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ABSTRACT Rabbit hemorrhagic disease virus 2 (RHDV2; Lagovirus Gl.2) is a patho-
genic calicivirus that affects European rabbits (Oryctolagus cuniculus) and various
hare (Lepus) species. Gl.2 was first detected in France in 2010 and subsequently
caused epidemics in wild and domestic lagomorph populations throughout Europe.
In May 2015, GI.2 was detected in Australia. Within 18 months of its initial detection,
Gl.2 had spread to all Australian states and territories and rapidly became the domi-
nant circulating strain, replacing Rabbit hemorrhagic disease virus (RHDV/GI.1) in
mainland Australia. Reconstruction of the evolutionary history of 127 Australian GI.2
isolates revealed that the virus arrived in Australia at least several months before its
initial description and likely circulated unnoticed in wild rabbit populations in the
east of the continent prior to its detection. Gl.2 sequences isolated from five hares
clustered with sequences from sympatric rabbit populations sampled contemporane-
ously, indicating multiple spillover events into hares rather than an adaptation of
the Australian Gl.2 to a new host. Since the presence of Gl.2 in Australia may have
wide-ranging consequences for rabbit biocontrol, particularly with the release of the
novel biocontrol agent Gl.1a/RHDVa-K5 in March 2017, ongoing surveillance is criti-
cal to understanding the interactions of the various lagoviruses in Australia and their
impact on host populations.

IMPORTANCE This study describes the spread and distribution of Rabbit hemor-
rhagic disease virus 2 (Gl.2) in Australia since its first detection in May 2015. Within
the first 18 months following its detection, RHDV2 spread from east to west across
the continent and became the dominant strain in all mainland states of Australia.
This has important implications for pest animal management and for owners of pet
and farmed rabbits, as there currently is no effective vaccine available in Australia
for GL.2. The closely related RHDV (Gl.1) is used to control overabundant wild rab-
bits, a serious environmental and agricultural pest in this country, and it is currently
unclear how the widespread circulation of Gl.2 will impact ongoing targeted wild
rabbit management operations.
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abbit hemorrhagic disease virus 2 (RHDV2) is a calicivirus that causes rabbit hem-

orrhagic disease (RHD), characterized by necrotizing hepatitis with a high case
fatality rate in European rabbits (Oryctolagus cuniculus) (1, 2). Under the newly pro-
posed nomenclature, RHDV2 belongs to the genus Lagovirus, genotype Gl.2 (3). GI.2
was first detected in France in 2010 (1) and subsequently spread rapidly throughout
Europe (4-11). It was detected in Australia in 2015 (12), and outbreaks have also been
reported from Benin in 2015 and Canada in 2016 (13, 14). Gl.2 is now considered to be
endemic to Europe, where it appears to be replacing classical Rabbit hemorrhagic
disease virus (RHDV; Lagovirus Gl.1) in some regions (5, 6, 15).

In susceptible adult rabbits, Gl.2 causes a fulminant hepatitis similar to that of Gl.1
(1). The genomes of these viruses are similarly arranged in two open reading frames
(ORFs). ORF1 encodes the nonstructural proteins, including the RNA-dependent RNA
polymerase (RdRp), and the major capsid protein, VP60 (16). The second ORF encodes
a minor structural protein, VP10 (16). Despite these similarities, Gl.2 is genetically and
antigenically distinct from GI.1 (5). While infection with Gl.1 is widely considered to be
restricted to European rabbits (Oryctolagus cuniculus), Gl.2 also has been detected in
multiple hare species, including Italian hares (Lepus corsicanus), Sardinian cape hares
(Lepus capensis mediterraneus), and European brown hares (Lepus europaeus) (2, 17-19).
Additionally, GI.2 is able to cause disease in rabbit kittens as young as 11 days old,
which are normally highly resistant to clinical Gl.1 infection, as well as in Gl.1-vaccinated
rabbits and in rabbits with natural immunity to GI.1 viruses (1, 8, 20), although
cross-reactive antigenic determinants have been identified between Gl.1 and Gl.2
viruses (5, 18). These features may partially explain why GI.2 has spread so efficiently in
Europe.

In May 2015, a Gl.2 variant was detected in Australia (12). This variant was closely
related to recombinant viruses circulating in Portugal and the Azores (11, 21) and
comprised a Gl.2 capsid gene with Gl.1b (RHDV G1) nonstructural genes (known as
Gl.1bP-Gl.2 under the new nomenclature) (3, 12). Prior to this detection, the only
pathogenic rabbit caliciviruses present in Australia were Gl.1c (RHDV G2s), descended
from the Czech V351 virus released for biocontrol purposes in 1995, and a Gl.1a
(RHDVa) virus, termed Gl.1a-Aus, a recent incursion that was limited to the east coast
(Table 1 provides a summary of viral variants) (3, 23, 31, 32). Notably, an additional Gl.1a
virus, Gl.1a-K5, was released nationwide in March 2017 for ongoing control of wild
rabbit populations (33), and a benign lagovirus, Gl.4, has also been circulating in
Australia for many years (27, 34). In light of ongoing rabbit management operations,
it is important to understand the spread and distribution of Gl.2, as it is currently
unclear if and how the increasing genetic diversity of circulating field strains will impact
RHD-mediated rabbit biocontrol in Australia. Such studies will also help to better
understand the risks to nontarget rabbit populations, such as pet and farmed rabbits,
for which an effective vaccine is available to cover GI.1 strains but not Gl.2.

RESULTS

Between May 2015 and October 2016, pathogenic lagoviruses (Gl.1, Gl.1a, or Gl.2)
were detected in 248 cases of lagomorph mortalities in Australia (Table 2 and Fig. 1) in
animals ranging from 2 weeks old to mature adults. Multiple samples from the same
location within a 2-week period were defined as one case, with one to six samples
submitted per case. Sampling was both temporally and spatially biased, dependent on
the willingness of rabbit owners and those interested in invasive pest management to
participate in collection and submission of samples from wild lagomorphs. A patho-
genic lagovirus was detected in 94 cases involving domestic rabbits, 132 cases involv-
ing wild rabbits, and five cases involving wild European brown hares (Lepus europaeus).
For 17 cases, the source of the sample (i.e., wild or domestic rabbit) was not disclosed.
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TABLE 2 Summary of samples tested for pathogenic lagoviruses in Australia from May
2015 to October 2016

No. of cases per state and territory?

Sample and genotype ACT NSW NT QLD SA TAS VIC WA  Total

Wild rabbit
Gl.2 10 18 0 2 51 0 8 18 107
Gl.1 2 1 0 0 19 1 1 1 25
Gl.Ta-Aus 0 0 0 0 0 0 0 0 0
Mixed® 0 0 0 0 0 0 0 0 0
Negative 5 8 0 4 23 0 3 7 46
Domestic rabbit
Gl.2 5 22 1 0 23 1 16 13 81
Gl.1 0 1 0 0 6 2 0 1 10
Gl.Ta-Aus 0 2 0 0 0 0 0 0 2
Mixed 0 0 0 0 0 0 1 0 1
Negative 2 25 0 0 1 5 8 0 14
Unknown
Gl.2 0 7 1 0 0 0 3 0 1
Gl.1 0 0 0 0 5 0 0 0 5
Gl.Ta-Aus 0 0 0 0 0 0 0 0 0
Mixed 0 1 0 0 0 0 0 0 1
Negative 0 2 0 0 2 0 1 0 4
Hare
Gl.2 0 0 0 0 4 0 1 0 5
Negative 2 1 0 0 4 0 0 0 7
Total 17 52 2 2 108 4 30 33

aAbbreviations for Australian states and territories: ACT, Australian Capital Territory; NSW, New South Wales;
NT, Northern Territory; QLD, Queensland; SA, South Australia; TAS, Tasmania; VIC, Victoria; WA, Western
Australia.

bMixed infections in all cases were Gl.1 and Gl.2 coinfections.

Gl.2 was detected in 201 of the 243 total positive cases in rabbits: 15 in the
Australian Capital Territory (ACT), 48 in New South Wales (NSW; one as a mixed
infection with Gl.1), 2 in the Northern Territory (NT), 2 in Queensland (QLD), 74 in South
Australia (SA), 1 in Tasmania (TAS), 28 in Victoria (VIC; one as a mixed infection with
Gl.1), and 31 in Western Australia (WA) (Table 2). An additional five GIl.2 cases were
detected in European brown hares, as reported previously (17).

Gl.2 spread rapidly across Australia. Surveillance efforts were increased following the
initial detection in the ACT in May 2015, and the virus was subsequently detected in
NSW in August 2015, VIC in October 2015, SA and the NT in December 2015, TAS in
April 2016, WA in August 2016, and QLD in October 2016 (Fig. 1). In contrast to the high
detection rate of Gl.2, classical GI.1 was detected in only 40 cases during the same
sampling period: two in the ACT in June and August 2015, two in NSW in May and
October 2015, 30 in SA between June 2015 and May 2016, three in TAS from June to
October 2016, one on Phillip Island in VIC in August 2016, and two in WA from May to
July 2016, before the first detection of Gl.2 in that state (Table 2, Fig. 1 and 2). Gl.1a-Aus
(23) was detected twice during the sampling period, in September and December 2015
in NSW (Fig. 1 and 2). GI.2 comprised the majority of detections during the study period
in all states except Tasmania.

Of the 81 cases in domestic rabbits that tested positive for Gl.2, 15 were reported in
rabbits previously vaccinated with the inactivated Gl.1 vaccine Cylap RCD (Zoetis
Australia), although information regarding the time since last vaccination was not
always available. In 15 cases, rabbits were unvaccinated. The vaccination status was
unknown for the remaining 51 cases, and sera were not available for antibody
screening.

The full genomes of 139 viruses detected during May 2015 to October 2016 were
sequenced for further analyses. Prior to sequencing, real-time reverse transcription-PCR
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FIG 1 Pathogenic lagovirus detections in Australia between May 2015 and October 2016. Sites where Gl.1 (red triangles), GI.2 (blue circles),
and Gl.1a-Aus (green squares) were detected are indicated on the map separated into 3-month periods. Filled points indicate
detections that were within the respective 3-month period, while hollow points indicate previous detections.
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FIG 2 Proportional detections of Gl.1, GI.2, Gl.1a-Aus, and mixed infections. Detections of each virus are
presented as a proportion (y axis) of total cases per month (x axis) between May 2015 and October 2016.

was performed to quantify virus load in these samples. The average (geometric mean)
viral load in the livers of Gl.2-infected rabbits (3 X 108 capsid copies per mg of tissue)
was comparable to that observed in Gl.1-infected rabbit livers (2 X 108 capsid copies
per mg of tissue). Initial genotyping was confirmed by full genome sequencing in all
cases. We also explored the deep-sequencing data for evidence of additional mixed
infections using an interpretative cutoff of 1%. No cases of mixed infections were
detected among the full genomes sequenced.

Phylogenetic analyses revealed that classical GI.1 samples clustered with previously
published Australian GI.1 sequences, with the WA samples clustering distinctly from
those collected in eastern states (VIC, ACT, and NSW) (Fig. 3). One Gl.1a-Aus virus from
this sampling period was sequenced, and it clustered closely with previously published
Australian Gl.1a sequences in both the structural and nonstructural gene phylogenies
(Fig. 3) (23). The Australian Gl.2 sequences formed a monophyletic group in the
nonstructural gene phylogeny, clustering closely with European GI.1bP-Gl.2 sequences
(Fig. 3A). In the structural gene phylogeny, all GI.2 sequences clustered together (Fig.
3B). The European Gl.2 samples formed a single clade that clustered within the
Australian sequences, although bootstrap support for branching within the GI.2 clade
of the structural genes tree was very low (data not shown), likely due in part to the
rapid spread and evolution of this virus. As with the previously characterized Australian
Gl.2 sequence (12), the GI.2 samples sequenced here were all recombinant viruses with
structural genes of Gl.2 and nonstructural genes related to Gl.1b viruses (Gl.1bP-Gl.2)
(Fig. 3A and B).

The Australian GI.2 genome sequences had an average nucleotide identity of 98.4%,
with the two most divergent sequences sharing 97.4% nucleotide identity. Group-
defining sites, classified here as nonsynonymous mutations shared by =80% of all
isolates within a distinct phylogenetic group (maintained across both structural and
nonstructural phylogenies), were detected in all nonstructural and structural protein-
coding regions (Table 3 and Fig. 4). The highest number of group-defining sites in
Australian GI.2 strains was detected in the VP60 capsid protein, specifically in the P2
subdomain, the outermost part of the protruding domain.

The evolutionary history of the Australian GI.2 samples was further explored using
a time-scaled phylogenetic analysis (Fig. 4). The results indicate that, based on the
sampled Gl.2 sequences, the incursion most likely occurred in NSW (posterior proba-
bility, >0.85) (Fig. 4) in early 2014 (95% highest posterior density, November 2013 to
July 2014), although this inference may change with denser sampling. This result
strongly suggests that BIMt-1 (GenBank accession no. KT280060), the initial GI.2 virus
detected in Australia in May 2015 (12) was not the index case in Australia and that Gl.2
had been circulating in the country for some time prior to its first detection in the ACT.
This is further supported by the distance of BIMt-1 from the root of the tree (Fig. 4). It
is certainly conceivable that early Gl.2 infections were misdiagnosed as Gl.1 based on
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FIG 3 Phylogenies of the nonstructural and structural genes of Australian and global lagoviruses. Maximum likelihood phylogenies of the nonstructural genes
(n = 184) (A) and structural genes (VP60 and VP10; n = 184) (B) were inferred using the newly sequenced Australian lagovirus strains (shown in boldface) and
representative published sequences. The Australian GI.2 clades are collapsed due to their large size. The accession numbers of published sequences are
indicated in the taxon names. The species from which the virus was collected is indicated in the taxon names of newly sequenced samples (O. cun., Oryctolagus
cuniculus), and collections from wild animals are indicated by an asterisk next to the species name. The genotype of each cluster is indicated by colored boxes:
Gl.1, blue; Gl.2, red; Gl.4, green. To illustrate recombinant strains, the taxon labels are colored according to their structural gene genotype. Taxon label coloring
that does not match the colored boxes indicates recombination. Phylogenies were rooted using an early European EBHSV isolate (not shown), and the scale
bar is proportional to the number of nucleotide substitutions per site. Bootstrap support values are shown for the major nodes.

gross pathology. Clinically, GI.1 and Gl.2 infections are indistinguishable, such that
molecular typing methods are required to differentiate these viruses. Limited
surveillance for RHD was being conducted prior to 2015, with an average of 80
samples being tested annually over the preceding 5 years, although this was heavily
biased toward domestic rabbits in NSW and wild rabbits in SA. However, since
previous diagnostic testing was specific for GI.1, Gl.2 infections would have been
reported as negative.

The time-structured phylogeny of Gl.2 sequences showed some degree of geo-
graphical clustering, with the WA sequences forming a distinct group (Fig. 4). Although
the majority of the SA sequences clustered within two groups, samples from the
eastern states (VIC, TAS, NSW, and ACT) were dispersed throughout multiple clades (Fig.
4), indicating a variable degree of interconnectedness of viruses between these states.
The two isolates from the NT did not cluster together, suggesting multiple introduc-
tions of Gl.2 into this region (Fig. 4). Indeed, the phylogenetic analysis reveals multiple
reintroductions of Gl.2 into most states (Fig. 4). The GI.2 sequences collected from hares
did not form a separate clade; rather, they clustered with virus sequences collected
from sympatric rabbit populations (Fig. 4). The viruses sampled here were estimated to
1073 substitutions per site per year (95% highest posterior density
intervals of 4.8 X 1073 to 6.5 X 1073).

evolve at 5.7 X
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FIG 4 Inference of the evolutionary history of Australian GI.1bP-GI.2 samples. A Bayesian MCMC time-scaled phylogenetic tree was constructed from 133
GL.1bP-GI.2 nonstructural gene sequences using a relaxed molecular clock (UCLD) and the GMRF Bayesian skyride model of population growth. Circles at tips
are color coded to indicate the Australian state from which the virus was collected. ACT, Australian Capital Territory; NSW, New South Wales; NT, Northern
Territory; SA, South Australia; TAS, Tasmania; VIC, Victoria; WA, Western Australia. A selection of representative European Gl.1bP-Gl.2 sequences (EUR) were also
included. Circles at the nodes are colored according to their most likely location, as estimated by ancestral state reconstruction. The size of the circles at the
node represents the posterior probability that the ancestor occurred in that state, where larger circles represent a higher probability. The taxon name of BIMt-1,
the first GI.2 detected in Australia, is highlighted in pale red. The taxon name of viruses isolated from hares are boldfaced. The time to most recent common
ancestor is indicated at major nodes (year/month). The accession numbers of sequences obtained from GenBank are included in the taxon names. The species
from which the virus was collected is indicated in the taxon name of newly sequenced samples (O. cun, Oryctolagus cuniculus; L. eur, Lepus europaeus). Samples
from wild animals are indicated by an asterisk next to the species name. The scale bar is proportional to time in years. Clades and subclades have been defined

arbitrarily for reference to Table 3.

DISCUSSION

Gl.2 spread rapidly across Australia, being detected in all states and territories and
covering a distance of approximately 3,500 km within 18 months of its initial detection
in May 2015. We were unable to estimate the precise rate of Gl.2 spread through
Australia because of a lack of systematic surveillance and the unknown origin of the
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virus. The dissemination of Gl.2 from Europe to geographically isolated locations, such
as Canada, Benin, the United Kingdom, the Canary Islands, the Azores, and Australia,
highlights the pandemic potential of this virus. Given the stability of caliciviruses in the
environment, their efficient transmission, the susceptibility of Australia’s rabbit popu-
lation to Gl.2, and the high viral burden present in infected rabbits, GI.2 spread to
Australia was probably inevitable. In contrast, the immunological cross-protection
between Gl.1 strains would limit their dissemination after an incursion, as was observed
with Gl.1a-Aus, while the competitive advantages of Gl.2 allowed this epidemic to
develop (23).

During the study period, Gl.2 comprised the majority of all pathogenic lagovirus
detections in all states except TAS, suggesting it is replacing previously circulating
classical Gl.1 and Gl.1a-Aus viruses on the Australian mainland, as has been reported in
Europe (5, 6, 15). Although sampling efforts prior to May 2015 were sporadic, the Gl.2
infections occurred instead of, and in addition to, the expected deaths from GI.1.
Perhaps the clearest indication of this is seen in the SA data, since sampling efforts were
increased in anticipation of the arrival of Gl.2, which reached SA in December 2015.
From May 2015 to November 2015, 25 cases of Gl.1 infection were detected in SA.
Thereafter, from December 2015 to October 2016, there were only four cases of Gl.1
infection, while 78 cases of GI.2 infection were detected. Based on these data, the Gl.2
infection rate was higher than would have been expected with GI.1 alone, and Gl.1
detections were well below what would be expected normally. This replacement may
have been driven by the lack of immunological cross-protection against Gl.2 afforded
by the Cylap RCD vaccine (Zoetis Australia) or previous Gl.1 infection (20), leading to a
large number of susceptible individuals at the start of the epidemic. In addition, the
ability of GI.2 to cause lethal infection in young rabbits at a much higher rate than GI.1
(8) implies that new cohorts of rabbits are becoming susceptible to severe outbreaks of
Gl.2 at an earlier age, which likely provides a strong competitive advantage for virus
transmission in the field. A combination of immunological susceptibility of rabbit
populations to Gl.2 and the ability of the virus to infect young rabbits likely underpins
the high epidemiological fitness of Gl.2 both in Australia and overseas such that it is
able to outcompete Gl.1 (36). However, it is possible that other phenotypic differences,
such as environmental stability and infectivity, also play a role, although these have not
been experimentally assessed for Gl.2 specifically.

Our phylogenetic analysis of the nonstructural genes suggested a single Gl.2
introduction into Australia from Europe. Based on the available sampling data, the Gl.2
incursion most likely occurred in NSW in early 2014, with the virus remaining unde-
tected for several months. GI.2 isolates clustered geographically in a limited fashion,
although there was evidence of considerable virus movement between states and
multiple reintroductions into most states. Interestingly, the WA sequences were more
closely related to sequences from the eastern states than to those from SA, in contrast
to what would be expected with natural transmission through wild rabbit populations.
This could be explained by (i) human-assisted spread via fomites and the established
interstate trade and movement of domestic rabbits, and (ii) transmission on flies as
mechanical vectors (37). There is also the possibility of landholders relocating rabbit
carcasses in an effort to deliberately spread the virus, similar to what was suggested
when GI.1 was originally released in Australia and New Zealand in the mid-1990s
(38, 39).

The GI.1bP-GI.2 viruses sampled here evolved at a rate of approximately 5.7 X 10—3
substitutions per site per year, which is comparable to those of GI.1 (2.8 X 10~3) and
benign Gl.4 (5.3 X 1073) viruses (34, 40). However, this rate was estimated for a data
set with limited temporal spread; therefore, it is not likely to be overly accurate (41).
Given the relatively short sampling period, there was considerable genetic diversity
between the sampled Australian Gl.2 viruses, although this is to be expected from
rapidly evolving RNA viruses (42). Group-defining sites in Gl.2 were identified in all
nonstructural and structural protein-coding regions but were observed at a dispropor-
tionally high rate in the VP60 coding region, specifically the P2 domain and its
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extended loop regions. This is not unexpected, since the P2 domain is the most
externally located surface domain and the extended loop regions are known to be
inherently variable (43). It has been suggested that the extended loops define the
antigenicity of calicivirus virions and are the primary determinants of virus-host inter-
actions, as seen in noroviruses (43-46). Although the biological significance of these
mutations with regard to virus transmission, stability, or immune escape has not been
determined, it will be of interest to monitor their persistence or loss in Australian Gl.2
strains in the future as strains continue to evolve in this environment.

As previously reported, Gl.2 was detected in five European brown hares, and these
cases have been described previously (17). The Gl.2 samples from hares clustered
closely with those from sympatric rabbit populations rather than as a hare-specific
clade, suggesting that no major evolutionary changes were required for this host jump.
In each case, detection in hares was a likely spillover event from rabbits, as reported in
Europe (19). It is unknown if Gl.2 is capable of transmitting between hares. As the
geographical distribution of hares in Australia is limited and overlaps with the much
wider distribution of rabbits (47), there are probably far more opportunities for trans-
mission between rabbits or between hares and rabbits than for transmission between
hares. Therefore, the opportunity for GI.2 to adapt specifically to the hare host through
exclusive hare transmission is likely restricted. Nevertheless, it is important to include
hares in future epidemiological studies to better understand the role they are playing
in the epidemiology of Australian lagoviruses.

Due to the limited information of the vaccination status of domestic rabbits in this
study and, perhaps more importantly, the lack of information about numbers of
vaccinated rabbits that have survived GI.2 infection, it is not possible to estimate the
effectiveness of the Gl.1 vaccine in preventing disease caused by Gl.2. However, the
detection of GI.2 in 15 vaccinated domestic rabbits supports previous work demon-
strating that cross-protection between GI.1T and Gl.2 is at best incomplete, and a vaccine
covering Gl.2 is urgently needed to protect farmed and pet rabbits in Australia (20).

This epizootic once again demonstrates the unique value of Australia’s rabbits as “a
grand experiment in disease emergence and evolution” (48) and provides a model
system for studying RNA virus emergence and evolution in naive populations. Moni-
toring the interactions of Gl.2 with the other genetically and antigenically distinct
lagoviruses present in Australia, and assessing the effects of these viruses on wild rabbit
populations, is crucial for informing long-term rabbit management strategies. This is
especially important considering the recent nationwide release of Gl.1a-K5 in Australia
in March 2017, as the degree of immunological cross-protection between Gl.1a-K5 and
Gl.2 is not known. It is imperative that surveillance efforts are continued on a national
scale to document these interactions. Indeed, it is unknown how widely GI.1 is
circulating in Australia since the arrival of Gl.2, although serological analyses are under
way to address this. Thus far, Gl.2 outbreaks have been observed in wild rabbit
populations over two sequential years, and this variant has become the dominant strain
in the Australian mainland. However, ongoing monitoring is necessary to reveal if this
trend will continue or whether other strains will begin to circulate widely again as
population immunity or genetic resistance to Gl.2 develops.

MATERIALS AND METHODS

Sample collection. Rabbit or hare liver, kidney, spleen, and bone marrow samples were submitted
to either the Elizabeth Macarthur Agricultural Institute diagnostic virology laboratory (EMAI), the De-
partment of Primary Industries and Regions South Australia (PIRSA), or the CSIRO for lagovirus testing.
Sampling was conducted from May 2015 to October 2016, inclusive. Samples were obtained from both
domestic and wild lagomorphs that had died of unknown causes. Frequently, more than one sample was
submitted from the same location within a 2-week period, and these were classified together as a single
case. No animal ethics permit is required in Australia for sample collection from rabbits or hares that are
found dead.

Virus identification. RNA was extracted from tissue samples and screened by either reverse
transcription-PCR (PIRSA and CSIRO) or real-time reverse transcription-PCR (EMAI) for the detection and
specific identification of pathogenic lagoviruses (Gl.1, Gl.2, or Gl.1a; primers are given in Table 4, and
additional details are available on request). Selected positive samples were sent to CSIRO for full-genome
sequencing. For these samples, RNA was reextracted using the Maxwell simplyRNA tissue kit and
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TABLE 4 Primers and probes used for initial detection of pathogenic lagoviruses

Journal of Virology

Laboratory and name Sense Sequence (5'-3') Strain Reference

EMAI
vp60-7_FOR + ACYTGACTGAACTYATTGACG Gl.1 49
vp60-8_REV - TCAGACATAAGAAAAGCCATTGG 49
vp60-9_FAM Probe CCAARAGCACRCTCGTGTTCAACCT-FAM-BHQ1 Modified from reference 49
RHDVXa2010-F1 + GCACCCGGCAGTATTCTC Gl.1a 23
RHDVXa2010-R1 - CCCAGCCAGCGTACATCTG 23
RHDVXa2010-P1 Probe ACTGTCCAACACTCTCCACAGAACA-FAM-BHQ1 23
RHDV2-F + CCCGGGCAACATCCTGTA Gl.2 This study
RHDV2-R - CCAGCCAGCGTACATTTGAC This study
RHDV2-P Probe CACTGTCCAACACTCGCCACAAA-FAM-BHQ1 This study

PIRSA
RHDVF6793 + GGACTTTCGCTCAACAACTACTCGTCAGC 50
RHDVR7411 - ATAGCTTACTTTAAACTATAAACCCAA 50
RHDV2-For + ACCACCGAGAACGCGTCCACGTCG 17
RHDV2-Rev - GGCGGATGTCAACAAGTTCTGA 17

CSIRO
Gl.1a-Aus_fwd + GCGTGGCATTGTGCGCAGCATC Gl.1a 25
Gl.1a-Aus_rev - TGTTGGTGATAAGCCATAATCGCG 25
Gl.1c_fwd + AGCAAGACTGTTGACTCAATTTCG Gl.1 25
Gl.1c_rev - AGGCCTGCACAGTCGTAACGTT 25
Gl.2_fwd + TTTCCCTGGAAGCAGTTCGTCA Gl.2 25
Gl.2_rev - TGTTGTCTGGTTTATGCCATTTGC 25

extraction robot (Promega) per the manufacturer’s instruction. Multiplex reverse transcription-PCR
was performed as described previously (25) to confirm the initial diagnosis, and real-time reverse
transcription-PCR (25) was performed to quantify virus load in samples and ensure sample suitability for
sequencing.

Genome sequencing of virus isolates. First-strand cDNA was prepared using SuperScript Il (Life
Technologies), and full-length viral genomes were amplified in overlapping fragments using Platinum
Taqg DNA polymerase high fidelity (Life Technologies), as described previously (31, 44). Amplicons were
pooled for each sample, indexed, and sequenced using the Nextera XT DNA sample preparation kit
(IMlumina) and the lllumina MiSeq platform (300 cycle v2 kit) per the manufacturer’s instructions (31, 34).
Sequence read quality assessment and trimming were performed as previously described (31). A
consensus sequence was generated for each isolate by mapping reads to the Gl reference genome
sequence (M67473.1/DEU/FRG/1988.50) using Geneious v8.1.5 (51). Primer sequences were trimmed
from the genomic termini. Average sequence coverage ranged from 1,117 X to 7,787 X (mean, 4,696 X).

Phylogenetic analysis. The complete virus genome sequence was obtained for 139 Australian
lagovirus samples collected during the sampling period. Genome sequences were aligned with Austra-
lian and global representative lagovirus sequences obtained from GenBank (http://www.ncbi.nlm.nih
.gov/GenBank/index.html). Maximum likelihood (ML) phylogenies were estimated for the nonstructural
genes (n = 184 sequences; 5,283 nucleotides [nt]) and the structural genes (n = 184 sequences; 2,080
nt) using PhyML v3.1 (52). All phylogenies were inferred using the general time reversible + I" (GTR+1I)
substitution model (as selected using jModelTest v2.1.7 [53]) with five rate categories, an estimated
gamma distribution parameter (I'), and a combination of nearest-neighbor interchange and subtree
pruning and regrafting branch-swapping topology searching. Branch support was estimated using 1,000
bootstrap replicates, and trees were rooted using a European brown hare syndrome virus (EBHSV)
sequence (accession no. KC832839) as an outgroup.

Origins of Gl.2 in Australia. To estimate a time of introduction of GI.2 into Australia and to infer the
probable region of introduction, we utilized a Bayesian Markov chain Monte Carlo (MCMC) approach. Of
the 139 genomes sequenced for this study, 127 were Gl.2. First, these 127 newly sequenced Australian
Gl.2 genomes and the previously published AUS/ACT/BIMt-1 Gl.1bP-Gl.2 genome sequence were aligned
with five European Gl.1bP-GI.2 genome sequences (Gl.2 capsid, Gl.1b polymerase). These European GI.2
sequences were selected based on similarity to the prototype Australian GI.2, BIMt-1, and because full
sequence information was not available for the earliest reported Gl.2 isolate, FRA/10-01/2010 (accession
no. HE800529.1). Dates of collection were assigned to all sequences in the alignment. Dates were precise
to the day for the Australian sequences and for two of the European sequences. The remaining three
European sequences (KM115714 to KM115716) were sampled in 2014, with one known to be collected
in January 2014 (21). As no precise sampling dates were available for the remaining two sequences, we
assumed dates of both January and July 2014, as these represent the maximum possible range of
sampling times (i.e., these sequences were originally published in July 2014). Similar rates were obtained
using both dating schemes. The genome data set was split into nonstructural genes (n = 133; 5,283 nt)
and structural genes (n = 133; 2,071 nt). Maximum likelihood trees were inferred (rooted using the
European sequences), and these phylogenies were used as input for linear regression of root-to-tip
genetic distances against sampling times, conducted using TempEst (54). This analysis revealed sufficient
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FIG 5 Linear regressions of Gl.1bP-Gl.2 nonstructural and structural genes. Linear regressions of root-
to-tip genetic distances (y axis) against sampling time (x axis) were inferred for Gl.1bP-Gl.2 Australian
(n = 128) and European (n = 5) nonstructural and structural genes.

temporal signal (R? = 0.75) in the nonstructural gene data set (Fig. 5) to proceed with Bayesian inference
using molecular clock models. As no such temporal structure (R? = 0.18) was observed in the structural
genes, we did not use these sequences for molecular clock dating.

The time to most recent common ancestor (TMRCA) and most likely geographic location of the
common ancestor of Australian GI.2 sampled here was estimated using the Bayesian MCMC method as
implemented in the BEAST package, v1.8.2 (55). The GTR+I" substitution model was implemented for all
runs, with five rate categories. The BEAST analyses were initially run using the relaxed uncorrelated
lognormal (UCLD) and the strict molecular clocks. However, based on the coefficient of rate variation
parameter from the UCLD analyses, the UCLD relaxed clock was deemed most appropriate. The Gaussian
Markov random field (GMRF) Bayesian skyride model of population growth was implemented, as the data
did not fit a defined parametric demographic function (as determined from the GMRF skyride recon-
struction).

The geographic location (state of collection) was also assigned to each sample as a discrete trait, and
a separate data partition was created for this trait. The symmetric discrete trait substitution model was
assigned to reduce parameter complexity. Ancestral state reconstruction was applied to the trait
partition, reconstructing states at all ancestors, and specifically reconstructing states at the most recent
common ancestor of the Australian GI.2 samples. Each BEAST analysis was run for 250 million generations
until convergence was achieved, and at least two independent runs were performed for each set of
priors. A maximum clade credibility (MCC) tree with mean node heights and Bayesian posterior
probability values indicating the degree of support for each node was created using the TreeAnnotator
program (as available within the BEAST package) from the posterior set of trees.

To further assess the robustness of the BEAST analysis, we performed a Bayesian randomization test
in which each sequence was assigned a random date (41) and the BEAST analysis repeated. This date
randomization test was completed 10 times and compared to the BEAST results with the correctly dated
sequences described above. No overlap of posterior distributions for nucleotide substitution rate or
TMRCA was observed between the correctly dated data set and the randomized data sets.

Recombination detection. Genome sequences generated in this study were screened for recom-
bination using the Recombination Detection Program, v4 (56), in an alignment with 24 reference or
potential parent sequences. The RDP, GENECONV, MaxChi, and Bootscan methods were utilized, and
significant evidence of recombination was denoted by a P value of <0.05.

Accession number(s). The sequences generated in this study were deposited into GenBank under
accession numbers MF421563 to MF421701.
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