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Summary 17 

Rabbit haemorrhagic disease virus (RHDV, or GI.1), is a calicivirus in the genus Lagovirus 18 

that has been widely utilised in Australia as a biological control agent for the management of 19 

overabundant wild European rabbit (Oryctolagus cuniculus) populations since 1996. 20 

Recently, two exotic incursions of pathogenic lagoviruses have been reported in Australia; 21 

GI.1a-Aus, previously called RHDVa-Aus, is a GI.1a virus detected in January 2014, and the 22 

novel lagovirus GI.2 (previously known as RHDV2). Furthermore, an additional GI.1a strain, 23 

GI.1a-K5 (also known as 08Q712), was released nationwide in March 2017 as a 24 
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supplementary tool for wild rabbit management. To discriminate between these lagoviruses, 25 

a highly sensitive strain-specific multiplex RT-PCR assay was developed, which allows fast, 26 

cost-effective, and sensitive detection of the four pathogenic lagoviruses currently known to 27 

be circulating in Australia. In addition, we developed a universal qRT-PCR assay to be used 28 

in conjunction with the multiplex assay that broadly detects all four viruses and facilitates 29 

quantification of viral RNA load in samples. These assays enable rapid detection, 30 

identification, and quantification of pathogenic lagoviruses in the Australian context. Using 31 

these assays, a novel recombinant lagovirus was detected in rabbit tissues samples, which 32 

contained the non-structural genes of GI.1a-Aus and the structural genes of GI.2. This 33 

variant was also recovered from the liver of a European brown hare (Lepus europaeus). The 34 

impact of this novel recombinant on Australian wild lagomorph populations and its 35 

competitiveness in relation to circulating field strains, particularly GI.2, requires further 36 

studies.  37 
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Introduction 43 

Rabbit haemorrhagic disease (RHD) is caused by pathogenic rabbit caliciviruses 44 

belonging to the genus Lagovirus. RHD affects European rabbits of the genus Oryctolagus 45 

and is characterised by a necrotising hepatitis leading to multi-organ failure and death, 46 

frequently within 48-72 hours post-infection (Abrantes et al., 2012). RHD was first reported in 47 

China in 1984 and was later recognised as being caused by the rabbit calicivirus GI.1 48 

(previously referred to as Rabbit haemorrhagic disease virus or RHDV) (Liu et al., 1984, 49 

Ohlinger et al., 1990, Le Pendu et al., 2017). Subsequently, in the late 1990s, GI.1 variants 50 
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were reported that had unique reactivity profiles with monoclonal antibodies and were 51 

genetically divergent from previously sequenced GI.1 viruses (Capucci et al., 1998, 52 

Schirrmeier et al., 1999, Le Gall-Recule et al., 2003). These antigenically distinct variants 53 

were designated GI.1a (previously referred to as subtype RHDVa or genogroup G6), while 54 

classical GI.1 viruses were sub-classified into GI.1b, GI.1c, and GI.1d variants based on 55 

phylogenetic analyses (previously called genogroups G1-G5) (Capucci et al., 1998, Le Gall-56 

Recule et al., 2003, Lavazza and Capucci, 2016). In 2010, a novel lagovirus, GI.2 57 

(previously called RHDV2), was reported in Europe (Le Gall-Recule et al., 2011a, Dalton et 58 

al., 2012). Although this virus also caused RHD, it was both antigenically and genetically 59 

divergent from both GI.1 and GI.1a viruses (Dalton et al., 2012, Le Gall-Recule et al., 2013, 60 

Lavazza and Capucci, 2016). GI.2 is able to cause disease in rabbits vaccinated against 61 

GI.1 and also affects young rabbit kittens, which are normally highly resistant to RHD caused 62 

by GI.1 or GI.1a (Le Gall-Recule et al., 2013).  63 

In addition to the pathogenic lagoviruses GI.1, GI.1a, and GI.2, several non-pathogenic 64 

rabbit caliciviruses (RCVs) have been described from various geographical localities, 65 

including Italy (unclassified), Ireland and France (GI.3), and Australia (GI.4) (Capucci et al., 66 

1996, Forrester et al., 2007, Strive et al., 2009, Le Gall-Recule et al., 2011b, Le Pendu et al., 67 

2017). RCVs mainly cause a benign subclinical infection of the small intestine, in contrast to 68 

the pathogenic lagoviruses, which are generally hepatotropic (Capucci et al., 1996, Hoehn et 69 

al., 2013).  70 

All lagoviruses have a single-stranded, positive-sense RNA genome of approximately 71 

7.5 kb, and share a similar genome structure comprising two open reading frames (ORFs). 72 

ORF1 encodes a single polyprotein, which is cleaved into seven non-structural proteins and 73 

the major capsid protein VP60, while ORF2 encodes a minor structural protein, VP10 (Figure 74 

1). The genome is polyadenylated at the 3’ end, and linked to a viral protein, VPg, at the 5’ 75 

end (Meyers et al., 1991). Additionally, these viruses produce a subgenomic RNA of 76 

approximately 2.2 kb that is also VPg-linked and polyadenylated (Meyers et al., 1991). This 77 
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subgenomic RNA encodes both structural genes and is collinear with the 3’ end of the 78 

genomic RNA (Figure 1). This facilitates homologous recombination between the genomic 79 

and subgenomic RNAs, which frequently occurs at the junction between the non-structural 80 

and structural genes (i.e. at the RNA-dependent RNA polymerase (RdRp)-VP60 junction) 81 

(Meyers et al., 1991).  Recombination appears to play an important role in generating 82 

genetic diversity in viruses of the Caliciviridae family, including the lagoviruses (Bull et al., 83 

2007, Lopes et al., 2015). GI.1 recombinants have previously been reported (Forrester et al., 84 

2008), and two GI.2 recombinants have been identified to date, a GI.1bP/GI.2 and 85 

GI.4P/GI.2 virus (Lopes et al., 2015), where the P denotes the RdRp genotype. 86 

In Australia, GI.1 viruses are widely utilised as biological control agents for the 87 

management of wild European rabbits, which are a major invasive agricultural and 88 

environmental pest (Cooke and Fenner, 2002). A Czechoslovakian GI.1c strain (CAPM V-89 

351) was first released for biocontrol purposes in the mid-1990s and this strain has been 90 

regularly re-released across Australia since this time (Cooke and Fenner, 2002, Kovaliski et 91 

al., 2014). Until 2014, the only lagoviruses known to be circulating in Australia were the 92 

benign Rabbit calicivirus Australia-1 (RCV-A1; GI.4) and GI.1c field strains derived from the 93 

originally released GI.1c CAPM V-351 (Kovaliski et al., 2014, Eden et al., 2015, Mahar et al., 94 

2016). However, in January 2014 an exotic GI.1a virus, GI.1a-Aus, was detected from an 95 

RHD outbreak in domestic rabbits in northern Sydney, New South Wales (NSW) (OIE, 96 

2014). This virus subsequently caused multiple RHD outbreaks in NSW and the Australian 97 

Capital Territory (ACT) in both domestic and wild rabbits (RHDVa paper, in review). Full 98 

genome sequencing of GI.1a-Aus indicated that this was a recombinant virus, with a capsid 99 

gene most closely related to a 2010 GI.1a strain from China and non-structural genes similar 100 

to GI.4-like viruses (RHDVa paper, in review). Subsequently in May 2015, a second 101 

lagovirus incursion, GI.2, was detected in the ACT. This was also a recombinant virus (GI.2 102 

capsid, GI.1b non-structural genes) that is closely related to viruses that circluated in 103 

Portugal and the Azores in 2014 (Hall et al., 2015). In addition, a Korean GI.1a strain, GI.1a-104 
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K5 (also known as 08Q712), was released nationwide in March 2017, to improve rabbit 105 

biocontrol program (Oem et al., 2009, Cox et al., 2013, OIE, 2017). 106 

With the growing repertoire of lagoviruses now present in Australia, improved 107 

diagnostic tools are needed to enable rapid discrimination between the different viruses 108 

causing RHD and sudden death in both wild and domestic rabbits. Monitoring the spread 109 

and interactions of these viruses will help to maximise the effectiveness of wild rabbit control 110 

programs, and to guide the implementation of control measures for domestic rabbits. Here 111 

we report a sensitive and specific multiplex RT-PCR assay for the discrimination of the 112 

pathogenic lagoviruses circulating in Australia, namely classical GI.1c viruses, GI.1a-Aus, 113 

GI.1a-K5, and GI.2. Using this assay, we detected a new recombinant variant that has arisen 114 

from recombination between GI.1a-Aus and GI.2. Additionally, we describe a SYBR-green 115 

based qRT-PCR for the generic detection of all rabbit lagoviruses (GI.1c, GI.1a, GI.2, GI.4) 116 

circulating in Australia in a single PCR reaction. This assay facilitates quantification of viral 117 

RNA load in diagnostic samples from deceased animals, which is useful when interpreting 118 

equivocal results, since rabbits succumbing to fulminant RHD invariably have high viral loads 119 

in tissues (Elsworth et al., 2014), while low viral loads are likely to reflect sample 120 

contamination or residual vaccine virus. Taken together, the two assays allow robust and 121 

cost-effective sample analysis with a rapid turnaround time.  122 

 123 

Materials and Methods 124 

Virus samples  125 

For multiplex RT-PCR assay development and validation, we used liver samples that 126 

had previously tested positive for different lagoviruses at the Elizabeth Macarthur Agricultural 127 

Institute (EMAI), Menangle, NSW. These samples had originally been collected from rabbits 128 

suspected to have died from RHD. Initial virus typing at EMAI was conducted using 129 

individual qRT-PCR assays specific for GI.1, GI.2, and GI.1a-Aus (Gall et al., 2007, Lavazza 130 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 9, 2017. ; https://doi.org/10.1101/173930doi: bioRxiv preprint 

https://doi.org/10.1101/173930
http://creativecommons.org/licenses/by-nc-nd/4.0/


and Capucci, 2016) (RHDVa paper, in review). GI.1a-K5 was obtained from EMAI from 131 

stocks of the virus approved by Australian authorities for nationwide release. Liver samples 132 

and GI.1a-K5 stock virus were shipped to the Commonwealth Scientific and Industrial 133 

Research Organisation (CSIRO) on ice and stored at -20 ºC on arrival.  134 

For validation of the lagovirus qRT-PCR assay, in addition to the known lagovirus-135 

positive samples from EMAI, liver or bone marrow samples from wild or domestic rabbits and 136 

hares that had died of unknown causes were also analysed. These samples were submitted 137 

to CSIRO for lagovirus testing either frozen or stored in an RNA stabilization solution 138 

containing 10 mM EDTA, 12.5 mM sodium citrate, and 2.65 M ammonium sulfate pH 5.2. 139 

Additional samples from healthy rabbits and hares were obtained from shot samples 140 

collected as part of routine vertebrate pest control program and lagovirus serological 141 

surveillance studies. Serological surveillance studies were conducted in the ACT and in 142 

Victoria. Animals were shot from a vehicle using a 0.22 calibre rifle targeting the head or 143 

chest. Sera and tissue samples (liver, duodenum, and bile) were collected post-mortem. 144 

Collection of GI.4-positive samples was described previously (Mahar et al., 2016). All work 145 

involving live animals (domestic and wild) was carried out according to the Australian Code 146 

for the Care and Use of Animals for Scientific Purposes with approval from the institutional 147 

animal ethics committee (CWLA-AEC #2016-02, #DOMRAB, ESAEC #13-10, ESAEC #10-148 

12). 149 

For detection of GI.1a-AusP/GI.2 recombinant viruses, we screened archival rabbit 150 

tissue samples and new samples that were submitted to CSIRO for lagovirus testing. These 151 

were predominantly liver samples but included two bone marrow samples, one muscle 152 

sample, and one kidney sample. 153 

Negative control samples 154 

Negative control liver samples were obtained from known lagovirus-free domestic New 155 

Zealand White rabbits. Domestic rabbits were reared following the Australian Code for the 156 

Care and Use of Animals for Scientific Purposes, and all procedures were approved by the 157 
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institutional animal ethics committee (CESAEC #DOMRAB). Does were not vaccinated 158 

against GI.1 and the colony is routinely monitored and confirmed to be free of GI.4 (Liu et al., 159 

2012a, Liu et al., 2012b).  160 

RNA isolation 161 

RNA was extracted from 20-30 mg of tissue or 50 μl of GI.1a-K5 stock virus using 162 

either the RNeasy mini kit (Qiagen, Chadstone Centre, VIC), the Maxwell 16 LEV 163 

simplyRNA tissue kit (Promega, Alexandria, NSW), or the Purelink viral RNA/DNA mini kit 164 

(Life Technologies, Scoresby, VIC) as per manufacturers’ instructions. 165 

Multiplex RT-PCR primer design 166 

Primers were designed to specifically amplify fragments of either GI.1c, GI.1a-Aus, 167 

GI.1a-K5, or GI.2. Each primer pair was designed to produce an amplicon of a unique size 168 

that could be easily discriminated by agarose gel electrophoresis. Amplicon location, primer 169 

sequences, and nucleotide positions (based on Genbank accession KT280060) are shown 170 

in Table 1 and Figure 1. Additionally, rabbit specific primers targeting the Oryctolagus 171 

cuniculus 12S mitochondrial rRNA gene were included in the assay to confirm that RNA 172 

isolation was successful (Martín  et al., 2009). 173 

Multiplex RT-PCR development and validation 174 

Multiplex RT-PCR was optimised using high titre RNA (6×107 to 2×109
 copies/μl) of 175 

representative GI.1c, GI.1a-Aus, GI.1a-K5, and GI.2 viruses. All reactions were performed 176 

using the OneStep Ahead RT-PCR kit (Qiagen, Chadstone Centre, VIC). Each 10μl reaction 177 

contained 1× OneStep Ahead RT-Mix, 1× OneStep Ahead RT-PCR Master Mix, 0.5 μM 178 

each primer, and 1 μl of template RNA diluted 1/10 in nuclease free water. A ‘no template 179 

control’ and uninfected rabbit liver RNA control were included in each run. Cycling was 180 

performed using either an Eppendorf AG22331 or Applied Biosystems Proflex PCR system 181 

thermocycler, with reverse transcription being conducted at 50 ºC for 10 min, followed by 182 

initial denaturation at 95 ºC for 5 min, and then 40 cycles of 95 ºC for 10 s, 63 ºC for 20 s, 72 183 
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ºC for 10 s, with a final extension at 72 ºC for 2 min. The annealing temperature was 184 

optimised by gradient PCR during initial assay optimisation. Products were electrophoresed 185 

on 2% agarose gels (Bio-Rad Laboratories, Gladesville, NSW) in 1x tris-acetate EDTA, and 186 

products were visualised using SYBRsafe DNA gel stain (Life Technologies, Scoresby, VIC) 187 

on an Alpha Innotech FluorChem 8800 imaging system (Alpha Innotech, San Leandro, CA). 188 

The specificity of the multiplex RT-PCR assay was tested using 79 known-positive 189 

tissue samples for which the virus strain had previously been determined at the EMAI 190 

veterinary virology diagnostic laboratory. The 79 samples included GI.1c (n=6), GI.1a-Aus 191 

(n=21), GI.1a-K5 (n=1), and GI.2 (n=51) viruses. Additionally, 12 domestic rabbit liver 192 

samples known to be negative for lagoviruses were screened.  193 

Sensitivity was determined by diluting a representative GI.1c, GI.1a-Aus, and GI.2 194 

virus to 1×108 capsid copies per μl, and GI.1a-K5 to 1×106 capsid copies per μl, after 195 

quantification by qRT-PCR, and preparing a 10-fold dilution series of these viruses to 1×101 196 

capsid copies per μl. Each dilution series was confirmed with qRT-PCR to ensure 197 

quantification was correct.  198 

qRT-PCR primer design 199 

Primers were designed to amplify a region of VP60 that is conserved in all four 200 

pathogenic GI lagoviruses present in Australia. Primer sequences and nucleotide positions 201 

(based on Genbank accession KT280060) are shown in Table 2. 202 

Standards for quantification of GI lagoviruses using qRT-PCR 203 

Full-length GI.1 genomic standards for absolute quantification of viral loads were 204 

generated by in vitro transcription. A plasmid construct containing the full-length GI.1c CAPM 205 

V-351 genome under control of an Sp6 promoter (Urakova et al., 2015) was digested with 206 

NotI-HF (Genesearch, Arundel, QLD) for 6 hours at 37ºC. Digested DNA was precipitated 207 

with EDTA and sodium acetate, pH 5.5, using standard methods. DNA was quantified using 208 

the Qubit dsDNA BR assay (Life Technologies, Scoresby, VIC) and in vitro transcripts were 209 
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prepared from 1 μg of digested DNA using the Riboprobe Combination System-SP6/T7 RNA 210 

Polymerase (Promega, Alexandria, NSW) as per manufacturer’s instructions. Transcripts 211 

were purified using the RNeasy mini kit (Qiagen, Chadstone Centre, VIC) with on-column 212 

DNase digestion, as per manufacturer’s directions. Transcripts were quantified using a 213 

NanoDrop spectrophotometer in duplicate and assessed for quality by agarose gel 214 

electrophoresis. Transcript copy number per μl of stock was determined using the following 215 

equation, where 340 g/mol was assigned as the average weight of a ribonucleotide: 216 

𝑅𝑁𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑔
𝜇𝑙

)  ×  6.022 × 1023 𝑚𝑜𝑙−1

(𝑙𝑒𝑛𝑔𝑡ℎ × 340 𝑔/𝑚𝑜𝑙)
  220 

Transcript stocks were diluted to 1×1010 copies/μl and stored at -80 ºC. Absolute 217 

quantification was performed by preparing 10-fold serial dilutions of transcripts in nuclease-218 

free water containing 125 ng of yeast tRNA (Life Technologies, Scoresby, VIC).  219 

qRT-PCR optimisation 221 

Quantitative real-time RT-PCR conditions were optimised with GI.1c in vitro 222 

transcripts. Reactions were performed in a final volume of 10μl and contained 1× SensiFAST 223 

SYBR No-ROX One-Step mix (Bioline, Alexandria, NSW), 0.5 μM of each primer, 0.2 μl of 224 

RNase inhibitor, 0.1 μl of reverse transcriptase, and 1 μl of template RNA. Cycling was 225 

performed using a CFX96 C1000 real-time PCR detection system (Bio-Rad Laboratories, 226 

Gladesville, NSW), with reverse transcription conducted at 45 ºC for 10 min, followed by 227 

denaturation at 95 ºC for 5 min, and then 40 cycles of 95 ºC for 10 s, 63 ºC for 40 s, 78 ºC 228 

for 10 s with data acquisition. Melt curve analysis was conducted at 65-95 ºC in 0.5 °C 229 

increments at 5 s per increment. Annealing temperature was optimised by gradient PCR. 230 

Data were analysed using CFX manager 3.1 software (Bio-Rad Laboratories, Gladesville, 231 

NSW) using a baseline threshold of 200 and baseline subtracted curve fit setting. Average 232 

assay efficiency was 95%. Amplicons were separated on 2% agarose gels and visualised by 233 

staining with SYBRsafe DNA gel stain (Life Technologies, Scoresby, VIC) to verify that 234 

products were of the expected size. 235 
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qRT-PCR validation 236 

Reactions were performed in duplicate and each run included a dilution series of full-237 

length GI.1c transcript standards ranging from 1×108 copies/μl to 1×102 copies/μl for 238 

quantification, a ‘no template control’ to detect contamination, and a positive control (stored 239 

in single use aliquots) to control for inter-assay variation. Wells with melt curve peaks below 240 

80 ºC were excluded since these peaks represented primer dimer formation. Samples were 241 

excluded from analysis and repeated if the threshold cycle (Cq) standard deviation was >0.5, 242 

and runs were repeated if the positive control Cq deviated by more than 0.5 from the back-243 

calculated average of this sample. 244 

The qRT-PCR assay was validated initially using the 79 known lagovirus-positive 245 

tissue samples as previously determined at EMAI, including GI.1c (n=6), GI.1a-Aus (n=21), 246 

GI.1a-K5 (n=1), and GI.2 (n=51) viruses, and 12 known-negative domestic rabbit liver 247 

samples. Subsequently, additional GI.1c (n=20) and GI.2 (n=99) positive samples, as 248 

determined by the multiplex RT-PCR assay, and healthy shot rabbit or hare liver samples 249 

(n=50) were screened.  250 

Confirmation of a novel GI.1a-AusP/GI.2 recombinant 251 

Sanger sequencing over the RdRp-VP60 junction was conducted to verify putative 252 

recombination in virus samples that were positive for both GI.1a-Aus and GI.2 on multiplex 253 

RT-PCR assay. First-strand cDNA was synthesised from 5 μl of RNA using 500 ng of 254 

OligodT(18mer) (GeneWorks, Thebarton, SA) and Invitrogen Superscript III or Superscript IV 255 

(Life Technologies, Scoresby, VIC) according to manufacturers’ directions. PCR was 256 

conducted using primers RHDV 11 and RHDV 12-rev (Elsworth et al., 2014) or GI.1a-257 

Aus_fwd (Table 1) and GI.2-qRTPCR-R (5’- GTCAAATGTACGCTGGCTGG-3’), as 258 

described previously (Mahar et al., 2016). PCR amplicons were submitted to the ACRF 259 

Biomolecular Resource Facility (Canberra, ACT) for Sanger sequencing, and sequences 260 

have been deposited in Genbank under accession numbers MF598303 to MF598338. 261 

Sequences were aligned with a representative GI.1a-Aus genome (Genbank ref KY628309) 262 
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and an Australian GI.2 genome (Genbank accession KT280060) using MAFFT as 263 

implemented in Geneious v9.1.6 (Kearse et al., 2012). 264 

Full genome sequencing of the novel GI.1a-AusP/GI.2 recombinant 265 

The complete genomes of GI.1a-K5 and a suspected GI.1a-AusP/GI.2 recombinant, 266 

Car-3, were amplified in overlapping fragments and DNA libraries were prepared and 267 

sequenced using Illumina Miseq technology as described previously (Eden et al., 2015, 268 

Mahar et al., 2016, Hall et al., 2017). Sequences were deposited in Genbank under 269 

accession numbers MF598301 and MF598302, respectively.GI.1a-K5 was amplified using 270 

the primer pairs RHDV-1/RHDVR 6-rev; RHDV 7/RHDVR 10-rev; and RHDV 11/RHDV_end, 271 

while Car-3 was amplified using the primer pairs RHDV-1/RHDVR 6-rev; RCVf1.5/RCVr3.3; 272 

RCVf3.0/RCVr4.7; RHDV 11/RHDVR 12-rev; and RHDV f2/RHDV_end (Elsworth et al., 273 

2014, Mahar et al., 2016, Hall et al., 2017). Consensus sequences were constructed by 274 

mapping cleaned reads to the lagovirus GI reference sequence (Genbank accession 275 

M67473.1 DEU/FRG/1988.50) using the Geneious package v8.1.5 (Kearse et al., 2012).   276 

Phylogenetic and recombination analyses 277 

To explore evidence of recombination in Car-3, the complete genome sequence was 278 

aligned with 30 representative lagovirus sequences obtained from Genbank 279 

(http://www.ncbi.nlm.nih.gov/GenBank/index.html), for phylogenetic and recombination 280 

analyses. The RDP, GENECONV, MaxChai, and Bootscan methods, as available in the 281 

Recombination Detection Program v4 (Martin et al., 2015), were employed for recombination 282 

screening, and significant evidence of recombination was denoted by a p value <0.05. For 283 

phylogenetic analysis, a European brown hare syndrome virus (EBHSV, now referred to as 284 

GII.1) genome sequence (Genbank accession KC832839) was used as an outgroup, and 285 

the alignment was divided into non-structural genes (5,238 nt) and structural genes (2,083 286 

nt). A maximum likelihood phylogeny was inferred for both non-structural and structural gene 287 

datasets using PhyML as available in Geneious v 8.1.5, using the GTR+I substitution model, 288 

with five rate categories, an estimated gamma distribution parameter, and a combination of 289 
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nearest-neighbour interchange and subtree pruning and regrafting (SPR) branch swapping 290 

topology searching. Branch support was estimated using 1,000 bootstrap replicates and 291 

trees were rooted using the EBHSV sequence. 292 

  293 

Results 294 

Multiplex RT-PCR    295 

A one-step multiplex RT-PCR was designed to diagnose fatal RHD and identify the 296 

causative virus, based on the pathogenic lagoviruses known to be circulating in Australia. 297 

Amplicons for GI.1c, GI.1a-Aus, GI.1a-K5, and GI.2 lagoviruses, along with a rabbit-specific 298 

amplicon to verify successful RNA extraction, could clearly be discriminated by agarose gel 299 

electrophoresis (Figure 2).  300 

Sensitivity of the multiplex RT-PCR assay was determined using 10-fold serial dilutions 301 

of representative samples of GI.1c, GI.1a-Aus, GI.1a-K5, and GI.2 viruses after 302 

quantification by qRT-PCR (Figure 3). The assay was able to detect all viruses down to 303 

1×101 capsid copies per μl of RNA template under these conditions. 304 

The multiplex RT-PCR was validated using 12 rabbit liver samples known to be 305 

lagovirus-negative, and 79 known-positive samples for which virus identification had 306 

previously been performed at an external diagnostic laboratory (EMAI). Overall, 97% (77/79) 307 

of the known-positive samples and 92% (11/12) of known-negative samples were correctly 308 

identified (Table 3). One GI.1c and one GI.2 sample were not detected by the multiplex 309 

assay, however, these samples showed very low virus titres at EMAI (Cq 34 and 33, 310 

respectively). One known-negative sample repeatedly produced a very weak amplicon 311 

approximately the size of the GI.2 product on multiplex RT-PCR assay. However, this 312 

sample was collected in 2011, before GI.2 was present in Australia, confirming that this was 313 

a non-specific amplification product. This weak non-specific product was not observed in 314 

other negative samples. Additionally, one GI.2 sample produced both a GI.2 and GI.1a-Aus 315 
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band in the multiplex RT-PCR, suggesting either a mixed infection, or a possible 316 

recombinant virus. 317 

To test the ability of the multiplex RT-PCR assay to detect mixed infections, seven liver 318 

samples that were positive for both GI.1c and GI.2, as determined at EMAI, were screened. 319 

Although all samples were positive on multiplex RT-PCR, frequently only one amplicon was 320 

present, which corresponded to the dominant variant in the mixed infection based on Cq 321 

values obtained at EMAI (R. Hall, unpublished results).  322 

 323 

Quantitative real-time RT-PCR 324 

A SYBR-green qRT-PCR assay was developed for quantification of virus loads in 325 

diagnostic samples. The assay amplifies an 89 bp region within the VP60 capsid gene that is 326 

conserved in all four pathogenic GI lagoviruses present in Australia. Full-length GI.1c in vitro 327 

transcript standards were produced to facilitate absolute quantification of virus loads. The 328 

assay was validated firstly with the 79 known lagovirus-positive RNAs and 12 known-329 

negative RNAs used for multiplex RT-PCR validation. Of the lagovirus-positive samples, 330 

78/79 were positive on the qRT-PCR assay, with virus loads ranging from 9×101 to 4×109 331 

capsid copies per mg of tissue (x̄g = 3×108). Only five samples had virus loads less than 332 

1×106 capsid copies per mg of tissue. Both the sample that was negative on our qRT-PCR 333 

and very weak positive sample (9×101 capsid copies per mg of tissue) showed extremely low 334 

virus titres at EMAI (Cq 33 and 34, respectively). In all 12 of the known-negative domestic 335 

rabbit liver samples virus loads were below 10 capsid copies per mg of tissue, outside the 336 

range of the standard curve.  337 

Subsequently, further validation was conducted with additional GI.1c (n=20) and GI.2 338 

(n=99) positive samples, as determined by the multiplex RT-PCR assay. All 119 samples 339 

were positive on qRT-PCR. Virus loads in these samples ranged from 6×103 to 8×109 capsid 340 

copies per mg of tissue (x̄g = 3×108) and only two samples had virus loads less than 1×106 341 
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capsid copies per mg of tissue. Liver samples collected from wild shot rabbits and hares 342 

(n=50) were also screened, and virus loads up to 3×103 capsid copies per mg of tissue (x̄g = 343 

4×101) were detected in these samples. Although these were presumed healthy shot rabbits 344 

and hares, these samples were not verified to be true negative samples, and it has 345 

previously been reported that lagovirus RNA can frequently be detected from healthy 346 

animals (Forrester et al., 2003). Finally, the qRT-PCR assay was also able to detect GI.4 347 

RNA in duodenal samples, with virus loads ranging from 3×102 to 3×105 capsid copies per 348 

mg of duodenal tissue (x̄g = 1×104; R. Hall, unpublished data).  349 

 350 

Detection of a novel GI.1a-AusP/GI.2 recombinant 351 

During validation of the multiplex RT-PCR, one sample, collected from NSW in July 352 

2016 and typed as GI.2 at EMAI, produced amplicons for both GI.1a-Aus and GI.2 viruses 353 

(Figure 4). Sanger sequencing of a single amplicon spanning the RdRp-VP60 junction, the 354 

most common recombination breakpoint for caliciviruses (Bull et al., 2007), confirmed the 355 

presence of a recombinant virus, rather than a mixed GI.1a-Aus/GI.2 infection. Screening of 356 

archival samples and newly collected field samples using the multiplex RT-PCR assay and 357 

confirmatory Sanger sequencing detected an additional 35 cases of infection with this novel 358 

recombinant between July 2016 and June 2017, with cases occurring in NSW, the ACT, and 359 

in Victoria (Figure 5, Table 4). Interestingly, one of these recombinant detections was from a 360 

liver sample collected from a European brown hare (Lepus europaeus) found dead in NSW. 361 

Additionally, one case occurred in a domestic rabbit that had been vaccinated with Cylap® 362 

RCD vaccine (Zoetis, West Ryde, NSW) approximately four months prior to infection.  363 

Subsequently, the full genome of one of these recombinant viruses was sequenced 364 

and recombination and phylogenetic analyses were performed (Figure 6). There was 365 

significant evidence for recombination between the RdRp and VP60 genes detected by all 366 

methods in the Recombination Detection Program, with the specific breakpoint predicted to 367 

occur at nucleotide position 5,297 (equivalent to position 5,306 according to GI reference 368 
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genome numbering, Genbank accession M67473.1). Phylogenetic analyses demonstrated 369 

that the non-structural genes of the novel recombinant were closely related to GI.1a-Aus 370 

sequences, sharing >98% nucleotide identity in this region, while the structural genes 371 

clustered with Australian GI.2 viruses, sharing 98.5% nucleotide identity with the structural 372 

genes of the prototype Australian GI.2, BlMt-1, with strong bootstrap support (Figure 6). 373 

Based on the newly proposed nomenclature for lagoviruses (Le Pendu et al., 2017), the 374 

GI.1a-Aus non-structural sequences are closely related to, but divergent from, previously 375 

described GI.4a, b, c, and d variants, thus we have designated them as GI.4e. The close 376 

relationship of the novel recombinant with Australian variants of GI.1a and GI.2, suggest that 377 

the recombination event occurred in Australia. 378 

 379 

Discussion 380 

We have developed a sensitive and specific multiplex RT-PCR for the detection and 381 

discrimination of pathogenic GI lagoviruses present in Australia, namely classical GI.1c, 382 

GI.2, GI.1a-Aus, and GI.1a-K5 viruses (Figure 2). In addition, we describe a SYBR-green 383 

based qRT-PCR assay for quantification of genogroup GI lagovirus loads in diagnostic 384 

samples. We have targeted the VP60 capsid gene in this assay to maximise sensitivity, 385 

since both genomic and subgenomic RNAs will be detected by these primers.  386 

During validation of the multiplex RT-PCR assay, no viruses were misidentified as an 387 

incorrect strain, highlighting the specificity of this assay. Although a weak product was 388 

amplified from one known-negative rabbit liver sample, this was clearly distinguishable from 389 

the intense specific bands observed for known-positive samples. No amplification was 390 

detected in the negative sample by qRT-PCR, highlighting the synergism of the two assays. 391 

Mixed GI.1c/GI.2 infections were not reliably detected using the multiplex RT-PCR assay 392 

described here, since only the dominant virus was amplified consistently. However, the 393 

multiplex assay can be run in singleplex format for each virus if the index of suspicion is high 394 

for a mixed infection. It must also be noted that during routine use of the multiplex RT-PCR 395 
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assay, three samples (out of over 450 positive samples tested to date) were negative on 396 

multiplex RT-PCR that were subsequently shown to have very high viral titres by qRT-PCR. 397 

When the multiplex assay was repeated, on both the initial and repeated RNA extractions, 398 

these samples returned false negative results in up to two of seven replicates. It is unknown 399 

why these templates repeatedly produced false negative results, however, all three samples 400 

were from the same RHD outbreak so sample collection, or handling and storage during 401 

transport, may have been a contributing factor. These false negatives are easily detected 402 

when the multiplex and qRT-PCR assay are used together. 403 

The average (geometric mean) viral load in the livers of infected animals, as measured 404 

by our qRT-PCR assay, was 3 ×108 capsid copies per mg of tissue. This supports previous 405 

observations that acute RHD is associated with high levels of virus replication in the liver 406 

(Elsworth et al., 2014). Samples with lower viral loads may represent animals that 407 

succumbed to sequelae of viral infection after a prolonged disease, or may simply be due to 408 

sample degradation, since some samples were collected from wild rabbit carcasses that 409 

were located in unfavourable environmental conditions, for example exposed to direct 410 

sunlight for an unknown period of time. Two samples that had previously been identified as 411 

weak positive samples at EMAI were either negative or had a very low virus load (9×101 412 

capsid copies per mg of tissue) outside the range of the standard curve in our qRT-PCR 413 

assay. These samples were also negative on multiplex RT-PCR. The discrepancy between 414 

our results and those of the external laboratory may be due to sample degradation during 415 

storage and transport, differences in RNA extraction methods used between the 416 

laboratories, or a higher sensitivity of the Taqman assay used at the external laboratory. 417 

However, the diagnostic significance of these very low titres is questionable given that 418 

animals with terminal RHD invariably have very high viral loads (Elsworth et al., 2014).  419 

Interestingly, virus loads up to 3×103 capsid copies per mg of tissue were detected in 420 

the livers of presumed negative healthy wild rabbits and hares, which were negative on 421 

multiplex RT-PCR and negative for GI.4 viruses by PCR. In contrast, in true negative 422 
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domestic animals that had never been exposed to known caliciviruses, fewer than 10 copies 423 

of viral RNA per mg liver tissue were detected, outside the range of the standard curve for 424 

the assay. For precise quantification of the respective strains, virus-specific Taqman qRT-425 

PCR assays with virus-specific standards would be preferable (such as those reported 426 

previously (Gall et al., 2007)). However, the assay described here is designed to be used in 427 

conjunction with the highly sensitive multiplex RT-PCR assay to ascertain whether GI 428 

lagoviruses were the likely cause of death in the animals tested, which is suggested by high 429 

viral loads. In this context, the low virus titres detected in wild lagomorphs, in combination 430 

with the lack of amplification in the multiplex RT-PCR assay, may indicate the presence of 431 

one or more as-yet uncharacterised benign lagoviruses present in Australian lagomorph 432 

populations, since the qRT-PCR assay was designed to be broadly reactive. Alternatively, 433 

the qRT-PCR assay may be detecting lagovirus RNA from animals recovering from a 434 

previous non-fatal lagovirus infection, since non-infectious GI.1 RNA has been shown to be 435 

detectable for at least 15 weeks post-infection (Gall et al., 2007). Previous studies from New 436 

Zealand have also demonstrated the detection of GI.1 RNA by nested RT-PCR in a large 437 

proportion of healthy shot wild rabbits (Zheng et al., 2002, Forrester et al., 2003). In the latter 438 

case, we would also expect a positive result by multiplex RT-PCR, since the sensitivity of 439 

that assay was determined to be 1×101 capsid copies per μl of RNA template for each virus 440 

strain (Figure 3). However, sensitivity testing was performed using serial dilutions of a high 441 

titre sample and the proportion of viral RNA to host RNA would be lower in a low titre sample 442 

compared to a diluted high titre sample, which may also affect the assay sensitivity. 443 

It is notable that our qRT-PCR assay was also able to detect GI.4 benign virus RNA in 444 

duodenal samples, demonstrating the utility of this assay to detect genetically diverse GI 445 

lagoviruses. Virus loads during GI.4 infection (x̄g = 1×104 capsid copies per mg of tissue) 446 

were considerably lower than those detected for infection with pathogenic lagoviruses, as 447 

reported previously (Strive et al., 2010).  448 
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Alternative diagnostic methods, such as high-throughput sequencing technologies, 449 

have also been developed and utilised for analyses of lagoviruses in the Australian context 450 

(Eden et al., 2015, Hall et al., 2015, Mahar et al., 2016).  However, despite recent advances 451 

these technologies remain complex, with regards to both sample preparation and data 452 

analysis, and are more expensive and slower than conventional diagnostic testing. 453 

Furthermore, the risk of contamination during preparation of sequencing libraries is 454 

extremely high, the diagnostic significance of low numbers of reads is questionable, and 455 

mixed infections are not reliably detected (R. Hall and J. Mahar, unpublished data). The 456 

assays described here, despite their limitations, constitute a fast, robust, and cost-effective 457 

diagnostic pipeline for routine rabbit GI lagovirus testing, where fast turnaround of results is 458 

required. 459 

Using the newly developed multiplex RT-PCR assay and qRT-PCR assay, we 460 

detected 36 cases of infection with a novel recombinant virus, which had the non-structural 461 

genes of GI.1a-Aus and the structural genes of GI.2. These cases were detected in NSW, 462 

the ACT, and Victoria between July 2016 and June 2017 (Table 4, Figure 5) and confirmed 463 

by Sanger sequencing over the RdRp-VP60 junction. The detection of this recombinant was 464 

only possible because the primer binding sites for GI.1a-Aus lie within the RdRp gene while 465 

those for GI.2 lie within the VP60 region. Accordingly, the multiplex assay reported here will 466 

not be able to detect GI.1c/GI.2 recombinants or GI.1a-Aus/GI.1a-K5 recombinants, due to 467 

the relative location of the primer binding sites for these assays (Figure 1). High throughput 468 

sequencing methods spanning the RdRp-VP60 junction region may facilitate rapid detection 469 

of intergenic recombination between any rabbit lagoviruses.  470 

Although sampling of dead rabbits is not systematic, it seems clear that this 471 

recombinant has already spread further than the parental GI.1a-Aus virus. It is likely that this 472 

recombinant virus will have similar immunological characteristics to GI.2, however, 473 

experimental determination of relative virulence and transmissibility have not yet been 474 

determined. This immunological similarity is supported by the detection of this recombinant 475 
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virus in a domestic rabbit that had been vaccinated against GI.1 strains approximately four 476 

months prior to infection. Interestingly, this recombinant variant was also detected in a hare, 477 

suggesting that the GI.2 capsid protein is responsible for permissivity of hare cells to 478 

infection. This once again highlights the importance of recombination for generating genetic 479 

diversity in caliciviruses and indicates the frequency with which new viruses can emerge 480 

when genetically diverse lagoviruses circulate concurrently. The discovery of this new 481 

recombinant virus emphasises the importance of maintaining monitoring efforts to remain 482 

informed about the way lagoviruses are evolving and interacting within Australia.  483 

We report an improved diagnostic testing method for rapid detection and discrimination 484 

of pathogenic rabbit lagoviruses in the Australian context. The multiplex RT-PCR described 485 

here is a sensitive and specific assay that can rapidly diagnose infection with pathogenic 486 

lagoviruses and discriminate between GI.1c, GI.2, GI.1a-Aus, and GI.1a-K5 viruses. 487 

Additionally, we report a SYBR-green based qRT-PCR assay that broadly detects all of the 488 

known rabbit GI lagoviruses present in Australia and permits quantification of virus load in 489 

tissue samples. The development of these assays facilitates rapid detection, identification, 490 

and quantification of these viruses in a high throughput and cost-effective method. Since 491 

both assays are one-step RT-PCRs, there is no requirement for a separate cDNA synthesis 492 

step, reducing sample processing time and cost. These assays represent useful tools for 493 

ongoing large-scale nationwide monitoring of the spread and effectiveness of the GI.1a-K5 494 

virus after its release in 2017, which will assist in guiding wild rabbit biocontrol programs into 495 

the future.  496 
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 654 

Table 1. Primer sequences for the lagovirus multiplex RT-PCR assay.  655 

Primer name Sequence (5’→3’) 
Amplicon 

size (bp) 

Nucleotide 

position† 
Gene‡ 

GI.1a-Aus_fwd 
GCGTGGCATTGTGCGCA

GCATC 
562 

4349 

RdRp 

GI.1a-Aus_rev 
TGTTGGTGATAAGCCATA

ATCGCG 
4911 

GI.1c_fwd 
AGCAAGACTGTTGACTCA

ATTTCG 
435 

5995 

VP60 

GI.1c_rev 
AGGCCTGCACAGTCGTA

ACGTT 
6430 

GI.2_fwd 
TTTCCCTGGAAGCAGTTC

GTCA 
336 

6213 

VP60 

GI.2_rev 
TGTTGTCTGGTTTATGCC

ATTTGC 
6549 

GI.1a-K5_fwd 
TTTATAGATGTATGCCCG

CTCAAC 
263 

4930 

RdRp 

GI.1a-K5_rev 
CCGTTCGAGTTCCTTGC

GGACG 
5193 

12SpRab-F  
CAAAAGTAAGCTCAATTA

CCACCGTA 
110 

n/a 

n/a 

12SpRab-R 
ATAAGGGCTTTCGTATAT

TCGGAA 
n/a 

†Nucleotide positions are based on Genbank accession KT280060. 656 
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‡RdRp: RNA-dependent RNA polymerase coding region; VP60: VP60 capsid protein coding 657 

region (Figure 1). 658 

 659 

Table 2. Primer sequences for the lagovirus qRT-PCR assay.  660 

Primer name Sequence (5’→3’) 
Amplicon 

size (bp) 

Nucleotide 

position 

GI_qRTPCR_Fw 
TTGACRTACGCCCTGTG

GGACC 
89 

6956 

GI_qRTPCR_Rv 
TCAGACATAAGARAAGCC

ATTRGYTG 
7044 

†Nucleotide positions are based on Genbank accession KT280060. 661 

 662 

Table 3. Validation of the multiplex RT-PCR assay.  663 

EMAI 

genotype 

Multiplex RT-PCR genotype 
Total 

No. tested GI.1c GI.2 
G1.1a-

Aus 
GI.1a-K5 Negative 

GI.1c 5 0 0 0 1 6 

GI.2 0 50 ‡ 0 0 1 51 

GI.1a-Aus 0 0 21 0 0 21 

GI.1a-K5 0 0 0 1 0 1 

Negative† 0 1§ 0 0 11 12 

†Negative samples were collected from rabbits from a known lagovirus-free breeding colony. 664 

‡One sample produced both a GI.2 and GI.1a-Aus band in multiplex RT-PCR. This was 665 

subsequently confirmed to be a novel recombinant variant. 666 

§This sample produced a very weak non-specific amplification product approximately the 667 

size of the GI.2 amplicon despite being collected in 2011, prior to the incursion of GI.2 into 668 

Australia. 669 

Grey shading indicates correct identification by the multiplex RT-PCR assay. 670 
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 671 

Table 4. GI.1a-AusP/GI.2 recombinant detections, July 2016 to June 2017. 672 

Case 

no. † 
Isolate name 

Collection 

date 
Location, state‡  

Animal 

use §  

1 AUS/NSW/TUB-1 13/07/2016 Tubbul, NSW W 

2 AUS/NSW/CAR-2 7/10/2016 Carwoola, NSW W 

3 AUS/NSW/CAR-3 10/10/2016 Carwoola, NSW W 

4 AUS/ACT/GGH-1 20/11/2016 Gungahlin, ACT U 

5 AUS/NSW/MCH-1 1/01/2017 Michelago, NSW U 

6 AUS/NSW/MCH-2 2/01/2017 Michelago, NSW U 

7 AUS/NSW/CAR-7 17/03/2017 Carwoola, NSW W 

8 AUS/NSW/CAR-8 17/03/2017 Carwoola, NSW W 

9 AUS/NSW/CAR-9 20/03/2017 Carwoola, NSW W 

10 AUS/NSW/CAR-10 23/03/2017 Carwoola, NSW W 

11 AUS/NSW/CAR-11 23/03/2017 Carwoola, NSW W 

12 AUS/NSW/CAR-13 25/03/2017 Carwoola, NSW W 

13 AUS/NSW/CAR-14 26/03/2017 Carwoola, NSW W 

14 AUS/NSW/CAR-12 28/03/2017 Carwoola, NSW W 

15 AUS/NSW/CAR-17 28/03/2017 Carwoola, NSW W 

16 AUS/NSW/CAR-16 29/03/2017 Carwoola, NSW W 

17 AUS/NSW/CAR-15 31/03/2017 Carwoola, NSW W 

18 AUS/NSW/MND-1 10/04/2017 Mandurama, NSW W 

19 AUS/NSW/MCH-3 13/04/2017 Michelago, NSW U 

20 AUS/NSW/BYW-1 14/04/2017 Bywong, NSW U 

21 AUS/ACT/HACK-3 15/04/2017 Hackett, ACT W 

22 AUS/ACT/GUD-302 19/04/2017 Symonston, ACT W 

23 AUS/NSW/BG-14 22/04/2017 Murrumbateman, NSW W 
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24 AUS/NSW/BG-15 25/04/2017 Murrumbateman, NSW W 

25 AUS/NSW/BG-16 25/04/2017 Murrumbateman, NSW W 

26 AUS/NSW/BG-17 25/04/2017 Murrumbateman, NSW W 

27 AUS/ACT/AIN-5 27/04/2017 Mt Ainslie, ACT W 

28 AUS/NSW/CAD-1 28/04/2017 Camden, NSW D 

29 AUS/NSW/BG-18 30/04/2017 Murrumbateman, NSW W 

30 AUS/NSW/BG-19 30/04/2017 Murrumbateman, NSW W 

31 AUS/NSW/BG-20 30/04/2017 Murrumbateman, NSW W 

32 AUS/NSW/BG-21 5/05/2017 Murrumbateman, NSW W 

33 AUS/NSW/MCH-4 17/05/2017 Michelago, NSW W 

34 AUS/VIC/KIL-1 27/05/2017 Kilmore, VIC W 

35 AUS/NSW/HRP-1 29/05/2017 Harrington Park, NSW DV 

36 AUS/NSW/MUR-6 25/06/2017 Murrumbateman, NSW H 

† Samples are numbered according to the date on which they were collected. These 673 

numbers correspond to those used on the map in Figure 6. 674 

‡Abbreviations for Australian states and territories are as follows: ACT, Australian Capital 675 

Territory; NSW, New South Wales; VIC, Victoria.  676 

§W, wild rabbit; U, animal use not specified; D, domestic rabbit; DV, domestic rabbit 677 

vaccinated with Cylap® RCD vaccine (Zoetis, West Ryde, NSW); H, hare. 678 

  679 
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 680 

Figure 1: Genomic organisation of lagoviruses and location of multiplex RT-PCR 681 

amplicons. Lagoviruses have a single-stranded positive-sense RNA genome (top) 682 

approximately 7.5 kb in length comprising two open reading frames (ORFs; open boxes, 683 

labelled in bold). The ORF1 polyprotein is cleaved into seven non-structural proteins: p16, 684 

p23, 2C-like protein, p29, the viral genome-linked protein (VPg), the viral protease (Pro), the 685 

RNA-dependent RNA polymerase (RdRp), and the major capsid protein VP60. ORF2 686 

encodes a minor structural protein, VP10. A subgenomic RNA (bottom) is also produced that 687 

is approximately 2.2 kb in length and encodes both structural proteins, VP60 and VP10. Both 688 

the genomic and subgenomic RNAs are polyadenylated at the 3’ end, and linked to VPg at 689 

the 5’ end. Recombination is frequently observed at the RdRp-VP60 junction (grey arrow). 690 

The regions amplified in the multiplex RT-PCR assay are shown (dark grey boxes) for GI.1a-691 

Aus, GI.1a-K5, GI.1c, and GI.2 lagoviruses.  692 

 693 
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 694 

Figure 2: Multiplex RT-PCR for the differentiation of pathogenic GI lagoviruses in 695 

Australia. RNA was isolated from tissues of rabbits with suspected GI lagovirus infections 696 

and multiplex RT-PCR was performed to discriminate between GI.1a-K5 (1), GI.2 (2), GI.1c 697 

(3), and GI.1a-Aus (4). MW, 1 Kb Plus DNA ladder (Life Technologies, Scoresby, VIC); 5, 698 

lagovirus-negative rabbit liver; 6, no template control. A 110 bp fragment of rabbit host RNA 699 

was also amplified to confirm that RNA isolation was successful. Note that GI.1a-K5 RNA 700 

was prepared from a purified virus preparation and thus no rabbit amplicon is present.  701 

 702 
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 703 

Figure 3: Sensitivity testing of the multiplex RT-PCR assay. Sensitivity was determined 704 

using 10-fold serial dilutions ranging from 1×108 capsid copies (1×106 for GI.1a-K5) to 1×101 705 

capsid copies of a representative virus of a) GI.1a-Aus; b) GI.1c; c) GI.2; and d) GI.1a-K5. 706 

MW, 1 Kb Plus DNA ladder (Life Technologies, Scoresby, VIC); N, no template control. 707 

 708 

 709 
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Figure 4: Detection of a GI.1a-AusP/GI.2 recombinant. Multiplex RT-PCR performed on 710 

RNA isolated from the liver of a rabbit suspected to have died from RHD produced 711 

amplicons for both GI.2 and GI.1a-Aus viruses, suggesting either a mixed infection or a 712 

possible recombinant virus. 713 

 714 

 715 

Figure 5: Detections of the novel GI.1a-AusP/GI.2 recombinant in Australia between 716 

July 2016 and June 2017. Sites where GI.1a-AusP/GI.2 cases were detected are indicated 717 

on the map and numbered according to the order in which the outbreaks occurred. Where 718 

multiple cases occurred in the same geographical location, only the first number is given.  719 
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 720 

Figure 6: Non-structural and structural gene phylogenies of representative lagoviruses. Maximum likelihood phylogenies of the (A) non-721 

structural genes (n=31) and (B) structural genes (VP60 and VP10, n=31) were inferred using the newly sequenced GI.1a-AusP/GI.2 722 

recombinant (shown in bold) and representative published sequences. The Genbank accession numbers of published sequences are indicated 723 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted August 9, 2017. ; https://doi.org/10.1101/173930doi: bioRxiv preprint 

https://doi.org/10.1101/173930
http://creativecommons.org/licenses/by-nc-nd/4.0/


in the taxa names. The genotype of each cluster is indicated. The clade marked with an asterisk has not been classified to the variant level. 724 

Phylogenies were rooted using an early European EBHSV isolate (not shown) and the scale bar is proportional to the number of nucleotide 725 

substitutions per site. Bootstrap support values are shown for the major nodes. 726 
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