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Summary

Rabbit haemorrhagic disease virus (RHDV) is a lagovirus that can cause fatal

hepatitis (rabbit haemorrhagic disease, RHD) with mortality of 80–90% in

farmed and wild rabbits. Since 1986, RHDV has caused outbreaks in rabbits

(Oryctolagus cuniculus) in Europe, but never in European brown hares (Lepus

europaeus, EBH). In 2010, a new RHDV-related virus, called RHDV2, emerged in

Europe, causing extended epidemics because it largely overcame the immunity to

RHDV present in most rabbit populations. RHDV2 also was identified in Cape

hare (Lepus capensis subsp. mediterraneus) and in Italian hare (Lepus corsicanus).

Here, we describe two distinct incidents of RHDV2 infection in EBH that

occurred in Italy (2012) and Spain (2014). The two RHDV2 strains caused macro-

scopic and microscopic lesions similar to European brown hare syndrome

(EBHS) in hares, and they were genetically related to other RHDV2 strains in Eur-

ope. EBHs are common in Europe, often sharing habitat with rabbits. They likely

have been exposed to high levels of RHDV2 during outbreaks in rabbits in recent

years, yet only two incidents of RHDV2 in EBHs have been found in Italy and

Spain, suggesting that EBHs are not a primary host. Instead, they may act as spil-

lover hosts in situations when infection pressure is high and barriers between rab-

bits and hares are limited, resulting in occasional infections causing EBHS-like

lesions. The serological survey of stocked hare sera taken from Italian and Spanish

hare populations provided an understanding of naturally occurring RHDV2

infection in the field confirming its sporadic occurrence in EBH. Our findings

increase the knowledge on distribution, host range and epidemiology of RHDV2.

Introduction

Rabbit haemorrhagic disease (RHD) and European brown

hare syndrome (EBHS) are caused by two highly related

but phylogenetically distinct viruses, belonging to the genus

Lagovirus of the family Caliciviridae. Historically, RHDV

and EBHSV infections have been restricted to specific hosts

both naturally and experimentally (Lenghaus et al., 1994;
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Lavazza et al., 1996; Bergin et al., 2009) and these viruses

initially were considered genus-specific.

RHDV was thought to infect almost exclusively wild and

domestic European rabbits (Oryctolagus cuniculus), causing

80–90% mortality (OIE – Rabbit haemorrhagic Disease,

2012), with just one report of infection in another lago-

morph species, the Iberian hare (Lepus granatensis) (Lopes

et al., 2014). RHDV strains can be divided into three phy-

logenetically distinct groups (Kerr et al., 2009) and at least

six genogroups (G1–G6) based on temporal distribution

(Le Gall-Recul�e et al., 2003). The genetic group G6 includes

those isolates identified as the main antigenic variant called

RHDVa (Capucci et al., 1998; Schirrmeier et al., 1999). In

2010, a new RHDV-related pathogenic virus was first

detected in France in wild and farmed rabbits (Le

Gall-Recul�e et al., 2011), and rapidly spread throughout

Europe, causing losses in farmed and wild rabbits in France

(Le Gall-Recul�e et al., 2013), Italy (Puggioni et al., 2013),

Portugal (Abrantes et al., 2013), Spain (Dalton et al., 2012,

2014), Germany (FLI information, 2013), the United King-

dom (Westcott et al., 2014), Malta (Lavazza, A. and

Capucci, L., unpublished results, 2012), Norway (OIE,

WAHID (World Animal Health Information Database),

2014a), Denmark (OIE, WAHID (World Animal Health

Information Database), 2014b), Sweden (OIE, WAHID

(World Animal Health Information Database), 2015),

Switzerland (OIE, WAHID (World Animal Health Infor-

mation Database), 2016a) and Finland (OIE, WAHID

(World Animal Health Information Database), 2016b).

This new virus, called RHDV2, has a sufficiently different

antigenic profile from that of RHDV that it could be con-

sidered a distinct serotype. Moreover, among the specific

and distinguishing characteristics of RHDV2 infection that

include slightly longer disease duration, variable mortality

rates (5–60%) and capacity to infect young rabbits (from

10 to 15 days of age), it also has the capacity to infect and

cause an EBHS-like disease in Cape hares (L. capensis

subsp. mediterraneus) (Puggioni et al., 2013), which may

be considered another primary host. In addition, a single

sporadic case of infection and disease caused by RHDV2

was reported in the Italian hares (L. corsicanus) (Camarda

et al., 2014).

EBHS was first reported in Sweden in the early 1980s

(Gavier and Morner, 1991) and is restricted to Europe.

EBHS has been endemic in Italy since the first description

in the late 1980s (Poli et al., 1991). On the contrary, just

one case has been reported and confirmed in Spain, in the

Central Pyrenees in 1998 (Fern�andez de Luco et al., 2003).

EBHSV was detected mainly in European brown hares

(EBH, L. europaeus) but also in mountain hares

(L. timidus) and Italian hares (L. corsicanus). EBHS has

never been described in other European hare species such

as L. granatensis and L. castroviejoi, both present on the

Iberian Peninsula, or Cape hares in Sardinia (Italy) (Pug-

gioni et al., 2013). However, field and experimental data

recently have demonstrated that in Italy, the eastern cotton-

tail (Sylvilagus floridanus) is susceptible to infection with

EBHSV, occasionally resulting in EBHS-like disease

(Lavazza et al., 2015).

Infection of RHDV2 in some hare species and of EBHSV

in cottontails suggests a broader susceptibility of different

species within the order Lagomorpha to lagoviruses, partic-

ularly RHDV2, which also may pose a risk for EBH popula-

tions. Therefore, following the first RHDV2 detection in

north-eastern Italy in summer 2011 in industrial farmed

rabbits, and after the first RHDV2 case occurred in wild

rabbits in Trento Province on January 2012 (Paternolli, S.

and Dellamaria, D., personal communication, 2012), tar-

geted surveillance was implemented for wild lagomorphs.

Any case of lagomorph mortality, including hares, was

reported to veterinary authorities, and carcasses were sub-

mitted to the veterinary laboratories such as IZSLER, and

the others of the national network, for necropsy, diagnosis

and typing of lagoviruses (RHDV, RHDV2 and EBHS).

According to Dalton et al. (2014, 2012), RHDV2 (called

RHDVb by these authors) was first detected in Spain in

October 2011 and spread through a large number of Span-

ish provinces in a relatively short period of time, largely

replacing the previously predominant G1 RHDV geno-

types. Almost all of the studied outbreaks (94.5%) in Span-

ish farms in 2012 were caused by RHDV2, and only 3 of

the 55 farms were affected by classic RHDV.

The objective of this study was to provide the first

description of sporadic cases of RHDV2 infection in EBHs

in Lombardia, northern Italy and Catalonia, north-east

Spain, using virological and pathological data from three

European brown hares found dead with EBHS-like disease.

Serosurveys of EBHs in Italy and Spain are presented to

provide an epidemiological context for these cases.

Materials and Methods

In November 2012, a wild adult hare found dead by a

hunter near Cavernago (45°38000″N 9°46000″E) in the

Province of Bergamo (Lombardy, northern Italy), was

frozen and then transferred to IZSLER for laboratory

investigations (307946/2012). In northern Italy, where

EBHS is endemic since the mid-1980s, EBH and moun-

tain hare are the only hare species present. Identification

of the individual as an adult EBH was achieved based

on phenotypic and morphological characters as well as

on the habitat type of the sampling area (plain land-

scape, 199 m.s.l.). Species identification was confirmed

through the identification of specific hare IgG from liver

extract using an in-house MAb-based anti-Ig ELISA

(Capucci, L., data not shown).
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The frozen hare carcass was thawed at IZSLER for exami-

nation. Various tissue (kidney, lung, spleen, liver, gut)

specimens were collected during necropsy for laboratory

analyses. Bacteriological cultures from all tissues were per-

formed in aerobic and anaerobic conditions on enrichment

media (blood agar – OXOID) and selective media (Gassner

Agar – OXOID), with incubation at 37° for 24 h to confirm

or discard most common bacterial infections (Pasteurella

sp., E. coli, Clostridia, Yersinia pseudotuberculosis, etc.). Par-

asitological investigations were carried out by preparing

fresh smears of the gut content and by flotation. Portions

of target organs (liver and spleen) were taken for lagovirus

testing by sandwich ELISA. However, tissues were too

autolysed for histopathological analysis.

Two adult EBHs (LE14020 and LE14021) were found

dead in late February 2014 near Orist�a (41°56004.92″N
2°03042.84″E) in Barcelona Province (Catalonia, north-

eastern Spain) and submitted to the Wildlife Diseases

Research Group (SEFaS, Veterinary School, Universitat

Aut�onoma de Barcelona) for pathological investigation.

Both animals were free-ranging wild hares from the same

geographical area, where only EBH and not Iberian hares

are present. Species identification to confirm they were

EBH was made on the basis of phenotypic characteristics

and morphometric measurements (Palacios, 1989)

(Fig. 1a).

Because necropsy findings were consistent with EBHS,

additional laboratory investigations were focused on diag-

nosis of this disease. At necropsy, tissues samples (brain,

trachea, lungs, heart, liver, spleen and kidneys) were col-

lected, fixed in 4% neutral buffered formalin and prepared

for routine microscopic examination at the Veterinary

Faculty, Universitat Aut�onoma de Barcelona in Spain.

Paraffin blocks of different organs were also sent to SVA

(National Veterinary Institute in Uppsala, Sweden) for

additional microscopic examination and polymerase chain

reaction for EBHSV. Formalin-fixed, paraffin embedded

tissues were processed routinely for microscopic examina-

tion and stained with haematoxylin and eosin.

Four 6-lm-thick sections of paraffin blocks containing

liver were processed for RNA extraction following the pro-

cedures described by Boom et al. (1990) and Gomez-

Laguna et al. (2010) with the following modifications. Dur-

ing paraffin removal, a single cycle of heating was followed

by warming at 55°C, centrifugation and then placement on

ice. Detection of EBHSV was carried out using nested RT-

PCR as described by Ros Bascu~nana et al. (1997). Briefly,

one step RT-PCR was performed using the Qiagen kit fol-

lowing the manufacturer’s instructions (PCR I) followed by

a nested PCR (PCR II). Because PCR did not detect EBHSV

but histological lesions were consistent with lagovirus infec-

tion, frozen liver samples were sent from Spain to the OIE

Reference laboratory for RHD (IZSLER; Brescia, Italy) for

further analysis.

To perform initial diagnosis of lagovirus and particularly

to establish the presence of EBHSV in the livers of the three

hares, two independent ELISA tests, both based on the use

of specific monoclonal antibodies (MAbs) produced

against RHDV, RHDVa, RHDV2 and EBHSV, were used;

that is, (i) the ‘typing ELISA’ is a sandwich ELISA employ-

ing a panel of MAbs able to identify the lagovirus species

present in the samples (RHDV or EBHSV) (Capucci et al.,

1995; McIntosh et al., 2007); and (ii) the ‘subtyping ELISA’

based on the use of a group of RHDV2 specific MAbs to

(a) (b)

(c) (d) Fig. 1. Specimen, epistaxis and macroscopic

lesions in a brown hare found dead in Barce-

lona Province, Spain. (a) One of the European

brown hares found dead in Barcelona Pro-

vince, Spain; (b) epistaxis; (c) diffuse hyper-

aemia of the tracheal mucosa and multifocal

haemorrhages in lungs (arrows); and (d) gener-

alized reticular pattern in the liver suggestive

of zonal vacuolar hepatocellular degeneration

and necrosis (pictures taken after sampling the

tissue).
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specifically identify RHDV2 (Le Gall-Recul�e et al., 2013;

Puggioni et al., 2013).

Presence of EBHSV and RHDV2 RNA was tested by RT-

PCR. Total RNA was extracted from the liver of two hares

from Spain and the one from Italy using Trizol Reagent

(Qiagen, Milan, Italy), following the manufacturer’s

instructions. One step RT-PCR was performed using the

Qiagen kit (Qiagen, Milan, Italy). Primers EBHS-148F (50-
GTTGCAGCATCTGTTGCCACTGCGG-30) and EBHS-

578R (50-TGTACACACTCACGACGAGYGTTGGG-30)
were used for EBHSV RNA detection. Primers based on the

sequences of VP60 genes of RHDV2 available in GenBank:

Fra109-F (50-ACTACTAGCGTGGTCACCACC-30) and

Fra567-R (50-TTGTTATAAACGCTCAGGACCAAC-30)
were used for RHDV2 RNA detection. The entire VP60

genes of each strain were amplified as previously described

(Le Gall-Recul�e et al., 2013) and sequenced.

To perform phylogenetic analysis, the nucleotide

sequences from the viruses in the Spanish and Italian hares

were aligned by ClustalW with the VP60 gene sequences

available in GenBank. The sequence panel included the fol-

lowing: (i) the RHDV2 strains identified, respectively, in

France in 2010, in Italy from rabbits and other hare species

in 2011–2012, and in Iberian Peninsula in 2011–2014; (ii)
G1-G6 RHDV genogroups; (iii) non-pathogenic rabbit cali-

civirus (European RCVs and RCV-A1); and (iv) the Italian

prototype strain EBHSV BS89. The neighbour-joining phy-

logenetic tree was generated using the Kimura 2-parameter

evolutionary model, implemented in MEGA 6 (Tamura

et al., 2013). Bootstrap resampling was performed on 1000

replicates.

Serological surveys were performed on sera collected

from hare population representative of those areas in

Italy and Spain where the sporadic cases of RHDV2 in

hares were detected. In particular, a total of 106 blood

samples of EBHs were collected in Spain from north–
east of Catalonia (Barcelona and Girona provinces) dur-

ing the same period (hunting season 2014) when the

two dead hares were collected. Specifically, hunters col-

lected blood samples from shot animals and sent them

to the laboratory. After centrifugation, sera were frozen

(�20°C) and then sent to the OIE reference Laboratory

for RHD where they were examined. A similar survey

was conducted in Italy on a total of 407 EBH sera col-

lected after the first occurrence of RHDV2 in Italy (June

2011) during hunting seasons 2012–2013 (n = 154) and

2013–2014 (n = 253). All of these samples were taken

from live animals caught in areas managed as ‘breeding

for restocking grounds’ (BfRG) in the provinces di Cre-

mona, Brescia and Bergamo (Lombardy, northern Italy),

close to the area where the RHDV2-positive hare was

found. In addition, we included 149 hare sera that were

collected in the same geographical area in Lombardy

(northern Italy), between 2007 and 2010 to represent

control sera collected before the first detection of

RHDV2 in Italy.

All the sera were tested in two cELISAs specific for

EBHSV and RHDV2, respectively. Methods were equivalent

to those described and used to detect anti-RHDV antibod-

ies (OIE – Rabbit haemorrhagic Disease, 2012) but

employed specific immunological reagents towards EBHSV

and RHDV2. Briefly, a hare anti-EBHSV or a rabbit anti-

RHDV2 hyperimmune serum was adsorbed to the ELISA

plates (Nunc Maxisorb) in standard carbonate buffer.

Then, each serum, tested at four dilutions starting from 1/

10 then 1/40, 1/160 and 1/640, was incubated with the

specific virus used at a dilution giving 1.0–1.2 OD492.

Finally, a specific HRP-conjugated MAb semi-quantified

the virus bound to the solid phase. A serum sample was

considered negative if its OD value at the 1/10 dilution was

higher than 85% of the OD value at the same dilution of

the negative control serum. Serum was considered doubtful

(inconclusive result) if its OD value at the 1/10 dilution

was equal to or higher than 75% of the OD value at the

same dilution of the negative control serum. A serum sam-

ple was considered positive if its OD value at the 1/10 dilu-

tion was lower than 75% of the OD value at the same

dilution of the negative control serum. The titre of a posi-

tive serum sample corresponded to the dilution causing a

40–60% reduction of the OD value of the negative control

serum.

Results

In both incidents from Italy and Spain, EBHS was initially

suspected. Macroscopic findings in the hare from Italy

included tracheal congestion, disseminated visceral haem-

orrhages, moderate splenomegaly and a discoloured and

friable liver. Hares from Spain displayed epistaxis, multifo-

cal haemorrhages in the lungs, and slightly rounded mar-

gins, pallor and generalized reticular/zonal pattern in the

liver (Fig. 1b, c, and d, respectively). In addition, no evi-

dence of other infectious causes of death, including tularae-

mia, coccidiosis and toxoplasmosis, were seen

macroscopically (both incidents) or microscopically

(Spain) and routine laboratory examinations (Italy) ruled

out the most common and typical bacterial and parasitic

infections of hares. Two different diagnostic approaches

were then taken to confirm a viral aetiology in the Italian

and Spanish incidents, respectively. Organs (liver and

spleen) from the Italian hare were immediately examined

by the double independent immunological ELISAs, whereas

the two Spanish hares were first analysed by histopathologi-

cal examination, then by an EBHS-specific PCR and finally

by the lagovirus ELISAs. Tissues from the Spanish hares

were moderately to severely autolysed, but microscopic
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examination could still detect extensive to massive hepatic

necrosis consisting of both widespread single-cell coagula-

tive necrosis and multifocal areas of lytic necrosis (Fig. 2).

Acidophilic bodies were also scattered throughout the sec-

tions. There was moderate to marked fatty degeneration of

hepatocytes, and multinucleate hepatocytes occasionally

were seen (8 per 10 high power fields). Epithelium of occa-

sional proximal tubules in the kidney was degenerate,

necrotic, and/or attenuated, and proteinaceous globules

were seen in scant tubules, consistent with acute tubular

nephrosis. Lungs were moderately to severely congested,

and the tracheal submucosa was markedly expanded by

congestion. Lesions in all described tissues were more sev-

ere in hare LE14020 than in hare LE14021. In addition,

splenic pathology was only seen in hare LE14020 and con-

sisted of moderate lymphocytolysis (necrosis) in the white

pulp and moderate to severe fibrin deposition and necrosis

in the red pulp. No significant findings were seen in the

brain, heart, skeletal muscle or reproductive organs of

either hare, but autolysis precluded detailed examination.

RT-PCR formalin-fixed, paraffin embedded tissues did not

detect EBHSV in the Spanish hares.

The results of the double independent immunological

ELISAs testing indicated the presence of a high amount of

lagovirus in all three liver samples. The lagovirus was fur-

ther identified as RHDV2, not EBHSV, in all cases. In fact,

the MAb reactivity pattern of the isolates showed the typi-

cal profile for RHDV2, being unreactive to MAbs specific

for the classical RHDV, RHDVa and EBHSV, but highly

reactive with the MAbs specific for RHDV2 (data not

shown). This antigenic pattern was almost identical to

those observed in the two previous cases of detection of

RHDV2 in Italy, respectively, in Cape hares in Sardinia

(Puggioni et al., 2013) and in Italian hares in Sicily

(Camarda et al., 2014).

The RT-PCR performed on the liver of the hare found

dead in Italy with primers specific for EBHSV was negative,

whereas the amplification with the specific primers for

RHDV2 returned one 458-bp amplicon.

The sequences of the entire VP60 gene from the two

Spanish hares had 100% nt identity, and one was submitted

to GenBank (Accession No. KT308116) together with the

sequence of the Italian hare isolate (Accession No.

KT308115). Phylogenetic analysis (Fig. 3) showed that the

three RHDV2 isolates identified in EBHs clustered together

with the previously identified RHDV2 strains, which

formed a distinct clade, separated from the RHDV and

RCV groups. The BLAST analysis of sequences (excluding

primers) revealed that the Italian RHDV2 hare strain was

97.7% (98.8% at amino acid level) identical to the VP60

gene of the Spanish one. Moreover, the Italian RHDV2 hare

strain was 97.2% (98.4% at amino acid level) identical to

the VP60 gene of the isolate Ud11 (Accession No.

JQ929052), which was the first RHDV2 identified in

farmed rabbits in Italy in mid-2011 (Le Gall-Recul�e et al.,

2013). Regarding RHDV2 strains identified in other hare

species in Italy, the Italian RHDV2_Bg12 strain of EBH

(Accession No. KT308115) was more similar to the

RHDV2_Sr12-2 strain (Accession No. KC741409), identi-

fied in the Italian hare in Sicily in the same year (98.3%

nucleotide identity and 99.6% at amino acid level) than to

the RHDV2_Vs11-2 strain (Accession No. KC345613)

found in Cape hares in Sardinia the year before (97.2%

nucleotide identity and 98.9% at amino acid level). The

VP60 gene of the Spanish RHDV2_Barcelona14 hare iso-

lates (Accession No. KT308116) was 98.6% (98.9% at

amino acid level) identical to that of isolate RHDV-N11

(Accession No KM87868), the first Spanish RHDV2/

RHDVb strain isolated in rabbits in 2011 (Dalton et al.,

2012), and belongs to the same cluster that also includes

several RHDV2 strains identified in the Iberian peninsula

in the same area and period (Abrantes et al., 2013; Dalton

et al., 2014). Additionally, because of the occurrence of

multiple recombinant events in RHDV2 strains on Iberian

Peninsula during 2012–2014 (Lopes et al., 2015), phyloge-

netic and SimPlot analyses were performed on the 1000-bp

region upstream of the recombinant breakpoint (5305nt).

The nt identity of approximately 99% with three strains

(RHDV-N11 KM87868, Zar11 KP129398 and Seg08-12

KP129396) excluded the possibility that the Spanish hare

isolate was a recombinant RHDV2 (data not shown).

The ELISA results of sera from the four different groups

of hares collected in northern Italy (Lombardy) and north-

east Spain (Catalonia), expressed as a percentage of total

Fig. 2. Microscopic lesions in the liver of a RHDV2 infected brown hare

photomicrograph of the liver from one of the European brown hares

(LE14021) found dead in Barcelona Province, Spain. Note the fatty

degeneration of hepatocytes (M arrowheads), necrotic hepatocytes ( 
thin arrows) and acidophilic bodies (⇐ broad arrows). Haematoxylin–

eosin staining, 2009 magnification.
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sera, are summarized in Fig. 4. Negative and doubtful

results were grouped together because, as often occurs with

samples collected by hunters, the quantity and quality of

the sera were poor, increasing the proportion of doubtful

results. Panels A to C report the data from the Italian hares;

sera prior to RHDV2 detection (archival sera from 2007 to

2010), and sera collected in 2012 and 2013, respectively.

The overall distribution of titres is similar but some fluctu-

ations are also evident.

Regarding EBHSV antibodies, the percentage of the neg-

ative/doubtful sera were doubled in 2012 compared to the

previous years and this was also accompanied by a decrease

of the average titre of positive sera, which were mainly dis-

tributed in the categories 1/10 and 1/20. This decreasing

trend reversed in 2013, when the percentage of positive sera

again approached that found during the period 2007–2010,
with a corresponding increase of the category of titres

between 1/40 and 1/320. Altogether the serological data,

supported by the number of EBHSV cases reported in dead

hares during the same time period from the field (data not

shown), confirmed that during the end of 2012 and 2013,

an increase of EBHSV infections occurred among hare pop-

ulations in north Italy.

Regarding the presence of RHDV 2 antibodies in the

three groups of Italian sera, we found a distribution similar

to that detected for EBHSV, but with a higher percentage

(approximately double) of negative/doubtful sera. Addi-

tionally, the average titres of RHDV2 positive sera were 4–8
times lower than those for EBHSV, especially during the

periods of higher incidence of EBHS (2007–2010 and

2013). Of note, very few sera, and only within the pre-

RHDV2 group, showed an RHDV2 titre of 1/160. However,

the corresponding titre in EBHSV of these sera were from

1/1280 to 1/2560 (RT > 4) suggesting that the competition

for RHDV2 was due to cross-reactive Ab. Using the same

approach on sera from Spain (panel D), we obtained clearly

different results: the prevalence of both EBHSV and

RHDV2 antibodies was comparable, with about half of the

sera included in the negative/doubtful category and the rest

showing titres mainly of 1/10 and in few cases ≤ 1/40.

Fig. 3. Phylogenetic analysis of VP60 sequences of RHDV2 strains identified in hares in Italy and Spain. For the phylogenetic analysis of the VP60

sequences, the neighbour-joining method was applied based on the Kimura 2 parameters using the software package MEGA6 (Tamura et al., 2013).

The European brown hare syndrome virus (EBHSV) strain BS89 (GenBank Accession No.: X98002) was used as an out-group to root the tree. Bootstrap

probability values above 70% for 1000 replicate runs are indicated at the nodes. Twenty-one selected sequences representing previously described

RHDV genogroups (G1–G6; GenBank a.n.: EF558575, Y15441, X87607, Y15426, AJ535094, AJ535092, Y15427, AJ495856, KC595270, KC345614,

Z49271, Z29514, Y15440, L48547, AF402614, U49726, M67473, U54983, Y15425, EU250330, AJ302016), the sequences of the RHDV2 isolates

identified in France (GenBank a.n.: HE819400, HE800530, HE819400), in Sardinia/Italy (GenBank Accession No.: KC345611, KC345613, JX106023,

KC345612) (2010–2012) and in the Iberian Peninsula (GenBank a.n.: KM115712, KM115713, KM115714, KM115715, KM115716, KP129397,

KM115697, KM115689) (2012–2014) have been collapsed. The accession numbers are indicated for the remaining RHDV2 sequences, including

RHDV-N11 (GenBank a.n.: KM87868), the first Spanish RHDV2 isolate; RHDV2_Sr12-2 strain (GenBank a.n.: KC741409), the isolate from Italian hares

in Sicily; and Ud11 (GenBank a.n.: JQ929052), the first RHDV2 isolated in Italy. The sequences of the Spanish (Barcelona14, GenBank a.n.: KT308116)

and Italian (Bg12, GenBank a.n.: KT308115) RHDV2 hare strains are in bold. Four sequences of European (X96868_RCV, Italy 1995;

GQ166866_MRCV, USA 2001; AM268419_RCV, France 2006) and Australian (EU871528_RCVA1) non-pathogenic RCVs were also included.
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To better analyse the serological data, we used an addi-

tional approach, based on the following knowledge: (i) as

the antigenic profile of RHDV2 and EBHSV is consistently

different (Le Gall-Recul�e et al., 2013), the sets of antibodies

induced in lagomorphs by infection with RHDV2 or

EBHSV are largely distinct; (ii) the cELISAs for the two

viruses are quite specific; in fact, when using these two

methods for testing the convalescent sera of experimentally

EBHSV-infected hares which survived the infection, the

ratio (RT) between the titres for EBHSV and RHDV2 anti-

bodies range from 16 to 128; (iii) the specificity of the two

cELISAs decreases when testing hare sera from the field,

likely because of reinfections that favour the increase of a

cross-reactive subset of antibodies due to the existence of

common epitopes, and also infection with antigenically

related viruses; (iv) the specificity of EBHSV cELISA also

decreases when titres for EBHSV antibodies range from

1/10 to 1/160, such as those mainly observed in Italy in

2012–2013. The percentage distribution of the RT values

for the 4 different groups of hare sera is reported in Fig. 5,

excluding the sera that were negative in both ELISAs, as this

would falsely increase the RT 1 class, that is sera with the

same ELISA titre for EBHSV and RHDV2. The sera of the

pre-RHDV2 group were equally divided into two main

subsets: about half with RT in the range 8–64, containing
the sera with high anti-EBHSV titre, and half with RT rang-

ing from 1 to 4, among which sera with a ratio of 1 were

only 2.5%. The distributions of the 2012 and 2013 sera par-

tially overlapped, with most sera having a ratio of 2 or 4.

The main differences between these two groups were in the

tails of the distribution: approximately 10% more sera of

the 2013 group had a RT in the range of 8–64, compared to

the 2012 group, which had an RT in the 0.5–1 range. This

difference was simply due to an increase of EBHSV cases

during 2013 (see above). Of note, in both these groups,

some sera showed an RHDV2 titre that was double that for

EBHSV (RT 0.5). The distribution of the Spanish sera was

clearly different from that of the other three groups, being

centred around RT 1, with nearly a symmetrical pattern for

RT 0.5 and 2. Three per cent of the sera (1.8% if we con-

sider all the sera tested) showed a ratio of 0.25, which was

never found in sera from Italian hares. Overall, the data

from the Spanish samples were in agreement with the epi-

demiological understanding that Spain is likely free from

EBHSV.

Discussion

The present study reports the occurrence of one and two

cases of RHDV2 infection that affected European brown

hares in Italy and Spain, respectively, causing a necrotizing

hepatitis and other macroscopic and microscopic lesions

similar to EBHS, the lagovirus disease that typically affects

this species. However, using a specific immunoenzyme

Fig. 4. Results of serological surveys per-

formed on Italian and Spanish European brown

hare sera tested for EBHSV and RHDV2. Hare

sera were tested in cELISAs for EBHSV (■ black

bars) and RHDV2 ( grey bars). Titre values are

reported as reciprocals (i.e. 20 means 1/20).

The categories of negative and doubtful sera

were grouped together. Panels summarize the

titre distributions of: (a) 149 sera collected in

northern Italy between 2007 and 2010 (pre-

RHDV2 period); (b) 154 sera collected in north-

ern Italy during 2012; (c) 253 sera collected in

northern Italy during 2013; (d). 106 sera col-

lected in Spain during the same period (2014)

and in the Barcelona Province where the two

EBHs were found dead.
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assay based on specific MAbs, and genome analysis, sam-

ples from three dead hares were found to contain the lago-

virus RHDV2.

All the affected animals were wild and came from areas

where EBH is the sole hare species present, living sympatri-

cally with either large populations of wild rabbits (Catalo-

nia, north-east Spain) or in areas with scattered

populations of wild rabbits and the presence of domestic

and rural rabbits units as well as industrial rabbit farms (Po

Valley, Lombardy, northern Italy). The main difference

between the two situations is the differing presence of

EBHS in hare populations of the respective countries.

EBHS is endemic in Italy, where EBH represents the most

widespread hare species. However, in Spain, the Iberian

hare is the more widespread species (Palomo et al., 2007)

and EBH populations are confined to the north-east of the

country. Therefore, because EBHSV has never been

detected in Iberian hares (Gort�azar C., cited by Lopes et al.,

2014), RHDV was found in just two Iberian hares in Portu-

gal between 1996 and 1998 (Lopes et al., 2014), and EBHS

was diagnosed in Spain only once (Fern�andez de Luco

et al., 2003), the Spanish EBH populations, in contrast to

those in northern Italy, must be considered most likely

completely na€ıve and fully susceptible to virulent lagovirus

infection, including EBHSV. The results of the sero-epide-

miological survey on Spanish hare sera taken in 2014 (see

below for details) showed a lack of specific EBHSV immu-

nity and thus confirmed this conclusion.

In the previous cases of RHDV2 in the two other hare

species in Italy, a common origin of infection in hares and

rabbits was concluded. For Cape hares in Sardinia, this was

based on the verified direct epidemiological connection with

RHDV2 outbreaks in rabbits (Puggioni et al., 2013); and in

the case of Italian hares in Sicily, by direct contact with

RHDV2 infected rabbits (Camarda et al., 2014), as well as

on a 100% genomic identity between viral strains found in

the two species. Conversely, in the present two incidents of

RHDV2 in EBHs in Italy and Spain, the source of infection

remains unknown and it was not possible to establish a com-

mon origin between rabbits and hares and/or to detect iden-

tical strains in the two species. However, these cases were

coincident with several RHDV2 outbreaks detected during

this period (2012–2014) in both countries among wild,

domestic and farmed rabbits, which gave rise to documented

epidemic waves of RHD (Le Gall-Recul�e et al., 2013; Dalton

et al., 2014; Lopes et al., 2015). Why sporadic cases of

RHDV2 occurred in an assumed resistant species remains

elusive. Emergence and spread of the new virus was likely

because of the full susceptibility of rabbits at the population

level and by the limited cross-protection induced by previ-

ously circulating RHDV strains. Consequently, it is feasible

that the abundant sources of virus dissemination and high

infection pressure in the environment during these epidemic

waves favoured spillover events of infection of EBHs with

RHDV2. The recent identification of RHDV in archival sam-

ples from two Iberian hares found dead in the 1990s in Por-

tugal with signs of an EBHS-like disease, further support this

explanation (Lopes et al., 2014). These two cases were

caused by RHDV G1 strains that were phylogenetically clo-

sely related to those circulating at that time and in the same

areas in rabbit populations. Similar to our cases of RHDV2

in EBHs, these cases represented occasional findings within a

sympatric lagomorph host species during an epidemic wave

of an emerging virus in rabbits, with RHDV first identified

in European rabbits in the late 1980s.

These data demonstrate that the emerging lagovirus

RHDV2 that causes RHD in rabbits could also cause spo-

radic cases of disease in the EBH, especially in areas where

the habitats of the two hosts overlap. Spillover is even more

probable where the densities of the specific host, the rabbit,

are high. This situation is more frequently observed in

Spain than in Italy. The findings of sporadic cases of

RHDV2-induced disease in EBH further confirm that barri-

ers against RHD viruses among species of the genus Lepus

are not absolute, and moreover, they also confirm that

EBHs are naturally susceptible to infection and develop-

ment of disease. However, the ability of RHDV2 to infect

Fig. 5. Distributions in percentage of ratio between EBHSV titre/

RHDV2 titre (RT value) calculated for each serum belonging to the four

epidemiological groups studied. The four curves represent the distribu-

tions in percentage of the RT values obtained by dividing the EBHSV

cELISA titre with the RHDV2 cELISA titre for each serum belonging to a

specific group. We did not include the sera that were negative to both

ELISAs, which would have abnormally increased the category RT 1. Lines

with circles (●) correspond to hare sera taken in Italy and triangles (▲)

to hare sera from Spain. Black line (—): sera belonging to the pre-

RHDV2 group taken between 2007 and 2010; dot line (. . .): sera

collected during 2012; dashed line (– –): sera collected during 2013.

Category with ratio “1” does not include the sera that were negative to

both ELISAs. In order to include in the analysis also the sera that were

negative at one cELISA but positive to the other, we attributed to nega-

tive sera the formal value of 1/5. Therefore, for a serum negative on the

RHDV2 cELISA but with a titre of 1/20 on the EBHSV cELISA we assigned

a RT value of 4.
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members of the genus Lepus may vary considerably. In the

outbreak involving Cape hares in Sardinia, a significant

number of hares and rabbits were concurrently affected by

the disease (Puggioni et al., 2013), indicating a quite high

frequency of infection of hares. In the other cases, that is

RHD in an Iberian hare (Lopes et al., 2014) and RHDV2 in

both an Italian hare (Camarda et al., 2014) and EBH (this

study), the virus spillovers to new species did not cause sev-

ere or easily detectable outbreaks, but rather only single,

sporadic infections.

Considering the relatively high circulation of RHDV2 in

rabbits throughout Europe, and the field surveillance con-

ducted in Spain and Italy where different lagomorph live

sympatrically, the few recorded cases of RHDV2 in EBH

suggest that its susceptibility is likely low, and thus, only

sporadic overt cases are expected. Similar to the two RHD

cases in Iberian hares (1996–1998; Lopes et al., 2015) that
have been the only documentation of RHDV in the genus

Lepus for over 15 years, RHDV2 has apparently not caused

epidemics in EBHs in the last 4 years. Following these two

RHDV2 cases in EBH in Spain in 2014, and considering the

reports of hunting associations reporting an important

decrease of the hare population during the last hunting sea-

son, a specific surveillance was implemented during 2015

but only detected a few more cases of RHDV2 in EBH

(Velarde, R., personal communication, 2016). Conversely,

a similar survey conducted in 2015 in France detected many

more cases of RHDV2 in EBH populations, showing a

steady circulation of the virus in these populations (Le

Gall-Recul�e, G., Guitton, J.S. and Marchandeau, S, personal

communication, 2016).

The serological survey of stocked hare sera taken from

Italian and Spanish hare populations provided an under-

standing of naturally occurring RHDV2 infection in the

field. In particular, the availability of serological data from

hare populations in Italy before the appearance of RHDV2

aided the understanding and interpretation of the final

serological data. However, the serological results should be

interpreted with caution due to the limitations of sera qual-

ity from wild animals sampled in the field. Interpretation

of results is also hampered by the level of specificity of the

RHDV2 and EBHSV cELISAs used, which is not absolute,

even though they mainly detect antibodies binding the

outer shell of the respective viruses. While sensitivity is

quite good for sera from na€ıve animals infected for the first

time with a specific virus, it decreases in cases of low

cELISA titres and in field conditions where wild lago-

morphs, and hares particularly, could be repeatedly re-

infected or infected with non-pathogenic lagoviruses that

could interfere with the serological results (Cooke et al.,

2000; McPhee et al., 2009). Despite these limitations, the

serological results suggest quite a clear epidemiological sit-

uation. In Italy, they confirm the endemic presence of

EBHS, albeit with an incidence consistently lower than

prior to 2000, when the anti-EBHSV cELISA titres were

mainly between 1/640 and 1/5120. Such values, typically

found in hares recovered from EBHS, were quite frequent

during epidemic waves of EBHS, especially in areas where

severe outbreaks occurred (Scicluna et al., 1994). Our data

also support the already observed periodic variation of the

average EBHSV titres between different years, even if

restricted to a low range of values, and confirm that, albeit

still endemic, there was a decrease of EBHS incidence in the

northern Italy in the last 10 years (Chiari et al., 2014). The

results obtained by testing the same Italian hare sera with

RHDV2 cELISA, indicated that RHDV2 was not widely dis-

tributed among hares, nor as a subclinical infection, but

sporadic cases of infection not followed by disease and/or

death could not be completely ruled out. In fact, approxi-

mately 10% of the sera from the 2012 and 2013 groups, all

with titres <1/40, showed a RT between EBHSV and

RHDV2 titres of 0.5. Thus, those hares with twice more

antibodies for RHDV2 than to EBHSV should be suspected

of being infected by RHDV2. Nevertheless, a 0.5 RT value

could also be to the result of other technical and actual fac-

tors including: (i) the reproducibility of the cELISA is

around 85–90%; that is, in case of repetition of the cELISA,

10–15% of tested sera may give a slightly different titre

from the first analysis by a factor of 2. (ii) The specificity of

the cELISAs decreases in old infections or reinfections

when titres are generally low (<1/40), due to a quite com-

plex and variable subset of serum IgG among hares. (iii)

The previous infection with a non-pathogenic (NP) lago-

virus inducing a specific subset of cross-reactive antibodies

in hare sera that, in relation to the degree of genetic correla-

tion of the NP lagovirus with EBHSV and RHDV2, inter-

fere differently with the EBHSV and RHDV2 cELISAs.

Consequently, the serological survey on hares sampled in

Italy after the appearance of RHDV2 indicated that RHDV2

was not distributed throughout the hare population, but

did not completely eliminate the possibility of sporadic

infections, which is in agreement with the occurrence of a

few cases of the EBHS-like diseases due to RHDV2 like

those described here.

With regard to the Spanish situation, the symmetrical

distribution around the value of RT 1 of sera collected from

EBH in Spain on 2014 clearly indicated the absence of

infection due to EBHSV, in agreement with the EBHS-free

status of the country. Regarding RHDV2 serology, the

results were very similar to the Italian ones, suggesting that

RHDV2 was not consistently present in the hare population

but sporadic infection could not be definitively ruled out.

Moreover, in the absence of EBHSV infection in Spain, we

found that about 40% of sera were positive in the two cELI-

SAs at very low titres. This situation is similar to that

described in wild rabbits in Australia, which was attributed
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to the endemic presence of a NP calicivirus (RCVA1)

(McPhee et al., 2009; Strive et al., 2009). This could be

indicative of the existence of a NP lagovirus in the Spanish

hare populations. Based on our serological results, this

hypothetical virus should have a unique antigenic profile

equally distant from those of EBHSV and RHDV2, and

thus, it could even be related to the non-pathogenic virus

(HaCV) that we have recently found in an EBH farm in

north Italy (Cavadini et al., 2015).

The results of this study demonstrate that the emerging

lagovirus RHDV2 can infect and cause disease in the EBH,

reinforcing the hypothesis that it is able to overcome spe-

cies barriers. More difficult to explain are the reasons for

this occurrence, how RHDV2 can overcome the species

barriers, to which extent and frequency such spillover

events occur and which factors could promote and eventu-

ally sustain the cross-infection.

The phylogenetic analysis of the complete VP60 capsid

gene of the RHDV2 Italian and Spanish strains from EBHs

revealed a high homology among them, which clustered with

all of the other RHDV2 isolates detected from RHD-infected

rabbits in the same areas and periods. Notwithstanding the

absence of relevant genomic differences, it cannot be

excluded that the capacity of this virus to infect new hosts

could be due to virus-related properties, for example a pecu-

liar capsid structure that might facilitate the attachment and/

or binding, the invasion, and/or the subsequent cellular stages

of viral cycle. As RHDV2 is an almost ‘new’ rabbit lagovirus,

and recent antigenic and genetic data indicate that the virus

is still evolving (Capucci, L., unpublished results, 2016), it

could be theoretically possible that future evolution of

RHDV2 may result in new variants with the capacity of

cross-infecting other species of lagomorphs and with the

acquisition of new ways of spreading via an expanded host

range that could eventually allow the virus to persist in envi-

ronments where wild rabbits are not present.

Other possible hypotheses, more host-related and involv-

ing the increased susceptibility of certain individuals to the

infection, also should be considered to explain the sporadic

occurrence of clinical disease caused by RHDV2 in hares.

Several studies indicate that, as for noroviruses (Tan et al.,

2004), a specific binding between lagoviruses and glycans,

particularly those of the histo-blood group antigens

(HBGAs), constituting the glycocalyx of the small intestinal

epithelial cells, is the first step of the viral infection

(Ruvoen-Clouet et al., 2000; Guillon et al., 2009; Nystr€om

et al., 2011). Because glycans can show variation within

species as well as intraspecies polymorphism, they can

surely act as the first element of a species barrier for lago-

viruses. Therefore, another explanation for the sporadic

occurrence of RHDV2-induced disease in EBH could be

linked to the presence of a minor subset of animals within

the EBH population that have a HBGAs polymorphism to

which RHDV2 can bind with a sufficient stability to allow

the progress of infection.

In addition, other factors in some circumstances could

impair the capacity of single hare individuals to naturally

resist the infection with viruses such as RHDV2. These fac-

tors could have an immune-suppressive effect and may be

the consequence of other concurrent subclinical infections,

overt diseases and parasitic infestations, or the result of

malnutrition, social competition, habitat detriment, etc.

Irrespective of whether host factors or the aetiological

agent is mainly responsible for the ability of RHDV2 to

overcome species boundaries, particular conditions, such as

direct and repeated contacts with infected rabbits and/or

high infectious doses, are likely necessary for spillover of

RHDV2 from rabbits to hares. The fact that RHDV2 has

been present in Spain and Italy since at least 2011 and it is

now the main RHDV type identified with numerous out-

breaks in different regions, including Catalonia and Lom-

bardia where the three RHDV2 positive hares were found,

that has resulted in situations of high infection pressure.

In conclusion, because we have demonstrated that

RHDV2 has the capacity also to infect EBH, even if sporad-

ically, the implementation of suitable surveillance pro-

grammes in Europe for domestic and wild lagomorph

populations is warranted. The scope should be to detect

and diagnose cases of lagovirus infection in all lagomorph

species, that is European rabbit, the different hare species

and also cottontail, and to achieve a precise genetic and

antigenic characterization of the causative strains. Such

surveillance is also necessary to define the current circula-

tion of EBHSV, as recent studies, supported by our serolog-

ical data, indicate a progressive decrease in the last years of

the number of cases of EBHS, as well as the detection of

lower titres in field collected samples and slightly lower

EBHS seroprevalences in wild hares in most European

countries (Chiari et al., 2014). Therefore, hare populations

are less protected by specific immunity and thus more

exposed to the emergence of new EBHS epidemics in the

case of viral dissemination. The field evolution and circula-

tion of lagoviruses should be strictly monitored to

promptly assess if, in particular, RHDV2 is capable of more

easily and frequently infecting other lagomorphs, such as

the EBH. This in turn might lead to a wider and more rapid

spread of RHDV2 and, at the same time, seriously threaten

vulnerable or endangered Leporidae species.
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