/

2022). Written or verbal consent was not applicable for this study as we did not collect data

from individual participants.

Results

Feasibility of WBE surveillance

The average time from sample collection to availability of the RT-qPCR results was a mean of

64 hours, including the filtration time (3 to 4 hours), RNA extraction (2 to 3 hours), and RT-

qPCR quantification analysis (3 hours). Both weekly and fortnightly sample collections were

practical to conduct. A key challenge was the delay in the importation of critical reagents and

consumables exacerbated by the COVID-19 pandemic. As the UGM laboratory is also the cen-

tral clinical laboratory, priority for the analysis of clinical samples resulted in a delay in waste-

water analysis during major clinical peaks in incidence. Initial trials of deployment of the

passive samplers were required to limit damage or loss due to difficulties with positioning and

securing samplers. We defined criteria for reliable deployment that considered locations with

solid ground to safely access, ideally in an inconspicuous position, and using a strong pole or

tree to secure the sampler. To avoid samplers being removed we labeled samplers with signs of

warning and explanation such as “Sample for Research by Universitas Gadjah Mada and Yog-

yakarta Government”.

The detection and positivity rates of SARS-CoV-2 RNA

Sample collection commenced on the 27th of July 2021 during the Delta wave of the COVID-

19 pandemic in Indonesia. During the 10-week sampling period, a total of 544 samples were

collected with 54% (296/544) of all samples testing positive for SARS-CoV-2 RNA. The median

of cycle threshold (Ct) values for positive N and ORF1ab gene results was 35.1 (IQR: 32.1–

36.9) and 33.9 (IQR: 30.1–35.9), respectively. The highest positivity rate was for manhole sam-

ples (74%, 191/258 samples, Fig 2) and the lowest was for soil samples (3%, 2/60 samples, Fig

2). The temporal changes in rates of sample positivity correlate with the number of confirmed

cases in the community as illustrated in Fig 3. The highest positivity rate of 77%, was obtained

for samples collected in July 2021 during week 1 of sample collection and decreased to 25% by
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the end of September 2021 (corresponding to week 10 of sample collection), reflecting a

decreased detection rate correlating with a decrease in the incidence of reported COVID-19

clinical cases in the community.

The N gene was identified in 74% (191/258) of sewage samples (grab method), 64% (67/

104) of near source tracking (NST) water samples (passive sampling method), 50% (25/50) of

river samples (grab method), and 3% (2/60) of NST soil samples. This finding was consistent

with the ORF1ab gene target but with a higher proportion of soils samples being positive (8%,

5/60) for the ORFlab gene as compared to the N gene (3%).

Discussion

We successfully demonstrated that WBE surveillance for SARS-CoV-2 RNA was feasible in

Indonesia and reflected the SARS-CoV-2 clinical burden in the community. The high level of

positivity of SARS-CoV-2 RNA in the environment in Indonesia suggests a considerable pub-

lic health burden and may represent asymptomatic or mild cases that did not access health

facilities for testing. Manholes consistently showed higher positivity rates in comparison with

river and soil samples. Although river and soil samples showed lower positivity rates, the data

are useful to complement the WBE surveillance data particularly in regions where connection

to a formal sewerage system is limited. This combination of sampling strategies provides addi-

tional insights into the prevalence and distribution of COVID-19 within the community.

In Special Region of Yogyakarta province, many households are not connected to the IPAL

Sewon. This may be because they were built after the IPAL Sewon infrastructure was estab-

lished and therefore have no connection to the IPAL pipes. Other households were not con-

nected due to technical reasons, such as in lower altitudes and terrain that does not support

Fig 2. Nucleocapsid (N) gene positivity by sample types.

https://doi.org/10.1371/journal.pone.0274793.g002
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passive gravitational flow of wastewater to the central WWTP. However, in this study we man-

aged to collect samples from community WWTPs and septic tanks from NST sites to capture

communities that were not served by the central WWTP.

Although we found that both weekly or fortnightly collection frequency with grab and/or

passive sampling collection methods as feasible, weekly collections were preferred in order to

provide real-time data to inform the public health response. The laboratory capacity to con-

duct qualitative (positive/negative) and quantitative identification of SARS-CoV-2 RNA in the

environmental samples (wastewater and soil) were also feasible although some pre-processing

procedures need to be conducted prior to the RT-qPCR procedure (i.e., wastewater filtration

and soil homogenization). There were challenges in providing real-time results during peak

COVID-19 outbreaks due to overburdened staff and limited access to equipment, and there-

fore, ideally WBE surveillance should be integrated into the routine surveillance programs

with dedicated staff. Additionally, the availability of imported reagents has delayed laboratory

analysis during periods of high output. Local epidemiological data describing the distribution

of COVID-19 cases (symptomatic and asymptomatic) with laboratory confirmed positive tests

for SARS-CoV-2 infections by sub district, on a weekly basis, were available to compare with

the findings from WBE surveillance. However, data analysis to link environmental and com-

munity data remains challenging and needs further exploration.

Despite efforts, there remain practical limitations of WBE surveillance in LIMCs. It is likely

that wastewater sampling of the reticulated sewerage system reflects the more modern and

affluent sector of the city and may not provide meaningful insights into the presence of SARS-

CoV-2 infection within the broader community. Most of the city and rural areas manage

human effluent via septic tanks, pit latrines or by open defecation with subsequent

Fig 3. Distribution maps of SARS-CoV-2 in Special Region of Yogyakarta province, comparing detection targeting N gene to community confirmed

cases. (A) In week 1–2 of the sample collection. (B) In week 5–6 of the sample collection. (C) In week 9–10 of the sample collection. Community COVID-19

confirmed cases were represented by blue color, the lighter the fewer cases. Detected cases in sampling locations were represented by red colored dots/triangles/

pentagons, while non-detected cases were represented by green colored dots/triangles/pentagons. With circles denoting manholes, pentagons denoting river

and triangles denoting NST water.

https://doi.org/10.1371/journal.pone.0274793.g003
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contamination of surface water and rivers. Therefore, to understand the distribution of SARS-

CoV-2 RNA in environments that reflect the presence of community infections with frag-

mented wastewater infrastructures, NST sites, and in places where people publicly congregate

were selected. These sites include permanent dwellings (apartment and flats), temporary living

places (hotels), public spaces (traditional markets, town squares, mosques, and a public swim-

ming pool), rivers, working spaces (both office and factory), and COVID-19 shelters (facilities

which are designated as temporary quarantine shelters for people testing positive for COVID-

19). This WBE approaches using NST may allow detection of targeted clusters for whom rapid

action may reduce or prevent the risk of larger outbreaks within the community [26].

It has been proposed that WBE surveillance has the potential to act as an early warning sys-

tem (EWS) for COVID-19 outbreaks [27–32]. This should be conducted in collaboration with

the public health authorities to enable the timely follow up of positive detections by strategies

such as contact tracing, strengthening health protocols, or implementing a community lock-

down. This could be broadly implemented across the community or in a targeted response

depending on the local context and level of concern. For instance, if SARS-CoV-2 RNA is

detected (positive result) in the sewerage sample in an area where there had consistently been

no detections (negative result), then a lockdown or mass screening could be implemented in

the area drained by the sewerage system; or if the result is taken from a closed community

(e.g., Boarding school), contact tracing within the community should be conducted

immediately.

Conclusions

In conclusion, an environmental surveillance system for SARS-CoV-2 in Indonesia is feasible

and can be used to monitor the community burden of SARS-CoV-2 infection. However, future

research is needed to explore its potential to act as an EWS for the early identification of

SARS-CoV-2 outbreaks within a community, especially in regions with limited access to clini-

cal testing. Although the sewer infrastructure of wastewater systems is quite limited in Indone-

sia, an expanded sampling approach based on the local context and including NST can

support an effective SARS-COV-2 surveillance program.
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