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Abstract

Since the beginning of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic, a wide range of animal species (pets, mink...) have been naturally
infected with this betacoronavirus. The emergence of new variants has increased
the ability of SARS-CoV-2 to infect species that were not susceptible to the “original”
SARS-CoV-2, such as mice and rats. This work attempted to evaluate the role of
urban rats in the SARS-CoV-2 transmission by combining surveillance studies of rat
populations in urban environments, in vivo experimental inoculation of SARS-CoV-2
and comparative viral-receptor interaction in silico analyses. We studied the circula-
tion of SARS-CoV-2 in wild Rattus norvegicus (n=401) captured in urban areas and
sewage systems of several French cities. Except for 3 inconclusive samples (2/75
from Bordeaux and 1/261 from Lyon) none of the 353 sera tested showed anti-SARS-
CoV-2 antibodies by microsphere immunoassay. However, the 3 inconclusive sera
samples were negative by virus neutralisation assay. No SARS-CoV-2 viral RNA was
detected in all lungs collected from the 401 captured urban brown rats. In comple-
ment, four rat groups (two wild-type colonies, Rattus norvegicus and Rattus rattus,
and two laboratory strains, Sprague-Dawley and Wistar) were inoculated with the
SARS-CoV-2 Omicron BA.5. At 4 days post-inoculation, no infectious viral particles
were detected in the lungs and upper respiratory tract (URT) while viral RNA was
detected at a low level only in the URT of all groups. In addition, seroconversion was
observed 14 days after inoculation in the four groups. By molecular modelling, the
Omicron BA.5 receptor binding domain (RBD) had lower affinities for Rattus norvegi-
cus and Rattus rattus ACE2 than Homo sapiens ACE2. Based on these results the
SARS-CoV-2 Omicron BA.5 was unable to infect laboratory and wild type rats. In
addition, Rattus norvegicus collected for this study in different areas of France were
not infected with SARS-CoV-2.
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Introduction

In late December 2019, a novel coronavirus called severe acute respiratory corona-
virus 2 (SARS-CoV-2) was identified as the causative agent of COVID-19 disease in
Wuhan, China [1]. This virus, which belongs to the betacoronavirus genus, rapidly
spread in the human population and caused numerous deaths with serious reper-
cussions on global health. Shortly after the onset of the pandemic, the first cases

of natural animal infections occurred [2]. Indeed, several animal species, including
pets (dogs and cats), farm animals (minks), zoo animals (tigers and lions), and wild
animals (otters and white-tailed deer) were reported to be naturally infected with
this coronavirus [3—8]. This phenomenon warrants careful consideration as it may
increase the risk of viral mutation and subsequent transmission of potentially more
pathogenic viruses to humans. This phenomenon has already been observed in mink
and white-tailed deer species [9,10].

Mice and rats were not susceptible to infection with the “original” SARS-CoV-2
[11-13]. However, the emergence of new variants of concern (VOCs) such as Alpha
(B.1.1.7), Beta (B.1.351) and Omicron (B.1.1.529, BA.5...) variants with favourable
mutations in the spike protein seems to modify the viral host range of this virus.
Indeed, infectious viral particles have been detected in the nasal turbinates and
lungs of C57BL/6J mice and Sprague-Dawley rats infected with the Alpha, Beta
or Delta (B.1.617.2) VOC [12,14,15]. In addition, it was demonstrated that the
Delta variant is unable to infect wild mice, whereas the Beta variant can spread
through close contact between infected and naive BALB/c mice [16] and between
Sprague-Dawley rats [14]. These results suggest that mutations in the spike protein
such as the N501Y mutation may enhance the ability of the virus to infect new spe-
cies, including rodents.

The SARS-CoV-2 genome has been widely found in wastewater [17], an environ-
ment, where wild rats roam freely. These findings raise concerns about the potential
transmission of the virus to urban rodents. While the presence of infectious SARS-
CoV-2 particles in wastewater has not yet been demonstrated, a recent experimental
study, highlighted the survival of SARS-CoV-2 infectious particles in unfiltered/filtered
raw sewage, and secondary effluent for several hours (between 10 and 18 hours)
[18]. The emergence of new variants and the circulation of SARS-CoV-2 viral RNA in
sewage level up the risk of infection of urban rats. Therefore, the possibility of urban
rodents becoming a new animal reservoir for the virus, with potential spillover to
humans, should not be overlooked. In addition, a study conducted on wild rats cap-
tured in urban areas of the USA, close to wastewater, detected partial SARS-CoV-2
genome in the lungs of Rattus norvegicus [15]. The presence of antibodies against
SARS-CoV-2 has also been demonstrated in brown rats (Rattus norvegicus) in the
USA, the United-Kingdom and Canada [15,19,20].

In this context, this work attempted to evaluate the role of wild rats in the SARS-
CoV-2 transmission by combining surveillance studies of rat populations in urban
environments across various French cities, in vivo experimental inoculation of SARS-
CoV-2 into both wild and laboratory rats and comparative viral-receptor interaction in
silico analyses.
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Results

Field monitoring of SARS-CoV-2 infections in urban rat populations

A total of 401 wild rats were collected from six French cities (Fig 1 and Table 1), distributed homogenously across the
country, with human populations ranging between 200,000-1,500,000 inhabitants and average population densities

between 2,000 and 10,000 inhabitants per square kilometre: Besancon (4.7% of the rats), Bordeaux (19.2%), Lyon
(67.1%), Marseille (3.0%), Nancy (5.0%) and Nantes (1.0%) between January 2022 and July 2023 (Fig 2). These rats

Nantes

Bordeaux

Nancy

Besangon

Lyon

Marseille

Fig 1. Localisation of the different urban areas of capture in France. Reprinted from Servier Medical Art under a CC BY license, with permission
from Servier, original copyright 2024. Servier Medical Art (smart.servier.com), licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1371/journal.pone.0316882.9001

Table 1. Characterization of wild urban rat populations captured in these cities as part of the surveillance study on SARS-CoV-2 infection in

rats.
Urban area Number of rats Type of site Weight % males
Sewer Surface
Connected to sewers Not connected to sewers

Besancgon 19 19 - - 207 [161-230] 58
Bordeaux 77 - 77 - 200 [147-269] 55
Lyon 269 74 148 47 298 [272-314] 60
Marseille 12 - 9 3 ND 25
Nancy 20 20 - - 77 [41-148] 55
Nantes 4 4 - - 294 [175-360] 75
Total N 401 117 234 50

Weight 267 [244-288] 236 [218-256] 303 [269-340] 258 [201-292]

% males 57 60 53 70
https://doi.org/10.1371/journal.pone.0316882.t001
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were trapped in sewers (29.2%), in social housing courtyards with direct connection to the sewer network (58.3%) or in
urban parks without connection to the sewer network (12.5%). Within the sample, 57.2% were males and the median
weight of trapped rats was 266.7g (95% CI: 243.8-287.99), with values ranging from 26g to 600g (excluding Marseille rats,
which could not be weighed) (Table 1). All the 401 wild rats have been confirmed to belong to the species Rattus norvegi-
cus through morphometric measurements, as well as by amplification and sequencing of the cytochrome b gene in cases
of uncertainty.

401 lungs and 353 sera (75 from Bordeaux, 261 from Lyon, 12 from Marseille and 5 from Nancy) were collected
from the 401 rats captured. All animals were found to be RT-PCR negative for SARS-CoV-2 in the lungs, while waste-
waters collected in sewers were positive depending on the city (Besangon Ct=28-37; Lyon=33-35; Nantes =28-36;
Nancy =34—40). Presence of anti-SARS-CoV-2 antibodies were thus screened in 353 sera (for some rats, blood was not
obtained) by MIA. To determine the cut-off of positivity, the entire rat population was used, considering the low percentage
of natural infection of Rattus norvegicus and the absence of pre-pandemic sera [21]. None of the 353 tested sera were
positive for the three SARS-CoV-2 antigens and inconclusive results were obtained for 3 samples (Fig 2). Two of these
samples (R701 and R775) were collected in Bordeaux, from rats trapped in a social housing courtyard with direct connec-
tion to the sewer network, and the third sample (R697) was collected in Lyon, on a rat trapped in a sewer. These 3 sam-
ples were collected in June 2023 when the XBB 1.5 variant circulated in French human population [22]. Samples having
inconclusive result were tested by seroneutralisation (SN) assay using the SARS-CoV-2 D614G as the challenge virus. All
samples were found negative.

Experimental in vivo inoculation of SARS-CoV-2 in laboratory and wild rats

Concurrently, we performed in vivo experiments to evaluate the susceptibility of both laboratory and wild rats to Omicron
BA.5 variant inoculation. Since no significant differences in response were observed between the three inoculated wild
Rattus norvegicus colonies (A, B and C), data from these colonies were combined for simplified graphical representation.

Clinical signs

No clinical signs or significant variations in weight (p>0.05) were observed between the negative groups and the Omicron
BA.5-inoculated groups at 4 and 14 dpi whether in laboratory rats or wild Rattus norvegicus or Rattus rattus (Fig 3).

600+ 150 50
N 40— ® R701
400+ L 100
s *R697 304
[ T o
. R697A B & & 20
Cut-off NUCIEOPrEt((;bn. ........... : ........... 50 R701‘ R775
2 Cut-off S1 RBD ............ ........... 10_ L4
p< Cut-off Trimeric Spike |«+«+veveeeereeinannes
o-_dz_ 0___L_ 0l memfene

Nucleoprotein S1RBD Trimeric Spike

Fig 2. Detection of sera anti-SARS-CoV-2 antibodies in the urban rats using microsphere immunoassay (MIA). Antibodies were detected using
three SARS-CoV-2 antigens (the nucleoprotein, the subunit 1 (S1) receptor binding domain (RBD) of the spike and the trimeric spike). Antibody levels
were expressed as Relative Fluorescence Intensities (RFI) to control antigen. The negative group (the whole population) was used to determine the cut-
off (mean+ 3 standard deviation). In all graphs, mean-values are presented. Seroconversion was defined as the detection of antibodies against the three
antigens, while results were considered inconclusive if antibodies were detected against two of the three antigens.

https://doi.org/10.1371/journal.pone.0316882.9002
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Detection of viral RNA, infectious viral particles and antibodies anti-SARS-CoV-2 in inoculated rats

Viral RNA was detected at 4 dpi in the upper respiratory tract (URT) of all groups, including both wild and laboratory rats
(Fig 4). The mean viral load for Sprague-Dawley and Wistar rats was approximately 3.3x10? and 4.1x102 RNA copies/uL
of URT supernatant, respectively. For wild groups, it was 8x10? and 8.8x10® RNA copies/ L of URT supernatant from
Rattus norvegicus and Rattus rattus, respectively. No significant differences (p>0.05) were observed between any of the
groups. In addition, SARS-CoV-2 RNA was not detected in the lungs of any of the rats. Furthermore, no infectious viral
particles were detected in cell culture by TCID50 assays at 4 dpi in the lungs or the URT of any of the four groups of rats.
The presence of anti-SARS-CoV-2 antibodies in plasma was investigated by MIA at 4 and 14 dpi. At 4 dpi, no sero-
conversion was observed in any group of rats, whereas at 14 dpi, antibody responses were observed in the four groups
of rats. However, while all Sprague-Dawley and Wistar rats seroconverted, seroconversion was only detected in 4/8 wild

130+ -=- PBS - Rattus norvegicus (wild)
- PBS - Rattus rattus
T 120- - PBS - Sprague-Dawley
= - PBS - Wistar
=
'g 110 BA.5 - Rattus norvegicus (wild)
= BA.5 - Rattus rattus
2 100+ BA.5 - Sprague-Dawley
BA.5 - Wistar
90 T T T T T T 1

0 2 4 6 8 10 12 14
Days post infection

Fig 3. Body weight evolution of the PBS inoculated rats versus the Omicron BA.5 inoculated rats for the four groups. The means are repre-
sented + one standard deviation. Data for Sprague-Dawley at D14, are missing. PBS: groups control.

https://doi.org/10.1371/journal.pone.0316882.9003

URT - D4

RNA copies/puL of supernatant

Fig 4. Detection of viral RNA load in the upper respiratory tract (URT) of the four rat groups at 4 days post infection (D4). The means are repre-
sented + one standard deviation.

https://doi.org/10.1371/journal.pone.0316882.9004
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Rattus norvegicus and 3/7 Rattus rattus (Fig 5). To investigate the neutralisation efficiency of the detected anti-SARS-
CoV-2 antibodies, a seroneutralisation (SN) assay using the Omicron BA.5 as challenge virus was performed on all
plasmas (Fig 6). Four wild Rattus norvegicus, one Rattus rattus and five Sprague-Dawley and Wistar showed neutralis-
ing anti-SARS-CoV-2 antibodies up to 1/90 dilution. For both the MIA and SN methods, no antibodies were detected in
the negative group. In the two laboratory rat strains and the Rattus rattus colony, the results showed that rats positive by
SN, were also detected positive by MIA. In the wild Rattus norvegicus colony, seroconversion was observed in two rats
(R5 and R11) by SN whereas no antibodies were detected by MIA. (Table 3). Specifically, these two samples, defined as
inconclusive results, were tested positive for two out of the three SARS-CoV-2 antigens (nucleoprotein and spike trimeric
antigens). In addition, all wild Rattus norvegicus and Rattus rattus sera were positive or inconclusive results.

Modelling of the interaction between the RBD of Omicron BA.5 and the ACE2

The percentage of identity (amino acids sequences) between angiotensin-converting enzyme 2 (ACE2) of both
Rattus species was 96%. The Homo sapiens ACE2 shared respectively 82% and 79% of identity with Rattus

A Rattus norvegicus B Rattus rattus
Nucleoprotein S1RBD Trimeric spike Nucleoprotein S1RBD Trimeric spike
800 - | 300+
600 1 1
400+ | 1 150
200+ | |
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@e. PPN P
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Fig 5. Detection of anti-SARS-CoV-2 antibodies in plasma at 4 and 14 dpi by microsphere immunoassay in the four groups of rats. Three
SARS-CoV-2 antigens (the nucleoprotein, the subunit 1 (S1) receptor binding domain (RBD) of the spike and the trimeric spike) were used. The levels
of anti-SARS-CoV-2 antibodies were expressed as Relative Fluorescence Intensities (RFI) to the control antigen. A: Rattus norvegicus (wild), B: Rattus
rattus, C: Sprague-Dawley and D: Wistar. The negative group was used to determine the cut-off (mean+ 3 standard deviation). For all graphs, the means
are represented + one standard deviation. The blue background represents the seropositivity area. Seroconversion was established when antibodies
were detected with the three antigens and plasma was considered inconclusive when two of the three antigens were positive.

400
200

RFI

b

1
I
I
1
1
1
1
1
1
1

[“f g

https://doi.org/10.1371/journal.pone.0316882.9005
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Fig 6. Levels of neutralising antibodies detected in the four groups of rats. Rattus norvegicus (wild) (blue) (n=8), Rattus rattus (green) (n=8),
Sprague-Dawley (orange) (n=7) and Wistar (purple) (n=7) at 14 dpi. Animals from negative group are indicated by a black circle. Each point represents
one rat and the mean-values are represented on the graph.

https://doi.org/10.1371/journal.pone.0316882.9006

Table 2. Comparison of the results obtained with the microsphere immunoassay and the seroneutralisation methods for the four groups of
rats.

Group Method Rat identifier

Rattus norvegicus (wild) R4 R5 R6 R7 R8 R9 R10 R11
MIA Yes Inc Yes Yes Inc Inc Yes Inc
SN Yes Yes Yes No No No No Yes

Rattus rattus R11 R12 R13 R14 R15 R16 R20 -
MIA Inc Inc Yes Inc Inc Yes Yes -
SN No No Yes No No No No -

Sprague-Dawley R14 R15 R16 R17 R18 R19 R20 -
MIA Yes Yes Yes Yes Yes Yes Yes -
SN No Yes No No Yes Yes Yes -

Wistar R14 R15 R16 R17 R18 R19 R20 -
MIA Yes Yes Yes Yes Yes Yes Yes -
SN Yes No Yes Yes Yes No Yes -

MIA: Microsphere immunoassay and SN: seroneutralisation. “Yes”: presence of a seroconversion, “No”: absence of a seroconversion and “Inc”: inconclu-
sive results (for MIA results presented in Fig 5).

https://doi.org/10.1371/journal.pone.0316882.t003

norvegicus and Rattus rattus (S1 File). Positions of the Omicron BA.5 receptor binding domain (RBD) relative to
ACE2 receptors of Homo sapiens, Rattus norvegicus and Rattus rattus are showed on Figs 7A-C. The affinity of
each complex was estimated using PMF calculations based on molecular dynamics simulations, which required
separating Omicron BA.5 from ACE2. Complete separation of both proteins were visualised by a plateau (Fig 7D),
the resulting binding energy values for Homo sapiens, Rattus norvegicus and Rattus rattus were respectively 45+ 1,
28+ 1 and 3311 kcal/mol.
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Table 3. Viral titers of Omicron BA.5 inoculated to the different rat groups.

Rat group Viral titer inoculated of Omicron BA.5
Rattus norvegicus (wild) — group A 104% TCID50/40 yL (1083TCDI50/mL)
Rattus norvegicus (wild) — group B 1053 TCID50/40 L (10874TCDI50/mL)
Rattus norvegicus (wild) — group C 1052 TCID50/40 yL (10843TCDI50/mL)
Rattus norvegicus (wild) 1052 TCID50/40 yL (108°2TCDI50/mL)
Rattus Rattus 10%% TCID50/40p L (10%°7TCDI50/mL)
Sprague-Dawley 10597 TCID50/40uL (10%47TCDI50/mL)
Wistar 10518 TCID50/40 uL (108%¥TCDI50/mL)

TCID50: 50% Tissue Culture Infectious Dose.

https://doi.org/10.1371/journal.pone.0316882.t002

Discussion

Our study primarily investigates the circulation of SARS-CoV-2 in wild rats, Rattus norvegicus, in France. Trapping was
conducted in multiple cities throughout France, including Besancgon, Nancy, Bordeaux, Lyon, Marseille, and Nantes, with
the objective of enhancing the representativeness of the study population. Of the 401 rats included in the study, 351 were
captured in areas connected to the sewer system, with 117 of these being captured directly within sewers. Sampling
efforts were concentrated in sewers or areas in close proximity to sewers due to the extensive report of the SARS-CoV-2
genome in wastewater [23], which may serve as a potential source of infection for rats in close contact with contaminated
water. The sampling was conducted between January 2022 and July 2023, a period during which several SARS-CoV-2
variants were circulating in human population (i.e., Omicron BA.2, BA.5, XBB 1.5 and EG.5). In addition, the effective
presence of SARS-CoV-2 in the wastewater from the various trapping areas was confirmed to be present. The circulation
of SARS-CoV-2 in rats was assessed using a dual approach that combined molecular biology techniques for detecting
specific viral RNA in lungs, with serological analysis to detect specific anti-SARS-CoV-2 antibodies.

No traces of SARS-CoV-2 viral RNA were detected in any of the 401 lungs samples by RT-PCR, indicating the absence
of viral replication in the lungs of the trapped rats. This finding is significant, as the lungs are the tissue where viral repli-
cation would typically be expected, and thus these results rule out the presence of an ongoing SARS-CoV-2 infection in
these rats, despite the presence of the virus genome in the wastewater. Similar results have been observed in previous
studies, which also reported the absence of viral RNA in the lungs of wild rats captured in Belgium, Germany and Spain
[24-26], as well as in other matrices, including feces, oronasopharyngeal swabs, nasal turbinates, intestines, and various
other tissues [20,27,28]. Despite these results, infection of rats by SARS-CoV-2 seems possible, as a few rare studies
have reported positive cases. For instance, four out of 79 rats tested positive in the United States, and three out of 72
in Mexico [15,29], but it should be noted that these results were obtained using RT-PCR methods different from the one
carried out in our study (different targeted genes and primers). Several hypotheses can be put forward to explain our
findings. Either SARS-CoV-2 was undetectable within rat populations in contact with wastewater during the study period.
Or the virus present in the wastewater was not viable or infectious [30], which would prevent the rats from becoming con-
taminated, despite a recent study indicating that the virus can survive for a few hours in wastewater under experimental
conditions [18]. Another possibility is that, although the rats were exposed to the virus, it was unable to replicate efficiently
in their tissues due to mutations in the spike protein that could affect its affinity for the cell entry receptor or alter its repli-
cation in rodent, as previously shown for the SARS-CoV-2 B.1.351 variant [14], the B.1.1.529 Omicron (BA.1) [31,32] or
the BA.5.5 Omicron variants [15].

To explore this further, serological analyses were conducted in parallel to detect potential signs of past infection. Of
the 353 serum samples from Rattus norvegicus, three produced inconclusive results, testing positive for two out of three
SARS-CoV-2 antigens when analyzed using a multiplex microsphere immunoassay. The three inconclusive samples later
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Fig 7. Modelling of the interaction between the receptor binding domain (RBD) of SARS-CoV-2 Omicron BA.5 and the ACE2 of Homo sapiens,
Rattus norvegicus and Rattus rattus. 3-dimensions structures showing receptor cellular ACE2 of Homo sapiens (blue) (A), Rattus norvegicus (orange)
(B) and Rattus rattus (pink) (C) interacting with the receptor binding domain (RBD) of Omicron BA.5 (green). Cell membrane is representing in grey. (D)
ACE2/RBD affinities in kcal/mol during separation of both proteins with Homo sapiens in blue, Rattus norvegicus in orange and Rattus rattus in pink.

https://doi.org/10.1371/journal.pone.0316882.9007

tested negative in the neutralization assay, confirming the absence of neutralizing SARS-CoV-2 antibodies in these rats.
This may be explained by the absence of exposure of the trapped wild rats to infectious virus in wastewater, or by low
seroconversion and the lack of maintenance of antibodies over time. Another possibility should be that the antibodies
produced by the SARS-COV-2 variants circulating in wastewater at the time of the study are not able to neutralise the
variant D614G used as challenge virus in our neutralisation assays. Indeed, as recent findings demonstrated that Omicron
variants escape serum neutralisation to a greater extent than the ancestral D614G strain, we can put forward the opposite
hypothesis that the D614G variant could be insensitive to antibodies raised against the new Omicron variants.

Our findings are in concordance with those of Colombo et al. obtained at the beginning of the pandemic, who reported
that 3 out of 35 Rattus norvegicus were positive by MIA but were all negative by viral neutralisation test [24]. In addition,
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no SARS-CoV-2 antibodies were detected in studies conducted on wild rat populations in Germany, Belgium/France and
Spain [25,26,33]. Conversely, the presence of antibodies by seroneutralisation assays has been reported in Rattus sp.

in the USA (2 out of 117 Rattus norvegicus), Hong-Kong (1 out of 217 Rattus norvegicus), Canada (2 out of 213 Rattus
norvegicus), Germany (1 out of 130 Rattus norvegicus) and Malaysia (1 out 3 Rattus rattus) [20,27,28,34,35]. However,
some studies detected antibodies using other methods for detecting binding antibodies such as ELISA but reported nega-
tive results by neutralisation assays [15,19]. Seroneutralisation results can vary depending on the method used (with live
virus or purified proteins) [36]. Indeed, studies demonstrating positive neutralising antibody samples used surrogate virus
neutralising test (sVNT) with proteins (mainly RBD) instead of live virus such as in our study. Furthermore, sera positive
by MIA or ELISA were negative by conventional virus neutralising test (cCVNT) using live virus [15,24]. cVNT is the gold
standard to detect neutralising antibodies and a high correlation between these methods has been demonstrated [37].

Regardless of the method used, cross-reactivities of the detected SARS-CoV-2 antibodies with other coronaviruses
circulating in rats cannot be excluded, as recently demonstrated for human and other animals [38]. This phenomenon was
evoked for SARS-CoV-2 [15,20,28] and for coronaviruses detected in wild rodents [39].

In order to advance our understanding of the epidemiological role of wild rats — whether they are unexposed, unre-
sponsive and or insensitive — we inoculated wild rats (Rattus norvegicus and Rattus rattus) and laboratory rats (Sprague-
Dawley and Wistar) with the SARS-CoV-2 Omicron BA.5. This strain was the main SARS-CoV-2 variant that circulate
during the sampling of wild rats.

No clinical signs or body weight loss were observed in the inoculated groups in comparison to the controls. These
findings align with those of previous in vivo studies conducted on Sprague-Dawley rats infected with various SARS-CoV-2
variants, including the Wuhan-like strain, Alpha, Beta, Delta, and Omicron (BA.5) [12,14,15]. In our experiments, only viral
RNA was isolated in the URT at 4 dpi, with RNA titers ranging between 4.7x10° and 3.2x10% RNA copies/mg of tissue,
while no viral RNA was detected in the lungs, and no infectious particles (TCID50 assays) were detected in any tissue
(lungs or URT). Our results in URT samples could be due to the difference of sensitivity between RT-gPCR and TCID50
assay (cell culture). Indeed, in our laboratory, the thresholds of detection are 102 TCID50/mL and 25 copies/ L for the
TCID50 assays and RT-gPCR tests respectively. It is also important to note that in our study, all animals were inoculated
with a high dose of virus (titers ranging from 10%% to 10%7* TCID50/mL (approximately 4.9x10° to 5.5x10® RNA copies/ L)),
and viral RNA titers found in the URTs were systematically lower (between 3.3x10? and 8.8x10® RNA copies/uL of URT
supernatant) than these virus doses. It could therefore also be assumed that only remnants of viral RNA or viral particles
from the inoculum were detected by RT-gPCR at 4 dpi which could help to explain the absence of infectious virus in URT
and lungs and viral RNA in lungs. These results provide further evidence to support the hypothesis that either viral rep-
lication occurred at a very low level in these tissues, or was abortive or absent. Discrepant results were observed in the
existing literature by using a different Omicron variant. Indeed, for Omicron BA.5.5 variant, Wang et al. detected infectious
virus only at 2 dpi in the lungs of Sprague-Dawley rats, inoculated with 2.10* PFU/rats of virus, while no infectious parti-
cles were detected in URT [15]. In addition, in their study, viral RNA was detected at both 2 and 4 dpi in lungs and URT at
a level demonstrating efficient replication [15]. Given the results of our study and those of Wang et al. at 2 dpi, the hypoth-
esis of viral replication at 2 dpi cannot be ruled out. Prior to this study, we performed complementary in vivo experiments
on Wistar and Sprague-Dawley rats intranasally inoculated with the same Omicron BA.5 variant (as the same titre) as in
our study. Rats were necropsied at 2 and 4 dpi. No infectious viral particles were detected either in lungs or in the URT
at 2 and 4 dpi in two groups. In addition, no viral replication was detected in the lungs and URT at 2 and 4 dpi in both rat
groups. Indeed, the number of RNA copies per microlitre of supernatant detected at D2 and D4 was lower than the dose
inoculated to rats (S2 File).

Regarding the humoral immune response to the infection with Omicron BA.5 variant by intranasal (IN) route, it shall
be noted that antibodies were detected in all animals of the two laboratory strains, whereas seroconversion was only
observed in four of the eight wild Rattus norvegicus and four of the seven Rattus rattus. These differences between wild
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rats and laboratory rats can be attributed to the immune system specific to each of these models. In the case of wild

rats, we need to talk about eco-immunology, because their immune response is conditioned by the environment and the
external stimuli they are confronted with on a daily basis. As a reminder, the three key concepts of eco-immunology are
immuno-heterogeneity, sub-maximal immune response due to energy limitation and the diversity of the antigenic load with
which animals may be confronted. In the case of laboratory animals, they are bred under controlled conditions. Immu-
noheterogenicity is therefore limited, energy resources are not limited to maximise immune response and contact with
external pathogens is kept to a minimum. Taken together, these factors could optimise their immune response, unlike wild
animals [40]. The results obtained in the present study are in agreement with those reported by Wang et al., demonstrat-
ing the presence of IgG and neutralising antibodies at 21 dpi [15].

These results obtained for the in vivo manipulations, even for wild rats, are inconsistent with those obtained in the field.
Indeed, contrary to the results obtained in our field study, the presence of anti-SARS-CoV-2 antibodies was confirmed in
all four groups of rats at 14 dpi, using both MIA and serum neutralisation tests despite the absence of virus replication in
the target tissues. A phenomenon of more or less marked passive immunisation of animals in response to the presence
SARS-CoV-2 viral particles inoculated by IN route could explain the antibody production. This finding could also suggest
that the trapped rats during our field study were not exposed to infectious particles of SARS-COV-2 in sewers as no anti-
bodies were detected.

To summarise the results of our in vivo studies, no signs of viral infection were detected in wild-type or laboratory rats
following inoculation of the Omicron BA.5 variant by the IN route and the antibody response should be considered more
as a marker of passive immunisation response than of viral infection.

The results obtained from our field and in vivo studies suggest that rats have little or no receptivity or susceptibil-
ity to infection with SARS-CoV-2 (particularly with the Omicron BA.5 variant). As indicated earlier in the discussion,
the low or inefficient replication of the virus demonstrated in this article could be explained by a low affinity between
the rat ACEZ2 receptor (cell entry receptor) and the Omicron BA.5 variant. Indeed, it is well known that virus-receptor
interaction is generally an effective determinant of virulence. To explore this hypothesis, molecular modelling has been
conducted between the ACE2 of Rattus norvegicus, Rattus rattus and Homo sapiens and the Omicron BA.5 RBD. The
findings align with the experimental outcomes, indicating a diminished affinity of the RBD for the ACE2 of both Rat-
tus species (28+1 and 33+ 1 kcal/mol) in comparison to human ACE2 (45 + 1 kcal/mol). These results offer a partial
explanation for the lack of susceptibility of rats to Omicron BA.5. Indeed, a low affinity between the RBD receptor and
ACE2 results in a weaker attachment of the virus to the cell. Nevertheless, a discrepancy exists between the results of
in silico calculations and in vivo experiments, particularly with regard to the role of the animal immune system. In the
context of the 3Rs, molecular modelling could be employed as a replacement for animal experimentation in the first
instance. In this context, the evaluation of diverse RBDs from emerging SARS-CoV-2 variants in comparison with the
ACE2 of Rattus sp. could serve as a pivotal approach to ascertain the potential for these variants to infect rats, obviat-
ing the necessity for animal experimentation.

The findings of this study indicate that wild or laboratory rats do not play an epidemiologic role in the SARS-CoV-2 pan-
demic, particularly in relation to the Omicron BA.5 variant. Indeed, no evidence of the presence of SARS-CoV-2 RNA was
identified in the lungs and sera of rats captured in urban and sewage environments in several French cities. Furthermore,
the results of the in vivo experiments and in silico calculations are in accordance with those of the field study. Indeed,
the four groups of rats (wild Rattus norvegicus, wild Rattus rattus, and laboratory Rattus norvegicus Sprague-Dawley
and Wistar) exhibited no susceptibility to infection by the SARS-CoV-2 Omicron BA.5. In light of the rapid evolution of the
virus, its adaptation to new hosts and the emergence of SARS-CoV-2 variants, it is imperative to continue studying the
circulation of SARS-CoV-2 in wild rodents in order to investigate the potential establishment of a wildlife reservoir. Further-
more, as a preliminary approach, molecular modelling could be conducted using emerging SARS-CoV-2 variants before
proceeding with animal experimentation.
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Materials and methods
Ethics statements

The experimental protocols involving rats complied with the regulation 2010/63/CE of the European Parliament and of the
council of 22 September 2010 on the protection of animals used for scientific purposes [41] and as transposed into French
law [42].

In vivo experimental studies were approved by the Anses/ENVA/UPEC ethics committee and authorised by the French
Ministry of Research (Apafis authorization n°® #37782—2022062312057722 v4).

Field experimental studies were approved by the ethics committee of the Veterinary School of Lyon and authorised by
the French Ministry of Research (Apafis authorization n® #37713-2022042712262465).

Rat captures and samples

Wild rats were captured in sewers and parks connected or not to sewers in several French cities including Besancgon,
Bordeaux, Lyon, Marseille, Nancy and Nantes between January 2022 and July 2023. Chronologically, Omicron BA.2,
BA.5, XBB 1.5 and EG.5 circulated in the French population during the sampling period [22]. Rattus norvegicus were
captured using live traps or obtained through pest control campaigns. The rats were then transported in cages to a labora-
tory, where they were anaesthetised with isoflurane and euthanised by cardiac puncture and cervical dislocation. Various
measurements including sex, weight, height, body length, and tail length were meticulously reported for each animal.
Cytochrome b was performed to confirm the rat species in case of uncertainty. Each animal was aseptically autopsied and
various tissues, including lung were removed, transferred to sterile tubes, and stored at -80°C until RNA extraction. For
viral RNA extraction, lung tissue samples (~20—-60mg) were placed in tubes containing beads (Lysing Matrix E, MP Bio-
medicals™) and 1 mL of Dulbecco’s Modified Eagle medium (DMEM) with 1% antibiotics (Penicillin/Streptomycin (P/S)).
The samples were mixed using a bead beater (MP Biomedicals™ FastPrep-24™ 5G Bead Beating Grinder and Lysis Sys-
tem) at 4 m/s for 10s, repeated three times with 90s pauses on melting ice between each cycle. Homogenates were then
clarified by centrifugation (2000g, 10min, 4°C). Supernatants were collected, aliquoted and stored at -80°C until analysis.
Viral RNA was then extracted from 200 p L of supernatant using the Maxwell® Viral TNA kit, according to the manufactur-
er’s instructions (Promega, France). A negative control RNA extraction was performed for each set of 16 samples tested.
All RNA extracts were stored at -80°C prior to use.

Virus production

SARS-CoV-2 Omicron BA.5 was gracefully obtained from Pasteur Institut - National Reference Center for Viruses

of Respiratory Infections (including Influenza and SARS-CoV-2) (virus sequence GISAID accession number EPI_
ISL_13017789). The virus was passaged once on Calu-3 cells to increase the titer and the quantity available for animal
infection studies. The NGS virus sequence obtained after passage on Calu-3 cells was 100% similar to the sequence of
the virus stock.

In vivo experiments

Experimental design. Fifty-two wild rats with uncontrolled genetic background and microbiota were included in this
experimental study. This comprised twenty wild Rattus rattus (black rats) obtained from a colony that has been maintained
in an outdoor enclosure for over 20 years at the veterinary school of Lyon (France). In the following, this group will be
referred to as ‘Rattus rattus’. Additionally, thirty-two wild Rattus norvegicus (brown rats) were randomly selected from
three distinct colonies A, B and C, each maintained in outdoor enclosures for over 20 years at the same facility. Animals
from three different colonies were used in order to increase genetic diversity (the founder animals having been taken
from different farms in the Lyon region). In the following, this group will be referred to as ‘wild Rattus norvegicus’. In
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addition to these wild specimens, forty laboratory rats with a known genetic background, consisting of twenty Sprague-
Dawley strain and twenty Wistar strain, were included in the study. In the following, these groups will be referred to as
‘Sprague-Dawley’ and ‘Wistar’. Rats were kept in cages with environmental enrichment and housed either individually
(wild Rattus norvegicus) or in groups of two rats per cage. Negative animals were kept in separate room from the SARS-
CoV-2 inoculated animals. Food and water were provided ad libitum. Animal health and behaviour were monitored daily
by operators graduate in animal experimentation and welfare, and weight of all rats were recorded on a daily basis
throughout the duration of the experimental procedures (4 or 14 days depending on animal groups and experimental
procedures).

Dyspnea, breathing difficulty, important cough and weight loss of more than 20% were used as humane endpoints lead-
ing to immediate euthanasia. It must be noted that none of the 92 experimented animal in the present study developed
clinical signs set as human endpoints. One brown rat, belonging to colony B was found dead two days after intranasal
infection without any demonstration of clinical signs (the cause of the death remains unexplained). All other animals were
euthanized at the end of the experimental procedure.

Virus inoculation. Twenty-three wild Rattus norvegicus, fourteen wild Rattus rattus, fourteen Sprague-Dawley and
fourteen Wistar were anaesthetized with isoflurane and intranasally inoculated (20ul in each nostril) with viral titers from
1057 TCID50 (50% Tissue Culture Infectious Dose)/40 L to 10534 TCID50/40 uL of SARS-CoV-2 Omicron BA.5 (Table
3). Nine wild Rattus norvegicus, six wild Rattus rattus, six Sprague-Dawley and six Wistar were inoculated with PBS
in parallel to act as negative controls for each experimental protocol. As described on Fig 8, SARS-CoV-2 and PBS
inoculated rats were euthanised at either 4 or 14 days post-inoculation (dpi).

Sample collection. Blood was collected by cardiac puncture under deep anaesthesia (Isoflurane, Ketamine (100 mg/
kg) and Xylazine (10 mg/kg)) prior to euthanasia. Blood was collected into 4 mL K3-EDTA tubes. Following euthanasia,
all animals were necropsied to collect lungs and upper respiratory tract (URT). After centrifugation of blood samples
(10009/15min), plasmas were stored at -20°C until analysis. For viral RNA extraction, lungs or URT tissues (~20—60 mg)
were prepared as described previously (section rat captures and samples). Viral RNA was extracted from 160 uL of
previously obtained homogenate using the Qiagen Viral RNA mini kit (Qiagen, Courtaboeuf, France) according to the
manufacturer’s instructions. All RNA extracts were stored at -80°C before use.

N=Omicron BA.5
N=Negative

A

~ N=15 N=8
1 Rattus norvegicus N= N=3
Wild rats —
N=7 N=7
2 Rattus rattus N=3 N=3
i N=7 N=7
3 Sprague-Dawley N=3 N=3
Laboratory
s N=7 N=7
4 Wistar N=3 N=3
TNecropsy

Fig 8. Experimental design including four groups of rats intranasally inoculated with Omicron BA.5. Wild Rattus norvegicus (blue), wild Rattus
rattus (green), Sprague-Dawley laboratory rats (orange) and Wistar laboratory rats (purple), each inoculated with either SARS-CoV-2 Omicron BA.5 or
PBS (negative control groups (black)) were necropsied at 4 (D4) or 14 (D14) days post infection.

https://doi.org/10.1371/journal.pone.0316882.9008
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SARS-CoV-2 viral titrations on cell culture

SARS-CoV-2 titrations were performed on lung and URT samples by TCID50 assays on Vero EG6 cells.

Briefly, 96-well plates were seeded with a Vero E6 cell suspension (1.10° cells/mL) 24 h before virus inoculation. A
ten-fold serial dilution of tissue homogenates and the reference virus (used as positive control) was performed in DMEM
supplemented with 10% Foetal Calf Serum (FCS) and 1% antibiotics (e.g., mix of P/S). After removing the cell culture
medium, inoculum was added to each well and plates were incubated at 37°C in 5% CO, for 1h. Six uninfected wells were
used as independent negative controls. After the 1 h incubation, 200 uL of DMEM supplemented with 10% FCS and 1%
mix of P/S were added to each well and the plates were incubated at 37°C in 5% CO, for 72h. Viral titers were calculated
in TCID50/mL using the Spearman-Karber method.

In addition, viral inoculums were titrated on cells both before and after rat inoculations.

Microsphere immunoassay (Luminex Technology)

For plasma samples from experimental in vivo studies and sera from field studies, anti-SARS-CoV-2 antibodies were
detected by microsphere immunoassay (MIA) as described by Bourret et al. [33]. Three recombinant SARS-CoV-2 antigens
(nucleoprotein, spike subunit 1 receptor binding domain (RBD) and trimeric spike (its native form) (The Native Antigen Com-
pany)) were used to capture specific plasma/serum antibodies. BSA (Bovine Serum Albumin) was used as a control antigen.
Plasma samples from in vivo studies were previously diluted 1:20 while sera from field studies were diluted 1:10 in assay
buffer (PBS-1% BSA-0.05% Tween 20, (Sigma-Aldrich)). The assay was performed on a Bio-Plex 200 instrument (Bio-Rad).
A minimum of 100 events were read for each bead set and binding events were expressed as median fluorescence intensity
(MFI). Relative Fluorescence Intensity (RFI) was calculated for each sample by dividing the MFI signal measured for the
antigen coated microsphere sets by the MFI signal obtained for the control microsphere set (BSA coated beads), to account
for non-specific binding of antibodies to the beads. Specific seropositivity cut-off values for each antigen were set at three
standard deviations above the mean RFI of negative samples. To determine the seropositivity cut-off for the field samples,
given the low prevalence of SARS-CoV-2 in wild rodents, the entire rat population (mean of all RFls+ 3 standard deviation)
was used as described by Fritz et al. [21]. Seroconversion was defined as the detection of antibodies to the three antigens
and inconclusive result was defined as the detection of antibodies to two of the three antigens.

Seroneutralisation assay

Seroneutralisation assays were carried out on heat-inactivated plasmas/sera (56°C/30 min) collected from all rats included
in the in vivo experiments, as well as on positive/inconclusive sera by MIA collected from urban rodents. The SARS-
CoV-2 Omicron BA.5 (virus sequence GISAID accession number EPI_ISL_13017789) and the SARS-CoV-2 D614G
(virus sequence GISAID accession number EPI_ISL_666870) variants were used respectively as challenge viruses as
described by Bourret et al. [33]. Briefly, Vero E6 cells were seeded in 96-well plates at 1.10° cells/mL. One day later,
plasmas, positive and negative controls were serially diluted in a 1-3 dilution steps in cell culture medium (DMEM sup-
plemented with 10% SVF and 1% P/S) and 50 yL of virus previously diluted to 100 TCID50/50 uL were added to samples
and controls in the 96-well plates. The plates were incubated at 37°C (5% CO,) for 1h. Afterwards, the cell culture super-
natants were removed and replaced with 100 uL of the mix of virus and serially diluted samples or controls. After at least 3
days of incubation, the presence of viral cytopathic effect (CPE) was quantified by an “all or nothing” reading method. The
neutralisation titer was calculated from the highest dilution that prevented detectable cytopathic effect.

TagMan RT-gPCR

TagMan RT-gPCR targeting the envelope protein gene (E gene) was performed using the Quantitect Probe RT-PCR
kit (Qiagen, Courtaboeuf, France). The model of primers/probe used was as follows: primer E_Sarbeco_F (forward):
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5-ACAGGTACGTTAATAGTTAATAGCGT, primer E_Sarbeco_R (reverse): 5-ATATTGCAGCAGTACGCACACA and the
probe E_Sarbeco_P1 5-FAM-ACACTAGCCATCCTTA CTGCGCTTCG-BHQ-1. Primers and probe were supplied by Euro-
gentec (Angers, France).

PCR was performed as previously described in Monchatre Leroy et al. with minor modifications [43]. TagMan RT-gPCR
was performed in a total volume of 20 uL containing 2.5 pL of RNA sample, 10 uL of 2x Master Mix, 5.3 uL of RNase-free
water, 0.8 UL each of forward and reverse primer (10 uM), 0.4 uL of probe (10 uM), and 0.2 pL of QuantiTect RT Mix. All
TagMan RT-gPCR assays were performed on the thermocycler Rotor Gene Q MDx (Qiagen, Courtaboeuf, France). Ampli-
fication was performed under the following thermocycling conditions: 50°C for 30 min for reverse transcription, followed
by 95°C for 15min and then 45 cycles of 94°C for 15s and 60°C for 60s. Negative and positive controls were included in
each RT-gPCR assay.

Copy number/pL in each sample was determined using six 10-fold serial dilutions of SARS-CoV-2 RNA at 3.23x108
copies/ L (3.23x107 - 3.23x10?). A cut-off of 0.03 was used as the reference threshold for each RT-gPCR assay. Effi-
ciency, slope and correlation coefficient (R?) were calculated directly by the Rotor Gene software. All reactions were
performed in duplicates.

Finally, the PCR detection limit was determined by testing five serial dilutions of SARS-CoV-2 from 500 to 5 copies/ L,
each dilution being performed in quadruplicate (i.e., 12 replicates per dilution). LD, ., was demonstrated >25 copies/uL
(last dilution giving 100% positive replicates).

SARS-CoV-2 RT-gPCR, targeting the polymerase gene, was performed on purified nucleic acids extracted from sew-
age collected in sewers as described in [44] for Nancy, Besangon, Nantes and Lyon where rodent were trapped directly in
sewers.

Molecular modelling procedures

The complete structures (including the transmembrane domain) of Homo sapiens and Rattus norvegicus ACE2 receptors
were obtained from AlphaFold protein structure database [45,46] and can be found using their UniProt identifiers (Q9BYF1
and Q5EGZ1, respectively). The structural model of the Rattus rattus ACE2 receptor was obtained using AlphaFold Colab
notebook [47] based on the GenBank sequence (XM_032890254.1). The Receptor Binding Domain (RBD) structure of the
Omicron BA.5 Spike protein was obtained from the Protein Data Bank [48], PDB ID: 7XWA [49]. ACE2-RBD complexes
were finally built by superimposing their respective structures on the crystallographic structure of the above complex
(7XWA), using PyMOL software (PyMOL).

Molecular dynamics (MD) systems preparation and simulations were performed using the GROMACS 2018 package
software [50], with the CHARMM-36 forcefield applied [51]. Each ACE2-RBD complex was first embedded into a previ-
ously equilibrated phosphatidylcholine (DLPC) membrane [52] using the membed function of the GROMACS software.
Solvation, energy minimization, 100-ps temperature and 1-ns pressure equilibrations were carried out using GROMACS
routines (V-rescale thermostat, Berendsen pressure coupling, and semi-isotropic coupling type were applied). A 500-ns
MD simulation was performed on each ACE2-RBD complex to equilibrate the systems. The cluster function of GRO-
MACS, with the gromos algorithm and a 4 A cut-off, was then applied to identify the most representative conformation of
each complex, finally used for Potential of Mean Force (PMF) calculations.

PMF calculations involved ACE2 and RBD as pull groups (positions of the ACE2 receptors were restrained), which
defined the Z-axis as the reaction coordinate. A harmonic potential and a distance increase over this reaction coordinate
were then applied, with a constant velocity of 100 A/ns and a force constant of 1000 kJ/mol/nm2. After this pull step, the
RBD positions along the reaction coordinate were sampled every 2 A, until the RBD center of mass reached a 60 A dis-
tance from the ACE2 receptor centre of mass. The Umbrella Sampling (US) step was then performed on the 11 resulting
conformations, with a 1000 kJ/nm/nm? constant force over 4-ns simulations. Finally, the PMF values were extracted using
the weighted histogram analysis method implemented in GROMACS.
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Percentages of identity between ACE2 sequences were calculated using Geneious Prime® 2022.0.2 version.

Statistical analyses and graphs

Graphs and statistical analyses (Kruskall-Wallis and one-way ANOVA) were performed with GraphPad Prism (version 9)
and PyMOL (version 4.6.0). A p-value of<0.05 was considered statistically significant. Figs 1 and 8 were generated using
images from Servier Medical Art by Servier, licensed under a Creative Commons Attribution 4.0 Unported License (https://
creativecommons.org/licenses/by/4.0/).
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