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HIGHLIGHTS

e Detection of Rocahepevirus in urban
wastewater and rivers waters

e High concentrations, compatible
with a transmission to humans (as
observed for Paslahepevirus)

e No detection in patients with
suspicion of viral hepatitis (in the
same geographical area)

e Need for optimized methods
targeting emergent hepatitis E virus
strains
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ABSTRACT

Hepatitis E virus (HEV) is considered as an emerging zoonotic pathogen circulating in a wide range of animals. In
recent decades, the genus Paslahepevirus frequently isolated in pigs were the most involved in human clinical
practice. In addition, the genus Rocahepevirus have been isolated in rodents, and transmission to humans is in-
creasingly reported worldwide, although gaps remain regarding the exposure factors. In this study, the presence
of HEV was investigated in urban wastewater, swine slaughterhouse wastewater and river waters, in a geographi-
cal area where its circulation had previously been reported. In addition to the expected detection of Paslahepe-
virus in almost all waters samples collected, Rocahepevirus strains were detected with the same frequencies in ur-
ban and river waters, at concentrations up to 40-fold higher. No Rocahepeviruses were detected in swine slaugh-
terhouse wastewater. This is the first study demonstrating the presence of Rocahepevirus in French wastewater.
Although no evidence of transmission was reported among patients followed for a suspected HEV infection in the
same area between April 2019 and October 2023 (i.e. 135/3078 serological tests positive for anti-HEV IgM de-
tection; 46/822 blood samples positive for Paslahepevirus genome detection but none for Rocahepevirus), the cir-
culation of Rocahepevirus in waters in such concentrations raises the question of the possible zoonotic transmis-
sion to human. Indeed, the waterborne transmission of HEV is now well documented in industrialized countries,
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and the exploration of the growing number of human infections in Europe involving Rocahepevirus has not until
now made it possible to clarify the transmission routes.

1. Introduction

Hepatitis E virus (HEV) is considered as the main cause of human
hepatitis worldwide (Kamar et al., 2017). The infection is self-limited in
the general population, including fever, asthenia, nausea and icterus as-
sociated to hepatic cytolysis. Severe acute and fulminant hepatitis are
reported in patients with underlying liver disease while extrahepatic
signs (i.e. renal and neuronal disorders) are also described (Pischke et
al., 2017). In immunocompromised patients, chronic HEV infections
may be observed (i.e. detection of HEV RNA up to 3-6 months in blood
or stool) and are associated with a rapid progression to cirrhosis and
potential carcinoma (Kamar et al., 2017).

The genus Paslahepevirus is the most important regarding human
health. It includes at least 8 genotypes, infecting human through the fe-
cal-oral route in developing countries for genotypes 1 and 2, or through
a zoonotic way for genotypes 3 and 4 in industrialized countries, after
consumption of contaminated food products (e.g. pork, wild boar,
deer). Genotypes 5 and 6 are detected only in wild boar, while geno-
types 7 and 8 typically circulate in camels, with currently a unique re-
ported case of transmission to an immunocompromised individual (Lee
et al., 2016).

Little is known concerning the circulation of HEV between human
and the different environmental reservoirs. Recent data suggest that en-
vironmental water, shellfish or vegetables (e.g. green leaves, red fruits)
may also contribute to spread HEV to human (Cook and van der Poel,
2015; Terio et al., 2017) and new animal reservoirs are also identified.
Rabbit HEV, closed to genotype 3 strains has recently been described,
and is able to infect humans (Abravanel et al., 2017; Baylis et al., 2022;
Hartard et al., 2021). Although more genetically distinct, the other Or-
thohepevirus genera circulating in birds, rodents and bats, are also of
concern. Among them, the genus Rocahepevirus was first identified in
rats (Rattus norvegicus) in Germany in 2010. Now, its worldwide distrib-
ution is recognized (Ryll et al., 2017), especially among aged specimens
(De Cock et al., 2023; Robinson et al., 2023) and transmissions to hu-
man have recently been documented, mainly in immunocompromised
patients but also in immunocompetent or healthy individuals, including
children (Andonov et al., 2019; Caballero-Gémez et al., 2024; Rivero-
Juarez et al., 2022; Sridhar et al., 2021b). Currently, most cases have
been described in Hong Kong, where the prevalence of the species Roca-
hepevirus ratti is as frequent as Paslahepevirus genotypes 1 and 3, and ac-
counted for 8 % of all HEV infections (Sridhar et al., 2021b). Infection
with Rocahepevirus leads to asymptomatic forms, as well as acute or
chronic infections, associated or not with extra hepatic manifestations
(Sridhar et al., 2021b).

The genus Rocahepevirus presents only 55 to 60 % of homologous se-
quence with HEV genotypes 1 to 4, leading to a new challenge in diag-
nosing HEV infection in patients. Indeed, the conventional RT-PCR as-
says usually used at the time of the diagnosis are designed to target
Paslahepevirus genotypes and failed to amplify the other genera, while
cross reactivity may be observed when using serological tests (Parraud
et al., 2021; Sridhar et al., 2021a).

The prevalence of the genus Rocahepevirus is probably underesti-
mated and the way of transmission to human remains unclear. Indeed,
in addition to rats, Rocahepevirus may infect other animals. As an exam-
ple, a recent study performed in Germany reported a seroprevalence up
to 40 % in foxes (Vulpes vulpes) for the last 30 years (Eiden et al., 2020).
Even if the direct transmission to human remains unlikely, foxes could
contribute to spread Rocahepevirus in the environment and may ulti-
mately constitute an important reservoir.

In this context, the objective of this study was to explore the circula-
tion of Rocahepevirus in the North East of France, a geographic area

characterized by a heavy circulation of HEV (Fenaux et al., 2018;
Mansuy et al., 2016), by screening patients addressed to the Nancy Uni-
versity Hospital, and by investigating the nearby potential environmen-
tal water reservoirs (i.e. urban wastewater, swine slaughterhouse
wastewater and surface waters).

2. Materials and methods
2.1. Patients' samples

We tested 766 sera collected from patients followed at the Univer-
sity Hospital of Nancy, for whom conventional HEV RNA detection
have been ordered as part of their medical care (meaning Paslahepe-
virus), and for which the RT-PCR result was negative. All sera were col-
lected between April 2019 and October 2023. According to French Law
(Loi Jardé), anonymous studies without additional sampling or data
collection do not require the approval of an institutional review com-
mittee. Samples were stored at —80 °C until analysis.

2.2. Water samples

Water samples (urban wastewater treatment plant [WWTP,
n = 11], environmental surface waters [SW, n = 4], and swine slaugh-
terhouse [SH, n = 14]) were collected in the Nancy area to explore the
circulation of HEV in the patient's environment. The WWTP receives
daily 70,000-110,000 m? of wastewater from an urban area with a
population of approximately 400,000, including hospital effluent. Sam-
ples were collected at the WWTP's entry point using an automated sam-
pler during a 24 h period. The WWTP's characteristics (capacity, treat-
ment processes, and sampling) are detailed in Bichet et al. (2024), re-
ferred to as WWTP-1. Surface waters samples were collected 1 km up-
stream of the WWTP discharge, from the shoreline at the urban area's
entrance. Lastly, the slaughterhouse processes around 25 pigs per day,
and the sample collection was continuous throughout the slaughtering
process, ensuring an average sample was obtained.

To concentrate environmental surface water, 500 mL of sample
were filtered through Centricon Plus-70 centrifugal filters 100 kDa
(Merck Millipore), as previously described (Bertrand et al., 2021).
Briefly, 10 repeated passages of 50 mL were achieved. After each pas-
sage, the concentrates were recovered by inverting the system, apply-
ing centrifugation (1000 X g for 2 min), and then pooled. After the last
passage, the filters were washed with 5 mL of Lysis Buffer (bioMérieux)
and added to the concentrate's pool. A final phenol-chloroform-isoamyl
alcohol purification was performed as previously described (Bertrand et
al., 2021), resulting in a 15-mL final volume.

Water samples from the swine slaughterhouse were concentrate
from 200 mL, using the Amicon® Stirred Cell 400 mL system (Merck
Millipore) and Ultracel® membrane discs of regenerated cellulose with
a cut-off of 10 kD, as previously described (Chaqroun et al., 2024).

For urban wastewater, 5 mL of sample were directly added with
10 mL of Lysis Buffer (bioMérieux) upstream the RNA extraction.

When a concentration method was applied (i.e., for environmental
surface water and swine slaughterhouse samples), recovery rates were
estimated as previously described (Chaqroun et al., 2024), by measur-
ing and comparing the concentration of F-specific RNA phages sub-
group II, used as surrogates, in the unconcentrated sample and after the
concentration step.
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2.3. RNA extraction and HEV detection

RNA was extracted using NucliSens easyMAG® or miniMAG® (bio-
Mérieux) following the manufacturer recommendations. Extraction
was performed from 200 pL of patient serum, or from 15 mL of lysed
water sample concentrate. The purified RNA was recovered in a 100 pL
volume of elution buffer.

To detect Rocahepevirus RNA in biological samples, reverse tran-
scription and polymerase chain reaction (RT-qPCR) were performed
from 15 pL of RNA extract as previously described (Parraud et al.,
2021), using the gScript XLT 1-Step RT-qPCR ToughMix (Quantabio).
The specificity of the Rocahepevirus-RT-PCR was confirmed using the
Basic Local Alignment Search Tool (BLAST) program available on the
NCBI network server, as well against a database including the entire
HEV whole genome sequences isolated in Europe available in Gen-
Bank® (from humans [n = 301], rodents [n = 45] and other animals
[n = 80; i.e. Sus scrofa, Oryctolagus cuniculus, Lepus europaeuscanis, Ca-
nis lupus]). A plasmid containing the complete sequence of the rat HEV
strain R63/ DEU/2009 (Li et al., 2015) was used as positive control
(kindly provided by Prof Reimar Johne). For water analysis, HEV quan-
tification was performed using the QIAcuity Digital PCR System and the
QIAcuity OneStep Advanced EG Kit (Qiagen) on an 8,5 k nanoplate.
The same RT-PCR system as for biological samples was used to quantify
Rocahepevirus (Parraud et al., 2021). Paslahepevirus were also targeted,
using the primers/probe proposed by Abravanel et al. (2012).

For each sample, a negative control made of sterile phosphate
buffered saline was included at the beginning of each nucleic acid ex-
traction procedure.

2.4. Wastewater sample sequencing

To characterize the HEV strains circulating in wastewater, an ap-
proach using metagenomics was applied. Nucleic acid extract were
treated using TURBO DNase (AM1907, ThermoFisher) and cDNA were
synthetized using the ProtoScript® II First Strand cDNA Synthesis Kit
(E6560S, New England Biolabs) and the NEBNext® Ultra™ II Non-
Directional RNA Second Strand Synthesis Module (E6111S, New Eng-
land Biolabs), following the manufacturer recommendations. Library
preparation was performed using the Twist Enzymatic Fragmentation
Library Prep Kit 2.0 (106,454, Twist Bioscience) and viral genome cap-
ture was then done using the Twist Comprehensive Viral Research
Panel (103,549, Twist Bioscience). Sequencing was performed using
the MiSeq Reagent Kit v2-300 cycles (Illumina). Analyses were
achieved on the cloud-based metagenomics platform CZ-ID (czid.org).

3. Results
3.1. HEV in patients

Between April 2019 and October 2023, 3078 serology anti-HEV as-
says were performed at the Nancy University Hospital, and anti-HEV
IgM were detected in 135 patients (4.4 %) (VIDAS® Anti-HEV IgM, bio-
Mérieux). During the same period, 812 RT-qPCR were performed to de-
tect conventional HEV RNA, meaning Paslahepevirus (RealStar® HEV
RT-PCR Kit 2.0 — Altona Diagnostics), including patients positive for
anti-HEV IgM detection, as well as patients for which physicians recom-
mended HEV RNA exploration despite the absence of anti-HEV IgM
based on clinical setting. Among them, 46 samples were positive
(5.7 %, corresponding to 19 patients — collection DC 2016-2790 and
2018-A00117-48). According to the sequencing of the ORF2/ORF3
overlap (Hartard et al., 2021; Inoue et al., 2006) or whole genome
(Nicot et al., 2018), all strains detected in patients belonged to the HEV
genotype 3 (subtype 3f, 3c and 3ra), which correspond to the strains the
most frequently found in France (Nicot et al., 2018). All the 766 re-
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maining samples were tested for Rocahepevirus RNA detection and were
negative.

3.2. HEV in water

Based on F-specific RNA phages detection, the recovery rates of the
methods used to concentrate samples were between 0.6 % and 22.3 %
for slaughterhouse water (median = 5.7 %) and between 32.1 % and
223.4 % for surface water (median = 62.2 %), in line with what is gen-
erally observed in this type of study (Chaqroun et al., 2024).

Urban WWTP collected between July and September 2023 were all
positive for Rocahepevirus detection (n = 11), while 91 % of samples
(10/11) were positive for Paslahepevirus (Fig. 1). The Rocahepevirus
concentration ranged between 3.8 and 5.7 log;, genome copies (gc)/L
and were in average 40-fold higher than that of Paslahepevirus (2.9-4.1
log;y gc/L). No Rocahepevirus was detected in slaughterhouse water
(SH, n = 14), while all samples were positive for Paslahepevirus
(2.9-4.4 log,o gc/L). At last, surface waters (SW, n = 4) were positive
for both viruses with close concentrations, ranging between 2.8 and 3.4
log;, gc/L for Paslahepevirus and 2.5-3.1 log,, gc/L for Rocahepevirus,
respectively.

Metagenomics applied to environmental water allowed to confirm
the detection of HEV and to partially characterize the circulating
strains. Paslahepevirus belonged to genotypes 3c and 3 m and were
closed to strains previously detected in Europe (Table 1). Rocahepevirus
sequences could all be compared with strains previously described in
rodents (i.e. Rattus norvegius, Rattus rattus, Sorex spp.), mainly detected
for the first time in Asia, where most of the work concerning their emer-
gence has been carried out. Unfortunately, low concentrations of HEV
genome detected in other water samples than WWTP prevented the per-
formance of metagenomics analyzes.

4. Discussion

Hepatitis E virus has recently been ranked 6th among viruses with
high spillover risk, highlighting its zoonotic potential (Grange et al.,
2021). The transmission of Paslahepevirus from animals (i.e. swine,
boars, game) to humans is now well established, but a number of out-
standing issues persist. Among them, the exploration of other animal
reservoirs likely to hosting HEV strains able to infect human is a key is-
sue. Rocahepevirus, initially isolated from rodents, is currently of con-
cern.

In this study, no evidence of human infection with Rocahepevirus has
been observed among 766 samples collected from patients followed for
a suspected HEV hepatitis, between April 2019 and October 2023, in
the Nancy university hospital. Similar results were previously observed
among a patient's cohort followed in South-Western France, i.e. 224 pa-
tients mainly immunocompromised tested between December 2019
and May 2020, despite the presence of anti-HEV IgG (49 %) and IgM
(9.4 %) (Parraud et al., 2021), as well as in Germany, i.e. 200 serum or
plasma archived samples randomly selected between 2000 and 2020
(Faber et al., 2022). These results underline a relative poor involvement
of Rocahepevirus as the etiology of human viral hepatitis. However in
Spain, among 267 patients explored for an acute hepatitis between Jan-
uary 2018 and September 2021, 3 individuals were positive for Roca-
hepevirus RNA detection, meaning the first cases reported in Europe
(Rivero-Juarez et al., 2022). These infections lead to 2 self-resolutions
and 1 hospitalization associated to a sever acute hepatitis with a fatal
issue 9 days after the admission. None of them reported any contact
with suspicious animals or recent travel, while 2 patients have reported
the consumption of undercooked pork meat. More recently, the first Eu-
ropean case of chronic Rocahepevirus infection associated with cirrhosis
was described in an immunosuppressed patient (Rodriguez et al.,
2023). In this last report, the use of metagenomics and pan-pathogen
detection method has solved the difficulty to diagnose emerging or un-
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Fig. 1. Circulation of HEV (paslahepevirus and Rocahepevirus) in environmental waters.
SH: slaughterhouse; WWTP: wastewater treatment plant; SW: surface water; LOQ: limit of quantification; LOD: theoretical limit of detection.

Table 1

HEYV strains identified in WWTP.

WWTP HEV typing Best sequence First detection
sample identity (Access
number) Host Country Year
020723  Rocahepevirus 0OP947207.1 Rattus China 2021
ratti norvegicus
(liver)
Paslahepevirus MH504137.1 Homo United 2014
balayani (gt3c) sapiens Kingdom
(serum)
090723  Rocahepevirus OR500096.1 Rattus South 2019
ratti norvegicus Korea
(liver)
170723  Paslahepevirus MH504137.1 Homo United 2014
balayani (gt3c) sapiens Kingdom
(serum)
300723  Rocahepevirus MW?795566.1 Rattus Hungary 2010
ratti norvegicus
(ileum)
Paslahepevirus MZ289100.1 Homo Spain 2016
balayani (gt3m) sapiens
(serum)
130823  Rocahepevirus 0OP947209.1 Sorex spp. China 2021
ratti (lung)
200823  Rocahepevirus OR500095.1 Rattus South 2016
ratti norvegicus Korea
(liver)
030923  Paslahepevirus MZ289100.1 Homo Spain 2016
balayani (gt3m) sapiens
(serum)
100923  Rocahepevirus AB847308.1 Rattus rattus  Indonesia 2012
ratti (serum)

determined origin disease, which is currently the case concerning Roca-
hepevirus. These recent data suggest that in the absence of routinely
molecular techniques able to detect Rocahepevirus, an underdiagnosis
may be suspected, both in patients carrying anti-HEV IgM (i.e. cross-
reactivity), but also in the absence of IgM in the case of clinical manifes-
tations (Rivero-Juarez et al., 2022; Sridhar et al., 2021b).

In the current state of knowledge, rodents are the mains host of Roc-
ahepevirus, and an overall seroprevalence of anti-HEV antibodies reach-
ing 20 to 75 % is described worldwide in rats (Wang et al., 2020a). De-
spite growing interest in the subject, transmission routes to human is
still unclear. A direct contact with rats or with rat droppings are sug-
gested, but few cases are fully documented and exposure factors re-
mains unknown (Sridhar et al., 2021b). Currently, among the twenty
cases reported worldwide, the source of infection remained mostly still
undetermined (Palombieri et al., 2023; Sridhar et al., 2021b). Thus, al-
ternative sources of infection have to be explored, both from an alter-
nate host and from any other transmission route (Reuter et al., 2005).

Despite the rare human infections by Rocahepevirus documented in
Europe, even in retrospective studies employing appropriate molecular
methodologies, our findings indicated significant prevalence of Roca-
hepevirus in the human environment, particularly in urban wastewater.
The contamination of wastewater by a human excretion (supposing an
asymptomatic carriage) must be raised, but the involvement of the nat-
ural host (i.e. rodents) in sewer is the most likely scenario. In all in-
stances, the detection of Rocahepevirus in wastewater raises questions
regarding its potential as a new way of human contamination (Casares-
Jimenez et al., 2024; Palombieri et al., 2023; Wang et al., 2020b). If the
waterborne transmission is the most frequent for Paslahepevirus in de-
veloping countries (Kamar et al., 2012), it is now increasingly recog-
nized in developed countries (Lhomme et al., 2023) and the same as-
sumption might be made concerning Rocahepevirus, especially in the
light of their concentrations observed in this study, 40-fold higher than
that of Paslahepevirus. Urban wastewater would thus be a significant
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source of exposure, whether directly or through the spreading of
viruses in environmental waters, which were also positive for Rocahepe-
virus detection. Elsewhere, the close concentrations of Paslahepevirus
and Rocahepevirus in surface water assume either (i) a different behav-
ior of the two pathogens during water treatment process, or (ii) other
sources of environmental contamination (e.g. wildlife or livestock).
Since surface water sampling occurred upstream of the urban area's en-
trance and the WWTP discharges, the second hypothesis is likely the
most plausible in this case.

The absence of Rocahepevirus in slaughterhouse water supposed
here that the pig would not be involved as an intermediate host in the
transmission route from rats to humans. This observation was sup-
ported by the initial failure of experimental infections, suggesting that
pigs are not susceptible to Rocahepevirus (Cossaboom et al., 2012). It is
however challenged by recent studies showing the circulation of Roca-
hepevirus in farmed pig populations and a new success in cross species
infection assays (Rios-Mufioz et al., 2024; Yadav et al., 2024).

Based on these data, wastewater could be a major source of human
exposure (Casares-Jimenez et al., 2024; Palombieri et al., 2023; Wang
et al., 2020b). This hypothesis has yet to be supported, especially by
conducting larger-scale studies. Indeed, the first limitation of this work
concerns the limited number of samples. This is a local exploratory
study, but presenting the advantage of exploring a defined population
catchment area and the sources of exposure in its direct environment.

The second limitation of this work concerns the little data provided
by sequencing. Although the use of metagenomics has made possible
the detection of Rocahepevirus in wastewater, the genome fragments
identified corresponded to regions too heterogeneous to perform ge-
netic comparison or to carry out an optimal source tracking. Waste-
water monitoring has a long history but has been booming since the
SARS-CoV-2 pandemic (Boni et al., 2023). It now allows the early de-
tection of new viral agent such as monkeypox (Tiwari et al., 2023) or
the monitoring of pathogen in an epidemiological context, as proposed
for respiratory viruses (Ahmed et al., 2023). It benefits from advances
in concentration techniques, virus isolation (Chaqroun et al., 2024; El
Soufi et al., 2024), as well as new sequencing protocols compatible with
such complex matrix, and applied to pathogens present at comparable
concentrations in wastewater (e.g. SARS-CoV-2) (Barbé et al., 2022;
Waurtzer et al., 2022). These new approaches will have to be applied to
monitor viruses for which wastewater is not only an indicator of circu-
lation, but also a direct source of exposure. Among them and in contrast
to metagenomics, the use of specific amplifications before sequencing
should increase sensitivity and such approaches have already been ap-
plied to the molecular characterization of HEV (Casares-Jimenez et al.,
2024; Churqui et al., 2024; Palombieri et al., 2023; Rau et al., 2024).

At last, future studies will need to focus on the infectivity of Roca-
hepevirus detected in wastewater. Indeed, this last point is crucial to
confirm the possible risk to human health since currently, molecular bi-
ology can only confirm the presence of the virus, not its infectious state.
The detection of infectious viruses relies on cell culture, which still re-
quires further refinement for application to wastewater. In addition, the
use of alternative methods that can determine the integrity of the viral
particle and/or its genome will also help to make progress on this point
(Johne et al., 2024). Confirming that hypothesis, combined with a bet-
ter characterization of Rocahepevirus circulation and the possible cen-
tral role of water between the different reservoirs, could have major im-
plications for public health.

5. Conclusion

For the first time, the circulation of Rocahepevirus has been identi-
fied in French wastewater. In addition to their detection in rodents
worldwide, this suggests that the zoonotic risk is not confined to spe-
cific geographical regions and highlights the need for new diagnostic
approaches for patient screening, including the use of serological or
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molecular tests that cover all the HEV strains capable of infecting hu-
mans. As observed in France, human cases of documented infections re-
main anecdotally but many gaps concerning Rocahepevirus detection
exist and studies targeting specifically this pathogen are too rare. Due
to the inability of commonly used diagnostic tools to detect Rocahepe-
virus, the global prevalence of infection in the human population re-
mains unknown.

The same applies around the surveillance of environmental reser-
voirs contributing to spread Rocahepevirus and especially the central
role that water matrix could play in transmission routes. Further inves-
tigations integrating environmental, animal/food and human surveil-
lance are thus crucial to provide a clearer picture of the pathways of
Rocahepevirus infection, including source tracking and a focus on the in-
fectivity of these strains exposing humans.
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