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Abstract

Lagoviruses belong to the Caliciviridae family. They were first recognized as highly pathogenic viruses of the European rabbit
(Oryctolagus cuniculus) and European brown hare (Lepus europaeus) that emerged in the 1970-1980s, namely, rabbit
haemorrhagic disease virus (RHDV) and European brown hare syndrome virus (EBHSV), according to the host species from
which they had been first detected. However, the diversity of lagoviruses has recently expanded to include new related
viruses with varying pathogenicity, geographic distribution and host ranges. Together with the frequent recombination
observed amongst circulating viruses, there is a clear need to establish precise guidelines for classifying and naming
lagovirus strains. Therefore, here we propose a new nomenclature based on phylogenetic relationships. In this new
nomenclature, a single species of lagovirus would be recognized and called Lagovirus europaeus. The species would be
divided into two genogroups that correspond to RHDV- and EBHSV-related viruses, respectively. Genogroups could be
subdivided into genotypes, which could themselves be subdivided into phylogenetically well-supported variants. Based on
available sequences, pairwise distance cutoffs have been defined, but with the accumulation of new sequences these cutoffs
may need to be revised. We propose that an international working group could coordinate the nomenclature of lagoviruses
and any proposals for revision.
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INTRODUCTION

The authors of this article constitute an international work-
ing group, that may be joined by other interested research-
ers, who, we suggest, should be in charge of defining the
nomenclature of lagoviruses. Lagoviruses constitute a genus
of the Caliciviridae family with viruses of this group causing
severe diseases in the European rabbit (Oryctolagus cunicu-
lus) and in several hare species (Lepus spp.). They emerged
in the late 1970s to the early 1980s when a new disease epi-
demic, European brown hare syndrome (EBHS), began to
cause death in the European brown hare population of Swe-
den [1]. Just a few years later, in 1984, a similar disease was
recorded among farmed rabbits in China from where it rap-
idly spread worldwide [2]. This disease, termed rabbit hae-
morrhagic disease (RHD), is highly contagious, fulminant
and usually fatal to infected rabbits over eight weeks old.
Both diseases are very similar, characterized by acute necro-
tizing hepatitis and haemorrhages in many organs, particu-
larly the lungs, heart and kidneys, generally associated with
disseminated intravascular coagulation. Some cases also
show tracheal congestion. The acute form of RHD involves
depression, anorexia, apathy, rapid respiration, anemia, and
some animals show signs of abdominal distress. Animals
perish after 1-3 days [3, 4]. The etiological agents of RHD,
rabbit haemorrhagic disease virus (RHDV), and of EBHS,
European brown hare syndrome virus (EBHSV), were dis-
covered in the late 1980s to the early 1990s. Both agents
were identified as small positive-sense single-stranded RNA
viruses that were quickly recognized as caliciviruses [5-11].
RHDV and EBHSV share typical features with other mem-
bers of the Caliciviridae family. Viral particles are small
(30-35nm), and icosahedral. Their genomes of about 7.4 kb
share the general organization of calicivirus genomes. They
differ by having only two ORFs since the coding region for
the capsid protein is included in ORFI1 rather than consti-
tuting a separate ORF as in other members of the family
[11, 12]. Many individual strains were later characterized
from dead rabbits or hares. In 1996, a non-pathogenic virus
related to RHDV was discovered on a farm in Italy [13].
This virus was called RCV for rabbit calicivirus, similar to

the designation first suggested for the pathogenic viruses.
Since then, several other non-pathogenic strains have been
described in wild animals either in Australasia or in Europe
[14-17]. In 1998, the first consistent antigenic variant of
RHDV, called RHDVa, was detected in Italy [18]. Then, in
2010, another distinct pathogenic variant of RHDV was
described in France and it soon appeared that this new virus
was supplanting the ‘classical’ RHDV strains in France,
Spain and Portugal [19-24].

A confused historical nomenclature of lagoviruses

The nomenclature of lagoviruses was initially based on the
associated pathogenicity and the host of the originally iden-
tified strains (RHDV, EBHSV). As new strains were discov-
ered, and based on their position in phylogenetic trees or
antigenic properties, additional qualifiers were added such
as RHDV Gl1, G2, G3, G4, G5 and G6 [25], the latter corre-
sponding to the antigenic variant RHDVa, with the letter ‘@’
standing for antigenic variant [18]. The inclusion of addi-
tional strains in phylogenetic trees revealed that the G3, G4
and G5 subcategories could no longer be distinguished [26].
The discovery of other non-pathogenic strains that followed
RCV generated the names RCV-A, with ‘A’ standing for
Australia, and recently RCV-E, with ‘E’ standing for Europe
[13, 27, 28]. Other names, such as Ashington virus or
MRCYV for Michigan rabbit calicivirus, have also been put
forward for strains of unclear pathogenicity, regardless of
their phylogenetic relationship with the other strains [29-
31]. Moreover, the new pathogenic variant that emerged in
2010 has been given different names, which has led to some
confusion in the field: at first it was named RHDV new vari-
ant or RHDVFrance2010 [19, 21, 24, 32]. Then, Dalton and
colleagues considered it as a variant, which led them to pro-
pose the name RHDVbD [24], while Le Gall-Reculé and col-
leagues considered this entity as a new virus [21], which led
them to propose the name RHDV2. Regarding EBHSV, two
major genetic groups were identified among the French
strains collected between 1989 and 2003 (G1 and G2) and
divided into some subgroups [33], whereas Swedish EBHSV
strains collected between 1982 and 2008 were divided into
two major groups (A and B), the second including the other
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European EBHSV collected since 1989 [34]. In addition,
non-pathogenic strains of lagoviruses infecting hares have
very recently been described and called HaCV for hare cali-
civiruses [35] (G. Le Gall-Reculé et al., unpublished results).
To further complicate matters, recombination between
strains occurs frequently, similar to what has been observed
for noroviruses, another genus of the Caliciviridae family
responsible for gastroenteritis in humans [36-39]. For all
these reasons it is now clear that the historically rooted
nomenclature can no longer accommodate new informa-
tion, and that the use of different names to qualify the same
entities is not tenable. A new nomenclature is therefore
urgently required. Yet, there are a number of challenges that
a sound nomenclature should be able to accommodate.

Criteria for a new nomenclature

Quite obviously, the new nomenclature should fit taxon-
omy. However, the criteria that may be used for classifica-
tion are diverse. Broadly speaking, these criteria can be
either biological or based on relationships between phyloge-
netically defined subgroups. Of note, in the Caliciviridae
family, genera are named according to variable criteria, such
as the location of first discovery (Norovirus, Sapovirus), the
host species (Lagovirus, Recovirus, Becovirus) or associated
symptoms (Vesivirus) [40]. Here we suggest that the new
nomenclature of lagoviruses should be based on phyloge-
netic criteria since there are no sound biological criteria that
can stably distinguish all taxa. Indeed, there is no reliable
cell culture system available for any lagovirus, hampering
the definition of serotypes based on neutralization assays.
Cross-protection through in vivo assays can be tested but
this is imprecise and only scant data is available [13, 14, 41].
Thus, although immune-related information is of para-
mount importance to understand virus evolution and pat-
terns of virus circulation within and between species, it
cannot be utilized in the nomenclature. Pathogenicity can-
not be a reliable criterion either since it is sometimes diffi-
cult to define [30] and may be host-dependent [42].
Likewise, the virus names should no longer be based on the
host species since species barriers appear more and more
porous within the lagomorphs and the host species of origin
have become obscure. It was originally thought that RHDV
only infected the European rabbit, and that EBHSV only
infected the European brown hare (Lepus europaeus). How-
ever, mounting evidence indicates that several lagoviruses
can cross the host-species barrier, mainly within the Lepori-
dae family (Table 1). Indeed, the ‘classical’ RHDV has been
found in Lepus granatensis [43], and the new RHDV
(RHDV2 or RHDVb) has been found in Lepus capensis,
Lepus corsicanus and recently in Lepus europaeus and Lepus
timidus [32, 44-48]. As for EBHSV, infections of other hare
species, such as Lepus corsicanus [49] and Lepus timidus
[50, 51], and also of a distantly related lagomorph species
Sylvilagus floridanus have been described [52]. In addition,
one-fifth of Eastern cottontails (Sylvilagus floridanus) freely
living in Italy were found to have low anti-RHDV antibody
titres, suggesting that these animals can be infected by either
RHDV or a related virus [52]. Sylvilagus spp. are native to
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Table 1. Documented leporid host species of pathogenic lagoviruses

RHDV (GL1*) RHDV2 (GL.2*)  EBHSV (GII*)

O. cuniculus + +

L. europaeus +t +
L. granatensis +

L. capensis

L. corsicanus + +
L. timidus +

S. floridanusk

*New suggested nomenclature of viruses.

+45-47].

fIn Italy, 15-20% of wild animals were reported to have low anti-
RHDV antibody titres, suggesting infection by a related lagovirus (non-
pathogenic?).

the Americas and a hypothesis has been put forward sug-
gesting new world lagomorphs as the origin of the virulent
lagoviruses, as their introduction into Europe [53] co-
incided with the appearance of RHDV and EBHSV [54]. A
second hypothesis suggests that virulent forms of RHDV
may have evolved by mutations from non-pathogenic RCV-
like viruses. In addition, recent data indicate that RHDV
can be detected in non-lagomorph species. Indeed, Merchan
et al. detected RHDV RNA in mice sympatric to the Euro-
pean rabbit in south-western Spain [55], and in wild mice
species (Mus spretus and Apodemus sylvaticus) exposed to
infected rabbits under laboratory conditions, suggesting
environmental exposure of mice to RHDV, although cross-
species transmission was not proven conclusively [56].

A phylogenetically based new nomenclature

For all these reasons, biological criteria cannot be used as a
basis for the new classification of lagoviruses. Therefore, we
contend that a new nomenclature should be based on phy-
logeny and genetic distances, and should be consistent with
previously established nomenclatures accepted for similar
viruses. The new nomenclature should be robust to the dis-
covery of new viruses, regardless of both their host species
and their pathogenicity. In addition, any nomenclature
should make suitable provision for recombinant viruses,
which raises a major difficulty. Recombinants within the
capsid gene have been described between RHDV strains
[36, 37, 39]. Yet, multiple recombination events between the
region coding for the structural and the nonstructural pro-
teins were recently reported [17, 38]. This has also been
observed frequently for noroviruses and the present nomen-
clature system used for these viruses accommodates this
type of recombinant [57].

From the above considerations and the available phyloge-
netic data for lagoviruses, we propose the taxa organization
described in Fig. 1. Since the vast majority of available
sequences correspond to the major capsid protein (VP60),
taxa organization will be based on major lineages identified
in robust phylogenies obtained from alignments of full-
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length VP60 gene sequences produced using a maximum-
likelihood framework (Fig. 2). Phylogenetic groups on
which nomenclature is based should be well-supported,
with bootstrap values >70 (1000 bootstrap replicates). Suit-
able minimal and maximal distances used to support phy-
logeny-based classification will need to be defined, which
should be compatible with distances defined for norovi-
ruses. Genetic distances within both the noroviruses and
lagoviruses indicate that the proposal should be robust
enough to accommodate even genetically quite diverse puta-
tive new members of the Caliciviridae family.

We propose to classify the taxa according to four primary
criteria:

(1) Within the Caliciviridae family, viruses that infect
lagomorph species and belong to the Lagovirus genus,
including all presently known lagoviruses should
belong to a single species. The initial subdivision into
two species was based on the clear-cut host-species
demarcation between RHDV and EBHSV. As dis-
cussed above demarcation is largely blurred and co-

infection of hares by the new RHDV variant and
EBHSV is becoming likely, making the generation of
recombinants plausible. In addition, two species
(RHDV and EBHSV) would not be consistent with
the criteria used within the Caliciviridae family as the
level of sequence divergence between lagoviruses is far
lower than that observed in either noroviruses or vesi-
viruses. Indeed, the level of genetic similarity between
RHDV and EBHSV is ~70 % at the nucleotide level
for the VP60 protein gene. Until recently, all norovi-
ruses were considered as a single species, although
Kroneman et al. recently suggested the existence of
several species, since GI and GII noroviruses only
have about 40 % sequence similarity [57]. To be con-
sistent within the Caliciviridae family and to accom-
modate the now plausible event of recombinations
between them, RHDV and EBHSV should therefore
belong to the same virus species. Accordingly, the
genus name should remain Lagovirus. The proposed
species name is an historical reminder of the place of
initial discovery of the virus. Although EBHS was

Caliciviridae Family
Norovirus Vesivirus Sapovirus Lagovirus Recovirus Becovirus Genus
\ Recovirus
Europaeus Species
Gl (RHDVs and RCVs) Gl (EBHSV and HaCV) Genogroup
>15% | |
GI.1 Gl.2 Gl.3 Gl4 Gll.1 Gll.2? Genotype
(RHDV) (RHDV2/b) (RCV-E1) (RCV-A1) (EBHSV) (HaCV)
6% | (RCV-E2) |
Gl.1a Gl.1b Gl.1c Gll.1b Gll.1c Variant
(G6/RHDVa) (G1) (G2) (G1/group A) (G1.3/group B) (G2/group B)

Comprehensive name: Lagovirus europaeus/Gl.1d/O cun/FR/2003/03-24

Common name: Gl.7d_RHDV_03-24

Fig. 1. Proposed taxa organization of the Lagovirus genus within the Caliciviridae family. Recognized entities are in black print, whilst
potential new groups, yet to be discovered, are indicated in light grey with a question mark. The GII.2 genotype is denoted with a ques-
tion mark since it is still based on a single available VP60 sequence. Lagovirus europaeus constitutes the single species of known lago-
viruses. It contains two genogroups that can be subdivided into genotypes, further subdivided into variants. Genogroups are denoted
with roman numerals, genotypes with arabic numerals and variants with letters. The minimal genetic distances required to distinguish
genotypes and variants are indicated as percentages. Current nomenclature is shown in parentheses. The proposed comprehensive

and common names of one strain taken as an example (circle) are indicated.
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100 (RCV-ET) | Gla
100 GQ166866_MRCV_USA_2001
190|(RHDV2/RHDVb) | Gl2
Gl.4a (RCV-A1 (1))
PLR56/08-84
X357707_NZ, 425A/2013
Gl4b (RCV-A1 (2)) Gl4

00

100 Gll.1a (EBHSV (1))
945 Gil.1c (EBHSV (2))
100 100,
GIL.1b (EBHSV (3))
KJ679557_V117_Sweden_1998
e
KJ679556_V24_Sweden_1998

AJ971304_E0251_France_2002

74.2

AJO71301_i0252_France_2002
U09199_Germany_1989
X98002_BS89_ltaly_1989
KJ923230_taly_1992 Gll.1

KJ679550_V871_Sweden_1993

716
K1679551_V912_Sweden_1993

75.0
99.9 KJ679551_V912_Sweden_1993

73, KJ6779555_V212_Sweden_1996
KJ679546_V1466_Sweden_1988
KJ679548_V1571_Sweden_1988
L KJ679554_V961_Sweden_1994
_Ezgaezo,EEHsv,Franceg 989
KJ679553_V58_Seeden_1994

KR230102_HaCV_Rovato_ltaly_2012

| (GI1.27)

Fig. 2. Maximume-likelihood (ML) phylogenetic tree of the Lagovirus europaeus species. The tree was inferred using all published VP60
coding sequences (N=569, 1743 nucleotides) in MEGA6 [62] with the nucleotide substitution model GTR+G+|, partial deletion (95 % site
coverage) for gaps/missing data, and 1000 bootstrap replicates (only bootstrap values>70 are shown). Current names are shown
beside each cluster in parentheses. The proposed new nomenclature is shown on the right-hand side and on each branch for the var-
iants within genotypes. Due to a lack of sequences in some clusters, several strains remain unclassified (and are either noted with a
question mark or unclassified, see Table 2). Accession numbers of all sequences used to build the tree are given in Table S1 (available

in the online Supplementary Material).

)

A3)

described before RHD, RHDV was characterized
before EBHSV. RHDV was correctly characterized as
a calicivirus nearly simultaneously by several teams
from Czech Republic, Spain, Italy and Germany
between 1989 and 1990 [5, 6, 9, 58-60]. Thus, we pro-
pose that the species name should become Lagovirus
europaeus. This will allow for accommodation of
other species of lagoviruses that may exist either
within other leporids or within other lagomorphs
such as Ochotonidae. It should be clear that the spe-
cies name europaeus is a reminder of the place where
the presently known viruses were first correctly char-
acterized as caliciviruses and not the geographic origin
of the virus.

Within this virus species (Lagovirus europaeus), there
would be two genogroups recognized at this time. The
first would correspond to those viruses related to
RHDV, while the second would correspond to viruses
related to EBHSV. The genogroups would be called
GI and GII, respectively.

Phylogenetic analyses strongly support a further sub-
division within the genogroup 1 (RHDV-related
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viruses), defining genotypes. To define a genotype, we
suggest that the genetic distance between two phyloge-
netic groups should be at least 15 %, with these geno-
types characterized by a numeral such as GI.1, GI.2,
etc. We are aware that cutoffs based on genetic distan-
ces may need revision upon addition of new sequen-
ces and can create incompatibilities with the
phylogenetic tree because of potential differences
within clusters arising from different rates of evolu-
tion. That should be controlled when additional phy-
logenetic groups (novel genotypes) are defined upon
acquisition of new sequences. Based on this criterion,
within GII (EBHSV-related viruses) there appears to
be one valid genotype at present (GIL.1) and a puta-
tive new genotype (GIL2) presently based on one
sequence only. The initial name for this new virus was
HaCV [35]. Kroneman et al. proposed a statistically
based criterion to distinguish norovirus genotypes
where the average distance between all sequences
within a newly identified genotype and its nearest
established genotype should not overlap within 2 stan-
dard deviations of each other [57]. As shown on Fig.
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Table 2. Nomenclature concordance

Current names

New phylogenetically derived names*,t

Proposed common names

RHDVa

RHDV G6

RHDV G1

RHDV G2

RHDV G3/G4/G5

RHDV2

RHDVb

RCV

MCRV

Ashington

RCV-E1 or laboratory strain number i.e. 06-11
RCV-A1(1,2)$

RCV-A1(3,4)

RCV-A1(5,6)

RCV-E2 or laboratory strain number i.e. B09
EBHSV group A||

EBHSV group B||, G1.3¢

EBHSV group B||, G2¢

HaCVv

Lagovirus europaeus/GlL.1a/....

Lagovirus europaeus/GL1b/....
Lagovirus europaeus/GL1c/....
Lagovirus europaeus/GL1d/....

Lagovirus europaeus/GL.2/....

Unclassified#

Lagovirus europaeus/GL3/....

Lagovirus europaeus/GL.4/....

Lagovirus europaeus/GL4d/....

Lagovirus europaeus/GIL1a/....
Lagovirus europaeus/GIL1b/....
Lagovirus europaeus/GIl.1c/....
Unclassified

GL1a/RHDVa

GL1b/RHDV
GIL.1¢/RHDV
GIL.1d/RHDV
GL2/RHDV2/b

RCV

MRCV
Ashington
GI.3/RCV
GlL4a/RCV
GIL4b/RCV
GIL.4c/RCV
GIL4d/RCV
GIIL.1a/EBHSV
GIL.1b/EBHSV
GIL1c/EBHSV
GIL.2/HaCV?

*Comprehensive names as described in the text and in Fig. 1.

tNew groups within each taxonomic subdivision will be incremented by order of discovery, i.e. Glll, GL.6, GIl.2, Gl.Te, ...

1This group of strains retains current names until acquisition of a sufficient number of strains that will allow inclusion in a phylogenetically sup-

ported new subgroup.

§RCV-A1 subtypes 1-6 refer to the variants described in Jahnke et al. [63].

||According to Lopes et al. [34].
ISubgroup name proposed in Le Gall-Reculé et al. [33].

S1, all our proposed genotypes fulfilled that 2xSD cri-
terion, indicating that they can be included in a con-
sistent classification of the entire Calicivirus family.
Well-supported subgroups within genotypes may be
considered as variants defined by a letter, such as
GI.1a. Pairwise genetic distances of at least 6 %
between subgroups accounts for all presently known
subgroups defined in Fig. 2.

(4) Finally, it should also be acknowledged that some
individual sequences quite diverse from all other
sequences in phylogenetic trees may correspond to
new genogroups, new genotypes or new variants.
However, these should be designated only when at
least three independent strains that are not directly
linked (i.e. through the same outbreak) will be avail-
able. Until then, they should remain unassigned.

With these taxonomic considerations, we propose a two-tier
nomenclature. First, there is the need for comprehensive
full-length virus names in order to avoid any confusion
(complicated, but phylogenetically sound) and second, there
remains a need for simpler common names for ease of
communication.

The comprehensive names should be based on what has
been implemented for noroviruses, picornaviruses and other
viruses. It should not contain information regarding patho-
genicity since that may not necessarily match phylogenetic
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relationships. In addition, we should anticipate species-bar-
rier crossings that may result in widely different pathogenic-
ity depending on the host.

GenBank records should have the genus and species name
in the *Organism’ field:

Lagovirus europaeus

The strain name should be written as follows:

e Genogroup, genotype (i.e. GL1).

o The species from which the virus was first detected
should be given and it should be the Latin name to
avoid species confusion. Thus O cun stands for Orycto-
lagus cuniculus, L eur for Lepus europaeus, L gra for
Lepus granatensis, S flo for Sylvilagus floridanus, etc.

o The country where the viral sequence was obtained
should be mentioned in an abbreviated form using ISO
codes (www.iso.org/iso/home.html), i.e. FR for France,
PT for Portugal, IT for Italy, ES for Spain, DE for Ger-
many, AUS for Australia, etc.

» The year of isolation should follow.

e Finally, it would be terminated by the identification of
the strain from the laboratory that submitted it.

An example of a full name for a lagovirus would thus be as
follows:

Lagovirus europaeus/GI.1d/O cun/FR/2003/03-24


http://www.iso.org/iso/home.html
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We propose that this comprehensive name should be given
in the materials and methods sections of articles and for
sequences deposited in data banks. Nevertheless, as noted
by Kuhn et al. [61], a short common name could be used
further in the text for convenience. In the above example, it
would be GI.1d/03-24, indicating the genotype and strain.
Here the variant denomination (d) has been introduced for
convenience. Yet, as discussed above, this taxonomic level is
strongly subject to modification upon discovery of new
sequences. Taking into account non-virologist stakeholders,
such as farmers, hunters and wildlife managers requires that
common names relate as easily as possible with current
names to facilitate transition. Thus, the common name may
include a historical reminder. In the above example, it could
be GL.1d/RHDV, corresponding to a generic name for a var-
iant, not for a strain. For new variants that will not corre-
spond to any of the historical names, the new short
nomenclature followed by the first place of isolation could
be used: for example GL.6/Porto. A table of correspondence
between current names and the proposed new nomencla-
ture is given in Table 2.

In addition, recombinants must be considered. Most recom-
bination events between noroviruses occur between the
polymerase and the capsid coding regions and this has also
been observed in the Lagovirus genus [38]. Similar to the
proposal of Kroneman et al. [57], identification of the
recombinants may appear in the full name as follows for
example:

e Lagovirus europaeus/GL.3P-GI.1a/O cun/FR/2005/05-12,
indicating a recombinant between a GL.3 and a Gl.1a
strain; P standing for polymerase.

Since recombinants within the VP60 sequence have been
described [36, 37, 39], it will have to be seen how this affects
classification on a case-by-case basis before deciding on
how that should be taken into account in the nomenclature.

In conclusion, we have defined here a new classification and
nomenclature system for lagoviruses based on phylogeny,
which sets guidelines for the field. The lagovirus working
group will periodically monitor new sequences submitted to
the public domain that may impose modifications of the
minimal and maximal distances between phylogenetic levels
or the addition (or removal) of taxa. The working group
should also communicate the agreed nomenclature changes
when necessary.
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