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European rabbits (Oryctolagus cuniculus)

Source: Wikipedia

native introduced Sacramento-Moreno et al., 2007
Delibes-Mateos et al., 2009

Iberian lynx 
(Lynx pardinus)

Spanish 
Imperial eagle 
(Aquila 
adalberti)



The European rabbit (Oryctolagus cuniculus):
A perfect invader

Saunders et al., 1995

 26 rabbits (released in 1859 for hunting) 
 Colonised continent in 70 years
 Ideal environment, few diseases 
 Gestation period 28 days, mate same day of giving birth
 Large litters (5-7), early sexual maturity
 Peak estimate: 0.5 – 10 billion rabbits
 Massive economic and ecological impacts



6.7 million km2 Estimated
0.5 – 10 billion rabbits

Australia in 1930:

6.5 million people 
(in 1930)

⇒Conventional rabbit control (shorting, trapping, etc) ineffective  
⇒ Self-disseminating (=biological) controls were needed for 

continental scale control



Biological control of the European rabbit 
(Oryctolagus cuniculus)  - early days

Louis Pasteur 
1822-1895

Adrien Loir
1862-1941

1887: NSW-Government promised £24,000 rewards for eradication of rabbits

Pasteurella multocida (Chicken cholera)
Not species specific, did not transmit



Myxoma virus (MYXV): an emerging disease 
of rabbits

Natural host: Tapeti
(Sylvilagus brasiliensis)
Mild infection (cutaneous fibromas)

Jumped species to European rabbit 1896
(Oryctolagus cuniculus) 
Highly virulent generalised disease

Family: Poxviridae, Genus: Leporipoxvirus , ds-DNA, 160 kb

Transmission (mechanical) by 
biting insects
Fleas & mosquitoes



 1950 release: >90% mortality rates in some areas
 Within 2-3 years attenuated MYXV strains appeared (and dominated)
 Rabbits developed genetic resistance 
 Rabbit numbers increased again!

 Introduction of rabbit fleas to boost transmission
 Spilopsyllus cuniculi (1966)
 Xenopsylla cunicularis (1995)

MYXV – release and impacts

Dame Jean 
Macnamara
1914-2010



MYXV – text book example for ‘Trade-off Theory “ 
of Virulence Evolution of an emerging disease

 Selection of moderately virulent phenotype for maximum transmission by 
biting insects:
• Increased survival rates and survival times
• Longer disease period
• Increased opportunity for mosquitoes/fleas to pick up virus from skin lesions
• Much more severe disease & high welfare impact

 Rapid (2 year) selection for host resistance acting on standing genetic 
variation: Immune modulating genes

Frank Fenner
1914-2010



The race continues………….
 1990s MYXV field strains are hypervirulent in unselected domestic rabbits, causing 

a completely new disease phenotype

Peter Kerr



“Now, here, you see, it takes all the running you can 
do, to keep in the same place”

(Lewis Caroll, Through the looking glass)



 Rabbit numbers 
increased again 

 New rabbit controls 
needed

New hope for Australia’s feral rabbit problem

Rabbit Haemorrhagic 
Disease Virus (RHDV)



•Emerging disease of rabbits (China 1984)
•Infectious hepatitis with >95% case fatality rates
•Death 36-72 h.p.i. 
•Short period of clinical signs (~12h)
•Young rabbits innately resistant to lethal disease 
•Does not grow in conventional cell culture 
•Species specific (infects only European rabbits)

Rabbit Haemorrhagic Disease Virus (RHDV)
Family: Caliciviridae, Genus: Lagovirus , +ss-RNA, 7.5 kb



 some evidence of genetic resistance 
 No significant reduction in virulence 

observed     

• Quarantine tests (CSIRO AAHL) commenced in 1991
• Later: field transmission trials on Wardang Island
• Escaped in 1995 (Fly transmission!)
• Highly successful in reducing rabbit populations        

(> 95% in parts of Australia)
• In 1997 illegally introduced into New Zealand

Brian Cooke

Bringing RHDV to Australia



Virulence evolution of RHDV is the opposite of MYXV
=> More recent field strains kill a higher proportion of rabbits faster

1995 RHDV
2006 RHDV
2007 RHDV
2009 RHDV

Survival rates of 2008 wild rabbits

WHY?



Transmission of RHDV:
Direct contact, fomites AND flies

• Rabbit dies
• VERY high concentration of virus in dead body 

(10e9 copies/mg, ~10e15/carcass) 
• Body decays or is opened up by scavengers
• Fly feeds on carcass
• Flies to next rabbit warren
• Lands on grass and/or rabbit’s mucosal surfaces

Asgari et al., 1998
McColl et al., 2002
Elsworth et al., 2014
Schwensow et al., 2014
Hall et al., 2018

Plays a key role in 
distance transmission 

between non-connected 
rabbit populations



Elsworth et al., 2012, 2014

• Rabbit dies
• VERY high concentration of virus in dead body 

(10e9 copies/mg, ~10e15/carcass) 
• Body decays or is opened up by scavengers
• Fly feeds on carcass
• Flies to next rabbit warren
• Lands on grass and/or rabbit’s mucosal surfaces

Transmission of RHDV:
Direct contact, fomites AND flies

Asgari et al., 1998
McColl et al., 2002
Elsworth et al., 2014
Schwensow et al., 2014
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Plays a key role in 
distance transmission 

between non-connected 
rabbit populations



x

For RHDV the dead animal is (not the sick animal) is an 
important source of distance transmission via insects 

Myxoma virus

RHDV

⇒Both evolve towards maintain virulence levels 
optimal for mechanical insect transmission

Biting insects
Moderate virulence

Carrion feeding flies
High virulence



⇒Both evolve towards maintain virulence levels 
optimal for mechanical insect transmission

Virulence

Moderate High

MYXV RHDV



Has biocontrol worked?
VERY effective, but NOT a silver bullet !

Damage 
threshold

(Cooke et al., 2013)

• Must be followed up with 
conventional control tools

• Virus will not eradicate the host 
• ongoing host-pathogen co-

evolution
• Repeated adjustments required 

to maintain gains

• NOT about killing lots of viruses
• BUT about preventing rabbit 

impacts



Has biocontrol worked?
VERY effective, but NOT a silver bullet !

Damage 
Threshold 

(Cooke et al., 2013)

• Must be followed up with 
conventional control tools

• Virus will not eradicate the host 
• ongoing host-pathogen co-

evolution
• Repeated adjustments required 

to maintain gains

• NOT about killing lots of viruses
• BUT about preventing rabbit 

impacts

Area above curve: Rabbits 
that are not there



Economic benefits of rabbit biocontrol

Myxoma virus
1950

Calicivirus
(RHDV)

1996

Rabbit fleas
1968 and 1993 

1950-2010 (60 years): Combined cumulative benefits estimated  at 
$70 billion to the Australian agricultural industries 

(…..and counting….)
(Cooke et al., 2013)



Sustains high population 
numbers of feral cats 

and foxes 

Competition and land 
degradation

Key drivers for 
mammalian 
extinction in 
Australia

Ecological benefits 
=> Top down and bottom up trophic effects



Environmental benefits of RHDV: Large Scale 
Landscape recovery

Dusky hopping-mouse 
(Notomys fuscus) 

Plains mouse 
(Pseudomys australis)

 Recovery of 3 mammalian species through 20 years 
of sustained rabbit suppression from RHDV

 Removal from the IUCN red list 

Crest-tailed mulgara (Dasycercus
cristicauda)



Photo: Tanja Strive
Hattah Kulkyne National Park 2009

 Long term suppression of rabbits has led 
to the recovery of many native plants, 
e.g. Sheoak & Cypress pine
(Allocasuarina sp., callitris sp.)

Less than 1 rabbit/ha can 
completely abolish the 
recruitment of palatable 
plant species

Sandell 2002



Environmental impacts: 
Flora and Fauna Species 
threatened by rabbits

Rabbit exclosure on 
Macquarie Island

Image: Brian Cooke

Today in Australia >300 threatened 
species and ecological communities 
are impacted by competition and land 
degradation caused by rabbits. 



Recent rabbit biocontrol 
developments in Australia



March 2017: Nationwide release of a new RHDVa
variant from Korea (K5, GI.1a):

• More effective in genetically resistant rabbits
• More effective against endemic benign caliciviruses
• Aimed at slowing down rate of rabbit increase
• Released at >300 sites across Australia
• Overshadowed by the arrival of another RHDV…..



RHDV2 (GI.2) incursion (NOT released) 

• Emerged in Europe in 2010
• Can overcome immunity to other strains (to some degree)
• Can kill young rabbits and other lagomorphs (incl. European hares) 
• First reported in Australia in May 2015 
• Has become dominant strain in Australia

Global spread 
(all continents)
‘lagomorph covid’

Mahar, Hall et al 2018

RHDV2: A new rabbit calicivirus 



RHDV2 reduced Australian rabbit populations 
by ~60% (average)

Ramsey et al., 2020
Cooke et al., 2018



What’s next in the Biocontrol pipeline?



OPTIMISE 
What we have 

available

IDENTIFY     
Novel pathogens? 

(onshore or offshore)

SELECT
For immune escape 

variants  

DEVELOP
Transformative 

technologies
(e.g. genetic biocontrol)

Short term……………………..………………………………..……………...long term
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AUSTRALIA’S RABBIT BIOCONTROL 
PIPELINE STRATEGY FOR 2022-27



Genetic biocontrol of 
invasive animals:

1. Precision genetic engineering of the 
pest species

+ 
2. ‘driving’ the engineered trait (genes) 

into populations to control them



Natural gene drive: 
meiotic drives, ‘selfish genes’, >50% 
inheritance

During sexual reproduction of diploid organisms, the 
alleles segregate and the embryo gets one from each 
parent (50:50)

Gene drives break the laws of Mendelian inheritance 
(>50% inheritance of certain alleles)

• sd in drosophila
• t complex in mice 
• Homing endonucleases (HEGs)

Example “Gene Drive”

Gregor Mendel



Nobel Prize: 
Jennifer Doudner, Emanuelle
Charpentier 2012:

Genome engineering tool derived from bacterial “immunity” system
CRISPR – clustered regularly interspaced short palindromic repeat
Cas9 - CRISPR associated protein 9 nuclease - cuts DNA 
Guide RNA – tells Cas9 where to cut

How often will this cut a piece of DNA (at random)
Frequency of a 20 nt sequence = 
420 = 1012 =  1 in 1000 billion 
(human genome has approx. 6 billion nt)

The ‘Precision engineering’ component: 
CRISPR-Cas9



Cas9sgRNAs

Gene for Cas9 
Timing of Cas9 expression 
can be regulated
• Always ‘on’
• Only in germline

Genes encoding the Guide RNA(s) Payload gene with 
biological impact 
e.g. SRY (sex bias)

The components of a gene drive 
system:

Payload

Mark Tizard CSIRO



Cas9sgRNAs

The components of a gene drive 
system

Payload



Gene drive mode of action (3 possible 
outcomes)

Efficiency =             1                                    1                                 2Esvelt et al., 2014 elife



Cas9-based gene drives 

• 100% homing efficiency would lead to all offspring inheriting the trait (data from 
insects and nematodes show the real efficiency is between 60%-95%)   

• In theory enables the drive to spread until it is present in all members of the 
population – even if it is mildly deleterious to the organism

• If trait was gene that turned all offspring into phenotypic males – population 
collapse



Cas9-based gene drives – biasing sex 
ratios? 

• 100% homing efficiency would lead to all offspring inheriting the trait (data from 
insects and nematodes show the real efficiency is between 60%-95%)   

• In theory enables the drive to spread until it is present in all members of the 
population – even if it is mildly deleterious to the organism

• If trait was gene that turned all offspring into phenotypic males – population 
collapse



Recent break through in mice !

=> Transfer to rabbits?



Investigating the theoretical feasibility of 
genetic biocontrol for Australian wild rabbits

Know your genetics!

 Whole genome sequencing 
of ~300 individual 
Australian rabbits

 + ~180 from European 
collaborators



Key questions the dataset can answer:

• Understand genetic diversity of Australia’s wild rabbits

• Look for unique target sites (“Private alleles”) that an Australian rabbit specific
• shared amongst all Australian populations or just sub-populations?
• absent (or at low frequency only) in Rabbits from the European continent?

• Based on the genetic structure of the population, the spread of a theoretical 
genetic biocontrol can be modelled

Potential efficacy:

Safety:



• In silico evaluation of feasibility 
and risk of gene drive options 
against target and non-target 
populations/species based on 
population genomic data

Gene drive Utility And Risk Determination 
pipeline (GUARD)

44 |Yeap, Rane et al, unpublished



45 |

Example: Population sensitive gene drives for mosquitoes



Future work:

watch this space !

Can we transfer the functionality of the mouse proof of 
concept into rabbits?

=> Internal CSIRO investment into GBC (3 year)…..



Proceed – but with caution!

Science

Social 
License,
Liaison

Risk 
assessment

Gene 
technology 
regulators





Genetic control technologies – unique challenges and 
opportunities for Australian pest animal management
Is it worth taking this risk? What is the risk of not trying? 
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We need a robust cell culture system/reverse genetics

• Replication mechanisms
• Virulence mechanisms
• Tissue tropism/virulence evolution
• Accelerated natural selection of 

immune variants

 Developing rabbit intestinal and liver organoids to 
study enterotropic and hepatotropic lagoviruses

Mary K Estes

3D culture
Multicellular
More relevant model
Mimic the architecture of the 
parental tissue

2D monolayer

3D organoid

Robyn N Hall, Egi Kardia, Omid Fakhri



CSIRO Health & Biosecurity

Rabbit liver organoids: replication proof of concept



Global Spread of RHDV2: 2010 - 2020

2010-2019 2020



RHDV2 in the southwestern US

National Wildlife Health Center
Wildlife Health Bulletin 2020-06

• First reported in Spring 2020
• A series of native lagomorphs affected

Lepus californicus

Lepus alleni

Sylvilagus audubonii

Sylvilagus
nuttalii

Sylvilagus floridanus



Australia 2015

New Zealand 2017 
(Trought & Duckworth, unpublished)

British Columbia 2016

USA 2020
Central Europe

Southern Europe/
Iberian Peninsula



Nexststrain, Matt Neave & Robyn Hall, CSIRO

Matt Neave & Robyn Hall, CSIRO






Evolution of virulence in lagoviruses

RHDV (GI.1)

RCV-E (GI.3)

RHDV-2 (GI.2)

RCV-E2 (GI.5)

RCV-A1 (GI.4)

EBHSV (GII.1)
Hare CA (GII.2?)
Hare CA (GII.3?)

Mahar et al., 2016, Mahar et al., 2019

Capucci et al 1996
Strive et al 2009
Le Gall Recule et al 2011
Mahar et al 2016
Droillard et al 2018
LeMaitre et al 2018
Mahar et al 2019



RHDV (GI.1)

RCV-E (GI.3)

RHDV-2 (GI.2)

RCV-E2 (GI.5)

RCV-A1 (GI.4)

EBHSV (GII.1)
Hare CA (GII.2?)
Hare CA (GII.3?)

Evolution of virulence in lagoviruses
Capucci et al 1996
Strive et al 2009
Le Gall Recule et al 2011
Mahar et al 2016
Droillard et al 2018
LeMaitre et al 2018
Mahar et al 2019

+

+

+

~1010 copies 
excreted/5days

~1014copies/
carcass



Animal Welfare
Is an integral component of pest animal control

Factor to be considered when choosing the 
appropriate tool for pest animal management

What is the consequence of doing nothing?



Scoring Matrix to assess the welfare impacts of 
rabbit control methods approved in Australia

Sharp and Saunders 2012

Mode of death
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• Shooting (head)
• Shooting (chest)
• (Warren blasting)
• LPG Warren fumigation
• 1080 poison
• Phosphine fumigation
• Baits RHDV
• Chloropicrin fumigation
• Warren ripping
• Pindone anticoagulant
• RHDV inoculation
• Padded foot hold trap
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