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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 pathogenswere 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) andmyxoma 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

(Dalton et al., 2012; LeGall-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-

ingmethods (i.e., ‘metagenomics’ and ‘metatranscriptomics’), laborato-

ries can nowapply thesemethods 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 theAustralian context, these pathogendiscovery approaches

may reveal candidate future biocontrol agents or potential ecological

interactions betweenmicrobes (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

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 fromNSWandACTweregrouped together, sinceACT is

a small (∼2400 km2) 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 × 0.5 × 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

anyeventwhere rabbits diedunexpectedlywithnoorminimal 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 datawere 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 SimplyRNATissueKit (Promega,Madison, USA) on aMaxwell

RSC 16 instrument (Promega) after homogenization with glass beads,

as describedpreviously (Jenckel, Smith et al., 2021). Librarieswerepre-

pared for metatranscriptomic sequencing using the NEB-Next Ultra

II 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 Illumina NovaSeq6000 instrument (SP300

cycle flow cell) at the Biomolecular Resource Facility, The John Curtin

School ofMedical Research, Australian National University. Raw reads
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were deposited in the NCBI Sequence Read Archive under Biosam-

ple accessionnumbers SAMN24852673–SAMN24852758,BioProject

accession number PRJNA796430.

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 assemblywere thenmapped 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 theRpackage 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-IDs, 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. Geneswith an adjusted

p-value<0.05were used for aGOGene Set EnrichmentAnalysis 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< 0.05were considered significant.

2.5 Confirmatory reverse transcription
polymerase chain reaction

Specific reverse transcription polymerase chain reactions (RT-PCRs)

using the SuperScript III One-Step RT-PCR System with Platinum Taq

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 (Oliveira et al., 2011;

Yan et al., 2013). Briefly, each 25 µl reaction contained 12.5 µl of reac-
tionmix (2x), 9.5µl of nuclease-freewater, 1µl of 10µMprimermix, 1µl
of enzymemix, and 1 µl of total RNA. Eimeria and PasteurellaPCRswere
run under the same cycling conditions: 45◦C for 15min, 94◦C for 2min,

followed by 35 cycles of 94◦C for 15 s, 55◦C for 30 s, 68◦C for 90 s, and

a final elongation at 68◦C for 120 s. TheClostridiumPCRs all used 68◦C

for 120 s for elongation, except for C. spiroforme and C. piliforme, where

the elongation timewas reduced to 30 s. PCR productswere visualized

on a1%agarose gel for a bandof appropriate size. ThepresenceofHEV

andRHDVwas verified via quantitative reverse transcription quantita-

tive PCR (RT-qPCR) as previously described (Hall et al., 2018; Jenckel,

Smith et al., 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 conductedmetatranscriptomic 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 amix 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

fromVictorian rabbits, andhaemorrhagic signs prior todeathwere 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% (x̄ 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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F IGURE 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 millionmethods bymapping 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 (x̄ 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 andCyniclomyces 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.

Formultiple samples collected fromthe 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.Clostridiacaewere detected in bothMGY-1 andMGY-2, althoughC.

cuniculi specifically was only detected in MGY-2. No infectious agents



JENCKEL ET AL. e2633

F IGURE 2 Classification of contigs frommetatranscriptomic 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 permillion were generated for eukaryotic reads
(a and 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 andKYB-7, and both sampleswere classified

as unassigned. For Victorian samples with a haemorrhagic presenta-

tion,most sampleswere classified as unassigned, withClostridiacae 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-qPCR testing (Figure 3). The ‘Clostridium

generic’ RT-PCR showed poor sensitivity for the presence of rabbit-

specificC. cuniculi, so all sampleswere testedwithboth 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 defencemechanisms (hereafter describedas

‘immune response’). Host transcriptome data from three healthy lab-

oratory rabbits generated in a previous study were used as ‘known
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F IGURE 3 Confirmatory reverse transcription polymerase chain reaction (RT-PCR) and quantitative reverse transcription PCR (RT-qPCR)
testing and host transcriptome analyses. Rabbit haemorrhagic disease virus (RHDV)-negative liver RNAswere screened by specific RT-PCRs or
RT-qPCRs targeting RHDV, hepatitis E virus (HEV), a conserved region of the Clostridiacae class (‘Clostridium generic’), C. cuniculi, Pasteurella
multocida, and rabbit Eimeria species (a). Clostridiaceae-positive samples were further screened for four additional clostridial species: P. sordellii, C.
perfringens, C. spiroforme, and C. piliforme. Samples are faceted by the dominant microorganism detected throughmetatranscriptomic sequencing.
Yellow squares indicate a positive result, while purple squares indicate that the target was not detected. Samples were classified for ‘immune
response’ based on host transcriptome analysis. Samples were considered positive if a gene ontology term related to the immune response or
defencemechanisms (Table S2) yielded a positive enrichment score relative to known healthy controls. For comparison, the same analyses were
performed on 24 known RHDV+HEV-positive liver samples (b)

F IGURE 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
(reads per million) of Eimeria (b), Pasteurella (c), and Clostridiaceae (d) in positive samples is represented by the size of each circle. Abbreviations:
ACT, Australian Capital Territory; NT, Northern Territory; NSW, New SouthWales; 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 et al., 2022 ).Nopositiveenrichmentof immune responseswas

detected inEimeria-positive samples,Pseudomonas-positive samples, or

samples where Cyniclomyces yeast was detected. There was consider-

able overlap in the host transcriptomePCAbetween 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 severalClostridiaceae 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

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 pathogenmust 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 dominantmicroorganism, 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

a relatively 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 amajor

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 HEVwas likely an incidental finding.

We identified several clostridial species in rabbit liver samples in 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 (DeLong, 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 themicrobiomeof healthy rabbits (DeLong, 2012;Djukovic

et al., 2018). Given the major disruption to the gut epithelium in both

enterotoxaemia andERE and the high abundance ofClostridium 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 pathogenof rabbits

is C. piliforme, the causative agent of Tyzzer’s disease, characterized by

diarrhoea, dehydration, multifocal hepatic necrosis, and death in 1−2

days (DeLong, 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 themost 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

(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 sevenpositive samples.OtherPasteurella 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 enhancedby stressors suchasovercrowding, poorhygiene, 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 weremisclassified 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

inmany 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 larvamigrans) 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

(DeLong, 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 coli is a normal component of the gastrointestinal flora, and

while it canbeaprimarypathogen, it also proliferates in cases of enteri-

tis caused by other pathogens (DeLong, 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 themicrobiota, as they are in other species (Brabb et al., 2012).

Despite samples being selected because they were RHDV-negative

on sensitive and specific RT-qPCR 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

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× 108 capsid copies permg of tissue, which

equates to 1.2 × 108 capsid copies per microlitre of RNA (Hall et al.,

2018). Indeed, the highest relative abundance of RHDV was observed

in samples fromsequencing run2,which also included24RHDV+HEV-

positive samples. Both inter- and intra-run contaminations are known

concerns with Illumina 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; NSWHealth, 2020).While our study focused

mainly on domestic rabbits, we did not detect any Francisella contigs in

these samples. Surprisingly,we also did not identifyMYXV in this study.

Recently, a highly lethal immune collapse syndromewas demonstrated

in domestic rabbits infected with MYXV isolates from the 1990s (Kerr

et al., 2017). Given the active circulation of MYXV in wild rabbit popu-

lations in Australia, we expected to findMYXV 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 thatmay 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.
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