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Executive summary

Despite rabbits developing resistance to myxomatosis, the myxomavirus, causative agent for myxomatosis,
continues to cause outbreaks in wild rabbit populations across Australia. However, little is known about the
evolution of myxomavirus especially since the introduction of rabbit haemorrhagic disease in the mid-1990s. The
late Dr Peter Kerr (CSIRO) and his colleagues described myxomavirus evolution as a punctuated evolutionary
process and sometime between 1996 and 2012 in Australia myxomavirus gave rise to three lineages (A, B, and C),
of which lineage C exhibited a greatly elevated rate of evolutionary change and a dramatic breakdown of temporal
structure (Kerr et al. 2019). This study was undertaken to further increase understanding of evolution of currently
circulating myxomavirus strains, especially after the arrival of another highly virulent pathogen rabbit
haemorrhagic disease virus 2 (RHDV2) in 2014 and the introduction and release of rabbit haemorrhagic disease

virus K5 (RHDV K5) in 2017.

Various government agencies and community rabbit control networks were contacted to assist in submission of
tissue samples from dead rabbits with apparent signs of myxomatosis. In addition, historical rabbit submissions
with a record of apparent myxomatosis were accessed through the rabbit biocontrol research team (Dr Ina Smith
and Dr Nina Huang) at CSIRO (ACT). A total of 79 tissue (eyelid, eartip, skin lesion, and liver) samples from dead
rabbits with apparent signs of myxomatosis were tested on PCR. Genotyping data from selected PCR positive

samples (n = 35) were analysed along with myxomavirus genotyping data reported by Kerr et al. (2019).

The phylogenetic analysis suggested evolution of lineage A myxomavirus strains into two distinct branches (X and
Y) with limited internal node support and some uncertainty in higher-order relationships. Strains in both branches
were distinct from strains in lineages B and C with strains in Branch Y apparently showing a greater rate of
evolution compared to those in branch X. A change in selection pressures, such as arrival and subsequent
significant impact of RHDV2 in 2014 and the introduction and release of RHDV K5, during the period from 2014 to
2024 may be the most likely explanation for the emergence of the divergent strains associated with branches X
and Y. Itis thus possible that a rapidly changing environment for virus transmission, in addition to some drought
conditions between 2017 and 2019, altered the selection pressures acting on the virus, thereby changing the
trajectory and speed of its evolution. Further studies examining gene-specific mutations and whole-genome
sequences from strains across the different lineages will be essential to determine whether any mutations are
associated with rapid evolution and potential changes in virulence. In addition, future laboratory and field virus
challenge experiments assessing the virus virulence and the resistance of rabbits to rapidly evolving strains (e.g.
branch X and Y in this study) will be critical to understanding their practical impact on managing rabbit

populations.



Background

The initial impact from myxoma virus release in rabbit populations in early 1950s was higher than any other rabbit
biocontrol used or detected in Australia, including the initial release of the CZECH strain of rabbit haemorrhagic
disease virus (RHDV, strain CZECH,GI.1 CAPM 351; hereafter CZECH ) in 1996, the natural incursion of RHDV2
Gl.2 or RHDVb, hereafter RHDV2) in 2014, and the initial release of Korean variant K5 of RHDV (Gl.1a also known
as 08Q712, hereafter RHDV K5) in 2017 (Cox et al. 2019; Ramsey et al. 2020). However, the increase in resistance
for myxomatosis in wild rabbits following its release (Cooke et al. 2023) and the initial success from introduction
of rabbit haemorrhagic disease virus (RHDV) as a new rabbit biocontrol in the mid-1990s (Fenner & Fantini, 1999)
may have led to the shift of the rabbit research focus towards RHDV and its variants. Since then, and even recently
after arrival of another viral pathogen, rabbit haemorrhagic disease virus 2 (RHDV2), in 2014, information on

myxoma virus virulence or resistance in Australian wild rabbit populations is very scarce.

Previous studies on myxomavirus virulence and rabbit resistance have shown variation in evolution of
myxomavirus in response to variation in factors affecting myxoma virus transmission. For example, the
introduction of European fleas in the early 1970s in Australia led to greatly increased mortality followed by an
increase in wild rabbits with high resistance (Cooke et al. 2023). However, there is little information on the impact
ofthe RHDV (CZECH or K5) and RHDV2 on the myxomavirus evolution and outbreak occurrences. Kerr et al. (2019)
reported that myxomavirus in Australia has undergone a significant shift between 1996 and 2012 with the
emergence of a rapidly evolving viral lineage. It is unknown if the occurrence of RHDV/RHDV2 outbreaks has
influenced the rabbit resistance to myxomavirus. A study by Kerr et al. (2022) in domestic laboratory rabbits
showed that some of the myxomavirus strains from natural outbreaks (2012-15) in Australia were of higher grade
in virulence and produced atypical myxomatosis with selection against typical disease presentation (or
pathogenesis) to elongate disease transmission. However, similar information on variation in disease
presentations, in resistant wild rabbit populations is not available. Despite the increase in resistance towards
myxomatosis in wild rabbits following its initial introduction (Cooke et al. 2023), myxoma virus continues to cause
outbreaks in wild rabbit populations across Australia. Therefore, it is necessary to investigate the evolution of
myxoma virus after the introduction/arrival of RHDV K5/RHDV2 in wild rabbits to be able to integrate occurrence

of current myxomavirus outbreaks with other rabbit biocontrol and conventional tools.

This study aimed to conduct a phylogenetic analysis of currently circulating myxomavirus strains and their

comparison with previously detected myxomavirus strains.

Methods

Sample collection

We reached out to various rabbit control networks in various states (e.g. Local Land Services NSW, Victorian
Rabbit Action Network, PIRSA Biosecurity SA, and Department of Primary Industries and Regional Development
WA) across Australia for sample collection from dead rabbits apparently affected with myxomatosis. Rabbit Free
Australia helped to spread the sample collection initiative through its newsletters and by contacting several rabbit

control action networks. We also reached out to the South Australian community members in the Adelaide peri



urban areas and Adelaide Hills regions through ABC Radio Broadcast network. We sent out myxomatosis

sampling kits to potential sample collectors from various agencies.

We also contacted the CSIRO Rabbit Research Team (Dr Ina Smith and Dr Nina Huang) at ACT, Black Mountain,
facilitated by initial discussions via Rabbit Free Australia, for accessing historical myxomatosis associated
samples submitted as a part of the RabbitScan program (https://www.feralscan.org.au/rabbitscan/) and/or direct

submissions to CSIRO.

PCR and sequencing

The eyelid, eartip, skin lesion, and liver samples were tested by RT-gPCR to detect and/or confirm the presence
of myxomavirus DNA in the submitted samples. Genomic DNA was extracted from bone marrow, ear tip, eyelid,
liver, and skin lesions of rabbits using the DNeasy Blood & Tissue Kit (Qiagen, Germany), following the
manufacturer's specified protocol. DNA concentrations were subsequently evaluated using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, USA). The isolated DNA was subjected to a PCR for detection of
rabbit myxomatosis. The method was modified using the same primer set used by Kerr et al (2019). The PCR
reaction mixture (20 pl) contained 5 pl AUTaqg Master Mix, 0.25 pM of MO071L, forward 5'-
ACCCGCCAAGAACCACAGTAGT-3"' and reverse 5'-TAACGCGAGGAATATCCTGTACCA-3' primers, and 5pl of
purified DNA. The PCR mix were run in a Bio Rad ¢1000 thermal cycler machine for after initial PCR activation for

2 min at 95°C then 40 cycles of denaturation 5 s at 95°C, annealing 15 s at 55°C and

extension 10 s at 72°C. The PCR products were run in 1.5% gel stained by Gel-Red (Sigma-Aldrich). The targeted
PCR products were visualised in the gel documentation system (Bio-Rad Gel Imaging System, USA). All products
from the PCR positive samples were purified using the PureLink™ PCR Purification Kit (Invitrogen, USA) according
to the manufacturer’s instructions. The purified products were subjected to Sanger sequencing in both forward
and reverse directions at the Australian Genome Research Facility (AGRF). The obtained sequences were edited
and assembled using BioEdit package v.7.0.4.1. Nucleotide sequences from myxomavirus isolate
Aust/Vic/Wonga Park/03-2012, (accession number (MK388099.1) retrieved from GenBank were used as reference

strain for nucleotide alignments using ClustalW program (https://www.genome.jp/tools-bin/clustalw).

Phylogenetic analysis

Sequences were aligned by MAFFT v7.505. The combination detection was conducted using RDP5 with RDP,
Bootscan, and SiScan, and no recombination was observed; therefore, the sequences were continued for further
analysis. A preliminary test for a non-molecular clock was conducted using maximum likelihood inference,
implemented in Ig-Tree v1.6.12 (Minh et al. 2020), and TempEst v1.5.3 (Rambaut et al. 2016) to evaluate the
temporal signal, resulting in the selection of a relaxed log normal molecular clock. To estimate the rate of
evolution, we used BEAST via the babettle R package (Bilderbeek and Etienne 2018; R Core Team 2023). The model
configuration was optimized, including a relaxed log-normal, with HKY site, and a coalescent constant population
prior. The Markov chain Monte Carlo (MCMC) ran for 150,000,000 steps, with sampling every 1000 steps. Posterior
distributions were accessed using Tracer v1.7.2. Maximum clade credibility (MCC) was created by summarizing
the top 90 % of posterior trees using TreeAnnotator v2.7.7 (Bouckaert et al. 2019). The tip labels were refined and

denoted as collected location/month-year. The final phylogenetic tree, scaled in substitutions per site, was
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visualized in R using the ggtree package (Yu et al. 2017) and phylogenetic principal component analysis (PCA) was

visualized in Rv4.4.2.

To continually compare mutations of myxomavirus, samples from different lineages (A, B, and C) as described by
Kerr et al. (2019) were adopted and highlighted to identify the most recent common ancestor, providing a general

overview of how the virus has evolved after 2019.

Results

A total of 79 eyelid, eartip, skin lesion, and liver samples from dead rabbit with apparent signs of myxomatosis
submitted by collectors or accessed from CSIRO were available for phylogenetic analysis and profiling (Table 1).

Majority of samples tested positive on myxomatosis PCR (Table 1).

Table 1. Summary of samples collected/accessed and tested for myxomatosis.

. Sample No. No. %
State/territory tyPIZ tested positive positive
ACT Eyelid 2 2 100
Liver 8 3 37.5
NA Eartip 1 1 100
o o 7 1 50
Eyelid 5 5 100
Liver 7 7 100
SA Eyelid 13 13 100
Liver 14 14 100
TAS Eyelid 1 1 100
o 3
Eyelid 6 6 100
Liver 6 6 100
IeSski?n L 1 100
WA Eyelid 3 3 100
Liver 7 6 85.7

Sequencing results

A total of 87 myxomavirus sequences were subjected to phylogenetic analysis, comprising of 52 previously
deposited sequences from GeneBank (accession IDs MK388093 to MK388144) (Kerr et al. 2019) and a selection
(n = 35) of newly collected/accessed samples from this study. Detailed sample information is included in

supplementary materials (Appendix 1).

Our phylogenetic analysis of target sequences of myxoma virus from 35 new samples in this study revealed that
viruses sampled between 2015 and 2024 could be placed not only into the previously reported three main
lineages, denoted here as lineages (clades) A, B, and C as reported by Kerr et al. (2019), but also into 2 distinct
and additional branches X and Y (posterior probability/pp at parent node < 0.2) (Table 2 and Figure 1). Although

the pp for the node uniting branches X and Y is low, these branches remain clearly separated when visualised
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using phylogenetic PCA (Figure 2). The differences in branch lengths between X and Y are noticeable; however,
the tree scale is 0.001 substitutions per site, indicating only a small level of divergence (approximately 0.1%) at

this region.

While 37% of the detected strains were similar to lineage A, B or C strains, 57% of the strains were distinguishable
from lineages A, B, and C and could be placed into separate branches X (29.7%) and Y (27%) in the phylogenetic
tree (Table 2 and Figure 1). The geographic locations of the myxomaviruses sampled in this study and previously
by Kerr et al. (2019), Kerr et al. (2012) and Kerr et al. (2013), as well as their lineages, are shown in phylogenetic
tree in plot Ain Fig. 1.



Table 2. Summary of placement of myxomavirus strains into various lineages following the phylogenetic analysis of

selected PCR positive samples collected/accessed in this study.

Lineage/branch State/Territory No. %
A NSW 2 54
SA 1 2.7
Total 3 8.1
B SA 4 10.8
VIC 1 2.7
Total 5 13.5
C ACT 1 2.7
NSW 2 54
SA 1 2.7
VIC 2 54
Total 6 16.2
Branch X NSW 3 8.1
SA 4 10.8
VIC 2 54
WA 2 54
Total 11 29.7
Branch Y ACT 1 2.7
NSW 2 54
SA 3 8.1
TAS 1 2.7
VIC 2 54
WA 1 2.7
Total 10 27
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Figure 1. The tree depicts phylogenetic relationships of myxomavirus sequences from region 149,760-150,270 compared to reference genomes (plot A).
New sequences are denoted by a blue plus (+). The violet range represents lineage A, highlighted orange for lineage B, and highlighted blue for lineage C,
adopted by the defined lineages of Peter Kerr et al. (2019). Branches X and Y indicate the recent evolutionary trend of myxomavirus emergence. The tree is
rooted using a 1949 Standard Laboratory Strain (SLS) of myxomavirus (Kerr et al., 2019), and all branches are scaled according to the number of nucleotide
substitutions per site. Posterior probabilities (posterior x 100) greater than 20 are labeled. The back dot (®) shows the most common ancestor of the
related lineage. Spatial distribution of lineages/branches identified from newly sampled/accessed myxomavirus strains 2015-2025 is depicted in plot B.
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Figure 2 Phylogenetic principal component analysis (PCA) of the maximum clade credibility (MCC) tree. Points are coloured by lineages A, B and C as defined by Kerr et al.

(2019), and by the newly identified branches X and Y.



Discussion

The study of myxomavirus evolution is an important component of integration of natural occurrence of myxomavirus
outbreaks with other rabbit control options. We wanted to investigate the evolution of myxomavirus strains especially

after the arrival of the RHDV2 in 2014 (Hall et al. 2015) and the releases of RHDV K5in 2017 (Cox et al. 2019).

The phylogenetic analysis revealed that strains in branches X and Y rapidly evolved from lineage A which is also an
ancestor for lineages B and C strains. This suggests that strains in both branches have undergone a recent evolution
from the group of strains originally related to the lineage A, and potentially having higher number of mutations
compared to the mutations in the myxomavirus strains in lineages B and C. The rate of evolution in strains in branch Y
appears to be higher than those in branch X. However, the mutation locations within the strains and the rate of

mutations in strains from both branches X and Y need to be investigated further.

A change in selection pressures during the period from 2014 to 2024 may be the most likely explanation for the
emergence of the divergent strains associated with branches X and Y. Two major changes in rabbit populations
occurred during this period, and these could have influenced the transmission of myxomavirus and, hence, altered
selection pressures. From 2014, a novel virus, RHDV2, spread through rabbit populations in Australia, causing major
rabbit population declines in many areas and reducing the number of myxomavirus susceptible population (Hall et al.
2015). A possible second influence is the introduction and mass release of another virus, RHDV K5, in 2017 to manage
rabbit populations across Australia. RHDV K5 was introduced as a landscspe scale rabbit biocontrol tool in Australia.
However, as impacts from RHDV K5 on rabbit populations were lesser than expected (Cox et al., 2019), RHDV K5 may
have had a relatively lesserimpact on the evolution of myxomavirus strains compared to those from RHDV2. Moreover,
a significant and extended drought affected southeastern and northern Australia from 2017 to 2019, further putting
additional pressure on the rabbit populations. Changes in the timing of outbreaks of myxomatosis have been
anecdotally observed by the rabbit researchers (Personal communication with Dr Ron Sinclair (Ex PIRSA Biosecurity)
and Dr David Peacock (University of Adelaide)). Myxomavirus strains that persisted longer in individual rabbits may
have been favored in smaller, fragmented rabbit populations, and itis likely that viruses frequently went extinctin these
local populations. It is expected that in rabbit populations which recovered from impacts from both RHDV2 and RHDV,

myxomavirus may be able to propagate with efficient transmission of selected variants.

The spatial distribution of the myxomavirus strains from newly collected/accessed samples confirm that myxomavirus
is currently prevalent in Western Australia (WA) and Tasmania. In addition, the placement of strains detected from WA
in both X and Y branches and from Tasmania in Branch Y suggests that the mutated strains have spread widely in the
recent past. However, the exact timing of the spread is difficult to determine with current small sample sizes of the
detected strains. These observations support previously reported findings that viruses from geographically distant

regions in Australia can still be closely related, suggesting frequent virus movement across the country possibly driven
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by vector (e.g. mosquitos) movement across Australia (Kerr et al. 2013).

Despite the fact that clades (or branches) X and Y appear visually well separated, the posterior probability at their
parent node is low (pp < 0.2), indicating that while X and Y are likely distinct groups, their attachment point within the
tree varied. This reflects a well-recognized issue of Bayesian phylogenetic inference where posterior samples consist
of a collection of trees yet are typically summarized as a single MCC tree annotated with edge support values. Such
summarization may obscure the full extent of topological uncertainty present in the posterior. In particular, it reveals
little about how alternative ancestral relationships are distributed across the posterior tree set, meaning that
importantinformation may be lost when interpretation relies solely on the MCC tree (Kendall & Colijn, 2016). This study
suggests potentially representing new branches X and Y of viral evolution, but further analysis, such as whole genome

sequencing, is needed to better resolve the phylogenetic position.

Importance to rabbit control and management

The detection of myxomavirus strains belonging to lineages A, B, and C from myxomatosis outbreaks in recent years
suggest that those strains continue to cause outbreaks and aid in the management of feral rabbit populations in
Australia. The detection of new myxomavirus strains in branches X and Y suggests that myxomavirus strains reported
in the previous studies, especially those from lineage A, continue to evolve rapidly and carry the potential to cause
myxomatosis outbreaks in rabbit populations with exposure to previous ancestral (lineage A) or sister strains (lineages
B and C) of myxomavirus. These observations also suggest that current myxomavirus variants may be able to
overcome the rabbit resistance to myxomatosis. However, it is difficult to interpret if the rapid evolution of
myxomavirus strains observed in this study can be partly attributed to virus response to rabbit resistance to

myxomatosis.

A greater proportion of the myxomavirus strains belonged to the branches X and Y, compared to lineages A, B, and C
which suggests that outbreaks involving lineages A, B and C strains may be declining. However, it is unknown if the
strains in both branches are more lethal than those in lineages A, B, or C. Information on morbidity and mortality rates
of the rapidly evolving strains in branches X and Y may help to deploy additional rabbit control tools towards achieving

a greater reduction in rabbit populations.

Future studies

The future steps following on from this study are as follows.

1. Determine the rate of evolution of the myxomavirus strains and the impact of mutations, especially gene

specific mutations on the myxomavirus virulence and resistance over time.
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2. Myxomavirus challenge experiments to determine the virus virulence and rabbit resistance to strains from

various lineages, especially branches X and Y.

3. Assess field effectiveness (or biocontrol potential) of myxomavirus strains from various lineages, especially

branches Xand Y.

4. Determine the spatiotemporal movement pathways of the virus, integrating both time and geographic

location.
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