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Lagoviruses are viruses of the Caliciviridae family affecting lagomorphs. Both pathogenic and
non-pathogenic lagoviruses affect the European rabbit (Oryctolagus cuniculus), and they are
phylogenetically distinguished. Rabbit Hemorrhagic Disease Virus (RHDV/GI.1) and Rabbit
Hemorrhagic Disease Virus-2 (RHDV-2/Gl.2) belong to the first group, while in the second group,
several genotypes of Rabbit Calicivirus (RCV/GI.3-Gl.4) are present. The first RCV strain was described
in Italy in 1996, and since then, several RCV strains have been characterised in Europe and Australia.
RCVs, different from the pathogenic hepatotropic RHDVs, have an enteric tropism and could be
identified from the duodenum/intestine and faeces. This study aimed firstly to indirectly show through
a seroepidemiological survey from 1998 to 2008 the circulation of RCVs strains in rabbit farms and
then to genetically characterise RCV strains diagnosed in Italy in faecal and intestinal samples of wild
and farmed rabbits collected in various regions in the following years (2000-2022). Of 262 analysed
samples, 69 resulted in RT-PCR positive for lagovirus but negative for RHDV. Eleven RCV strains were
characterised by complete vp60 sequencing. Phylogenetic analysis showed that the Italian RCV strains
are grouped in European (RCV_E1/GI.3) and Australian (RCV_E2/Gl.4) RCV clusters, with an estimated
country prevalence of 26%. Based on the proposed genotype classification, considering the nucleotide
differences of vp60 higher than 15%, we can hypothesise that two other genotypes, GI.5 and GI.6,
might exist within the cluster of non-pathogenic viruses.

Keywo rds Lagovirus, Rabbit calicivirus, Phylogenesis, Serology, Italy

Lagoviruses are viruses belonging to the genus Lagovirus within the Caliciviridae family that mostly infect rabbits
and hares. Within this viral genus, pathogenic hepatotropic viruses (RHDVs and EBHSVs) that cause acute,
fulminant viral hepatitis and completely benign enterotropic viruses (RCVs and HaCVs) can be distinguished.
Lagoviruses are classified based on the nucleotide capsid protein sequences (VP60) into genogroups (e.g. GI
and GII), genotypes (e.g. G1.1, GL.2, GL.3 and G1.4), and variants (e.g. GI.1a, GL.1B, GI.1c)'. Rabbit haemorrhagic
disease (RHD) is a highly contagious and fatal hepatitis of the European rabbit (Oryctolagus cuniculus). The
disease, caused by RHDV (GI.1), was first reported in 1984 in China? and rapidly spread worldwide, becoming
endemic in almost all countries where European rabbits are present as domestic or wild animals®%. In 2010, a
new RHD virus was identified in France®, causing severe outbreaks also in vaccinated adult rabbits and young
rabbits that were till then considered typically resistant to RHDV®®. Since the virus is phylogenetically and
antigenically distinct from RHDYV, it has been called RHDV2 (GI.2). Compared to RHDV, RHDV?2 has a more
extended host range; in fact, it can infect not only European rabbits (that remains the primary host) but also
hares®!3 and other lagomorphs!®. The new virus spread all over Europe in a few years, and it is now present
worldwide, including Australia'®, Africa'® and North and Central America!®, where it has become endemic.
Indeed, it is now the prevalent RHDV strain and replaced the previous RHDV (GI.1). Another pathogenic
lagovirus, genetically and antigenically related to RHDV's that does not infect rabbits, is the causative agent of
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European Brown Hare Syndrome (EBHSV/GII.1) mainly observed in European brown hares (Lepus europeaus),
characterised by mild nervous symptoms, severe necrotic hepatitis and circulatory dysfunction!”-!8.

The enterotropic benign lagoviruses, named rabbit calicivirus (RCV/GL3), represent the third group of
lagoviruses. They were first detected in domestic and wild rabbits in Italy in 1996' and then in France?*?!,
in 2000 in Australia (RCV-A1/GIL.4)** and very recently also in Chile?’. Note that the existence of RCV was
preliminarily inferred from unexpected serological results obtained in unvaccinated, RHD-free farm rabbit
populations!®24+25,

These viruses cause a silent small intestine infection without inducing clinical signs and relevant pathological
lesions. A non-pathogenic virus (HaCV/GIL2) was also described in brown hares in Italy, France and
Australia?®-3°. The new proposed nomenclature based on the phylogenetic relationships of the full-length
VP60 capsid gene collocates the rabbit non-pathogenic viruses into two distinct genotypes: (a) the European
Rabbit Calicivirus, RCV-E1 (GL3); (b) the Australian RCV-A1l and European RCV-E2 (GL.4). In particular, the
RCV-E1 (GL.3) cluster with classical RHDV (GI.1), suggesting that it is more closely related to these pathogenic
lagoviruses than the more divergent RCV-A1/RCV-E2, which form a distinct monophyletic branch?>3!. While
the first Italian RCV (X96868/GI.3) provides a complete cross-immunity to RHDV (GL.1)%, the Australian
RCV-A1 (GlL.4) does only partially, with up to 50% protection in recently infected rabbits®>3.

The worldwide prevalence of RCVs is not well known. Therefore, it is essential to characterise more of these
genotypes, considering that these nonpathogenic viruses are increasingly involved in the evolutionary history of
pathogenic viruses. Indeed, RHDV?2 (GI.2) emerged from recombination between a non-pathogenic virus as the
donor of the nonstructural portion of the genome and an unknown virus as the donor of the structural portion
of the genome?*. Indeed, recombination in RHDVs is an event frequently detected and considered an important
driver of lagoviruses evolution®>*.

This study used serological and molecular approaches to detect and genetically characterise the RCV strains
circulating in wild and farmed rabbits in Italy from 2000 to 2022.

Results

Serosurveillance

Table 1 shows the results of the serological examination based on cELISA RHDV on 4202 sera taken in five
serological surveys from 1999 to 2008 at slaughterhouses of unvaccinated animals derived from RHD-free
herds in Northern, Central, and Southern Italy. Positivities are reported according to the percentage of sera that
resulted positive within each group originating from the different farms, sampled one or more times. A group
was considered negative when over 95% of the sera were negative. The last column reports the number of farms
of origin where consecutive groups showed a marked shift in results (from negative to over 75% positive sera)
indicative of the new introduction of the non-pathogenic virus in the between sampling periods.

In the positive herds, in which, as initially stated, signs of disease and mortality have never been observed
and reported, the cELISA titres averaged between 1/20 to 1/640, with IgG and IgA even at high titres (> 1/1280).
These data suggested viral circulation in the herds of a virus antigenically related to RHDV. This is because the
cELISA results reflect the presence mainly of antibodies specific to the outer shell of the virion, i.e. the P2 sub-
domain of VP60. IgG ELISA results also depend on antibodies-specific epitopes buried in the virus structure, i.e.
the S domain and the P2 sub-domain of the VP60, common to different lagoviruses.

A serological pattern similar to that obtained from slaughtered rabbits, i.e., low-medium titres in cELISA
RHDV and high titres in IgG/IgA RHDV ELISA, was also obtained later in 2012 during the surveillance in
the Bergamo farm, either in post-weaned young rabbits or restocking females, which repetitively resulted in
seropositive over two years. Indeed, this serological pattern was highly related to that found in the first RCV-
positive farm in Italy!®*4. In contrast, a different serological pattern was found in the other two farms, the one in
Brescia province (Lombardy region, North of Italy) and that in Foggia province (Puglia region, South of Italy),
where negative or doubtful (<1/10) cELISA titres were found associated with very high titres (>1/2560) of IgG
toward RHDV. These data indicated the circulation of a lagovirus antigenically distant from both RHDV and
RCV-E1¥-%* and more likely genetically related to the Australian non-pathogenic lagovirus (RCV-A1/E2)?? and
with the European RCV-E2 (GL.4)!.

Opverall, the serological results from the serosurveys conducted in the slaughterhouses were then considered
the conceptual basis on which we planned the following study aimed to achieve RCV's detection in farms. In
addition to several samplings performed in those provinces where seropositivity was found, we also selected and
repetitively checked three farms.

N° Survey | N° farms | Positive>75% | Positive20-60% | Positive5-10% | Negative>95% | From 0% to>75%
1 39 13 (33.3%) 0(0%) 2 (5.2%) 24 (61.5%) n.d

2 21 4(19.1%) 5(23.8%) 0 (0%) 11 (52.4%) 1(4.7%)

3 23 12 (52.2%) 2 (8.7%) 2 (8.7%) 7 (30.4%) nd

4 21 10 (47.6%) 0 (0%) 0 (0%) 11 (52.4%) 0 (0.0%)

5 13 5(38.5%) 0(0%) 1(7.7%) 5(38.5%) 2 (15.4%)

Total 117 44 (37.6%) 7 (6.0%) 5 (4.3%) 58 (49.6%) 3 (2.5%)

Table 1. Summary of the categorisation of the farms of origin of slaughtered rabbits according to the
percentage of positive and negative sera.
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Genome sequencing and phylogenesis of RCV isolates in Italy from 2000 to 2022

Of the 262 analysed samples taken from 2000 to 2022, following the previous serosurveillance studies, 69 were
RT-PCR positive for lagovirus and negative for RHDVs, with an estimated country prevalence of 26%. Among
the 69 positives, we obtained multiple detections in the same farm in four cases in VR province in 2007, two in
MC province in 2008, 32 in PN province in 2012, four in BG province in 2015, and three in LC province in 2015.
The remaining 24 positives were singly detected in as many farms.

Eleven lagovirus-positive samples were confirmed to be RCVs by complete VP60 sequencing (Fig. 1).

Phylogenetic analysis based on vp60 sequences (Fig. 2) showed that the RCV strains detected in different
Italian regions were basically grouped in both the European (RCV-E1/GI.3) and Australian-like (RCV-E2/GI.4)
RCV clusters.

Five strains were provisionally classified as RCV-E1, and they originated from three provinces (RCV/Italy/
BS2000; RCV/Italy/BS2007; RCV/Italy/MC2008; RCV/Italy/BG2012; RCV/Italy/BG2015).

On the farm in the BS province, where we found in 1996 the first non-pathogenic virus, the RCV “Italian”
strain (X96868), two additional RCV's were identified after several years of interval. However, with respect to
the original strain, these strains showed a nucleotide identity of 98.99% (RCV/Italy/BS2000) and 90.49% (RCV/
Italy/BS2007). On a farm in the BG province, we found two RCVs (RCV/Italy/BG2012 and RCV/Italy/BG2015)
three years apart. These strains are phylogenetically very similar to the RCV-E1 group described in France!?°.
Still, between them, we detected only 84.40% nucleotide identity.

RCV/Italy/BS2000; RCV/Italy/BS2007; RCV/Italy/MC2008 were also characterised by a deletion of one
amino acid in position 301 and two amino acid deletions at positions 309-310, already described in the first
Italian RCV (X96868)'°. These last two deletions were also observed in strains belonging to the GI.3 genotype,
both the French and the Italian strains described in this study, except RCV/Italy/BG2015, which presented only
the 310 aa deletion.

Six viruses originating from four different provinces: FG (RCV/Italy/FG2013 and RCV/Italy/FG2016), PN
(RCV/Italy/PN2012_1 and RCV/Italy/PN2012_2), BS (RCV/Italy/BS2010), and FC (RCV/Italy/FC2017) were
phylogenetically related to the Australian strains (RCV-E2/GIL.4)*2. They were detected either in geographically
distant farms (Fig. 1) at different times, i.e., RCV/Italy/BS2010, RCV/Italy/PN2012_1 and RCV/Italy/PN2012_2,
RCV/Italy/FG2013 and RCV/Italy/FG2016, and from feral rabbits (RCV/Italy/FC2017). Indeed, the two strains
identified in the same farm in FG province three years apart (RCV/Italy/FG2013 and RCV/Italy/FG2016),
presented a nucleotide identity of 98%.

Note that four of these strains (RCV/Italy/BS2010, RCV/Italy/PN2012_2, RCV/Italy/FG2013 and RCV/Italy/
FG2016) showed only = 83% nt identity with the known strains belonging to the GI.4 genotype'. In fact, these
RCVs were closer to the RCV identified in Chile in 20212, The other two strains (RCV/Italy/FC2017 and RCV/
Italy/PN2012_1), also belonging to the RCV-E2/GI.4 genogroup, were phylogenetically closer to the strains
identified in France between 2008 and 2015 (LT708121-LT708130)".

Full genome analysis
The full genome sequence obtained from the RCV/Italy/BS2000 strain was 7380 nucleotides (nt) in length,
and sequence analysis with reference strains showed the typical genomic organisation of lagoviruses, with two

Map Strain identification Municipalit Province
1 # (GenBank #) unicipaity Region
E A ] RCV/ltaly/BS2000 - BS
o e (PQ082710) Lombardy
E’ SEva RCV/Italy/BS2007 . BS
S 2 (PQ082704) Poncarale Lombardy
N e RCV/Italy/MC2008 MC
. = (PQ082713) Hacerata Marche
. 4 RCV/Italy/BS2010 Brescia BS
. (PQ082714) Lombardy
. RCV/Italy/BG2012 N BG
@ 8 (PQ082709) Ohisalba Lombardy
RCV/Italy/PN2012_1 PN
6 (PQ082707) Pordenone Friuli V.G.
7 RCV/Italy/PN2012_2 San Giorgio della PN
(PQ082706) Richinvelda Friuli V.G.
| RCV/Italy/FG2013 R FG
8 (PQ082708) Volturara Appula Puglia
RCV/Italy/BG2015 o BG
2 (PQ082711) Ghisalba Lombardy
RCV/Italy/FG2016 R FG
10 (PQ082705) Volturara Appula Puglia
RCV/Italy/FC2017 FC
L (PQ082712) Henfons Emilia-Romagna

Fig. 1. Sequenced strains, their identification and origin (municipality and province). Superscript symbols (¥,
A, °) indicate strains found in the same farm at different times.
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Fig. 2. Maximum Likelihood (ML) phylogenetic tree performed for the structural genes VP60 (nucleotides
5240-6869; nucleotide substitutions model GTR + G +1). The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. Support for each cluster was obtained from 1.000 bootstrap
replicates. Bootstrap values>70% are shown. Genotype clusters, which do not include viruses sequenced in
this study, were collapsed and annotated accordingly.

overlapping open reading frames (ORFs). The complete 5" end was not obtained and was based on inference
with the French strain RCV-GL.3/06-11 (GB MN737115), with an estimated 47 nt likely missing. Potential
cleavage sites described for the polyprotein processing are conserved, except for E>7/D3%821, The ORF2 encodes
for a putative 113 aa protein, similar to RCV-GI.3/06-11 and other lagoviruses.

The nucleotide and amino acid identity comparison of the non-structural proteins and genes (NS) of RCV/
Italy/BS2000 with other representative rabbit lagoviruses is indicated in Fig. 3, panel A, showing the highest nt
identity of 87.64% with a recombinant GLx/GL1 strain identified in Portugal in 1994%”. Phylogenetic analysis
performed with the same region showed that RCV/Italy/BS2000 belongs to a phylogenetically distinct genetic
group very close to the viruses identified in the 1990s on the Iberian Peninsula (Fig. 3, panel B)¥’. In addition,
to investigate a possible recombination event, a SimPlot and RDP4 analysis was performed with full genome
sequences. Still, no evidence of recombination with other known lagoviruses was detected (data not shown).

Discussion
This study covers an extensive period of about two decades and a large territory, including several Italian regions,
during which we investigated the presence of non-pathogenic rabbit lagoviruses (RCVs). We first performed a
serological approach by using different ELISA tests with the aim of broadly assessing the presence and consistency
of distribution of RCVs, mainly in farmed rabbits. The choice to test fattening rabbits at slaughterhouses was
consistent with the initial detection of RCV in the faecal materials of 40-60-day-old growing rabbits'® and with
the proposed epidemiological pattern of RCVs in farmed conditions?*.

Five separate surveys were conducted in different periods and regions. Overall, we found quite a high number
of farms with positive antibody titres (37.8% range 19.1-52.2%), thus confirming a consistent circulation of
RCVs. Indeed, we found two patterns of antibody profile, suggesting the circulation in Italy of antigenically
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Fig. 3. ORF1 NS genome analysis using a dataset of 139 lagoviruses present in GenBank (48nt-5239nt).

(A) Nucleotide and amino acid identity values relative to the NS genes/proteins of RCV/Italy/BS2000, with
representative strains of rabbit pathogenic and non-pathogenic lagoviruses (RCV-E1, RCV-E2 and RHDV). (B)
Maximum-likelihood phylogenetic tree performed with the nucleotide substitution model (GTR + G +1); The
tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Support for each
cluster was obtained from 1.000 bootstrap replicates. Bootstrap values>70% are shown. Genotype clusters,
which do not include virus variants sequenced in this study, were collapsed and annotated accordingly. The
Italian sequence reported in this work is indicated (RCV/Italy/BS2000).

distinct RCV strains, one more related to RHDV (RCV-E1/GI.3), and the other one more similar to the non-
pathogenic rabbit calicivirus first identified in Australia/New Zealand (RCV-E2/GL4)%, then in France! and
very recently in Chile?. Specifically, the combined use of two serological methods, the cELISA-RHDV and
IgG-RHDV-ELISA, allowed for inferring the existence of RCV's with varying degrees of antigenic similarity to
the pathogenic RHDV. In the presence of any RCVs, the sera were positive with high titers by the IgG-RHDV-
ELISA, due to the ability of this test to detect also antibodies produced against the internal VP60 common
epitopes shared by all lagoviruses. At the same, whereas the cELISA-RHDV could detect the antibodies induced
by RCVs identified in Europe (RCV-E1/GL.3), due to the very similar antigenic profile of these two viruses, in
contrast, this test poorly detected the antibodies against Australian-like RCVs (RCV-E2/GI.4), which have an
antigenic profile very different from RHDV.

Starting from the serological evidence of a widespread circulation of RCV strains in the national territory,
and from indications that they could be even different from one another, our research then focused on the viral
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detection and characterisation of RCV strains. Accordingly, by conducting a series of serological surveys in
intensive units, we then further confirmed the circulation patterns of RCVs, as previously described by Capucci
et al.?%. The optimal sampling scheme for viral identification was to take faecal and intestinal samplings from
growing rabbits of 40-60 days of age. In fact, this resulted in the most frequent time for their infection through
the faecal-oral route, following contact with infected fomites, likely of maternal origin®*.

In general, the RT-PCR results confirmed the serological data indicating the presence of RCVs. Indeed, it
was more challenging to demonstrate a real new introduction since the number of multiple samplings of both
sera and faecal materials from the same farm was very low. In particular, we had the opportunity to verify in one
farm (the same in which RCV was first identified in 1996) the persistence of antibodies in growing rabbits for
more cycles and at least two further viral detections in 2000 and 2007 of two genetically different strains, likely
indicating a new introduction at the second checking time.

The relationship between the results of serosurveillance and the virologic investigation, which indeed covers
different periods, was very low and mainly represented by the overlapping of the checked areas. However, the
five examinations of sera batches at the slaughterhouses were helpful in assessing the compelling presence and
circulation of RCVs in Italian farms. Still the study was not explicitly planned to detect at the same time the
presence in the corresponding farm of the RCV viral strains. In fact, such a study started when we had certainty
following the serological results of a widespread presence of RCVs.

The 262 faecal and duodenal samples globally harvested during the period 2000-2022 were analysed with
molecular methods able to detect any lagovirus and 69 of them were positive by RT-PCR for RCV. All these
positive samples were further processed for the full vp60 sequencing. However, we succeeded in amplifying and
sequencing the entire vp60 for only 11 of these strains. We were unable to complete gene amplification for the
rest of the samples, likely due to insufficient viral RNA amounts®”-3°.

The vp60 phylogenetic analysis of these eleven strains confirmed the hypotheses suggested by the serological
results, i.e., the contemporary presence and circulation of both the European (RCV-E1/GI.3) and Australian-
like (RCV-E2/GI.4) RCVs in Italy. Interestingly the two GI.3 strains identified were originating from the same
farm in BG province (Lombardy region) at three years apart. Still, their genomic identity was relatively low, thus
suggesting that these strains were different variants rather than the persistence and evolution of the same strain.
In addition, the two strains resulted strictly related to RCV-E2, i.e. belonging to the GI.4 genotype, were distant
both geographically (PN province in North Italy vs. FC province in Central Italy) and temporarily (2012 vs.
2017) as well as origin (farmed vs. feral rabbit, respectively).

Moreover, with respect to the two known RCV genotypes (RCV-E1/GI.3 and RCV-E2/GI.4), the nucleotide
differences of vp60 genes of the other seven viruses identified in this study were greater than 15%. This data
led us to consider the existence of two additional different genotypes, GI.5 and GI.6. Within the RCVs cluster.
Indeed, in the proposed genetic classification of lagoviruses!, GI.5 was already identified as a putative genotype
since only one sequence was reported at that time!®. Therefore, we suggest fixing GL.5 as the genotype for the first
detected RCV in Italy (X96868), which should also include two additional variants identified in the same farm
in the BS province (North Italy) in 2000 and 2007 and one strain identified in 2008 in the MC province (Central
Italy). Considering the nucleotide identity of the variant isolated in 2000 compared to the one detected in 2007 in
the Brescia farm, either an evolution of the original strain or a new introduction of a strictly related strain might
have occurred. The genetic variability of the nonpathogenic lagoviruses identified in Italy was even more evident
considering that the last four identified RCVs were clustering separately from the other RCV-Al-like strains
(RCV-E2/GL4) and more closely related to the RCVs found recently in Chile?®. Thus, we agree with the Authors
of that study when suggesting the European origin of their strains. Still, it also led us to retain that these variants,
clustering together, could represent a new genotype (GI.6). In this case also, the strains were detected over quite
along period (2010-2016) respectively in two farms in Northern Italy, i.e. in 2010, the farm in BS province where
rabbits were reared for vaccine production and in 2012 in an intensive farm in North-East Italy (PN province),
and twice (2013 and 2016) in one breeding farm in South Italy (FG province), suggesting the likely persistence
of the same strain considering the very high nucleotide identity.

This study shows that RCVs have been present in Italy since they were first identified, but their presence in
rabbit herds probably dates back much longer. This last hypothesis is supported by the serological detection of
anti-lagovirus antibodies in sera from healthy rabbit groups in the Czech Republic and historical collections
dating back to the 1970s%. In addition, the capacity of RCV-E1 (i.e. GL.3 and the suggested GI.5) to act as a
natural vaccine against RHD by inducing cross-reactive antibodies, partially protective against RHDV' could
also partially explain why, when the first RHD epidemic occurred in 1986 in Northern Italy, the disease was
observed mainly in rural farms and less in industrial ones where RCV's were likely already present and diffused
thanks to the type of management and production cycle (Lavazza personal communication).

The RCV identifications that we obtained, even considering the low success in amplification and sequencing
(about 16% of the RT-PCR positives), confirmed that they are likely present at low concentration and/or for a
very short period in infected animals but that they can both remain as such for along time in the same holding as
well as evolve minimally or even significantly. In this regard, based on the data collected, having shown for some
strains a nucleotide divergence of over 15% with the already known strains!, we consider that an implementation
of the classification of non-pathogenic lagoviruses into four distinct genotypes might be justified.

Another aspect arising from our study is the wide variability in the distribution of RCV strains on Italian
territory, some of which are very similar to each other and to strains identified both in Europe and on other
continents. This is most likely due to the frequent and extensive commercial exchanges with a few companies
producing genetic lines of rabbits distributed worldwide, which are usually vaccinated for RHD, clinically
checked but not systematically examined for the presence of non-pathogenic lagoviruses.

At the same time, the identification of at least one strain in feral rabbits suggests that RCVs may also be
present outside the commercial circuit. Moreover, this phenomenon has already been observed and consolidated
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1999

in the brown hare (Lepus europaeus). In fact, the non-pathogenic hare Calicivirus (HaCV) antigenically related
to the pathogenic hare virus EBHSV and classified as genotype GII.2 was identified in domestic and wild hares
in Italy, Europe and Australia?®-*,

The results of the combined use within a farm of different serological methods for RHD, including Isotype
ELISAs and the cELISA, to test the presence of antibodies in fattening rabbits of any age and from those > 8 weeks
old born from vaccinated does, raise suspicion of the presence of an RCV. This is quite certain when positive
titres, with one of the two described patterns, are found in rabbits from herds that have not been affected by RHD
for at least 3 to 4 months. Still, it could also be true when non-vaccinated rabbits are tested for other reasons,
e.g. for checking sentinels after an RHD outbreak, finalised to check the absence of pathogenic virus after
disinfection procedures and emergency vaccination, as stated by Italian legislation. In addition, based on the type
of antibodies’ pattern: i.e., (1) low-medium titres in cELISA-RHDV and high titres in IgG/IgA-RHDV-ELISA,
or (2) negative or doubtful cELISA-RHDV and very high titres of IgG-RHDV-ELISA, a presumptive diagnosis
of the RCV type (RCV-E1/GI.3/GIL.5 vs RCV-E2/GIL.4/GL6) could be posed. Nevertheless, virus identification
and characterisation through vp60 amplification and sequencing are necessary to ascertain exactly which RCV
is present. Otherwise, in the case of not well-defined serological results, only genetic analysis can confirm the
presence of RCV unless a specific serology for RCV is developed, as done for RCV-A1 by Australian authors®.

Of note is the fact that the non-structural portion of the only virus we have a full genome sequence, which
is strictly related to the first RCV identified in 1996 in Italy, fell within the same monophyletic group of old
strains identified in Portugal®’. Unfortunately, in the absence of other complete lagovirus sequences of the GI.1
genotype, this evidence can only suggest the existence of a common non-pathogenic ancestor from which both
the RCV/BS2000 and, following a recombination event, the pathogenic viruses identified in Portugal in 19947
likely originated.

In conclusion, the results obtained in this study improve our understanding of the evolution of pathogenic
lagoviruses, potentially originating from non-pathogenic strains. It is now proven that RHDV?2 (GI.2) emerged
from a recombination event between a non-pathogenic virus and an unknown “new” calicivirus. As highlighted
by several researchers, expanding the sequencing of the full genome of non-pathogenic viruses is crucial for a
comprehensive knowledge of the evolutionary history and genetic diversity within this viral genus.

Materials and methods

Sampling

From 1999 to 2008, five serological surveys were conducted at slaughterhouses on unvaccinated animals from
farms in Northern, Central, and Southern Italy (Fig. 4). Almost all sera were collected from rabbits with an
average age of about 10-12 weeks belonging to RHD-free herds. When possible, the farms were repeatedly
controlled over about six months, a variable number of times, to verify the persistence of the infection. Each
sampled group consisted of a minimum of 10 and a maximum of 60 sera.

The first study was conducted in 1999 in a large slaughterhouse located in Lombardy, where animals from
rabbit-intensive farms in Lombardy and Triveneto (Veneto, Friuli-Venezia-Giulia and Trentino-Alto-Adige)
were commonly slaughtered. At least 10-15 blood samples were taken at the slaughterhouse for each group, and
a total of 39 groups of rabbits from as many farms were sampled.

The second survey was conducted between June 2002 and March 2003 in five different slaughterhouses in
Campania, where rabbits from intensive or semi-intensive farms in Campania, Basilicata and Lazio were usually
slaughtered. Forty-five rabbit groups (1786 sera) were sampled from 21 different holdings, each holding being
checked at least once, up to a maximum of four times.

The third study was conducted in 2004 in a slaughterhouse in the Marche region, where rabbits from farms
in the same area were slaughtered. Each holding was monitored once, and at least 30 blood samples were taken
from each group slaughtered. A total of 831 sera were taken from 23 groups of rabbits from as many holdings.

The fourth survey was conducted in 2006-07 at the same slaughterhouse in the Marche region as the third
survey. Twenty-one farms in Central Italy were analysed. Each holding, except two, was monitored through a
single sampling ranging from 12 to 33 sera for 555 samples.

2002-3 2004 2006-7 2007-8

Fig. 4. Geographical distributions of the farms sampled during the five serological surveys conducted on
slaughtered rabbits.
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The fifth and last survey was conducted in 2007-08 in a slaughterhouse in the province of Brescia (Lombardy
region). Groups of rabbits from 13 farms in Lombardy (3 Brescia and 3 Mantua) and Veneto (Verona 6 and
Padua 1) were slaughtered. Sampling took place over 4-5 months; on average, each farm was sampled 3-5 times.
A total of 500 sera were taken from 50 groups of rabbits.

The details of the sera sampled are reported in Table 2.

For different reasons, other serological surveys were conducted on rabbits within intensive units in the
following years. One purpose of the serological surveys was to identify farms where the RCV viruses were
circulating to plan a specific investigation for detecting the viral agent. Therefore, in some of these farms, from
2000 to 2022, we asked farmers to collect samples (faeces and/or intestinal contents) from post-weaned animals
aged 40-60 days. We also included in the sampling plan the farm in which we first identified RCV in 199692
with the aim of confirming the persistence of viral circulation, we took samples twice (2000 and 2007).

Note that all the sampled animals were not sacrificed for the survey scope, but we took only animals that
spontaneously died for other causes. From these, the proximal duodenum, i.e. the first tract of 10-15 cm from
the pylorus, was sampled during necropsies. In some cases, faeces from live animals from industrial farms were
also collected. Finally, we included in the sampling piece of intestine taken from dead feral rabbits from a city
park in Forli (Emilia-Romagna region) (Table 3).

In particular, three situations were further considered, for the type of results that were highly suggestive of
the presence of non-pathogenic lagoviruses. In the first investigated farm in BS province (Lombardy) in 2010,
rabbits for vaccine production were reared in controlled conditions. Twelve sera were first taken from selected
three-month-old rabbits. Then, after a couple of months, four more rabbits (45 days old) were investigated to
confirm the results obtained, and both sera and faecal materials for viral isolation were sampled. The second farm
in BG province (Lombardy) was under control, as requested by national rules, after an outbreak of RHDV?2 that
had occurred one year before. Surveillance was conducted from 2012 to 2014 by taking blood sera from fattening
rabbits (35-50 days old) and restocking females (90-120 days old) at five different time points: October 2012,
10 restocking females and 20 fattening rabbits (35 days old); November 2012, 10 restocking females; February
2013, 10 fattening rabbits (50 days old) and 10 restocking females; April 2014, five restocking females; October
2014, five fattening rabbits (40 days old). For viral isolation, fattening rabbits were sampled at a 1.5-year interval;
respectively, we took a pool of faecal samples in October 2012, and 12 single duodenal tracts were sampled in
March 2014.

Similarly, a sanitary surveillance plan was implemented after a previous RHD outbreak at the last farm, a
rabbit breeder industry in FG province (Puglia Region, South of Italy). Five rabbits (four months old) were first
sampled in December 2014, and then in February 2015, sera were taken from eight more fattening rabbits and
32 restocking females. For viral isolation, fattening rabbits were sampled for the first time in 2014 (38 faecal
samples) and then in 2016 (eight duodenal tracts).

Competition ELISA and Isotype ELISA

Competition ELISA tests (cELISA-RHDV) and isotypes ELISA for RHDV (IsoELISA-RHDV) were performed
as previously described®**4%. In the cELISA-RHDYV, the ELISA plate is adsorbed with rabbit IgG purified from
a hyperimmune RHDV serum. Subsequently, the test serum is incubated with the pre-titrated RHDV antigen
so that the reaction between the virus and rabbit antibodies in the serum occurs in the liquid phase. Finally,
an HRP-conjugated anti-RHDV MADb detects the amount of virus captured on the solid phase during the first
incubation. Each serum is analysed at an initial dilution of 1/10 and then diluted in four-base three times. A
serum is classified as positive for RHDV antibodies if its OD value at 1/10 dilution is lower than 75% of the OD
value at the same dilution of the negative control serum.

The IsoELISA comprises three separate ELISAs that specifically detect IgG, IgM and IgA against
RHDV*4! Two different types of ELISA reaction are used to detect respectively IgG and IgM-IgA: 1) quantifying
the specific IgG requires the entrapping of the RHDV antigen with an anti-RHDV MAb absorbed on a microplate.
The sera are then serially diluted, and the IgG bind to the virus are revealed by an HRP-conjugated anti-rabbit
IgG MAD; 2) the quantification of the specific IgM and IgA is obtained by using two different MAbs, anti-rabbit
IgM, and anti-IgA respectively, which are directly coated on a microplate on which the sera are diluted. Then, the
previously titred RHDV antigen is added and shown with an anti-RHDV HRP-conjugated Mab.

N° Survey | Year Origin (Region) Ne° farms | N° groups | N° sera

1 1999 North Italy (Lombardy, Veneto, Friuli-Venezia-Giulia and Trentino-Alto-Adige) | 39 39 530

2 2002-2003 | South Italy (Lazio, Campania, Basilicata) 21 45 1786

3 2004 Central Italy (Marche) 23 23 831

4 2006-2007 | Central Italy (Marche) 21 23 555

5 2007-2008 | North Italy (Lombardy, Veneto) 13 50 500
Total 117 180 4202

Table 2. Summary of samples collected in this study for serological analysis during the five serosurveys in
slaughtered rabbits. The collection year, the region of origin, the number of farms checked, and the number of
groups and sera are indicated.
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Year | Province | Region N° samples | Matrix Type

2000 | BS Lombardy 1 Duodenum Farmed/dead
2007 | VR Veneto 13 Faeces Farmed/alive
2008 | MC Marche 1 Faeces Farmed/alive
2008 | MC Marche 1 Faeces Farmed/alive
2008 | MN Lombardy 3 Faeces Farmed/alive
2008 | VR Veneto 2 Faeces Farmed/alive
2008 | MC Marche 1 Faeces Farmed/alive
2008 | BS Lombardy 1 Duodenum Farmed/dead
2010 | BS Lombardy 1 Faeces Farmed/alive
2012 | PN Friuli V.G 70 Duodenum Farmed/dead
2012 | BG Lombardy 1 Faeces Farmed/alive
2014 | FG Puglia 38 Faeces Farmed/alive
2015 | NO Piedmont 10 Faeces Farmed/alive
2015 | BG Lombardy 12 Duodenum Farmed/dead
2015 | BS Lombardy 6 Duodenum Farmed/dead
2015 | LC Lombardy 6 Duodenum Farmed/dead
2016 | FG Puglia 8 Duodenum Farmed/dead
2016 | BS Lombardy 6 Duodenum Farmed/dead
2016 | LC Lombardy 6 Duodenum Farmed/dead
2016 | BG Lombardy 6 Duodenum Farmed/dead
2017 | FC Emilia-Romagna 4 Duodenum Farmed/dead
2018 | Not available 13 Duodenum Farmed/dead
2018 | FC Emilia-Romagna | 20 Faeces Feral/dead
2018 | Not available 9 Duodenum Farmed/dead
2019 | PD Veneto 5 Faeces Farmed/alive
2020 | CN Piedmont 13 Faeces/duodenum | Farmed/dead
2022 | FC Emilia-Romagna 5 Faeces Feral/dead

Total 262

Table 3. Summary of samples collected in this study for virological analysis. The collection year, the province
of origin, the number of samples analysed, the matrix sampled, and the type (farmed vs feral) and their status
(dead or alive) of rabbits are indicated.

Extraction, detection, and sequencing of viral RNA

Total RNA was extracted from faeces or duodenum?’. Pellets were resuspended in PBS buffer (1:5 w/v), soaked
at 4 °C and centrifuged at 5000 rpm for 30 min; 250 pl of supernatant was recovered for RNA extraction using
the Trizol reagent (Qiagen, Hilde, Germany), according to the manufacturer’s instructions. First-strand cDNA
synthesis was performed with 5 pA of RNA using the High-Capacity cDNA Reverse Transcription Kit (Life
Technologies, Carlsbad, USA). To detect the viral RNA, a first PCR was performed using the universal primers
for lagovirus Rabl/Rab2?% The entire VP60 gene was amplified using several overlapping PCRs using newly
designed primers for the genome of lagovirus (Table 4) with the SuperScript® IIT One-Step RT-PCR System with
Platinum® Taq High Fidelity (Life Technologies Carlsbad, USA) and the products were gel purified (Machery
Nagel, Germany) and sequenced. The DNA sequences were determined with an ABI Prism 3500 Series Genetic
Analysers in both directions (Applied Biosystems, Foster City, CA, USA) using the PCR primers and the Big Dye
Terminator v3.1 (Life Technologies, Carlsbad, USA) as recommended by the manufacturer. Contig assembling
and genome sequence analysis were done using Seqman NGen DNASTAR version 11.2.1 (DNASTAR, Madison,
WI, USA).

Phylogenetic analysis was performed using a data set of 123 vp60 sequences (5240nt-6869nt) representing
the five genotypes based on the vp60 sequences: GI.1 (n. 68), GL.2 (n. 24), GL.3 (n.6), G1.4 (n.24) and as outgroup
GIL1 (n.1), available in GenBank and aligned with MEGA X*?

The evolutionary history was inferred using the Maximum Likelihood method and General Time Reversible
model. The percentage of trees in which the associated taxa clustered is shown next to the branches. Initial trees
for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach and then selecting
the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. Support for each cluster was obtained from 1.000 bootstrap replicates.

Full genome sequence and recombination analysis
A primer-walking strategy was used to obtain a complete genome by overlapping genomic fragments obtained
by PCR using primers designed on conserved regions of lagoviruses sequences (Table 4). To obtain the 3end of
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Position nt
Genome
Name Sequence Length (bp) | (~7437 bp)
VP60
5310-F 5'-CCTGACGACGAATTTGTGAA-3' 5281 | 5300
RCV-1593Rev 5'-TGGTCTATGTCGGTAAACCG-3’ o 6194 | 6175
RCV750-F 5'-CCAGTCCTTACTGGGGTTGGC-3’ 6040 | 6060
RCV07-7004R 5'-TCAGACATAGGAAAAGCCATTGG-3’ 2 7032 | 7012
VP607-F 5'-ACYTGACTGAACTYATTGACG-3’ 6941 | 6961
VP608-R 5'-TCAGACATAAGAAAAGCCATTGG-3' 104 7044 | 7022
RCV-1731R 5'-TCAGACATAGGAAAAGCCACTGGTT-3’ 6959 | 6983
RCV-301F 5'-CCACAAAACAACCCGTTCACAACT-3’ 11 5593 | 5613
RCVCOOH-R 5'-CAGTTCYTGCCTGCGGAGCA-3’ 7102 | 7083
RCV750ANCI-F | 5-CCAGTTCTCACTGGGGTCGGC-3' 1062 6040 | 6056
RCV270-F 5'-GTACACTGCCCAGCAYTCACCA-3’ 5522 | 5544
RCV992-R 5'-GTCGGGAAAACCATCCGGGGCA-3’ 7 6222 | 6244
NPS
RCV_R2_902_ R |5-GTCCAGTCCATGAGTATTGC-3 902 902 | 883
24-F 5'-GTGAAAGTTATGGCGGCTATGTCG-3’ 1 24
RCV-843-F 5'-TGCTGGTTGGCCTCCACAATGTCA-3’ 842 | 865
RCV-1650-R 5'-CGAAGTGGTCAAGGCCAAAGTTGA-3' 830 1649 | 1672
RCV-R2_1525_F | 5'-GTCATTTT(Y)AAAGG(R)GCCCCAG-3’ 719 1528 | 1546
RCV_R2_2225 R | 5'-TACTGTTTCCAACAT(R)AG(M)AG-3’ 2226 | 2247
RCV_R2_2123_F | 5-AGGGTGCCAACAAGTTCAACTT-3’ 2123 | 2144
RCV_R2_3062_R | 5'-TCTCTACG(Y)GCAGCTTGCCA-3’ 7 3050 | 3031
RCV_R2_3650_R | 5'-GTGTGTATTGCGACAATCTT-3' 3674 | 3655
RCV-3000_F 5'-ACAAAGGCTTTCCAGGGTGTGAAAG-3’ 0% 2976 | 3000
RCV-5375-R 5'-GGGGACTGATGCTGTGGTAG-3’ 5345 | 5364
RCV-3585-F 5'-GACTCTACCAAGATTGACGTGCT-3’ 1781 3583 | 3605
RCV-3922-F 5'-GACCCAGACAGTGACAAGTCCCT-3’ 618 3922 | 3944
RCV-4540-R 5'-CAACACATGGGGACATAGTGGAGT-3’ 4540 | 4517

Table 4. Primers used in this study: the nucleotide positions are based on RHDV strain Genbank accession
X87607.

the genome, cDNA synthesis was performed using oligo-dTadapter primer followed by PCR using VP607-F/
Adapter primers®. The sequence of PCR products was performed as described above. Phylogenetic analysis
was performed using a data set of sequences of the nonstructural part of the genome from 139 lagovirus strains
available in GenBank and aligned with MEGA X. Moreover, a data set of full genome sequences was screened
against the RCV sequence for potential recombination using six methods (RDP, GENECOV, Bootscan, MaxChi,
Chimaera, SiScan) implemented in the RdP4 (V. 4.100)**.

Data availability

The raw serological data analysed during this study are available upon request from the corresponding author.
All sequences generated in this study were deposited in the GenBank database (https://www.ncbi. nlm.nih.gov/
nuccore/) under the accession numbers indicated in the text.
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