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Abstract

:

Pathogenic lagoviruses (Rabbit hemorrhagic disease virus, RHDV) are widely spread across the world and are used in Australia and New Zealand to control populations of feral European rabbits. The spread of the non-pathogenic lagoviruses, e.g., rabbit calicivirus (RCV), is less well studied as the infection results in no clinical signs. Nonetheless, RCV has important implications for the spread of RHDV and rabbit biocontrol as it can provide varying levels of cross-protection against fatal infection with pathogenic lagoviruses. In Chile, where European rabbits are also an introduced species, myxoma virus was used for localised biocontrol of rabbits in the 1950s. To date, there have been no studies investigating the presence of lagoviruses in the Chilean feral rabbit population. In this study, liver and duodenum rabbit samples from central Chile were tested for the presence of lagoviruses and positive samples were subject to whole RNA sequencing and subsequent data analysis. Phylogenetic analysis revealed a novel RCV variant in duodenal samples that likely originated from European RCVs. Sequencing analysis also detected the presence of a rabbit astrovirus in one of the lagovirus-positive samples.
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1. Introduction


Rabbit calicivirus (RCV) is a non-pathogenic member of the Lagovirus genus in the Caliciviridae family that infects European rabbits (Oryctolagus cuniculus). RCV targets the small intestine, and the course of infection is largely asymptomatic with no apparent clinical signs [1,2,3]. By contrast, closely related pathogenic lagoviruses, such as the Rabbit haemorrhagic disease virus (RHDV), cause fast-developing acute liver necrosis and haemorrhages with a high case fatality rate of >90% and have been detected worldwide [4]. The first RCV was detected in a rabbitry in Italy in the mid-1990s [1]. Another RCV was isolated from a healthy domestic rabbit in France in 2006 (both referred to as RCV-Europe 1, or RCV-E1) [5,6]. Subsequently, a different RCV strain was isolated in Australia (RCV-A1) [2]. RCV has since been found widely across both Australia and New Zealand, prevailing in temperate climate zones [7,8]. However, the spread of RCV across the world is largely unknown.



Both pathogenic and non-pathogenic rabbit caliciviruses share the same genome structure. The virus particles contain two types of RNA molecules: genomic RNA, about 7.5 kb that encodes both non-structural (e.g., helicase, protease, RNA-dependent RNA polymerase (RdRp)) and structural (capsid) proteins; and sub-genomic RNA, of around 2 kb encoding only the capsid proteins VP60 and VP10 [9,10,11]. VP60 is the major structural protein that forms the capsid and VP10 is involved in the viral genome release at the early stages of infection [12,13]. Both genomic and sub-genomic RNAs are covalently bound to the viral protein g (VPg) at the 5′-end and are polyadenylated at the 3′-end [11,14,15].



Lagoviruses are classified into genogroups (GI, GII), genotypes (GI.1, GI.2, etc.), and variants (GI.1a, GI.1b, etc.) [16]. For example, non-pathogenic RCV-A1 and RCV-E1 are referred to as GI.4 and GI.3 genotypes, respectively. RCVs of the GI.4 genotype are further divided into variants GI.4a–e [16]. Pathogenic RHDVs belong to GI.1 and GI.2 genotypes. Recombination events usually occur at the highly conserved breakpoint between the RdRp and the VP60 gene [17]. Based on the nomenclature, recombinants are named by the type of RdRp, followed by the type of VP60. For example, GI.4cP-GI.2 refers to a recombinant variant consisting of the non-structural genes of a non-pathogenetic GI.4c variant and the structural genes of the GI.2 genotype. Several pathogenic recombinants that contain the non-structural genes of RCV strains and the VP60 sequence of pathogenic lagoviruses have been described in the past [18,19,20].



Both RCV and RHDV are highly species-specific and only infect animals of the family Leporidae [21]. Therefore, these viruses have been used in pest management in Australia and New Zealand to reduce the populations of feral European rabbits—one of the most devastating vertebrate pest species in these countries [4,22]. Although this biocontrol strategy has drastically decreased the rabbit population size in both countries, there are a few factors that interfere with its efficiency, including the reported ability of benign RCV to provide a varied extent of immunological protection against pathogenic RHDV and therefore acting as an imperfect natural vaccine [1,3,22]. It has been observed that the level of protection depends on the time between RCV and RHDV infections and is highest if the infections occurred closely together [23,24]. At the same time, co-infection of RCV and RHDV can give rise to recombination variants with increased epidemiological fitness [17].



The European rabbit is also an introduced species in Chile, with populations established by the late 18th century [25,26]. Rabbits are now widely distributed across the country (Figure 1) from the north (Atacama region) to the austral zone (Magallanes region), excluding the Aysén region, where there are apparently no stable populations, and some islands [26,27]. Feral rabbits cause significant damage to both the local ecosystems and economy by excessive grazing on native plant species and agricultural and forestry crops, producing soil erosion, facilitating the spread of introduced weeds, and competing for resources with farmed animals and native species [27,28,29].



In the 1950s, the serious impact of the rabbits on livestock in Isla Grande de Tierra del Fuego (a southernmost island shared by Chile and Argentina), led the Chilean government to release myxoma virus as a biological control agent [27]. This virus causes myxomatosis, a fatal disease in European rabbits which is characterised by major cutaneous lesions and death within two weeks following infection [30]. This localised biocontrol measure was highly effective, and rabbits were no longer a problem for the local livestock industries [26,31], although small populations remained at the southern end of the island [27,29]. From the 2010s, this virus began to be detected in central and southern Chile (between Coquimbo and Biobío regions) [27].



Myxoma virus was also released in Australia in the 1950s and, initially, rabbit numbers dropped dramatically following its introduction [4,27]. However, this was followed by a gradual recovery of the population size due to the emergence of less virulent myxoma virus strains and development of genetic resistance in rabbits [32,33]. To curb increasing rabbit numbers resulting from these co-evolutionary processes, Australia also imported the pathogenic lagovirus RHDV in the 1990s, to maintain the benefits of rabbit biocontrol [34]. A later study determined the economic benefits of the various cumulative rabbit biocontrol initiatives to exceed AUD 70 billion between 1950 and 2011 [35]. In 2015, a second pathogenic RHDV (RHDV2) that was not deliberately released arrived in Australia and resulted in a reduction of wild rabbit populations by 60% on average [36,37], maintaining some of the long-term benefits of lagovirus-mediated rabbit biocontrol.



In Chile, it is mandatory to report rabbit haemorrhagic disease to the Agricultural and Livestock Service (SAG) because it is classified as an exotic pathogen, and its use as a biological control agent is prohibited [27,38,39]. No data are available on the presence and/or spread of either pathogenic or non-pathogenic rabbit caliciviruses in Chile. In this work, we describe the first detection of naturally circulating RCV in Chile, which was identified in duodenum samples collected from rabbits in central Chile (Valparaíso and Metropolitan regions). In addition, a rabbit astrovirus was identified in one of the lagovirus-positive samples. Astroviruses are small RNA viruses (6.1–7.3 kb in length) that infect a wide range of mammalian and avian species targeting the gastro-intestinal tract, and in some cases cause gastroenteritis [40,41].




2. Methods


2.1. Sample Collection


Liver and duodenum samples were collected from both trapped and shot rabbits from two different sampling locations in central Chile: Lago Peñuelas National Reserve (RNLP) (9262 ha) located in the Valparaíso region, administrated by the National Forestry Corporation (CONAF) and Carén Park (CP) (1022 ha) located in the Metropolitan region, owned by the University of Chile and managed by Valle Lo Aguirre Foundation (Figure 1). Both locations belong to the Mediterranean biome, with a semiarid climate.



A systematic bimonthly sampling was conducted between October 2021 and June 2022 alternating between RNLP and CP. Captures of European rabbits were carried out with Tomahawk live traps and by hunting. The trap constitutes a metal cage with bait inside; once the bait is reached by an animal, the door locks. In the case of capture with live traps, the animals were euthanised under the standards defined by the American Veterinary Medical Association [42] by inhalation anaesthetic induction (sevoflurane) and subsequent cervical dislocation. All field activities were conducted with institutional permissions: hunting and capture license issued by the Servicio Agrícola y Ganadero (SAG, Resolution N° 1406/2021), permit for research within state protected wildlife areas (CONAF, N° 002/2021) and bioethics permit issued by Pontificia Universidad Católica de Chile (N° 210923003).



Rabbits were necropsied for tissue sampling: liver and duodenum samples (0.5 × 0.5 cm) were stored in 2 mL Eppendorf microtubes with RNAlater solution as stabiliser, labelled and delivered to the Animal Virology Laboratory of the Faculty of Veterinary and Livestock Sciences of the University of Chile, where they were stored frozen at −80 °C. Liver and duodenum samples were individually transported in leak-proof tubes containing DNA/RNA Shield (Zymo Research, Irvine, CA, USA) and shipped to CSIRO in Canberra, Australia, following national and international regulations under import permit number #0004801465 issued to CSIRO.




2.2. RNA Extraction and Virus Detection


Tissue (30 mg) was homogenised using glass beads and a Precellys tissue homogeniser (Bertin Technologies, Montigny-le-Bretonneux, France). Total RNA was extracted using the Maxwell® RSC instrument (Promega, Madison, WI, USA) in combination with the Maxwell® RSC SimplyRNA Tissue Kit (Promega, Madison, WI, USA). RNA of a total of 113 paired liver and duodenum samples (90 from RNLP and 23 from LC) were screened for the presence of rabbit caliciviruses using the broad-range SYBR-green-based RT-qPCR assay [43]. Samples positive for lagoviruses were subject to subsequent sequencing.




2.3. Sequencing and Data Analysis


A total of eight duodenum samples positive for rabbit caliciviruses were processed for total RNA sequencing. Libraries were prepared for metatranscriptomic sequencing, as previously described [44]. Briefly, total RNA was subject to an rRNA depletion step using the NEBNext rRNADepletion Kit (Human/Mouse/Rat) (New England Biolabs, Ipswich, MA, USA). rRNA-depleted RNA was subsequently prepared for sequencing using the NEB-Next Ultra II RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, Massachusetts, United States) according to manufacturer’s instructions. The quality of generated libraries was assessed using the Agilent 2200 TapeStation System and D1000 high sensitivity tapes (Agilent Technologies, Santa Clara, CA, USA). Sequencing was performed on a NovaSeq SP lane (300 cycles) at the Australian Genome Research Facility (AGRF) in Melbourne, Australia.



The quality of the sequenced data was assessed using FastQC (v0.11.08) [45]. Adapters were detected, trimmed, and paired reads were merged using fastp (v0.23.2) [46]. Reads that passed the quality control were then mapped to the Oryctolagus cuniculus reference genome (GCA_000003625.1) to remove the reads originating from the host. The remaining sequences were subject to de novo assembly using MEGAHIT (v1.2.9) [47]. The resulting contigs were then compared to the NCBI database using BLAST. Reads were mapped against contigs that were identified as viral using algorithms as implemented in Geneious Prime (v2023.1.2) and consensus sequences were generated.




2.4. Phylogenetic Analysis


A total of 76 non-structural and 101 structural RCV sequences, including the 8 newly identified sequences, were used to infer a phylogeny for non-structural and structural genes, respectively. The sequences were trimmed to remove the 3′ and 5′ untranslated regions (UTRs). MAFFT algorithm [48] accessed in Geneious Prime (v2023.2.1) was used to generate the alignments. The phylogenies were built using the maximum likelihood method in the IQ-TREE software (v2.2.0.5) [49] with the best fitting models SYM+I+G4 and GTR+F+I+G4 for the non-structural and structural RCV genes, respectively. Branch support was estimated using 1000 ultra-fast bootstrap replicates. The trees were rooted at the branch leading to the GI.3 clade.



For the rabbit astrovirus analysis, a total of 45 whole genome reference sequences of the Astroviridae family, available in the NCBI database, were used. The sequences were trimmed to remove the highly variable 5′ and 3′ UTRs. As described above, a MAFFT-generated alignment was used to build an unrooted phylogeny in IQ-TREE software with the best fitting model TVMe+I+G4 and branch support estimate using 1000 bootstrap replicates.



The phylogenetic trees were visualised and annotated in R [50] using packages ggtree (v3.8.0) [51], treeio (v1.24.1) [52], dplyr (v1.1.2) [53], tidyverse (v2.0.0) [54], ggplot2 (v3.4.2) [55], svglite (v2.1.1) [56], RColorBrewer (v1.1-3) [57], ggnewscale (v0.4.9) [58], ggthemes (v4.2.4) [59], ggtreeExtra (v1.10.0) [60], plotly (v4.10.2) [61], data.table (v1.14.8) [62] and scales (v1.2.0) [63]. Inkscape was used for the astrovirus tree visualisation (https://inkscape.org; accessed on 8 November 2023).




2.5. Phylogenetic Molecular Clock Analysis


Available RCV sequences were aligned, and a phylogenetic tree was calculated as described above, and the temporal signal for the non-structural and structural sequences was assessed in TempEst [64]. The structural protein gene phylogeny was found to demonstrate sufficient temporal signal (correlation coefficient = 0.917) and was used for the subsequent analysis. The TMRCA of GI.4f variants was estimated using the Bayesian Markov chain Monte Carlo (MCMC) method, available in the Bayesian Evolutionary Analysis by Sampling Trees (BEAST) package v1.10.4 [65]. Marginal likelihood estimations, stepping stone and path sampling, as implemented in BEAST, were used to assess the most appropriate clock model (strict vs. uncorrelated relaxed clock) and population size (constant vs. exponential growth vs. Bayesian skyride). A strict clock together with a constant population size coalescent model was found to be most appropriate for the data as previously described [17]. Each analysis was run three times with 80,000,000 chains to convergence (ESS > 200). A maximum credibility tree was calculated with a 10% burn-in using TreeAnnotator (v1.10.4) as available in the package.





3. Results


3.1. Detection and Phylogenetic Analysis of Benign Rabbit Caliciviruses


Total extracted RNA from 113 liver and paired duodenum samples were screened for lagoviruses using a broad-range lagovirus RT-qPCR assay [43]. All liver samples tested negative. PCR products were obtained from eight duodenal samples with cycle threshold (Ct) values ranging from 33.21 to 39.21. The eight lagovirus-positive cases came from the Lago Peñuelas National Reserve (RNLP) (Figure 1) and were collected during austral spring (October to December 2021). These samples were subject to RNA sequencing.



Total RNA sequencing and subsequent data analysis led to the generation of eight complete or near complete RCV genome sequences with an average coverage ranging from 12 to 400 (Supplementary Table S1). The generated genome sequences show an overall nucleotide identity of 98–99.9% for seven out of eight samples, with the remaining sequence showing only ~90% identity, which suggests the presence of two RCV variants in Chile. The comparison of newly generated RCV sequences to the NCBI database revealed that the non-structural gene sequences share about 84% nucleotide identity with the Australian GI.4e variant (RCV-A1) (Figure 2A). The analysis of the structural genes (VP60) showed approximately 85% identity with GI.4d RCV variants originating from Europe (RCV-E2) (Figure 2B). Phylogenetic analyses of the structural and non-structural gene sequences show a clearly distinct clade compared to other lagovirus sequences from the GI.3 and GI.4 genotypes. The majority of identified RCVs, therefore, represent a novel GI.4f variant. Further information is needed to classify the remaining outlier sequence. The phylogenetic analysis did not show any evidence of recombination.




3.2. Time Scale Estimate of GI.4f Evolution


Evolutionary analysis using the MCMC approach was conducted with the RCV capsid gene sequences (VP60) described above to estimate the time range of Chilean RCV variants divergence from other known RCV variants and the time to most recent common ancestor (TMRCA) of GI.4f isolates. The analysis indicated that Chilean RCV shares a common ancestor with European variants (GI.4d) and diverged in the mid-1970s (median 1976.36; 95% HPD 1966.75–1984.88) suggesting that RCV had spread to South America from Europe (Figure 3). This timeframe overlaps with the calculated timeframe for the divergence of Australia/New Zealand RCV sequences from Europe (median 1977.2; 95% HPD 1968.71–1987.3). Furthermore, the analysis shows an additional separation of the Chilean clade into potentially two different variants that occurred between the late 1990s and early 2000s (median 2001.9; 95% HPD 1996.37–2007.39). However, more sequences are required to confirm this.




3.3. Coincidental Find of a Rabbit Astrovirus


The sequence data analysis of one of the RCV positive duodenal samples also revealed the presence of an astrovirus in one of the samples. This sample came from RNLP, and the rabbit did not exhibit any clinical signs of infection. A whole genome with an average coverage of 340 was assembled (Supplementary Table S1). The phylogenetic analysis that included 45 published reference sequences for the family Astroviridae indicated that the astrovirus identified in the Chilean rabbit sample clusters with other known rabbit and marmot astroviruses (Figure 4). It is most closely related (91.6% nucleotide identity) to a known rabbit astrovirus (NC_025346) that was isolated from a domestic rabbit with gastroenteritis in the USA [66].





4. Discussion


To date, there has been no evidence of either pathogenic or non-pathogenic lagovirus circulation in Chile. In this study, a new variant of non-pathogenic RCV was identified in eight duodenum tissue samples from feral European rabbits in central Chile. All these samples originated from RNLP.



Based on the phylogenetic analysis of available non-structural and structural RCV gene sequences, the identified viruses represent at least one new variant, GI.4f, in line with the proposed nomenclature [16]. The non-structural genes are most closely related to the Australian GI.4e variant. For the capsid gene sequences, the GI.4d variant from Europe was identified as the closest cluster to the Chilean RCV isolates, thus positioning this variant between GI.4d and GI.4e variants. Of note, no non-structural gene sequences are available for the GI.4d variant, and the capsid gene sequences for GI.4e are missing from the analysis as well. While information on the non-structural genes for GI.4d is lacking, the GI.4e variant was identified as a recombinant only, with structural genes originating from GI.1 or GI.2 pathogenic RHDV genotypes [18,67]. Furthermore, the analysis shows that likely more than one RCV variant is circulating in Chile. However, only one sequence with a nucleotide difference of > 6% compared to the other Chilean sequences has been identified. Therefore, it cannot be classified as a separate variant [16].



According to the evolutionary analysis of the structural gene sequences, Chilean GI.4f and European GI.4d variants have a common ancestor and diverged around 1976; the same timeframe was estimated for the spread of RCV from Europe to Australia. The analysis, therefore, suggests that RCV likely arrived in Chile from Europe. However, the number of RCV sequences available for the analysis is limited, with most of the sequences originating from Australia, where active lagovirus surveillance has been carried in recent years due to the biocontrol measures involving pathogenic RHDV [68]. In other countries, the sampling may be limited, because samples from healthy rabbits are required due to the absence of clinical signs. With overall lack of sequence information for globally occurring RCV, the estimate for the arrival of RCV in Chile is rather uncertain and the timeframe for the divergence of Chilean and European RCV variants is quite broad, and more extensive sampling is necessary to narrow down the origin of Chilean RCV.



Although the rabbit population was established in both Australia and Chile around the late 18th century, the estimated divergence of Australian and European RCV isolates is similar to that for Chilean isolates, between 1970s and 1980s, with 1950s being the earliest estimate based on RHDV evolutionary rate which is lower than that of RCV [27,69]. Interestingly, the earliest estimate coincides with the introduction of myxoma virus to Australia and Chile [70,71], and it has been speculated that RCV could have been present in the imported virus preparations or rabbit materials [69]. It is also possible that earlier strains of Chilean RCV became locally extinct in areas that previously underwent sudden population bottlenecks caused by large myxoma outbreaks [27], leaving only more recent strains re-entering the recovering rabbit populations at a later stage to be sampled for this study. A previous study in Australia reported a decline in RCV prevalence in semi-arid environments following a sudden and drastic rabbit population reductions due to the arrival of pathogenic RHDV [7], rendering the likely density-dependent transmission of RCV more difficult and/or resulting in local extinctions of RCV. For a better understanding of RCV distribution in Chile, serological assays such as RCV-blocking ELISA could be utilised [72]. This assay detects RCV antibodies, allowing to conclude previous infections. The seroprevalence is also informative with regard to RHDV infections, as it is known that RCV can provide various levels of protection against pathogenic RHDV in RCV seropositive animals [3,23]. Further surveillance is required to determine the distribution of RCV across Chile.



An accidental finding from the sequence data analysis was the detection of a rabbit astrovirus. Although astroviruses can be associated with gastroenteritis, they are not believed to be the sole cause of the disease, as in some cases rabbits testing positive for astroviruses exhibit no clinical signs [66,73]. For the detected rabbit astrovirus, the association with disease in the sampled rabbit was not evident.



Studies on naturally circulating lagoviruses are important for several reasons. Firstly, genetic and evolutionary analysis of the rapidly evolving virus can provide information about the time of rabbit introductions and/or movements leading to the exposure of rabbit populations to these viruses [69]. Secondly, evolution from pre-existing non-pathogenic strains is believed to be one of the likely mechanisms leading to the emergence of virulent lagoviruses [74], warranting at least an opportunistic watching brief of potential reservoirs, i.e., areas where RCV is endemic. Finally, should virulent lagoviruses ever arrive in Chile, the presence of non-pathogenic lagoviruses may dampen their impact due to its ability to act as an imperfect vaccine [3].
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Figure 1. Distribution of the European rabbit (Oryctolagus cuniculus) in Chile (pink in inset) and location of sampling sites (red square in inset): Lago Peñuelas National Reserve (RNLP) (green) and Carén Park (CP) (blue). 
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Figure 2. Maximum likelihood phylogenetic analysis of the newly identified RCV isolates from Chile (green dots). Non-structural (A) and capsid (B) RCV genes represented by 76 and 101 sequences, respectively, were used for the analysis. The phylogeny was generated with IQ-TREE software (v2.2.0.5) [49] using the best-fitted model (SYM+I+G4 and GTR+F+I+G4, respectively) with node support estimate from 1000 ultra-fast bootstrap replicates. Node support is indicated by the node size. Only node support values above 70 were considered as well supported and are displayed. The GenBank accession numbers are used as sequence names. The origin of samples is indicated by the tip colour. Genotypes and variants are indicated by clade labels. 
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Figure 3. Evolutionary analysis of VP60 GI.4f isolates (green dots). The x axis represents a time scale in years. Median TMRCA values for GI.4f are shown at the nodes and blue node bars demonstrate 95% highest posterior density (HPD) intervals. Node support is indicated by the node size. Only node support values above 0.70 were considered as well supported and are displayed. The GenBank accession numbers are used as sequence names. Vertical lines on the right side indicate RCV variants and genotypes. 
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Figure 4. Unrooted phylogenetic tree of complete genome sequences of the family Astroviridae. The sequence identified in the duodenum sample from rabbits in Chile clusters with other rabbit and marmot astroviruses (highlighted in green) and is marked with a star. The GenBank accession number and host species from which the virus was isolated are used as sequence names. The scale bar represents the branch length corresponding to the number of substitutions between sequences. The phylogeny was generated using IQ-TREE software (v2.2.0.5) [49] with the best fitted model (TVMe+I+G4) and node support estimate from 1000 ultra-fast bootstrap replicates. 
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