
Science of the Total Environment 843 (2022) 156964

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Wastewater-based epidemiology in countries with poor wastewater
treatment — Epidemiological indicator function of SARS-CoV-2 RNA in
surface waters☆
Stoimir Kolarević a,⁎,1, Adrienn Micsinai b,1, Réka Szántó-Egész c, Alena Lukács c, Margareta Kračun-Kolarević a,
Ana Djordjevic a, Danijela Vojnović-Milutinović a, Jovana Jovanović Marić a, Alexander K.T. Kirschner d,e,f,
Andreas A.H. Farnleitner e,f,g, Rita Linke e,g, Aleksandar Đukic h, Jovana Kostić-Vuković i, Momir Paunović a
a University of Belgrade, Institute for Biological Research "Siniša Stanković", National Institute of the Republic of Serbia, Bulevar despota Stefana 142, 11060 Belgrade, Serbia
b WESSLING Hungary Ltd., Anonymous str 6., H-1045 Budapest, Hungary
c Biomi Ltd., Szent-Györgyi Albert str 4, H-2100 Gödöllő, Hungary
d Medical University Vienna, Institute for Hygiene and Applied Immunology – Water Microbiology, Kinderspitalgasse 15, Vienna, Austria
e Interuniversity Cooperation Center Water and Health (ICC), Austria
f Karl Landsteiner University of Health Sciences, Division Water Quality & Health, Dr.-Karl-Dorrek-Straße 30, A-3500 Krems, Austria
g Technische Universität Wien, Institute of Chemical, Environmental and Bioscience Engineering, Research Group for Microbiology and Molecular Diagnostics 166/5/3,
Gumpendorferstraße 1a, A-1060 Vienna, Austria
h University of Belgrade, Faculty of Civil Engineering, Bulevar kralja Aleksandra 73, 11000 Belgrade, Serbia
i University of Belgrade, Institute for Multidisciplinary Research, Department of Biology and Inland Water Protection, Kneza Višeslava 1, 11000 Belgrade, Serbia
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Wastewater-based epidemiology imple-
mentation is a challenge in developing
countries.

• Surveillance of SARS-CoV-2 RNA in sur-
face waters could have epidemiological
function.

• Viral RNAwas detectable in 31 of 44 proc-
essed river water samples in Serbia.

• Only in 4 samples RNA concentrations
were above the level of quantification.

• Approach sensitivity could be improved
by processing higher volumes of samples.
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 Wastewater-based epidemiology (WBE) surveillance of COVID-19 and other future outbreaks is a challenge for devel-
oping countries as most households are not connected to a sewerage system. In December 2019, SARS-CoV-2 RNAwas
detected in the Danube River at a site severely affected by wastewaters from Belgrade. Rivers are muchmore complex
systems than wastewater systems, and efforts are needed to address all the factors influencing the adoption of WBE as
an alternative to targeting raw wastewater. Our objective was to provide a more detailed insight into the potential of
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SARS-CoV-2 surveillance in Serbian surface waters for epidemiological purposes. Water samples were collected at 12
sites along the Sava and Danube rivers in Belgrade during the fourth COVID-19 wave in Serbia that started in late Feb-
ruary 2021. RNA was concentrated using Amicon Ultra-15 centrifugal filters and quantified using RT-qPCR with
primer sets targeting nucleocapsid (N1 and N2) and envelope (E) protein genes. Microbiological (faecal indicator bac-
teria and human and animal genetic faecal source tracking markers), epidemiological, physicochemical and
hydromorphological parameters were analysed in parallel. From 44 samples, SARS-CoV-2 RNA was detected in 31,
but only at 4 concentrations above the level of quantification (ranging from 8.47 × 103 to 2.07 × 104 gc/L). The
results indicated that surveillance of SARS-CoV-2 RNA in surface waters as ultimate recipients could be used as an ep-
idemiological early-warning tool in countries lacking wastewater treatment and proper sewerage infrastructure. The
performance of the applied approach, including advanced sampling site characterization to trace and identify sites
with significant raw sewage influence from human populations, could be further improved by adaptation of the meth-
odology for processing higher volumes of samples and enrichment factors, which should provide the quantitative in-
stead of qualitative data needed for WBE.
Untreated wastewaters
Serbia
1. Introduction

It has been more than two years since the start of the COVID-19 pan-
demic and despite vaccination and major findings regarding the transmis-
sion of the virus, the end of the pandemic cannot be predicted. Globally,
by 27th April 2022 there were 508,827,830 confirmed cases of COVID-
19, with 6,227,291 deaths (WHO, 2022). In Serbia, COVID-19 appeared
in 6 waves and we are currently nearing the end of the sixth (https://
www.worldometers.info/coronavirus/country/serbia/). The periodic in-
crease in the number of infected individuals highlights the need to develop
early warning and prediction systems for upcoming waves. Wastewater
based epidemiology (WBE) has proven to be a powerful tool (Ahmed
et al., 2021b; Barceló, 2020; Bibby et al., 2021; Foladori et al., 2020;
Gonzalez et al., 2020; Kumar et al., 2021a, 2021b; Lundy et al., 2021;
Rimoldi et al., 2020; Sherchan et al., 2020; Sherchan et al., 2021). In
March 2021, the EU Commission issued a recommendation on a common
approach for establishing the systematic surveillance of SARS-CoV-2 and
its variants in EU wastewaters (EU Commission, 2021). This has raised
the question of the applicability and adoption of WBE in countries with
poor sanitation, i.e. those lackingwastewater treatment plants or having in-
sufficiently developed sewerage infrastructure, and has highlighted the
need for it (Ahmed et al., 2021b; Jakariya et al., 2021). Such a situation
is still prevalent in most EU neighbouring countries in the Western Balkans
where all have the perspective of accession to the European Union, includ-
ing the Republic of Serbia. Belgrade, the capital of Serbia with 1,700,000
inhabitants, does not have any wastewater treatment facility. Although
Belgrade has quite a developed sewer system comprised of combined and
separate sewers with a total length of over 1500 km towhich 1.2million in-
habitants are connected, a large part of the sewage is still discharged into
natural watercourses in the city's urban area (such as the Topčiderska
River and Mirijevski Potok). Most of the sewer outlets are submerged in
the final recipients (the Sava and Danube) and are only directly accessible
during periods of low flow. The lack of centralized sampling stations,
such as influents in wastewater treatment plants as proposed in the EU
Commission Recommendation (EU Commission, 2021), makes clear the
need for the adoption of a systematic surveillance program. On the other
hand, potential issues related to the discharge of untreated wastewaters
into natural watercourses are recognized in Serbia and the assessment of
microbiological indicators of faecal pollution is included in the national
monitoring program of surface waters (Official Gazette of the Republic of
Serbia No.74/2011, 2011). Existing national databases could be useful in
defining the sampling stations affected by faecal pollution and could
be potentially used for surveillance of SARS-CoV-2 and its variants
since SARS-CoV-2 RNA can be detected in surface waters (Kolarević
et al., 2021). RNA was quantified using RT-qPCR with primer sets
targeting nucleocapsid (N1 and N2) and envelope (E) protein genes.
The SARS-CoV-2 gene copy number in the analysed samples ranged
from 5.96 × 103 to 1.30 × 104/L and corresponded to values reported
for raw wastewater treatment plant influents in other countries. Viral
RNA was not detected in the water sample collected at the site situated
20 km downstream. With the fourth wave of COVID-19, which started in
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late February 2021, we obtained more information about SARS-CoV-2
RNA in surface waters. Our goal was to investigate if the surveillance
of SARS-CoV-2 RNA in surface waters in countries with poor wastewater
treatment can serve as an epidemiological indicator. While the same site
was used as before, additional aspects were included in this study, such
as hourly variations related to defecation frequency and timing, longitu-
dinal impact of wastewaters on the river, variations in hydrometeoro-
logical conditions in situ, and epidemiological parameters including
the dynamics of active cases. In parallel, water samples were collected
at 8 additional locations affected by untreated wastewater discharges
in the urban area of Belgrade in order to demonstrate that the site
used previously was not an isolated case.

2. Materials and methods

2.1. Sampling sites

Table 1 shows the coordinates of the sampling sites on the Danube
River, the SavaRiver and its right tributary, the Topčiderska River, with sat-
ellite captions of the sites provided in Fig. 1. Five sites were investigated
along the Sava, the largest tributary of the Danube by discharge. Site S1 is
situated next to the pedestrian/recreational zone of the newly recon-
structed city area. At 60 m upstream of this site the combined sewer outlet
“Lasta” drains the southwestern part of the central area of Belgrade with a
wastewater load of 74,800 population equivalents (p.e.). Site S2 is situated
next to the recreational zone, 100 m downstream of the biggest combined
sewer outlet “Sajam”, which accounts for almost 40 % of the total of
Belgrade's wastewater discharge (537,000 p.e.). Site S3 is the only sampling
site near the left bank of the river at the confluence of the Sava and Danube,
and is located near the largest separate sewer outlet “Ušće”with awastewa-
ter load of 268,000 p.e. Site S4 is situated on the Topčiderska River which
empties into the Sava 4400 m upstream of the confluence of the Sava and
Danube. Site S5 is in the Sava River branch near the mouth of the
Topčiderska River. There are no precise data on the sewerage outlets in
the vicinity or upstream of S4 and S5. A main trunk sewer along the
Topčiderska River collects wastewater from the watershed and sends it
further downstream to the outlet “Sajam”. However, the quality of the
Topčiderska River is degraded due to the discharge of untreated sewage
from small outlets, sewer overflows, discharges from commercial enter-
prises and polluted surface runoffs. In the absence of more precise data, it
is estimated that about 15 % of the wastewater from the watershed area
is discharged directly into the Topčiderska River instead of the sewer
system.

On the Danube River, 7 sites were investigated. The Danube down-
stream of Belgrade has an average flow of 5600 m3/s. Site S6 is situated
on the Danube branch 250 m from the mouth of the small tributary,
Mirijevski Potok (stream). This natural waterbody is used as a recipient
for domestic wastewater with a total average load of 37,500 p.e. The sites
S7, S7a and S7b are situated near the right riverbank downstream (30,
2000 and 4570 m, respectively) of the second largest combined sewer out-
let in Belgrade (246,000 p.e.). Site S8 is situated at the end of Danube's side
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Table 1
Sampling sites and characteristics of the closest wastewater sewer outlets relative to the sampling site (Master Plan of the Belgrade Sewerage System, 2011).

Sampling spot Coordinates Distance from closest outlet
(m)

Sewer type Average sewage flow rate
(m3/day)

Wastewater load, p.e.(−)a

S1 44°48′46.05″N
20°26′58.59″E

60 Combined 17,500 74,800

S2 44°47′59.21″N
20°26′20.58″E

100 Separate and combined 94,250 537,000

S3 44°49′23.75″N
20°26′32.21″E

20 Separate 47,820 268,000

S4 44°46′51.28″N
20°26′16.82″E

-b Separate and combined 5000b 20,000b

S5 44°47′34.71″N
20°25′34.50″E

80 Separate and combined 5000b 20,000b

S6 44°49′15.72″N
20°31′35.82″E

250 Separate 7900 37,500

S7 44°49′29.69″N
20°29′44.31″E

30 Combined 46,650 246,000

S7a 44°49′25.6″N
20°30′51.5″E

2000 Combined 46,650 246,000

S7b 44°49′50.1″N
20°32′34.3″E

4570 Combined 46,650 246,000

S8 44°49′47.99″N
20°32′43.07″E

250 Separate 13,050 61,300

S9 44°49′54.76″N
20°32′50.87″E

620 Separate 13,050 61,300

S9b 44°50′22.6″N
20°33′29.2″E

1800 Separate 13,050 61,300

a p.e. – population equivalent, 1 p.e. = 60 gBOD5/day; BOD5–5-day biochemical oxygen demand.
b - no precise data on wastewater outlets, estimated values.
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channel, 250m from the outlet of a separate sewer, with a wastewater load
of 61,300 p.e. The outlet can be seen in the satellite image. Sites S9 and S9b
are situated further downstream (620 and 1800 m, respectively) on the
Danube River.

2.2. Samples

Four groups with a total of 44 samples were processed. All samples
were collected as grab samples at 30 cm below the surface in 500-mL
polyethylene bottles and transported to the laboratory in dark cooling
boxes at 4 °C. Physicochemical and bacterial parameters were measured
directly upon sampling. An overview of groups and sample types is
given in Table 2.

2.2.1. Group I – hourly variations related to the frequency and timing of
defecation

Samples were collected at site S9 and used for composite sample prepa-
ration (Kolarević et al., 2021). Each hour, 1000-mL grab samples were col-
lected over a 12-h period (commencing at 07.00) on 10th December 2020
(12 samples in total). Samples used for RNA extraction were stored at
−20 °C until analysis (for up to 7 months).

2.2.2. Group II – longitudinal impact of wastewaters on the river
Samples were collected on 28th February 2021 at 6 sites along the right

riverbank of the Danube in Belgrade as follows: S7 (upstream and down-
streamof the outlet), S7a, S7b, S9 and S9b. All samples used for RNA extrac-
tion were stored at −20 °C until analysis (up to 4 months).

2.2.3. Group III – temporal variations related to the epidemiological and hydro-
meteorological factors

Samples were collected throughout the 4th wave of COVID-19 in Serbia
at site S9 once or twice a week from 9thMarch to 28thMay 2021. Sampling
was performed at 11.00. Grab samples were collected at 30 cm below the
surface in 500-mL polyethylene bottles. A total of 19 samples were
analysed. Physicochemical, chemical and bacterial parameters were mea-
sured immediately upon sampling. All samples used for RNA extraction
were stored at −20 °C until analysis (up to 5 months).
3

2.2.4. Group IV – additional wastewater-affected locations along the Sava and
Danube rivers in Belgrade's urban area

Samples were collected at 7 sites (S1, S2, S3, S4, S5, S6, S8) during the
peak of the 4th wave of COVID-19 in Serbia from 29th March to 2nd April
2021. A total of 19 sampleswere analysed. All samples used for RNA extrac-
tion were stored at −20 °C until analysis (up to 3 months).

2.3. Physicochemical and cultivation-based bacteriological characterization of
the samples

Temperature, pH, conductivity and dissolved oxygen levels were
measured onsite using a multiparameter probe (WTW/Xylem Analytics,
Germany). Data are provided in the supplementary material (Supplemen-
tary Tables S1–4).

Standard faecal indicator bacteria (SFIB; E. coli and intestinal entero-
cocci) were quantified using defined substrate technology IDEXX Quanti-
Tray 2000, which provides a Most Probable Number (MPN) result based
on the change in colour/fluorescence in 97 wells. Powdered reagents
Colilert-18 and Enterolert-E were used for E. coli and enterococci, respec-
tively. Trays were incubated for at least 18 h at 37 °C for E. coli and at
least 24 h at 44 °C for intestinal enterococci.

2.4. Microbial faecal source tracking markers

From each sample, 100mL were filtered over 0.2-μm pore-size polycar-
bonate filters (Merck-Millipore, Darmstadt, Germany) which were subse-
quently frozen and stored at −80 °C until DNA extraction. A clean filter
was frozen and stored with the sample filters as a filter control. DNA was
extracted by a mechanical, bead-beating-based DNA-extraction protocol
with chemical phenol-chloroform-based isolation of DNA as described pre-
viously (Griffiths et al., 2000; Mayer et al., 2018; Reischer et al., 2008).
DNAwas eluted in 100 μL of 10 mMTris buffer, pH 8. All qPCR reactions
were run on a Rotor-Gene Q thermocycler (Qiagen, Netherlands) in du-
plicate and were performed in a 15-μL reaction volume as described
(Mayer et al., 2018). Quantification was achieved by parallel quantifica-
tion of a dilution series of standard plasmids of known concentration. As
a robust estimate for the sample limit of detection we applied the thresh-
old of detection (TOD) concept (Reischer et al., 2007, 2008). The



Fig. 1. Satellite images of sampling sites (Google Earth).
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filtration volume (50–100 mL), the use of 2.5 μL diluted DNA extract in
the qPCR reaction and the minimal number of detectable targets per
PCR reaction define the detection threshold (Reischer et al., 2007).
The human-associated faecal marker BacHum (Kildare et al., 2007)
was used to track human-associated faecal pollution. Ruminant-
associated pollution was traced by the BacR qPCR assay (Reischer
et al., 2006) while the Pig2Bac qPCR assay was used to trace pig-
associated pollution (Mieszkin et al., 2009). The quantitative microbial
Table 2
An overview of the water samples collected and processed in the 3rd and 4th COVID-19

Sample group Date of sampling COVID-19 wave in RS

Group I 10th December 2020 3rd
Group II 28th February 2021 4th
Group III 9th March-28th May 2021 4th
Group IV 29th March-2nd April 2021 4th

4

source tracking results were expressed as marker equivalents per
100 mL (ME/100 mL).

2.5. SARS-CoV-2 RNA extraction and RT-qPCR

The protocol described in Medema et al. (2020) was applied with mod-
ifications as indicated previously (Kolarević et al., 2021). Samples were
processed in parallel and for each sample a process control spiked sample
waves.

Frequency of sampling Number of samples Sampling sites

Multiple-hourly 12 S9
single grab 6 S7, S7a, S7b, S9, S9b
1–2 times per week 19 S9
single grab 7 S1, S2, S3, S4, S5, S6, S8

Image of Fig. 1


Fig. 2. Results of MST marker analyses for all samples expressed as marker
equivalents (log (ME+1)/100 mL) for human- (BacHum), ruminant- (BacR) and
pig- (Pig-2-Bac) associated genetic faecal markers.
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was prepared by adding 9.6× 102 genomic copies of heat inactivated viral
material (ATCC Heat Inactivated 2019 Novel Coronavirus VR-1986HK,
(ATCC, USA)). To remove solid suspended matter, the samples were
centrifuged at 4,000 ×g for 40 min; supernatants were removed and
concentrated using Amicon Ultra-15 centrifugal filters (Ultracel-100,000
NMWL, Merck Millipore, Ireland) in 3 × 15 mL steps at 4,000 ×g for
30 min each. RNA extraction was performed using the NucleoSpin RNA
Virus kit (Macharey-Nagel, Germany).

Two targets on the nucleoprotein gene (N1 and N2, US Centers for
Disease Control and Prevention, 2019) and one on the envelope gene (E,
Corman et al., 2020) were probed (primer and probe sets shown in
Supplementary Table 5). The PCR reactionwas carried out in 20 μLfinal vol-
ume, containing 5 μL TaqMan Fast Virus 1-Step MasterMix (ThermoFischer
Scientific, Lithuania) supplemented with 0.4 μL BSA (Bovine Serum Albu-
min; 20 mg/mL, Thermo Fisher Scientific, USA), primers and probes
(Merck, Darmstadt, Germany) at final concentrations shown in Supplemen-
tary Table 5, and 5 μL of the isolated RNA. RT-PCR was carried out with a
QuantStudio 5 real-time PCR device (Thermo Fisher Scientific, USA) for
5 min at 50 °C, followed by 45 cycles of 10 s at 95 °C and 30 s at 60 °C.
The threshold of detection was set at 40 cycles (Kolarević et al., 2021).
Each RNAwas analysed in technical duplicate, as well as the process control
sample used to estimate recovery values; each assay included negative and
positive template controls. The presence of potential inhibitory substances
in the isolated RNAwas assessed by testing and evaluating an 8-fold dilution
of the isolated RNA. A standard curve was derived from the quantitative ge-
nomic RNA reference material (quantitative genomic RNA from severe
acute respiratory syndrome-related coronavirus 2 strain 2019-nCoV/USA-
WA1/2020, VR-1986D) provided by ATCC (USA) by preparing andmeasur-
ing 10-fold dilutions in parallel for the N2 gene. The calibrated concentra-
tion range was between 3.7 × 105 to 0.37 genome copies/reaction (gc/
rxn) using a 7-point calibration.

The N1, N2 and E gene detection validationwith purified RNA from the
ATCC VR-1986 virus material previously yielded the following results: N1
and N2 genes were detected at a 2 gc/rxn level, the E gene reaction had a
slightly higher threshold at 14 gc/rxn (Kolarević et al., 2021). The verified
sample limit of detection (SLOD) for the N2 region was 3.47 × 102 gc/L
raw sample. The sample limit of quantification (SLOQ) was determined
for an individual measurement batch based on the calibration point data
that gave Ct values ≤40. Samples for which the measured concentration
was above the SLOD but below the SLOQ were extrapolated based on the
calibration equation and are shown in Tables 4 to 7.

The recovery efficiency was assessed by adding 9.6× 102 genomic cop-
ies of heat inactivated viralmaterial (ATCCHeat Inactivated 2019Novel Co-
ronavirus VR-1986HK, (ATCC,USA) to each sample. The recovery efficiency
was calculated based on the copies quantified by RT-qPCR as follows:

Recovery efficiency %ð Þ ¼ virus recovered=virus seededð Þ � 100

and was found to be on average 10.4 % (standard deviation 6.3 %) for the
negative samples.

Inhibitionwas checked by observing the Ct values of the spiked samples
in the recovery study and comparing them to Ct values of samples, that
were 8-fold diluted. The expected increase in Ct values of the diluted sam-
ples was theoretically 3 but due to the low viral concentrations and the
background natural contamination a positive shift was accepted as indica-
tion of lack of presence of inhibitors. Data on the calibration and reaction
efficiencies of the SARS-CoV-2 N2 assays are provided in Supplementary
Table 6. Data on inhibition and recovery data for the SARS-CoV-2 N2
assay are provided in Supplementary Table 7.

2.6. Epidemiological background

Data were obtained from https://www.worldometers.info/coronavirus/
country/serbia/, official national data (https://covid19.rs/), the European
Centre for Disease Prevention and Control (ECDC) and Serbian public
news reports.
5

3. Results and discussion

3.1. General overview of the results

A total of 12 sites were investigated to identify goodWBE candidates for
sampling spots on rivers as an alternative to the sampling of wastewater
treatment plant effluents. The major criteria were that the sites were situ-
ated near to the major outlets, that they were predominantly influenced
by nearly fresh human sewage and minimally affected by dilution by the
river or affected by faecal pollution of animal origin. At all sites, the preva-
lence of human-associated pollution was recorded (Fig. 2). The median for
the BacHummarker (7.61 log (ME+1)/100 mL) in all samples was several
logarithms higher in comparison to the median for the animal-associated
markers (the BacR and Pig2Bac medians were 0 and 2.59 log (ME+1)/
100 mL, respectively). Table 3 summarises data on the measured SFIBs
and BacHummarkers. It is evident that the sites were under different levels
of pollution pressure. The sites under maximum human influence were S1,
S2, S6, S8, S9 and S7 ds outlets. At these sites, the concentrations of E. coli
(5.8 to 7.2 log MPN/100 mL) and the BacHum marker (7.6 to 9.1 log
(ME+1)/100 mL) were in the range of those reported in the literature for
raw wastewaters (E. coli 6.1 log MPN/100 mL and BacHum 8.6 log
(ME+1)/100 mL (Mayer et al., 2016)), and several logarithms higher in
comparison to the median values for the whole Danube (E. coli 2.4 log
MPN/100 mL and BacHum 3.8 log (ME+1)/100 mL, as reported in
Kirschner et al. (2017)) which marks these sites as primary candidates for
surveillance.

Out of 44 samples analysed for the current study, 31were positive for at
least one of the SARS-CoV-2 target regions. In the positive samples, the N2
region was detected in 31, the N1 region in 8, and the E region in 10 sam-
ples, respectively. Discrepancies in the sensitivity of the applied primer sets
have been reported by other authors (Ahmed et al., 2021a; Medema et al.,
2020; Nalla et al., 2020), but to our knowledge it is unknown if the reason
for this is variability in the performance of the assays or due to degradation
in the target genetic material (Philo et al., 2021). Lu et al. (2020) had dem-
onstrated that the N2 assay had less nucleotide mismatches than the N1
assay when compared with 7158 available SARS-CoV-2 genome data and
this could result in changes in PCR efficiencies when starting out with diffi-
cult matrices like environmental samples. Environmental factors such as
temperature and pH can also significantly impact longevity of viral RNA
in the environment which should not be neglected at this point (Jakariya
et al., 2021). Although most authors reported higher sensitivity for the
N1 primer set (Ahmed et al., 2021a; Medema et al., 2020), the results of
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Table 3
Numbers of standard faecal indicator bacteria (E. coli and intestinal enterococci
expressed as log MPN/100 mL) and the microbial source tracking marker BacHum
expressed as log (ME+1)/100 mL.

Group/site E. coli E. faecalis BacHum

Leterature datac

Raw WW 6.1a 4.8a 8.6a

Treated WW 3.8a 3.4a 6.4a

Danube-whole river 2.4b 1.5b 3.8b

Danube-annual ds Belgrade 3.5b 2.9b 5.0b

Group Ic

S9 5.9 5.1 8.1

Group IId

S7 us outlet 3.2 2.6 5.0
S7 ds outlet 6.8 6.0 8.4
S7a 3.6 2.8 5.4
S7b 3.7 2.5 5.2
S9 5.3 4.1 6.6
S9b 4.1 2.8 5.8

Group IIIc

S9 5.8 5.0 7.6

Group IVd

S1 6.1 5.2 8.1
S2 7.2 6.5 9.1
S3 5.9 4.8 7.6
S4 5.5 3.8 7.0
S5 5.1 3.6 6.7
S6 6.0 5.1 7.7
S8 6.5 5.1 7.7

a Mayer et al. (2016).
b Kirschner et al. (2017).
c median value of multiple measurments.
d single measurement.
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our study are in favour of the N2 primer set. Of the 31 samples yielding
positive results for N2, the quality assessment revealed for 27 samples
that the determined concentrations were at the SLOD and only 4 samples
were at the SLOQ. Similarly, the study by Hata et al. (2021) reported that
for most tested wastewater samples the quality assessments were at the
LOD. This significantly impacts the interpretation of the obtained dataset
and establishment of the model in relation to other monitored parameters.
However, only a few of the studies dealing with the detection of coronavi-
rus RNA in wastewaters properly addressed LOD and LOQ. Bivins et al.
(2021) reviewed the data published in 125 preprint and peer-reviewed
publications concerning wastewater surveillance for SARS-CoV-2 RNA. A
Fig. 3.Number of newCOVID-19 cases in Serbia reported per day, sampling dates for Gro
in red, and for Group IV in yellow (data retrieved from https://www.worldometers.info
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LOQ valuewas reported for only 19% of the RT-qPCR assays. If LOQ values
were reported, they ranged from 5 to >10,000 gc/rxn. Additionally, when
multiple RT-qPCR assays were used in a single publication, the reported
LOD and LOQ values were often not attributed to a specific assay.

3.2. Group I – hourly variations related to the frequency and timing of defecation

Ahmed et al. (2021a) indicated that sampling design is a pivotal factor
for detecting SARS-CoV-2 RNA as it is expected to vary diurnally, based on
defecation frequency and timing. It is expected that samples collected dur-
ing periods of peak faecal loading may be more enriched in SARS-CoV-2
RNA. Therefore, samples were collected every hour and SFIBs were used
as an indication of the faecal load of the samples. Sampling for the determi-
nation of possible effects of hourly variations on the detection frequency of
SARS-CoV-2 targets (Group I samples) was performed in the 50th week of
2020 when the 14-day incidence rate in Serbia was 1396 per 100,000 citi-
zens according to the ECDC. On the date of sampling, the number of new
cases in Serbia was 7393 (Fig. 3).

The major deviations in SFIB concentrations were observed in samples
collected at 13.00 and 15.00 h. The trend in the variation of SFIB was not
followed by the MST marker; thus, it should be taken into consideration
that BacHum was not assessed in all samples (Fig. 4).

It was expected that the faecal load peak would occur in the
antemeridian as defecation in the general population is most frequent in
the early morning (Heaton et al., 1992). Having in mind the additional re-
tention time in the sewerage and the retention time from the outlet until the
wastewater reaches the sampling point, the peak in E. coli concentration ob-
served at 11.00 h was as expected. The concentration of SARS-CoV-2 RNA
was assessed in each sample (Table 4). The N2 region was present in 11 of
12 investigated samples, but in 9, the concentration of RNA was above the
SLOD but below the SLOQ. One of the samples that was negative for the
presence of viral RNA (B-1220-15.00) was one of two samples with the
lowest faecal load based on E. coli concentrations. The RNA concentration
measured in the sample with the highest faecal load based on E. coli (B-
1220-11.00) was one of the highest, but the concentration was below the
SLOQ. Bearing in mind that the RNA concentration in most of the samples
was above the SLOD but below the SLOQ, it is difficult to draw conclusions
on the correlation between RNA concentration and faecal load. It was taken
into account that SARS-CoV-2 RNA was not present in all samples and that
in a composite sample prepared from these samples, all three regions (N1,
N2 and E) were detectable, as previously reported (Kolarević et al.,
2021). Composite samples have an advantage over grab samples, especially
for sampling actions aiming to detect shedding by very few individuals
(Ahmed et al., 2021a).
up I samples aremarked in green, those for Group II aremarked in blue, for Group III
/coronavirus/country/serbia/).

Image of Fig. 3
https://www.worldometers.info/coronavirus/country/serbia/


Fig. 4. Numbers of standard faecal indicators (EC – E. coli and IE – intestinal
enterococci expressed as log MPN/100 mL) and microbial source tracking
markers (BacHum expressed as log (ME+1)/100 mL) in water samples from
Group I.
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3.3. Group II – longitudinal impact of wastewaters on the Danube River

Previously, we observed that SARS-CoV-2 RNA was present in samples
taken at the site directly affected by the wastewaters. Positive signals have
not been detected for any of the primer sets in samples taken at the site sit-
uated 20 km downstream of Belgrade, suggesting the high dilution poten-
tial of the Danube River over the investigated stretch that was also
reflected in the decline in concentrations of indicator bacteria (Kolarević
et al., 2021). In this follow-up research we further investigated the spatial
impact of wastewaters on the Danube River. Sampling for Group II com-
menced in the 8th week of 2021 with a 14-day incidence rate of 554 per
100,000 citizens.

At site S7, the concentrations of microbial indicators in samples col-
lected upstream of the outlet (Table 3) were in the range characteristic for
this section based on the values reported in Kirschner et al. (2017). The im-
pact of the outlet at site 7 was evident by the >3 orders of magnitude in-
crease in faecal indicators at the sampling location downstream of the
outlet (marked as 7ds) compared to the location situated upstream of the
outlet. The impact of wastewater was also evident according to the physico-
chemical parameters measured on site (change in temperature, conductivity
and oxygen concentration, Supplementary Table S2). However, 2 km fur-
ther downstream at site S7a, the concentrations of all faecal indicators and
the values of physicochemical parameters were in line with those measured
at location S7us, confirming the high dilution potential of the river. Further
downstream, the impact of the wastewater outlets from sites S6 and S8
Table 4
Results of RT-qPCR amplification shown as gc/L of SARS-CoV-2 target gene in
Group I samples (calculation is based onN2 primer set) and observed quality assess-
ment (above SLOD or above SLOQ).

Sample code Genetic region
detected

gc/L Quality
assessment

SLOQ
(gc/L)

B-1220-7.00 N2 4.22E+03 >SLOD 1.44E+04
B-1220-8.00 N2 3.58E+03 >SLOD 1.44E+04
B-1220-9.00 N2 7.34E+03 >SLOD 1.44E+04
B-1220-10.00 N2 6.17E+03 >SLOD 1.44E+04
B-1220-11.00 N2 1.05E+04 >SLOD 1.93E+04
B-1220-12.00 N2 5.17E+03 >SLOD 1.02E+04
B-1220-13.00 N2 7.83E+03 >SLOD 1.02E+04
B-1220-14.00 N2 4.60E+03 >SLOD 1.02E+04
B-1220-15.00 – – –
B-1220-16.00 N2,E 1.28E+04 >SLOQ 8.47E+03
B-1220-17.00 N2 6.56E+03 >SLOD 8.47E+03
B-1220-18.00 N2 8.97E+03 >SLOQ 8.47E+03
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(with a combined amount of almost 100,000 p.e.) was evident at site S9
where an increase in E. coli values of two orders of magnitude was recorded.

Table 5 shows the data of the RT-qPCR amplification and SARS-CoV-2
copy number in those samples. Only the N2 region was found in 3 out of
6 investigated samples, while the concentrations were below the SLOQ.
Given that the samples were collected at the start of the fourth wave of
COVID-19, it is evident that only sites with a high wastewater impact
should be used for surveillance. Considering that viral RNA was detected
at site S9 and that the location is “an open river site” with a distance from
outlets that enables mixing of wastewaters with the river water matrix,
this site was chosen for collecting Group III samples.

3.4. Group III – temporal variations related to epidemiological and hydrometeo-
rological factors

Although the analysis of composite samples has its advantages (Ahmed
et al., 2021a), the preparation could be too demanding if an automated
sampler cannot be installed. This was the case for all investigated sites in
our study. Therefore, for grab samples, 11.00 h was chosen as the optimal
time of sampling. Sampling for Group III samples started in the 10th
week (with a 14-day incidence rate of 823 per 100,000 individuals) and
ended in the 21st week (with a 14-day incidence rate of 83 per 100,000
persons) of 2021 when the peak of the fourth wave was reached in weeks
12 and 13 (14-day incidence rate of 999 and 960 per 100,000 people,
respectively).

Data on the epidemiological, physicochemical and hydrometeorological
parameters related to Group III samples is provided in Supplementary
Table 3. Based on the bacterial faecal indicators, none of the samples in
Group III were identified as an outlier. Based on 7 days of cumulative pre-
cipitation, three rainy periods were recorded (16th-22nd March, 19th
April and 20thMay), which was also reflected in the change in water level.

Table 6 provides an overview of the RT-qPCR amplification and SARS-
CoV-2 copy number in samples. The N2 region was detected in 10 out of 19
analysed samples. In three samples, all three regions (N1, N2 and E) were
present, of which two samples were taken in the 13th week of 2021
(peak of the fourth wave). Only in two out of 10 positive samples were tar-
get RNA concentrations above the SLOQ. The highest viral RNA concentra-
tion of 8.62× 104 gc/L was recorded in the sample taken on 1stMay when
the 14-day incidence rate was 440 per 100,000.

When examining the samples that were negative for SARS-CoV-2 RNA,
a change in hydrometeorological conditions could provide an explanation
for three samples: the sample taken on 19thMarch when 7 days of cumula-
tive precipitation of 81mmand an increase in thewater level of 33 cmwere
recorded, and samples taken on 19th and 22nd of April, when 7 days of cu-
mulative precipitation of 49 mm and an increase in the water level for
47 cm were recorded. The last three samples that were negative were
taken during the tail of the fourth wave when the 14-day incidence rate
was below 300 per 100,000 (last positive sample was taken on 6th May
with a 14-day incidence of 341 per 100,000). This might provide informa-
tion about the sensitivity of the used approach with respect to the threshold
of active cases (assessed via a 14-day incidence) that needed to be reached
for detection of viral RNA in the environment. To establish SARS-CoV-2
WBE as a reliable tool for early-warning and surveillance of the current or
future COVID-19 outbreaks, the method's detection limit, precision, accu-
racy and reliabilitymustmeet certain criteria to be useful for public surveil-
lance (Westhaus et al., 2021). Setting the presumptive threshold at 300 per
100,000 indicates that the approach is not as sensitive as the ones applied to
wastewater in treatment plant inlets. Themost striking example is the study
of Hata et al. (2021) performed in Japan where SARS-CoV-2 was detected,
even when the number of cases was <1.0 per 100,000. But at the EU level,
the threshold currently set in Germany for wastewater surveillance is 50
acute cases per 100,000, which was reported in the study of Westhaus
et al. (2021) in dry weather conditions.

The study of Ahmed et al. (2022) provides a simplified conceptual
model that demonstrates the challenges of detecting SARS-CoV-2 RNA in
a sewer system when the percentage of individuals excreting SARS-CoV-2

Image of Fig. 4


Table 5
Results of RT-qPCR amplification shown as gc/L of SARS-CoV-2 target gene in
Group II samples (calculation is based on the N2 primer set) and observed quality
assessment (above SLOD or SLOQ).

Sample
code

Site Genetic region
detected

gc/L Quality
assessment

SLOQ
(gc/L)

B-0221-0 S7 us outlet – – –
B-0221-1 S7 ds outlet N2 1.18E+04 >SLOD 2.07E+04
B-0221-2 S7a – – –
B-0221-3 S7b – – –
B-0221-4 S9 N2 5.66E+02 >SLOD 1.21E+04
B-0221-5 S9b N2 1.05E+04 >SLOD 4.42E+04
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is relatively low.When assessing our dataset in light of the proposedmodel,
it is indicative that the actual frequency of positive samples is higher in
comparison with the frequency predicted by the model. However, the
model indicates that the probability of all samples being negative is signif-
icantly reduced if the frequency of the collected samples is increased, which
could be applied in further improving the sensitivity of the approach used
in our study.

The study of Westhaus et al. (2021) shows that RNA load-based evalua-
tions are reliable and capable of coping with variations in wastewater flow,
e.g. storm water events in combined sewer systems. Indeed, herein we ob-
served the impact of precipitation events within the sampling campaign in
Group III. However, the studied set of parameters could not provide an ex-
planation for three samples that were negative (12th March, 5th and 13th
April).

3.5. Group IV – additional wastewater-affected locations along the Sava and
Danube in Belgrade's urban area

Finally, we compared the situation recorded at site S9with other sites in
the urban area of Belgrade that are under the direct impact of untreated
wastewaters. Group IV was sampled at the peak of the 4th wave in the
13th week of 2021 with a 14-day incidence rate of 960 per 100,000. The
study of Ahmed et al. (2021b) reported the accumulation of SARS-CoV-2
genetic material along the sewer network from primary to tertiary drains,
suggesting that monitoring of major drains could represent a city's health.
The authors point out that the distance of sampling location in meters of
the sewerage systems is not likely to have a significant impact on the de-
tected gene concentration. Therefore, within Group IV, the focus was
Table 6
Results of RT-qPCR amplification shown as gc/L of the SARS-CoV-2 target gene in
Group III samples (calculation is based on theN2 primer set) and the observed quality
of assessment (above SLOD and SLOQ).

Sample
code

Sampling
date

Genetic
region
detected

gc/L quality
assessment

SLOQ
(gc/L)

B-090321 3/9/21 N2 1.50E+04 >SLOQ 8.47E+03
B-120321 3/12/21 – – –
B-160321 3/16/21 N2 1.12E+04 >SLOD 2.42E+04
B-190321 3/19/21 – – –
B-220321 3/22/21 N2 1.51E+04- >SLOD 1.76E+04
B-250321 3/25/21 N2 1.01E+04 >SLOD 2.40E+04
B-290321 3/29/21 N2,N1,E 6.86E+03 >SLOD 2.85E+04
B-020421 4/2/21 N2,N1,E 3.01E+04 >SLOD 2.85E+04
B-050421 4/5/21 – – –
B-090421 4/9/21 N2 1.52E+04 >SLOD 4.42E+04
B-130421 4/13/21 – – –
B-160421 4/16/21 N2 1.13E+03 >SLOD 1.21E+04
B-190421 4/19/21 – – –
B-220421 4/22/21 – – –
B-010521 5/1/21 N2,N1,E 8.62E+04 >SLOQ 2.07E+04
B-060521 5/6/21 N2 1.88E+04 >SLOD 2.07E+04
B-120521 5/12/21 – – –
B-200521 5/20/21 – – –
B-280521 5/28/21 – – – –
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placed on the major outlets. Sewage plumes at the outlets and the extent
of pollution along the riverbanks of the Sava and Danube can be observed
on satellite images. The impact of wastewaters on water quality at the se-
lected sites was evident from the concentrations of faecal indicators
(Table 3). It is important to emphasize that these major outlets that are
scattered in the central area of the city, are not properly isolated from
trespassing, being close to pedestrian zones and in city parks, while some
are situated in recreational areas and accessible to recreational fishermen,
presenting a high risk of exposure or contact with the contaminated water.

In Group IV, a total of 7 sites was analysed (Table 7). All samples were
positive for the N2 region with target RNA concentrations above the SLOD.
The E region was found in 6 samples, while the N1 region was present in 5
samples. Based on the Ct values, it can be concluded that the concentration
of viral RNA in the samples in Group IV was like the concentration of viral
RNA in samples of Group III collected in the 13th week.

3.6. Guidance for surveillance – what have we learned

Challenges related to wastewater surveillance of SARS-CoV-2 in coun-
tries with poor sanitation is recognized and recent studies from different
parts of the world deal with this topic (Ahmed et al., 2021b; De Araujo
et al., 2021; Dharmadhikari et al., 2022; Pandey et al., 2021; Tandukar
et al., 2021). To our knowledge this is the first study that investigates the
practical application of surveillance in such a scenario, shifting the focus
fromwastewaters to surface waters as ultimate recipients. WBEmonitoring
and surveillance of COVID-19 and other future outbreaks is a challenge for
developing countries as many households are not connected to sewer net-
works (Jakariya et al., 2021; Pandey et al., 2021). The present situation
in Serbia is slightly better where only 54 % of the entire population is con-
nected to public sewers (Kolarević et al., 2021). In our study, the examples
of Topčiderska River (site S4) and Mirjevski Potok (site S6) indicate that
smaller natural waterbodies, which serve as ultimate wastewater recipi-
ents, have the potential to be used for surveillance. The study of
Guerrero-Latorre et al. (2020) is also in favour of this approach as SARS-
CoV-2 RNA was detected in smaller watercourses in the urban area of
Quito (i.e. the Machángara River), which receives wastewaters from
Ecuador's capital. A similar study performed in Bangladesh (Jakariya
et al., 2021) showed that in rural areas where a sewerage system is not
available, channels and natural streams in municipalities for sewage drain-
age could be used for sampling.

The situation is more complex for rivers with significant discharge and
dilution potential such as the Danube and Sava. The analysis of Group II
samples demonstrated a high dilution potential of the Danube River but
also stressed that the hydromorphological characteristics of the sampling
sites play an important role. Therefore, sites with hydromorphological
characteristics that maximally reduce the mixing of wastewaters and the
river matrix should be preferred. In the case when multiple choices for se-
lection of the outlets are available, the outlets of separate sewage systems
should be focused in order to reduce the influence of hydrometeorological
conditions. SFIBs and MST markers should be of high importance for the
identification of sites with maximum human influence and in
Table 7
Results of RT-qPCR amplification shown as gc/L of SARS-CoV-2 target gene in
Group IV samples (calculation is based on the N2 primer set) and observed quality
assessment (above SLOD and SLOQ).

Sample
code

Sampling
date

Genetic
region
detected

gc/L Quality
assessment

SLOQ
(gc/L)

S8 3/29/21 N2,N1,E 1.02E+04 >SLOD 2.85E+04
S1 3/31/21 N2,N1,E 1.42E+04 >SLOD 2.85E+04
S2 3/31/21 N2,N1,E 1.75E+04 >SLOD 4.23E+04
S5 3/31/21 N2,E 1.03E+04 >SLOD 4.23E+04
S4 3/31/21 N2 1.25E+04 >SLOD 4.23E+04
S3 3/31/21 N2,N1,E 1.05E+04 >SLOD 4.23E+04
S6 4/2/21 N2,N1,E 3.73E+04 >SLOD 4.42E+04
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distinguishing between suitable sites affected by human raw sewage from
unsuitable sites affected by diluted or treated human faecal pollution or in-
fluenced by background animal or surface runoff faecal pollution for WBE.
Further, if the installation of an autosampler is not an option, SFIBs should
be useful for assessment of the peak of the defecation period as an optimal
period for sampling.

Limitations of the applied approach should also be addressed. From 44
analysed samples, SARS-CoV-2 RNA was detectable in 31 samples but only
in 4 sampleswas the concentration above the SLOQ. In order to increase the
performance of the applied approach and to attain quantitative instead of
qualitative qPCR data, higher sample volumes and enrichment factors
should be taken into consideration in further research. This would also
lower the threshold (mean of the number of active cases) of the approach,
which is based on our dataset at 300 per 100,000, as discussed above.

4. Conclusions

Our study provides a detailed insight into the potential of SARS-CoV-2
surveillance in surface waters for epidemiological purposes in countries
with poor sanitation. The obtained results indicate that with proper selec-
tion of sampling sites and a tailor-made sampling strategy, surveillance of
surface waters for SARS-CoV-2 RNA in countries with poor wastewater
treatment has a potential epidemiological indicator function. The perfor-
mance of the applied approach, including advanced sampling site charac-
terization to trace and identify sites of significant raw sewage influence
from human populations (e.g. faecal indicators and genetic source tracking
markers), could be further improved by adaptation of the methodology for
processing higher volumes of samples and enrichment factors, which
should enable the acquisition of quantitative instead of qualitative data
needed for WBE.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.156964.
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