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A B S T R A C T

Human virus transmission through food consumption has been identified since many years and the international
trade increases the risk of dissemination of viral pathogens. The development of metagenomic approach holds
many promises for the surveillance of viruses in food and water. This work aimed to analyze norovirus diversity
and to evaluate strain-dependent accumulation patterns in three oyster types by using a metagenomic approach.
Different hexamer sets to prime cDNA were evaluated before capture-based approach to enhance virus reads
recovery during deep sequencing. The study includes the use of technical replicates of artificially contaminated
oysters and the analysis of multiple negatives controls. Results showed a clear impact of the hexamer set used for
cDNA synthesis. A set of In-house designed (I-HD) hexamers, selected to lower mollusk amplification, gave
promising results in terms of viral reads abundancy. However, the best correlation between CT values, thus
concentrations, and number of reads was observed using random hexamers. Random hexamers also provided the
highest numbers of reads and allowed the identification of sequence of different human enteric viruses.
Regarding human norovirus, different genogroups and genotypes were identified among contigs longer than
500 bp. Two full genomes and six sequences longer than 3600 bases were obtained allowing a precise strain
identification. The use of technical triplicates was found valuable to increase the chances to sequence viral
strains present at low concentrations. Analyzing viral contamination in shellfish samples is quite challenging,
however this work demonstrates that the recovery of full genome or long contigs, allowing clear identification of
viral strains is possible.

1. Introduction

Human virus transmission through food consumption has been
identified since many years and preventative measures have been un-
dertaken in many countries. Nonetheless, these remain imperfect, and
the international trade increases the risk of dissemination of viral pa-
thogens (Li et al., 2018). The main sources of food contamination with
viruses are infected food handlers, zoonotic transmission (essentially
for hepatitis E virus) or contact with sewage-contaminated waters
during the production process (Bosch et al., 2018). For the two first
cases, a test, targeting the virus excreted by the food handler or by the
animal, may directly identify the contaminant in the foodstuff. How-
ever, when dealing with food contaminated during production, the
identification of which Human enteric viruses are present may be more
challenging. Indeed, a variety of human enteric viruses are excreted by
the human population and may contaminate the environment mainly
through sewage discharge (Metcalf et al., 1995). With the increasing

demands of water for agriculture or human activities, wastewater re-use
will be necessary, increasing the risk for environmental virus pollution,
and subsequent viral transmission through contaminated food (Sano
et al., 2016). Being able to identify the virus contaminating a food
sample will be of primary importance for risk management and con-
sumer safety (Nieuwenhuijse and Koopmans, 2017), and to follow
regulations stipulating that only food without any Human pathogens
can be marketed (EC 178/2002). However, the difficult question to link
the genome detection and the presence of infectious particles that will
constitute another challenging issue to be solved (Ettayebi et al., 2016).
Indeed, Human enteric virus contamination in food is based on real-
time RT-PCR, method allowing a quantitative approach by comparing
the CT value obtained with a sample to a standard curve. For now, only
this method represent limit of detection (LOD) values compatible with
food contamination.

Bivalve molluscan shellfish such as oysters are consumed worldwide
and considered as a source of important nutrient (Venugopal and
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Gopakumar, 2018). However, they have been identified for many years
as a high-risk food (Metcalf et al., 1995). Regulations based on bacterial
indicators, have lowered the frequency of outbreaks due to bacterial
contamination, but oyster remain frequently associated in foodborne
viral outbreaks (Yu et al., 2015). Although some reporting bias in
outbreaks identification contribute to increase their image of risky food,
different factors, such as their mode of consumption (mainly raw) and
their capacity to accumulate viruses by filtering large amount of water,
explain the documented implication of shellfish in viral outbreaks on
recurrent occasions (Bellou et al., 2013; McLeod et al., 2017; Venugopal
and Gopakumar, 2018; Yu et al., 2015). Most of these outbreaks are due
to Human norovirus (HuNoV) contamination. Belonging to the Calici-
viridae family, HuNoV rank as the leading cause of acute gastroenteritis
in human, and thus are frequently detected in human sewage (Atmar
et al., 2018; Sano et al., 2016). Yet, other human enteric viruses such as
hepatitis A virus or rotavirus have also been implicated in shellfish
borne outbreaks (Boxman et al., 2016; Kittigul et al., 2014). Thus,
following a flooding event close to a shellfish production lagoon, we
detected up to seven different virus strains in oyster and clinical sam-
ples, including an Aichi strain identified for the first time in Europe in
an oyster sample (Le Guyader et al., 2008).

Metagenomics refer to the description of all nucleic acid sequences
present in a sample allowing the description of bacteria, archaea, eu-
karyotes or viruses (Giu et al., 2019; Kallies et al., 2019). However,
despite the abundance of viruses on the earth, the virome is still poorly
described (Rosani et al., 2019). As a catch-all, agnostic and sensitive
approach potentially allowing the detection and identification of the
whole viral genomic material, metagenomic sequencing holds many
promises for the surveillance of viruses in food and water
(Nieuwenhuijse and Koopmans, 2017). Nevertheless, several issues re-
main, owing to both the diversity of potential viral contaminants and
the very low level of contamination in complex food matrices
(Nieuwenhuijse and Koopmans, 2017). Indeed, viral metagenomics is
generally performed by removing as much host, matrix and bacterial
nucleic acids as possible followed by nuclease treatment to remove free
nucleic acids. These steps are of primary importance to identify human
enteric viruses, most of them having a small RNA genome, among the
vast amount of DNA derived from the host or the food matrix. Besides,
most viruses of interest bearing an RNA genome require a conversion to
cDNA. Finally, enrichment or amplification steps are also frequently
needed to increase the recovery of viral sequences (Wylie et al., 2018).
An approach combines cDNA synthesis and enrichment in virus se-
quences by using primers selected to avoid reverse-transcription of the
host ribosomal RNA while allowing the priming of mammalian viruses
(Endoh et al., 2005). Such non-ribosomal primers have been success-
fully applied to the sequencing of mammalian viruses in clinical sam-
ples (Cotten et al., 2014a, 2014b), and could contribute to the detection
of human viruses in food.

The work presented here first aimed at evaluating the selection of
primers used for reverse-transcription in order to assess the diversity of
human enteric viruses in artificially contaminated oysters. Secondly, we
wanted to explore the use of technical replicates to analyze HuNoV
diversity by metagenomic sequencing.

2. Materials and methods

2.1. Oyster batches

Two large oyster batches raised in a scientific farm with UV treated
seawater and fed with phytoplankton produced in the farm were used:
one batch of Ostrea edulis (called O. edulis) and one of Crassostrea gigas
(C. gigas-2). A third batch of Cassostrea gigas oysters (C. gigas-1) pur-
chased from a producer (western France) was included in the study.

Immediately after arrival in the laboratory, Escherichia coli, total
microbiota and total marine bacteria were counted in shellfish flesh as
described previously. Briefly, 15 oysters of each batch were

homogenized (1:10) with Peptone Salt Solution (Oxoid, France) and
further two one-Log dilutions were performed. Each of these dilutions
were then inoculated on Plate Count Agar (Oxoid) and Marine agar
(FisherScientific, France) on duplicate and incubated for 72 h at 30 °C
and 20 °C respectively (Weiner et al., 1985). Escherichia coli were
quantified according to the standard NF V08–106 (AFNOR, 2010).

2.2. Bioaccumulation

A composite 24-h raw sewage sample was collected at the inlet of a
waste-water treatment plant in western France, titrated for HuNoV
concentration and used to contaminate three aquariums filled with 22 L
of natural seawater, to reach a final concentration of 107 HuNoV
(GI+GII) RNA copies/L. The water temperature was kept at
12 ± 1 °C.

Each tank received 100 oysters of each batch for contamination
during 24 h. Twenty-five oysters of each batch were kept in 5-L of clean
seawater as negative controls. After 24 h, all oysters were collected and
flesh weights were recorded to calculate the allometric coefficient, used
to describe the physiology of the animal (Polo et al., 2018). Digestive
tissues (DT) were dissected using a sterile knife, pooled, chopped and
distributed in 2 g aliquots immediately stored at −80 °C until analysis.

2.3. Quality controls

Non-bioaccumulated oysters, seawater, and UltraPure™ DNase/
RNase-Free Distilled Water (TechnoFisher, France) used during the
experiment were verified for the no detection of NoV contamination
and included in deep-sequencing analysis. All these controls were
analyzed once.

After bioaccumulation all three oyster samples were first analyzed
using the ISO method (ISO 15216-1, 2017). After verification of the
extraction efficiency and lack of inhibitors, the quantification was
performed to verify the efficacy of the bioaccumulation.

2.4. Samples preparation

Sewage and control seawater samples were treated with the Pyro-
PEG method as previously described (Strubbia et al., 2019). Briefly,
10mM sodium pyrophosphate was added to 40mL of sample and in-
cubated for 40min at room temperature under gentle agitation (Bisseux
et al., 2018). After sonication, and centrifugation at low speed to
eliminate big particles, supernatants were recovered and the pH ad-
justed to 7. After incubation with polyethylene glycol 6000 (PEG)
(Sigma-Aldrich, St-Quentin, France) and centrifugation, the pellet was
resuspended in 2mL of glycine buffer (0.05M) pH 9.

DT aliquots (2 g) were incubated with 2mL of proteinase K (Thermo
Fisher Scientific) for 15min at 37 °C and 15min at 60 °C. After soni-
cation (Bandelin UD 2200 with cup-horn adaptor) for 3min at max-
imum power (cycles of 1min with 1min on ice), the mixture was
centrifugated for 5min at 3000×g. Then the supernatant was mixed
with 10mM sodium pyrophosphate (Bisseux et al., 2018) and incubated
40min at room temperature under gentle agitation. After 20min of
centrifugation at 8000×g, the supernatant (3 mL) was recovered and
1.5 mL of a PEG 24% (wt/vol)‑sodium chloride (1.2M) solution was
added prior incubation for 1 h at 4 °C. After centrifugation for 20min at
8000×g, the pellet was resuspended in 1mL of glycine buffer (0.05M)
pH 9.

All samples were treated with 10 μL/mL OmniCleave™
Endonuclease (Lucigen Corporation) and 100 μL MgCl2 (100mM) for
1 h at 37 °C. As some inhibitors may persists, an additional RNA pur-
ification was performed using the RNA Clean & Concentrator ™-5 kit
(Zymo Research, Irvine USA). These NA extracts were used for HuNoV
quantification and to prepare libraries under technical triplicates.
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2.5. NoV quantification/detection

Each extract was analyzed by real-time RT-PCR using primers and
probe targeting the conserved region between ORF1 and ORF2 for
HuNoV GI and GII, using a one-step real-time RT-PCR kit (Invitrogen)
and an M×3000P quantitative PCR (qPCR) system (Agilent
Technologies, France) (Le Guyader et al., 2009).

2.6. In-house designed hexamer set

Following the method described by Endoh et al. (2005), an In-House
Designed (I-HD) hexamer set was selected to lower oyster and mussel
rRNA transcription during cDNA preparation. A host rRNA reference set
corresponding to 48 sequences of bivalve molluscan shellfish was se-
lected from Silva rRNA database by compiling “ostrea” and “mytilus”
sequences (Glockner et al., 2017). A second reference set containing 79
HuNoV sequences from complete or partial genomes available in EBI
project Compare (https://www.ebi.ac.uk.cna/pathognes/xref) was se-
lected. A python script (v2.7.9) was used to compute the number of
occurrences of the 4096 hexamers in each sequence (reverse comple-
ment search) for the two references. The probability was calculated as
the number of occurrences in sequence divided by the length of each
sequence selected as a reference. This allowed the selection of 166
hexamers (forming the I-HD set) with no (or low) match for oysters and
mussels rRNA and with probability between> 0.1 and<0.3 to match
to HuNoV sequences.

2.7. Library preparation and capture-based deep sequencing

Technical triplicates were performed for each batch. Two sets of
hexamers, random hexamers (New England Biolabs (NEB), USA) and I-
HD hexamers were used to prepare the cDNA from the RNA extracted
from the three oyster batches, the sewage sample as well as from all
controls (seawater, control oysters, and UltraPure™ water).
Additionally, RNA from C.gigas-1 batch was also reverse-transcribed
using the Endoh hexamer set (Endoh et al., 2005). The reverse tran-
scription was performed using the enzyme SuperScript II (Thermo-
Fisher) and 5 μL were used to perform a real-time HuNoV GII PCR using
primers and probe as described above. A total of 33 cDNA was obtained.
After completion of the cDNA, they were organized into three pools for
the next step, considering a uniform distribution of technical replicates
(Fig. 1). Each pool contained seven cDNA prepared from a bioaccu-
mulated oyster batch, with an even distribution of the hexamer set, two
negative oyster cDNA and two libraries prepared from one water
sample (either sewage, or seawater or UltraPure™ water sample)
(Fig. 1). After double strand DNA synthesis using second strand reaction
buffer from NEBNext Ultra RNA Library prep, a physical fragmentation
(Ultrasonicator M220, Covaris) was performed for 3min. To reach the
advised quantities preconized by the manufacturer, ten amplification
cycles were added to the control sample extracts. Libraries were pre-
pared using the kit KAPA Hyper Prep (Roche), adapter ligation was
performed and viral sequences were enriched using VirCapSeq-VERT
capture panel (Roche) (Wylie et al., 2015). The capture was done si-
multaneously on the 3 pools.

Sequencing was performed on an Illumina NextSeq 500 using High
output kit V2 (Illumina) to generate 2×150 bp reads. Run is validated
if the number of passing filters is> 70%.

2.8. Bioinformatic pipeline

Metagenomics bioinformatics pipeline included quality trimming,
de novo assembly, and sequence alignment and annotation. Illumina
adapters were removed from raw reads before trimming from 3′ to 5′ to
reach a Phred score above 25 (TrimGalore v.0.4.1). Trimmed reads
were de novo assembled using SPAdes v.3.12.0 to obtained contigs
(Bankevich et al., 2012). The first step of SPAdes pipeline was error

correction (BayesHammer) with default setting, then assembly was
performed using de Bruijn graph algorithm and a set of k-mer lengths of
21, 33, 55, 77. To ensure a reliable identification, only contigs longer
than 500 nt were identified using BLAST v.2.6.0, and only sequences
with identity score above 85% were considered during data analysis.
The coverages and abundances of selected contigs were further eval-
uated using Bowtie 2 v2.3.0. (Langmead and Salzberg, 2012). Contigs
originating from oyster DT sequenced in triplicate were analyzed se-
parately and sequences identified as belonging to Caliviridae family
were genotyped using HuNoV genotyping tool v.2.0 and nominated
using the new taxonomical classification (Kroneman et al., 2011;
Chhabra et al., 2019). The high amount of reads produced from sewage
samples required a normalization step prior assembling using bbmap
v.38.22 to reach a coverage of 40 (Bushnell et al., 2017).

2.9. Statistical analysis

The Pearson correlation test was applied to evaluate the relationship
between NoV GII CT values and the number of reads par million (rpm),
according to the hexamer set used. RStudio v1.2.1335 was used to
calculate the correlation and to plot data.

3. Results

3.1. Oyster's microbiological analysis and controls

The mean weight of individual oysters from the two C. gigas batches
were similar (9 and 9.5 g for C. gigas-1 and C. gigas-2 respectively) while
flat oysters weighted around 5 g. However, the allometric coefficients
(flesh weight divided by DT weight) varied from 17 to 19 for the three
batches, meaning that their physiological conditions were similar and
are thus comparable for the three different bioaccumulations.

All three oyster batches were free of fecal contamination (con-
centrations were lower than 67 Escherichia coli/100 g of total flesh). The
marine bacteria concentrations were also identical for all three batches
and varied from 1.1×107 units forming colony (UFC)/100 g for C.
gigas-2 batch to 4.9× 107 UFC/100 g to C. gigas-1 batch. The only
difference was found for total microbiota with a concentration one Log
higher for C. gigas-1 batch (5.4× 105 UFC/100 g) compared to con-
centrations measured in C. gigas 2 and O. edulis batches (5.5× 104 and
4.8×104 UFC/100 g respectively) that were raised in clean experi-
mental facilities.

HuNoV concentrations in the sewage sample used for the bioaccu-
mulations were 6.7× 104 and 2.9× 104 cRNA/μL for GI and GII re-
spectively. After bioaccumulations, the three oyster batches reached
similar NoV contamination levels, as measured by rRT-PCR following
the ISO method, with CT values ranging from 29.8 to 32.7 for both
genogroups, corresponding to concentrations from 9.7×102 RNAc/g
of DT for O. edulis batch to 2×103 RNAc/g of DT for both C. gigas
batches. For all negative control oyster batches (non-bioaccumulated
oysters) and the seawater used for the bioaccumulation, NoV RNA le-
vels were under the limit of detection of the method (124 and 196
RNAc/g of DT for HuNoV GI and GII respectively).

3.2. Theoretical calculation for the three hexamer sets

The three hexamer sets used in this study, Endoh, Random and I-HD
were evaluated for their theoretical probability to recognize a panel of
Human enteric virus sequences, as well as mollusk and rat genomes
among eukaryote sequences (Fig. 2). The random set presented the
same probability (around 23%) to match with all sequences selected for
our evaluation. Endoh and I-HD sets presented a lower probability to
recognize rat sequences than the random hexamer set. As expected the
I-HD set did not match with shellfish sequences, while the Endoh set
recognized shellfish sequences with a probability around 12 to 15%.
Regarding virus sequences, the Endoh set displayed a large variability
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with a higher probability to recognize picobirnavirus and rotavirus
sequences compared to HuNoV. The I-HD set presented less variability
in the probability to match with the different human enteric virus se-
quences selected, with a slightly higher probability to recognize HuNoV
sequences than the Endoh set. Here, we aimed at evaluating the per-
formance of our I-HD set to recover human enteric virus sequences in
oyster extracts, by comparing them to random primers on all samples.
The Endoh set, which is optimized for mammalian virus in rodent cells,
was used to prepare triplicate libraries for only one sample (C. gigas-1),
as a control.

3.3. Run outputs

A total of 432,023,640 raw reads were produced during the Next-
Seq500 run, 39% of these reads corresponded to the two libraries
prepared with the sewage sample. This high number of reads
(167,864,533) obtained from the sewage sample was normalized with
BBNorm which induced a loss of 96% of reads, leading to read counts
comparable to the other samples. Quality trimming was applied to all
samples and eliminated 2% of reads of the sewage sample, and between
1% and 3% of reads from oyster samples (including contaminated oy-
sters and negative controls). The two water controls provided high
number of reads presumably due to the additional amplification cycles
performed during the library preparation to obtain the same amount of

DNA. After trimming the number of reads, the seawater control was
lowered by 15% while for the UltraPure water control, the loss re-
presented around 6% of the initial reads.

3.4. Host abundance and viral reads

To analyze the impact of the hexamer sets used to prepare the
cDNA, we cumulated all the reads obtained from bioaccumulated oyster
libraries prepared using either the I-HD or the random hexamer sets
(Endo set was excluded as it was used for only one sample) (Fig. 3).
Both for Eukaryota and Mollusca reads, the I-HD set gave lower num-
bers with a greater variability, confirming their capacity to decrease the
sequencing of eukaryote and specifically mollusk genomes. In addition,
the number of reads targeting virus sequences which was higher using
the I-HD set compared to the random set. However, when analyzing
reads targeting the HuNoV reads, the random set yielded a higher
abundancy than the I-HD set (Fig. 3).

The highest amounts of reads attributed to viruses were obtained
from the sewage libraries (69 and 63% out of total reads with I-HD and
random hexamers, respectively (Table 1). Recovering such a huge
amount of reads form one library was not expected, and draws attention
on the preparation of mixes into different pools as it may favor one
sample and overshadows the others. This also showed the importance of
technical triplicates. A low number of mollusk reads was obtained from

Fig. 1. Workflow of samples and libraries preparation and pool organization prior to hybridization for capture-based deep sequencing.
cDNA were prepared using Endoh (E, yellow), Random (R, blue) or In-house designed (I-HD, green) hexamer sets. Negative control (nc) were included in the different
pool. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Reads distribution obtained from bioaccumulated oyster libraries prepared using the I-HD (red) and random (green) sets. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
: Read counts and HuNoV CT values obtained for the different samples using the three hexamer sets.

Sample Hexamer set Pool Millions of reads NoV NoV GII

Trimmed Eukaryote Mollusk Virus Reads CT valuesa

C. gigas-1 I-HD 1 4 3 3 0.05 1650 32.2 ± 0.2
2 27 23 23 0.5 26,084 32.0 ± 0.3
3 25 22 22 0.3 3020 32.2 ± 0.3

Random 1 6 5 5 0.04 1854 30.6 ± 0.3
2 30 27 26 0.2 4743 30.6 ± 0.2
3 25 23 23 0.2 7299 30.7 ± 0.1

Endoh 1 3 3 3 0.03 86 32.4 ± 0.6
2 191 17 16 0.2 8887 32.2 ± 0.2
3 30 28 27 0.2 5402 32.0 ± 0.5

C. gigas-2 I-HD 1 4 3 3 0.1 1601 32.7 ± 0.2
2 17 15 14 0.4 833 32.5 ± 0.3
3 25 22 21 0.4 4350 32.7 ± 0.3

Random 1 35 3 3 0.07 184 31.7 ± 0.3
2 27 23 22 0.6 17,264 30.8 ± 0.2
3 28 25 24 0.7 41,583 31.2 ± 0.2

O. edulis I-HD 1 3 2 2 0.1 3955 34.8 ± 3.7
2 22 17 17 0.7 14,454 34.8 ± 0.6
3 22 18 18 0.5 3696 32.6 ± 0.3

Random 1 4 3 3 0.3 17,842 29.9 ± 0.2
2 26 29 19 0.5 32,774 29.9 ± 0.1
3 27 21 21 0.7 8011 30.3 ± 0.1

C. gigas-1 ncb I-HD
Random

1 0.1 0.06 0.065 0.009 44 No CT

1 4 2 2 0.3 179 No CT

C. gigas-2 ncb I-HD
Random

2 20 12 12 2 2 No CT

2 18 11 11 1 0 No CT

O. edulis ncb I-HD
Random

3 23 6 6 6 0 No CT

3 26 5 5 7 0 No CT

Sewage I-HD
Random

1 6c 0.1 0.003 1 159,838 32.2 ± 0.4
1 6c 0.1 0.002 1 162,168 28.7 ± 0.1

UltraPure I-HD
Random

3 0.7 0.03 0 0.008 0 No CT

3 33 5 0.009 7 0 No CT

Seawater I-HD
Random

2 6 0.09 0.01 1 2 No CT

2 0.4 0.03 0.007 0.0002 0 No CT

a NoV CT values expressed as the mean value of three PCR replicates and the standard deviation.
b nc: negative control, I-HD: In House designed hexamers.
c Number of reads after normalization with bbnorm.
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the seawater libraries (Table 1). This is natural seawater that has been
in contact with some mollusks prior sampling. It was more surprising to
obtain a high number of reads from the UltraPure water control. This
was probably due to non-specific amplification which may have oc-
curred during the additional amplification cycles performed to reach
enough DNA concentration during the library preparation, or a tag
jump, or due to a possible laboratory contamination during the pre-
paration step.

3.5. Virus diversity in samples

Sequences of five viral families (Reoviridae, Picornaviridae,
Picobirnaviridae, Caliciviridae and Astroviridae) were identified in the
sewage sample and in the three bioaccumulated oyster batches (Fig. 4).
In the sewage sample, the two hexamer sets gave similar numbers of
reads, with the highest read numbers blasting to the Astroviridae family.
The same five families were identified in the three oyster batches with
the two hexamer sets. The Picornaviridae sequences were the less fre-
quently identified sequences (ranging between 0 and 100 rpm) while
Astroviridae and Picobirnaviridae families were the most represented
(between 100 and 10,000 rpm). The library prepared using the Endoh
set, provided the lowest read numbers for all five families. The random
set provided the highest read numbers for all five families in agreement
with total viral read numbers obtained (Fig. 4). The negative controls
included in this study provided no significant read numbers for the five
virus families except the C. gigas-1 negative control. This batch bought
to a producer could have been contaminated in the producing area, or it
could be a laboratory contamination during the sample preparation or
the library preparation, as this negative control was in the pool with the

most contaminated sample (sewage).

3.6. Correlation between HuNoV RNA CT values and number of HuNoV
reads

We evaluated the impact of the set of hexamers used for cDNA
synthesis on HuNoV recovery, as measured by rRT-PCR following this
first step (Table 1). CT values observed were comparable to the one
observed using the ISO method, presuming a limited loss of viruses
during the purification steps. The random hexamers set provided lower
CT values (meaning higher HuNoV concentrations) for all batches
compared to CT values obtained with the I-HD set. For the C.gigas-1
nucleic acid extract, the Endoh and I-HD sets provided comparable CT

values. The Endoh set, used to prime cDNA of one sample, provided CT

values in the same range as the I-HD set. Accordingly, the use of random
hexamers led to the highest number of HuNoV reads recovered from the
C. gigas-2 and O. edulis libraries, but this was less clear for the C. gigas-1
batch. A significant negative correlation between HuNoV reads fre-
quency and CT value was found when using random hexamers (Pearson
correlation value: r=−0.81, p<0.05) but not when using the I-HD
set (Fig. 5). This statistical analysis was not performed with the Endoh
set as data was available for only one sample.

No HuNoV reads were obtained from the O. edulis or C. gigas-2 ne-
gative control batches. However the C.gigas-1 negative control libraries
allowed the identification of 44 and 179 HuNoV reads, confirming some
of the Caliviridae reads (Fig. 4), despite the absence of HuNoV detection
by rRT-PCR. As hypothesized above, this contamination could have
occurred during the sample processing, but also in the producing area.

Fig. 4. Human enteric virus associated reads identified according to the different sets of hexamers used for the RT. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

S. Strubbia, et al. International Journal of Food Microbiology 323 (2020) 108588

7



3.7. Contigs length and HuNoV strain identifications

HuNoV contig length is an important criterion to select an effective
method as longer contigs allow a better strain identification. Reads
obtained using the Endoh set for cDNA priming, generated HuNoV
contigs shorter than 500 nt, and thus were not considered for further
analysis (Fig. 6). The random hexamers set allowed the recovery of the
longest HuNoV contigs, for all samples except two contigs obtained
from sewage sample. In this sample, the identified contig of 3211 nt
obtained with I-HD was similar to a 2872 nt contig obtained with the
random set. The longest HuNoV contigs were obtained from O. edulis
libraries, which yielded two whole HuNoV genomes (Fig. 6) (Table 2).
From oyster samples, the longest HuNoV contigs obtained using the I-
HD set were of 1436, 899 and 1056 nt from C. gigas-1, C. gigas-2 and O.
edulis batches respectively. Considering all samples, the I-HD
set allowed the identification of 150 and 194 HuNoV GI and GII contigs,
while the random hexamers set allowed the identification of 208 and
284 NoV GI and GII contigs. Indeed, when the contig lengths were too
short (< 500 nt), strain identification was not possible, as observed
with libraries built using Endoh set.

3.8. HuNoV strain diversity

Only contigs obtained from libraries prepared using the random
hexamer set were considered for HuNoV genotyping using the online
Norovirus typing tool 2.0 (Kroneman et al., 2011). For two oyster
batches (C.gigas-2 and O. edulis), one library did not provide any contig
meeting the criteria set up for the analysis (at least 500 nt length and
blast identity score over 85%). For the same two batches, one of the
three libraries provided few informative contigs that only allowed
genogroup identification (Fig. 7). For the O. edulis batch, the contigs
obtained for the third replicate were distributed among five HuNoV GII
strains in the ORF1 and four in the ORF2 typing region and one GI (both
ORF1 and 2). Two complete genomes (one GI and one GII) were
identified in one library from the O. edulis batch and a third one was
almost complete. In this same library, a sequence covering more than
half of the genome was also identified (Table 2). For the C.gigas-2 batch
most of the contigs obtained fell into a non-typing region of HuNoV GII
ORF1 and only few contigs allowed the identification of a GII.[P16] and
a GI.[P4] strains. Four sequences covering more than half of the
genome were detected, three HuNoV GI and one GII strains. Five other
strains longer than 1000 nt could also be identified either in the ORF1
or the ORF2 region (Table 2). Libraries obtained from the C.gigas-1
batch provided contigs for all three replicates. A GI.[P1] sequence was

Fig. 5. Relationship between HuNoV concentrations and read expressed in reads per million (rpm), according to the hexamer sets used for cDNA.
Red dots: In-house designed (I-HD) set, blue dots: Random (R) hexamer set, The gray halo represents the range of variability between samples. (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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observed in two replicates while the other one only provided genogroup
information. GI.[P2], GII.[P16] and GII.[P17] strains were also identi-
fied in one of the replicates. For the ORF2 region, a GI.1sequence was
identified in the same two replicates while the other one allowed only
genogroup typing (Fig. 7).

In the sewage sample, contigs targeting non-typing region of the GII
ORF1 and ORF2 were the most prevalent. Thirteen contigs were ob-
tained from the sewage sample, but the longest was< 3000 nt and only
two allowed genotyping of both the ORF1 and 2 (one for each gen-
ogroup) (Table 2).

All the strains detected in the sewage sample were detected at least
once in one of the oyster batches, while the GI.2[P2] was detected only
from oyster samples (full genome in O. edulis, and half genome in C.
gigas-2). Considering the variability observed among the library tripli-
cates, this approach is important to evaluate the diversity of viral
strains that may be present in a sample. This may be of particular in-
terest for low contaminated samples such as oyster samples.

4. Discussion

This study aimed to provide a method to identify HuNoV and other
Human enteric viruses among the virome of oysters DT. While nowa-
days HuNoV constitute the known pathogen most frequently implicated
in oyster related outbreaks, other viruses such as hepatitis A virus or
rotavirus have also been responsible for clinical cases following raw
oyster consumption, which highlights the interest of their detection

(Bellou et al., 2013; Boxman et al., 2016). Oysters usually get con-
taminated by filtering seawater contaminated with human sewage, and
thus accumulate a large diversity of human enteric viruses. Such di-
versity and the low copy number of the viral pathogens in contaminated
oysters complicate their identification, and the containment and miti-
gation of foodborne outbreaks (McLeod et al., 2017). Metagenomic
approaches, describing all nucleic acid present in a sample, appear as a
promising tool to identify the different viruses that may be present
without discriminating criteria.

The first challenge was to recover HuNoV from oyster tissues.
HuNoV, and other enteric viruses, are mainly concentrated in oyster DT
where they may bind specific ligands (such as histo-blood group an-
tigen-like glycans, sialic acids) or be retained through non-specific ionic
interactions (Di Girolamo et al., 1977; Le Guyader et al., 2012; McLeod
et al., 2009). Targeting these tissues improve the method sensitivity and
has now been validated worldwide (Atmar et al., 1995; ISO 15216-1,
2017; Lowther et al., 2019). We used an enzymatic treatment to elute
viruses from the DT, similar to the ISO-15216-1 method) and we further
improved the viral particle recovery using a sonication step and a
chemical elution using sodium pyrophosphate before PEG concentra-
tion. Sonication was found useful for HuNoV cultivation in enteroids
and it may help to disrupt vesicles in which HuNoV may be trapped
(Ettayebi et al., 2016; Santiana et al., 2018). Alternatively, it may de-
stroy bacteria to which the virus may bind (Miura et al., 2013). The
combined used of sonication and sodium pyrophosphate was found the
best method to recover viruses from sewage sludge (Brown et al., 2015).

Fig. 6. Scatter plot of jittered data showing the length of contigs obtained using the three hexamer sets.
Genogroup I (GI) (red dots) and GII (blue dots) obtained for the sewage sample and bioaccumulated oyster batches are reported. The red dashed line represents the
threshold contigs length fixed for data analysis (500 nt). (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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Considering the limited knowledge on the association of HuNoV or
other human enteric virus with bacteria, no filtration step was applied
after the PEG concentration to prevent any loss of viral particles
(Amarasiri and Sano, 2019, Conceicao-Neto et al., 2015).

Another challenge faced by metagenomics is the depletion of host or
background nucleic acids that can account for up to 99% of the reads.
This issue is encountered in clinical samples either for ethical issues or
to improve the sensitivity (Giu et al., 2019, Oechslin et al., 2018,), as
well as in food samples (Bartsch et al., 2018; Wylezich et al., 2018). The
use of non-ribosomal hexanucleotides that favor RNA virus reverse
transcription was found useful for species-independent detection of
viruses in infected cells (Endoh et al., 2005). Following the same ra-
tional, we selected a combination of hexamers with the aim to reduce
the binding to oyster and mussels rRNA. This indeed reduced the host
background by about 10% compared to random hexamers. However,
these I-HD hexamers were less successful to detect our target virus se-
quences than the random hexamer set, which may be due to the re-
duced number of sequences from HuNoV and other Human enteric
viruses that were used to validate this selection. Thus, to increase the
sensitivity and selectivity of our approach towards Human enteric
viruses, the future development of this work will be to complete our

hexamer selection by extending to more HuNoV strains including new
variants, and to other Human enteric virus sequences. Indeed, beside
the first step of sample preparation and nucleic acid purification this
reverse transcription is the key step for a successful deep sequencing.
The control performed by real-time PCR showed that depending on the
hexamer set used, a difference of up to 3 CT can be observed corre-
sponding to a 10 times difference in HuNoV concentration. Such gain is
important when looking for low contamination levels as usually found
in marketed oysters or in oysters implicated in foodborne outbreaks
(EFSA, 2019; McLeod et al., 2017; Polo et al., 2016). In all samples, the
use of random hexamers led to a more efficient transcription of HuNoV
sequences and to longer contigs allowing a better HuNoV strain iden-
tification compared to the two other sets. Indeed, norovirus genotyping
requires contigs falling into specific regions of the genome at the end of
ORF1 and the beginning of ORF2, which is less likely when reads are
scarce and contigs, short. While the Endoh set was applied to only one
sample, all contigs recovered were short (< 500 nt) and did not allow
HuNoV identification. The I-HD set looks promising as shown by results
obtained with the sewage sample, and the reduce mollusk background
reads. To fully exploit the potential of metagenomics applied to low
contaminated samples, quality controls and good laboratory practices
are essential. RNA is sensitive to degradation and may be easily lost
during the different steps of the protocol. However, the main challenge
is to prevent contamination as already observed for many other mole-
cular detection methods. Despite all precautions (dedicated rooms,
filter tips…) we cannot exclude that identification of virus contigs in
one of the negative control oyster batch and the UltraPure water re-
sulted from contamination during the process, probably during the li-
brary preparation or the flow cell amplification (Schnell et al., 2015).
The other negative controls (waters and oysters) presented few HuNoV
reads that may be due to PCR errors occurring during the additional
amplification cycles needed to reach the 10 ng/μL requested to satisfy
the library kit instructions. The high number of reads recovered from
the random-set primed library for the UltraPure water was unexpected,
and among the virus reads no contig matching with Human enteric
viruses was identified. None of the contigs detected in our negative
controls meet our quality criteria of 500 nt with 85% Blast score (ap-
plied for all enteric viruses), and thus they were not considered for data
analysis. Considering the huge sequencing capacity of high throughput
metagenomic sequencing which is able to detect contaminant from
reagents, from past or other experiments undertaken in the laboratory,
the inclusion of negative controls that follow all the experiment process
is essential (Brown et al., 2016; Nieuwenhuijse and Koopmans, 2017;
Wylie et al., 2018).

In a previous study, a reference sample that we inserted in three
separated runs provided similar HuNoV diversity, but with some var-
iation in contigs lengths (Strubbia et al., 2019). In the present study,
technical triplicates were used to evaluate the impact of library pre-
paration. Such approach was found valuable to minimize potential bias
in aquarium water virome analysis (Kim et al., 2017). Our study con-
firmed the interest of such replicates as NoV diversity varied from no
contig to several sequences assigned to different genotypes, depending
on the library considered for one given sample. Replicate libraries may
be recommended in the future for low contaminated sample as it en-
hances the probability to identify rare sequences. When dealing with
food samples this is important for further risk analysis. Finding two NoV
sequences of< 200 base pairs in a sample clearly identified as being
responsible of an outbreak may be interpreted as a positive argument to
destroy the food in question, but it may also be a challenging issue for
risk managers in absence of any epidemiological data (Bartsch et al.,
2018). Providing solid arguments of repeatable detection in technical or
biological replicates may help to increase confidence in this highly
sensitive method.

Another valuable option to increase method sensitivity towards
Human enteric viruses is to enrich the nucleic acid extract using a
targeted sequence capture (Brown et al., 2016; Wylie et al., 2018). As

Table 2
: HuNoV strains identified in the samples using random hexamers.

Sample Node Reads Length ORF 1 ORF 2 Ref. sequence Identity

Sewage 189 2993 2872 – GI.1 MH638229.1 97.08
237 4435 2564 GI.P1 – MH638228.1 98.28
294 5557 2299 – GI.1 MH638229.1 99.76
601 3380 1677 GII.P12 – MG601447.1 98.20
727 2939 1528 GII – MH218642.1 97.86
832 1124 1435 GII – MF421538.1 99.03
879 3050 1401 – GII.3 MG601451.1 98.36
971 5316 1346 GI.P4 GI.4 LN854563.1 97.70

1128 2987 1244 GII – MH218642.1 98.12
1147 1314 1233 GI – LN854563.1 97.49
1236 425 1191 GII – KM198498.1 94.43
1455 578 1097 GI – LN854563.1 96.89
1656 10,035 1029 GII.P7 GII.6 MH218642.1 98.74

C.gigas-1 34 560 2243 GII.P7 GII.6 MH218642.1 97.46
38 241 2192 GI.P1 GI.4 LN854563.1 87.79

156 1082 1629 GI.P1 GI.1 MH638229.1 97.85
192 52 1055 GII – MK073886.1 98.62
209 94 1016 – GI.1 MH638229.1 98.13

C.gigas-2 13 1951 4205 GII.P7 GII.6 MH218642.1 98.05
16 2341 4023 GI.P4 GI.4 LN854563.1 96.69
17 1385 3960 GI.P1 GI.1 MH638228.1 98.84
20 2296 3677 GI.P2 GI.2 KF306212.1 99.12
26 619 3303 – GII.6 MH218642.1 98.00

216 176 1371 – GII.3 MG601451.1 94.39
77 464 1985 GII – MG601447.1 98.39

346 174 1101 GII.P12 GII.3 MH260511.1 98.37
85 338 1893 GI – MH218649.1 97.68
86 445 1890 – GI.2 KF306212.1 99.15
98 261 1817 GII – MG601447.1 98.24

326 167 1038 – GI.4 GQ413970.1 97.15
377 111 1072 GII – KU870455.1 94.96
434 138 1019 GII – LN854563.1 95.49

O.edulis 2 2858 7445 GII.6[P7] MH218642.1 98.06
4 2261 7288 GI.2[P2] LN854563.1 99.69
5 1722 6422 GII.3[P12] MG601447.1 97.88

25 1594 3852 GI.P4 GI.4 LN854563.1 96.72
30 387 3257 GII.P7 – KU870455.1 95.42
51 641 2479 – GII.6 KU870455.1 95.60
59 1487 2274 GI.P1 GI.1 MH638228.1 98.55
95 729 1741 – GI.1 MH638229.1 97.97

105 120 1618 GI – LN854563.1 96.89

Contigs longer than 1000 nt are shown with the node number assigned during
assembly, the number of reads that mapped to the assembled contig, the contig
length, the ORFs identification according to the NoV typing tool v2.0
(Kroneman et al., 2011), and the reference sequence and percentage of identity
obtained using BLAST (NCBI). In bold the sequences longer than half of the
complete HuNoV genome.
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mentioned above, HuNoV and most of other human enteric viruses have
short RNA genome, making them very difficult to identify among the
outnumbering other nucleic acids that may be extracted from the oyster
DT. Adding too many steps before nucleic acid extraction may lead to
the loss of viral particles or be too selective when based on physical
properties (size selection, pH treatment, etc.…). An alternative method
for enrichment in viral sequences was proposed few years ago by using
a targeted sequence capture (Brown et al., 2016; Wylie et al., 2015). We
successfully used this capture-based approach in a previous experiment
where direct metagenomic detection did not allow HuNoV identifica-
tion (Strubbia et al., 2019). Here, this capture-based approach was
applied to all samples, including the sewage sample used to con-
taminate the oysters, leading to a massive amount of reads in the two
libraries prepared from that sample. Despite the normalization step, the
amount of reads produced and the large HuNoV diversity, complicated
the de novo assembly and impaired the assembly of full HuNoV genome
from sewage sample. Detection of viruses can be performed after de
novo assembly of short reads into longer sequences (contigs) followed
by a variety of computational methods to detect known and novel viral
sequences. A number of workflows have been published but their se-
lection may be challenging for new users since the bio-informatic pi-
peline used can make a difference to identify rare sequence or new virus
genome (Cotten et al., 2014a, 2014b, Oude Munnink and van der Hoek,
2016). A proficiency test performed to analyze viral reads highlighted
the need to share worflows and to harmonized criteria for their vali-
dation (Brown et al., 2015). In a literature review, considering all
published workflows for virus metagenomics, a strategy was proposed
to select the optimal workflow (Nooij et al., 2018). Such approach is of
particular interest for environmental or food samples to detect what is

considered as a needle in a haystack (Rosani et al., 2019).
In this study, two full HuNoV genome sequences were identified in

one of the oyster sample contaminated with a thousand copies of
HuNoV GI or GII per g of DT. These promising results demonstrate the
possibilities to improve the method sensitivity and its applicability to
even less contaminated oyster samples. Considering the variability of
HuNoV and their high frequency of genome recombination, it is im-
portant to achieve the recovery of long contigs that allows strain
identification both in the ORF1 and ORF2 typing regions (Chhabra
et al., 2019). HuNoV from different genotypes differ in their ability to
cause disease thus a proper identification will help risk manager to take
adequate decisions, and for this it is crucial to include adequate controls
to be confident in results obtained (Atmar et al., 2018; Parra et al.,
2017). For food outbreak analysis, the strain identification in the two
ORFs will be the only suitable way to identify transmission pathways
(Nieuwenhuijse and Koopmans, 2017; Nooij et al., 2018). Over the
three oyster batches, 28 contigs longer than 1000 nt were obtained, half
of them providing the ORF1-ORF2 junction region, showing that the
method proposed here may help to investigate shellfish-borne out-
breaks.

In human or in environmental matrices, the microbiome may play a
role for HuNoV selection or persistence (Amarasiri and Sano, 2019,
Monedero et al., 2018, Walker and Baldridge, 2019). In this study we
compared two batches of Crassostrea gigas oysters: one that has never
been exposed to human fecal contamination and one bought from a
local producer. This producer was selected in a clean area to avoid pre-
existing HuNoV or Human enteric virus contamination, but still some
differences were observed in bacteria concentrations. Nonetheless, no
difference either in terms of HuNoV bioaccumulation or in terms of

Fig. 7. HuNoV ORF1 and ORF2 identified in sewage and oyster samples using random hexamers during library preparation.
The three technical replicates are reported for each oyster batch, with numbers 1,2, 3 corresponding to the pool. (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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strains identification was found between the two batches. No difference
either was observed with Ostrea edulis, except that this batch was the
one that provided the longest contigs for HuNoV identification.

5. Conclusions

Environmental samples such as oyster tissues are complex matrix
generally characterized by low virus concentration. We show here that
our metagenomics approach allows the sequencing of NoV full genomes
from contaminated oysters samples, and can be further optimized.
Combined with the development of infectivity test to characterize in-
fectious viruses will constitute a step forward for shellfish contamina-
tion analysis (Ettayebi et al., 2016). The scientific interest on devel-
oping an approach able to reduce the host background is high and need
to be further investigated. An optimization of the hexamer set we de-
signed can be considered extending the number and the diversity of the
reference sequences used for hexamer selection. Furthermore, the use of
triplicate libraries is recommended to increase the chances to detect
viruses present in low concentrations. Reliable data are also ensured by
the use of negative controls which should always be included in a
metagenomic run.
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ERR3564155-3564187). The full genome or longer than half genome
sequences for HuNoV were deposited in GenBank and are available
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MN416764 and MN416765.
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