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Abstract

Rabbit haemorrhagic disease virus (RHDV) is associated with high morbidity and mor-

tality in the European rabbit (Oryctolagus cuniculus). In 2010, a genetically distinct

RHDV named RHDV2 emerged in Europe and spread to many other regions, includ-

ing North America in 2016. Prior to this study it was unknown if eastern cottontails

(ECT(s); Sylvilagus floridanus), one of the most common wild lagomorphs in the United

States, were susceptible to RHDV2. In this study, 10 wild-caught ECTs and 10 New

Zealand white rabbits (NZWR(s); O. cuniculus)were each inoculated orally with either

RHDV (RHDVa/GI.1a; n = 5 per species) or RHDV2 (a recombinant GI.1bP-GI.2; n = 5

per species) and monitored for the development of disease. Three of the five ECTs

that were infected with RHDV2 developed disease consistent with RHD and died at

4 and 6 days post-inoculation (DPI). The RHDV major capsid protein/antigen (VP60)

was detected in the livers of three ECTs infected with RHDV2, but none was detected

in the ECTs infectedwith RHDV. Additionally, RHD viral RNAwas detected in the liver,

spleen, intestine and blood of ECTs infected with RHDV2, but not in the ECTs infected

with RHDV. RHD viral RNA was detected in urine, oral swabs and rectal swabs in at

least two of five ECTs infected with RHDV2. One ECT inoculated with RHDV2 sero-

converted and developed a high antibody titre by the end of the experimental period

(21 DPI). ECTs inoculated with the classic RHDV did not seroconvert. In comparison,

NZWRs inoculatedwith RHDV2 exhibited highmortality (five of five) at 2DPI and four

of five NZWRs inoculated with RHDV either died or were euthanized at 2 DPI indicat-

ing both of these viruses were highly pathogenic to this species. This experiment indi-

cates that ECTs are susceptible to RHDV2 and can shed viral RNA, thereby suggesting

this species could be involved in the epidemiology of this virus.

KEYWORDS

Eastern cottontail, experimental infection, lagomorpha, New Zealand white rabbit, Oryctolagus,
pathology, rabbit haemorrhagic disease virus, rabbit haemorrhagic disease virus 2, Sylvilagus
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1 INTRODUCTION

Rabbit haemorrhagic disease (RHD) is a highly contagious fatal disease

of theEuropean rabbit (Oryctolagus cuniculus) causedby rabbit haemor-

rhagic disease virus (RHDV), amember of the familyCaliciviridae, genus

Lagovirus (Abrantes et al., 2012; Capucci et al., 2020). RHDV is non-

cultivable in cell culture (Abrantes et al., 2012); therefore, detection of

virus genome, virions, antigens or antibodies is required for diagnosis.

In 2010, a new Lagovirus named RHDV2 emerged in France and has

since been detected in many European countries, North America, the

Middle East, North Africa, Australia andNewZealand (Ambagala et al.,

2021; Le Gall-Recule et al., 2011; Le Gall-Reculé et al., 2013).

Several naturally occurring recombination events have been

reported between the new emergent virus and pathogenic and non-

pathogenic strains that served as donors for the viral non-structural

proteins. The recombination breakpoint is often located at the 5′
region of VP60 and divides the genome into one that encodes the

structural protein and another that encodes the major and minor

structural proteins, VP60 and VP10, respectively (Abrantes et al.,

2020; Mahar et al., 2018; Silvério et al., 2018). This recombination

plays an important role in generating diversity in emerging RHD

viruses (Lopes et al., 2015).

Based on a new nomenclature, the classical RHDV was classified

under the genotype GI.1 and RHDV2 under genotype GI.2 (Le Pendu

et al., 2017). These twoviruseswill be referred to asRHDVandRHDV2

hereinafter. The United States had several sporadic RHDV outbreaks

starting in 2000, all of which were caused by RHDV (variant RHDVa)

(McIntosh et al., 2007). The first report of RHDV2 in North America

was in Quebec, Canada, in 2016 (Ambagala et al., 2021). Additional

RHDV2 outbreaks occurred on Vancouver Island and other areas of

British Columbia, Canada, in 2018, causing highmortality rates in feral

and domestic European rabbits (Ambagala et al., 2021). The emergent

virus first appeared in the United States in 2018 in a domestic rabbit in

Ohio (USDA, 2018), over 1 year after the current studywas conducted.

As with many outbreaks of RHD, the source of this incident was incon-

clusive (USDA, 2019).

RHDV2 has a capsid protein sequence identity of approximately

82%with RHDV and a distinct antigenic profile. RHDV2 has the capac-

ity to cause disease in RHDV-vaccinated and young domestic Euro-

pean rabbits less than 30 days-old, while RHDV was known to only

cause clinical disease in rabbits 6 weeks of age or older (Dalton et al.,

2014; Dalton et al., 2012). Overall, RHDV2 appears to have a broader

host range, as it has been reported to affect Cape hares (Lepus capen-

sis subsp.mediterraneus), European brown hares (Lepus europaeus), Ital-

ian hares (Lepus corsicanus), mountain hares (Lepus timidus) and Iberian

hares (Lepus granatensis) (Le Gall-Reculé et al., 2017; Neimanis et al.,

2018; Puggioni et al., 2013; Velarde et al., 2021; Velarde et al., 2017).

The host range appears to be determined by the specific expression of

glycanmotifs in the upper respiratory and digestive tract. Interestingly,

the B andH types that are expressed by ECT can bind toRHDV2 (Lopes

et al., 2018). A recent outbreak that was first detected in 2020 in the

southwestern United States and Mexico expanded the list of suscep-

tible species further to include black-tailed jackrabbits (Lepus californi-

cus), antelope jackrabbits (Lepus alleni), desert cottontail rabbits (Sylvi-

lagus audubonii), eastern cottontail rabbits (ECT; Sylvilagus floridanus)

andmountain cottontail rabbits (Sylvilagus nuttallii) (USDA, 2020).

RHDV2 was originally reported to be less virulent than RHDV (Le

Gall-Reculé et al., 2013); however, subsequent outbreaks appeared to

demonstrate a mortality rate comparable to that of RHDV (Capucci

et al., 2017; Hall et al., 2021). Previously, ECTs (S. floridanus) were

reported to be resistant to RHDV (Lavazza et al., 2015) and field evi-

dence suggested they do not play a role as reservoirs for this virus

(D’angelo et al., 2019). However, it was unknown how RHDV2 would

affect this species prior to the current study. The objective of this

study was to assess the susceptibility of ECTs to RHDV2 and compare

the pathogenicity of the virus in ECTs to that found in New Zealand

white rabbits (NZWRs). For comparative purposes, we also assessed

the pathogenicity of classical RHDV in ECTs andNZWRs.

2 MATERIALS AND METHODS

2.1 Animals

Twelve specific-pathogen-free 6-8-week-old male NZWRs were

obtained from a commercial breeding farm (Millbrook Labs, Amherst,

MA). Eleven wild caught ECTs were trapped and collected from Long

Island, New York, under the authority of a scientific collection permit

from the New York Department of Environmental Conservation. The

11 ECTs were assessed to be sub-adults or adults at their time of

capture with masses ranging from 0.33 to 1.16 Kg. Three male and

two female ECTs were used in each treatment group. All rabbits were

acclimated for aminimum of 5 days before the start of the experiment.

2.2 Viruses

The RHDV (RHDVa; GI.1a; GenBank accession number EU003578)

used for inoculum in this study was obtained as a liver homogenate

derived from the 2005 Indiana, U.S. outbreak (McIntosh et al., 2007).

The viruswas passaged once in aNZWR. TheRHDV2used in this study

was obtained from the OIE Reference Laboratory for Rabbit Haemor-

rhagic Disease (Istituto Zooprofilatico Sperimentale della Lombardia e

dell’Emilia Romagna, Brescia, Italy), and was originally derived from an

outbreak in southern Italy in 2014. This virus is a recombinant virus

(GI.1bP-GI.2) between classical RHDV (GI.1b) and RHDV2 (GI.2) with

a 99% shared nucleotide identity with a recombinant strain identified

in Portugal (GenBank accession number KM115716). This virus will be

referred to as RHDV2 hereinafter.

2.3 Sequence analysis of viruses

Liver homogenates were processed for next generation sequencing

based on previously described methods (Wang et al., 2003). RNA

extraction, cDNA synthesis and library preparation were performed
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also as previously described (Bracht et al., 2016). Briefly, DNAse treat-

ment (DNAse I, Invitrogen) was used prior to the first strand synthesis

of cDNA, which was performed with random primers and Superscript

III reverse transcriptase (Invitrogen) at 50◦C for 30 min, followed by

5 min at 65◦C. An additional 1 µl of Superscript III was added to the

reaction mix and incubated at 50◦C for 30 min. Second strand synthe-

sis was performed by addition of Sequenase enzyme (Affymetrix Santa

Clara, CA) and incubated by a ramped increased from 10 to 37◦C for

16 min followed by 2 min at 94◦C. Subsequently, the 37◦C incubation

was repeated with the addition of Sequenase and amplified using TaqR

mastermix (Clontech/Takara) using the manufacturers’ recommenda-

tions. The resulting double stranded amplicon was processed to gen-

erate the sequencing library using the Illumina Nextera DNA sample

preparation kit according to themanufacturers’ protocol.

The raw paired end reads obtained from the Miseq sequencing run

were trimmed and quality filtered using a custom phyton script and

subsequently assembled using the Burrows–Wheeler Aligner Maxi-

mal ExactMatch (BWA-MEM) (Li, 2013) and consensus was generated

using SAMTOOLS. Assembled RHDV sequences were confirmed using

the BLAST function of the National Centre for Biotechnology Informa-

tion (NCBI) alignment tool. RHDV complete genome sequences were

downloaded from theNCBI database. All sequenceswere alignedusing

MUSCLE (Edgar, 2004), and visualized with MEGA 7.0.18 software

(Kumar et al., 2016).

Aligned sequences were used to establish relationships between

the viral strains used in the animal experiment. Phylogenetic trees

were inferred using the maximum likelihood method based on the

Tamura–Nei model (Tamura & Nei, 1993). All positions containing

gaps and missing data were eliminated. The final consensus tree was

generated by a bootstrapping approach with 500 replicates. Genbank

accession numbers are indicated on the tree for genomes which were

used for comparison.

2.4 Experimental design

Five NZWRs and five wild caught ECTs were orally inoculated with

1 ml of RHDV2 homogenate, consisting of 10% weight per volume

(w/v) liver in 1 × PBS pH 7.4. In parallel, five NZWRs and five ECTs

were orally inoculated with 1 ml of RHDV homogenate, derived from

the Indiana 2005 RHDVa outbreak, and consisting of 10% w/v liver

in 1 × PBS pH 7.4. Two additional NZWRs and one ECT were orally

inoculated with 1 ml of PBS pH 7.4 as control animals. EDTA blood,

serum, oral swabs and rectal swabs were collected prior to inoculation

and subsequently at 2, 9 and 21 days post-inoculation (DPI), or termi-

nally at the time of necropsy. Fresh and formalin-fixed tissues (liver,

lung, spleen, kidney and intestine) and urine (collected by needle aspi-

ration during necropsy) were also collected at the time of necropsy.

Rabbits weremaintained in three separate animal roomswhere RHDV,

RHDV2andcontrol groupswere segregated.Animalswere individually

housed and closely monitored twice daily for clinical signs of disease

for the duration of the experiment. Established endpoints included

fever (>40.4◦C for > 24 h), depression and inappetence. When ani-

mals reached any of these criteria, they were deeply sedated with a

ketamine/xylazine/butorphanol cocktail and subsequently euthanized

withanoverdoseofpentobarbital sodium.Body temperaturewasmon-

itored using microchips (BMDS-IPTT-300, Biomedic Data Systems,

Seaford, DE, USA) implanted subcutaneously to minimize animal han-

dling. Animal studies were conducted in a biosafety level 3 agriculture

(BSL-3Ag) facility at the Plum Island Animal Disease Centre, Green-

port, NY, under the oversight of the Institutional Animal Care and

Use Committee (Protocol 255.04-17-P). Standard and BSL-3Ag pre-

cautions were observed during this study.

2.5 Real-time RT-PCR

Specific real-timeRT-PCR (rRT-PCR)was used to detect either RHDV2

or RHDV in the liver, spleen, intestine, urine, oral and rectal swabs,

and blood of both ECTs and NZWRs. Total nucleic acid was extracted

from 200 µl of the respective sample or tissue homogenate using a

MagMax Pathogen RNA/DNA extraction kit (Thermo Fisher Scien-

tific, Waltham, MA), following the manufacturer’s protocol using a

KingFisher Flex 96 well magnetic processor (Thermo Fisher Scientific,

Waltham, MA). Nucleic acid samples were eluted in 90 µl of elution
buffer and stored at−70◦C until use. Samples were tested for RHDV2

and RHDV nucleic acids using minor modifications of previously pub-

lished protocols (Duarte et al., 2015; Gall et al., 2007). Namely, pub-

lished primer sets were utilized to amplify conserved regions of the

RHDV2 and RHDV vp60 gene. Real-time RT-PCRwas performed using

the TaqMan Fast Virus 1-stepMasterMix kit. Reactions for RHDV and

RHDV2 were run separately but under identical conditions. Reactions

consisted of 1 µMof each primer, 0.2 µMof probe, 6.25µl of 4x TaqMan

Fast Master Mix, 8.25 µl of nuclease-free water, and 2.5 µl of template

nucleic acid. The rRT-PCR reactions were run on a 7500 Fast Thermo-

cycler (Applied Biosystems, Foster City, CA) using the following con-

ditions: 5 min for reverse transcription at 50◦C, 20 s denaturation at

95◦C, followed by 45 cycles of 3 s at 95◦C and 30 s at 60◦C. Results

were analyzed using the automatic threshold and baseline settings of

the thermocycler software (v 2.3).

2.6 Antigen and antibody ELISAs

Antigen and antibody enzyme-linked immunosorbent assays (ELISAs)

were conducted on liver homogenates and serum samples, respec-

tively using ELISA kits from the OIE Reference Laboratory for Rabbit

Hemorrhagic Disease following the kit’s instructions. Two different

RHD serological kits RHDV/RHDVa and RHDV2 were used to assess

IgG antibodies.

2.7 Electron microscopy

Ten-percent liver homogenates were clarified by centrifugation at

1500 × g for 10 min at 4oC. Virus was concentrated from the



MOHAMED ET AL. e971

TABLE 1 Case fatality of New Zealandwhite rabbits (Oryctolagus cuniculus) and eastern cottontails (Sylvilagus floridanus) due to rabbit
hemorrhagic disease virus (RHDV and RHDV2) experimental inoculations

NewZealandwhite rabbits Eastern cottontails

Virus ID1 2 DPI2 21DPI ID 2DPI 4 DPI 6 DPI 21DPI

RHDV2 1 D3 13 E5

2 D3 14 D3

3 D3 15 D3

4 D3 16 E5

5 D3 17 D3

RHDV 6 D3 18 E6

7 E5 19 E5

8 D3 20 E5

9 D3 21 E5

10 E4 22 E5

Controls7 11 E5 23 E5

12 E5

1ID=Rabbit identification number.
2DPI=Days post-inoculation.
3D=Died during the experiment.
4E= Euthanized due to severe lethargy.
5E= Euthanized at the termination of the experiment.
6E= Euthanized due to skin injury during 2 DPI.
7A single eastern cottontail and twoNewZealandwhite rabbits were used as control animals.

supernatant by ultracentrifugation of 450 µl of the supernatant at

greater than 100,000 × g and 24 psi for 30 min using a Beckman

air-centrifuge. Virus pellets were re-suspended in 50 µl H2O applied

to formvar-coated, carbon-stabilized grids (Electron Microscopy Sci-

ences) and stained with 2% phosphotungstic acid (PTA). Grids were

examined with a H-7600 Hitachi transmission electron microscope

operating at 80 kV and images were digitally recorded.

2.8 Histopathology

Tissues (liver, lung, spleen, kidney and intestine) were fixed in 10%

neutral-buffered formalin, embedded in paraffin, sectioned at 4 µm
thickness, stained with haematoxylin and eosin and examined by light

microscopy.

3 RESULTS

During 1–3 DPI, all RHDV2-inoculated ECTs appeared clinically nor-

mal. At 4 DPI, two of five ECTs infected with RHDV2 were found dead

and an additional ECT was found dead at 6 DPI. The remaining two

RHDV2-inoculated ECTs survived until termination of the experiment

at 21 DPI. All ECTs that were inoculated with RHDV survived until the

conclusion of the experiment, except ECT #18, which was euthanized

at 2 DPI due to an unrelated skin injury (Table 1).

During 2DPI (approximately 36 h post-inoculation), all five RHDV2-

inoculated NZWRs were found dead (Table 1). During the same DPI,

three of five RHDV-inoculated NZWRs were also found dead. An

additional RHDV-inoculated NZWR (#10) was markedly lethargic and

reluctant to move, resulting in humane euthanasia at 2 DPI. The

remaining NZWR (#7) appeared normal and survived until the termi-

nation of the experiment at 21DPI (Table 1).

Due to the acute to peracute nature of this disease, minimal clin-

ical signs (i.e., fever and depression) were observed in ECTs. Bloody

nares were occasionally noted at the time of death. Clinical signs

in NZWRs were variable and consisted of fever (e.g., 104–106
◦

F),

lethargy, depression and terminally non-responsive to stimuli. Similar

to ECTs, bloody nares were also periodically noted for NZWRs at the

time of death.

Upon necropsy, ECTs and NZWRs that succumbed to disease from

RHDV2 (ECTs) or both viruses tested (NZWRs) showed similar find-

ings consisting of pale, friable livers with multifocal hemorrhages (Fig-

ures 1a, b). An additional finding commonly observed in infected ani-

mals was a notably enlarged spleen. Variable multifocal petechial and

ecchymotic haemorrhages were often noted in the lungs and thymus,

and diffusely on the mucosal surface of the trachea. One ECT had

un-clotted serosanguinous fluid present in its abdominal cavity (Fig-

ure 1a). The most significant histopathological changes noted for both

viruseswere found in the liver and consisted of acute periportal tomid-

zonal hepatic degeneration and necrosis, disassociation of the hepatic

cords, hypereosinophilia and vacuolar changes. Pyknosis, karyorrhexis,

and karyolysis were evident (Figure 1c). Heterophilic inflammatory cell

infiltration was minimal in the NZWRs that died at 2 DPI but were

more pronounced in the ECT that died at 6 DPI. Fibrin thrombi were

noted in the spleen and renal glomeruli suggestive of disseminated
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F IGURE 1 (a) Swollen, pale liver withmultifocal haemorrhages (down arrow) and abdominal haemorrhage (up arrow) in an eastern cottontail
infected with rabbit haemorrhagic disease virus type 2 (RHDV2). (b) Pale liver (down arrow) of New Zealandwhite rabbit infected with rabbit
haemorrhagic disease virus (RHDV) with prominent reticular pattern andmultifocal haemorrhages in the lungs (up arrow) and thymus. (c) Liver of
an eastern cottontail infected with RHDV2 and stained with haematoxylin and eosin andmagnified 40×. Note the acute hepatocellular necrosis
and haemorrhage. (d) Transmission electronmicrographwith negative staining phosphotungstic acid (PTA) of the liver homogenate demonstrating
calicivirus particles magnified by 50,000× in a New Zealandwhite rabbit infected with RHDV

intravascular coagulation. Electron microscopy of liver homogenates

using PTA-negative staining revealed numerous viral particles charac-

teristic of caliciviruseswith short cup-likeprojections andameandiam-

eter of 27 nm (Figure 1d).

The liver samples of three ECTs that succumbed to RHDV2 infec-

tions were positive by antigen ELISA at a titre of 1:1080 at 4 and 6DPI,

while the remaining twoECTs that survived until the termination of the

experiment (21 DPI) tested negative (Table 2). The liver homogenates

of all five ECTs inoculatedwith RHDVwere negative for RHDVby anti-

gen ELISA. All liver samples from NZWRs infected with RHDV2 were

positive by antigen ELISA with titres of 1:180 or 1:1080. Four of five

NZWRs inoculated with RHDV were positive by antigen ELISA with

titres of 1:180 or 1:1080,while the remaining rabbit that survived until

the termination of the experiment was negative. The liver samples of

the control rabbits of both species were negative by antigen ELISA

(Table 2).

The serum samples collected from NZWRs inoculated with RHDV

and RHDV2 were negative by antibody ELISAs at 0 and at 2 DPI. The

one NZWR (#7) that survived RHDV inoculation was positive with a

titre of 1:40 at 9 DPI and a titre of 1:160 at 21 DPI. Control NZWRs

remained negative for RHDV and RHDV2 antibodies throughout the

course of the experiment.

The RHDV2 antibody ELISAs were negative in ECTs at 0 DPI, with

one exception. The one outlier, ECT #13, had an antibody titre of 1:10

at 0 DPI, but was seronegative when tested at 9 and 21 DPI. The low

titre at 0 DPI may be due to cross reactivity or a non-specific reaction.

As expected early in an infection in mammals, ECTs #14, #15 and #17

were seronegative when they died at 4, 6 and 4 DPI, respectively. In

contrast, ECT #16, which survived to the end of the experiment, but

showed some evidence of infection (Table 3), had a high antibody titre

of 1:2560. Antibody assessments byELISAswere negative at 0, 2, 9 and

21 DPI in ECTs infected with RHDV with two exceptions. Cottontail

#18had a low titre of 1:10 at 0DPI andECT#20had titres of 1:40, 1:10

and 1:10 at 0, 9 and 21 DPI, respectively. The low titres in these two

ECTs were interpreted as antibody cross reactivity and/or ‘serological

noise’ and not as true seroconversions. The control ECT was negative

for RHDV antibodies throughout the course of the experiment.

All NZWRs inoculated with either RHDV or RHDV2 had detectable

viral RNA in the liver, spleen, intestine and blood (blood fromNZWR#7

was not available for testing; Table 3). The relatively high CT values in

the liver and spleen of NZWR #7, the only rabbit in this group that sur-

vived infection with RHDV, is likely indicative of a low viral load. Four

of five ECTs infectedwith RHDV2 had detectable viral RNA in their liv-

ers, spleens and intestines (Table 3). Detection of viral RNA in blood

samples was intermittent. Cottontail #13, which survived the experi-

mental period of 21 days, had no detectable RHDV2 viral RNA in any of

the organs examined nor in urine, oral/rectal swabs and blood samples

(Tables 3 and5). In contrast to RHDV2, viral RNA was not detected in
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TABLE 2 Rabbit haemorrhagic disease virus antigen ELISA tests of liver samples fromNewZealandwhite rabbits (Oryctolagus cuniculus) and
eastern cottontails (Sylvilagus floridanus) experimentally infected with rabbit haemorrhagic disease viruses (RHDV and RHDV2)

Virus

NewZealandwhite rabbits Eastern cottontails

ID1 DPI2 Ag titre 1:X ID DPI Ag titre 1:X

RHDV2 1 2 180 13 21 –

2 2 1080 14 4 1080

3 2 1080 15 6 1080

4 2 1080 16 21 –

5 2 180 17 4 1080

RHDV 6 2 180 18 2 –

7 21 -3 19 21 –

8 2 180 20 21 –

9 2 180 21 21 –

10 2 1080 22 21 –

Control4 11 21 – 23 21 –

12 21 –

1ID=Rabbit identification number.
2DPI=Days post-inoculationwhen liver samples were obtained. This was the day that animals died or were euthanized.
3A dash ‘-‘ indicates the sample was negative.
4A single eastern cottontail and twoNewZealandwhite rabbits were used as control animals.

TABLE 3 Distribution of rabbit haemorrhagic disease (RHDV and RHDV2) viral RNA in liver, spleen, intestine and blood as detected by
real-time RT-PCR in experimentally infected NewZealandwhite rabbits (Oryctolagus cuniculus) and eastern cottontails (Sylvilagus floridanus)

NewZealandwhite rabbits Eastern cottontails

Virus ID1 Liv2 Spl3 Int4

BloodDPI5

ID Liv Spl Int

BloodDPI

2 21 2 4 6 21

RHDV2 1 (2) 76 15 23 14 13 (21) – – – – nd nd –

2 (2) 7 17 23 10 14 (4) 10 17 20 nd 10

3 (2) 9 17 26 16 15 (6) 7 17 24 26 nd 20

4 (2) 5 17 24 20 16 (21) 28 25 15 35 nd nd –

5 (2) 8 17 25 13 17 (4) 9 15 22 18 11

RHDV 6 (2) 13 15 22 14 18 (2)7 – – – –

7 (21) 39 35 28 nd8 nd 19 (21) – – – – nd nd –

8 (2) 14 14 22 16 20 (21) – – – – nd nd –

9 (2) 12 15 20 16 21 (21) – – – – nd nd –

10 (2) 14 15 19 15 22 (21) – – – – nd nd –

Control9 11 (21) -10 – – – – 23 (21) – – – – nd nd –

12 (21) – – – – –

1ID=Rabbit identification number. Numbers in parentheses indicated the day the animal was euthanized or died.
2Liv= Liver.
3Spl= Spleen. All organ samples were collected at day of death or euthanasia (see Table 1).
4Int= Intestine.
5DPI=Days post-inoculation.
6Numbers indicate Ct values.
7This cottontail was euthanized due to a skin injury.
8nd=Not done.
9Control animals were tested for both types of RHD viruses. A single eastern cottontail and twoNewZealandwhite rabbits were used as control animals.
10A dash ‘-‘ indicates the sample was negative.

*Dark shading indicates the rabbit had either died or was euthanized prior to this time point. Therefore, a sample could not be collected/tested.
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TABLE 4 Rabbit hemorrhagic disease viral RNA detected from oral swabs, rectal swabs, and urine samples collected from experimentally
infected NewZealandwhite rabbits (Oryctolagus cuniculus). Viral RNA shedding was assessed by real-time RT-PCR

Treatment ID1

Oral swabDPI4 Rectal swabDPI

DoD2 Urine3 0 2 9 21 0 2 9 21

RHDV2 1 2 275 -6 – – 23

2 2 25 – 36 – 32

3 2 22 – 32 – 37

4 2 26 – 30 – 30

5 2 31 – 29 – 28

RHDV 6 2 32 – 34 – 29

7 21 – – – 38 – – 38 33 39

8 2 24 – 37 – 30

9 2 28 – 29 – 31

10 2 27 – 34 – 35

Control8 11 21 – – nd7 nd – – nd nd –

12 21 – – nd nd – – nd nd –

1ID=Rabbit identification number.
2DoD= day of death (died or euthanized).
3Urine was collected at the time of death or euthanasia (see Table 1).
4DPI=Days post-inoculation.
5Numbers indicate Ct values.
6A dash ‘-‘ indicates the sample was negative.
7nd=Not done.
8Control animals were tested for both types of RHD viruses.

*Dark shading indicates the rabbit had either died or was euthanized prior to this time point. Therefore, a sample could not be collected/tested.

TABLE 5 Rabbit haemorrhagic disease viral RNA detected from oral swabs, rectal swabs, and urine samples collected from experimentally
infected eastern cottontails (Sylvilagus floridanus). Viral RNA shedding was assessed by real-time RT-PCR

Treatment ID1 Urine3

Oral swabDPI4 Rectal swabDPI

DoD2 0 2 4 9 21 0 2 4 6 9 21

RHDV2 13 21 -5 – – nd6 – – – – nd nd – –

14 4 237 – – 28 – – 30

15 6 28 – – nd – 32 nd 30

16 21 – – – nd – – – – nd nd – –

17 4 17 – – 21 – 33 26

RHDV 18 28 – – – – 37

19 21 – – – nd – – – – nd nd – –

20 21 – – – nd – – – – nd nd – –

21 21 – – – nd – – – – nd nd – –

22 21 – – – nd – – – 33 nd nd – –

Control9 23 21 – – nd nd nd – – nd nd nd nd –

1ID=Rabbit identification number.
2DoD= day of death (died or euthanized).
3Urine was collected at the time of death or euthanasia (see Table 1).
4DPI=Days post-inoculation.
5A dash ‘-‘ indicates the sample was negative.
6nd=Not done.
7Numbers indicate Ct values.
8This cottontail was euthanized due to a skin injury.
9The control animal was tested for both types of RHD viruses.

*Dark shading indicates the rabbit had either died or was euthanized prior to this time point. Therefore, a sample could not be collected.
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any of the organs examined or blood of the ECTs inoculatedwithRHDV

(Table 3). Control animalswere negative for all samples tested (Tables 3

and 5).

Viral RNAwas detected in the urine and oral swabs of NZWRs inoc-

ulated with either RHDV or RHDV2 except rabbits #1 and #7, which

had no detectable viral RNA in oral swab or urine/oral samples, respec-

tively (Table 4). However, RHDV and RHDV2 RNA was detected in all

the rectal swabs of inoculatedNZWRs. All control rabbits regardless of

species were negative for all sample types collected and tested at 21

DPI (Tables 3–5).

Viral RNAwas detected in the urine and rectal swabs of 3 of 5 ECTs

and was also detected in the oral swabs in two of five ECTs inoculated

with RHDV2. Interestingly, no viral RNA was detected from urine and

oral/rectal samples collected from ECTs #13 and #16, which were the

two animals of this experimental group that survived to the conclusion

of the study. In contrast, ECTs infected with RHDV had no viral RNA

shedding in the urine, oral or rectal swabs, except for individuals #18

and #22, which had detectable viral RNA shedding only in rectal swabs

collected at 2 DPI (Table 5). Considering the lack of any other type of

evidence of viral RNA shedding in these two animals, the apparent rec-

tal shedding likely represents defecation of the original inoculumwith-

out replication of the virus. The control ECT did not show any evidence

of viral RNA shedding (Table 5).

The phylogenetic analysis supported identification of the viruses

used in this study as RHDV and RHDV2 (Figure 2). Phylogenetic anal-

ysis of the RHDV sequence showed a close relationship to its parental

strain (RHDV Indiana 2005) with a relative minor genetic distance due

to a passage of the aforementioned strain in experimental rabbits. The

observed RHDV lineage is consistent with previously reported results

(McIntosh et al., 2007).

The RHDV2 sequence (Figure 2) showed a close relationship to pre-

viously reported recombinant viruses (Almeida et al., 2015; Hall et al.,

2015). Similar viruses have been reported to have circulated in the

Iberian Peninsula and in Australia (Almeida et al., 2015; Hall et al.,

2018). The region of the genome encoding the structural protein VP60

clustered within the RHDV2 genogroup, while the upstream region

encoding the non-structural RdRp protein clustered within the RHDV

GI.1b variant (data not shown).

4 DISCUSSION

No ECTs inoculated with RHDV succumbed to the disease caused by

this virus and did not seroconvert. Thus, these results support ear-

lier studies that ECTs are resistant to the classical RHDV (Gregg et al.,

1991; Lavazza et al., 2015). In contrast, three of five ECTs inoculated

with RHDV2 exhibited clinical signs consistent with the disease and

died at 4 or 6 DPI, thereby indicating that ECTs are susceptible to

this virus. One of five ECTs survived to 21 DPI and seroconverted,

thereby demonstrating that this ECT did become infected but did not

develop fulminant disease. In contrast, the remaining ECT (#13) was

consistently negative by antigen ELISA, antibody ELISA, and real-time

RT-PCR, which suggests that, for unknown reasons, this rabbit never

became infected. All five NZWRs inoculated with RHDV2 died at 2

DPI supporting previous findings that this virus is highly pathogenic to

NZWRs.Althoughearlier reports have indicated thatRHDV2mayhave

a longer duration of disease and lower mortality rate (Puggioni et al.,

2013), our results aremore consistent with recent reports, which have

suggested increased pathogenicity of this virus in NZWRs (Capucci

et al., 2017; Hall et al., 2021). Three of five NZWRs inoculated with

RHDV died at 2 DPI, one (#10) was euthanized at 2 DPI because of

severe lethargy, and one (#7) survived to the end of the experimen-

tal period. Real-time RT-PCR indicated NZWR #7 had a relatively low

viral load in the liver and spleen, whichmay explain its survival until the

experiment was terminated at 21DPI.

RHD viral antigen (VP60) was detected in the livers of all inoculated

NZWRs except for the one that survived. The one exception, NZWR

#7, had tissue samples positive by rRT-PCR on 21 DPI, albeit with high

Ct values (i.e., low viral loads), which may explain the negative antigen

ELISA test (Tables 2 and 3). Three of 5 ECTs inoculated with RHDV2

were positive for viral antigen in the liver, while all five ECTs inoculated

with RHDV were negative (Table 2). The negative antigen ELISA com-

bined with the negative rRT-PCR results in ECTs infected with RHDV

provide further evidence that ECTs are not susceptible to the classical

RHDV and that infections were not established. The reason why ECTs

were susceptible toRHDV2, but not to the classical RHDV, is an intrigu-

ing question that requires further investigation.

RHD viral RNA was detected in most urine and oral swab samples

of inoculated NZWRs and in all rectal swab samples indicating that

viral RNA can be detected via urine, faeces and saliva, regardless of the

tested virus. RHDviral RNAwas detected in the urine and rectal swabs

in three of five ECTs and in the oral swabs in twoof five ECTs inoculated

with RHDV2 during at least one sampling timepoint. This suggests that

viral RNA can be detected in this species by multiple routes. Viral RNA

was not detected in the urine or oral swabs of ECTs inoculatedwith the

classical RHDV but was detected in two of five rectal swabs at 2 DPI.

Considering the lack of viral RNA shed by other routes as well as the

absence of definitive seroconversions in these animals, the most parsi-

monious explanation for this observation is that the animals defecated

viral RNA from the inoculumwithout replication of the virus. However,

it can be postulated that ECTs may have the capacity to mechanically

transmit this viruswithout becoming infected by transporting the virus

on their fur or feet. This has been suggested for mice, which have been

reported to act as a potential vehicle in the transmission of this virus

(Rocha et al., 2017). It should be noted, however, that the detection of

viral RNA does not necessarily equate to the detection of viable virus.

The susceptibility of ECTs to RHDV2, as this study has shown, is a

cause of concern, as ECTs are widely distributed in the United States

and are often synanthropic, which suggests they could live near com-

mercial rabbit breeding facilities. In addition to the impact this virus can

have on wildlife at the individual and population levels, the spillover of

this virus intowildlife populations hasmadeoutbreaks of this pathogen

verydifficult to control. A recentRHDV2outbreak indomestic andwild

lagomorphs originated in the southwestern United States and Mex-

ico during early 2020. Wildlife surveillance conducted during this out-

break has indicated that additional cottontail species (e.g., S. audubonii



e976 MOHAMED ET AL.

F IGURE 2 Maximum likelihood phylogenetic tree for rabbit haemorrhagic disease virus (RHDV) full genome sequences. The two challenge
strains RHDV and rabbit haemorrhagic disease virus type 2 (RHDV2) were alignedwith representative RHDV and Australian rabbit calicivirus
sequences fromGenBank (accession numbers indicated in taxonomy names). The ‘*’ indicates the source of a virus isolate recovered after one
passage in rabbits (data not shown) from the original isolate from an outbreak in the state of Indiana, USA (IN05USA 2005) (accession number:
EU003578). The ‘**’ indicates OK564507 RHD2 FADDL 2017, a recombinant RHDV2 strain received from theOIE reference laboratory in Italy

and S. nuttallii) and select jackrabbits (Lepus spp.) are susceptible to

RHDV2. However, the susceptibility of less common lagomorphs of

North America to RHDV2 (e.g., American pika [Ochotona princeps]

and pygmy rabbits [Brachylagus idahoensis]) remains to be determined.

Notably,many additional rabbit andhare species arewidely distributed

throughout the continental United States. Importantly, some or per-

haps most of these species may play a role in the trafficking and per-

sistence of RHDV2within North America.

The emergent RHDV2 is an excellent example of a transboundary

disease that has potential implications at the wildlife-livestock inter-

face. For example, from 2010 to 2019 alone, RHDV2 has been identi-

fied in multiple lagomorph species in both the Old and New Worlds,

thereby affecting many countries (Ambagala et al., 2021; Neimanis

et al., 2018; Puggioni et al., 2013; USDA, 2019). Generically speaking,

the source of many outbreaks have been considered to be inconclu-

sive (USDA, 2019). Therefore, experimental assessments of additional

NorthAmerican lagomorphs should be considered high priority follow-

ing the recent incursion of RHDV2 into North America.
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