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Abstract: Wastewater surveillance is crucial for the epidemiological monitoring of SARS-CoV-2.
Various concentration techniques, such as skimmed milk flocculation (SMF) and polyethylene glycol
(PEG) precipitation, are employed to isolate the virus effectively. This study aims to compare these
two methods and determine the one with the superior recovery rates. From February to December
2021, 24-h wastewater samples were collected from the Ioannina Wastewater Treatment Plant’s inlet
and processed using both techniques. Subsequent viral genome isolation and a real-time RT-qPCR
detection of SARS-CoV-2 were performed. The quantitative analysis demonstrated a higher detection
sensitivity with a PEG-based concentration than SMF. Moreover, when the samples were positive
by both methods, PEG consistently yielded higher viral loads. These findings underscore the need
for further research into concentration methodologies and the development of precise protocols to
enhance epidemiological surveillance through wastewater analysis.

Keywords: SARS-CoV-2; wastewater surveillance; polyethylene glycol; skimmed milk flocculation

1. Introduction

Following the emergence of SARS-CoV-2 and the subsequent declaration of a pandemic
by the World Health Organization (WHO) in March 2020, [1] the scientific community
turned to Wastewater-Based Epidemiology (WBE). Considering that the SARS-CoV-2 viral
genome had been detected in the feces of not only symptomatic but also asymptomatic
patients [2–7] and that the successful detection and quantification of the viral genome in
the feces from patients and carriers was feasible, wastewater surveillance could provide
a complementary picture of the virus dispersal in the community [8,9]. By quantitatively
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measuring the viral load, virus monitoring using wastewater is independent of the level
of clinical surveillance in the population and allows the calculation of the geographic and
temporal spread of the virus in a community. These data, together with clinical surveillance,
can support local decision-making, particularly in regions where clinical surveillance may
not be as robust.

In September 2020, the US Centers for Disease Control and Prevention (CDC), estab-
lished the National Wastewater Surveillance System (NWSS) with the goal of continuously
monitoring the course of the SARS-CoV-2 pandemic through wastewater to enable the early
mobilization of authorities to prevent the spread of SARS-CoV-2 [10]. The EU followed in
due course in using wastewater-based surveillance to identify potential dangers deriving
from emerging diseases of high public health concern, according to the communication
from the Health Emergency Preparedness and Response Authority (HERA) that was pub-
lished in September 2021 [11]. The monitoring of wastewater is currently assisting EU
member states to keep an eye on COVID-19 and its variations. Currently, 1370 wastewater
treatment facilities are routinely examined throughout the EU. These recommendations
were quickly implemented, assisting in the early detection of the virus and its mutations
throughout the EU [12].

Since the beginning of the COVID-19 pandemic, research teams around the world
have been searching for the most effective and reliable wastewater monitoring protocol
for the epidemiological surveillance of the SARS-CoV-2 virus [13–16]. The difficulty in
handling wastewater samples due to the complexity of the substances and inhibitors
they contain raises concerns about the accurate detection of pathogenic viruses by an
RT-PCR. According to the CDC recommendations, the sample concentration is the most
critical step in identifying the viral genome of SARS-CoV-2 [17]. Numerous concentration
techniques have been investigated, including ultrafiltration [8,18], ultracentrifugation [19],
polyethylene glycol 8000 precipitation (PEG) [20,21], aluminum flocculation [22], skimmed
milk flocculation (SMF) [23] and electronegative membrane filtration [24,25]. Among the
protocols evaluated in these settings, the attributes of cost and convenience were also
considered, as well as the current capacity status of the community where the surveillance
takes place.

Both PEG precipitation and SMF are capable of efficiently concentrating viruses from
large water volumes, making them suitable for environmental surveillance [13] and they
are cost-effective methods, using relatively inexpensive reagents and materials [26,27].
The accessibility of equipment is also a crucial factor, especially for studies conducted
in basic or resource-limited laboratories. PEG precipitation and SMF do not necessitate
the use of advanced or specialized instruments, which aligns with the capacity of many
laboratories [8,19,23,28,29]. The practicality of the methods in basic laboratory settings is
another important criterion. Methods, such as PEG precipitation and SMF, that are straight-
forward and can be implemented without extensive technical expertise or infrastructure
are preferred. The aim of this present study was to compare these two concentration
methods, skimmed milk flocculation and PEG precipitation, to evaluate their performance
in SARS-CoV-2 detection.

2. Materials and Methods
2.1. Sampling Strategy and Procedure

Forty samples were collected from the input of the wastewater treatment plant (WWTP)
of the city of Ioannina, Greece, during the months of June to December 2021, with a
sampling frequency ranging from 1 to 3 times per week. The municipal WWTP, which
serves a population of 120,000 people, collects household and industrial wastewater, as well
as rainwater [30,31]. The wastewater samples (1 L) were subsampled from 24-h composites
of the total WWTP influent collected by the WWTP personnel using a WaterSam WS Porti
1 portable water sampler. The samples were placed in an isothermal container with ice
and transported within 2 h to the Laboratory of Hygiene and Epidemiology (University of
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Ioannina, Ioannina, Greece), where they were stored at 4 ◦C for a maximum of 24 h until
they were processed further.

2.2. Wastewater Concentration

All the samples were analyzed using both techniques, PEG precipitation (with NaCl)
and SMF. These methods were chosen because they can handle large volumes of water for
the concentration, are economical, do not require specialized laboratory equipment, and
can be supported in a basic laboratory.

PEG precipitation has been widely used to concentrate viruses from water
matrices [32–34]. In this study, we relied on the research of Mull, Hill, Wu et al., and
modified the protocol as follows: 100 mL of the collected wastewater sample was stirred
with 2 g of glycine for 30 min. The sample was then divided into two 50 mL centrifuge
tubes (Falcon tubes) and centrifuged at 4700× g for 30 min at 4 ◦C to remove the large
particles. The supernatant from each Falcon tube was transferred to a new centrifuge tube,
containing 5.25 ± 0.1 g of PEG 8000 and 1.182 ± 0.1 g of NaCl and mixed well until the
sample was homogenized. The sample was then centrifuged at 12,000× g for 2 h at 4 ◦C. At
the end of the centrifugation, the supernatant was discarded, and the Falcons were placed
back in the centrifuge for a short new centrifugation of 5 min under the same conditions
(12,000× g, 4 ◦C). The supernatant was discarded again. The pellet was then resuspended
separately in each centrifuge tube with 400 µL of RNAse-free water. Finally, after moderate
vortexing and mild centrifugation for a brief period (3–5 s), the resuspended pellet from
each sample (from both Falcons) was collected in 1.5 mL Eppendorf tubes.

The SMF method is based on the absorption of the viruses into the skimmed milk
flocks. In this work, we followed the concentration method described by Calgua B. et al.
(2008) [35]. The treatment process started with the preparation of artificial seawater (ASW).
Then, 5 g of sea salt was added to 100 mL of double distilled water (ddH2O), and the
solution was shaken until it became transparent. Then, the pre-coated skimmed milk (SM)
solution (1% w/v) was prepared by adding 5 g of powdered skimmed milk to 100 mL of
ASW. The pH of the solution was checked and stabilized at a value of 3.5 with HCl 1 N. The
pH of the wastewater samples was adjusted in the same way to 3.5. From 100 mL of this
solution (ASW and SM), 10 mL was added to each of the previously acidified 1-L solution
samples. The samples were stirred for 8 h at 25 ◦C and left to stand for a further 8 h to allow
the milk “flakes”, which may have adsorbed virus molecules, to settle by gravity. After 16 h,
the excess was carefully removed with a vacuum pump to avoid disturbing the sediment.
The final volume containing the precipitate was transferred to the centrifuge tubes (Falcon
50 mL) and centrifuged at 6,000 rpm for 40 min at 12 ◦C. After the centrifugation, the
supernatant was carefully discarded and the precipitate was reconstituted with 1mL of
phosphate buffer 0.2 M at a pH of 7.5 (1:2 v/v from a solution of Na2HPO4 0.2 M and
NaH2PO4 0.2 M) before being further transferred to a new Falcon tube (15 mL). This process
was continued in the remainder of the Falcon tube (50 mL) containing the sediment. Finally,
the phosphate buffer was added until the final volume was 10 mL.

2.3. Physicochemical Parameters

The physical–chemical parameter analysis was performed on the same day that the
samples were received in the laboratory by standard laboratory equipment, according to
the American Public Health Association methods [36]. These parameters were pH (APHA
4500-H + B), electrical conductivity (APHA 2520 B), Chemical Oxygen Demand (COD)
(APHA 5220 D), Biochemical Oxygen Demand (BOD) (APHA 5210 B), total phosphorus
(Ptot) (APHA 4500-P E), and ammonium nitrogen (NH4N) (APHA 4500-NH3 C).

2.4. RNA Extraction and RT-qPCR Analysis

The Macherey-Nagel Viral RNA and DNA isolation kit from NucleoSpin Microbial
DNA was used to isolate the viral genome and the manufacturer’s exact instructions were
followed, resulting in 35 µL of the final volume of the isolated nucleic acid solution. The
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molecular detection of SARS-CoV-2 was performed using a commercially available RT-
qPCR assay (Viasure SARS-CoV-2 Real-Time PCR Detection Kit). The assay was based on
the amplification of a conserved region of the ORF1ab and N genes for SARS-CoV-2 using
specific primers and fluorescent labeled probes.

A total of 5 µL of the RNA extract was transferred to the reaction tubes containing
15 µL of PCR reagents. The RT was performed at 45 ◦C for 15 min, and the amplification
was performed for 1 cycle of 95 ◦C for 2 min and 45 cycles consisting of 95 ◦C for 10 s
and 60 ◦C for 50 s, followed by a final cooling step at 4 ◦C. The RT-qPCR reactions were
performed in triplicate and both the negative control (grade water) and the positive control
(according to the kit instructions) were included. The fluorogenic data were collected
during the extension step through the FAM (ORF1ab gene), ROX (N gene), and VIC (the
extraction control). A CFX-96 instrument (Bio-Rad Laboratories) was used for all the
amplification reactions. The efficiencies of both the RNA extraction and RT-qPCR were
assessed in all the samples using the extraction control (EC), which was added during the
lysis step in the viral genome isolation.

2.5. Quantification

The viral load quantification was based on a standard curve constructed for the N gene
and expressed as genome copies/L of wastewater. Twist Synthetic RNA Control 2 (Twist
Bioscience) is one of the initial isolates of SARS-CoV-2 and served as a reference sequence
including the whole genome of Wuhan. It was used to construct the standard curve with
serial 10-fold dilutions in triplicate. The efficiency was determined based on the equation
of efficiency: (E = (−1+10(−1/slope)) × 100 [37]. The values for our curve are defined as
follows: e% = 99.64, slope = −3.353, y intercept = 38.102, and Rsq = 0.999. The number of
Ct (the cycle threshold) was used to determine the positivity/negativity of the samples. As
a starting point, a Ct value of 43 was used as a positivity threshold. The samples that gave
a value above the positivity threshold (Ct > 43) were considered negative for SARS-CoV-2.
Amplification with a Ct value less than 43 had to occur in two out of three replicates for a
sample to be considered positive for SARS-CoV-2. The sample was considered equivocal
and recorded as negative if only one of the replicates showed amplification below 43.

2.6. Statistical Analysis

The sample characteristics were descriptively reported using the mean ± SD, median
and interquartile range (IQR), or frequencies (percentages) as appropriate. The Mann–
Whitney test for the continuous data and Fisher’s exact test for the categorical data were
used to assess the differences in the sample characteristics.

The diagnostic performance metrics (sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV)) for the two concentration methods were
calculated, and the comparisons were made using the McNemar test.

The statistical significance was considered as p < 0.05. All the statistical analyses were
performed using Microsoft Excel/SPSS.

3. Results

Table 1 lists the mean and median values and the minimum and maximum values for
each physicochemical parameter assessed. Across the 40 analyzed samples, the minimum
pH measured was 7.00 and the maximum was 8.26. The averages of the COD and BOD
were 360.02 mg/L and 140.33 mg/L, respectively, and the median values for Ptot and
NH4N were 11.73 mg/L and 10.53 mg/L, respectively. The range of electrical conductivity
(EC) was 577–1397 mS/cm. As they pertained to samples from an extended time series
and various environmental circumstances over a long period of time (June–December), the
observed variation in the range of values for the physicochemical parameters was expected.
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Table 1. General characteristics of the samples.

pH EC (µS/cm) COD (mg/L) BOD (mg/L) Ptot
(mg/L) NH4N (mg/L)

MIN 7 577 129 52 7.85 7.45
MAX 8.26 1397 641 213 17.8 12.65

MEAN 7.78 989.60 360.02 140.33 11.71 10.48
MEDIAN 7.78 1007.50 366 138.50 11.73 10.53

Using the positivity Ct threshold of 43 cycles and PEG as the gold standard, we
observed a 50% negativity (n = 20) when the samples were concentrated by the SMF
method, while no negative sample was detected by PEG (Table S1). Considering a positivity
threshold of 40 (Ct = 40), the sensitivity of the concentration by the SMF method reached
47%, while the specificity was 100%. Accordingly, by changing the positivity threshold to
45 (Ct = 45), the sensitivity for SMF remained small (53%). The SMF positive predictive
value was 100% regardless of the Ct threshold. On the other hand, very low values occurred
for the SMF negative predictive value, suggesting that the chance that the negative samples
were indeed negative was quite low (NPV40 = 17%, NPV45 = 10%), considering this
technique inferior to PEG. Finally, the accuracy of the SMF method was low at both Ct
thresholds (a small difference of 2%) (Table S2).

During the quantification, the positive samples resulting from both concentration
techniques were evaluated, with the aim of determining the virus load in each sample
(Figure 1). From the box plot, the median of the PEG method is closer to the middle of the
box, indicating a more balanced distribution, while the position of the median of the SMF
method is closer to the bottom of the box, indicating a skew toward lower values.
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Figure 1. Box plots for genome copies/L according to the two concentration methods.

Furthermore, in the SMF method, the whiskers of the box plot are smaller and placed
closer to the box, which indicates the smaller range of the method. In contrast, according
to the axes of the second box plot, the PEG method represents a dataset with a wider
distribution of values, indicating a larger range of values. These findings revealed a
significant difference between the results produced by the two methods, with a strong
advantage leaning towards the use of the PEG method. This contrast in results can also be
seen in Table S3.

The results of the two concentration methods show a statistically significant difference
in the observed viral loads with a particularly higher virus recovery using PEG (Figure 2)
(p < 0.05).
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Figure 2 presents a time series analysis of the data, illustrating that the proportions of positive results
for both methods were consistently concordant over the entire evaluated time frame.

4. Discussion

In this study, we compared two concentration protocols based on PEG precipitation
and SMF, respectively, for their performance in the environmental surveillance of SARS-
CoV-2 in an urban setting. The two protocols were chosen because they do not require
extensive laboratory resources and expensive laboratory consumables, also allowing seam-
less wastewater monitoring in resource-poor environments. We observed an important
advantage of the PEG protocol over the SMF protocol. The PEG protocol outperformed the
SMF protocol in terms of the sample concentration time, detection sensitivity, and virus
recovery. Specifically, the PEG protocol was faster, because the samples were concentrated
on the same day, rather than overnight as in the SMF protocol. There was also a significant
difference in the detection sensitivity between the two methods, as many samples that were
considered negative by the SMF concentration tested positive by the PEG precipitation.
This difference remained for the samples that were positive by both methods, with the PEG
protocol consistently measuring higher viral loads indicating higher recovery. These find-
ings were further supported by the quantification of the results using an RT-qPCR, which
demonstrated that the PEG concentration method had a much higher detection sensitivity
compared to that of the SMF method. However, there were three samples where the SMF
method had marginally better detection than the PEG (Table S1). The small difference in
performance between the SMF and PEG methods for these samples could be attributed to
variability in the composition of the effluent during the collection period. Wastewater is a
highly complex and dynamic matrix, and its composition can fluctuate due to many factors,
including environmental conditions, industrial discharges, and population behavior. This
variability can affect the efficiency of virus collection methods, potentially making one
method more effective under certain conditions [38]. The hypothesis that the selection
of the best concentration technique could significantly affect the accuracy and reliability
of virus detection and quantification is reinforced by this obvious variation in detection
sensitivity. Furthermore, to correlate (using Pearson’s correlation) the physicochemical
parameters measured and the presence of the virus, there was no statistically significant
result confirming a dependent relationship (Table S4).

This work is well integrated with the published literature on the environmental
surveillance protocols for SARS-CoV-2. According to Kumar et al., PEG precipitation
was the most widely used concentration technique due to its selectivity and resilience
to PCR inhibitors [39]. SMF has been shown to be an effective and inexpensive method
for virus concentration in a variety of water samples, including rivers [40], seas [35],
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groundwater [41] and wastewater [42]. It is also suitable for resource-poor areas, as it
does not require expensive equipment, and the entire technique can be carried out in one
day. Despite the advantages of the skimmed milk flocculation procedure, the nature of the
wastewater sample can cause problems, as wastewater samples are unstable and difficult
to handle [23]. Similar problems appear to have occurred during the concentration step in
this study, resulting in the advantage of PEG over SMF.

In the study of Salvo et al. (2021) [16], three different concentration methods in wastew-
ater samples were investigated, including PEG precipitation and SMF. The surrogates of
enveloped and non-enveloped viruses were used, such as SARS-CoV-2 (an enveloped
virus). Their findings revealed that PEG precipitation was more effective for viral con-
centration for both virus types, as it was more sensitive than SMF. The PEG method also
proved to be more sensitive than SMF, as the sample volume to be tested was 10 times
greater for the PEG concentration method (500 mL) than for the SMF (50 mL) [16]. A similar
study on wastewater samples in Spain revealed that the recovery rate of PEG was higher
compared to the aluminum-based adsorption–precipitation approach [43].

Based on a recent study that compared concentration techniques and identified the
most effective one, wastewater samples were infected with Feline calicivirus (FCV), a
non-enveloped, positive-sense RNA genome virus [44]. In this study, PEG precipitation
was shown to have the highest performance for FCV recovery [14]. PEG precipitation and
polyaluminum chloride (PAC) flocculation were two approaches that stood out. After the
first method comparison, another test was performed between the two main methods to
highlight the one with the best recovery of SARS-CoV-2. The second comparison revealed
that PAC flocculation had a lower limit of detection than PEG precipitation [14].

Interestingly, there are also studies that suggest the opposite, i.e., the superiority of
SMF over PEG precipitation. One of these studies was conducted in Portugal in 2020
by Philo et al. [23] Comparing the performance of three concentration methods for the
recovery of porcine epidemic diarrhea virus (PEDV) (used as a surrogate for SARS-CoV-2),
it was shown that PEG had the worst recovery performance while SMF performed slightly
better [13]. Similar results were presented in the research by Philo et al., who showed
that, when evaluating different concentration techniques, SMF had the highest recovery
rate [23]. We have discovered that there are differences between the previously mentioned
concentration procedures and the ones used in our research. In all three studies, longer PEG
precipitation times (overnight) were utilized, along with greater sample volumes (500–1000
L) and fewer centrifugations, which may be the cause of the different results.

In summary, determining which is the ideal viral concentration method for SARS-CoV-
2 is extremely challenging because the comparison setting of the different concentration
methods varies widely. There are studies that highlight the volume used when concen-
trating the sample [16], while others focus on its quality by assessing its physicochemical
properties [15]. When comparing the methods, the SARS-CoV-2 virus is often replaced
by surrogates from other virus groups, such as non-enveloped and enveloped viruses.
There are also many differences in the presentation of the results, with many studies re-
porting only the recovery and efficiency when using a particular method [45,46] and not
the method’s Limit of Quantification (LOQ) or Limit of Detection (LOD), while others
report the recovery efficiency and LOD but not the LOQ [22,24,43], while there are also
studies that report the LOQ but not the LOD [47], which does not automatically make them
comparable across the range of results.

Various methods are used by European countries, as indicated in Table 2. Based on
the data available from national dashboards, a wide range of approaches are implemented,
each with its own advantages and limitations in terms of cost, efficiency, and the volume
of inputs.
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Table 2. SARS-CoV-2 wastewater concentration methods used in European countries.

Country Concentration
Method Estimated Cost Equipment

Requirements Throughput Input
Volume Reference

Austria
PEG—NaCl-

based
precipitation

low cost ↓ same day 250 mL Daleiden B. et al.,
2022 [48]

Belgium Ultrafiltration high cost ↑ same day 50 mL Bertels X. et al.,
2023 [49]

Czech
Republic

PEG—NaCl-
based

precipitation
low cost ↓ overnight step 500 mL Sovová K. et al.,

2024 [50]

Finland Ultrafiltration high cost ↑ same day 70 mL Tiwari A. et al., 2022
[51]

Netherlands Ultrafiltration high cost ↑ same day 100–250 mL

Medema G. et al.,
2020 [8]

Izquierdo-Lara R. et al.,
2021 [52]

Italy PEG—dextran
method low cost ↓ overnight step 250 mL La Rosa G. et al.,

2020 [20]

France Ultrafiltration high cost ↑ same day 30 mL Lazuka A. et al.,
2021 [53]

Germany Direct capture
method high cost ↑ same day 40 mL Bartel A. et al.,

2024 [54]

Hungary Ultrafiltration high cost ↑ same day 50 mL
Róka E. et al., 2021 [55]

Róka E. et al., 2022 [56]

Ireland Ultrafiltration high cost ↑ same day 200–250 mL Reynolds L. et al.,
2022 [57]

Latvia
PEG—NaCl-

based
precipitation

low cost ↓ same day 135 mL Dejus B. et al., 2023 [58]

Luxembourg Ultrafiltration high cost ↑ same day 120 mL

Coronastep |
Luxembourg Institute

of Science and
Technology [59]

Slovakia Ultracentrifugation high cost ↑ same day 50 mL Krivonakova N. et al.,
2021 [60]

Spain
Aluminum
hydroxide

adsorption–
precipitation

low cost ↓ same day 200 mL

Protocolos de detección
de SARS-CoV-2 en

aguas [61]

Randazzo W. et al.,
2020 [22]

Sweden Direct capture
method high cost ↑ same day 40 mL Perez-Zabaleta

M. et al., 2023 [62]

For example, PEG—NaCl-based precipitation appears to be widely used in Central and
Eastern European countries as it usually requires less equipment, making it accessible for
wider application in areas with moderate resources [48,50,58]. Ultrafiltration is widespread
in Western and Northern European countries, reflecting the ability of these countries to
invest in more sophisticated equipment. This method is highly effective, although its high
cost may limit its application in less-resourced settings [8,49,51–53,55–57,59,60]. The direct
capture method is highly effective and is used in countries with a robust infrastructure.
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However, its high cost reflects the need for expensive and advanced equipment, making it
less accessible in lower income areas [54,62].

Therefore, there seems to be a clear separation in the choice of methods based on
the economic capacity of the countries. Higher income states tend to use ultrafiltration or
direct capture methods, which, while more expensive, provide fast and reliable results. In
contrast, low-cost methods such as PEG-based precipitation are still effective but may have
limitations in terms of speed and efficiency.

In addition, the required input volumes vary, with ultrafiltration generally requiring
smaller volumes (up to 30 mL in France [53]) compared to precipitation methods (up
to 500 mL in the Czech Republic [50]). This variation may affect the choice of method,
depending on the sample size availability.

Finally, most methods are designed for same day analysis, which is crucial for timely
public health responses. Potentially, there are protocols that exhibit delays (where an
overnight step is required) and potentially delays results, although this is effectively
unenforced by many countries.

According to the findings of our own investigation, PEG precipitation was more
sensitive than SMF for the concentration of the SARS-CoV-2 virus in municipal wastewater
samples of the city of Ioannina. This advantage, together with its low cost, automatically
makes it suitable for SARS-CoV-2 monitoring in the field of wastewater epidemiology.
Equally important is the reference to the originality of our research. The two approaches
were compared in parallel using actual sewage samples in a period with many fluctuating
virus circulations over a lengthy period of time. PEG performed better throughout the time
series that included samples with various SARS-CoV-2 loads (differences of up to 5 orders
of magnitude from 0 × 100 to 1.7 × 105 GC/L).

Further investigation and comparison of different protocols at all stages of the sample
analysis are needed to determine the most appropriate approach for successful wastewater
monitoring. An important objective of optimizing the concentration methods is to more
precisely time the appearance of the virus in a community and more accurately monitor its
circulation over time. This is crucial for timely public health responses and understanding
the dynamics of viral spread. However, it is essential to acknowledge the limitations of
our study. The variation in detection sensitivity among different methods, the influence
of the sample quality, and the potential for different environmental factors impacting the
results highlight the complexity of wastewater-based epidemiology. Addressing these
limitations through further research and method refinement is vital for improving the
accuracy and reliability of the virus monitoring. Further research is needed on the use of
appropriate sampling, storage, pre-treatment, and isolation strategies for the viral genome
of SARS-CoV-2 from wastewater samples.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/v16091398/s1, Table S1: Summary table with the Ct mea-
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tion; Table S4: Correlation of physicochemical parameters.

Author Contributions: C.D., L.N., P.B., M.K. (Michalis Koureas), M.K. (Maria Kyritsi), G.M. and
E.N. drafted the protocol and this manuscript, ran the laboratory experiments and analyses, and
interpreted the data. N.S. and E.P. ran the laboratory experiments and analyses and critically revised
this manuscript. A.K. (Anastasia Koutsolioutsou), K.T., C.H., A.K. (Alexandra Koutsotoli), E.C., D.A.,
A.B., K.G., E.N. and C.D. contributed to the conception and design of this study, interpreted the data,
and critically revised this manuscript. All authors approved the version to be published and agreed
to be accountable for all aspects of the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated and resolved. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/v16091398/s1


Viruses 2024, 16, 1398 10 of 12

Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset is available on request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. WHO Director-General’s Opening Remarks at the Media Briefing on COVID-19-11 March 2020. Available online:

https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-
covid-19---11-march-2020 (accessed on 27 August 2024).

2. Gao, Q.Y.; Chen, Y.X.; Fang, J.Y. 2019 Novel Coronavirus Infection and Gastrointestinal Tract. J. Dig. Dis. 2020, 21, 125–126.
[CrossRef] [PubMed]

3. Holshue, M.L.; DeBolt, C.; Lindquist, S.; Lofy, K.H.; Wiesman, J.; Bruce, H.; Spitters, C.; Ericson, K.; Wilkerson, S.; Tural, A.; et al.
First Case of 2019 Novel Coronavirus in the United States. New Engl. J. Med. 2020, 382, 929–936. [CrossRef]

4. Jiehao, C.; Jin, X.; Daojiong, L.; Zhi, Y.; Lei, X.; Zhenghai, Q.; Yuehua, Z.; Hua, Z.; Ran, J.; Pengcheng, L.; et al. A Case Series of
Children With 2019 Novel Coronavirus Infection: Clinical and Epidemiological Features. Clin. Infect. Dis.: An Off. Publ. Infect.
Dis. Soc. Am. 2020, 71, 1547–1551. [CrossRef]

5. Wölfel, R.; Corman, V.M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Müller, M.A.; Niemeyer, D.; Jones, T.C.; Vollmar, P.; Rothe,
C.; et al. Virological Assessment of Hospitalized Patients with COVID-2019. Nature 2020, 581, 465–469. [CrossRef] [PubMed]

6. Zhang, J.C.; Wang, S.B.; Xue, Y.D. Fecal Specimen Diagnosis 2019 Novel Coronavirus-Infected Pneumonia. J. Med. Virol. 2020, 92,
680–682. [CrossRef] [PubMed]

7. Zhang, W.; Du, R.H.; Li, B.; Zheng, X.S.; Yang, X.; Hu, B.; Wang, Y.Y.; Xiao, G.F.; Yan, B.; Shi, Z.L.; et al. Molecular and Serological
Investigation of 2019-NCoV Infected Patients: Implication of Multiple Shedding Routes. Emerg. Microbes Infect. 2020, 9, 386–389.
[CrossRef]

8. Medema, G.; Heijnen, L.; Elsinga, G.; Italiaander, R.; Brouwer, A. Presence of SARS-Coronavirus-2 RNA in Sewage and Correlation
with Reported COVID-19 Prevalence in the Early Stage of the Epidemic in The Netherlands. Environ. Sci. Technol. Lett. 2020, 7,
511–516. [CrossRef]

9. Ahmed, W.; Angel, N.; Edson, J.; Bibby, K.; Bivins, A.; O’Brien, J.W.; Choi, P.M.; Kitajima, M.; Simpson, S.L.; Li, J.; et al. First
Confirmed Detection of SARS-CoV-2 in Untreated Wastewater in Australia: A Proof of Concept for the Wastewater Surveillance
of COVID-19 in the Community. Sci. Total Environ. 2020, 728, 138764. [CrossRef]

10. NWSS Wastewater Monitoring in the U.S.|National Wastewater Surveillance System|CDC. Available online: https://www.cdc.
gov/nwss/index.html (accessed on 27 August 2024).

11. Health Emergency Preparedness and Response (HERA)-European Commission. Available online: https://health.ec.europa.eu/
health-emergency-preparedness-and-response-hera_en (accessed on 27 August 2024).

12. Coronavirus Response: Monitoring of Wastewater Contributes to Tracking Coronavirus and Variants across All EU Countries-
European Commission. Available online: https://environment.ec.europa.eu/news/coronavirus-response-monitoring-
wastewater-contributes-tracking-coronavirus-and-variants-across-all-2022-03-17_en (accessed on 27 August 2024).

13. Monteiro, S.; Rente, D.; Cunha, M.V.; Marques, T.A.; Cardoso, E.l.; Álvaro, P.; Vilaça, J.; Ribeiro, J.; Silva, M.; Coelho, N.; et al.
Recovery of SARS-CoV-2 from Large Volumes of Raw Wastewater Is Enhanced with the Inuvai R180 System. J. Environ. Manag.
2022, 304, 114296. [CrossRef]

14. Barril, P.A.; Pianciola, L.A.; Mazzeo, M.; Ousset, M.J.; Jaureguiberry, M.V.; Alessandrello, M.; Sánchez, G.; Oteiza, J.M. Evaluation
of Viral Concentration Methods for SARS-CoV-2 Recovery from Wastewaters. Sci. TotalEnviron. 2021, 756, 144105. [CrossRef]

15. Pino, N.J.; Rodriguez, D.C.; Cano, L.C.; Rodriguez, A. Detection of SARS-CoV-2 in Wastewater Is Influenced by Sampling Time,
Concentration Method, and Target Analyzed. J. Water Health 2021, 19, 775–784. [CrossRef]

16. Salvo, M.; Moller, A.; Alvareda, E.; Gamazo, P.; Colina, R.; Victoria, M. Evaluation of Low-Cost Viral Concentration Methods in
Wastewaters: Implications for SARS-CoV-2 Pandemic Surveillances, J. Virol. Methods 2021, 297, 114249. [CrossRef] [PubMed]

17. Wastewater Surveillance Testing Methods|National Wastewater Surveillance System|CDC. Available online: https://www.cdc.
gov/nwss/testing.html (accessed on 27 August 2024).

18. Bertrand, I.; Challant, J.; Jeulin, H.; Hartard, C.; Mathieu, L.; Lopez, S.; Schvoerer, E.; Courtois, S.; Gantzer, C. Epidemiological
Surveillance of SARS-CoV-2 by Genome Quantification in Wastewater Applied to a City in the Northeast of France: Comparison
of Ultrafiltration- and Protein Precipitation-Based Methods Int. J. Hyg. Environ. Health 2021, 233, 113692. [CrossRef] [PubMed]

19. Wurtzer, S.; Marechal, V.; Mouchel, J.M.; Maday, Y.; Teyssou, R.; Richard, E.; Almayrac, J.L.; Moulin, L. Evaluation of Lockdown
Effect on SARS-CoV-2 Dynamics through Viral Genome Quantification in Waste Water, Greater Paris, France, 5 March to 23 April
2020. Euro Surveill. 2020, 25, 2000776. [CrossRef]

20. La Rosa, G.; Iaconelli, M.; Mancini, P.; Bonanno Ferraro, G.; Veneri, C.; Bonadonna, L.; Lucentini, L.; Suffredini, E. First Detection
of SARS-CoV-2 in Untreated Wastewaters in Italy Sci. TotalEnviron. 2020, 736, 139652. [CrossRef]

21. Chavarria-Miró, G.; Anfruns-Estrada, E.; Guix, S.; Paraira, M.; Galofré, B.; Sánchez, G.; Pintó, R.M.; Bosch, A.; Pintó, R.M.; Bosch,
A. Sentinel Surveillance of SARS-CoV-2 in Wastewater Anticipates the Occurrence of COVID-19 Cases. medRxiv 2020. [CrossRef]

22. Randazzo, W.; Truchado, P.; Cuevas-Ferrando, E.; Simón, P.; Allende, A.; Sánchez, G. SARS-CoV-2 RNA in Wastewater Anticipated
COVID-19 Occurrence in a Low Prevalence Area. WaterRes. 2020, 181, 115942. [CrossRef]

https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://doi.org/10.1111/1751-2980.12851
https://www.ncbi.nlm.nih.gov/pubmed/32096611
https://doi.org/10.1056/NEJMoa2001191
https://doi.org/10.1093/cid/ciaa198
https://doi.org/10.1038/s41586-020-2196-x
https://www.ncbi.nlm.nih.gov/pubmed/32235945
https://doi.org/10.1002/jmv.25742
https://www.ncbi.nlm.nih.gov/pubmed/32124995
https://doi.org/10.1080/22221751.2020.1729071
https://doi.org/10.1021/acs.estlett.0c00357
https://doi.org/10.1016/j.scitotenv.2020.138764
https://www.cdc.gov/nwss/index.html
https://www.cdc.gov/nwss/index.html
https://health.ec.europa.eu/health-emergency-preparedness-and-response-hera_en
https://health.ec.europa.eu/health-emergency-preparedness-and-response-hera_en
https://environment.ec.europa.eu/news/coronavirus-response-monitoring-wastewater-contributes-tracking-coronavirus-and-variants-across-all-2022-03-17_en
https://environment.ec.europa.eu/news/coronavirus-response-monitoring-wastewater-contributes-tracking-coronavirus-and-variants-across-all-2022-03-17_en
https://doi.org/10.1016/j.jenvman.2021.114296
https://doi.org/10.1016/j.scitotenv.2020.144105
https://doi.org/10.2166/wh.2021.133
https://doi.org/10.1016/j.jviromet.2021.114249
https://www.ncbi.nlm.nih.gov/pubmed/34339765
https://www.cdc.gov/nwss/testing.html
https://www.cdc.gov/nwss/testing.html
https://doi.org/10.1016/j.ijheh.2021.113692
https://www.ncbi.nlm.nih.gov/pubmed/33592569
https://doi.org/10.2807/1560-7917.ES.2020.25.50.2000776
https://doi.org/10.1016/J.SCITOTENV.2020.139652
https://doi.org/10.1101/2020.06.13.20129627
https://doi.org/10.1016/j.watres.2020.115942


Viruses 2024, 16, 1398 11 of 12

23. Philo, S.E.; Keim, E.K.; Swanstrom, R.; Ong, A.Q.W.; Burnor, E.A.; Kossik, A.L.; Harrison, J.C.; Demeke, B.A.; Zhou, N.A.; Beck,
N.K.; et al. A Comparison of SARS-CoV-2 Wastewater Concentration Methods for Environmental Surveillance. Sci. Total Environ.
2021, 760, 144215. [CrossRef] [PubMed]

24. Gonzalez, R.; Curtis, K.; Bivins, A.; Bibby, K.; Weir, M.H.; Yetka, K.; Thompson, H.; Keeling, D.; Mitchell, J.; Gonzalez, D.
COVID-19 Surveillance in Southeastern Virginia Using Wastewater-Based Epidemiology. Water Res. 2020, 186, 116296. [CrossRef]

25. Haramoto, E.; Malla, B.; Thakali, O.; Kitajima, M. First Environmental Surveillance for the Presence of SARS-CoV-2 RNA in
Wastewater and River Water in Japan. Sci. Total Environ. 2020, 737, 140405. [CrossRef]

26. Flood, M.T.; D’Souza, N.; Rose, J.B.; Aw, T.G. Methods Evaluation for Rapid Concentration and Quantification of SARS-CoV-2 in
Raw Wastewater Using Droplet Digital and Quantitative RT-PCR. Food Environ.Virol. 2021, 13, 303–315. [CrossRef] [PubMed]

27. Tandukar, S.; Thakali, O.; Tiwari, A.; Baral, R.; Malla, B.; Haramoto, E.; Shakya, J.; Tuladhar, R.; Joshi, D.R.; Sharma, B.; et al.
Application of Skimmed-Milk Flocculation Method for Wastewater Surveillance of COVID-19 in Kathmandu, Nepal. Pathogens
2024, 13, 366. [CrossRef] [PubMed]

28. Nemudryi, A.; Nemudraia, A.; Surya, K.; Wiegand, T. Temporal Detection and Phylogenetic Assessment of SARS-CoV-2 in
Municipal Wastewater. medRxiv 2020. [CrossRef]

29. Balboa, S.; Mauricio-Iglesias, M.; Rodriguez, S.; Martínez-Lamas, L.; Vasallo, F.J.; Regueiro, B.; Lema, J.M. The Fate of SARS-CoV-2
in WWTPS Points out the Sludge Line as a Suitable Spot for Detection of COVID-19. Sci. Total Environ. 2021, 772, 145268.
[CrossRef]

30. Kosma, C.I.; Nannou, C.I.; Boti, V.I.; Albanis, T.A. Psychiatrics and Selected Metabolites in Hospital and Urban Wastewaters:
Occurrence, Removal, Mass Loading, Seasonal Influence and Risk Assessment. Science Total Environ. 2019, 659, 1473–1483.
[CrossRef]

31. Jiménez-Holgado, C.; Chrimatopoulos, C.; Stathopoulos, V.; and Sakkas, V. Investigating the Utility of Fabric Phase Sorptive
Extraction and HPLC-UV-Vis/DAD to Determine Antidepressant Drugs in Environmental Aqueous Samples. Separations 2020, 7,
39. [CrossRef]

32. Mull, B.; Hill, V.R. Recovery of Diverse Microbes in High Turbidity Surface Water Samples Using Dead-End Ultrafiltration. J.
Microbiol. Methods 2012, 429–433. [CrossRef]

33. Gyawali, P.; Croucher, D.; Ahmed, W.; Devane, M.; Hewitt, J. Evaluation of Pepper Mild Mottle Virus as an Indicator of Human
Faecal Pollution in Shellfish and Growing Waters. WaterRes. 2019, 154, 370–376. [CrossRef]

34. Wu, F.; Zhang, J.; Xiao, A.; Gu, X.; Lee, W.L. Armas, F., Kauffman, K., Hanage, W., Matus, M., Ghaeli, N.; et al. SARS-CoV-2 Titers
in Wastewater Are Higher than Expected from Clinically Confirmed Cases. mSystems 2020, 5, 4. [CrossRef]

35. Calgua, B.; Mengewein, A.; Grunert, A.; Bofill-Mas, S.; Clemente-Casares, P.; Hundesa, A.; Wyn-Jones, A.P.; López-Pila, J.M.;
Girones, R. Development and Application of a One-Step Low Cost Procedure to Concentrate Viruses from Seawater Samples. J.
Virol. Methods 2008, 153, 79–83. [CrossRef]

36. APHA; AWWA; WEF. Standard Methods for Examination of Water and Wast Water, 22nd ed.; American Public Health Association:
Washington, DC, USA, 2012; Available online: https://www.scirp.org/reference/referencespapers?referenceid=1670401 (accessed
on 27 August 2024).

37. Understanding QPCR Efficiency and Why It Exceeds 100%. Available online: https://biosistemika.com/blog/qpcr-efficiency-
over-100/ (accessed on 27 August 2024).

38. Singh, B.J.; Chakraborty, A.; Sehgal, R. A Systematic Review of Industrial Wastewater Management: Evaluating Challenges and
Enablers. J. Environ. Manag. 2023, 348, 119230. [CrossRef]

39. Kumar, M.; Kuroda, K.; Patel, A.K.; Patel, N.; Bhattacharya, P.; Joshi, M.; Joshi, C.G. Decay of SARS-CoV-2 RNA along
the Wastewater Treatment Outfitted with Upflow Anaerobic Sludge Blanket (UASB) System Evaluated through Two Sample
Concentration Techniques. Science Total Environ. 2021, 754, 142329. [CrossRef] [PubMed]

40. Calgua, B.; Fumian, T.; Rusiñol, M.; Rodriguez-Manzano, J.; Mbayed, V.A.; Bofill-Mas, S.; Miagostovich, M.; Girones, R.
Detection and Quantification of Classic and Emerging Viruses by Skimmed-Milk Flocculation and PCR in River Water from Two
Geographical Areas. Water Res. 2013, 47, 2797–2810. [CrossRef] [PubMed]

41. Bofill-Mas, S.; Hundesa, A.; Calgua, B.; Rusiñol, M.; de Motes, C.M.; Girones, R. Cost-Effective Method for Microbial Source
Tracking Using Specific Human and Animal Viruses. J. Vis.Exp. JoVE 2011, 58, 2820. [CrossRef]

42. Calgua, B.; Rodriguez-Manzano, J.; Hundesa, A.; Suñen, E.; Calvo, M.; Bofill-Mas, S.; Girones, R. New Methods for the
Concentration of Viruses from Urban Sewage Using Quantitative PCR. J. Virol. Methods 2013, 187, 215–221. [CrossRef] [PubMed]

43. Pérez-Cataluña, A.; Cuevas-Ferrando, E.; Randazzo, W.; Falcó, I.; Allende, A.; Sánchez, G. Comparing Analytical Methods to
Detect SARS-CoV-2 in Wastewater. Sci. Total Environ. 2021, 758, 143870. [CrossRef] [PubMed]

44. Etherington, G.J.; Ring, S.M.; Charleston, M.A.; Dicks, J.; Rayward-Smith, V.J.; Roberts, I.N. Tracing the Origin and Co-Phylogeny
of the Caliciviruses. J. Gen. Virol. 2006, 87, 1229–1235. [CrossRef]

45. Ahmed, W.; Bertsch, P.M.; Bivins, A.; Bibby, K.; Farkas, K.; Gathercole, A.; Haramoto, E.; Gyawali, P.; Korajkic, A.; McMinn,
B.R.; et al. Comparison of Virus Concentration Methods for the RT-QPCR-Based Recovery of Murine Hepatitis Virus, a Surrogate
for SARS-CoV-2 from Untreated Wastewater. Sci. Total Environ. 2020, 739, 139960. [CrossRef] [PubMed]

46. McMinn, B.R.; Korajkic, A.; Kelleher, J.; Herrmann, M.P.; Pemberton, A.C.; Ahmed, W.; Villegas, E.N.; Oshima, K. Development
of a Large Volume Concentration Method for Recovery of Coronavirus from Wastewater. Sci. Total Environ. 2021, 774, 145727.
[CrossRef]

https://doi.org/10.1016/j.scitotenv.2020.144215
https://www.ncbi.nlm.nih.gov/pubmed/33340739
https://doi.org/10.1016/j.watres.2020.116296
https://doi.org/10.1016/j.scitotenv.2020.140405
https://doi.org/10.1007/s12560-021-09488-8
https://www.ncbi.nlm.nih.gov/pubmed/34296387
https://doi.org/10.3390/pathogens13050366
https://www.ncbi.nlm.nih.gov/pubmed/38787218
https://doi.org/10.1101/2020.04.15.20066746
https://doi.org/10.1016/j.scitotenv.2021.145268
https://doi.org/10.1016/j.scitotenv.2018.12.421
https://doi.org/10.3390/separations7030039
https://doi.org/10.1016/j.mimet.2012.10.001
https://doi.org/10.1016/j.watres.2019.02.003
https://doi.org/10.1128/mSystems.00614-20
https://doi.org/10.1016/j.jviromet.2008.08.003
https://www.scirp.org/reference/referencespapers?referenceid=1670401
https://biosistemika.com/blog/qpcr-efficiency-over-100/
https://biosistemika.com/blog/qpcr-efficiency-over-100/
https://doi.org/10.1016/j.jenvman.2023.119230
https://doi.org/10.1016/j.scitotenv.2020.142329
https://www.ncbi.nlm.nih.gov/pubmed/33254951
https://doi.org/10.1016/j.watres.2013.02.043
https://www.ncbi.nlm.nih.gov/pubmed/23535378
https://doi.org/10.3791/2820
https://doi.org/10.1016/j.jviromet.2012.10.012
https://www.ncbi.nlm.nih.gov/pubmed/23164995
https://doi.org/10.1016/j.scitotenv.2020.143870
https://www.ncbi.nlm.nih.gov/pubmed/33338788
https://doi.org/10.1099/vir.0.81635-0
https://doi.org/10.1016/j.scitotenv.2020.139960
https://www.ncbi.nlm.nih.gov/pubmed/32758945
https://doi.org/10.1016/j.scitotenv.2021.145727


Viruses 2024, 16, 1398 12 of 12

47. LaTurner, Z.W.; Zong, D.M.; Kalvapalle, P.; Gamas, K.R.; Terwilliger, A.; Crosby, T.; Ali, P.; Avadhanula, V.; Santos, H.H.; Weesner,
K.; et al. Evaluating Recovery, Cost, and Throughput of Different Concentration Methods for SARS-CoV-2 Wastewater-Based
Epidemiology. Water Res. 2021, 197, 117043. [CrossRef]

48. Daleiden, B.; Niederstätter, H.; Steinlechner, M.; Wildt, S.; Kaiser, M.; Lass-Flörl, C.; Posch, W.; Fuchs, S.; Pfeifer, B.; Huber, A.; et al.
Wastewater Surveillance of SARS-CoV-2 in Austria: Development, Implementation, and Operation of the Tyrolean Wastewater
Monitoring Program. J. Water Health 2022, 20, 314–328. [CrossRef] [PubMed]

49. Bertels, X.; Hanoteaux, S.; Janssens, R.; Maloux, H.; Verhaegen, B.; Delputte, P.; Boogaerts, T.; van Nuijs, A.L.N.; Brogna, D.;
Linard, C.; et al. Time Series Modelling for Wastewater-Based Epidemiology of COVID-19: A Nationwide Study in 40 Wastewater
Treatment Plants of Belgium, February 2021 to June 2022. Sci. Total Environ. 2023, 889, 165603. [CrossRef] [PubMed]
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