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ABSTRACT

Human sewage is the main source of contamination of environmental waters with human enteric viruses, that
can contaminate food such as shellfish. Metagenomic represents a new way of analyzing viral diversity through
an a priori massive parallel sequencing approach. However, the precise identification of enteric viruses in sewage
or shellfish matrices, is still challenging due to the low viral load, large diversity of viral genera and the large
amounts of matrix masking viral sequences. This work compared three commercial kits using capture-based
enrichment during the library preparation, for the diversity of detected enteric viruses and for the identifica-
tion of viral strains in sewage and shellfish samples, focusing on four families impacting human health. Triplicate
libraries were prepared for each sample and each kit. All three kits allowed the characterization of a variety of
viral genera. In sewage samples, a large number of long contigs was obtained allowing a precise identification of
more than 35 strains. In shellfish samples, long contigs were rarer but allowed the identification of one human
astrovirus and one norovirus strains. Of the tested kits, one displayed lower variation between replicates, allowed
to sequence a higher diversity of viruses from the four families of interest and yielded a higher number of nearly-

whole genomes.

1. Introduction

In the past years, two important health-related challenges have
pressed the need for the sequencing of human viruses in complex
environmental matrices: wastewater-based epidemiology and food/
waterborne viral outbreaks. The former aims at using human sewage as
a mirror to monitor the circulation of human pathogens shed in feces,
urine, or other excreta. Used for decades in the environmental surveil-
lance of poliovirus, wastewater-based epidemiology represented a
crucial epidemiology tool during the COVID-19 pandemics, when the
detection and/or sequencing of SARS-CoV2 in sewage was shown to
reflect its incidence and diversity in the served population (Melnick,
1947; Wurtzer et al., 2020; Chen and Bibby, 2023; Martinez-Puchol
et al., 2024; Paracchini et al., 2024). Besides the interest for the mo-
lecular epidemiology of SARS-CoV-2, many other viruses present in
human sewage could be monitored similarly. Yet, human sewage is not
only a relevant source of information, it is also a main source of
contamination of environmental waters with a variety of contaminants

such as chemicals or microorganisms (Perry et al., 2024). This is espe-
cially true for human enteric viruses because they can resist wastewater
purification techniques (Corpuz et al., 2020). As a consequence, drink-
ing water and foods can become contaminated during production when
using these contaminated environmental waters during the food pro-
duction process, leading to viral outbreaks upon consumption (Kirk
etal., 2015; McLeod and Le Guyader, 2024). For example, filtering large
amounts of their surrounding waters for their physiological activities,
shellfish are one of the foodstuffs most frequently associated with viral
foodborne outbreaks, especially involving norovirus (Savini et al.,
2021). However, beside norovirus, a large diversity of human viruses
has been detected in shellfish, sometimes in association with foodborne
outbreaks (Desdouits et al., 2023; Le Guyader et al., 2008). When
analyzing a food sample possibly implicated in an outbreak, the clinical
symptoms of sick consumers can point towards a pathogen to be
searched. However, knowing the diversity of viral strains to which these
consumers have been exposed beside the one associated to the first
symptoms would constitute an important advance and provide an
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additional diagnostic tool. In addition, a complete overview of all the
viruses, including animal strains, to which the consumers are exposed
could shed light on population dynamics in the food matrix and events
that could favor the emergence of new pathogens (Bonny et al., 2023;
Horigan et al., 2023). Such possibility increases the need to have a global
vision of all virus sequences that may be present in a sample, to prevent
such an event.

To identify human viruses in complex matrix such as sewage or
shellfish, is still challenging from a wet laboratory technical point of
view. These technical issues apply to the different steps such as the
sample collection, virus concentration methods, nucleic acid extraction,
library preparation and then the identification of the virus strain(s) by
genomic detection (Fernandez-Cassi and Kohn, 2024; North and Bibby,
2023; Stoufer et al., 2024). From a public health point of view, precise
identification of viral strains detected in a sample is crucial, as different
strains do not possess the same degree of pathogenicity in humans or
could point to different sources (Aarestrup et al., 2021; Horigan et al.,
2023; do Amaral et al.,, 2024). At present, the majority of viruses
implicated in epidemics linked to water or food contaminated by human
waste belong to the group of enteric viruses (McLeod and Le Guyader,
2024). These enteric viruses are highly diverse. The majority of these
viruses have a genome made up of relatively short, single-stranded RNA.
This last point is both an advantage and a drawback: while it may seem
easy to reconstitute a genome of <10,000 bases, detection in samples
containing their own microflora is tricky. This is even more challenging
in contaminated food samples with their own microorganisms and
where the concentration of the viruses is low (Stoufer et al., 2024).

Some methodological developments have made it possible to char-
acterize the virome of various matrices such as for example wastewater,
surface water, foodstuffs including shellfish (Hayes et al., 2023; Wyle-
zich et al., 2018; Zhang et al., 2014). However, in the papers available,
viral diversity is often described at family or genus levels (Li et al., 2024;
Nieuwenhuijse et al., 2020; Tisza et al., 2023). In clinical samples, to get
more information on strains implicated in the observed diseases, an
approach including a viral sequence enrichment step during library
preparation was proposed, using probes hybridizing sequences from
large number of mammalian viruses (Briese et al., 2015; Wylie et al.,
2015). Rather than a strict selection, this technique allows an enrich-
ment in the targeted viruses as well as related sequences with up to 40 %
genetic differences (Briese et al., 2015). Using this approach, we were
able to characterize various human viruses in laboratory samples of
contaminated shellfish, human and animal viruses in clams exposed to
human and animal contamination, or in wastewater (Bonny et al., 2021;
Schaeffer et al., 2023; Strubbia et al., 2020). However, the commercial
VirCapSeq-vert panel (Roche) used by our team and others for virus
sequencing in environmental samples is now discontinued, stressing the
need to find a replacement.

In this work, we compared three capture-based enrichment available
kits for virome capture-based enrichment and sequencing. The [llumina
kit was designed to cover 66 gastroenteric, respiratory and systemic
viruses relevant for Humans health. The GastroCap panel (Roche) was
designed to enrich for gastrointestinal-disease-causing viruses (design
by Viroscience, Erasmus Medical Center, and kindly provided for this
study) (Izquierdo-Lara et al., 2024). The Twist Viral Comprehensive
Panel (Twist Biosciences) targets 15,488 different virus strains,
including 3153 human and non-human species. These three kits were
applied to nucleic acids extracted from sewage samples to evaluate their
capacity to describe the diversity of viruses that may be present. The
same kits were applied to nucleic acids extracted from field-
contaminated shellfish samples usually displaying low concentration
and less diversity of viruses but for which the precise identification of
viral sequences is crucial from a public health perspective. The resulting
sequencing data collected applying these three capture-based enrich-
ment kits were then analyzed using two bioinformatics pipelines to
evaluate the diversity of relevant enteric viruses identified, and to
assemble genomic sequences as long as possible for precise
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identification of strains.
2. Materials and methods
2.1. Samples

Five 24-hour composite raw sewage samples were collected from a
wastewater treatment plant (WWTP) over two years (2021 to 2023) and
kept frozen at —20 °C. Two of them were collected in summer (E2312,
June 29, 2021; E2412, July 12, 2022) and three during winter (E2266,
February 23, 2021; E2341, December 28, 2021; E2429, February 08,
2023). In the same years, four oyster samples (21-247, March, 31, 2021;
21-298, January 05, 2022; 22-023, February 04, 2022; 23-069 February,
07, 2023) and one mussel sample (22-038, March 22, 2022) were
collected in winter from two areas exposed to human sewage
contamination.

2.2. Sewage sample preparation

The five sewage samples were analyzed as three biological replicates
each using a polyethylene glycol (PEG) concentration method (Schaeffer
et al., 2023). Briefly, each of the five samples were distributed in three
50 mL tubes under a volume of 40 mL. Four milliliters of sodium py-
rophosphate (10 mM final concentration) were added to each replicate
before agitation for 40 min at room temperature. The mixture was then
sonicated three times for 1 min at 100 % power using a cup-horn adapter
(Bandelin UD 2200) and followed by 1 min on ice (Bisseux et al., 2018).
After centrifugation for 20 min at 8000 xg, supernatants were recov-
ered, and the pH was adjusted to 7 before adding 10 mL of polyethylene
glycol 6000 (PEG)(Sigma-Aldrich, St-Quentin, France) (50 %, wt/vol).
Samples were incubated overnight under gentle agitation at 4 °C, and
centrifuged for 1.5 h at 13,500 xg.

After centrifugation, PEG pellets from sewage samples were sus-
pended in 2 mL of 0.05 M glycine buffer (pH 9). The suspensions were
filtered through a syringe with the following diameter porosity: 5 pm,
1.2 pm and 0.45 pm. Additionally, 2000 units of the Omnicleave enzyme
(Lucigen Corporation) and 200 pL of MgCl, (100 mM) were added
before incubation for 1 h at 37 °C.

2.3. Shellfish sample preparation

For each shellfish sample, at least 10 oysters and 25 mussels were
opened, and digestive tissues (DT) were dissected, finely chopped to
homogenize them, pooled and divided into aliquots of 2 g, immediately
frozen at —80 °C until use. For each sample, due to limitations in the
amount of DT, only one tube of 2 g of DT was mixed with 2 mL of
proteinase K solution (30 U/mg, Sigma-Aldrich, France), incubated for
15 min at 37 °C and another 15 min at 60 °C. The mixture was then
sonicated for 1 min at maximum power, followed by 1 min on ice for
three cycles (Bandelin UD 2200). After centrifugation for 5 min at 3000
xg at 4 °C, the supernatant was recovered, and sodium pyrophosphate
solution (10 mM final concentration) was added. After gentle agitation
for 40 min at room temperature and centrifugation for 20 min at 8000
x g, the supernatant was recovered and mixed with 5 mL of PEG 24 %
(wt/vol)-NaCl (1.2 M), and incubated for 1 h under gentle agitation
before centrifugation for 20 min at 11,000 xg at 4 °C (Strubbia et al.,
2020). Pellets from shellfish samples were then resuspended, filtered
and treated as described above for sewage samples.

2.4. Nucleic acid extraction

Nucleic acids (NA) were extracted from the 2 mL-filtrates of
concentrated sewage or shellfish samples using the NucliSENS kit (bio-
Meérieux, Lyon, France) and the semi-automatized eGENE-UP™ system
(bioMérieux). After elution from the magnetic silica to facilitate the
subsequent washing steps, the NAs were treated with 25 U TURBO™
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DNase (Ambion, Thermo Fisher Scientific, France) for 30 min at 37 °C
before a final concentration step using the RNA Clean Concentrator™ kit
(Zymo Research, Irvine, CA, United States).

2.5. Library preparation and sequencing

cDNA was prepared using Superscript IV (Invitrogen, Thermo Fisher
Scientific, France) and random hexamer (New England Biolabs (NEB),
USA) for each sewage sample extract and three cDNA synthesis from
each NA extract for shellfish samples. At this step a negative control, in
the form of sterile RNase-free water (molecular-grade water Merck
Millipore cat n°"H20MB1006), was treated in parallel for all different
library's preparation kits. Libraries were prepared using dedicated kits
for each brand, following different protocols to reach NA fragment sizes
of 145-175 bp according to the sequencing Illumina flowcell used for
sequencing.

For the Illumina kit, the (L) Tagmentation kit was used to normalize
fragment length. Then librairies were prepared following the Illumina®
RNA Prep protocol with an enrichment step using probes designed from
66 viral genomes (The Viral Surveillance Panel, Illumina, San Diego,
USA).

For the Roche kit, fragmentation was done using sonication (Ultra-
sonicator Covaris M220, duty factor 5 %, peak power: 75, cycles per
dust: 200 for 120 s, Woburn, MA), before the library preparation using
the KAPA Hyper Prep Kit (KapaBiosystems, Cape Town, South Africa),
that include an enrichment in viral sequences using custom probe design
(GastroCap, Virosciences, EMC) (Izquierdo-Lara et al., 2024).

For the Twist Biosciences kit, the double stranded DNA was cleaved
using fragmentase for 20 min at 37 °C before the library preparation
(Twist EF Library Prep 2.0, Twist Biosciences, San Francisco, USA)
including a panel of over 1 M unique probes to enrich in viral sequences
corresponding to 3153 viral human and non-human pathogens
(Comprehensive Viral Research panel).

Libraries were sequenced on Illumina platform NextSeq 2000 with
paired flow cell 2 x 150 pb. In total, 6 runs were performed, one run per
capture due to the different index strategy from kits and one per matrix
(shellfish or sewage), each run including negative controls.

2.6. Bioinformatic and statistics analysis

Bioinformatic analysis was performed using the EsViritu pipeline
(Tisza et al., 2023) and a Nextflow pipeline as previously described
(Bonny et al., 2021).

To calculate alpha and beta diversity (see below), the EsViritu
pipeline was first performed by replicate. Then, for both bioinformatic
analyses, the first step consisted of merging fastq files replicates from the
same sample (Schaeffer et al., 2023). Fastq were first trimmed using
fastp (v0.23.2) (Chen et al., 2018) with a quality threshold set at 25 and
no minimum length (default setting). Clean reads were filtered to
remove bacteria RNA reads by mapping to Silva RNA database (down-
load 2022-03-01) and deduplicated (CD-hit) to remove PCR duplicates.
At this point, the two pipelines diverged. The EsViritu pipeline (v0.2.3)
aligned the filtered reads to the Virus Pathogen Database (v2.0.2,
https://doi.org/10.5281/zenodo.7876308) with default settings (at
least 90 % average identity across 90 % of the read). Reads covering at
least either 1000 nucleotides or 50 % of the reference genome length
were considered and the RPKMF (reads per kilobase of reference
genome/million reads passing filtering) was calculated. For the Next-
flow pipeline, cleaned reads were assembled into contigs using meta-
SPAdes (v3.14.0, De novo assembly) with k-mer length 21, 33, 55, 77,
99 (Nurk et al., 2017). Taxonomy of contigs longer than 500 bp with a
quality criterion of at least 100 reads per contig, were determined using
BLASTn against the nt database (download 03/12/2023) considering an
E-value threshold of 107>, and Diamond against the nr database
(download 03/09,/2023) and an E-value threshold of 102, Priority was
given to BLASTn when both tools gave a hit. To evaluate the coverage
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and reads abundance of each contig, postprocess mapping using Bowtie2
was applied on contigs (v2.4.5) (Langmead et al., 2019). Multi-mapped
reads were removed as a source of potential overestimation of the
abundance. Using Entrez direct tool, taxonomic information was
extracted to filter contigs at different taxonomic levels.

Genotyping of viral sequences was performed using several web-
based tools on contigs assembled from >100 reads. For Caliciviridae
sequences, the identification was done using the online Norovirus
Typing Tool 2.0 developed by RIVM (Kroneman et al., 2011). Other
contigs identified as Piconaviridae, Astroviridae sequences were charac-
terized using Genome Detective (Vilsker et al., 2019). Contig assigned as
Sedoreoviridae were submitted to subspecies classification tool using the
BV-BRC portal (https://www.bv-brc.org/) and organized as a rotavirus
constellation (Matthijnssens and Van Ranst, 2012).

To calculate alpha and beta diversity, the Nextflow pipeline was
performed by replicate. The comparative analysis between kits was
implemented on the mean values of mapped reads (EsViritu tool) by
applying the Kruskal Wallis test followed by post-hoc Dunn's test; Bon-
ferroni adjustment was performed in the case of multiple testing. The
Shannon diversity index was computed for each sample to evaluate the
capability of the preparation kits in the detection of as many viral spe-
cies as possible. The estimation of reproducibility was done by analyzing
the specie-level Bray Curtis beta diversity value between couples of
technical replicates. The Bray Curtis index is specifically aimed to
evaluate the shared species or taxa between two samples, providing a
way to evaluate how much of the community overlaps and how much is
unique. Bray Curtis beta diversity gives a robust way to compare how
similar the viral communities identified in different replicates are. High
similarity (low Bray-Curtis dissimilarity) between replicates suggests
that the kit is consistent and reproducible. Statistically significant dif-
ferences were considered in the comparisons whose p-value was <0.05.
GraphPad Prism v10.2.2 (GraphPad Software, San Diego, CA, United
states) and R v4.1.2 (package ggplot2) were used for data
representation.

3. Results
3.1. Raw data

Overall, 96 libraries were prepared including one negative control
per matrix, and sequenced in six runs. The three runs performed for
sewage samples provided 2.32 x 108 to 5.9 x 108 raw reads, and the
three runs performed for shellfish samples provided 1.37 x 108 t0 3.5 x
108 raw reads (Supplementary Table S1).

In libraries prepared from sewage samples, the highest mean read
number (38,464,550) was obtained with the Roche kit compared to a
mean read number of 15,191,884 for Illumina kit, and 21,093,890 for
Twist Biosciences kit. In libraries prepared from shellfish samples, the
highest mean read number (22,850,994) was obtained with the Twist
Biosciences kit compared to Roche and Illumina kits providing
8,791,458 and 14,011,118 reads, respectively. Among sewage samples,
one library replicate prepared with the Roche kit provided a low number
of raw reads with no viral read after the pipeline analysis. Among
shellfish samples, one library prepared with the Twist Biosciences kit
failed to provide any read (Supplementary Table S1). The analysis of
Bray Curtis diversity showed statistically significant lower diversity in
couple of libraries prepared using the Twist Biosciences kit for sewage
matrix (p = 0.030) indicating that this kit provided the highest similarity
of viral community between replicates and, therefore, the highest
reproducibility compared to Illumina and Roche kits (Fig. 1 A). The
same analysis performed on libraries prepared from shellfish samples
did not suggest any difference between the three capture kits (Fig. 1 B).
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3.2. Diversity of viral families identified by EsViritu mapping on the Viral
Pathogen Database

The performance of the three kits in identifying four families that
may be of concern for human, in both sewage and shellfish samples, was
compared (Table 1). Considering the mean number of rpm (reads per
million), the three capture methods showed significantly different per-
formances in sewage samples either for Astroviridae (p = 0.0031), Cal-
iciviridae (p = 0.0226), Picornaviridae (p = 0.0081) and Sedoreoviridae (p
= 0.0045). For these four viral families, we found that the Twist Bio-
sciences kit performed better with respect to Roche kit, while the
improvement compared to the Illumina kit was not significant (Table 1).
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Conversely, considering shellfish sample libraries, the analysis of rpm,
did not suggest statistically significant differences between the three kits
for three viral families. For the Picornaviridae family, a significant dif-
ference was observed between the three kits (p = 0.0243), in which the
Roche kit was less performant than the two others (Table 1).

The rpm computed for genotypes belonging the four viral families
(shared by the three kits) were used to calculate the Shannon alpha
diversity index, with the aim of assessing the preparation kits' ability to
detect viruses at the subspecies level. The Shannon indices showed that
the data obtained with the Twist Biosciences kit had the highest viral
genotype richness, suggesting that this kit significantly outperformed
compared to the other two kits in sewage (p = 0.005) and oyster samples

Shellfish
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Fig. 1. Schematic representation of the Bray-Curtis dissimilarity index and the Shannon alpha diversity index considering the three different library preparation kits

and the two matrices.

Schematic representation of the Bray-Curtis dissimilarity index (A&B) and the Shannon alpha diversity index (C&D) considering the three different library prepa-
ration Kkits for sewage samples (A and C) and shellfish samples (B and D). Boxplots represent index values in green for Illumina, in yellow for Roche and in blue for
Twist Biosciences. Bloxplots show the minimum, 25th percentile, median (line), 75th percentile and maximum number of index values. (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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Table 1
Performance comparison between the three capture kits to detect four viral families infecting Humans in sewage and shellfish samples.

Samples Viral families Mean rpm Krustal wallis test Mann-whitney
Mlumina Roche Twist Bio. Roche vs Twist Bio Roche vs [llumina Twist Bio vs Illumina
Sewage Astroviridae 187,470 12,310 90,074 0.0031 0.0090 0.0090 0.0283
Caliciviridae 26,919 2771 37,136 0.0226 0.0163 0.0283 0.4647
Picornaviridae 10,143 120 7867 0.0081 0.0090 0.0090 0.4647
Sedoreoviridae 8984 3510 496,088 0.0045 0.0090 0.0758 0.0090
Shellfish Astroviridae 34,915 37 18 0.0699 0.1049 0.0582 0.1161
Caliciviridae 5175 2620 108 0.0750 0.0163 0.7540 0.1745
Picornaviridae 113 0 11 0.0243 0.0052 0.1360 0.2433
Sedoreoviridae 236 0 152 0.1706 0.0539 0.1360 0.7382

The rpm mean values were calculated considering all three replicates for the five samples for the three kits and for both matrices and used to analyze to evaluate
statistical difference (p value <0.05) between the three kits and then by pairs. Statistical differences are shown in bold numbers.

(p = 0.060) (Fig. 1 C—D).

Besides these four families, a large number of reads corresponded to
a variety of viral families or genera. The mapping approach using
EsViritu bioinformatic tool allowed the detection of up to 17 different
viral families in the sewage samples using the Twist Biosciences kit
compared to 11 families with the Illumina kit and 9 families with the

Roche kit (Fig. 2A). The same difference was observed at the genus and
species levels with the Twist Biosciences kit providing higher numbers of
taxa. In shellfish samples, the Twist Biosciences kit also provided the
highest diversity in terms of family, genus and species compared to the
two other kits (Fig. 2A). In sewage samples, using the Twist Biosciences
kit, at least 12 different families known to possibly infect Humans or
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Fig. 2. Taxonomic assignation of reads from sewage and shellfish samples using the EsViritu pipeline.

A. Number of viral reads assignations identified using the EsViritu pipeline at different taxonomic levels (Family, Genus, Species) for all sewage (top) and shellfish
(bottom) samples and replicates, using the three kits (Illumina, green; Roche, yellow; Twist biosciences, blue).

B. Total abundance of reads assigned to the different viral families (y-axis) using the EsViritu pipeline, expressed as the log of the RPKMF (reads per kilobase of

reference genome)/(million reads passing filtering) detected in all sewage (left) or shellfish (right) samples and replicates per capture kits (x-axis). (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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Mammals were identified, some being not identified using the Illumina
kit such as the Hepeviridae, Circoviridae or Papillomaviridae families
(Fig. 2B). As expected, the Roche kit, designed to detect gastroenteritis
viruses, did not allow the detection of Coronaviridae, Polyomaviriddae,
Paramyxoviridae and Papillomaviridae families, identified by the two
other kits and that may be of interest for sewage analysis. In shellfish
samples, all three kits failed to detect some families, and considering the
low number of reads for all families, comparisons are difficult. However,
again the Twist Biosciences kit performed better to capture reads
belonging to virus infecting mammals but also insects or plants, as ex-
pected with its design. If we consider families common to the three kits
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and corresponding to viruses frequently detected in sewage or shellfish
samples such as Sedoreoviridae, Astroviridae, Caliciviridae and Picorna-
viridae, all three kits provided contigs (Fig. 2B). In sewage samples, the
Twist Biosciences kit provided the highest number of reads mapping to
these four viral families with a high proportion (72 %) of Sedoreoviridae.
With Illumina and Roche Kit, Astroviridae represent the most abundant
family, respectively 76 % and 61 % of the reads (RPKMPF). In shellfish
samples, the Roche kit detected mainly Caliciviridae reads (93 %) while
the Illumina and Twist Biosciences kits provided mainly Astroviridae
reads (78 % and 85 % respectively).
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A. Venn diagrams of the number of contigs obtained using the three kits for the four families in sewage (left) and shellfish (right) samples.

B. For each viral family, identification of the contigs as belonging to genera or species infecting mammals, infecting other hosts, or non identified (no hit in da-
tabases), using the three kits (I, Illumina; R, Roche; T, Twist biosciences), on sewage (left) and shellfish (right) samples. C. For each family, distribution of the size of
contigs (>500 bases) identified as infecting mammalian hosts using the three kits (I, Illumina, green; R, Roche, yellow; T, Twist Biosciences, blue), for sewage (left)
and shellfish (right) samples. Non-parametric Mann-Whitney test was used to compare distribution of contig sizes, asterisks indicate significance of the test: *
Significant (P-value <0.01 to 0.05), ** Very significant (P-value <0.001 to 0.01), *** Extremely significant (P-value <0.0001 to 0.001). (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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3.3. Detailed investigation of four viral families using de novo assembly

We further investigated the differences between kits and to which
extent reads were assembled in contigs long enough to achieve identi-
fication of viruses infecting humans, focusing on the four viral families
mentioned above (i.e. Astroviridae, Caliciviridae, Picornaviridae and
Sedoreoviridae).

In sewage samples, for these four families, the Twist Biosciences kit
yielded a higher number of contigs than Roche and Illumina kits (Fig. 3A
left). The same was observed in shellfish (Fig. 3A right). In shellfish
samples, regardless of the kit used, less contigs were assembled than in
the sewage samples, especially considering the Astroviridae and the
Caliciviridae families. Given the large diversity of viral species and cor-
responding hosts in the four families, we then analyzed the putative
hosts of the assembled viral contigs, family per family, in the two types
of samples (Fig. 3B). As expected from sewage samples, which derive
from human excreta, most contigs were related to mammalian, and
mostly human, viruses. Conversely, in shellfish samples, a high pro-
portion of the assembled contigs were actually non mammalian viruses,
related to viruses infecting insects, marine mollusks or bacteria (Fig. 3B,
right). To compare the performance of the viral genome assemblies
between the kits, we analyzed the size of the contigs, focusing on those
viral species infecting mammals, which could have impact on human
health (Fig. 3C). In sewage, these performances varied with the viral
families. For the Astroviridae family, the Illumina kit yielded longer
contigs than the two other kits. For the Caliciviridae family, the Twist
Biosciences and Illumina kits performed similarly, but the Roche kit
yielded shorter contigs. Long contigs corresponding to whole genomes
were obtained for both these families. For the Picornaviridae, contigs
were smaller, without statistically significant differences between the
three kits. Finally, for the Sedoreoviridae, the analysis is complicated by
the segmented nature of the genome, with segments of varying sizes (0.2
to 3.0 kb) but the Illumina kit allowed to assemble longer contigs than
the Roche kit. In shellfish, a very low number of contigs were considered
as we target human or mammalian viruses, pertaining most statistical
analyses, and those were generally small. Interestingly, for the Cal-
iciviridae, the Twist Biosciences kit yielded significantly longer contigs
than the other kits, and a higher number.

3.4. Taxonomic identification of assembled contigs below the family level

The four representative viral families common to the three kits are
characterized by a very high diversity, with several genera being divided
into many species (Astroviridae, Picornaviridae), genogroups and geno-
types (Caliviridae), or genotype/subtype constellations (Sedoreoviridae).
Here, we analyzed the extent to which the assembled contigs allowed
identification to these lower taxonomic levels, that are the one used to
assess pathogenicity and epidemiological transmission.

For the Caliciviridae, in sewage, we identified two genera, norovirus
and sapovirus, which are both pathogenic to humans (Fig. 4). Contigs
were identified at least at the genogroup (G) level: GI, GII, GIV for
norovirus, or GI, GII, GIV and GV for sapovirus, except two contigs that
remained unassigned. Moreover, within the norovirus GI and GII, we
could identify contigs up to the genotype or P-type level (Fig. 4): for
[lumina, out of 184 GI or GII contigs, 101 were assigned to a genotype
or P-type (54.8 %), 49 out of 79 (62.0 %) for Roche and 175 out of 271
(64.6 %) for Twist Biosciences. Overall, the Twist Biosciences Kkit
retrieved a higher diversity of norovirus genotypes (19) or P-types (17)
than the Illumina (14 genotypes and 13 P-types) or Roche (11 genotypes
and 9 P-types), kits. Similarly, for GI and GII sapoviruses, the Illumina
kit allowed to identify the genotype of 16 contigs out of 26 (61.5 %), the
Roche kit, 21 contigs out of 53 (39.6 %) and the Twist Biosciences kit, 59
out of 129 (45.7 %). Here again, the Twist Biosciences kit retrieved a
higher diversity of sapovirus genotypes (11) than the two other kits (7
each). In shellfish samples, owing to the lower number of reads, less
diversity was uncovered. With the Illumina kit, only one contig longer
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than 500 b and with more 100 reads, was obtained, and it was genotyped
as a sapovirus GL.2. With the Roche kit, 17 Caliciviridae contigs were
obtained, among which 11 were unassigned, four were identified up to
the norovirus genogroup I, and two (12 %) up to the P-type, GI-P11 and
GL.P2. With the Twist Biosciences kit, there were 43 Caliciviridae contigs,
all were assigned at least to a norovirus or a sapovirus genogroup, and
30 (69.8 %) up to the geno/P-type. The Twist Biosciences kit retrieved a
higher diversity of genotyped contigs, with 7 norovirus genotypes, 8
norovirus P-types, and 3 sapovirus genotypes for Twist Biosciences kit
compared to one or two for Illumina and Roche kits.

Regarding Astroviridae and Picornaviridae families, the lack of dedi-
cated assignation tools precluded such a detailed analysis of the viral
species, and we limited our analysis to the genus level. Within Astro-
viridae, the genus Mamastrovirus was detected in all sewage samples
(Fig. 4) and in the majority of shellfish samples (Fig. 5). In sewage
samples, the number of mamastrovirus contigs was higher using the
Twist Biosciences kit (273 contigs) than the Illumina (92 contigs) and
Roche (95 contigs) kits. In shellfish, 8, 3 and 10 mamastrovirus contigs
were retrieved using Illumina, Roche and Twist Biosciences Kkits,
respectively. Of note, in sewage samples, within this genus, most contigs
were closest to Human astroviruses, or to the Feline or Canine astrovi-
ruses, but with no certainty of precise identification.

For the Picornaviridae, family we identified in our data 10 genera
known to cause disease in humans: kobuvirus, cardiovirus, cosavirus,
enterovirus, aphtovirus, hepatovirus, parechovirus, rhinovirus, rosavi-
rus and salivirus (Fig. 4). In sewage, using the Illumina kit, we retrieved
179 contigs that could be assigned to four of these genera (kobuvirus,
salivirus, parechovirus and enterovirus) out of 246 Picornaviridae con-
tigs (72.8 %). Using the Roche kit, we retrieved 184 Picornaviridae
contigs (Fig. 3) out of which 83 (45.1 %) belonged to these selected
genera. Except for the Rhinovirus genus, all genera were identified at
least in one sample, albeit with low abundancy (Fig. 4). This kit was the
only one to identify a contig as foot and mouth disease virus (genus
Aphtovirus). Finally, the Twist Biosciences kit allowed to obtain 614
contigs in this family, out of which 586 belonged to the genera patho-
genic to humans (95.8 %). All genera except Aphtovirus were identified
at least once, and often in multiple samples. This kit was the only one to
allow the assembly and identification of eight rhinovirus contigs. Of
note, both Roche and Twist Biosciences kits allowed to obtain contigs
identified as hepatovirus A (Hepatitis A virus): one contig of 1542 b
using the Roche kit in one sample, three contigs of 621 to 886 b using the
Twist Biosciences kit in two samples. In shellfish, out of the numerous
Picornaviridae contigs retrieved, only two belonged to the selected
genera, one kobuvirus and one cosavirus, both obtained with the Twist
Biosciences kit (Fig. 5).

For the Sedoreoviridae, the three kit retrieved different numbers of
contigs identified as rotavirus A or C by blastn and covered with >100
reads: 435 for the Illumina kit, among which 116 (26.6 %) could be sub-
typed, 161 for the Roche kit, with 77 subtyped (47.8 %), and 417 for the
Twist Biosciences kit, with 316 subtyped (75.8 %). The Twist Bio-
sciences kit identified a larger diversity of subtypes or genotypes than
the Illumina and Roche kits, with 40 subtypes for 11 segments in total vs
21 subtypes for 10 segments and 17 subtypes for 9 segments, respec-
tively (Table 2). In shellfish, Sedoreoviridae contigs were obtained only in
one sample using the Illumina kit, with 6 rotavirus genes identified, and
in two samples with the Twist Biosciences kit, with 7 rotavirus genes
identified.

3.5. Comparison of long contigs

To further investigate the power of the kits to precisely identify viral
strains, we considered long contigs covering >90 % of the genome by
matrices rather than by samples. For the Mamastrovirus genus within
the Astroviridae family, 24 contigs were obtained, 23 in sewage samples
and one in shellfish sample (obtained after capture with the Illumina kit
and identified as an HAstV-1) (Table 3). In sewage samples, four strains
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Fig. 4. Heatmap diversity for the five sewage samples using the three capture kits.

The normalized read counts obtained for each contig assigned to three families (Caliciviridae, Astroviridae and Picornaviridae, vertical axis) are computed and added
per sewage sample and capture kit (horizontal axis, llumina (I), Roche (R), Twist Biosciences (T)) following a colour gradient displayed on the right side. Within each
family, contigs were assigned at different taxonomic levels. For the Norovirus and Sapovirus genera (Caliciviridae family), contigs were assigned up to the genotype or
P-type. For the Astroviridae and Picornaviridae families, assignation was done at the genus level.
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Fig. 5. Heatmap diversity for the five shellfish samples using the three capture kits.

The normalized read counts (rpm) obtained for each contig assigned to three families (Caliciviridae, Astroviridae and Picornaviridae vertical axis) are computed and
added per shellfish sample and capture kit (horizontal axis, Illumina (I), Roche (R) or Twist Biosciences (T), following a colour gradient displayed on the right side.
Within each family, contigs were assigned at different taxonomic levels. For the Norovirus and Sapovirus genera within the Caliciviridae family contigs were assigned
up to the genotype or P-type. For the Astroviridae and Picornaviridae families, assignation was done at the genus level.

were identified by two kits and one HAstV-3 sequence by the three kits.
Two HAstV-1 sequences were identified using the Twist Biosciences Kkit,
while the Roche kit allowed the assembly and identification of two
contigs matching the same genome reference but with few differences.
The Illumina kit allowed the identification of five different HAstV-3, one
being detected by the two other kits, and three HAstV-4. The Twist
Biosciences kit allowed the identification of an HAstV-8 and a feline AsV
(but with a mean coverage lower than for the other contigs).

For the Caliciviridae, long contigs were identified as norovirus or
sapovirus. For norovirus, 10 long contigs were obtained, corresponding
to 6 different genotypes / P-types, and using Illumina and Twist

Biosciences kits, but not with the Roche kit. All were identified in
sewage samples, except one GI.2[P2] contig obtained for a shellfish
sample with the Twist Biosciences kit. Three different genotypes were
identified using the Illumina kit (two GI and one GII) and seven using the
Twist Biosciences kit (5 GI and 2 GII) (Table 4). Only two genotypes
were identified by both kits, with high coverages (only three contigs
presented a mean coverage under 500). Of note, the long contig ob-
tained from shellfish sample presented a rather low coverage compared
to coverage observed for contigs obtained from sewage samples. For
sapovirus, long contigs were only retrieved from sewage samples. The
Nlumina kit allowed the identification of two long contigs of GI.2
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Table 2
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Genotype constellation of human RVA sequences identified in sewage and shellfish samples using the three

capture Kkits.

Sample VP7 VP4 VP6 VPI VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 Other
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Sequences identified for the different genes are reported for samples in which at least one kit (I: Illumina, R:
Roche, T: Twist Biosciences) identified a gene. The number written after each segment correspond to the
expected length of the gene. The Wa-like genotype is shown in green, DS-1-like in red, AU-1-like in orange,
and P[6] in purple, the G[8] in pink, following genotype constellations (Matthijnssens et al., 2012). Other
gene: gene detected but without any other gene from the expected constellation.

genotype, one being captured also by the Roche kit (only one long contig
obtained for this family) and by the Twist Biosciences kit. This later kit
allowed the identification of six other genotypes including a GV.2 (but a
rather low mean coverage) (Table 4). Regarding the Picornaviridae
family, only three long contigs were obtained from sewage samples
using the Twist Biosciences kit: one contig (6785 nt, mean cov 1537)
identified as an enterovirus B (GenBank accession number
MG8445889.1), one contig (6671 nt, mean cov 1591) identified as a
coxsackievirus B2 (GenBank accession number KX499536.1, and one
contig (6748 nt, mean cov 347) as a parechovirus A (GenBank accession
number MW076510.1).

4. Discussion

In last years, promising developments were achieved using the
metagenomic approach to describe viruses, including novel viruses in
wastewater, opening up new perspectives for the analysis of these
matrices (Wyler et al., 2024). Numerous studies have demonstrated the
value of metagenomics for the description of virus diversity on a global
scale, for the assessment of the impact of the watershed along the es-
tuary or at the scale of buildings or cities (Adriaenssens et al., 2021;
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Mejias-Molina et al., 2024; Nieuwenhuijse et al., 2020; Tisza et al.,
2023). However, in view of the diversity of enteric viruses and their
different loads in human feces, developments are still needed to improve
virus recovery and identification (Fernandez-Cassi and Kohn, 2024;
North and Bibby, 2023; Stoufer et al., 2024). The challenges are many
and varied, including the need to detect emerging viruses (sometimes
excreted at very low concentrations or by a very limited number of
infected individuals), sample preparation (with the risk of losing some of
these viral populations), bioinformatics analysis and then virus identi-
fication (Chen and Bibby, 2023). This is even more challenging with
shellfish, which contain low concentrations of viruses that can infect
humans, among a very diverse marine microbiota. Several samples
collected from different locations in China showed low alpha and beta
diversity between the different sites when analyzing the oyster virome,
which consists mainly of phages and marine viruses (Jiang et al., 2023).
However, the virome analysis of bivalve samples raised in coastal en-
vironments showed some variations with clear influence of the waste-
water input (Adriaenssens et al., 2021). In a previous study analyzing
clam exposed to human and animal sewages, we characterized some
viral contigs infecting a range of mammals (Bonny et al., 2021). This was
possible by capture enrichment during library preparation.
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Table 3
Mamastrovirus (Astroviridae family) long contigs obtained with the three capture Kits.
Strain Ref Mlumina Roche Twist Bios.
Sequence Contig length Mean cov. Contig length Mean cov. Contig length Mean cov.
HAstV-1 GQ901902.2 6717 208
ON571597.1 7085 10,405
6796 2828
ON807352.1 6779 25,751
PP901925.1 6827 63,019 6796 525
7028 23,288
HAstV-2 KF039910.1 6542 357
HAstV-3 OR792802.1 6715 516 6781 1756 6796 768
6772 2682 6881 12,289
6772 1244 6932 11,713
6846 5598
6826 1938
MG571777.1 6830 1397
HAstV-4 KF039912.1 6755 6277 6849 742
PP901826.1 6718 5242
6720 8315
HAstV-8 KP862744.1 6341 336
Feline AsV ON807320.1 6844 468

Contigs longer than >90 % of the genome of astrovirus (> 6120 nt) are shown with the mean coverage that mapped to the assembled contig and the reference sequence
providing a percentage of identity of 91 % using BLAST (NCBI). The bold number correspond to a sequence identified in a shellfish sample.

Table 4
Norovirus and sapovirus (Caliciviridae family) long contigs obtained with two capture Kkits.
Genus Genotype Ref Mlumina Twist Bios.
Sequence Contig length Mean cov. Contig length Mean cov.
Norovirus GIL.2[P2] LC122690.1 7553 324 7611 664
7451 2929
7504 63
GI.3[P3] MH608286.1 7667 567 7728 1361
GI.3[P13] MZ462930.1 7655 489
GIL.2[P16] 0OP205545.1 7500 10,338
GIL.8[P8] PP645199.1 7147 1144
GII.17[P17] MN394546.1 7154 768
Sapovirus GIL.2 LC788818.1 6879 254
MG515477.1* 7428 298 7402 1241
7786 19,438
GIL.3 LC504391 7429 619
GIL.1 LC504403.1 7522 2479
GIL.2 LC504409.1 7430 2454
7441 1454
GIL3 MN461476.1 7137 2381
GIL4 KP067444.1 7318 250
GV.2 KY040366.1 6794 112

Contigs longer than >90 % of the genome of norovirus or sapovirus (> 6750 nt) are shown with the mean coverage that mapped to the assembled contig and the
reference sequence providing a percentage of identity of 95 % using BLAST (NCBI). The bold numbers refer to a contig obtained from a shellfish sample, the star
indicates that a similar contig (7454 nt with a mean cov. of 3731) was obtained with the Roche kit.

The benefit of an enrichment step during library preparation to
enhance viral detection was proven for different types of samples, most
of these studies being conducted using the discontinued Vircapseq kit by
Roche (Strubbia et al., 2020; Itarte et al., 2024; Martinez-Puchol et al.,
2022; Schaeffer et al., 2023). Now, several kits are available on the
market and thus we took this opportunity to evaluate their respective
interests and or performances. The three selected kits were designed a
different way, targeting different viruses and used different library
protocols. The Roche kit (Gastrocap) targets at least seven families
inducing gastroentritis and includes the four considered in our study
(personal communication, D. Nieuwenhuijse). The Illumina targets 66
viruses infecting human and inducing different diseases (respiratory,
cutaneous, gastroenteritis). The Twist Biosciences kit cover a larger viral
diversity including mammal and human viruses. All these differences
need to be considered for data interpretation, and this is why we focused
on the four families targeted by the three kits. However, whatever the kit
used, the library preparation is long with different steps, potential
source of errors such as loosing some targets. This happened twice in our
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study, once using the Roche kit (for a sewage sample) and once with the
Twist Biosciences kit (for a shellfish sample), even if we found this kit
easier to use compared to the two other ones. This is one advantage of
performing libraries under triplicates. In our study, biological triplicates
were performed for the five wastewater samples and technical triplicates
for shellfish samples collected in two contaminated areas, due to a
limited amount of shellfish tissues. This strategy increases the cost of the
analysis, but limited the stochastic effect of pipetting nucleic acid extract
when concentrations were low and contributed to improve the length
and the coverage of the assembled genome when merging the triplicate
libraries upstream of the bioinformatic pipeline (Schaeffer et al., 2023).

The three kits performed differently in terms of population diversity
or alpha diversity that need to be interpreted considering sample
preparation. Indeed, we included selective steps, based on the physical
property of non-enveloped virus (size and resistance of the capsid) and
aimed to remove or at least decrease DNA and RNA coming from bac-
teria, archaea and eukaryote. A study performed on sewage samples
comparing four concentration methods showed some difference in
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recovery efficiency, time, cost and different behavior of spiked viruses
compared to native viruses (North and Bibby, 2023). In their hands the
unfiltered PEG approach works better when the concentrate was filtered
as measure on some targets, including norovirus by digital PCR. How-
ever, filtration steps allowed to eliminate cells, thus increasing propor-
tion of the viral read numbers (Adriaenssens et al., 2021; Nieuwenhuijse
et al., 2020; Strubbia et al., 2020). On the other hand, some viruses may
bind to cells or large particules so it is important to elute viral particles
before any treatment (Bisseux et al., 2020). Finally, to minimize the
sequencing of bacterial DNA, we include a final DNase treatment that
excludes DNA viruses (Schaeffer et al., 2023; Strubbia et al., 2020). This
step does not do justice to the Illumina and Twist bioSciences kits which
includes some probes targeting DNA viruses.

The bioinformatic analysis constitute also an important step. Here,
we used two complementary bioinformatic pipelines, a mapping
approach using EsViritu pipeline and a de novo assembly approach
(inhouse pipeline). The EsViritu pipeline was developed to identify vi-
ruses infecting mammals in sewage samples (Tisza et al., 2023). This
pipeline is based on read mapping and allows the exploration of the
diversity of viral reads including the coverage, based on reference se-
quences available in GenBank. The abundance table is generated quite
easily and rapidly, providing data to compare samples at the family or
genus levels. The second pipeline (in house) aims at a more precise
description of viral strains by creating contigs through de novo assembly
(Bonny et al., 2021). The identification of a specific strain requires a
large number of reads to enable bioinformatics tools to assemble them
into contigs long enough to discriminate between different sequences at
genus or strain level. During bioinformatics analysis, the elimination of
host sequences, bacterial sequences, etc. also contributes to the selection
of viral reads that facilitate assembly into contigs (Nooij et al., 2018).
Another alternative is to perform very deep sequencing. Indeed, when
the viral fraction represents only 0.1 to 1 % of total reads, obtaining
millions or billions of reads is worthwhile.

Using the second pipeline, a large diversity of contigs was obtained
with the three kits. In wastewater samples, the three kits were able to
identify various strains belonging to Astroviridae and Picornaviridae
families, while the Roche and Twist Biosciences kits seemed to perform
better in identifying norovirus diversity. This is also observed for
shellfish samples, in which only the Roche and Twist Biosciences kits
were able to identify norovirus genotypes. For the Astroviridae family all
three kits identified some strains including some sequences of viruses
infecting cats or pigs. However, the scarcity of identified strains made
comparison difficult. This confirms the need of method developments
for shellfish samples to increase sensitivity. Indeed, in a one-health
context the identification of viral sequences where the host is most
likely a mammal need to be considered (Aarestrup et al., 2021; Horigan
et al., 2023; do Amaral et al., 2024). Indeed, as while these approaches
can produce viral sequences of sufficient length and coverage for accu-
rate identification in highly contaminated samples such as wastewater
samples, they are currently insufficient for contaminated food samples
(Desdouits et al., 2020; Ollivier et al., 2022). Also, beside laboratory
developments, tools to allow better and easier identification of contigs
are needed, as for example for the Picornaviridae family. Despite many
contigs were obtained with the three kits, a small percentage was
identified at the genus level, no sufficient to precisely identify emerging
strain such as the enterovirus D68 (Pariani et al., 2024). As mentioned in
a previous study the approach of capture-based enrichment allows the
identification of a larger panel of strains related but not identical to
those included in the design (Briese et al., 2015; Bonny et al., 2021).

During our study, we compared the tested kits on three parameters:
the reproducibility of the kits, evaluated by applying a beta-diversity
index on the replicates; the diversity of identified viruses relevant for
human health, using the alpha-diversity index; and their ability to yield
long contigs identified below the genus level, using the de novo as-
sembly. For all three parameters, in sewage samples, the Twist biosci-
ence kit outperformed the other two. In shellfish, comparisons were
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more difficult. The Twist biosciences kit appeared more efficient in
sequencing norovirus and sapovirus, while the Illumina kit may perform
better for mamastrovirus.

To conclude, the interest of wastewater-based surveillance is obvious
and molecular tools available now allowed to answer a large diversity of
questions. But the question is far-reaching, given the variety of methods
that can be used to concentrate and extract viruses, and the different
metagenomic approaches that can be used (Desdouits et al., 2020; Hayes
et al., 2023; North and Bibby, 2023). However, the challenge is worth
the effort because, in addition to the information we can gain about the
viruses that infect the connected population, this knowledge can help to
preserve the quality of the environment and, in particular, of food that
may be contaminated by wastewater from human or animal. It will be
important in coming years to be able to describe the diversity of viral
strains in sewage and food such as shellfish to avoid the spread of zoo-
notic viruses that may be favored by the simultaneous contamination of
a food such as shellfish or berries, by a human and an animal virus.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marpolbul.2025.118417.
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