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optimized before sequencing. The purpose of this study was to achieve high coverage (> 90 %) and sequencing
depth (at least >200x) even for low initial RNA concentrations (< 10° genome copies (GC)/L) in WW. A further
objective was to determine the range of SARS-CoV-2 RNA concentrations that allow high-quality sequencing, and

the optimal sample volume for analysis. Ultrafiltration (UF) methods were used to concentrate viral particles
from large influent samples (up to 500 mL). An RNA extraction protocol using silica beads, neutral phenol-
chloroform treatment, and a PCR inhibitor removal kit was chosen for its effectiveness in extracting RNA and
eliminating PCR inhibitors, as well as its adaptability for use with large influent samples. Recovery rates ranged
from 24 % to 63 % (N = 17) for SARS-CoV-2 naturally present in WW samples. 200 mL WW samples can be
enough for UF concentration, as they showed high quality sequencing analyses with between 5 x 10% GC/L and
6 x 10° GC/L. Below 6 x 10° GC/L, high-quality sequencing was also achieved for ~40 % of the samples using
500 mL of WW. Sequencing analysis for variant detection was performed on 200 mL WW samples with coverage
of >95 % and sequencing depth of >1000x. Analyses revealed the predominance of variant EG.5, known as Eris
(66 %-100 %). The use of UF methods in combination with a suitable RNA extraction protocol appear promising
for sequencing enveloped viruses in WW in a context of viral emergence.

1. Introduction

The presence of human viruses in wastewater (WW) can indicate that
these viruses are excreted by the human population whose waste is
treated by the WW treatment plant (WWTP), provided that these vi-
ruses’ genomes persist long enough to be detected (Carducci et al.,
2020). Wastewater-based epidemiology (WBE) has emerged as an
effective tool for tracking microbial circulation in populations. Through
the analysis of temporal variations in viral concentrations and diversity,
WBE not only helps to assess the infection rates within a population, it
also enables the early detection of emerging viral strains (Polo et al.,
2020). This methodology has proven particularly valuable in monitoring
SARS-CoV-2, the virus responsible for COVID-19, and serves as an “early
warning system” for public health authorities (Daughton, 2020; Hart
and Halden, 2020; Polo et al., 2020). The WBE approach employs mo-
lecular techniques like reverse transcription-real-time quantitative PCR
(RT-qPCR), RT droplet digital PCR (RT-ddPCR), RT digital PCR (RT
dPCR), or high-throughput qPCR to measure viral or bacterial nucleic
acid concentrations or to detect multiple targets simultaneously in
wastewater samples (Ahmed et al., 2022; Kabdash and Tiinay, 2021;
Sims and Kasprzyk-Hordern, 2020). While these methods are reliable
tools for tracking emerging variants in WW, they are limited to the
detection of specific mutations. Genome sequencing is essential for un-
derstanding the genetic evolution of viruses in WW and to gain
comprehensive epidemiological insights. However, identifying variants
of interest (VOI) or variants of concern (VOC), especially those present
at low frequencies, requires high-quality sequencing (Van Poelvoorde
et al., 2021). This is made challenging by various issues specific to WW
sequencing, such as fragmented genomes due to the nature of the sam-
ples (Otero et al., 2022); intensive sample processing like sample ho-
mogenization during viral concentration and RNA extraction steps,
especially the bead-beating procedure (Feng et al., 2023); potential PCR
inhibitors that are co-purified during viral concentration; and notably,
low concentrations of viral RNA (Rouchka et al., 2021). Overcoming
these challenges requires specialized concentration and extraction
methods tailored for handling low viral RNA concentrations effectively
while maintaining genome quality.

Until now, most studies have focused on targeted sequencing in re-
gions with key mutations (Cancela et al., 2023; Kuroiwa et al., 2023; Lin
etal., 2020; Smyth et al., 2022), while whole-genome sequencing (WGS)
provides more comprehensive information, enabling the identification
of new mutations for a more precise evaluation of genetic evolution.
Despite instances of successful WGS with coverage exceeding 90 %
(Child et al., 2023; Crits-Christoph et al., 2021; Karthikeyan et al.,
2022), several other studies have obtained sequencing coverage of
below 50 % (Cha et al., 2023; Feng et al., 2023; Li et al., 2022; Otero
et al., 2022). In most studies with successful sequencing protocols, WW
samples had high viral concentrations (> 10° GC/ uL). These protocols,
effective during periods of high viral prevalence in human populations,
may be insufficient when virus circulation is low due to epidemic

fluctuations or during the early stages of variant emergence. These sit-
uations require large sample volumes to be processed, which can result
in the simultaneous concentration of other substances that impede
sequencing analysis (Tamas et al., 2022).

There is currently no standardized protocol for SARS-CoV-2
sequencing in WW. Various techniques are described in the literature,
ranging from sample concentration to library preparation. The choice of
a suitable concentration methods is crucial, because periods of low viral
circulation in human populations can be an important limitation and
concentrating small sample volumes of WW (<100 mL) may not be
sufficient (Ahmed et al., 2022). The UF and polyethylene glycol (PEG)
precipitation methods can be used with large volumes of WW (>100 mL)
(Bofill-Mas and Rusinol, 2020). A recent study using an UF membrane-
based concentration method applied to 500 mL of influent showed re-
covery rates over 50 % for SARS-CoV-2 and non-enveloped F-specific
RNA phages belonging to genogroup II (FRNAPH-II); it also enabled the
detection of viruses at concentrations as low as 40 GC/L (El Soufi et al.,
2024). However, this interesting approach requires further optimiza-
tion, especially RNA extraction, to allow high-quality sequencing.
Selecting the right protocol for RNA extraction is also challenging since
it must maximize the recovery of nucleic acids without damaging them
(Michael-Kordatou et al., 2020). Most RNA extraction methods rely on
column extraction techniques, producing RNA at high concentrations
while maintaining high purity. However, this kind of method is limited
by the minimal size of fragments that can adhere to the column,
resulting in the potential loss of a substantial portion of RNA fragments
(Tamas et al., 2022). Extraction methods using magnetic beads made of
silica can also be applied to WW concentrates due to their ability to
effectively recover high-purity nucleic acids, including RNA. Addition-
ally, an organic extraction method involving TRIzol™ is frequently used
for RNA extraction, but residual traces of TRIzol™ or isopropanol could
disturb molecular analyses (Tamas et al., 2022). Lastly, the right com-
bination of viral concentration and RNA extraction methods is critical
for effective genomic analysis. Kaya et al. (2022) have evaluated 11
virus concentration protocols based on PEG precipitation and UF for
their effectiveness in recovering enveloped viruses in WW samples.
These protocols were combined with four RNA extraction protocols
resulting in 44 different possible approaches. They reported a wide
range of recovery rates for bovine respiratory syncytial virus (BRSV)
RNA, ranging from <0.03 % to 64.7 % (+ 1.6 %) for initial WW volumes
of between 30 mL and 100 mL.

Regarding sequencing technology, Illumina combined with various
sets of primers, especially ARTIC primers, is one of the most frequently
used methods; it allows the coverage of almost the entire SARS-CoV-2
genome (Tamas et al., 2022). The process applied to samples upstream
of sequencing significantly influences its quality and consistency (Feng
et al., 2023).

Uncertainty remains in terms of the minimal RNA concentration
required for achieving high-quality sequencing in WW samples. This is
crucial given the challenge of sequencing small quantities of RNA,
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especially in the context of viral emergence. To address this limitation,
our study aims to assess various combinations of protocols for viral
concentration and RNA extraction using large WW sample volumes
(100 mL to 500 mL) collected from diverse WWTPs. Through this
comparative analysis, we aim to identify the most effective combination
that ensures optimal recovery of viral RNA genomes as well as high-
quality sequencing, defined as coverage of >90 % and depth of at
least >200x. Additionally, we aim to determine the threshold concen-
trations of SARS-CoV-2 RNA that require a concentration step, thereby
identifying the most appropriate volume of WW for analysis. The long-
term objective of our research is to contribute to the identification of
emerging viruses in WW through sequencing, providing insights to
effectively address future viral emergence scenarios.

2. Material and methods
2.1. Influent samples

Influent samples from 15 urban WWTPs located in France (metro-
politan France and French Guiana) were collected during 24 h periods
using automated samplers. The characteristics of the WWTPs (location,
treatment capacity) and the number of samples per WWTPs used for
each section of the study are described in Table 1. “N” refers to the
number of influent samples per WWTP, while “n” refers to the number of
analyses per protocol, as some influent samples were analyzed using
multiple protocols.

2.2. Ultrdfiltration concentration protocols

Two methods based on the frontal UF approach were used to
concentrate virus from the influent samples: stirred UF (SUF) and cen-
trifugal UF (CUF) (Table 2).

The CUF method used a Centricon® Plus-70 ultrafilter with a cut-off
of 100 kD (Merck Millipore) to process 100 mL or 200 mL influent
samples, as described by Bertrand et al. (2021). Then, the concentrates
underwent the NS3 RNA extraction protocol (CUF-P1 in Table 2).

The SUF used the Amicon® Stirred Cell 400 mL system (model 8400,
UFSC40001, Merck Millipore) and Ultracel® membrane discs of regen-
erated cellulose with a cut-off of 10 kD (PLGC07610, Merck Millipore).
The SUF method was performed as described (El Soufi et al., 2024) on
200 mL or 500 mL of influent samples. Concentrates obtained from 200
mL of influent were subjected to the NS3 RNA extraction protocol (SUF-

Table 1
Influent samples and related WWTP.
WWTP Location Capacity Sampling period Number
(region) (inhabitants of samples
equivalent) N)
Comparison of concentration methods (Section 3.1) and sequencing analysis (Section
3.2)
WWTP- Grand Est 400,000 January-September 23
1 2023
WWTP-  Nouvelle 135,000 January-February 7
3 Aquitaine 2023 / September
2023
WWTP-  Nouvelle < 20,000 January-February 1
10 Aquitaine 2023
WWTP-  Provence 340,000 September-October 4
11 -Alpes-Cote 2023
d’Azur
WWTP- Normandie 550,000 August-September 6
12 2023
WWTP- Grand Est 102,000 September-October 4
13 2023
WWTP-  French 30,000 August-September 5
14 Guiana 2023
WWTP- French 60,000 August-September 3

15 Guiana 2023
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Table 2

Viral concentration methods and RNA extraction protocols applied on large
volumes of influent (100 mL to 500 mL). The genome quantification methods
and the number of samples for each protocol and laboratory are also given.

Protocol CUF-P1 SUF-P2 SUF-P3
Concentration method Centrifugal UF Stirred Stirred UF
UF
Laboratory Lab Lab Lab Lab 1 Lab 1 Lab 3
1 2 2
Volume of influent (mL) 200 200 100 200 500 500
Volume of concentrate 5 5 5 5 5 5
(mL)
RNA extraction method NS3 NS4
- 10 mL of NucliSENS - 10 mL of
(bioMérieux) lysis buffer NucliSENS
- Neutral phenol chloroform (bioMérieux)
treatment lysis buffer
- 140 pL of silica beads - Neutral phenol
- OneStep PCR Inhibitor Removal chloroform
kit (Zymo research) treatment
(twice)
- Lysate splitted
into 3 fractions
- 140 pL of silica
beads / fraction
- 300 pL of
eluate
- RNA Clean &
Concentrator™
(Zymo research)
Volume of extracted RNA 100 100 100 100 100 100
(uL)
RNA quantification C A A C C B
method for SARS-CoV-2
RT-qPCR kit for FRNAPH A A A A A B
GGII
Number of samples for N= N= N= N=7 N=8 N=5
recovery rate 6 3 3
determination of
concentration method
Number of samples for RT- N = N= N= N=7 N=9 N=5
qPCR inhibition 9 3 3
evaluation
Number of samples for = N= NT N=17 N= N=
sequencing analysis 7 17 12 16

A: RNA UltraSens™ One-Step Quantitative RT-PCR kit / B: Master Mix Fast Virus
1-Step TagMan™ kit / C: One-Step RT-ddPCR Advanced kit for probes / NT: Not
tested.

P2 in Table 2) and concentrates obtained from 500 mL of influent were
subjected to the NS4 RNA extraction protocol (SUF-P3 in Table 2).

The NS3 and NS4 RNA extraction protocols are described below (see
Section 2.3).

2.3. RNA extraction protocols for concentrates obtained from large
influent samples

Two RNA extraction protocols, NS3 and NS4, were specifically used
for concentrates obtained from 100 mL to 500 mL of influent, as
described in Table 2. These protocols are quite similar to the one pre-
viously described by Bertrand et al. (2021) and represent modified
versions of the NS2 protocol, which is described in Chaqroun et al.,
under review. They were based on the NucliSENS® kit (bioMérieux)
using magnetic silica beads and on neutral phenol-chloroform (PC)
treatment. For NS3, the volume of silica beads was increased from 70 pL
to 140 pL. For NS4, the neutral PC treatment was applied twice, and the
aqueous phase was divided into three fractions, each mixed with 140 pL
of silica beads. The total eluate of 300 pL was subsequently cleaned and
concentrated to 100 pL using the RNA Clean & Concentrator™ from
Zymo Research. All extracted RNA samples were subsequently stored at
—80 °C until further analysis.
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2.4. Estimation of the recovery rates of ultrafiltration methods

In parallel to the UF methods applied to 100 mL to 500 mL of
influent, 5 mL of unconcentrated influent was subjected to direct RNA
extraction using the NS2 protocol (Chaqroun et al., under review) and
served as a reference in order to calculate the viral RNA recovery rate as
follows:

Genome copies (GC)
Tier (T) of concentrated ww_

% of unconcentrated ww

R= 100

In influent samples with low prevalence of SARS-CoV-2 (below 5 x
10% GC/L), the unconcentrated 5 mL of influent underwent the NS2 RNA
extraction protocol (Chaqroun et al., under review), followed by a re-
concentration step using the RNA Clean & Concentrator kit (R1016,
Zymo Research), resulting in a final eluate volume of 6 pL to be able to
calculate the viral RNA recovery rate.

2.5. Viral genome quantification

SARS-CoV-2 RNA quantification was performed by targeting the E
gene with the PCR system developed by Corman et al. (2020) and using
either RT-qPCR or RT-digital droplet PCR (RT-ddPCR) methods
(Table 2).

In the case of RT-qPCR, two different kits from Applied Biosystems™
were used: either the RNA UltraSens™ One-Step Quantitative RT-PCR
kit (Lab 1 and 2) or the Master Mix Fast Virus 1-Step TagMan™ kit
(Lab 3). For the RNA UltraSens™ One-Step Quantitative RT-PCR kit, the
reaction was executed in a final volume of 20 pL, containing 2 pL of
RNA, 1 pM of primers, and 0.3 pM of the probe. Amplification reactions
were carried out on a BioRad CFX96™ thermal cycler with the following
cycling parameters: 30 min at 50 °C for the reverse transcription step,
followed by 5 min at 95 °C, and then 45 cycles of 15 s at 95 °C and 40 s at
58 °C for PCR amplification. For the Master Mix Fast Virus 1-Step Taq-
Man™ kit, 5 pL. of RNA was used in a final reaction volume of 10 pL. The
primer concentration was 0.4 pM, and the probe concentration was 0.2
pM. Amplification reactions were also conducted on a BioRad CFX96™
thermal cycler, using the following cycling parameters: 50 °C for 5 min
(reverse transcription), followed by an initial denaturation cycle at 95 °C
for 20 s, and subsequently, 45 cycles at 95 °C for 5 s (denaturation) and
58 °C for 40 s (annealing/extension). The quantification was performed
using a standard curve based either on full-length amplicon cloned into
PCR2.1 plasmid (Invitrogen, #452640) (Wurtzer et al., 2021) for labo-
ratories 1 and 2, or a synthetic quantified SARS-CoV-2 RNA (Biorad,
COV019) for laboratory 3. The Limit of Detection (LOD) and the Limit of
Quantification (LOQ) of RT-qPCR assays were determined using repli-
cates of 10-fold dilutions of SARS-CoV-2 RNA control. The LOD was
defined as the lowest RNA target concentration that achieved 95 %
detection success (Borchardt et al., 2021; Bustin et al., 2009; Klymus
et al., 2020). With the RNA UltraSens™ One-Step Quantitative RT-PCR
kit and synthetic SARS-CoV-2 RNA Control 2 from Twist Bioscience (ref
MN908947.3), the LOD was set at 10 GC/reaction (6 replicates). Using
the Master Mix Fast Virus 1-Step TagMan™ kit and synthetic SARS-CoV-
2 RNA from Bio-Rad (ref COV019), the LOD was established at 5 GC/
reaction (10 replicates) (El Soufi et al., 2024). The LOQ is defined by the
user since there is currently no standardized maximum coefficient
variation (CV) for qPCR (Borchardt et al., 2021; Klymus et al., 2020).
With the RNA UltraSens™ One-Step Quantitative RT-PCR kit and syn-
thetic SARS-CoV-2 RNA Control 2 from Twist Bioscience (ref
MN908947.3), the LOQ was set at 10 GC/reaction (6 replicates) with a
CV of 25 %. Using the Master Mix Fast Virus 1-Step TagMan™ kit and
synthetic SARS-CoV-2 RNA from Bio-Rad (ref COV019), the LOQ was
established at 10 GC/reaction (10 replicates) with a CV of 25 %.

Regarding RT-ddPCR, the One-Step RT-ddPCR Advanced kit for
probes from Bio-Rad was used. In this protocol, the reaction was con-
ducted within a total volume of 22 pL, which included 4 pL of RNA, 0.9
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M of primers, and 0.2 pM of the probe. The samples were placed in the
droplet generator with 70 pL of generator oil to generate up to 20,000
droplets per sample. The resulting picolitre droplet emulsions (40 pL)
were transferred to a Veriti 96-Well Thermal Cycler (Applied Bio-
systems) and followed these cycling parameters: 1 h at 50 °C (reverse
transcription) and 10 min at 95 °C, then 40 cycles of 30 s at 95 °C
(denaturation) and 1 min at 58 °C (annealing/extension), followed by
10 min at 98 °C (enzyme deactivation). After amplification, the plate
was transferred to the QX200™ Droplet Reader (Bio-Rad). The Quan-
taSoft™ Software (Bio-Rad) was then used to determine the initial
concentration of each target RNA. This determination was based on
counting the number of positive droplets per well using fluorescence
amplitude detection and Poisson distribution modeling. For a result to
be considered interpretable, at least 10,000 accepted droplets must be
achieved. Additionally, the negative controls (PCR negative control and
extraction negative control) should not contain any positive droplets
and were also used for threshold setting (Huggett, 2020). Finally, if the
sample contained one or more positive droplets, it was considered as
positive. If the sample contained three or more positive droplets, it was
considered quantifiable. Using synthetic SARS-CoV-2 RNA Control 2
from Twist Bioscience (ref MN908947.3), the LOD (detection criteria
>95 %) and LOQ (CV of 40 %) were determined to be 6 GC/reaction (6
replicates).

The FRNAPH-II genome was quantified using an RT-qPCR assay
(VTB4-Fph II set, Wolf et al., 2010). These non-enveloped phages are
naturally present in influents at concentrations ranging from 10° to 10°
GC/L (Hartard et al., 2015; Hata et al., 2013). FRNAPH-II was used as a
control for the concentration and/or extraction processes (Section 3.1).
Additionally, it served as an inhibition control to assess RT-qPCR inhi-
bition in the extracted RNA samples (Section 3.1) through RNA quan-
tification in both undiluted extracts and 1/10 diluted extracts. For the
RNA UltraSens™ One-Step Quantitative RT-PCR kit (Lab 1 and 2),
identical conditions to those specified above for SARS-CoV-2 were
applied. Regarding the Master Mix Fast Virus 1-Step TagMan™ kit (Lab
3), the only difference with the protocol applied for SARS-CoV-2 was the
amount of RNA used: only 2.5 pL of RNA was employed with a final
volume of 10 pL. The amplification reaction was performed in fast
cycling mode using the following conditions: 50 °C for 5 min (reverse
transcription), followed by 95 °C for 20 s (reverse transcriptase inacti-
vation/initial denaturation). Subsequently, there were 45 cycles at 95 °C
for 3 s (denaturation) and 58 °C for 30 s (annealing/extension).

RT-qPCR inhibition was estimated for each sample of extracted RNA
by comparing the quantification cycle (Cq) values obtained for the un-
diluted extract with those of the 1/10 diluted extract. If the difference
between the two Cq values (ACq) reached 2.3, then the inhibition was
50 %. If this difference reached 1.3, then the inhibition was 75 %. Ac-
cording to ISO 15216-1 (2017) on the genome quantification of nor-
oviruses and hepatitis A virus in food and bottled water matrices, up to
75 % inhibition is acceptable.

2.6. The whole genome sequencing of concentrates from large volume of
influent

Next-generation sequencing analyses were conducted using the
[llumina COVIDSeq kit (Illumina, Inc.). In this process, 8.5 pL of RNA,
extracted from influent samples, underwent reverse transcription and
subsequent enrichment for the SARS-CoV-2 genome via two multiplex
PCR reactions (using ARTIC v4.1 primers) with 35 cycles each. The
amplicons were then tagmented using EBLTS HT Beads, and indexed in a
PCR with 7 cycles. The final libraries were pooled by volume, the pool
was purified with Illumina Tune Beads and quantified using a Qubit
dsDNA HS Assay kit (Thermo Fisher Scientific, Inc.). The average frag-
ment size determined through LabChip GX analysis was 479 bp. Short-
read sequencing was performed using the NovaSeq 6000 SP Reagent
Kit v1.5, 300 cycles (Illumina, Inc.). To evaluate the depth and breadth
of coverage, we used our in-house bioinformatic pipeline (Gerber et al.,
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2022), with down-sampling to 7 M read pairs for each library and with
filtering of reads <40 bp after clipping. Variants were filtered using the
‘beftools-filter’ command, keeping variants with BMF < 0.05 and MF <
0.3. Strain assignation was done using Pangolin database 4.3.1 (updated
November 27, 2023) (O’Toole et al., 2021).

2.7. Statistical analysis

Statistical analyses were conducted using GraphPad - Prism software
(version 9.5.0). For independent samples, the Kruskal-Wallis test (n > 2
series) was used to compare viral recovery based on the size of the
influent sample. Additionally, the Mann-Whitney test (n = 2 series) was
used to assess the respective recovery levels of the SUF and CUF
methods, as well as the differences between enveloped and non-
enveloped viruses (Section 3.1), and to compare sequencing parame-
ters (Section 3.2). For paired samples, the Friedman test (n > 2 series)
was used, to evaluate sequencing depth and coverage in terms of the
analyzed volume (Section 3.2). Statistically significant results were
indicated by p-values <0.05. The asterisks indicate significant differ-
ences (* for p-value < 0.05; ** for p-value < 0.01; *** for p-value < 0.001
and **** for p-value <0.0001), and ‘ns’ stands for non-significant
differences.

2.8. Data smoothing

Two specific models were applied to smooth the data relating to the
breadth of coverage and the median depth of sequencing. The first
model applied to the coverage data is a mixture model combining the
Gaussian distribution of measurements around a sigmoid curve and a
uniform distribution. By choosing a distribution of measurements
around a sigmoid, it is possible to impose the constraint that the
smoothed values must lie between 0 and 100 %. Mixing this distribution
with a uniform distribution can then be used to model the occurrence of
outliers. The median depth was simply modeled as a Gaussian distri-
bution of measurements around a sigmoid curve shifted by a constant
factor. Detailed information about these models is available in Supple-
mentary material.

3. Results
3.1. Evaluation of two ultrafiltration methods for large influent samples

In this paper, we evaluated the effectiveness of SUF and CUF
methods for concentrating both enveloped (SARS-CoV-2) and non-
enveloped (FRNAPH-II) RNA viruses from influent samples. The CUF
approach was applied to influent samples of 100 mL and 200 mL and
combined with the NS3 RNA extraction protocol (CUF-P1 in Table 2).
The SUF approach was applied to influent samples of 200 mL (SUF-P2 in
Table 2) and 500 mL (SUF-P3 in Table 2).

The NS2 protocol was the most suitable RNA extraction protocol for
5 mL of influent, and it also seemed to be the most easily adaptable to the
concentrate samples obtained from large volumes of influent (100 to
500 mL) (Chagroun et al., under review). To adapt NS2 to large volumes
of influent, the volume of silica beads was increased (NS3 and NS4 RNA
extraction protocols) and the concentrate was divided into three frac-
tions before adding silica beads (NS4 RNA extraction protocol). Thus,
the NS3 protocol was used for concentrates from 100 mL and 200 mL of
influent (in CUF-P1 and SUF-P2), and the NS4 protocol was applied to
concentrates from 500 mL of influent (in SUF-P3) (Table 2). Influent
samples for this study were collected from WWTPs-1 and -3. For WWTP-
1, the samples (N = 14, Table 1) were collected between January and
July 2023, a period of low SARS-CoV-2 circulation in human pop-
ulations. The SARS-CoV-2 RNA concentrations ranged from 4.3 x 10° to
4.8 x 10* GC/L. Influent samples from WWTP-3 (N = 3) were collected
during a period spanning from January to February 2023, and showed
SARS-CoV-2 RNA concentrations ranging from 1.8 x 10* to 2.3 x 10°
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GC/L. At the same time as the concentration of these large volumes of
influent, 5 mL of influent was used directly for RNA extraction using the
NS2 protocol to assess the recovery rates of SARS-CoV-2 genome
(Fig. 1A) and FRNAPH-II genome (data not shown).

The CUF-P1 protocol applied to 100 mL of influent showed recovery
rates of 27 + 21 % for the SARS-CoV-2 genome (Fig. 1A) and 82 + 79 %
for the FRNAPH-II genome (data not shown). These values were higher
than those obtained with the same protocol applied to 200 mL of
influent resulting in recovery rates of 19 + 18 % and 47 + 50 % for the
SARS-CoV-2 genome (Fig. 1A) and the FRNAPH-II genome (data not
shown), respectively. However, the difference was not significant for
CUF applied to 100 mL or 200 mL of influent for both SARS-CoV-2
(Mann-Whitney test, p-value = 0.4818) and FRNAPH-II (Mann-Whit-
ney test, p-value = 0.4637).

When processing 200 mL of influent, the SUF-P2 protocol showed a
mean recovery rate of 24 + 26 % for the SARS-CoV-2 genome (Fig. 1A),
and 43 + 32 % for the FRNAPH-II genome (data not shown). Increasing
the volume to 500 mL and using the SUF-P3 protocol did not signifi-
cantly affect the mean recovery rates since they reached 31 + 29 % for
the SARS-CoV-2 genome (Mann-Whitney test, p-value = 0.4686) and 38
+ 36 % for the FRNAPH-II genome (Mann-Whitney test, p-value =
0.8410), respectively.

Likewise, no significant difference was observed between SUF and
CUF concerning the recovery rate of both SARS-CoV-2 genome (Mann-
Whitney test, p-value = 0.8563) and FRNAPH-II genome (Mann-Whitney
test, p-value = 0.6665). The mean recovery rates of the non-enveloped
virus (FRNAPH-II) were higher than those of the enveloped virus
(SARS-CoV-2). However, this difference was not statistically significant
(p = 0.0535, Mann-Whitney test).

We also assessed the presence of RT-qPCR inhibitors in both non-
concentrated and concentrated WW samples (Fig. 1B). No inhibition
was observed in the non-concentrated samples (5 mL). Among the
concentrated samples (500 mL), inhibition was detected only in the SUF-
P3 sample series, for which a 75 % median inhibition rate was observed.

Based on recovery rates obtained for both SARS-CoV-2 and FRNAPH-
II, we can conclude that the combination of a CUF or SUF method with
the adapted NucliSENS extraction protocols proved effective for
concentrating both enveloped and non-enveloped RNA viruses from
influent samples of up to 500 mL. Analyzing 500 mL of influent could be
considered the best option in terms of the quantity of concentrated RNA,
but the analysis of this sample size is more frequently disturbed by RT-
gPCR inhibitors that could also affect sequencing analysis.

3.2. Definition of the optimal concentration/extraction protocol for high-
quality sequencing of the SARS-CoV-2 genome in influent

In this part of the study, a sequencing analysis was conducted for
both non-concentrated and corresponding concentrated influent sam-
ples, collected between January 2023 and October 2023 from eight
WWTPs (WWTP-1, -3, -10, -11 -12, -13, -14, and -15) (Table 1).
Sequencing quality was evaluated by considering the breadth of the
coverage and the median depth. A coverage of 50 % and a median depth
of 10x are considered the minimal thresholds for satisfactory
sequencing analysis of WW samples (Van Poelvoorde et al., 2021). Of
the 79 samples that underwent sequencing, 71 % (n = 56/79) exhibited
both satisfactory coverage and depth values (Fig. 2A and B). Thus, the
use of UF concentration methods enabled coverage rates of between 50
% and 99 % and median depth rates of between 10x and 13,722x
(Fig. 2A and B). The majority of samples with insufficient coverage and
depth belonged to the non-concentrated sample group (n = 8/14). For
the 6 non-concentrated samples with satisfactory values, the coverage
ranged from 58 % to 97 %, and the median depth was between 576 x and
9177x (Fig. 2A and B). Overall, coverage and depth values were
significantly higher for concentrated samples compared to non-
concentrated ones (Mann-Whitney test, p-value = 0.0159 and p-value
= 0.00193, respectively).
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The added-value of the concentration methods for sequencing is
related to the initial concentration of SARS-CoV-2 genome in the
influent samples. A significant difference was observed in both the
breadth of coverage and the median depth of genome sequencing be-
tween non-concentrated and concentrated samples when the concen-
tration of the SARS-CoV-2 genome was below 5 x 10* GC/L (Mann-
Whitney test, p-value = 0.0003 and p-value = 0.0007, respectively).
However, when the concentration of the SARS-CoV-2 genome was
higher than 5 x 10% GC/L, the difference was no longer statistically
significant for coverage (Mann-Whitney test, p-value = 0.2063) or me-
dian depth (Mann-Whitney test, p-value = 0.3095). Finally, even with
500 mL of influent, it was not possible to consistently achieve minimal
sequencing analysis quality for SARS-CoV-2 when the concentration was
below 4 x 10® GC/L. Indeed, out of a total of 12 samples with concen-
trations below 4 x 10% GC/L, only 42 % (5/12) achieved coverage values
ranging from 72 % to 90 %, with median depth values ranging from
1000x to 10,000x. Meanwhile, 58 % of these samples (7/12) showed
coverage rates below 30 % and median depth values below 10x (Fig. 2A
and B). As an example, for two separate samples showing the same RNA
concentration of 3 x 10% GC/L, the breadth of coverage was very wide:
one reached 90 % (WWTP-14) while the other reached only 16 %

(WWTP-13) (Fig. 3A). Additionally, 500 mL of the same influent samples
(N = 5) collected between June and July 2023 in WWTP-1 were treated
with the same protocol (SUF-P3) by laboratories L1 and L3. The
resulting sequencing quality was similar with median breadth of
coverage value (10x) reaching 80 % for Lab 1 and 63 % for Lab 3
(Fig. S1A, Wilcoxon test, p-value =0.0625) and median depth value
reaching 5400x for Lab 1 and 3600x for Lab 3 Fig. S1B, (Wilcoxon test,
p-value = 0.2500). The variant calling profile of one of these five sam-
ples is also provided in Fig. 3B.

By analyzing the coverage profiles of the 79 samples represented in
Fig. 2, we observed that some positions (4800, 20,000 and 25,500) in
the genome show a fall in coverage across the samples, regardless of the
method used (NC, CUF-200 mL, SUF-200 mL, or SUF-500 mL) (Fig. S2).
This drop-in coverage is likely due to these positions being located in
regions with high genetic variability or near deletions, which makes
accurate detection using a PCR system challenging.

In order to determine the volume of influent to concentrate to ensure
good quality sequencing, eight influent samples from WWTP-1 (with
SARS-CoV-2 RNA concentrations not exceeding the threshold of 5 x 10*
GC/L) were analyzed using CUF on 200 mL (CUF-P1 protocol), SUF on
200 mL (SUF-P2 protocol), and SUF on 500 mL (SUF-P3 protocol). No
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Fig. 3. Variant calling profiles. A) Comparison of variant calling profiles for two influent samples with similar SARS-CoV-2 RNA concentrations (3 x 10® GC/L),
resulting in different breadths of coverage of 90 % (profile Al, sample from WWTP-14) and 16 % (profile A2, sample WWTP-13); B) Comparison of variant calling
profiles of the same influent sample (WWTP-1) analyzed by laboratories 1 (profile B1) and 3 (profile B2) and resulting in similar breadths of coverage (81 % and 77

%, respectively).

significant differences in the breadth of coverage were observed (10x)
(Friedman test, p value = 0.0789) (Fig. 4A). However, the median depth
values were significantly higher when analyzing 500 mL than when
analyzing 200 mL of influent (Friedman, p value = 0.0016) (Fig. 4B).
Analyzing 500 mL of influent appears to be preferable, especially when
seeking to enhance median sequencing depth. Nonetheless, opting for
200 mL could be beneficial in terms of cutting down processing time and
minimizing the cost of sample handling and processing.

3.3. Sequencing for SARS-CoV-2 variant detection in influent from
different cities

Among the samples discussed above, those with the highest values
for breadth of coverage and mean depth were subsequently analyzed to
detect SARS-CoV-2 variants. These samples had been collected between
August and September 2023 in WWTP-1 (N = 5), WWTP-3 (N = 4),
WWTP-11 (N = 4), and WWTP-12 (N = 6). The concentration of the
SARS-CoV-2 genome was performed on 200 mL using either SUF
(WWTP-1 and WWTP-11) or CUF (WWTP-3 and WWTP-12). The
genome concentrations ranged from 6.7 x 10% GC/L to 5.0 x 10° GC/L.
The breadth of coverage ranged from 96 % to 100 % (Fig. S3A) and the
median depth was between 6793x and 39,233x (Fig. S3B). Variant
EG.5, also known as Eris, consistently dominated, exhibiting a preva-
lence rate spanning from 66 % to 100 %.

4. Discussion

The most important factors to consider when addressing challenges
related to the identification of emerging viruses in WW by sequencing
are the volume of the sample being analyzed, the concentration methods
of viral particles, and the RNA extraction protocol (Tamas et al., 2022).
The significant influence of the concentration and RNA extraction pro-
tocols on the virome detected in raw sewage has been demonstrated by
Hjelmsg et al. (2017).

Concentration methods are crucial for detecting low quantities of
virus RNA in WW, especially during periods of low clinical incidence or
low circulation of viruses in human populations (Gongalves et al., 2023;
Kaya et al., 2022). In our study, we employed two frontal UF methods on
influent samples ranging from 100 mL to 500 mL, in conjunction with
various adaptations of the RNA extraction protocol, which demonstrated
effectiveness in extracting SARS-CoV-2 RNA. This RNA extraction pro-
tocol involves the treatment of samples with NPC and binding negatively
charged nucleic acids to positively charged magnetic beads of silica in
the presence of chaotropic salts (guanidium thiocyanate), followed by a
final purification using an inhibitor removal kit based on resin columns.

Handling higher volumes of influent can negatively impact the re-
covery rate of viral RNA. Indeed, Peinado et al. (2022) detected higher
quantities of SARS-CoV-2 RNA when concentrating 100 mL instead of
200 mL using CUF (Centricon® Plus-70, 10 kDa), meaning that the
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recovery rate was better with 100 mL than with 200 mL. In our study,
increasing the influent sample volume to 500 mL when using the SUF
method (10 kDa) did not impact the recovery rates for SARS-CoV-2 or
FRNAPH-II. This may be related to the effective adjustment of the RNA
extraction protocol for this volume by applying two NPC treatments and
by a notable increase in the quantity of silica beads used per sample.
Tesauro et al. (2022) observed an increase in the recovery of SARS-CoV-
2 spiked in surface water by increasing the quantity of silica beads using
the same RNA extraction protocol (NucliSENS). The modifications to the
protocol for 500 mL samples of influent suggests that it would also be
preferable to fractionate the concentrate for 200 mL samples, notably at
low viral RNA concentrations, to further optimize viral RNA recovery. In
the case of the CUF (100 kDa) method, increasing the volume of WW
from 100 mL to 200 mL did not impact recovery rates for both viruses
either. This may be partially due to the cutoff of the UF membrane (100
kDa), which could prevent filter clogging, thereby limiting the simul-
taneous concentration of WW pollutants (Ahmed et al., 2020).

Regarding the virus type, higher RNA recovery rates were observed
for the non-enveloped virus (FRNAPH II) compared to the enveloped one
(SARS-CoV-2), but the difference was not significant. The slight differ-
ence between these viruses may be related to the lower adsorption of
FRNAPH-II to WW solids compared to enveloped viruses like SARS-CoV-
2, as suggested by Ye et al. (2016). The same authors observed that 6 %
of the non-enveloped bacteriophage MS2 (a representative member of
FRNAPH-II) adsorbed to WW solids, whereas 26 % and 22 % of murine
hepatitis viral particles and Phi 6 bacteriophage (enveloped viruses)
adsorbed to WW solids, respectively. This suggests that the co- con-
centration of WW pollutants and solids could affect the concentration
and RNA extraction steps, especially for enveloped viruses.

In sequencing studies, the sequencing depth was often not reported
as frequently as coverage. However, when it was mentioned, the average
depth ranged from 7x to 37,000x (Child et al., 2023; Crits-Christoph
et al., 2021; Fontenele et al., 2021; Herold et al., 2021; Levy et al., 2022;
Vo et al., 2022). Moreover, the exact viral RNA concentrations required
for the sequencing of WW samples were also frequently unspecified.
According to studies that specified this, viral RNA concentrations were
most often high and exceeded 10° GC/L (Child et al., 2023; Crits-
Christoph et al., 2021; Vo et al., 2022). We observed that concentration
methods for WW sequencing were not necessary when concentrations
exceeded 5 x 10* GC/L and that direct RNA extraction on 5 mL samples
could be sufficient to obtain high-quality sequencing. This minimal
concentration needed to sequence SARS-CoV-2 from 5 mL of uncon-
centrated influent agrees with the 2 x 10° GC/L previously reported for
a comparable extraction method from 5 mL samples (El Soufi et al.,
2024). However, to our knowledge, the added value of these methods
has not been evaluated in the literature data. In our study, the concen-
tration methods (CUF or SUF) used in conjunction with the adapted RNA
extraction protocols enabled us to achieve up to 99 % breadth of
coverage and a median depth of up to 32,953x for WW samples with
SARS-CoV-2 genome concentrations of below 20 GC/puL of extracted
RNA. Previous studies indicated that only samples with approximately
>20 GC/pL of extracted RNA enabled a sequencing coverage of >90 %
(Crits-Christoph et al., 2021; El Soufi et al., 2024; Prado et al., 2021),
with a mean depth ranging from 7x to 107x (Crits-Christoph et al.,
2021). It is worth mentioning that when the concentration of viral ge-
netic material was below ~4 x 10° GC/L of influent sample, even with
500 mL of WW, only 42 % of the samples reached a coverage of >50 %
(70 % to 90 %) and a median depth of >10x (1000x to 10,000x). The
high-quality sequencing achieved despite low concentrations of the
SARS-CoV-2 genome could be related to various factors. These include
the previously discussed adjustment of the extraction protocol, the di-
versity in the composition and physicochemical characteristics of WW
samples—which led to variability in results across samples from
different origins (El Soufi et al., 2024; Fontenele et al., 2021)—and, also,
the sequencing process itself.

In terms of the volume of WW analyzed, 200 mL could be enough for
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achieving high-quality sequencing, thereby reducing processing time
and minimizing the cost associated with sample handling and process-
ing. The use of 200 mL samples resulted in a breadth of coverage ranging
from 96 % to 100 % and a median depth ranging from 6793x to
39,233 for samples with RNA concentration values ranging from 6.7 x
10° GC/L to 5 x 10° GC/L.

Sequencing for SARS-CoV-2 variant detection in diagnostic samples
involves adhering to quality criteria established by the European Centre
for Disease Prevention and Control (ECDC). While achieving (near)-
complete genome coverage suffices for most genomic surveillance ob-
jectives, high sequencing depth is advised to effectively identify low-
frequency variants, which is essential for studying direct transmission
or reinfection. To precisely detect such variants with different levels of
frequency, specific sequencing depths are necessary, namely mean
values exceeding 200x (Child et al., 2023; Van Poelvoorde et al., 2021).
In our study, we aimed to apply the same criteria to influent samples to
ensure accurate sequencing analysis. Consequently, our samples that
met this criterion were used to detect SARS-CoV-2 variants, both pre-
dominant variants and low-frequency variants. The analyses allowed the
detection of variant EG.5, also known as Eris, and allowed us to deter-
mine that it was predominant.

5. Conclusion

The RNA extraction protocol based on silica beads and combined
with neutral phenol-chloroform treatment (NS2) described in Chaqroun
et al. (under review) for low volume (5 mL) of influent was adapted to
concentrates obtained from large volumes of influent (up to 500 mL) by
increasing the amount of silica beads and by splitting the concentrate
lysate. The entire protocol allowed successful sequencing, but its added
value varied based on the initial concentration of viral RNA in the
influent. When the viral RNA concentration was above 5 x 10* GC/ L,
concentration methods were not needed. For RNA concentrations be-
tween 6 x 10° GC/Land 5 x 10* GC/L, using a concentrate from 200 mL
of influent was sufficient for successful sequencing. Below 6 x 10% GC/L,
analyzing 500 mL of WW showed satisfactory results in nearly half of the
samples.

In the context of coronaviruses, the emergence of SARS-CoV-2 was
followed by the accumulation of new mutations. This raises concerns
about increased transmissibility, infectivity, and immunological resis-
tance. Therefore, ongoing surveillance and research efforts are critical
not only for monitoring SARS-CoV-2’s genetic variability, but also for
effectively addressing the challenges posed by the genetic evolution of
coronaviruses and other emerging viruses (Leifels et al., 2022; Tosta
et al., 2023). Sequencing analysis of influent samples has to overcome
the common technical challenge of fragmented genomes (Otero et al.,
2022), especially during epidemic fluctuations and upon the emergence
of new variants, when virus circulation is low. Consequently, the
integrity of the viral genome needs further investigation to improve the
quality of environmental sequencing analysis.
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