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Abstract

Australia is known for its long history of using biocontrol agents, such as myxoma
virus (MYXV) and rabbit haemorrhagic disease virus (RHDV), to manage wild Euro-
pean rabbit populations. Interestingly, while undertaking RHDV surveillance of rabbits
that were found dead, we observed that approximately 40% of samples were neg-
ative for RHDV. To investigate whether other infectious agents are responsible for
killing rabbits in Australia, we subjected a subset of these RHDV-negative liver sam-
ples to metatranscriptomic sequencing. In addition, we investigated whether the host
transcriptome data could provide additional differentiation between likely infectious
versus non-infectious causes of death. We identified transcripts from several Clostridia
species, Pasteurella multocida, Pseudomonas spp., and Eimeria stiedae, in liver samples of
several rabbits that had died suddenly, all of which are known to infect rabbits and are
capable of causing disease and mortality. In addition, we identified Hepatitis E virus
and Cyniclomyces yeast in some samples, both of which are not usually associated with
severe disease. In one-third of the sequenced total liver RNAs, no infectious agent
could be identified. While metatranscriptomic sequencing cannot provide definitive
evidence of causation, additional host transcriptome analysis provided further insights
to distinguish between pathogenic microbes and commensals or environmental con-
taminants. Interestingly, three samples where no pathogen could be identified showed
evidence of up-regulated host immune responses, while immune response pathways
were not up-regulated when E. stiedae, Pseudomonas, or yeast were detected. In sum-
mary, although no new putative rabbit pathogens were identified, this study provides a
robust workflow for future investigations into rabbit mortality events.
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1 | INTRODUCTION

Australia has a long history of managing overabundant wild European
rabbit (Oryctolagus cuniculus) populations with biocontrol agents,
including rabbit haemorrhagic disease virus (RHDV) and myxoma virus
(MYXV) (Kerr et al., 2021). Both viruses have a high case fatality rate
and are transmitted mechanically by insect vectors, through direct
contact and via fomites (Kerr et al., 2021). RHDV typically presents
non-specifically sudden death and is only definitively diagnosed
through immunohistochemistry or molecular testing, while MYXV
can frequently be presumptively identified based on characteristic
clinical signs. However, a recent study reported a novel MYXV disease
phenotype (in domestic rabbits with no genetic resistance to MYXV)
caused by highly virulent field strains, which also presented as pera-
cute death (Kerr et al., 2017). It is frequently assumed that most cases
of sudden death in wild and domestic rabbits in Australia, particularly
where multiple deaths occur within a short period, are due to these
viruses. Notably, we observed that approximately 40% of rabbit liver
samples submitted for RHDV testing, that is, from rabbits that had
died suddenly without obvious cause, were RHDV-negative (Mahar
et al., 2021). Interestingly, a similar finding was reported in pet rabbits
in the United Kingdom (Harcourt-Brown et al., 2020). This raises the
intriguing question of what else is killing rabbits, both in Australia and
internationally?

This question is important for several reasons. First, in their native
home range on the Iberian Peninsula, rabbits are a keystone species
(Delibes-Mateos et al., 2007). Since the emergence of RHDV2 in 2010
(Daltonetal.,2012; Le Gall-Recule et al., 2013), wild rabbit populations
in Spain have continued to decline, leading to their reclassification as
“endangered” by the International Union for Conservation of Nature in
2018 (Villafuerte & Delibes-Mateos, 2019). Second, rabbits are a popu-
lar pet species, especially for young children. This close human-animal
interface poses a potential public health risk for the transmission
of zoonotic diseases from rabbits to their owners, particularly when
good hygiene practices are not followed. Rabbits are known reservoir
hosts of several zoonotic pathogens, including enterohaemorrhagic
Escherichia coli, Cryptosporidium, Pasteurella multocida, Encephalitozoon
cuniculi, and hepatitis E virus (HEV) (Brabb & Di Giacomo, 2012;
Delong, 2012; Hill & Brown, 2011; Jenckel, Hall et al., 2021; Pritt et al.,
2012). Third, with the increasing accessibility of exploratory sequenc-
ing methods (i.e., ‘metagenomics’ and ‘metatranscriptomics’), laborato-
ries can now apply these methods to specific disease syndromes and/or
mortality events to detect putative associations with known or emerg-
ing pathogens (Wilson et al., 2019; Xie et al., 2021; Zhang et al., 2019).
Finally, in the Australian context, these pathogen discovery approaches
may reveal candidate future biocontrol agents or potential ecological
interactions between microbes (either synergistic or antagonistic) that
may enhance future rabbit management approaches.

Many causes of death have been described in rabbits that have
died suddenly (Harcourt-Brown et al., 2020). Non-infectious differ-
ential diagnoses include degenerative (heart disease, renal disease),
developmental (congenital defects), inflammatory (e.g., pancreati-
tis), neoplastic, nutritional, traumatic, toxic, physical (e.g., liver lobe
torsion, intussusception, aspiration pneumonia, heat stroke), and
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vascular (pulmonary embolism, haemorrhagic syndromes) pathologies
(Brock et al., 2012; Harcourt-Brown et al., 2020). Examples of known
infectious causes of acute fatalities in rabbits include pasteurellosis,
staphylococcosis, hepatic coccidiosis, enterotoxaemia/epizootic rabbit
enteropathy (ERE), colibacillosis, Tyzzer's disease, pseudotuberculosis,
tularaemia, myxomatosis, and rabbit haemorrhagic disease (Brabb
& Di Giacomo, 2012; Delong, 2012; Harcourt-Brown et al., 2020;
Pritt et al., 2012; Quesenberry & Carpenter, 2012). However, are
there potentially overlooked pathogens? In this study, we profiled the
metatranscriptome of liver samples collected from RHDV-negative
rabbits found dead in Australia to determine what putative pathogens

may be killing these rabbits.

2 | MATERIALS AND METHODS

2.1 | Sample selection

Samples were selected from a rabbit tissue bank established for
lagovirus surveillance (J. E. Mahar et al., 2018). No animal ethics
approvals are required for sampling rabbits that are found dead in Aus-
tralia. Samples from NSW and ACT were grouped together, since ACT is
a small (~2400 km?) enclave within NSW. Since RHDV is hepatotropic,
the liver was generally the only sample available. Samples were col-
lected post-mortem (at various times post-death) by pet owners and
veterinarians and were stored in an RNA preservative solution con-
taining 10 mM EDTA, 12.5 mM sodium citrate, and 2.65 M ammonium
sulphate pH 5.2 (recommended tissue: volume ratio, 2 x 0.5 x 0.5 cm
tissue per 4 ml) at —20°C. RHDV-negative samples were initially
selected (n = 45) based on a detailed clinical history, with a preference
for cases where sudden deaths had occurred in multiple rabbits over a
short time period (Hall et al., 2018). We considered sudden death to be
any event where rabbits died unexpectedly with no or minimal previous
signs of disease. Because of these selection criteria, most cases were
from domestic rabbits. Subsequently, 34 known HEV-positive domes-
tic rabbit liver samples (from the same sample collection), 24 of which
were also RHDV-positive, were sequenced for another study (Jenckel,
Smith et al,, 2021), and the data were reanalyzed here. All samples used

in this analysis were derived from liver tissue.

2.2 | Metatranscriptomic sequencing

Total RNA was extracted from 20—30 mg of liver tissue with the
Maxwell SimplyRNA Tissue Kit (Promega, Madison, USA) on a Maxwell
RSC 16 instrument (Promega) after homogenization with glass beads,
as described previously (Jenckel, Smith et al., 2021). Libraries were pre-
pared for metatranscriptomic sequencing using the NEB-Next Ultra
Il RNA Library Prep Kit for Illumina (New England Biolabs, Ipswish,
USA) with the addition of an rRNA depletion step (NEBNext rRNA
Depletion Kit (Human/Mouse/Rat), New England Biolabs). Sequenc-
ing was performed on an lllumina NovaSeqé000 instrument (SP300
cycle flow cell) at the Biomolecular Resource Facility, The John Curtin

School of Medical Research, Australian National University. Raw reads
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were deposited in the NCBI Sequence Read Archive under Biosam-
ple accession numbers SAMN24852673-SAMN24852758, BioProject
accession number PRINA796430.

2.3 | Data analysis

Raw data were preprocessed using FastQC (v0.11.08), Trimmo-
matic (v0.38) (Bolger et al., 2014), and FLASh (v1.2.11) (Magoc &
Salzberg, 2011), as described previously (Jenckel, Smith et al., 2021).
Cleaned reads were mapped against the rabbit reference genome
(GCA_000003625.1 OryCun2.0) using Bowtie2 (v2.2.9) (Langmead &
Salzberg, 2012) to filter out host reads. The remaining reads were
assembled into contigs using Trinity (v2.12.0) (Grabherr et al., 2011),
and contigs were blasted against the NCBI nt database (BLAST+
v2.12.0; default parameters). The results with a query coverage of less
than 50% were discarded, and TaxonKit (v0.8.0) (Shen & Ren, 2021)
was used to assign taxonomic lineages to each remaining BLAST hit. All
reads used for assembly were then mapped against the assembled con-
tigs to calculate the coverage per contig and the relative abundance of
each taxon in transcripts per million (TPM) (Wagner et al., 2012) (i.e.,
the proportion of 1 million randomly selected reads that matched the
taxon of interest) using SAMtools (v1.12) (Li et al., 2009) and R (v4.1.0)
(R Core Team, 2021). Bacterial phyla with an abundance of less than
100 across all samples were excluded from the bar plot. Heat maps
were generated using the R package ampvis2 (v2.7.11) (Andersen et al.,
2018).

2.4 | Host transcriptome analysis

Raw reads were processed as described above. Additionally, previous
transcriptomic data from three healthy laboratory rabbits generated in
another study (Neave et al., 2018) were used as ‘known non-infectious
cause of death’ controls. Reads were mapped against the rabbit ref-
erence genome (GCA_000003625.1 OryCun2.0) using TopHat (v2.1.1)
(Kim et al, 2013). Reads per exon were counted using HTSEq (v
0.13.5) (Anders et al., 2015). Exons were matched to Entrez-1Ds, and
exons without an Entrez-ID were discarded, as no further GO infor-
mation could be gathered. The DESeq2 package (v1.32.0) (Love et al.,
2014) in R (v4.1.0) (R Core Team, 2021) was used to calculate the
log2fold changes and p-values for all genes compared to the ‘known
non-infectious cause of death’ control samples. Genes with an adjusted
p-value < 0.05 were used for a GO Gene Set Enrichment Analysis in the
“biological processes” category using GOSemSim (v2.18.1) (Yu et al,,
2010) and clusterProfiler (v4.0.5) (Wu et al., 2021). GO-terms with a
p-value < 0.05 were considered significant.

2.5 | Confirmatory reverse transcription
polymerase chain reaction

Specific reverse transcription polymerase chain reactions (RT-PCRs)

using the SuperScript Ill One-Step RT-PCR System with Platinum Taq
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DNA Polymerase (Invitrogen, Waltham, USA) were run to verify the
presence of Clostridiaceae species (Kikuchi et al., 2002), C. cuniculi
(Djukovic et al., 2018), Paeniclostridium sordellii (Kikuchi et al., 2002),
Clostridium perfringens (Kikuchi et al., 2002), Clostridium spiroforme
(Drigo et al., 2008), Clostridium piliforme (Furukawa et al., 2002), P. mul-
tocida (Miflin & Blackall, 2001), and Eimeria stiedae (Oliveiraet al., 2011;
Yan et al., 2013). Briefly, each 25 ul reaction contained 12.5 ul of reac-
tion mix (2x), 9.5 ul of nuclease-free water, 1 ul of 10 uM primer mix, 1 ul
of enzyme mix, and 1 ul of total RNA. Eimeria and Pasteurella PCRs were
run under the same cycling conditions: 45°C for 15 min, 94°C for 2 min,
followed by 35 cycles of 94°C for 15s,55°C for 30 s, 68°C for 90 s, and
afinal elongation at 68°C for 120 s. The Clostridium PCRs all used 68°C
for 120 s for elongation, except for C. spiroforme and C. piliforme, where
the elongation time was reduced to 30 s. PCR products were visualized
ona 1% agarose gel for aband of appropriate size. The presence of HEV
and RHDV was verified via quantitative reverse transcription quantita-
tive PCR (RT-gPCR) as previously described (Hall et al., 2018; Jenckel,
Smithetal., 2021).

3 | RESULTS

3.1 | Clostridiaceae, Pasteurella, and Eimeria are
common colonists of rabbits in Australia

To identify microbes associated with the sudden death of rabbits in
Australia, we conducted metatranscriptomic sequencing on 60 RHDV-
negative rabbit liver samples collected from Victoria (VIC; n = 38),
Tasmania (TAS; n = 8), New South Wales/Australian Capital Territory
(NSW/ACT; n = 11), South Australia (SA; n = 2), and Western Aus-
tralia (WA; n = 1) between 2016 and 2020 (Table S1). Samples were
obtained from a mix of breeds of domestic pet, show, and meat rabbits
that ranged from 4.5 weeks to 9 years of age, as well as from two wild
rabbits; 23 samples were from does, and 33 samples were from bucks
(for the remaining five samples, sex was not specified). Rabbits were
reported to have a wide range of clinical signs prior to death, although
many were simply found dead (Table S1). Notably, six rabbits from Vic-
toria that died between 2017 and 2018, including three from a single
shelter facility, were reported to have frank haemabdomen. On further
investigation, these six rabbits had no access to anticoagulants, there
were no clear dietary associations between the cases, and at least four
were housed indoors. This prompted us to look more closely at cases
from Victorian rabbits, and haemorrhagic signs prior to death were also
reported in an additional five cases.

The 60 sequencing libraries ranged in size from 6,356,968 to
24,147,560 paired-end reads, of which 8.0%—93.6% (x 24.11%) did
not map to the phylum Chordata (i.e., the vertebrate host). Reads
were assembled into contigs, which were used for taxonomic assign-
ment. The TPM method was used to normalize the data and to
calculate the relative abundance of taxa, where reads were used
in place of transcripts. Taxonomic assignment at the kingdom level
revealed three clear groupings of samples—bacteria-dominant (n = 9),
eukaryota-dominant (n = 1), and unassigned-dominant (n = 50)

(Figure 1a). For comparison, metatranscriptomic sequencing of 24
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FIGURE 1 Classification of contigs by kingdom reveals distinct clustering of samples. Metatranscriptomic sequencing was conducted on liver
samples from rabbits that had died suddenly and that were negative for rabbit haemorrhagic disease virus (RHDV) (a). Reads were assembled into
contigs, classified to the kingdom level, and normalized using the transcript per million methods by mapping individual reads to contigs. This
revealed three distinct clusters of samples: those with a high proportion of (1) bacterial reads, (2) eukaryotic reads (excluding phylum Chordata), or
(3) unassigned reads. For comparison, the same analyses were performed on 24 known RHDV+HEV-positive liver samples

known RHDV+HEV-positive liver samples almost always showed an
extremely high proportion of viral reads (x 52.7%; Figure 1b) (Jenckel,
Smith et al., 2021). Overwhelmingly, most unknown samples were
grouped as unassigned (i.e., most reads were classified as unassigned).

The dominant microorganisms detected included Hepatitis E virus
(n = 10), phylum Firmicutes (particularly family Clostridiaceae; n = 15),
Pasteurella species (phylum Proteobacteria; n = 7), Eimeria species
(n = 4), Cyniclomyces yeast (n = 2), and Pseudomonas species (phylum
Proteobacteria; n = 2) (Figure 2a,c,e,g). Mixed infections were com-
mon. Indeed, despite these being liver samples, there were no ‘pure’
infections, where only a single microbe was identified. Even in known
RHDV+HEV-positive samples, Eimeria, Cyniclomyces yeast, Firmicutes,
Proteobacteria, and various other bacterial genera were frequently
detected (Figure 2b,d,f,h). Importantly, sample collection occurred at
variable times after death and was not performed under sterile con-
ditions, so environmental contamination and translocation from the
gastrointestinal tract are highly likely.

In addition to Eimeria and Cyniclomyces yeast, other eukaryotic reads
detected included those of the roundworm Toxocara and the coccidian
parasites Isospora and Cyclospora (Figure 2a). The latter reads cor-
related strongly with the presence and abundance of Eimeria reads,
suggesting that perhaps conserved coccidia regions were misclassified
between these three genera. RHDV reads were detected in most sam-
ples (Figure 2c); however, this most likely reflects cross-contamination
of the flow cell during sequencing, since RHDV-positive and RHDV-

negative samples were combined in the same sequencing run, and
the abundance of RHDV reads in positive samples is extremely high
(Figures 1b and 2d). Indeed, samples from run 2, which comprised
24 RHDV-positive samples, revealed a higher level of RHDV reads
than samples from run 1, which included two RHDV-positive samples
(that were not part of this study). Other viruses identified included
HEV, Eimeria stiedai RNA virus 1 (in two samples, both of which
were also positive for Eimeria), retroviruses (confirmed to be rabbit
endogenous retroviruses), and a rabbit picobirnavirus in one sample
(Figure 2c). In addition to the dominant bacterial genera discussed
above, other putative bacterial pathogens were detected sporadically,
such as Escherichia, Staphylococcus, Corynebacterium, and Bacteroides,
but typically at low abundance and/or secondary to other dominant
microbes. Furthermore, many likely commensal and/or environmen-
tal bacterial genera were identified frequently and typically at low
abundances.

For multiple samples collected from the same ‘outbreak’ event, there
was not always a strong correlation between the dominant microor-
ganisms detected (Table S1). For example, C. cuniculi was detected in
CBN-2, but CBN-1 was classified as unassigned. Similarly, Clostridia-
cae were detected in COR-5 but not in COR-2. However, for samples
CND-1 and CND-2, Cyniclomyces yeast was detected in both cases.
Clostridium cuniculi and HEV were detected in both HTL-10 and HTL-
11. Clostridiacae were detected in both MGY-1 and MGY-2, although C.

cuniculi specifically was only detected in MGY-2. No infectious agents
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FIGURE 2 Classification of contigs from metatranscriptomic sequencing of rabbit liver samples to the genus (a-f) and phylum (g-h) levels.
Samples (along x-axis) were grouped based on their most abundant microbial reads as hepatitis E virus (HEV), Clostridia, Pasteurella, Eimeria, yeast,
Pseudomonas, unassigned, or rabbit haemorrhagic disease virus (RHDV). Heatmaps based on reads per million were generated for eukaryotic reads
(aand b), viral reads (c and d), and bacterial reads (e and f), with individual genera listed on each line (y-axis). Boxes adjacent to the bacterial genera
(e and f) are coloured based on their respective phylum classification. Stacked bar plots for each sample show the proportion of bacterial reads by
phylum (g and h). Stars indicate samples that were included in sequencing run 2, while samples without stars were sequenced on run 1

were identified for KYB-2 and KYB-7, and both samples were classified
as unassigned. For Victorian samples with a haemorrhagic presenta-
tion, most samples were classified as unassigned, with Clostridiacae and
HEV each being identified in two of 11 cases.

To verify the detection of HEV, Clostridiacae, Pasteurella, and Eimeria
and to confirm the RHDV status of the samples, we conducted con-
firmatory RT-PCR and RT-gPCR testing (Figure 3). The ‘Clostridium
generic’ RT-PCR showed poor sensitivity for the presence of rabbit-
specific C. cuniculi, so all samples were tested with both the ‘Clostridium
generic’ and ‘Clostridium cuniculi’ RT-PCRs. Additionally, to identify
clostridial pathogens to the species level, several specific RT-PCRs for
P. sordellii (previously C. sordellii), C. perfringens, C. spiroforme, and C. pil-
iforme were tested on samples that were positive on the ‘Clostridium
generic’ RT-PCR. Clostridium cuniculi was the most common clostridial
species identified (n = 19), followed by P. sordellii (n = 8), and two
detections each of C. perfringens and C. spiroforme. Clostridium piliforme
was not confirmed in any samples. Mixed clostridial infections were
common (n = 8) (Figure 3).

We further explored epidemiological factors associated with
Clostridiacae, P. multocida, and Eimeria infections in Australian rab-
bits. Due to the sampling strategy employed, there was a strong
bias towards areas with larger domestic rabbit populations, namely,
VIC, TAS, and NSW/ACT (Figure 4a). Interestingly, all four samples

where Eimeria was detected had a history of multiple contemporane-
ous deaths, and all were from young animals (Figure 4b, Table S1). In
contrast, Pasteurella detection was mostly in adult animals, although
importantly, the sample size was small (Figure 4c, Table S1). One
detection was in a wild rabbit. Clostridial infections showed no clear
association with age or geography (Figure 4d). Strikingly, the relative
abundance of Pasteurella reads was extraordinarily high in positive
samples (up to almost 800,000 reads per million), compared to more
moderate relative abundances (up to ~200,000 reads per million)
observed for Clostridiacae and Eimeria (Figure 4).

3.2 | Host transcriptome

While metatranscriptomic analyses can identify the presence of
microbial reads and high abundance may be suggestive of ful-
minant infection, these analyses cannot reliably be used to infer
pathogenicity/cause of death at an individual level. Therefore, we
interrogated the ‘residual’ host transcriptome for gene ontology (GO)
terms in the ‘biological process’ domain for processes related to
immune responses and/or defence mechanisms (hereafter described as
‘immune response’). Host transcriptome data from three healthy lab-

oratory rabbits generated in a previous study were used as ‘known
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FIGURE 4 Epidemiological factors associated with Clostridiacae, Pasteurella, and Eimeria infections in Australian rabbits. Metatranscriptomic
sequencing was conducted on liver samples from rabbits that had died suddenly and that were negative for Rabbit haemorrhagic disease virus
(RHDV). Maps show the sampling location (a). Pie charts represent the distribution of samples by age (juvenile vs. adult). The relative abundance
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ACT, Australian Capital Territory; NT, Northern Territory; NSW, New South Wales; QLD, Queensland; SA, South Australia; TAS, Tasmania; VIC,
Victoria; WA, Western Australia
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non-infectious cause of death’ controls (Neave et al., 2018). GO terms
that we considered to be indicative of an immune response, based on
a positive enrichment score relative to healthy control laboratory rab-
bits, are detailed in Table S2. The 24 known RHDV+HEV-positive liver
samples (described above) served as ‘known infectious cause of death’
samples.

As expected, all RHDV+HEV-positive samples showed evidence
of an up-regulated immune response in the host transcriptional pro-
file relative to the healthy controls, and principal component anal-
ysis (PCA) showed clear segregation of these two groups (Figure
S1). Immune responses were detected in most (6/7) Pasteurella-
positive samples, most (7/10) HEV-positive samples, and some (6/15)
Clostridiaceae-positive samples, but only in 3 of 20 samples that were
classified as unassigned by metatranscriptomic analysis (Figure 3)
(Jenckel etal.,2022). No positive enrichment of immune responses was
detected in Eimeria-positive samples, Pseudomonas-positive samples, or
samples where Cyniclomyces yeast was detected. There was consider-
able overlap in the host transcriptome PCA between unknown cause of
death samples (Figure S1), indicating poor resolution in host responses

to different pathogens at the global transcriptome level.

4 | DISCUSSION

Through our long-term Australian lagovirus surveillance program,
we were surprised to observe that approximately 40% of rabbit liver
samples collected from rabbits that had died suddenly were negative
for RHDV (Mahar et al., 2021), with a recent UK study presenting
similar findings (Harcourt-Brown et al., 2020). To identify whether
other infectious agents may be responsible for these sudden deaths,
particularly in outbreak situations where multiple rabbit deaths
were reported, we undertook metatranscriptomic sequencing of 60
RHDV-negative rabbit liver samples. While reads from several putative
bacterial and eukaryotic pathogens were identified at high relative
abundance, including several Clostridiaceae species, Pasteurella, Eimeria,
and Pseudomonas, most liver samples were classified as ‘unassigned’,
where no hit could be identified in the NCBI nucleotide database. This
suggests that most cases of unexpected death in (RHDV-negative)
rabbits may be due to non-infectious causes. Alternatively, liver sam-
ples may not have been suitable for diagnosis of these cases, or the
pathogen may not have been present at high abundance at the time
of sampling. Interestingly, three of these ‘unassigned’ cases showed
positive enrichment for immune responses on host transcriptome
analysis, raising the possibility of a systemic inflammatory response
secondary to either non-infectious pathology or a previous infection
that was no longer detectable. Indeed, one of these cases (HUG-1)
reported pyrexia in the clinical history.

Only liver samples were available because samples were submitted
originally for diagnosis of hepatotropic lagovirus infections. Because
of the sampling strategy employed, samples were heavily biased
towards domestic rabbits, with most samples submitted from VIC,
TAS, and NSW/ACT. Samples were collected at variable times post-

mortem, without regard for sterility, with variably complete clinical
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histories, and sample transport and storage were not ideal for meta-
transcriptomic analyses (i.e., samples were not snap-frozen at —80°C),
which may have adversely impacted our findings. Importantly, the
RHDV+HEV-positive samples were derived from the same sampling
program, making them ideal controls since they were subject to the
same limitations, and up-regulation of immune responses was still
detectable in these samples. For metatranscriptomic analyses to be
revealing, the pathogen must be transcriptionally active in the sampled
tissue at the time of sampling. Since the liver is generally considered
to be a sterile site, this organ is infrequently targeted for exploratory
metatranscriptomic analyses (Mahar et al., 2020). However, because
of the highly vascular nature of the liver, it could be expected that
any systemic infection would also be detected in this tissue. Indeed,
it may be easier to differentiate pathogens from the healthy com-
mensal microbiome using liver samples compared to, for example,
gastrointestinal tract samples. While metatranscriptomic analyses
can only provide evidence of association, not causation, several cri-
teria support an agent being potentially pathogenic. For example,
in the context of this study, finding an agent at high abundance,
consistently across several similar cases, temporally associated with
sudden death, particularly if known to be pathogenic in other species,
and with corresponding transcriptomic evidence of up-regulation of
immune responses, would additionally support a putatively causal
relationship.

The incorporation of host transcriptome analysis into a meta-
transcriptomic survey offers a novel and innovative approach to the
diagnosis of infectious disease via metatranscriptomics, utilizing the
host mRNA data that are usually discarded in such analyses. While
subject to several limitations in the implementation of this study, such
as variable post-mortem degradation of samples, we clearly observed
positive enrichment of immune responses and defence pathways in
our known RHDV+HEV-positive controls, which had been subjected
to similarly variable sampling and handling regimes. Notably, most of
the unassigned cases generally did not show evidence of up-regulation
of host immune responses. In summary, while the detection of up-
regulated immune genes is still not proof of causation (such as in the
case of HEV), inclusion of these data in combination with other find-
ings, such as a high abundance of a single dominant microorganism, can
lend additional support to the hypothesis of infection as a contributing
factor to death.

While HEV was identified in 18 samples, we do not suspect this to
be the primary cause of death in these cases, despite many cases also
showing evidence of an immune response in their transcriptome pro-
files. HEV is present globally in wild and domestic rabbit populations at
arelatively high seroprevalence (3%—60%) (Wang et al., 2018) but was
only identified for the first time in rabbits in 2009 through a serosurvey
of farmed rabbits (Zhao et al., 2009). This suggests that it is not a major
cause of morbidity or mortality, at least in healthy animals. Experimen-
tal infection studies have shown that while rabbits can develop both
acute and chronic hepatitis following HEV infection, infection is often
subclinical, and sudden death has not been observed, except in preg-
nant rabbits (Cheng et al., 2012; Han et al., 2014; Ma et al., 2010; Xia
et al,, 2015). A recent study found a seroprevalence of 9% in healthy
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shot wild rabbits in Australia (Jenckel, Smith et al., 2021), providing
further support that HEV was likely an incidental finding.

We identified several clostridial species in rabbit liver samplesin this
study, including C. cuniculi, P. sordellii, C. spiroforme, and C. perfringens,
first through metatranscriptomic sequencing and subsequently veri-
fied by RT-PCR. Toxigenic Clostridium species, particularly C. spiroforme
but also infrequently C. perfringens and C. difficile, are known to cause
enterotoxaemia in rabbits, a major cause of acute diarrhoea leading to
severe dehydration and death in 24—48 h (DelLong, 2012). A similar
syndrome, epizootic rabbit enteropathy (ERE), has recently been asso-
ciated with C. cuniculi overgrowth (Djukovic et al., 2018; Licois et al.,
2005). Both syndromes frequently occur in farmed rabbits at weaning
with very high (30%—95%) mortality (DeLong, 2012; Djukovic et al.,
2018). The disease is multifactorial, with stress, dietary changes, or
antibiotic use triggering gastrointestinal dysbiosis leading to subse-
quent proliferation of Clostridium species, sometimes with secondary
opportunistic overgrowth of coliforms (DeLong, 2012). Coinfections
with other pathogens (such as enteropathogenic E. coli, C. piliforme,
rotaviruses, and Eimeria) are common, with one study identifying coin-
fections in 86% of rabbits with enterotoxaemia (Licois et al., 2005;
Peeters et al., 1986). Neither C. spiroforme nor C. cuniculi is typically
observed in the microbiome of healthy rabbits (DeLong, 2012; Djukovic
et al,, 2018). Given the major disruption to the gut epithelium in both
enterotoxaemia and ERE and the high abundance of Clostridium species
during fulminant disease, it would not be surprising to observe bac-
terial translocation into the bloodstream with subsequent detection
in the liver. However, there was evidence of a host immune response
in only 40% of samples in this study, although poor sample quality
could have adversely affected this analysis. While P. sordelii is not
classically associated with enterotoxaemia in rabbits, it has been asso-
ciated with various enteric and histotoxic infections in a wide variety
of species (Nyaoke et al., 2020). However, its role in disease is con-
troversial, as it is a common environmental bacterium found in soil
(Nyaoke et al., 2020). Another important clostridial pathogen of rabbits
is C. piliforme, the causative agent of Tyzzer’s disease, characterized by
diarrhoea, dehydration, multifocal hepatic necrosis, and death in 1-2
days (DelLong, 2012). While C. piliforme contigs were identified here,
the relative abundance was low compared to other clostridial species,
and detections could not be verified by PCR (Furukawa et al., 2002).
It is possible that the contigs mapping to C. piliforme spanned con-
served clostridial genomic regions and were misclassified from other
species. The lack of specific RT-PCR detection suggests that none of
these rabbits succumbed to Tyzzer’s disease.

Pasteurella multocida is considered to be the most common bacterial
pathogen of laboratory rabbits (DeLong, 2012), and indeed, we iden-
tified P. multocida in seven of 60 samples. There are multiple clinical
manifestations of pasteurellosis, including rhinitis, pneumonia, geni-
tal tract infections, otitis media, and septicaemia. Pasteurella multocida
is also a common commensal in the rabbit nasopharynx; for exam-
ple, one study showed that 31% of healthy rabbits were infected
asymptomatically (Lu et al., 1978). Septicaemia typically occurs from
haematogenous spread following localized disease and is rapidly fatal.

In these cases, P. multocida can be recovered from parenchymal organs
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(DeLong, 2012). Therefore, it is highly probable that our detections of
this organism were clinically significant, especially given the very high
abundances observed in Pasteurella-positive samples and the corre-
sponding transcriptional up-regulation of host immune responses in six
of the seven positive samples. Other Pasteurella species known to infect
rabbits include P. pneumotropica and P. aerogenes, although neither have
been associated with systemic disease (DeLong, 2012).

Eimeria are apicomplexan parasites that cause coccidiosis. Eleven
Eimeria species infect rabbits, resulting in hepatic coccidiosis (E. stiedae)
or intestinal coccidiosis (the remaining 10 species) (Pritt et al., 2012).
All rabbit Eimeria species can be carried subclinically, typically by adult
animals, which serve as the infection source for young animals. The dis-
ease is enhanced by stressors such as overcrowding, poor hygiene, poor
nutrition, transportation, and weaning. Hepatic coccidiosis is charac-
terized by severe liver disease, resulting in anorexia, ascites, icterus,
and death, particularly in young animals 2—3 months of age (Pritt
et al., 2012). Intestinal coccidiosis manifests as diarrhoea, the sever-
ity of which depends on the pathogenicity of the infecting species.
The presence of E. stiedae was confirmed by RT-PCR with E. stiedae-
specific primers (Oliveira et al., 2011; Yan et al., 2013). Of note was
the detection of E. stiedae virus RNA 1 in two Eimeria-positive sam-
ples, further confirming the presence of E. stiedae in those rabbits.
This is a double-stranded RNA virus belonging to the family Totiviridae
(Xin et al., 2016) known to specifically infect E. stiedae (Revets et al.,
1989). All Eimeria infections identified here were in young animals,
and multiple deaths were reported in each case; diarrhoea was not a
feature of these cases. None of the positive samples showed a pos-
itive enrichment score for host immune responses on transcriptome
analysis, which is perhaps not unexpected given that death is due to
secondary liver failure. While Cyclospora and Isospora were also iden-
tified in our samples, both of which are also coccidian parasites, these
species are not known to infect rabbits, and the presence and abun-
dance correlated strongly with the detection of Eimeria. Therefore, we
suggest that these were probably Eimeria contigs spanning conserved
genomic regions that were misclassified as Cyclospora or Isospora.

Reads matching Cyniclomyces yeast were detected at high rela-
tive abundance in two samples, although the clinical significance of
this finding remains unclear. The most well-characterized species of
this genus is C. guttulatus (formerly Saccharomycopsis guttulata), a nor-
mal commensal of the gastrointestinal tract of rabbits and rodents
(Hersey-Benner, 2008). Although it has been detected in association
with various clinical presentations, such as oculonasal discharge and
systemic abscesses, bloat, enteritis, and coccidiosis, most researchers
agree that this is likely to be an opportunistic pathogen or a secondary
overgrowth following a prior insult (Hersey-Benner, 2008). We did not
find an association with the presence of Eimeria in this study. Follow-
ing experimental infections with C. guttulatus, healthy rabbits remain
asymptomatic (Hersey-Benner, 2008; Shi et al., 2021). The detection
of this yeast in liver samples may suggest translocation post-mortem
or contamination during sample collection. The lack of enrichment
for immune responses on host transcriptome analysis provides fur-
ther support that these yeasts were not primary pathogens in these

samples.
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Pseudomonas reads were identified at high abundance in two rab-
bit liver samples. Pseudomonas aeruginosa is a common environmental
bacterium and is well known to cause opportunistic, often severe,
infections in a range of species, including humans. In rabbits, infections
are typically associated with dermatitis, but there are also reports of
abscessation, septicaemia, pneumonia, and diarrhoea (DeLong, 2012).
Interestingly, we found that Pseudomonas reads were also abundant
in many RHDV+HEV-positive samples, although confirmatory RT-PCR
analyses were negative. The widespread distribution of this organism
in the environment suggests that these detections were likely envi-
ronmental contaminants rather than coinfections, particularly since
there was no evidence of transcriptional up-regulation of host immune
responses or defence pathways in Pseudomonas-positive samples.

Other potentially interesting findings in this study included
Streptococcus pneumoniae in CRE-1 (Eimeria-positive), Streptococcus
sanguinis in YRG-6 (Clostridiaceae-positive), a picobirnavirus in CKT-4
(Clostridiaceae-positive) and Toxocara, retroviruses, Staphylococcus,
Escherichia, and Corynebacterium in several samples with varying
relative abundance. Infections with Streptococcus species have infre-
quently been reported in rabbits but have rarely been associated with
septicaemia, abscesses, and osteomyelitis (DeLong, 2012). Genetically
divergent picobirnaviruses have been identified previously from
rabbit faeces and caecal contents but are now thought to represent
bacterium-associated viruses rather than vertebrate pathogens (Brabb
& Di Giacomo, 2012; Mahar et al., 2020). Rabbits can act as aberrant
hosts for Toxocara canis, the dog roundworm, and other ascarids. Migra-
tion of parasite larvae through the tissues (visceral larva migrans) after
the eggs hatch in the intestine can cause various clinical signs, including
neurological signs, but would not be expected to cause sudden death
(Pritt et al., 2012). No pathogenic retroviruses have been reported in
rabbits, and the betaretrovirus and lentivirus contigs detected here
are derived from endogenous retroviruses (Rivas-Carrillo et al., 2018).
Staphylococcosis caused by S. aureus is a common infection of rabbits,
with clinical signs similar to those observed with pasteurellosis and
occurring either sporadically in individual rabbits or as an epizootic
(DelLong, 2012). Staphylococci species are common commensals of
skin and mucous membranes, and different species and strains vary in
virulence, making definitive association with disease challenging in the
context of metatranscriptomics. Colibacillosis is a diarrhoeal disease
of either neonates or weanling rabbits, sometimes with high mortality.
Escherichia coliis a normal component of the gastrointestinal flora, and
while it can be a primary pathogen, it also proliferates in cases of enteri-
tis caused by other pathogens (DelLong, 2012). Indeed, in this study,
Escherichia was observed to be present at high abundance in many
samples primarily classified as Clostridiaceae-positive. Corynebacterium
bovis has been associated with systemic disease and testicular absces-
sation in rabbits both clinically and experimentally (DeLong, 2012).
However, other Corynebacterium species are probably also a normal
part of the microbiota, as they are in other species (Brabb et al., 2012).

Despite samples being selected because they were RHDV-negative
on sensitive and specific RT-gPCR and RT-PCR assays (Hall et al.,
2018), RHDV was identified in most samples, albeit at lower abun-

dance than seen in known RHDV+HEV-positive samples. This most
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likely reflects cross-contamination of the flowcell during sequencing,
since RHDV-positive and RHDV-negative samples were combined in
the same sequencing run, and the abundance of RHDV reads in pos-
itive samples was extremely high. The average viral RNA load in the
liver of infected animals is 3 x 108 capsid copies per mg of tissue, which
equates to 1.2 x 108 capsid copies per microlitre of RNA (Hall et al.,
2018). Indeed, the highest relative abundance of RHDV was observed
insamples from sequencing run 2, which also included 24 RHDV+HEV-
positive samples. Both inter- and intra-run contaminations are known
concerns with lllumina platforms. For example, several studies have
reported that up to 10% of reads from a sample can be incorrectly
assigned when multiplexing, particularly with ExAmp chemistry such
as that used for the NovaSEquation (Brumme & Poon, 2017; Costello
et al., 2018; Sinha et al., 2017). For this reason, a non-redundant dual-
indexing strategy would have been preferable in hindsight. However,
we also cannot rule out low-level cross-contamination during sequenc-
ing library preparation or RNA extraction since extraction controls
were not sequenced.

Finally, while our sample size was relatively small, several notable
pathogens were not identified in this study. For example, Salmonella
enterica, while uncommon in rabbits, can cause epizootics with high
morbidity and mortality and can potentially be transmitted to humans
(DeLong, 2012). Listeria monocytogenes is also an infrequent cause of
sudden death in rabbits but is significant from a public health perspec-
tive. Francisella tularensis, the causative agent of the zoonotic disease
tularaemia, is endemic in wild rabbits and hares in Eurasia and North
America and can cause sudden death in these species (DeLong, 2012).
Recently, four locally acquired human cases of tularaemia have been
reported in Australia, linked to contact with infected possums; how-
ever, an animal reservoir of F. tularensis has not yet been identified
locally (Eden et al., 2017; NSW Health, 2020). While our study focused
mainly on domestic rabbits, we did not detect any Francisella contigs in
these samples. Surprisingly, we also did not identify MYXV in this study.
Recently, a highly lethal immune collapse syndrome was demonstrated
in domestic rabbits infected with MYXV isolates from the 1990s (Kerr
et al., 2017). Given the active circulation of MYXYV in wild rabbit popu-
lations in Australia, we expected to find MYXV to be a cause of death in
RHDV-negative domestic rabbits. Leporid herpesvirus 4 is a recently
emerged alphaherpesvirus that was isolated from a mass mortality
event in Alaska in 2008 and from a single pet rabbit in Canada in 2010
(Brash et al., 2010; Jin et al., 2008). It has not been reported elsewhere
and was also not detected in the rabbits analyzed in our study. Other
viruses known to be associated with sudden death in rabbits include
rabbit enteric coronavirus. Finally, no fungal contigs were identified in
these samples, although rabbits appear to be remarkably resistant to
systemic mycoses (Brock et al., 2012).

In summary, while sudden death in domestic rabbits in Australia
can mostly be attributed to RHDV, our study found that Clostridi-
aceae, P. multocida, and Eimeria are also frequently detected in cases
where rabbits died unexpectedly. Importantly, sequencing alone, in the
absence of histopathological evidence, is not sufficient to demonstrate
that these agents were the cause of death. Notably, most non-RHDV

cases where rabbits died unexpectedly were not attributed to a known
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pathogen, and no novel putative rabbit pathogens were identified. Fur-
thermore, our findings reaffirm the recommendation to follow good
hygiene practices when handling rabbits, since domestic rabbits were
found to harbour several pathogens of potential public health signifi-
cance, including Escherichia, P. multocida, and HEV. While this study did
not reveal any potential new pathogens that could be explored in the
context of wild rabbit management, we have validated an approach to
explore future mortality events of lagomorphs either in Australia or
internationally that may identify candidate novel biocontrols. Similarly,
we demonstrate that the use of host transcriptome data can lend addi-
tional support to diagnosing an infectious cause of death or conversely,

suggesting absence of infection.

ACKNOWLEDGEMENTS

We wish to thank all sample submitters, particularly Belinda Oppen-
heimer, for her extensive contributions and helpful advice. Rabbit
tissue samples were obtained through a project funded by the Centre
for Invasive Species Solutions (PO1-B-002). We thank Pat Blackall (The
University of Queensland) for providing helpful advice and a positive
control for the P. multocida PCR. We wish to thank Ina Smith, Alexander
Gofton, and John Roberts for critical revision of the manuscript. This
project was co-funded by Meat and Livestock Australia (P.PSH.1059)
and CSIRO.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Gene set enrichment analysis results for individual liver samples are
available at https://doi.org/10.25919/ggmg-de14.

ETHICS STATEMENT

The authors confirm that the ethical policies of the journal, as noted on
the journal’s author guidelines page, have been adhered to. No animal
ethics approvals are required for sampling rabbits that are found dead
in Australia.

REFERENCES

Anders, S., Pyl, P. T., & Huber, W. (2015). HTSeq—A Python framework to
work with high-throughput sequencing data. Bioinformatics, 31(2), 166~
169. https://doi.org/10.1093/bioinformatics/btu638

Andersen, K., Kirkegaard, R., Karst, S., & Albertsen, M. (2018). ampvis2: An
R package to analyse and visualise 16S rRNA amplicon data. https://doi.
org/10.1101/299537

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for Illumina sequence data. Bioinformatics, 30(15), 2114-2120.
https://doi.org/10.1093/bioinformatics/btu170

Brabb, T., & Di Giacomo, R. F. (2012). Viral diseases. In M. A. Suckow, K. A.
Stevens, & R. P.Wilson (Eds.), The laboratory rabbit, guinea pig, hamster, and
other rodents (pp. 365-413). Academic Press.

Brabb, T., Newsome, D., Burich, A., & Hanes, M. (2012). Infectious diseases.
In M. A. Suckow, K. A. Stevens, & R. P. Wilson (Eds.), The laboratory rabbit,
guinea pig, hamster, and other rodents (pp. 637-683). Academic Press.

Brash, M. L., Nagy, E., Pei, Y, Carman, S., Emery, S., Smith, A. E., & Turner,
P. V. (2010). Acute hemorrhagic and necrotizing pneumonia, splenitis,
and dermatitis in a pet rabbit caused by a novel herpesvirus (leporid

iseq es,‘f s

= s N

JENCKELET AL.

herpesvirus-4). The Canadian Veterinary Journal = La Revue Veterinaire
Canadienne, 51(12), 1383-1386.

Brock, K., Gallaugher, L., Bergdall, V. K., & Dysko, R. C. (2012). Mycoses
and non-infectious diseases. In M. A. Suckow, K. A. Stevens, & R. P. Wil-
son (Eds.), The laboratory rabbit, guinea pig, hamster, and other rodents (pp.
503-528). Academic Press.

Brumme, C. J.,, & Poon, A. F. Y. (2017). Promises and pitfalls of Illumina
sequencing for HIV resistance genotyping. Virus Research, 239, 97-105.
https://doi.org/10.1016/j.virusres.2016.12.008

Cheng, X., Wang, S., Dai, X., Shi, C., Wen, Y., Zhu, M., Zhan, S., & Meng, J.
(2012). Rabbit as a novel animal model for hepatitis E virus infection and
vaccine evaluation. PLoS One, 7(12), e51616. https://doi.org/10.1371/
journal.pone.0051616

Costello, M., Fleharty, M., Abreu, J.,, Farjoun, Y., Ferriera, S., Holmes,
L., Granger, B., Green, L., Howd, T, Mason, T., Vicente, G., Dasilva,
M., Brodeur, W., DeSmet, T, Dodge, S., Lennon, N. J., & Gabriel, S.
(2018). Characterization and remediation of sample index swaps by non-
redundant dual indexing on massively parallel sequencing platforms.
BMC Genomics, 19(1), 332. https://doi.org/10.1186/512864-018-4703-
0

Dalton, K. P, Nicieza, |., Balseiro, A, Muguerza, M. A,, Rosell, J. M., Casais, R.,
Alvarez, A. L., & Parra, F.(2012). Variant rabbit hemorrhagic disease virus
in young rabbits, Spain. Emerging Infectious Diseases, 18(12), 2009-2012.
https://doi.org/10.3201/eid1812.120341

Delibes-Mateos, M., Redpath, S. M., Angulo, E., Ferreras, P, & Villafuerte,
R. (2007). Rabbits as a keystone species in southern Europe. Biological
Conservation, 137(1), 149-156. https://doi.org/10.1016/j.biocon.2007.
01.024

Delong, D. (2012). Bacterial diseases. In M. A. Suckow, K. A. Stevens, & R. P.
Wilson (Eds.), The laboratory rabbit, guinea pig, hamster, and other rodents
(pp. 301-363). Academic Press.

Djukovic, A., Garcia-Garcera, M., Martinez-Paredes, E., Isaac, S., Artacho, A.,
Martinez, J., & Ubeda, C. (2018). Gut colonization by a novel Clostrid-
ium species is associated with the onset of epizootic rabbit enteropathy.
Veterinary Research, 49(1), 123. https://doi.org/10.1186/s13567-018-
0617-8

Drigo, I., Bacchin, C., Cocchi, M., Bano, L., & Agnoletti, F. (2008). Develop-
ment of PCR protocols for specific identification of Clostridium spiroforme
and detection of sas and sbs genes. Veterinary Microbiology, 131(3-4),
414-418. https://doi.org/10.1016/j.vetmic.2008.04.013

Eden, J. S., Rose, K., Ng, J., Shi, M., Wang, Q., Sintchenko, V., & Holmes, E. C.
(2017). Francisella tularensis ssp. holarctica in ringtail possums, Australia.
Emerging Infectious Diseases, 23(7), 1198-1201. https://doi.org/10.3201/
€id2307.161863

Furukawa, T., Furumoto, K., Fujieda, M., & Okada, E. (2002). Detection by
PCR of the Tyzzer’s disease organism (Clostridium piliforme) in feces.
Experimental Animals, 51(5), 513-516. https://doi.org/10.1538/expanim.
51.513

Grabherr, M. G, Haas, B. J.,, Yassour, M., Levin, J. Z., Thompson, D. A., Amit,
I, Adiconis, X., Fan, L., Raychowdhury, R., Zeng, Q., Chen, Z., Mauceli, E.,
Hacohen, N., Gnirke, A., Rhind, N., di Palma, F., Birren, B. W., Nusbaum, C.,
Lindblad-Toh, K., & Regev, A. (2011). Full-length transcriptome assembly
from RNA-Seq data without a reference genome. Nature Biotechnology,
29(7), 644-652. https://doi.org/10.1038/nbt.1883

Hall, R. N., Mahar, J. E., Read, A. J., Mourant, R., Piper, M., Huang, N., &
Strive, T. (2018). A strain-specific multiplex RT-PCR for Australian rabbit
haemorrhagic disease viruses uncovers a new recombinant virus vari-
ant in rabbits and hares. Transboundary and Emerging Diseases, 65(2),
e444-e456. https://doi.org/10.1111/tbed.12779

Han, J, Lei, Y., Liu, L, Liu, P, Xia, J., Zhang, Y., Zeng, H., Wang, L., Wang, L.,
& Zhuang, H. (2014). SPF rabbits infected with rabbit hepatitis E virus
isolate experimentally showing the chronicity of hepatitis. PLoS One, 9(6),
€99861. https://doi.org/10.1371/journal.pone.0099861

Harcourt-Brown, F. M., Harcourt-Brown, N., & Joudou, L. M. (2020). RHDV2
epidemic in UK pet rabbits. Part 2: PCR results and correlation with


https://doi.org/10.25919/ggmg-de14
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1101/299537
https://doi.org/10.1101/299537
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/j.virusres.2016.12.008
https://doi.org/10.1371/journal.pone.0051616
https://doi.org/10.1371/journal.pone.0051616
https://doi.org/10.1186/s12864-018-4703-0
https://doi.org/10.1186/s12864-018-4703-0
https://doi.org/10.3201/eid1812.120341
https://doi.org/10.1016/j.biocon.2007.01.024
https://doi.org/10.1016/j.biocon.2007.01.024
https://doi.org/10.1186/s13567-018-0617-8
https://doi.org/10.1186/s13567-018-0617-8
https://doi.org/10.1016/j.vetmic.2008.04.013
https://doi.org/10.3201/eid2307.161863
https://doi.org/10.3201/eid2307.161863
https://doi.org/10.1538/expanim.51.513
https://doi.org/10.1538/expanim.51.513
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1111/tbed.12779
https://doi.org/10.1371/journal.pone.0099861

JENCKELET AL.

k'l

vaccination status. Journal of Small Animal Practice, 61(8), 487-493.
https://doi.org/10.1111/jsap.13180

Hersey-Benner, C. (2008). Diarrhea in a rabbit. Lab Animal, 37(8), 347-347.
https://doi.org/10.1038/laban0808-347

Hill, W. A., & Brown, J. P. (2011). Zoonoses of rabbits and rodents. Vet-
erinary Clinics of North America Exotic Animal Practice, 14(3), 519-531.
https://doi.org/10.1016/j.cvex.2011.05.009

Jenckel, M., Hall, R., & Strive, T. (2022). Pathogen profiling of Australian rab-
bits by metatranscriptomic sequencing. https://doi.org/10.25919/ggmg-
del4

Jenckel, M., Hall, R. N., & Strive, T. (2021). First description of hepatitis E
virus in Australian rabbits. Australian Veterinary Journal, 99(8), 356-358.
https://doi.org/10.1111/avj.13073

Jenckel, M., Smith, 1., King, T., West, P, Taggart, P. L., Strive, T., & Hall, R. N.
(2021). Distribution and genetic diversity of hepatitis E virus in wild and
domestic rabbits in Australia. Pathogens, 10(12), 1637. https://doi.org/
10.3390/pathogens10121637

Jin, L., Valentine, B. A, Baker, R. J, Léhr, C. V., Gerlach, R. F, Bildfell,
R. J., & Moerdyk-Schauwecker, M. (2008). An outbreak of fatal her-
pesvirus infection in domestic rabbits in Alaska. Veterinary Pathology,
45(3), 369-374. https://doi.org/10.1354/vp.45-3-369

Kerr, P. J., Cattadori, I. M., Liu, J., Sim, D. G., Dodds, J. W., Brooks, J. W.,
Kennett, M. J., Holmes, E. C., & Read, A. F. (2017). Next step in the ongo-
ing arms race between myxoma virus and wild rabbits in Australia is a
novel disease phenotype. PNAS, 114(35), 9397-9402. https://doi.org/10.
1073/pnas.1710336114

Kerr, P. J., Hall, R. N., & Strive, T. (2021). Viruses for landscape-scale ther-
apy: Biological control of rabbits in Australia. In A. R. Lucas (Ed.), Methods
in molecular biology, vol. 2225, pp. 1-23. Humana. https://doi.org/10.
1007/978-1-0716-1012-1_1

Kikuchi, E., Miyamoto, Y., Narushima, S., & Itoh, K. (2002). Design of species-
specific primers to identify 13 species of Clostridium harbored in human
intestinal tracts. Microbiology and Immunology, 46(5), 353-358. https://
doi.org/10.1111/j.1348-0421.2002.tb02706.x

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., & Salzberg, S. L.
(2013). TopHat2: Accurate alignment of transcriptomes in the presence
of insertions, deletions and gene fusions. Genome Biology, 14(4), R36.
https://doi.org/10.1186/gb-2013-14-4-r36

Langmead, B., & Salzberg, S. L. (2012). Fast gapped-read alignment with
Bowtie 2. Nature Methods, 9(4), 357-359. https://doi.org/10.1038/
nmeth.1923

Le Gall-Recule, G., Lavazza, A., Marchandeau, S., Bertagnoli, S., Zwingelstein,
F., Cavadini, P, Martinelli, N., Lombardi, G., Guérin, J. L., Lemaitre, E.,
Decors, A., Boucher, S., Normand, B. L., & Capucci, L. (2013). Emer-
gence of a new lagovirus related to rabbit haemorrhagic disease virus.
Veterinary Research, 44, 81. https://doi.org/10.1186/1297-9716-44-81

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth,
G., Abecasis, G., & Durbin, R, & 1000 Genome Project Data Pro-
cessing Subgroup. (2009). The sequence alignment/map format and
SAMtools. Bioinformatics, 25(16), 2078-2079. https://doi.org/10.1093/
bioinformatics/btp352

Licois, D., Wyers, M., & Coudert, P. (2005). Epizootic rabbit enteropa-
thy: Experimental transmission and clinical characterization. Veterinary
Research, 36(4), 601-613. https://doi.org/10.1051/vetres:2005021

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-Seq data with DESeq2. Genome Biology,
15(12), 550. https://doi.org/10.1186/s13059-014-0550-8

Ly, Y. S, Ringler, D. H., & Park, J. S. (1978). Characterization of Pasteurella
multocida isolates from the nares of healthy rabbits with pneumonia.
Laboratory Animal Science, 28(6), 691-697.

Ma, H., Zheng, L., Liu, Y., Zhao, C., Harrison, T. J., Ma, Y., Sun, S., Zhang, J., &
Wang, Y. (2010). Experimental infection of rabbits with rabbit and geno-
types 1 and 4 hepatitis E viruses. PLoS One, 5(2), €9160. https://doi.org/
10.1371/journal.pone.0009160

Tronsboundory and Emeriné D

iseases ,*:? 3} *.

= s N

~ WI LEYM

Magoc, T., & Salzberg, S. L. (2011). FLASH: Fast length adjustment of short
reads to improve genome assemblies. Bioinformatics, 27(21),2957-2963.
https://doi.org/10.1093/bioinformatics/btr507

Mahar, J. E., Hall, R. N., Peacock, D., Kovaliski, J., Piper, M., Mourant, R.,
Huang, N., Campbell, S., Gu, X,, Read, A., Urakova, N., Cox, T., Holmes,
E. C., & Strive, T. (2018). Rabbit hemorrhagic disease virus 2 (RHDV2;
Gl.2) is replacing endemic strains of RHDV in the Australian landscape
within 18 months of its arrival. Journal of Virology, 92(2), e01374-17.
https://doi.org/10.1128/JVI1.01374-17

Mahar, J. E., Jenckel, M., Huang, N., Smertina, E., Holmes, E. C., Strive, T., &
Hall, R. N. (2021). Frequent intergenotypic recombination between the
non-structural and structural genes is a major driver of epidemiological
fitness in caliciviruses. Virus Evolution, 7(2), veab080. https://doi.org/10.
1093/ve/veab080

Mahar, J.E., Shi,M., Hall,R.N., Strive, T., & Holmes, E. C. (2020). Comparative
analysis of RNA virome composition in rabbits and associated ectopar-
asites. Journal of Virology, 94(11), €02119-19. https://doi.org/10.1128/
JVI.02119-19

Miflin, J. K., & Blackall, P. J. (2001). Development of a 23S rRNA-based
PCR assay for the identification of Pasteurella multocida. Letters in
Applied Microbiology, 33(3), 216-221. https://doi.org/10.1046/j.1472-
765x.2001.00985.x

Neave, M. J,, Hall, R. N., Huang, N., McColl, K. A, Kerr, P, Hoehn, M.,
Taylor, J., & Strive, T. (2018). Robust innate immunity of young rabbits
mediates resistance to rabbit hemorrhagic disease caused by Lagovirus
europaeus Gl.1 but not G1.2. Viruses., 10(9), 512. https://doi.org/10.3390/
v10090512

NSW Health. (2020). Tularaemia fact sheet. In N. Health (Ed.), Communicable
diseases factsheet (pp. 1-2). NSW Health.

Nyaoke, A. C., Navarro, M. A, Fresneda, K., Diab, S. S., Moore, J., Lyras,
D., Awad, M., & Uzal, F. A. (2020). Paeniclostridium (Clostridium) sordellii-
associated enterocolitis in 7 horses. Journal of Veterinary Diagnostic Inves-
tigation, 32(2), 239-245. https://doi.org/10.1177/1040638720903738

Oliveira, U. C., Fraga, J. S, Licois, D., Pakandl, M., & Gruber, A. (2011).
Development of molecular assays for the identification of the 11 Eimeria
species of the domestic rabbit (Oryctolagus cuniculus). Veterinary Para-
sitology, 176(2-3), 275-280. https://doi.org/10.1016/j.vetpar.2010.10.
054

Peeters, J. E., Geeroms, R., Carman, R. J., & Wilkins, T. D. (1986). Signifi-
cance of Clostridium spiroforme in the enteritis-complex of commercial
rabbits. Veterinary Microbiology, 12(1), 25-31. https://doi.org/10.1016/
0378-1135(86)90038-6

Pritt, S., Cohen, K., & Sedlacek, H. (2012). Parasitic diseases. In M. A. Suckow,
K. A. Stevens, & R. P. Wilson (Eds.), The laboratory rabbit, guinea pig,
hamster, and other rodents (pp. 415-446). Academic Press.

Quesenberry, K. E., & Carpenter, J. W. (2012). Ferrets, rabbits, and rodents:
Clinical medicine and surgery (3rd ed.). St. Louis.

R Core Team. (2021). R: A language and environment for statistical computing.
R Foundation for Statistical Computing. https://www.R-project.org/

Revets, H., Dekegel, D., Deleersnijder, W., De Jonckheere, J., Peeters, J.,
Leysen, E., & Hamers, R. (1989). Identification of virus-like particles in
Eimeria stiedae. Molecular and Biochemical Parasitology, 36(3), 209-215.
https://doi.org/10.1016/0166-6851(89)90168-0

Rivas-Carrillo, S. D., Pettersson, M. E., Rubin, C. J., & Jern, P. (2018). Whole-
genome comparison of endogenous retrovirus segregation across wild
and domestic host species populations. PNAS, 115(43), 11012-11017.
https://doi.org/10.1073/pnas. 1815056115

Shen, W., & Ren, H. (2021). TaxonKit: A practical and efficient NCBI taxon-
omy toolkit. Journal of Genetics and Genomics, 48(9), 844-850. https://doi.
org/10.1016/j.jgg.2021.03.006

Shi, T, Yan, X,, Sun, H., Fu, Y., Hao, L., Zhou, VY, Liu, Y., Han, W., Bao, G., &
Suo, X. (2021). An investigation of the relationship between Cyniclomyces
guttulatus and rabbit diarrhoea. Pathogens, 10(7), 880. https://doi.org/10.
3390/pathogens10070880


https://doi.org/10.1111/jsap.13180
https://doi.org/10.1038/laban0808-347
https://doi.org/10.1016/j.cvex.2011.05.009
https://doi.org/10.25919/ggmg-de14
https://doi.org/10.25919/ggmg-de14
https://doi.org/10.1111/avj.13073
https://doi.org/10.3390/pathogens10121637
https://doi.org/10.3390/pathogens10121637
https://doi.org/10.1354/vp.45-3-369
https://doi.org/10.1073/pnas.1710336114
https://doi.org/10.1073/pnas.1710336114
https://doi.org/10.1007/978-1-0716-1012-1_1
https://doi.org/10.1007/978-1-0716-1012-1_1
https://doi.org/10.1111/j.1348-0421.2002.tb02706.x
https://doi.org/10.1111/j.1348-0421.2002.tb02706.x
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/1297-9716-44-81
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1051/vetres:2005021
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1371/journal.pone.0009160
https://doi.org/10.1371/journal.pone.0009160
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1128/JVI.01374-17
https://doi.org/10.1093/ve/veab080
https://doi.org/10.1093/ve/veab080
https://doi.org/10.1128/JVI.02119-19
https://doi.org/10.1128/JVI.02119-19
https://doi.org/10.1046/j.1472-765x.2001.00985.x
https://doi.org/10.1046/j.1472-765x.2001.00985.x
https://doi.org/10.3390/v10090512
https://doi.org/10.3390/v10090512
https://doi.org/10.1177/1040638720903738
https://doi.org/10.1016/j.vetpar.2010.10.054
https://doi.org/10.1016/j.vetpar.2010.10.054
https://doi.org/10.1016/0378-1135(86)90038-6
https://doi.org/10.1016/0378-1135(86)90038-6
https://www.R-project.org/
https://doi.org/10.1016/0166-6851(89)90168-0
https://doi.org/10.1073/pnas.1815056115
https://doi.org/10.1016/j.jgg.2021.03.006
https://doi.org/10.1016/j.jgg.2021.03.006
https://doi.org/10.3390/pathogens10070880
https://doi.org/10.3390/pathogens10070880

Tronsboundory and Emeriné D

"y s N

2% | WILEY

Sinha, R,, Stanley, G., Gulati, G. S, Ezran, C., Travaglini, K. J., Wei, E., Chan, C.
K. F,, Nabhan, A. N,, Su, T., Morganti, R. M., Conley, S. D., Chaib, H., Red-
Horse, K., Longaker, M. T., Snyder, M. P, Krasnow, M. A., & Weissman,
I. L. (2017). Index switching causes “spreading-of-signal” among multi-
plexed samples in lllumina HiSeq 4000 DNA sequencing. https://doi.org/
10.1101/125724

Villafuerte, R., & Delibes-Mateos, M. (2019). Oryctolagus cuniculus. The
IUCN Red List of Threatened Species. https://doi.org/10.2305/IUCN.
UK.2019-3.RLTS.T41291A45189779.en

Wagner, G. P, Kin, K., & Lynch, V. J. (2012). Measurement of mRNA abun-
dance using RNA-seq data: RPKM measure is inconsistent among sam-
ples. Theory in Biosciences, 131(4), 281-285. https://doi.org/10.1007/
$12064-012-0162-3

Wang, L., Liu, L., & Wang, L. (2018). An overview: Rabbit hepatitis E virus
(HEV) and rabbit providing an animal model for HEV study. Reviews in
Medical Virology, 28(1), e1961. https://doi.org/10.1002/rmv.1961

Wilson, M. R,, Sample, H. A,, Zorn, K. C,, Arevalo, S., Yu, G., Neuhaus, J.,
Federman, S., Stryke, D., Briggs, B., Langelier, C., Berger, A., Douglas,
V., Josephson, S. A.,, Chow, F. C,, Fulton, B. D., DeRisi, J. L., Gelfand, J.
M., Naccache, S. N., Bender, J., ... Chiu, C. Y. (2019). Clinical metage-
nomic sequencing for diagnosis of meningitis and encephalitis. New
England Journal of Medicine, 380(24), 2327-2340. https://doi.org/10.
1056/NEJM0a1803396

Wu, T, Hu, E,, Xu, S., Chen, M., Guo, P, Dai, Z., Feng, T., Zhou, L., Tang, W.,
Zhan, L., Fu, X, Liu,S.,Bo, X.,&Yu, G. (2021). clusterProfiler 4.0: A univer-
sal enrichment tool for interpreting omics data. Innovation, 2(3), 100141.
https://doi.org/10.1016/j.xinn.2021.100141

Xia, J., Liu, L., Wang, L., Zhang, Y., Zeng, H., Liu, P, Zou, Q., Wang, L., & Zhuang,
H. (2015). Experimental infection of pregnant rabbits with hepatitis E
virus demonstrating high mortality and vertical transmission. Journal of
Viral Hepatitis, 22(10), 850-857. https://doi.org/10.1111/jvh.12406

Xie, F.,, Duan, Z., Zeng, W.,, Xie, S., Xie, M., Fu, H., Ye, Q. Xu, T., & Xie, L. (2021).
Clinical metagenomics assessments improve diagnosis and outcomes
in community-acquired pneumonia. BMC Infectious Diseases, 21(1), 352.
https://doi.org/10.1186/s12879-021-06039-1

iseases ,*:? 3} #

3 JENCKELET AL.
3

Xin, C.,Wu, B,, Li, J., Gong, P, Yang, J., Li, H., Cai, X., & Zhang, X. (2016). Com-
plete genome sequence and evolution analysis of Eimeria stiedai RNA virus
1, a novel member of the family Totiviridae. Archives of Virology, 161(12),
3571-3576. https://doi.org/10.1007/s00705-016-3020-7

Yan, W., Wang, W., Wang, T., Suo, X., Qian, W., Wang, S., & Fan, D. (2013).
Simultaneous identification of three highly pathogenic Eimeria species in
rabbits using a multiplex PCR diagnostic assay based on ITS1-5.8S rRNA-
ITS2 fragments. Veterinary Parasitology, 193(1-3), 284-288. https://doi.
org/10.1016/j.vetpar.2012.11.013

Yu, G, Li, F, Qin, Y., Bo, X, Wy, Y., & Wang, S. (2010). GOSemSim: An
R package for measuring semantic similarity among GO terms and
gene products. Bioinformatics, 26(7), 976-978. https://doi.org/10.1093/
bioinformatics/btq064

Zhang,Y.Z.,Chen,Y.M.,, Wang, W.,Qin, X.C., & Holmes, E. C.(2019). Expand-
ing the RNA virosphere by unbiased metagenomics. Annual Review
of Virology, 6(1), 119-139. https://doi.org/10.1146/annurev-virology-
092818-015851

Zhao, C., Ma, Z., Harrison, T. J., Feng, R., Zhang, C., Qiao, Z., Fan, J., Ma, H.,
Li, M., Song, A., & Wang, Y. (2009). A novel genotype of hepatitis E virus
prevalent among farmed rabbits in China. Journal of Medical Virology,
81(8), 1371-1379. https://doi.org/10.1002/jmv.21536

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Jenckel, M., Hall, R. N., & Strive, T.
(2022). Pathogen profiling of Australian rabbits by
metatranscriptomic sequencing. Transboundary and Emerging
Diseases, 69, e2629-e2640.
https://doi.org/10.1111/tbed.14609


https://doi.org/10.1101/125724
https://doi.org/10.1101/125724
https://doi.org/10.2305/IUCN.UK.2019-3.RLTS.T41291A45189779.en
https://doi.org/10.2305/IUCN.UK.2019-3.RLTS.T41291A45189779.en
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1002/rmv.1961
https://doi.org/10.1056/NEJMoa1803396
https://doi.org/10.1056/NEJMoa1803396
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1111/jvh.12406
https://doi.org/10.1186/s12879-021-06039-1
https://doi.org/10.1007/s00705-016-3020-7
https://doi.org/10.1016/j.vetpar.2012.11.013
https://doi.org/10.1016/j.vetpar.2012.11.013
https://doi.org/10.1093/bioinformatics/btq064
https://doi.org/10.1093/bioinformatics/btq064
https://doi.org/10.1146/annurev-virology-092818-015851
https://doi.org/10.1146/annurev-virology-092818-015851
https://doi.org/10.1002/jmv.21536
https://doi.org/10.1111/tbed.14609

	Pathogen profiling of Australian rabbits by metatranscriptomic sequencing
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Sample selection
	2.2 | Metatranscriptomic sequencing
	2.3 | Data analysis
	2.4 | Host transcriptome analysis
	2.5 | Confirmatory reverse transcription polymerase chain reaction

	3 | RESULTS
	3.1 | Clostridiaceae, Pasteurella, and Eimeria are common colonists of rabbits in Australia
	3.2 | Host transcriptome

	4 | DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES
	SUPPORTING INFORMATION


