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Abstract

Our knowledge of mammalian viruses has been strongly skewed toward those that cause disease in
humans and animals. However, recent metagenomic studies indicate that most apparently healthy
organisms carry viruses, and that these seemingly benign viruses may comprise the bulk of virus
diversity. The bias toward studying viruses associated with overt disease is apparent in the lagoviruses
(family Caliciviridae) that infect rabbits and hares: although most attention has been directed toward
the highly pathogenic members of this genus - the rabbit haemorrhagic disease virus and European
brown hare syndrome virus - a number of benign lagoviruses have also been identified. To determine
whether wild European brown hares in Australia might also carry undetected benign viruses, we used a
meta-transcriptomics approach to explore the gut and liver RNA viromes of these invasive animals. This
led to the discovery of three new lagoviruses. While one of the three viruses was only detected in a
single hare, the other two viruses were detected in 20% of all hares tested. All three viruses were most
closely related to other hare lagoviruses, but were highly distinct from both known viruses and each
other. We also found evidence for complex recombination events in these viruses, which, combined
with their phylogenetic distribution, suggests that there is likely extensive unsampled diversity in this
genus. Additional metagenomic studies of hares and other species are clearly needed to fill gaps in the
lagovirus phylogeny and hence better understand the evolutionary history of this important group of

mammalian viruses.
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Introduction

Although viruses probably infect all cellular organisms (1, 2), their true diversity is both
underappreciated and poorly understood (3). Until recently, virus discovery was generally challenging,
with a reliance on cell culture and PCR-based techniques. This, combined with a focus on viruses of
anthropogenic importance, has meant that the great majority of viruses studied are those causing
disease in humans and animals of human interest (2), generating a skewed perception of virus diversity
and perhaps of virus evolution. Recent studies using next generation sequencing and metagenomics
have demonstrated that a wealth of viruses exist in apparently healthy vertebrate and invertebrate
organisms, and that the characterization of these viruses is vital to understanding virus evolution and
ecology (4-6). The study of such "background" viruses in vertebrates is of particular interest in this
context, as these can have the capacity to jump species boundaries and sometimes evolve new levels of

virulence (7-10).

Lagoviruses are an example of a group of viruses within which both benign and highly pathogenic
viruses have been detected (11-16). Lagovirus is a genus in the family Caliciviridae, comprising positive-
sense, single stranded RNA viruses that infect members of the Leporidae family of mammals (i.e.
rabbits and hares) (14, 17, 18). Lagovirus genomes are approximately 7.5 kb in length and are made up
of two open-reading frames (ORF), one which encodes a polyprotein that is proteolytically cleaved to
produce the non-structural proteins and the major capsid protein, VP60; and a second ORF that
encodes the minor structural protein (17, 19, 20). Similar to other caliciviruses, the prototype
lagoviruses have been shown to possess a subgenomic RNA, which is collinear with the 3’ end of the
genomic RNA and encodes the structural genes (17, 21-24). Viruses in this genus have been classified

into two proposed genogroups: Gl encompasses all viruses related to rabbit haemorrhagic disease virus
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(RHDV, Gl.1), which are generally rabbit-specific viruses, while Gll includes viruses related to European
brown hare syndrome virus (EBHSV, Gll.1), most of which are hare-specific viruses (13). Pathogenic
viruses of the Lagovirus genus, such as RHDV, RHDV2 (Gl.2) and EBHSV, primarily affect the liver,
causing massive hepatic necrosis usually associated with high mortality (25). In contrast, benign viruses

exhibit an intestinal tropism (11, 12, 14).

Lagoviruses are a relatively well studied group of viruses since the high mortality rates of RHDV and
RHDV2 in the European rabbit (Oryctolagus cuniculus) have major ecological and economic impacts in
Europe and Australia, although for different reasons (18). In parts of Europe, rabbits are an important
part of the natural ecosystem, and are also farmed for rabbit meat and fur, upon which RHDV
epidemics can have devastating effects (18). Conversely, rabbits are a pest species in Australia, and

RHDV is used to control overabundant rabbit populations (18).

In Australia, extensive work has been done to characterise rabbit lagoviruses due to theirimportance in
rabbit biocontrol. European rabbits and European brown hares (Lepus europaeus) were both
successfully introduced into Australia by European settlers in the 1800s (26, 27), and both eventually
reached plague densities, causing agricultural and ecological damage (28). While rabbits successfully
colonized most of the continent except the wet tropics and extremely arid zones (29), hares did not
spread as far, occupying a region of approximately 7 x 10* km? in size (26), primarily in the south-east of
Australia. For a number of unconfirmed reasons, the hare population appeared to decline rapidly at the
start of the 1900s (28), although they are still considered as pests in some areas of Australia today (30,
31). Rabbits became a major pest species, and accordingly, RHDV was deliberately introduced into

Australia as a biocontrol agent in the mid-1990s, and continues to be released periodically (32).
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81
82  RHDVis not the only lagovirus present in Australia. After the initial release, reduced effectiveness of
83  RHDV was noted in south-eastern temperate regions of Australia, and serological data suggested the
84  existence of a related benign virus (33). Subsequently, a benign lagovirus, RCV-A1 (Gl.4) was isolated
85  and sequenced (14), and shown to confer a degree of cross-protection against RHDV, potentially
86 interfering with biocontrol (34, 35). Additionally, a number of seemingly benign lagoviruses were
87  detected in Europe and New Zealand, some closely related to RCV-A1 and others more closely related
88  to pathogenic lagoviruses (11-13, 36, 37). In the last decade, a number of other lagoviruses have
89 appeared in Australia, including RHDVa-Aus (Gl.4eP-Gl.1a) (38), RHDV2 (Gl.2) (39) and a recombinant
go  of these two variants (Gl.4eP-Gl.2, [RdRp-capsid genotype]) (13, 40). RHDV2 has also been detected in
91  hares (Lepus europaeus) in Australia (41), and although phylogenetic analysis suggests that these
92 infections were likely the result of spill-over from sympatric rabbit populations, this virus is highly
93  virulentin hares (42). Apart from RHDV2, no other lagoviruses have been detected in hares in Australia.
94  InEurope, Lepus europaeus is affected by the pathogenic lagovirus EBHSV (43-48), which has never
95  beendetected in Australia, as well as RHDV2, which has been detected in multiple hare species (41, 49-
96  52). Two additional, presumably benign, hare caliciviruses from Europe (denoted Gll.2), have recently
97  beenreported (23, 15, 16) and it is unknown whether similar viruses are present in Australia.
98
99  Less emphasis has been placed on the investigation of viruses in hares compared to those affecting
100  rabbits, possibly because unlike rabbits, hares are not commercially farmed for meat and have a
100 comparatively lowerimpact as a pest species in Australia. However, exploration of the hare virome is of
102 importance not just for understanding the biological and genetic diversity of lagoviruses, but also for

103 understanding the frequency with which these viruses have been able to change their virulence and
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104  hostrange within lagomorphs throughout the evolutionary history of this genus. We therefore aimed to
105  explore the RNA virome of healthy hares in Australia to detect and characterize unidentified viruses,

106 andin doing so, broaden our understanding of RNA virus diversity and evolution.

107

108 Results

109 Initial PCR for lagovirus detection

120  Asaninitial screening method to identify samples likely to contain diverse lagoviruses, a broad-range
111 universal lagovirus PCR (14) was used to analyse hare duodenum samples (n = 38) collected in two

112 locations, Hamilton, Victoria (VIC) and Mulligan’s Flat, Australian Capital Territory (ACT). Lagoviruses
113 were detected in two hare duodenum samples: MF-150 and JM-2. This was confirmed by Sanger

114  sequencing, and initial phylogenetic analysis of the ~300 nt sequences indicated that these viruses were
115 distinct from known lagoviruses and each other (data not shown).

116

117  RNA Sequencing

118  Inan effort to obtain the complete genome of the new lagoviruses, RNA sequencing (i.e. “meta-

119 transcriptomics” (5)) was performed on JM-2 and MF-150 duodenum RNA and a selection of other hare
120  duodenum and liver RNA pooled into 16 libraries (Table 1). An aggregate of 792,023,978 reads were

121 obtained for all libraries, 605,624,790 (76%) of which did not map to host rRNA, averaging 38,086,664
122 non-rRNA reads per library.

123

124  Reads were assembled into contigs and screened for viruses. No viral contigs were assembled from any

125 of the liver libraries or most of the Mulligan’s Flat duodenum libraries. The four Hamilton duodenum
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126 pooled libraries, one Mulligan’s Flat duodenum pooled library (MF3-D), and the JM-2 duodenum library
127 together had a total of 58 viral contigs (Figure 1), which matched seven different viruses in a BLAST
128  analysis. Contigs with highest identity to lagoviruses (either EBHSV [Gll.1] or hare calicivirus [Gll.2])
129  were present in all of these libraries and, on average, made up 86% (71— 100%) of all viral contigs in

130 each library (Figure 1). However, lagovirus reads were in very low abundance overall, comprising less
131 than 0.003% of the non-rRNA transcriptome in each library. The 5o lagovirus contigs had an average
132 nucleotide identity of only 84.7—89.9% to the top BLAST result, indicating a potential new virus. The
133 longest of the lagovirus contigs (5,586 nt) encompassed ~75% of a typical lagovirus genome, while the
134  Shortest was 201 nt.

135

136 Apart from lagoviruses, contigs were assembled for four other putative viruses, with the closest BLAST
137 hits to: Hubei partiti-like virus 54, Hubei partiti-like virus 49, Mammalian orthoreovirus 1 and

138 Mammalian orthoreovirus 3. However, only short contigs (range 214 — 483 nt) were assembled for these
139  viruses, and all had very low abundance of less than 20 reads (Figure 1).

140

141 Lagovirus genome assembly and annotation

142  Hamilton hare viruses

143  Lagovirus contigs from the Hamilton libraries were assembled de novo to form “reference assemblies”
144 and reads from individual libraries were mapped back to the reference assembly consensus sequences.
145  Through this approach, an almost complete genome sequence was assembled for two new lagoviruses.
146  The first, provisionally named Hare calicivirus Australia-1 (HaCV-A1) was assembled from the Ham-2D
147  library and was 7,364 nt in length with 22.8X mean coverage. The second virus comprised two

148  assemblies (5,588 nt and 1,628 nt) that did not overlap, but were later shown to be from the same virus
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149  using PCR and Sanger sequencing. This virus was provisionally named Hare calicivirus Australia-2

150  (HaCV-A2)and both assemblies for this virus were generated from the Ham-aD library with a mean
151 coverage of 19.3X and 10.9X.

152

153 To validate our RNA sequencing and genome assembly approach, we confirmed the HaCV-A1 genome
154 sequence by amplicon sequencing of an individual sample. There were only ten nucleotide differences
155 between the amplicon-based sequencing approach and the de novo RNA sequencing assembly

156 approach, and these occurred at highly variable sites (data not shown). This level of variation is to be
157 expected given that amplicon sequencing was conducted on a single sample while, in contrast, the RNA
158  sequencing was conducted on a pool of samples. As part of the amplicon-based sequencing approach,
159  we were also able to determine the 3’ end of the virus, revealing a 64 nt 3’ UTR. The start of the coding
160  sequence, as well as 3 nt of the 5" UTR, was determined at the 5’ end, although the first 8 nt of the 5’
161 end sequence are inferred as these were obtained from amplicon sequencing (only) and are within the
162 primer binding region. Excluding the 5’ end primer inferred sequence, and the polyA tail, a consensus
163 sequence of 7,386 nt was obtained for HaCV-A1 (Figure 2).

164

165  Additional amplification and sequencing was also conducted for HaCV-Az2 to bridge the gap between
166  the two assemblies and join them together, to confirm regions with gaps or low coverage, and to

167  extend the sequence. This resulted in a consensus sequence of 7,412 nt, including a 3' UTR of 77 nt

168  (Figure 2). The complete 5’ end was not obtained, with 14 nt likely missing from the start of ORF 1

169  (based on sequence similarity with other lagoviruses).

170
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171 Both HaCV-A1 and HaCV-A2 appear to have the same genome organisation as other lagoviruses, with
172 two ORFs: one encoding a polyprotein containing the non-structural genes and capsid gene, and one
173 encoding the minor structural protein (Figure 2). The polyprotein encoded by ORF 1 is likely 2,332

174  amino acids in length for HaCV-A1 (based on start codon in the primer inferred sequence) and is likely
175 the same for HaCV-A2, although the start of the coding sequence was not obtained for the latter virus.
176 The likely cleavage products (mature peptides) resulting from post-translational processing of the ORF
177 1 polyprotein (and cleavage sites) were inferred from sequence similarity with EBHSV and RHDV. These
178 included peptides for which conserved domains were identified (RNA helicase, peptidase C37/3C-like
179  proteinase, RNA-dependent RNA polymerase (RdRp), calicivirus capsid protein, and DUF840, a

180  lagovirus protein of unknown function), as well as the genome-linked viral protein, VPg, which binds to
181 the 5’ end of calicivirus RNA molecules (21); and three proteins with unknown function, as indicated in
182  Figure 2. Potential termination upstream ribosomal binding site (TURBS) motifs were identified at

183 positions 6,904 — 6,908 (motif 2*), 6,910 — 6,916 (motif 1), 6,959 — 6,963 (motif 2) of the HaCV-Aa

184  partial genome sequence and at the equivalent location in the HaCV-Az2 partial genome sequence;

185 6,907 - 6,911 (motif 2%*), 6,913 — 6,919 (motif 1), and 6,962 — 6,966 (motif 2). For both viruses, based on
186  the putative location of the TURBS motifs (53), the second ORF is likely to overlap with the first ORF by
187  8nt, as seen for EBHSV (17), and encode a protein of 113 amino acids.

188

189  Mulligan’s Flat hare virus

190  Only two short (~200 nt) lagovirus contigs were assembled from the Mulligan’s flat libraries using a

191 meta-transcriptomics approach. However, almost the complete capsid gene (1,589 nt) of the lagovirus
192 detected in MF-150 duodenum was amplified and Sanger sequenced using a combination of primers for

193 the EBHSV capsid protein gene (54) and specifically designed broadly-reactive primer sets. These
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194  Sangersequences, together with reads from RNA sequencing and the two contigs from the Mulligan’s
195  Flatlibraries, were mapped to an EBHSV reference sequence. Six reads and the two contigs mapped to
196  regions of the genome upstream from the Sanger-sequenced capsid protein gene, enabling further
197  amplification of the intervening regions. Subsequent amplicon sequencing extended the sequenced
198  region of this virus to 4,570 nt (Figure 2). This virus is distinct from HaCV-A1 and HaCV-A2 and was
199  provisionally named Hare calicivirus Australia-3 (HaCV-A3). Although the complete genome was not
200 isolated for HaCV-A3, the genome organisation of the obtained sequence appears to match that of
201 known lagoviruses (Figure 2). Conserved domains for peptidase C37/3C-like proteinase, RdRp, and

202 calicivirus capsid protein were identified, as well as likely cleavage products of the ORF 1 polyprotein,
203 including VPg, 3C-like proteinase, RdRp, capsid protein and part of an unknown protein at the 5’ end of
204  the sequence (Figure 2).

205

206  Phylogenetic analysis

207  The three new hare lagoviruses were diverse, with HaCV-A1 sharing only 74% nt and 77% nt identity
208  across sequenced regions with HaCV-A2 and HaCV-A3, respectively; while HaCV-A2 and HaCV-A3
209  share 78% nt identity. Notably, HaCV-A3 was most similar to HaCV-Az2 in the RdRp gene and most
220  similarto HaCV-Az1 in the capsid region (Figure 3), suggestive of recombination.

211

212 Maximum likelihood phylogenetic trees were inferred for both the RdRp and capsid genes of the new
213 viruses together with representative lagoviruses (Figure 3). The three new hare lagoviruses form a

214  strongly supported monophyletic group with other hare-specific lagoviruses (Gll) - EBHSV and hare
215 caliciviruses —in both the capsid and RdRp gene phylogenies. However, all three viruses are clearly

216 distinct, separated both from each other and other known lagoviruses by relatively long branches with

10
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217 strong bootstrap support (Figure 3). Indeed, there is approximately the same phylogenetic distance
218  between HaCV-A1 and HaCV-A2 as among all known rabbit lagoviruses. Given this diversity, and

219  according to the proposed classification guidelines outlined by Le Pendu et al (2017), it is likely that

220  each of these viruses would represent a new genotype within the Gll genogroup of the Lagovirus genus,
221 provisionally Gll.3 (HaCV-A1), Gll.4 (HaCV-A2) and Gll.5 (HaCV-A3). A substantial level of phylogenetic
222 incongruence between the RdRp and capsid protein gene trees is evident among the hare caliciviruses
223 (Australian and European). In the capsid gene tree (Figure 3B), HaCV-A2 clusters most closely with the
224  two European benign hare caliciviruses (Gll.2), sharing 79% and 78% nt identity with each, while the
225 other two new viruses cluster together and share a more recent common ancestor with the pathogenic
226 hare lagovirus, EBHSV. In the RdRp phylogeny (Figure 3A), the two European hare caliciviruses cluster
227 most closely with EBHSV and the three viruses discovered here are more distant.

228

229  Lagovirus recombination

230 Asour phylogenetic analysis strongly suggested the occurrence of recombination among the new

231 viruses, particularly the incongruence between the RdRp and capsid gene phylogenies, we performed a
232 more detailed analysis of this putative recombination event. These analyses revealed strong evidence
233 of recombination among the Australian hare caliciviruses. Specifically, HaCV-A3 was predicted to be a
234  recombinant of viruses related to HaCV-A1 and HaCV-Az2 (RDP pairwise distance plot; Figure 2). The
235 estimated location of the putative breakpoint was at position 2,909 in the HaCV-A3 sequence (99% Cl:
236 2,827-3,183), 19 nucleotides downstream of the RdRp/capsid putative cleavage site, which is the

237 equivalent of position 5,307 on the reference EBHSV genome sequence (accession NC_002615).

238 Importantly, recombination at this location essentially divides the genome into a region encoding the

239  non-structural proteins and a second region encoding the structural proteins (Figure 2). Phylogenetic

11
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240  analysis on regions either side of the breakpoint strongly supported the occurrence of recombination,
241 with HaCV-A3 clustering with HaCV-Az in the non-structural genes tree (left of the breakpoint) and
242 clustering with HaCV-A1 in the capsid tree (right of the breakpoint), with robust bootstrap support

243 (>70%). This phylogenetic incongruence is captured in the RdRp and capsid phylogenies presented in
244  Figure 3. However, an end breakpoint could not be determined. Given the substantial diversity of

245  potential parent sequences and lack of sampling in this clade, it was difficult to predict the evolutionary
246 history of recombinant events with certainty. Accordingly, HaCV-A1 or HaCV-A2 may be the actual

247  recombinant, or it is possible that more than one recombination event has occurred among these and
248  related viruses. Notably, the regions flanking the putative recombination breakpoint were amplified in
249  asingle amplicon for each of the Australian hare caliciviruses, excluding the possibility of miss-

250 assembly leading to false recombination signals.

251

252 Prevalence of new hare lagoviruses

253 Specific screening PCRs amplifying a short region of the capsid gene were designed for each new virus,
254 and 42 duodenum samples from shot healthy hares from both locations were tested for the presence of
255  these viruses (including those used to generate the sequencing libraries). Accordingly, HaCV-A1 and
256 HaCV-A2 were both found at a prevalence of 30% in Hamilton, VIC, and one hare was infected with

257 both (Table 1). HaCV-A1 was not detected in Mulligan’s Flat, ACT, while HaCV-A2 was detected in 1/12
258 rabbits in this location, making it the only virus of the three newly identified lagoviruses to be detected
259  atboth locations (Table 1). HaCV-A3 was detected in only one hare duodenum, MF-150, and was likely
260  to be presentata very low concentration, as viral contigs could not be assembled from a total of

261 39,993,840 reads from RNA sequencing of this sample. For PCR-positive duodenum samples, liver

262 samples from the same individuals were also screened for the presence of the new lagoviruses. HaCV-

12
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263  A1was detected in one liver sample and HaCV-A2 was detected in two liver samples (Table 1), although
264  the amplicons were faint, indicating a lower viral abundance compared to the duodenum or possible
265 contamination during sample collection.

266

267  Discussion

268  We used a bulk RNA-Sequencing approach to explore the RNA virome of European brown hares in

269  Australia. This resulted in the discovery of three new hare viruses: Hare calicivirus Australia-1 (HaCV-
270 Aa), Hare calicivirus Australia-2 (HaCV-A2) and Hare calicivirus Australia-3 (HaCV-A3). Prior to this, the
271 only lagovirus detected in hares in Australia was RHDV2 (41), which is primarily a rabbit virus, and

272 phylogenetic evidence suggests that RHDV2 infection in hares in Australia occurred as a result of

273 transient spill-over events (42, 49). While HaCV-A3 was only found in one animal, the other two new
274 viruses were both detected in almost one third of hares tested at the Hamilton, VIC site, during both
275 sampling periods (one year apart). This suggests that similar to the non-pathogenic rabbit calicivirus
276 RCV-A1(Gl.4) (55), these two viruses may be prevalent in certain populations, although more extensive
277  screening is needed to confirm this.

278

279 The three new viruses were all members of the genus Lagovirus (family Caliciviridae). This genus

280  comprises both virulent and benign viruses that infect hares (Lepus) and rabbits (Oryctolagus cuniculus)
281 (14). The virulent viruses, RHDV (Gl.1), RHDV2 (Gl.2), and EBHSV (Gll.1) have a liver tropism and are
282 associated with necrotic hepatitis often resulting in fatality (25, 56, 57), while the benign viruses, RCV-
283  Aa1(Gl.4), RCV (unclassified), RCV-E1 (Gl.3), and the French hare calicivirus (Gll.2), have an intestinal
284  tropism (11, 12, 14, 16). Tissue tropism has not been reported for the Italian benign hare calicivirus (15).
285 Allthree new viruses discovered here were found in low abundance in the duodenum of apparently

13
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286  healthy hares, consistent with the intestinal tropism observed for benign lagoviruses (11, 14, 16). Either
287  HaCV-A1 or HaCV-A2 were also detected in the liver of three of these apparently healthy hares,

288  although at objectively lower levels, suggesting that the site of replication is likely to be the intestine.
289  The genome organization of the new viruses was consistent with that of other lagoviruses, and the

290  putative proteolytic cleavage sites on the ORF 1 polyprotein are identical to those in EBHSV, suggesting
201 similar processing mechanisms in these new viruses (19).

292

293 Notably, there was evidence of recombination between the three new viruses, confirming the

294 importance of recombination as a means to generate genetic diversity in lagoviruses (40, 58). The

295 location of the putative breakpoint is near the junction of the RdRp and capsid protein genes.

296  Recombination in this region results in chimeric viruses with non-structural genes derived from one

297  virus and structural genes derived from another (22, 23, 40, 59). This is a recombination hotspot in

298  caliciviruses, and similar events have been observed between members of the Gl lineage of lagoviruses,
299  where several recombinants between RHDV (Gl.1), RHDV2 (Gl.2) and RCV-A1 (Gl.4) have been reported
300 (40, 58). The sequence in the RdRp/capsid junction is highly conserved in caliciviruses, and is predicted
301 toform astem loop structure that may facilitate a pause in replication and a subsequent template

302 switch (22, 23). In addition, several caliciviruses have been shown to possess a subgenomic RNA

303  encoding the structural genes, which may serve as an ideal secondary template for reinitiation of RNA
304  synthesis (21-24). Due to the diversity between the three new Australian hare caliciviruses and related
305  European hare caliciviruses, and general under-sampling of the Lagovirus Gll clade, it is difficult to

306  establish which of the new viruses is the recombinant and which is the parent, although our analysis
307  suggested that HaCV-A3 was the most likely recombinant. Indeed, the pattern of phylogenetic

308 incongruence between the RdRp and capsid gene trees may mean that several recombination events
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309  have occurred among these and related strains, although this may be difficult to detect/confirm due to
310  under-sampling of potential parental sequences, because they have been over-written by more recent
311 recombination events, or substantial divergence since putative recombination events (60).

312

313 Theviruses identified here were most closely related to the only two known

314  hare-specific lagoviruses (Gll), EBHSV (Gll.1) and the recently reported European hare caliciviruses

315 (denoted GlI.2) (23, 15, 16). The three new viruses are strikingly distant from the previously

316 characterized hare lagoviruses and from each other, and each would constitute a new genotype of the
317 Lagovirus genus (13), provisionally Gll.3 (HaCV-A1), Gll.4 (HaCV-A2) and Gll.5 (HaCV-A3). The addition
318  of these three viruses to the lagovirus genus has therefore greatly increased the phylogenetic depth
319  and diversity of this genus, indicating that lagoviruses have likely circulated for longer than previously
320  assumed. The relatively large genetic distance both among these viruses and between the hare and
321 rabbit viruses almost certainly reflects a lack of sampling, with the possibility that lagoviruses may in
322 factinfect a more diverse range of mammalian taxa, such as Sylvilagus sp. It should be noted that the
323 two European hare caliciviruses, both tentatively denoted Gll.2 (13, 15), cluster together, but probably
324  exhibit enough diversity to be classified as two different genotypes, with 85% nucleotide identity in the
325  capsid protein gene (Figure 3).

326

327  The lagovirus genus is of evolutionary interest as virulence has likely evolved independently in RHDV
328  (Gl.1), RHDV2 (Gl.2) and EBHSV (Gll.1) (61). Historically, research efforts have been focused towards
329 these highly virulent viruses due to their apparent impacts, however, non-virulent lagoviruses are

330  increasingly being reported (11-14, 37). With additional comprehensive sequencing studies, the

331 Lagovirus genus may indeed prove to be comprised of mainly asymptomatic viruses. These viruses may
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332 provide an extensive gene pool for recombination or even the possible emergence of additional virulent
333 lagoviruses like RHDV2. Our data suggests that the Lagovirus genus is likely substantially under-

334  sampled and hence that the true diversity of the hare (and rabbit) virome is underestimated.

335  Accordingly, extensive additional sequencing of RNA viromes of hares and other lagomorph species is
336  needed to fill in the gaps in the lagovirus phylogeny and those of other RNA viruses, in turn providing

337  broad-scale insights into RNA virus evolution and ecology.

338

339  Materials and methods

340  Sample collection

341 Liverand duodenum were collected post-mortem from apparently healthy hares shot from a vehicle
342 usingao.22 calibrerifle, and frozen at -20°C. Samples were taken from 30 hares in Hamilton, VIC over
343 two nights — 30/06/2016 and 23/05/2017 — and 12 hares from Mulligan’s Flat, ACT in December 2012,
344  February 2016, or May - July 2016 (Table 1). Samples were collected as part of a routine vertebrate pest
345  control program and lagovirus serological surveillance studies. All work was carried out according to the
346 Australian Code for the Care and Use of Animals for Scientific Purposes with approval from the

347  institutional animal ethics committee (ESAEC 12-15 and CLWA 16-02).

348

349 RNA solation

350  RNA was extracted from 20-30 mg of tissue using the Maxwell 26 LEV simplyRNA tissue kit and

351 extraction robot (Promega, WI, USA) as per the manufacturer’s instructions.

352
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353  cDNA synthesis and PCR for detection of diverse lagoviruses

354  First-strand cDNA was prepared using Invitrogen SuperScript ™ IV Reverse Transcriptase (Thermofisher
355  Scientific, MA, USA) according to the manufacturer’s instructions using 5 pl of RNA and 500 ng of

356 Oligo(dT)(28mer) or 10 uM CaVuniR specific primer (Supplementary table S1). For cDNA prepared for 3’
357  end amplification, 20 uM of primer GV270 (62) was used.

358

359 Duodenum samples (n = 38) were screened for the presence of lagoviruses using a universal lagovirus
360  PCRas described previously (14), and positive amplicons were confirmed by Sanger sequencing at the
361 Australian Cancer Research Foundation (ACRF) Biomolecular Resource Facility (BRF) in Canberra,
362 ACT.

363

364 Initial amplification of HaCV-A3 for Sanger sequencing

365  Regions of the genome of HaCV-A3 (sample MF-150) were initially amplified using EBHSV primers

366  EBHSV_VP60_01728R and EBHSV_VP60_0813F (54), or specifically designed broadly reactive primers
367  (Supplementary table S1). PCRs were conducted using Invitrogen Platinum Tag Polymerase High

368  Fidelity kit (Thermofisher Scientific, MA, USA) according to the manufacturer’s protocol, using 1.5 Ll of
369  diluted cDNA (1:2) as template in a 25 pl reaction. Positive amplicons were sequenced at ACRF-BRF.
370

371 RNA sequencing

372 RNAlibrary construction and sequencing

373 RNA from two hare duodenum samples that tested positive in the lagovirus PCR (MF-150 and JM-2), as
374 wellas RNA from the liver and duodenum of 10 additional hares from Hamilton VIC, and 10 hares

375  (including MF-150) from Mulligans Flat ACT, were selected for sequencing (Table 1). Freshly extracted
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376  RNA was treated using Invitrogen TURBO DNase (Thermofisher Scientific, MA, USA) and further

377 purified and concentrated using the RNeasy MinElute cleanup kit (Qiagen, Hilden, Germany). RNA was
378 quantified using the Qubit RNA Invitrogen Broad-range Assay kit with the Qubit Fluorometer v3.0

379  (Thermofisher Scientific, MA, USA), and further quantified and assessed for quality using the Agilent
380 RNA 6000 nano kit and Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). JM-2 and MF-150
381 duodenum RNA were each submitted for sequencing as a single library, while the remaining RNA

382 samples were pooled in equal proportions by location and tissue type into pools of 2-3 individuals,

383  totalling 18 libraries (Table 1). MF-150 duodenum RNA was sequenced individually, and was also

384  included in the Mulligan’s Flat duodenum pools, as the virus loads initially detected in MF-150

385  duodenum RNA appeared to have been very low. Library preparation and sequencing was carried out at
386  the Australian Genome Research Facility (AGRF, Melbourne) using the TruSeq total RNA library

387  preparation kit (Illumina, CA, USA) with host rRNA depletion using the Illumina Ribo-Zero-Gold rRNA
388  removal kit (Epidemiology). Paired-end sequencing (100 bp) was performed on the HiSeq 2500

389  sequencing platform.

390

391 Contig assembly and annotation

392 Reads were trimmed using Trimmomatic (63) and assembled into contigs de novo using Trinity (64).
393  Abundance (as expected counts) was estimated for each contig using the RSEM tool (65), an alignment-
394  based quantification method implemented in Trinity. BLASTn and DIAMOND BLASTx were used to
395  compare Trinity contigs to the NCBI nucleotide (nt) database (e-value cut-off 1 x 20 *°) and non-

396  redundant protein (nr) database (e-value cut-off 1 x 10°), respectively. Results were filtered and contigs
397  that had aviral hit for either BLAST search were retained. Virus host associations were allocated using

398  the Virus-Host database (https://www.genome.jp/virushostdb). All reads were mapped to host rRNA
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399  (rabbit rRNA sequences were used as hare rRNA sequences were not available) using bowtie2 (66), to
400 quantify remaining host rRNA reads since the laboratory-based steps are usually not sufficient to

401 completely eliminate host rRNAs. The rabbit host rRNA target index was generated from a complete O.
402 cuniculus 18s rRNA reference sequence obtained from GenBank (accession NR_033238) and a near

403 complete O. cuniculus 28s rRNA sequence obtained from the Silva high quality ribosomal database (67)
404  (accession GBCA01000314). The total number of reads that were not mapped to host rRNA for each
4o5  library were used as the denominator to calculate the percentage of reads mapped to viral contigs.

406

407 Lagovirus genome assemblies

408  Toincrease the chance of assembling entire viral genomes, the lagovirus contigs from all libraries, in
409  addition to Sanger sequences obtained for JM-2 and MF-150 duodenum samples, were aligned, and
410 contigs with overlapping regions were merged, using the Geneious assembler (68) (with the highest
411 sensitivity setting). Four merged contigs were generated with lengths 7,364 nt, 5,588 nt, 1,628 nt, and
412 1,375 nt. The three longest merged contigs were generated from contigs from the Hamilton, VIC

413 libraries, while the shortest was compiled from Sanger sequences from MF-150 duodenum (Mulligan’s
414 Flat, ACT). To generate library-specific lagovirus contigs, the consensus sequences of these four

415 merged contigs were used as reference sequences and reads from each individual library were mapped
416 tothese reference sequences using Bowtie2 (66). Consensus sequences were extracted from the

417 library-specific contigs. To obtain more of the genome sequence of the lagovirus detected in MF-150,
418  reads and contigs assembled from the MF-150 duodenum library and the Mulligan’s Flat library

419  containing MF-150 duodenum (MF3-D) were aligned to an EBHSV reference sequence

420  (KC832839.1/EBHSV/SWE/O4021-9/1982 ) using the Geneious mapper tool (68). Two contigs and six
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421 reads aligned to EBHSV in regions upstream of the MF-150 Sanger sequence already obtained, allowing
422 thedesign of primers to amplify and sequence across missing regions.

423

424  Genome confirmation and extension PCRs

425  Following RNA sequencing, further primers were designed to amplify missing parts of the newly

426 identified hare calicivirus genomes, as well as to confirm the genome sequence for HaCV-A1 (JM-29
427  duodenum) by amplicon sequencing (Supplementary table S1). Primer GV271 (62) was used for 3’ end
428  amplification from within the polyA tail. PCRs were conducted using Invitrogen Platinum Tag

429  Polymerase High Fidelity kit according to the manufacturer’s protocol, using 2.4 pl of cDNA as

430  template in a 4o ul reaction. DNA libraries were prepared and sequenced using either lllumina Miseq
431 technology as described previously (61, 6g) or Sanger sequencing conducted at ACRF-BRF.

432

433 Consensus sequences for the near complete genome of HaCV-A1, HaCV-A2 and partial genome of
434  HaCV-A3have been deposited in GenBank under accession numbers MK138383-MK138385. All RNA-
435  Seqreads were deposited into the NCBI sequence read archive (SRA) under BioProject XXXX.

436

437 ldentification of conserved domains and potential ORFs

438  The NCBI Conserved domains tool (70) was used to check for the presence of conserved functional

439  domains in the newly discovered complete and partial viral genomes, and the ExPASY translate tool
440  (https://web.expasy.org/translate/) and the Geneious ORF prediction tool were used to identify realistic
441 openreading frames. Although several possible ORFs existed, the location of ORF 1 in all three viruses
442 wasinferred due to its size (largest ORF) and through sequence similarity with other lagoviruses

443  (accession NC_002615, NC_001543). The location of ORF 2 (in HaCV-A1 and HaCV-A2) was chosen
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444  based on the location of putative TURBS motifs (which were found manually), as translation re-

445  initiation in caliciviruses tends to occur within 12 — 24 nt of the TURBS structure, and only one potential
446  ORF fit this criteria (71). The Geneious annotate and predict tool was used to annotate the genomes
447  based on published lagovirus sequences, and the likely cleavage fragments of the ORF 1 polyprotein
448  were inferred from sequence homology with EBHSV and RHDV (accession NC_002615, NC_001543).
449

450  Recombination analyses

451 RDP4 (60) was used to screen for evidence of recombination with a data set containing the three new
452 sequences plus 18 non-recombinant lagovirus sequences, including both rabbit and hare viruses. The
453  data set was trimmed to the length of the HaCV-A3 sequence (alignment length 4,588 nt). The RDP,
454  GENECONV and MAXCHI methods were used to explore data for recombination signals, and

455  BOOTSCAN and CHIMAERA were used to verify signals detected by initial screening methods. A p-
456  value of 0.05 represented a significant result for all tests, and putative recombination events were
457 considered to be those detected by at least two of the three initial methods. A pairwise identity plot
458  was generated by the RDP method with a sliding window of 30 nt. To confirm recombination events,
459  we inferred phylogenetic trees on sections of the alignment either side of the putative recombination
460  break-point using a maximum likelihood approach as described below. Significant evidence for

461 recombination was reported as cases of clear phylogenetic incongruence with strong (i.e. >70%)

462 bootstrap support.

463

464  Phylogenetic analysis

465  The lagovirus genome sequences identified here were aligned with 28 (24 complete genomes, four

466  capsid sequence only) sequences available on GenBank, representing the known diversity of
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467 lagoviruses, using MAFFT as available in Geneious (68). Maximum likelihood (ML) phylogenetic trees
468  were inferred for both the RdRp (1,548 nt, 27 sequences) and capsid (1,704 nt, 31 sequences) using

469  PhyML (72) and employing the GTR+I"+I model of nucleotide substitution (as selected using jModelTest
470 v2.1.6 (73, 74)) with five rate categories, an estimated proportion of invariant sites and gamma

471 distribution parameter. Topology searching used a combination of nearest-neighbor interchange and
472 subtree pruning and regrafting branch-swapping. Branch support was estimated using 1,000 bootstrap
473 replicates using the same ML procedure as described above, and all trees were mid-point rooted for

474 clarity.

475

476 Hare calicivirus screening PCRs

477  Todetermine the prevalence of each of the new hare caliciviruses, hare duodenum RNA was

478 individually screened for each new lagovirus. Specific primer sets were designed based on the sequence
479  of the three new lagoviruses to enable detection of each virus; HaCV-A1, HareCaV1_F6.2 and

480 HareCaV1i_R6.5 (330 bp amplicon); HaCV-Az, HareCaV2_F5.2 and HareCaV2_Rs5.4 (213 bp amplicon);
481 HaCV-A3, HareCaV4_Fs.5 and HareCaV4_Rs.9 (408 bp amplicon) (Supplementary table S1). Liver RNA
482 was also screened from hares for which a product was amplified from the duodenum RNA. RT-PCR was
483  conducted using the One-Step Ahead RT-PCR kit (Qiagen, Hilden, Germany) according to the

484  manufacturer’s instructions using 1 1l of RNA diluted 1:10 in nuclease free water in a 20 pl reaction

485  volume.

486
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699  Tables

700  Table 1. Prevalence of new viruses and sequencing library details

Sample collection Sequencing library’ Virus detection by PCR in duo’
Name Location* Date Liver Duodenum HaCV-A1 HaCV-A2 HaCV-A3
JM-1 Ham 30/6/16 N/A N/A - - -
JM-2 Ham 30/6/16 N/A JM-2-duo + - -
JM-3 Ham 30/6/16 N/A N/A - - -
IM-4 Ham 30/6/16 N/A N/A - + -
JM-g Ham 30/6/16 N/A N/A - - -
JM-6 Ham 30/6/16 N/A N/A - + -
IM-7 Ham 30/6/16 N/A N/A - - -
JM-8 Ham 30/6/16 N/A N/A - - -
JM-g Ham 30/6/16 N/A N/A - + -
JM-10 Ham 30/6/16 N/A N/A - - -
JM-11 Ham 30/6/16 N/A N/A - +(L) -
JM-12 Ham 30/6/16 N/A N/A - + -
JM-13 Ham 30/6/16 N/A N/A - - -
IM-14 Ham 30/6/16 N/A N/A - - -
JM-15 Ham 30/6/16 N/A N/A - - -
JM-16 Ham 30/6/16 N/A N/A + - -
JM-17 Ham 30/6/16 N/A N/A - - -
JM-18 Ham 30/6/16 N/A N/A - - -
JM-19 Ham 30/6/16 N/A N/A - - -
JM-20 Ham 30/6/16 N/A N/A - + -
IM-22 Ham 23/5/17 Hama-L Hama-D + - -
IM-24 Ham 23/5/17 Hamz-L Ham1-D + + -
IM-26 Ham 23/5/17 Hama-L Ham1-D - +/- -
IM-27 Ham 23/5/17 Ham2-L Ham2-D +/- - -
IM-29 Ham 23/5/17 Ham2-L Ham2-D + - -
JM-30 Ham 23/5/17 Ham3-L Ham3-D + - -
JM-31 Ham 23/5/17 Ham3-L Ham3-D - - -
IM-34 Ham 23/5/17 Ham3-L Ham3-D - +(L) -
JM-35 Ham 23/5/17 Hamg4-L Hamg4-D + - -
IM-40 Ham 23/5/17 Hamg-L Hamg4-D +(L) - -
MF-o01 MF 20/12/12 N/A N/A - - -
MF-02 MF 20/12/12 N/A N/A - + -
MF-o7 MF 20/12/12 MFa-L MFa-D - - -
MF-22 MF 20/12/12 MFa-L MF1-D - - -
MF-137 MF 3/2/16 MFa-L MFa-D - - -
MF-148 MF 5/5/16 MF2-L MF2-D - - -
MF-149 MF 5/5/16 MF2-L MF2-D - - -
MF-150 MF 9/6/16 MF3-L MF3-D, MF-150 - - +
MF-151 MF 9/6/16 MF3-L MF3-D - - -
MF-152 MF 9/6/16 MF3-L MF3-D - - -
MF-155 MF 71716 MF4-L MF4-D - - -
MF-156 MF 27/7/16 MF4-L MF4-D - - -

701 *Ham, Hamilton Victoria; MF, Mulligan’s Flat, Australian Capital Territory.
702 'NJA, not applicable — RNA sequencing was not performed on these samples

703 ‘duo, duodenum; +, positive; -, negative; +/-, weak positive; (L) weak positive in liver RNA
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704  Figure legends

705  Figure 1. Number of virus contigs and viral abundance in hare duodenum libraries. Top - the relative
706 abundance (reads, expected count) of viruses (y-axis) in each hare duodenum library (x-axis). Bottom -
707  the number of viral contigs (y-axis) that were assembled for each library (x-axis). Libraries for which no
708  virus contigs were generated are not shown. The bars are shaded according to virus type where black
709  represents lagovirus contigs and grey represents all other virus genera. Ham, Hamilton library; MF,

720 Mulligan’s Flat library; JM-2, specific sample from Hamilton.

711

712 Figure 2. Genome structure of new viruses and identity plot. A schematic representation of the

713 region of the genome sequenced for each new virus is shown above a pairwise identity plot. Open-
714 reading frames (ORFs) are represented by coloured arrow bars (blue, HaCV-A1; red, HaCV-Az2; green,
715 HaCV-A3). Conserved protein domains detected using the NCBI conserved domains search tool, are
716 indicated by dark grey boxes (RdRp, RNA-dependent RNA polymerase; DUF840, lagovirus protein of
717 unknown function). The likely cleavage fragments/peptides of the ORF 1 polyprotein, inferred from
718 sequence homology with EBHSV and RHDV, are indicated by the light grey arrow bars (2C-like, 2C-like
719  RNA helicase; VPg, genome-linked viral protein; 3C-like, 3C-like proteinase; RdRp, RNA-dependent
720 RNA polymerase; VP60, major capsid protein). Amino acids flanking the likely cleavage sites in the
721 polyprotein are indicated at the junction between the peptides using amino acid 1-letter identifiers.
722 Note that a broken appearance at either end of the arrow bars indicates incomplete sequence for that
723 ORF or peptide. The 3’ untranslated regions (UTR) and polyA tails (A(n)) are indicated where sequence
724 was obtained. Genome numbering at regular intervals is indicated above each schematic. Pairwise
725 nucleotide identity (y-axis) according to genome position (x-axis) is plotted below the HaCV-A3

726 schematic. The plot was generated in the RDP4 program from an alignment trimmed to the length of
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727 HaCV-A3, using a sliding window of 30 nt. A clear cross-over between the blue line (identity between
728  HaCV-A3 and HaCV-A1) and the red line (identity between HaCV-A3 and HaCV-A2) suggests that

729  HaCV-A3zis arecombinant between parental viruses related to HaCV-A1 and HaCV-A2. The cross-over
730 event occurs at the junction of the RdRp and capsid and is indicated by a black arrow.

731

732 Figure 3. Phylogenetic analysis of new lagoviruses. Maximum likelihood phylogenies of the (A) RdRp
733 gene (n=27; 1,548 nt) and (B) capsid gene (n=31; 1,704 nt) were inferred for the three new lagoviruses
734  along with representative members of the genus Lagovirus. The accession number of sequences

735  obtained from GenBank is shown in the taxa labels. Trees were mid-point rooted for clarity only, and
736 branch support was estimated using 1,000 bootstrap replicates, which are shown at the major nodes.
737 The taxa names of the three benign hare viruses reported in this study are coloured blue (HaCV-A1), red
738 (HaCV-Az), and green (HaCV-A3). Graphs to the right of the trees indicate the percentage nucleotide
739  identity (x-axis) of each of the three new viruses (HaCV-A1, blue; HaCV-A2, red; HaCV-A3, green) with
740  other taxa in the trees for both genes. The two major clades in each phylogeny are labelled according to
741 proposed genogroup and prototypical host. Proposed genotypes are indicated in taxa labels (those

742 without a genotype label are unclassified).
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Figure 1. Number of virus contigs and viral abundance in hare duodenum libraries.
Top - the relative abundance (reads, expected count) of viruses (y-axis) in each hare
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Figure 2. Genome structure of new viruses and identity plot. A schematic representation of the region of the genome
sequenced for each new virus is shown above a pairwise identity plot. Open-reading frames (ORF) are represented by
coloured arrow bars (blue, HaCV-A1; red, HaCV-A2; green, HaCV-A3). Conserved protein domains detected using the
NCBI conserved domains search tool, are indicated by dark grey boxes (RdRp, RNA-dependent RNA polymerase;
DUF840, lagovirus protein of unknown function). The likely cleavage fragments/peptides of the ORF 1 polyprotein,
inferred from sequence homology with EBHSV and RHDV, are indicated by the light grey arrow bars (2C-like, 2C-like
RNA helicase; VPg, genome-linked viral protein; 3C-like, 3C-like proteinase; RdRp, RNA-dependent RNA polymerase;
VP60, major capsid protein). Amino acids flanking the likely cleavage sites in the polyprotein are indicated at the junction
between the peptides using amino acid 1-letter identifiers. Note that a broken appearance at either end of the arrow bars
indicates incomplete sequence for that ORF or peptide. The 3’ untranslated regions (UTR) and polyA tails (A(n)) are
indicated where sequence was obtained. Genome numbering at regular intervals is indicated above each schematic.
Pairwise nucleotide identity (y-axis) according to genome position (x-axis) is plotted below the HaCV-A3 schematic. The
plot was generated in the RDP4 program from an alignment trimmed to the length of HaCV-A3, using a sliding window of
30 nt. A clear cross-over between the blue line (identity between HaCV-A3 and HaCV-A1) and the red line (identity
between HaCV-A3 and HaCV-A2) suggests that HaCV-A3 is a recombinant between parental viruses related to HaCV-A1
and HaCV-A2. The cross-over event occurs at the junction of the RdRp and capsid and is indicated by a black arrow.
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Figure 3. Phylogenetic analysis of new lagoviruses. Maximum likelihood phylogenies
of the (A) RdRp gene (n=27; 1,548 nt) and (B) capsid gene (n=31; 1,704 nt) were inferred
for the three new lagoviruses along with representative members of the genus Lagovi-
rus. The accession number of sequences obtained from GenBank is shown in the taxa
labels. Trees were mid-point rooted for clarity only, and branch support was estimated
using 1,000 bootstrap replicates, which are shown at the major nodes. The taxa names
of the three benign hare viruses reported in this study are coloured blue (HaCV-A1), red
(HaCV-A2) and green (HaCV-A3). Graphs to the right of the trees indicate the percent-
age nucleotide identity (x-axis) of each of the three new viruses (HaCV-A1, blue;
HaCV-A2, red; HaCV-A3, green) with other taxa in the trees for both genes. The two
major clades in each phylogeny are labelled according to proposed genogroup and
prototypical host. Proposed genotypes are indicated in taxa labels (those without a
genotype label are unclassified).
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