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A B S T R A C T   

Wastewater-based epidemiology is experiencing exponential development. Despite undeniable advantages 
compared to patient-centered approaches (cost, anonymity, survey of large populations without bias, detection 
of asymptomatic infected peoples…), major technical limitations persist. Among them is the low sensitivity of the 
current methods used for quantifying and sequencing viral genomes from wastewater. In situations of low viral 
circulation, during initial stages of viral emergences, or in areas experiencing heavy rains, the extremely low 
concentrations of viruses in wastewater may fall below the limit of detection of the current methods. The 
availability during crisis and the cost of the commercial kits, as well as the requirement of expensive materials 
such as high-speed centrifuge, can also present major blocks to the development of wastewater-based epide
miological survey, specifically in low-income countries. Thereby, highly sensitive, low cost and standardized 
methods are still needed, to increase the predictability of the viral emergences, to survey low-circulating viruses 
and to make the results from different labs comparable. Here, we outline and characterize new protocols for 
concentrating and quantifying SARS-CoV-2 from large volumes (500 mL-1 L) of untreated wastewater. In 
addition, we report that the methods are applicable for monitoring and sequencing. Our nucleic acid extraction 
technique (the routine C: 5 mL method) does not require sophisticated equipment such as automatons and is not 
reliant on commercial kits, making it readily available to a broader range of laboratories for routine epidemi
ological survey. Furthermore, we demonstrate the efficiency, the repeatability, and the high sensitivity of a new 
membrane-based concentration method (MBC: 500 mL method) for enveloped (SARS-CoV-2) and non-enveloped 
(F-specific RNA phages of genogroup II / FRNAPH GGII) viruses. We show that the MBC method allows the 
quantification and the monitoring of viruses in wastewater with a significantly improved sensitivity compared to 
the routine C method. In contexts of low viral circulation, we report quantifications of SARS-CoV-2 in wastewater 
at concentrations as low as 40 genome copies per liter. In highly diluted samples collected in wastewater 
treatment plants of French Guiana, we confirmed the accuracy of the MBC method compared to the estimations 
done with the routine C method. Finally, we demonstrate that both the routine C method processing 5 mL and the 
MBC method processing 500 mL of untreated wastewater are both compatible with SARS-CoV-2 sequencing. We 

* Corresponding author at: DHPI UR 7292, IUT Louis Pasteur, Université de Strasbourg, Schiltigheim, France. 
E-mail address: olivier.rohr@unistra.fr (O. Rohr).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Water Research 

journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2023.120959 
Received 28 September 2023; Received in revised form 29 November 2023; Accepted 30 November 2023   

mailto:olivier.rohr@unistra.fr
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2023.120959
https://doi.org/10.1016/j.watres.2023.120959
https://doi.org/10.1016/j.watres.2023.120959
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2023.120959&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Water Research 249 (2024) 120959

2

show that the quality of the sequence is correlated with the concentration of the extracted viral genome. Of note, 
the quality of the sequences obtained with some MBC processed wastewater was improved by dilutions or 
enzyme substitutions suggesting the presence of specific enzyme inhibitors in some wastewater. To the best of 
our knowledge, our MBC method is one of the first efficient, sensitive, and repeatable method characterized for 
SARS-CoV-2 quantification and sequencing from large volumes of wastewater.   

1. Introduction 

In December 2019, an outbreak of a novel coronavirus (SARS-CoV-2) 
was reported in China, and quickly spread worldwide. Since then, the 
ensuing disease (COVID-19) has become a pandemic that has led to 
several million deaths globally as of February 2023 (WHO). It has 
become evident that a quick and thorough assessment of the dynamics of 
SARS-CoV-2/COVID-19 infection within a population is crucial for 
implementing effective public health actions in response to the 
pandemic. 

The time tested Wastewater-Based Epidemiology (WBE) which has 
been used to track the lifespan of previous pathogenic viruses such as 
poliovirus, enterovirus, adenoviruses and noroviruses in communities 
around the world (Lago et al., 2003; Katayama et al., 2008; McCall et al., 
2020), proved to be equally effective to track SARS-CoV-2. Fecal shed
ding of SARS-CoV-2 with detectable viral RNA found in domestic waters 
has been reported and demonstrated by Kitajima et al. (2020), and Xiao 
et al. (2020). Furthermore, recent studies have identified a correlation 
between the number of viral genome copies in wastewater and the 
prevalence of infection within the population (Ahmed et al., 2020a; 
Medema et al., 2020a; Wurtzer et al., 2020). As such, WBE has been 
successfully adapted as a public health tool for tracking the spread of 
SARS-CoV-2 within communities (Maréchal et al., 2023). Worldwide 
Public Health departments have been diligently researching rapid and 
cost-effective tools for monitoring SARS-CoV-2 in wastewater samples. 
Regrettably, most protocols used for tracking SARS-CoV-2 in wastewater 
rely on viral extractions from small sample volumes. Consequently, 
when the virus is present at low levels (due to low community infection 
rates, or wastewater dilution from rainfall, for example), these protocols 
demonstrate reduced accuracy and therefore cannot achieve sufficient 
sensitivity (Zheng et al., 2023). Thus, there is a need for a more sensitive 
protocol for detecting and quantifying the virus. This protocol should 
have the capacity to detect SARS-CoV-2 RNA when the number of cases 
is low and should be applicable to monitor the emergence of specific 
variants. In addition, it should allow to quantify human markers that are 
used to calibrate the primary outcome concentrations from wastewater 
monitoring for use in epidemiological models such as cross-assembly 
phage, F-specific RNA bacteriophage genogroup II, or pepper mild 
mottle virus (Gyawali et al., 2021; Holm et al., 2022). 

Finally, the method should be easily applicable to other respiratory 
viruses (Influenza or Respiratory Syncytial Virus) and to emerging vi
ruses such as Dengue and West Nile arboviruses that are dangerously 
spreading in Europe together with their vectors (SPF, n.d.). 

Prior to this work, various virus concentration methods were 
developed and used by scientists worldwide. These methods included 
ultrafiltration, ultracentrifugation, polyethylene glycol (PEG) precipi
tation, direct sludge extraction, and skimmed milk flocculation (Ahmed 
et al., 2020; Peccia et al., 2020; Medema et al., 2020; Ahmed et al., 
2020a,b; Kabdaşlı and Tünay, 2021; Kaya et al., 2022). The develop
ment of highly sensitive methods for virus quantification requires pro
cessing large volumes of wastewater. 

McMinn et al. described a concentration method applicable for 2L of 
wastewater (McMinn et al., 2021). However, the concentration process 
demonstrated a limited recovery rate of around 20%. More recently, 
Sylvia Monteiro and collaborators reported an impressive 68 ± 11% 
recovery rate after processing 1 liter of wastewater with the same 
Dead-End hollow fiber ultrafiltration-based method but did not evaluate 
the process for genome sequencing (Monteiro et al., 2022). Hence, there 

is a need for a deeply characterized, simple, sensitive, and affordable 
new virus concentration method for viral surveillance and genome 
sequencing. 

In this article we describe our low-cost and brand limited C method 
dedicated to routine SARS-CoV-2 monitoring in wastewater and the 
complementary Membrane-Based Concentration (MBC) process that 
significantly improves the sensitivity of the quantification pipeline. In 
addition, we report that our methods are compatible with SARS-CoV-2 
sequencing. 

2. Material and methods 

2.1. Sample collection 

Samples of 24 h-composite untreated wastewater (influent) were 
collected weekly from Alsace region (France) and French Guiana 
wastewater treatment plants. Samples were shipped to the laboratory 
under cool conditions, stored at 4 ◦C, and used within one week of 
collection. Information on sampling points in Alsace is shown in Sup
plementary Table 1. 

The conductivity was measured using Protavo® 907 MULTI (SE 615/ 
1-MS, Knick), the pH was measured using a pH met er Accumet AE150 
(Fisher Scientific) and the optical density (OD) at 600 nm was measured 
using an Eppendorf Biop hotometer. 

2.2. Nucleic acid extraction (routine C method) 

The following viral nucleic acid extraction protocol has been 
routinely used since November 2020 for monitoring 11 WWTPs in 
Alsace-France (réseau Obépine). 5 mL of untreated wastewater were 
mixed with 4.5 mL of lysis buffer (Guanidine Thiocyanate 10M / Tris- 
HCl 0.1M pH 6.4, 2% SDS, EDTA 0.038 M) and 450 µL of 2% DTT. 
The samples were incubated for 10 min at room temperature and then 
for an additional 10 min at 60 ◦C. 15 µL of polyadenylic acid (10 g/L), 5 
mL of isopropanol, and 8 µL of silica particles (1.04 g/cm3) (MagPrep® 
Silica Particles, Sigma-Aldrich) were then added to capture viral RNA. 
The samples were incubated for 10 min with shaking at room temper
ature. The beads were subsequently collected and washed twice with 
washing buffer 1 (lysis buffer / ethanol 1:1 (v/v) and DTT 2%) and twice 
with washing buffer 2 (ethanol / Nuclease-Free Water 8:2 (v/v)). The 
beads were then incubated for 10 min at room temperature to allow 
ethanol evaporation. Elution was carried out for samples C by adding 50 
μL of elution buffer (Tris-HCl-EDTA pH9 1M), then the samples were 
incubated for 10 min at 95 ◦C. A final purification step was performed 
using the OneStep-96 PCR Inhibitor Removal kit (#ZD6035, OZYME) 
following manufacturer’s instructions. This final step was not essential 
for the viral extraction (results not shown in this paper) but was per
formed to improve the quantification and sequencing processes. 5 mL of 
ultrapure sterile water (Sigma) were extracted as a negative control at 
each batch of extraction. Purified samples were then stored at -80 ◦C 
until quantification by RT-qPCR assays. 

2.3. Viral concentration method (MBC method) 

For samples processed by the MBC method, 500 mL of untreated 
wastewater were concentrated using an Amicon® Stirred Cell 400ML 
(UFSC40001, Merck-Millipore), with a cut-off of 10 kDa membrane 
(Ultracel® regenerated cellulose membrane, PLGC07610, Merck- 
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Millipore), under a vacuum pressure set at 3 bar. The Ultracel® mem
brane was pre-rinsed before use, following manufacturer’s instructions. 
To avoid the clogging of the membrane and the slowdown of the process, 
samples were decanted for 30 min. The liquid part was first poured into 
the Amicon, and the solid part was then added to the membrane at the 
end of process. The ultrafiltration was stopped when the final concen
trate reached 5 mL. 

After the collection of the membrane-based concentrate (MBC) 
sample, the membrane was rinsed by adding 4.5 mL of lysis buffer pH 4 
(Guanidine Thiocyanate 10M / Tris-HCl 0.1M pH 6.4, 2% SDS, EDTA 
0.038 M) into the cell. The lysis buffer was then collected and added to 
the 5 mL of MBC sample (total volume: 9.5 mL). For nucleic acid 
extraction, the protocol was adapted from the routine C method 
described in 2.2. After the first two steps of incubation (RT and 60 ◦C), a 
first step of purification with acid phenol pH 4.3 / chloroform 1:1 (v/v) 
was carried out. A volume of 9.5 mL of the phenol / chloroform mixture 
was added. Grease tubes (silicone grease / silica 90:10 (w/w)) were used 
to facilitate phase separation. The samples were centrifuged for 5 min at 
3500 x g and a volume of 9.5 mL of supernatant from the aqueous phase 
was collected. The other extraction steps (RNA capture, washes, and 
elution) were then followed in the same way as for the C method. Elution 
volumes were 50µl or 100 µL (1st elution) and 50 µL (2nd elution) for 
MBC samples. The OneStep-96 PCR Inhibitor Removal kit (#ZD6035, 
OZYME) was used following manufacturer’s instructions before the RT- 
qPCR assays. C samples used to calculate the efficiency of the MBC 
method were extracted following the same nucleic acid extraction pro
tocol (with the phenol-chloroform step) for a better comparison. 

2.4. Reverse Transcription - Quantitative Polymerase Chain Reaction 
(RT-qPCR) 

One-step RT-qPCR was performed with Master Mix Fast Virus 1-Step 
TaqMan™ kit (#4444434, Applied Biosystems – ThermoFischer Scien
tific) on a BioRad CFX96™ thermal cycler, software version 3.1 (Bio-Rad 
Laboratories) manually setting the threshold and baseline. Two RT- 
qPCR assays were chosen to quantify SARS-CoV-2: (I) E-Sarbeco assay 
(Corman et al., 2020) targeting the envelope protein E and (II) RdRp-IP4 
assay targeting part of the ORF1ab. Primers and probes were synthesized 
and provided by Eurofins Genomics (sequences available in supple
mentary table 2). nCoV_E-Sarbeco and nCoV_IP4 set were used with 0.4 
µM of each primer, 0.2 µM of probe in 10 µL final reaction volume with 5 
µL of RNA sample, and 2.5 µL of Master Mix Fast Virus 1-Step TaqMan™ 
for each assay. The quantification of SARS-COV-2 genome copies per µL 
were then carried out using a standard curve. For the routine, a synthetic 
quantified SARS-CoV-2 RNA provided by Biorad (ref COV019) was 
diluted in a fourfold dilution series with concentrations from 1 to 1000 
genome copies per reaction and run in duplicate wells on each plate. 

The presence of PCR inhibitor in RNA extracts was assessed using a 
dengue RT-qPCR assay after spiking a known copy number of Dengue 
RNA (exogenous RNA, which is not present in the wastewater samples). 
In order to determine PCR inhibition, Dengue RNA was also added to 
Nuclease-Free Water sample and the resulting Ct value was used to set- 
up a reference point. Subsequently, the Dengue RT-qPCR assay was 
performed in 10 µL reaction mixtures using Bio-Rad CFX96 thermal 
cycler (Bio-Rad Laboratories), manually setting the threshold and 
baseline. Dengue set (Euliano et al., 2019) (sequences available in 
supplementary table 2) was used with 0.4 µM of each primer, 0.2 µM of 
probe in 10 µL final reaction volume with 5 µL of RNA sample and 2.5 µL 
of Master Mix Fast Virus 1-Step TaqMan™ and 6.8 × 103 genome copies 
/ reaction of Dengue RNA. All samples were analyzed alongside two no 
template controls. All wastewater samples were within the 2-Ct values of 
the reference Ct. 

Furthermore, F-specific RNA bacteriophages genogroup II (FRNAPH 
GGII) were quantified in all wastewater samples to determine the effi
ciency of viral genomes concentration. Briefly, for the FRNAPH GGII 
genome, the VTB4-Fph GII set published by Wolf et al. (2010) was used 

with 0.4 µM of each primer, 0.2 µM of probe in 10 µL final reaction 
volume with 2.5 µL of RNA and 2.5 µL of Master Mix Fast Virus 1-Step 
TaqMan™. On the BioRad thermal cycler, the RT was conducted at 
50 ◦C for 5 min followed by an initial denaturation cycle at 95 ◦C for 20s 
and 49 cycles including denaturation step at 95 ◦C for 3s, and hybridi
zation step at 58 ◦C for 30s. 

A global overview of the analytical pipeline (step 2.1–2.4) is pre
sented in Fig. 1. 

2.5. LOD/LOQ determination 

A synthetic quantified SARS-CoV-2 RNA provided by Biorad (ref 
COV019) was used. Standard curves were prepared from 1000 to 1 GC 
per reaction. Dilution points from 80 to 1 GC/reaction were run in 10 
replicates to determine the Limit of Detection (LOD) of the RT-qPCR 
assay. A Ct value ≥ 40 was considered negative. The lowest concen
tration at which all replicates were positive was assumed to be the limit 
of detection (LOD). The limit of quantification (LOQ) was estimated at 
the lowest concentration where the Relative Standard Deviation (RSD) 
of the copy number measurements was below 25% (Hougs et al., 2019). 

2.6. Viral recovery efficiency 

Process recovery efficiency represents an important metric in viral 
signal quantification, as it allows comparison of results from study to 
study even if different concentration and quantification methods are 
used. In this study, the efficiency of virus recovery from the whole 
process (ultrafiltration / RNA extraction / RT-qPCR) was calculated 
using the following equation; 

Recovery =
(GC/L) in MBC sample
(GC/L) in C sample

× 100  

2.7. SARS-CoV-2 RNA sequencing 

NGS sequencing libraries were prepared using COVIDSeq Test kit 
(Illumina, Inc San Diego, CA, USA) with SARS-CoV-2 specific primers 
Artic v4.1 as described in Gerber et al. (2022). The SARS-CoV-2 enriched 
libraries were sequenced using NovaSeq 6000 SP Reagent Kit v1.5 (300 
cycles) according to the manufacturer’s instructions (Illumina, Inc San 
Diego, CA, USA). Sequencing data was analyzed using our in-house 
bioinformatic pipeline as described in Gerber et al. (2022) using 
Pangolin database v4.2 (O’Toole et al., 2021). 

2.8. Statistical analysis 

A normality test was performed using the Shapiro-Wilk test. Paired t- 
test and Wilcoxon tests were used to determine whether there were any 
statistically significant differences between the means of two dependent 
groups. One-way analysis of variance (ANOVA) was used to determine 
whether there were significant differences between the means of three 
or more independent groups. When p value was less than 0.05, the dif
ference was considered significant. All statistical tests and figures were 
performed using GraphPad Prism version 9. 

3. Results 

3.1. Membrane-based concentration process is efficient to enrich 
enveloped and non-enveloped viruses from large volumes of wastewater 

Concentrating viruses from wastewater samples is a crucial step, 
especially for detecting low-level virus RNA during the onset, the 
resurgence, and the deceleration of epidemics or in diluted wastewater 
due to rainfall. Twenty-three wastewater samples were collected from 
four different WWTPs in Alsace, France from February to October 2022 
and were subsequently analyzed. A half-liter of each wastewater was 
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concentrated using ultrafiltration (Amicon® 10 kDa) to yield a final 
concentrate of 5 mL (MBC for membrane-based concentration). Viral 
RNA was then extracted using our in-house protocol and quantified by 
analyzing specific genes E-Sarbeco and RdRp-IP4 for SARS-CoV-2 and 
VTB4-Fph GII for FRNAPH GGII, using RT-qPCR. RNA amounts in 

membrane-based concentrated (MBC) samples were compared to their 
corresponding crude wastewater samples (C for crude). 

As shown in Fig. 2A, the extracted amount of SARS-CoV-2 RNA, 
measured in genome copies (GC), ranged from 5.9 × 101 to 5.5 × 103 

and from 3.8 × 103 to 2.5 × 105 for C and MBC samples, respectively. 

Fig. 1. Overview of the process used for quantifying SARS-CoV-2 in crude (C) and membrane-based concentrated (MBC) large volume of wastewater. 24h repre
sentative wastewater samples were collected from four different wastewater treatment plants (WWTPs) across Alsace, France. The MBC samples were concentrated 
from 500 mL to 5 mL through ultrafiltration using Amicon® Stirred Cell 400ML and Ultracel® regenerated cellulose membrane (10 kDa). Crude and MBC samples 
were subjected to RNA extraction and the RT-qPCR quantifications. 

Fig. 2. Membrane-Based Concentration (MBC) is efficient for enveloped (SARS-CoV-2) and non enveloped (FRNAPH GGII) viruses. Total amount of SARS-CoV-2 
(target gene E-Sarbeco) (A) and FRNAPH GGII (target gene VTB4-Fph GII) (B) genomes were quantified in 5 mL crude (blue) and 500 mL Membrane-based 
concentrated (orange) wastewater samples collected at different time points in four different treatment plants. Wilcoxon test was performed for statistical anal
ysis. **** p<0.0001. Recovery (mean ± SD) of SARS-CoV-2 RNA (C) and FRNAPH GGII (D) from four wastewater treatment plants (WWTPs) using MBC. Means and 
standard deviations are shown on theses figures. Correlation between recoveries of SARS-CoV-2 and FRNAPH GGII in wastewater samples concentrated by ultra
filtration (E). Pearson’s correlation coefficient (r) and the corresponding p-value are shown on this figure. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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The process allowed an average increase of 51 ± 24-fold in SARS-CoV-2 
quantities in MBC samples compared to C samples. Notably, some 
samples were enriched up to 97-fold, approaching the technique’s 100% 
efficiency for the input of 500 mL. Based on our standard curves tar
geting the SARS-CoV-2 E gene and according to the JRC European 
guidelines (Hougs et al., 2019), the calculated limit of detection (LOD) 
of the routine C method is 104 genome copies per liter (GC/L), with 
detections possible up to 2 × 103 GC/L (Supplementary Figs. 1 and 2). In 
addition, comparisons with a commercial 5 mL-based method and the 
incidence rate confirmed that our open-access routine C method is 
suitable for SARS-CoV-2 monitoring (Supplementary Fig. 3A protocol 1 
vs protocol 2 and Supplementary Fig 3B). Based on our standard curves 
targeting the SARS-CoV-2 E gene, the calculated limit of detection (LOD) 
of the MBC method is 50 GC/L (input 1L), with detections possible up to 
10 GC per liter of wastewater processed. The high efficiency of the MBC 
process allowed for quantifications below 125 and up to 40 GC/L. As 
shown in supplementary Fig. 3A protocol 3, the MBC process proves 
valuable for quantifying SARS-CoV-2 when the concentrations in 
wastewater fall below the concentrations detectable with the routine C 
method. Notably, this high sensitivity of the MBC process was reachable 
for input volumes of 500 mL and 1L. However, MBC is suitable for larger 
volumes, potentially enabling quantification of even lower quantities of 
the virus. 

To determine the efficiency of the MBC method for non-enveloped 
viruses, F-specific RNA phages of genogroup II / FRNAPH GGII RNA 
was concentrated and extracted using the same method. The extracted 
amount of FRNAPH GGII RNA ranged from 1.9 × 103 to 3.8 × 105 and 
1.1 × 105 to 2.3 × 107 GC for C and MBC processed samples, respec
tively. The average increase of FRNAPH GGII in MBC samples compared 
to C samples was 57 ± 28-fold (Fig. 2B). Since the MBC efficiencies 
measured for FRNAPH GGII are comparable to those observed for SARS- 
CoV-2, the lowest detectable quantities are in the same range and below 
50 GC/L. 

The viral recovery rate was calculated as the ratio of the targeted 
virus (SARS-CoV-2 and FRNAPH GGII) concentration in MBC samples to 
its concentration in C samples. The mean recovery efficiency was 51 ±
24% and 57 ± 28%, for SARS-CoV-2 and FRNAPH GGII, respectively, 
using ultrafiltration method across samples from 4 WWTPs collected at 
different times between February and October 2022. However, we 
observed variations in the efficiency of viral RNA recovery between the 
different collection weeks for each WWTP and between the different 
WWTPs (Fig. 2C and D). The standard deviation S.D. of recovery effi
ciency within WWTPs ranged from 6.6 to 31.2% and from 11 to 42% for 
SARS-CoV-2 and FRNAPH GGII, respectively (Fig. 2C and D). These 
results suggest that the efficiencies of viral enrichment depend on the 
WWTP being sampled and on the week of collection. The heterogeneity 
of the recovery rates is therefore linked to the heterogeneity of the 
wastewater composition. However, the efficiency of our 500 mL MBC 
process was comparable to the one described for smaller volumes of 
wastewater (Bertrand et al., 2021) giving a better sensitivity to the MBC 
method. 

Next, we compared the MBC process for SARS-CoV-2 and FRNAPH 
GGII. As shown in Fig. 2E, a good correlation could be found between 
the two viral concentrations after the MBC process. These results suggest 
that FRNAPH GGII can be used as a good internal control for normali
zation of the SARS-CoV-2 concentrations. In addition, it allows to take 
into consideration the efficiency of the MBC process when the SARS- 
CoV-2 concentrations are below the LOD of the routine C method. 

3.2. MBC does not significantly increase PCR inhibition 

The presence of PCR inhibitors in wastewater is detrimental to effi
cient and sensitive quantifications of viruses using molecular-based 
approaches. To ensure that PCR inhibitors are not concentrated along 
with the viruses during the MBC process, PCR inhibitions in both C and 
MBC wastewater samples were assessed. This assessment was carried out 

using a Dengue RT-qPCR quantification, after spiking RNA samples with 
a known copy number of Dengue RNA. Additionally, Dengue RNA was 
added to a nuclease-free water sample to establish a reference point for 
Ct values. An analysis of 23 C and MBC samples showed slight increases, 
but no significant PCR inhibitions were observed in the MBC samples 
(Fig. 3A). It is noteworthy that the quantified PCR inhibitions in C and 
MBC samples were far below the commonly acceptable thresholds for 
wastewater (ΔCt=2 or 78%). These findings suggest that our experi
mental conditions were suitable for viral genome quantifications in both 
crude (C) and membrane-based concentrated (MBC) wastewater 
samples. 

3.3. MBC is highly repeatable 

To determine the intra-assay precision of the entire SARS-CoV-2 
quantification process, from the MBC to the final qPCR (ultrafiltration, 
RNA extraction and RT-qPCR) a wastewater sample collected in week 11 
of 2022 from WWTP4 was separately analyzed six times. The Ct values 
of the SARS-CoV-2 E-Sarbeco gene from these six analyses were plotted 
against their corresponding mean (Fig. 3B). The relative standard de
viation (RSD) to the mean was 1.8%. This RSD of 1.8% is far below the 
acceptable limit of 15%, as described by Biopharmaceutics Coordinating 
Committee of the US Food and Drug Administration (Bioanalytical 
Method Validation. Guidance for Industry, 2018). It is important to note 
that the RSD to the mean of the extraction part (C method) of the process 
alone was 1.5% (supplementary Fig. 2). These results demonstrate the 
high repeatability of our SARS-CoV-2 concentration, extraction, and 
quantification pipeline. Furthermore, they confirm that the variations in 
the recovery rate observed in Fig. 2C and D, were not linked to technical 
issues but to the heterogeneity of the wastewater. 

3.4. MBC is suitable for epidemiological survey in wastewater 

We next compared the dynamics of viral spread obtained with and 
without MBC in wastewater from three different WWTPs. SARS-CoV-2 
(Fig. 4A–C) and FRNAPH GGII (Fig. 4D–F) genome copies per liter of 
crude wastewater quantified with both C and MBC methods followed the 
same trend over time. In addition, since the results obtained with our C 
method processing 5mL were comparable to the ones obtained with the 
commercial NucliSens® EasyMAGTM method for SARS-CoV-2 moni
toring in wastewater, the MBC method processing 500 mL allowed for 
wastewater-based epidemiological survey when the quantities of virus 
fell below the limit of detection of the C method (supplementary Fig. 3A 
protocol 3). 

To further document this point, we subsequently used wastewater 
samples collected between April and July 2021 in WWTP2 to perform 
MBC assays when SARS-CoV-2 concentrations dropped below the 
detection limit of the C method. As shown in Fig. 5A, when the virus was 
no longer detectable in crude samples, MBC allowed the quantification 
of SARS-CoV-2 for an additional 4 weeks. Thanks to MBC, we were able 
to quantify up to 40 GC/L of SARS-CoV-2 with a sample input of 1 L. This 
high sensitivity of the MBC process aligns perfectly with the detection 
range mentioned in Section 3.1. To further test the MBC process in 
highly diluted wastewater, we quantified SARS-CoV-2 in wastewater 
samples taken during the transition between the dry and the wet periods 
in Kourou and Saint Laurent du Maroni (French Guiana). As shown in 
Fig. 5B, the concentrations obtained with the C method were close to the 
LOD and therefore only estimated. The MBC process enables a more 
precise quantification of these low SARS-CoV-2 concentrations con
firming that concentrations in proximity to the LOD, as measured with 
the C method, were at times either overestimated (SLM) or under
estimated (Kourou). Of note, SARS-CoV-2 MBC concentrations are pre
sented relative to the ratio GII MBC / GII C to take into consideration the 
efficiency of the MBC process. 
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3.5. MBC allows next generation sequencing of SARS-CoV-2 

To investigate the impact of wastewater concentration on Next- 
Generation Sequencing (NGS), samples of increasing SARS-CoV-2 con
centrations were sequenced with the Illumina short reads method 
COVIDSeq. As expected, the depth of SARS-CoV-2 RNA sequencing in 
crude wastewater was correlated with the concentration of the samples. 
The best breadths of coverage were observed for concentrations close to, 
or over 20 GC/µl in the final 50 µl samples obtained after extraction of 5 
ml with the routine C method (Fig. 6A). 

This optimal sequencing concentration of SARS-CoV-2 RNA in the 
extracted sample corresponds to 2.0 × 105 GC/L in the collected 
wastewater that has been observed only in high epidemic periods and 
only in 15% of the weekly based-quantified wastewater samples from 11 

WWTPs in 2022. These results suggest that MBC could improve the 
sequencing when the viral concentrations in wastewater are low. We 
indeed confirm that MBC samples were compatible with NGS but we also 
observed that some MBC processed wastewater samples were difficult to 
sequence. These results further demonstrate that the heterogeneity of 
the origins and the compositions of the samples tested influence the 
quality of the sequence obtained. However, the dilution of those samples 
improved the depth of sequencing, suggesting that some NGS enzymes 
inhibitors present in MBC samples may impact the sequencing efficiency 
(Fig. 6B). Interestingly, the sequencing depth of the diluted MBC sam
ples were better than the one observed with the crude extract of the 
same wastewater. These results suggest that the PCR inhibitors that did 
not significantly impact the RT-qPCR step of our process of quantifica
tion disfavored NGS sequencing with the COVIDSeq kit. To further 

Fig. 3. Membrane-based concentration does not significantly increase PCR inhibitors and is highly repeatable. (A) PCR inhibitions have been compared for the crude 
wastewater (blue) and the membrane-based concentrate samples (orange). A Wilcoxon test has been performed to compare the two groups of samples. ns: not 
significant. (B) Six different Membrane-based concentrations were performed on the same wastewater and subjected to SARS-CoV-2 E-Sarbeco gene quantifications. 
Mean and standard deviation are shown on this figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 4. Viral dynamic profiles are similar with the C and the MBC methods. Longitudinal comparison of SARS-CoV-2 (A,B,C) and FRNAPH GGII concentrations (D,E, 
F) (log genome copies per liter of wastewater) in C and MBC samples . Crude wastewater samples (routine C method) are represented in blue, and the membrane- 
based concentrated (MBC) samples represented in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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Fig. 5. Membrane Based-concentration allows quantifications of low viral concentrations. (A) Longitudinal quantifications of SARS-CoV-2 concentration in 5 mL 
crude (blue) and 500 mL MBC wastewater from WWTP5. Results are presented in log genome copies per liter. (B) Quantification of Sars-CoV-2 in two different 
wastewater samples from Guyana before and after the onset of the monsoon season (red highlighted aera). GII quantities in the C samples were set to 1 and MBC 
quantities of SARS-CoV-2 are presented in log GC/L relative to the ratio GII-MBC / GII-C. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. Efficiency of wastewater extracted SARS-CoV-2 genome sequencing depends on RNA concentrations (A) and enzymatic inhibitions (B). (A) RNA extracted 
from different crude wastewater were quantified and subjected to COVID-seq Next-Generation Sequencing. Spearman’s rank correlation results are presented (B) 
Crude (blue) and MBC (orange) RNA extracts were subjected to COVID-seq Next-Generation Sequencing. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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investigate this point, we performed NGS sequencing with the full 
COVIDSeq kit or after substitution of the COVIDSeq reverse transcrip
tase by the superscript IV reverse transcriptase. Bioinformatic analyses 
using Pangolin pipeline demonstrated that sequences obtained with 
MBC samples allow the identification of mutations in the SARS-CoV-2 
circulating variant (Fig. 7). 

Since SuperScript IV improved the depth of sequencing, variant 
calling highlighted more mutations present at low frequencies. Thereby, 
the gain of sequence coverage observed with the SuperScript IV was 
mitigated by those low-frequency mutations that may reflect a lower 
fidelity of the SuperScript IV compared to the COVIDSeq reverse tran
scriptase. Further investigations will be needed to improve this specific 
step of the method. Altogether, our results confirm that MBC is 
compatible with NGS sequencing but can still be optimized to limit the 
impact of the PCR inhibitors on the quality of the genome sequences. 

4. Discussion 

Wastewater-based epidemiology (WBE) has emerged as an efficient 
strategy to monitor in real-time the health status of a given population, 
as pathogenic viruses may be present in the excrement and fluids of 
infected individuals. The application of WBE was previously used to 
monitor pathogenic viruses around the world (Lago et al., 2003; 
Katayama et al., 2008; McCall et al., 2020), and recently implemented to 
monitor SARS-CoV-2/COVID-19. Most of the methods described in the 
literature have three fundamental stages for analyzing and quantifying 
SARS-CoV-2 virus: viral concentration, RNA extraction and quantifica
tion of target genes. 

The concentration of viruses from wastewater samples is a crucial 
step driving the efficiency and the sensitivity of the techniques. Viral 
concentration methods were initially developed for analyzing and 
detecting non-enveloped viruses. Less is known about the recovery ef
ficiency for enveloped viruses. There are significant structural differ
ences between enveloped and non-enveloped viruses which could lead 
to differences in concentration recovery efficiencies (Wurtzer et al., 
2021). Haramoto et al., 2009 demonstrated differences in virus recovery 
efficiencies between enveloped and non-enveloped viruses in lake water 
in Japan. To date, there is no standard methodology developed for the 
quantification and detection of SARS-CoV-2. Protocols differ according 
to sample volume, storage conditions, concentration method, RNA 
extraction method, and RNA quantification method. 

To estimate SARS-CoV-2 recovery efficiencies, researchers have been 
using surrogate viruses such as process controls. For instance, bovine 
coronavirus (BCoV) was used by LaTurner et al. (2021) and Gonzalez 
et al. (2020), murine hepatitis virus (MHV) was used by Ahmed et al. 

(2020a), human coronavirus (HCoV-229E) was used by La Rosa et al. 
(2021), Phi6 was used by Sherchan et al. (2020), betacoronavirus OC43 
was used by McMinn et al. (2021), porcine epidemic diarrhea virus 
(PEDV) was used by Monteiro et al. (2022) and recently inactivated 
SARS-CoV-2 was used by Zheng et al. (2023). However, there is a doubt 
about the ability to translate recovery efficiencies of spike-in process 
controls to SARS-CoV-2 (Ahmed et al., 2020b). In a recent publication, 
Zheng and colleagues suggested that endogenous SARS-CoV-2 in 
wastewater samples exhibits distinct affinities to flocculants and parti
tioning than exogenously spiked virus. Therefore, it is advised to use 
positive untreated wastewater samples to evaluate quantification 
methods and determine an optimal protocol for various applications 
(Zheng et al., 2023). Thereby, fecal contamination markers commonly 
found in wastewater such as PMMoV and FRNAPH GGII were used to 
evaluate concentration methods along with spiked SARS-CoV-2 (Alamin 
et al., 2022) In this study, we quantified SARS-CoV-2 and FRNAPH GGII 
in crude wastewater samples (C samples) and membrane-based 
concentrated samples (MBC). The mean recovery efficiency was 51 ±
24% and 57 ± 28% for SARS-CoV-2 and FRNAPH GGII, respectively, 
across 4 WWTPs demonstrating the efficiency of the MBC method to 
reduce the quantification limit of enveloped and non-enveloped viruses 
up to 100 folds for 500 mL of input. With 1 liter of input, MBC allowed to 
quantify SARS-CoV-2 RNA in wastewaters containing viral concentra
tions as low as 40 GC/L. However, large variations in viral RNA con
centration efficiencies were observed within WWTPs. Considering the 
high repeatability of the method, these variations were not due to the 
technique but to the heterogeneity in the composition of the wastewater 
at the time of collection. Additional studies will be required to link this 
variability in MBC efficiency to specific water parameters. Physico
chemical characteristics of the wastewater being sampled such as 
salinity, pH, temperature, or suspended solids will be investigated. 

The volume of wastewater input in viral concentration process may 
impact reproducibility, sensitivity, variability and the instrument re
quirements (LaTurner et al., 2021). First, increasing the volume of 
wastewater input may influence processing time. While McMinn et al. 
reported very fast filtrations of large volumes, a nearly exponential 
relationship between input volume and processing time was reported for 
other filtration methods (McMinn et al., 2021; LaTurner et al., 2021). 
With our method, we have been able to concentrate viruses from 500 mL 
to 1 L of wastewater sample which was much larger volumes than ones 
reported to date (15 mL and 50 mL), (LaTurner et al., 2021; Ahmed et al. 
(2020a) within approximate times ranging from 1 to 4 h. Of note the use 
of multiple MBC systems allowed for the concentrations of multiple 
large volumes in parallel within the same time. Expanding the processed 
water volume will be a key area of future development for us 

Fig. 7. Membrane-based concentrated samples are compatible for Next Generation sequencing. MBC RNA extracts were subjected to COVIDseq Next-Generation 
Sequencing with the complete COVIDSeq kit or with substitutions of the reverse transcription enzyme by SuperScript IV. 
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considering the existing limitations of the technique which are deter
mined by the membrane filtration surface and the clogging that may 
occur with larger volumes of highly turbidity wastewater samples. 

Our method for concentrating and quantifying SARS-CoV-2 RNA is 
reliable and cost-limited. Indeed, apart from the investment in the 
Amicon Stirred Cell (less than 2500€), the consumable cost of our ul
trafiltration process of wastewater is about 3 times cheaper per mL of 
processed water than commercial ultrafiltration methods commonly 
used to quantify SARS-CoV-2. In addition, our in-house RNA extraction 
technique (routine C method) is about 30% cheaper than RNA extrac
tions using commercial kits. Furthermore, our routine C method does 
not require sophisticated and expensive equipment such as automatons 
or high-speed centrifuges. Finally, limiting the use of commercial kits 
could be a crucial advantage during crisis period with limited access to 
kits. The routine C method presented here is brand-limited and easy to 
implement. It uses very common reagents and tools that can be found in 
most laboratories. However, further improvement would still be needed 
to limit the use of hazardous / toxic reagents. 

Previous studies highlighted the need to concentrate both solid and 
liquid fractions of wastewater samples (Ahmed et al., 2020b). Indeed, 
pre-treatment steps such as pre-filtration to remove cells and larger 
debris led to losses of particles associated virus in the pellet. For 
instance, resultant pellets from using centrifugal filter devices (Cen
tricon Plus-70 and Amicon Ultra 15) led to 30% loss of process control 
(MHV) during pre-filtration step (Ahmed et al., 2020b). With our 
method, both solid and liquid fractions of wastewater samples were 
processed. However, further investigations may be needed to guarantee 
an optimized extraction of the virus from the solid phase. 

The Master Mix Fast Virus 1-Step TaqMan™ used in this study to 
quantify SARS-CoV-2 target genes is optimized to handle RT-PCR in
hibitors from samples such as blood and faeces. Thereby, the co- 
concentration of PCR inhibitors from large volumes such as 500 mL of 
wastewater, had no significant influence on SARS-CoV-2 quantification 
with our method. However, the heterogeneity of the wastewater 
composition and the presence of PCR inhibitors impacted the quality of 
the sequences obtained by NGS. We indeed observed variability in the 
quality of the sequences generated with different MBC samples of 
wastewater. Our results suggest that inhibition of the NGS enzymes is 
the key point to be addressed to overcome this technical issue. More
over, we describe sequences obtained with MBC samples that harbored 
very good breadth of coverage and allowed to identify SARS-CoV-2 
mutations via the pangolin pipeline. The substitution of the COVIDSeq 
reverse transcriptase by the SuperScript IV further improved the 
coverage of the SARS-CoV-2 sequence to 100% but negatively impacted 
the sequence accuracy. These results suggest that COVIDSeq reverse 
transcriptase is more sensitive to inhibitors but has a higher fidelity. 
Altogether, MBC is compatible with NGS sequencing but more in
vestigations are required to enhance the consistency of the sequencing 
quality, owing to the heterogeneous composition of wastewater. 
Wastewater is a very complex matrix that can affect the integrity of viral 
particles and viral genomes to be sequenced. Future work should iden
tify the integrity of SARS-CoV-2 genome in wastewater and how it can 
be affected by concentration methods. Since the MBC protocol is not 
destructive, it can be applicable to quantify enveloped or non-enveloped 
viruses, bacteria, and parasites, and to evaluate the viability of the 
pathogens in wastewater. Finally, concentration by ultrafiltration may 
be further scaled-up. However, upscaling our MBC process require the 
development larger ultrafiltration systems with increased filtration 
surfaces. 

5. Conclusions 

A new MBC method has been developed to concentrate, quantify, 
and sequence SARS-CoV-2 in large volumes of wastewater.  

• MBC average of SARS-CoV-2 concentration efficiencies exceeded 50 
folds compared to crude wastewater, reaching up to 97 folds 
depending on the samples for 500 mL of input. 

• MBC efficiency allows quantification of SARS-CoV-2 for concentra
tions below 100 and up to 40 GC/L.  

• MBC does not significantly increase PCR inhibition compared to 
crude wastewater and is highly reproducible.  

• MBC process is efficient for enveloped-viruses such as SARS-CoV-2 
and non-enveloped viruses such as FRNAPH GGII.  

• MBC process is suitable for wastewater-based survey of viral 
emergences.  

• MBC is compatible with next generation sequencing but can still be 
improved to limit the variability of sequence qualities due to the 
heterogeneity of wastewater composition. 

The routine C method is easy to implement, cheaper than the com
mercial kits, brand limited, open-access and suitable for viral survey in 
wastewater. 
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