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Abstract 

Arboviruses circulating in Australia are of clinical importance as they cause painful, often 

chronic musculoskeletal arthritic or fatal dengue disease. They include Ross River virus 

(RRV), Barmah Forest virus (BFV), chikungunya virus (CHIKV) and dengue virus (DENV). 

This dissertation assessed the seroprevalence, diversity, evolution, spread and strategies for 

controlling infection caused by these arboviruses. The overall aim of research presented in this 

dissertation was to improve public health responses such as nationwide surveillance, diagnosis, 

and infection control.  

Research undertaken in chapter 2 achieved this through systematic review and statistical 

synthesis of human seroprevalence data for RRV, BFV and DENV. I have shown that many 

factors influence the reporting of human seroprevalences for these three arboviruses. Among 

these factors is the choice of assay method, timeframe, and sampling strategy. I have also 

presented findings showing that the spatiotemporal range and median seroprevalences reported 

for DENV and RRV are wider and higher than those for BFV. This indicates that the risk of 

exposure to DENV and RRV is significantly higher and extends overseas, however this risk 

relates to the distribution of the transmitting vectors. My analysis highlighted that DENV 

presents the highest risk of exposure but its incidence in Australia is declining due to successful 

implementation of Wolbachia-DENV control programs which have restricted the distribution 

of Aedes aegypti. Most serosurveys reviewed reported a positive association between age and 

seroprevalence, and increasing seroprevalence with gender. However, studies reporting 

gender-seroprevalence data did not do statistical analysis to show the significance of outcomes. 

This dissertation therefore recommends streamlining, standardization and statistical synthesis 

of serosurveys data to better quantify risk of exposure, identify risk factors, at-risk 

groups/populations, associations between seroprevalence and risk factors and at-risk 

groups/populations.  
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In chapter 3, I characterised the phylogenetic relationship among 193 RRV near whole 

genomes sourced from multiple hosts, nationwide and the Pacific, in-between 1959-2018. 

Eight-six of these genomes were generated in this dissertation. My assessment revealed that 

the four RRV genotypes display high levels of intra-genomic diversity, as I was able to 

characterise the virus into eight additional sublineages within genotypes G1 (n = 2), G3 (n = 5) 

and G4 (n = 1). This characterisation brings the total number of known RRV sublineages to 13. 

Only three of these sublineages (G3D, G4A and G4B) contain viruses that have circulated in 

Australia within the last decade. The last sampling of genotype 1 and 2 (G1 and G2) viruses 

was in 1976 and 1995 from Queensland and Western Australia. These viruses may no longer 

be in circulation within Australia. Sublineages G4A and G4B the most dominant circulating 

variants of RRV in recent times but they are spatially restricted to Eastern and Western 

Australia. My phylogenetic analysis suggests that a human traveller likely introduced RRV into 

the PICTs from northern rather than eastern Australia causing the explosive 1979-80 epidemic. 

This hypothesis builds upon the one postulated by authors of previous studies who used 

genomic datasets for RRV isolates sampled from a few locations and not nationwide as I did. 

Future studies are required to determine differences between RRV sublineages, factors driving 

lineage replacement, and understand the role of positively selected codon site to RRV 

evolution.         

For chapter 4, I studied the evolution, dissemination and phylogenetic relation between 87 BFV 

near whole genomes sourced nationwide and from Papua New Guinea from three hosts; 

humans, mosquitoes and a macropod, during 1974-2018. Fifty-four of these genomes were 

generated in this dissertation and were sampled throughout Australia. Despite the addition of 

these new genomes to the BFV phylogeny, results obtained indicate that BFV still consists of 

three genotypes with most new genomes generated from isolates sampled from northern, 

eastern, and Western Australia grouping in genotype G3. This dissertation reconstructed the 
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most plausible and statistically supported dissemination pathways for BFV and identified the 

PNG as the most likely source of the virus. The impacts of nucleotide variation within repeat 

sequence elements and positive selection with the nsP1 Mtase-Gtase domain on virus 

replication and host range need to be investigated further.  

For Chapter 4 and 5, I showed that BFV and RRV have a synonymous codon usage bias toward 

A or C at the 3rd codon position; an abundance of CA and UG, and suppression of CG and UA 

dinucleotides; display coincidental and antagonistic synonymous codon usage bias with their 

respective mosquito and vertebrate hosts. In chapter 7, I also showed that amino acid 

coevolution and compositional biases are prevalent within protein coding regions belonging to 

RRV and BFV. I found translational selection to be the most influential evolutionary force 

driving RRV codon usage patterns (chapter 5). Mutational pressure was a close second. I also 

identified host motifs associated with RRV and BFV coevolving sites. Altogether these results 

indicate that many factors drive RRV and BFV evolution, among them virus and host related 

influences. Investigation of the clinical relevance of these findings (chapters 4, 5, and 7) is 

required.             

In chapters 6 of this dissertation, I identified five drugs [Anidulafungin (an antifungal), 

Fondaparinux (an anticoagulant), Rifabutin (an antibiotic), Deslanoside (a cardiac glycoside), 

and Temsirolimus (an antineoplastic agent)] that bind with high affinity, potency and efficiency 

to the RRV, BFV and CHIKV capsid. Their role as capsid inhibitors and potential treatments 

for RRV, BFV and CHIKV infection needs validating through functional and preclinical 

studies. In chapter 8, I proposed a strategy for generating integrated species distribution 

modelling frameworks to improve prediction of mosquito-vector habitat shifts in the future. 

Such modelling frameworks do not currently exist and so their generation and evaluation as an 

additional component to existing vector and arbovirus surveillance initiatives in Australia is 

required. 
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This dissertation has addressed its research aims and hypothesis. It has demonstrated that robust 

nationwide surveillance, review and synthesis of seroprevalence, genomic, host, and 

environmental data for RRV, BFV and DENV enhances the understanding and management 

of arbovirus epidemics, virus characterisation and discovery, and infection control in Australia.  

This research has also shown that some of the factors driving alphavirus evolution, can be 

exploited for vaccine development. In addition, this dissertation has also presented five 

approved medicines with potential for repurposing as anti-alphaviral treatments. More broadly, 

this dissertation has generated new strategies and concepts for improving arbovirus 

surveillance and infection control in Australia. 
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non-synonymous substitution rate    dN  

synonymous substitution rate      dS  

Eastern equine encephalitic virus     EEEV 
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Chapter 1 1 

Literature Review 2 

  3 

1. INTRODUCTION  4 

1.1 Arboviruses 5 

Arboviruses are classified as viruses that are transmitted to a susceptible host from the 6 

bite of an infected arthropod (i.e. insects such as mosquitoes, sand flies, biting midges, 7 

or ticks). These viruses often circulate in enzootic, epizootic, or epidemic sylvatic 8 

patterns in both rural and urban settings (WHO, 1985; Young et al., 2014).  Around 9 

30% of globally circulating arboviruses are clinically relevant, causing mild to severe 10 

debilitating human illness with case numbers ranging from hundreds to over a million 11 

a year. The clinical presentation can be asymptomatic, acute, chronic, or fatal (Young 12 

et al., 2014).  13 

 14 

Around 75 clinically relevant arboviruses have been identified in Australia (Gyawali et 15 

al., 2017). Eleven of the 75 are considered significant public health threats, whether 16 

through current endemic or epidemic circulation, or risk of incursion from international 17 

sources, (Australian Government Department of Health Arbovirus Table, 2021). 18 

Examples include alphaviruses (Ross River virus (RRV), Barmah Forest virus (BFV)), 19 

flaviviruses (Murray Valley encephalitis virus (MVEV), Japanese encephalitis virus 20 

(JEV), and dengue virus serotypes 1-4 (DENV-1, DENV-2, DENV-3, and DENV-4)) 21 

(van den Hurk et al., 2019; Viennet et al., 2014; Russell and Dwyer, 2000; Australian 22 

Government Department of Health Arbovirus Table, 2021). Many of these arboviruses 23 
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(RRV, BFV, and DENV) cause frequent, seasonal, small outbreaks to large-scale 24 

epidemics each year in Australia.  25 

 26 

1.2 Alphavirus and DENV Distribution and Classification. 27 

Alphaviruses are enveloped arboviruses belonging to the Togaviridae family (Strauss 28 

and Strauss, 1994). They have been classified into two broad categories based on their 29 

geographical area of endemicity (Figure 1) and resulting disease characteristics: Old 30 

World (OW) and New World (NW) alphaviruses (Strauss and Strauss, 1994; Ryman 31 

and Klimstra, 2008). Old World alphaviruses have a global distribution and cause 32 

arthritogenic disease. Examples of OW alphaviruses include Sindbis virus (SINV), 33 

Semliki Forest virus (SFV), RRV, BFV and CHIKV. In contrast, NW alphaviruses are 34 

only prevalent in the Americas and lead to encephalitic disease. Examples of NW 35 

alphaviruses include Eastern equine encephalitic virus (EEEV), Venezuelan equine 36 

encephalitic virus (VEEV), and Western equine encephalitic virus (WEEV). Thirty-two 37 

virus species belong to the genus alphavirus. Only 26 of these species have thus far 38 

been grouped into the eight existing antigenic complexes (Figure 2) (Semliki Forest, 39 

Barmah Forest, Ndumu, Eastern equine encephalitis (EEE), Venezuelan equine 40 

encephalitis (VEE), Western equine encephalitis (WEE), Middleburg, and Trocara) 41 

(Strauss and Strauss, 1994; Weaver and Smith, 2011). This review focuses exclusively 42 

on four mosquito-transmitted arboviruses namely: the three alphaviruses, RRV, BFV, 43 

CHIKV and the flavivirus DENV, which are of significant public health relevance both 44 

in Australia and overseas. DENV is classified into the Flaviviridae family and has a 45 

large global distribution (Viennet et al., 2014), whereas RRV, BFV and CHIKV are 46 

alphaviruses of the Togaviridae family. Of note RRV and CHIKV both belong to the 47 
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Semliki Forest antigenic complex of alphaviruses while BFV is the only species in the 48 

Barmah Forest complex (Powers et al., 2001).49 



4 
 

Figure 1. The global distribution of old world alphaviruses and dengue virus. Countries, states and territories where old world alphaviruses (CHIKV, RRV and BFV) and 50 
dengue virus (DENV) serotypes circulate are represented in different colours, some of which highlight regions of overlapping virus distribution. Figure 1 was created in 51 
Microsoft Excel using Open 3D and is an adaptation of figures generated by Zaid et al. (2021) and Messina et al. (2014). 52 
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 1.3 Genome Composition  56 

Alphaviruses are enveloped, spherical, single stranded positive-sense RNA viruses with 57 

a genome spanning 11-12 kilobases. (Russell and Dwyer, 2000). The alphaviral genome 58 

(Figure 3) comprises two open reading frames (ORFs) encoding for the non-structural 59 

(nsP: nsP1, nsP2, nsP3 and nsP4) and structural (SP: (capsid (C), envelope 60 

glycoproteins (E1, E2, and E3), and the 6K/transframe (TF)) polyproteins. Both ORFs 61 

are highly conserved an�G���F�R�Q�W�D�L�Q���D�����¶���P�H�W�K�\�O���F�D�S�����6�W�U�D�X�V�V���D�Q�G���6�W�U�D�X�V�V�������������������7�K�H���Q�V�3��62 

is flanked by a short (60-������ �Q�X�F�O�H�R�W�L�G�H�� ���Q�W������ �X�Q�W�U�D�Q�V�O�D�W�H�G�� �U�H�J�L�R�Q�� ���8�7�5���� �D�W�� �L�W�V�� ���¶�� �1-63 

�W�H�U�P�L�Q�X�V�����Z�K�L�O�H���W�K�H���6�3���F�R�Q�W�D�L�Q�V���D���V�K�R�U�W�����a�������Q�W�����V�X�E�J�H�Q�R�P�L�F�������6���P�H�V�V�H�Q�J�H�U���5�1�$�����¶��64 

UTR cap and is flanked at th�H�� ���¶�� �W�H�U�P�L�Q�X�V�� �E�\�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �O�R�Q�J�H�U�� ��������-800nt), 65 

polyadenylated, and highly variable UTR.  66 

�7�K�H�� �8�7�5�V�� �D�W�� �W�K�H�� ���¶�� �D�Q�G�� ���¶�� �1�� �D�Q�G�� �&�� �W�H�U�P�L�Q�L�� �R�I�� �W�K�H�� �Q�V�3�� �D�Q�G�� �6�3�� �2�5�)�V�� �L�Q�� �V�H�Y�H�U�D�O��67 

alphaviruses have been shown to contain highly conserved RNA secondary structures 68 

and repeat sequence elements (RSEs) that modulate replication within mosquitoes and 69 

determine virus-host ranges. The envelope of alphavirus particles contains E1, E2 and 70 

the 6K proteins but not always E3 as this sometimes dissociates in viruses such as RRV 71 

and SINV but is retained in others like SFV (Mayne et al., 1984; Vrati et al., 1986; 72 

Garoff et al., 1974; Cheng et al., 1995). The components of the alphavirus genome are 73 

shown in Figure 3 below. 74 

 75 
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 76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

Figure 3. The Alphavirus Genome. The two ORFs belonging to alphaviral genome and the untranslated regions flanking them are shown in the figure above. nt = 86 
Nucleotide. Adapted from Foo et al., 2011 and created with BioRender.        87 
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1.4 The Alphavirus Replication Cycle  88 

The stages involved in the alphavirus replication cycle are well defined and reviewed 89 

in the literature (Kaariainen et al., 1987; Strauss and Strauss, 1994; Jose et al., 2009; 90 

Foo et al., 2011; Herring et al., 2015; Pietila et al., 2017). Alphavirus replication begins 91 

when a virus particle binds a target cell via a receptor, such as C-type lectin receptors 92 

(CTLRs) including DC-SIGN and L-SIGN or cell surface glycosaminoglycans (GAGs) 93 

such as heparan sulphate (HS) (Kielian et al., 2010; Zhang et al., 2005) (Figure 4). Host 94 

receptor binding is facilitated by viral E2 glycoproteins resulting in internalisation of 95 

the virus particle into the host cytoplasm via endocytosis (Kielian et al., 2010).  96 

 97 

 98 
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 99 

 100 

 101 

 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

Figure 4. The six stages of the alphavirus replication cycle. The stages involved in alphavirus replication from entry to egress. Adapted from Foo et al., 2011 and created 110 
with BioRender.  111 
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Once inside the cytoplasm, the endosome, a virus containing membrane-bound vesicle, 112 

matures. It fuses with host lysosomes to create a low pH environment around the virus particle, 113 

and then fuses with the viral envelope resulting in exposure and subsequent release of the viral 114 

genomic RNA into the cytoplasm, the site of replication (Kielian et al., 2010). The viral 115 

genomic RNA is translated through trans or cis nsP2 protease cleavage into an early and late 116 

nsP replication complex (Pietila et al., 2017). The early replication complex (polyprotein 117 

nsP123 and nsP4) is required for negative strand RNA synthesis whereas the late replication 118 

complex (polyprotein nsP1234) comprising the four fully processed, mature, individual nsPs 119 

enables synthesis of subgenomic and genomic plus strand RNA (Pietila et al., 2017). The five 120 

SPs are translated from the viral subgenomic plus strand RNA. Next, the three envelope 121 

glycoproteins are translocated to the endoplasmic reticulum (ER) then, co-and-post-122 

translationally processed in the Golgi complex (Kaariainen et al., 1987; Strauss and Strauss, 123 

1994). Catalytic cleavage at the junction between the terminal capsid codon and the start codon 124 

of the E3 localisation signal through capsid protease leads to release of mature viral capsid 125 

protein. Mature E2 is released from pE2 (E3-E2 dimer) through furin protease cleavage. The 126 

6K/transframe (TF) protein and E1 are separated from pE2 and each other through signal 127 

peptidase cleavage activity and the junctions between the E2 and 6K/TF and 6K/TF and E1 128 

respectively (Kaariainen et al., 1987; Strauss and Strauss, 1994).       129 

Interaction between the newly synthesised viral capsid protein and viral genomic plus strand 130 

RNA leads to formation of a 40 nm icosahedral nucleocapsid that is surrounded by a 4.8 nm 131 

wide lipid bilayer derived from the host cell membrane (Paredes et al., 1993; Strauss and 132 

Strauss, 1994). The final stage in the assembly of new virus particles involves budding of the 133 

viral nucleocapsids with the host membrane studded with 240 heterodimers of E1 and E2 134 

envelope glycoproteins arranged into trimers of 80 spikes in a lipid bilayer to form mature 135 
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virion particles (Figure 5) which proceed to exit the cell marking the end of the replication 136 

cycle (Kaariainen et al., 1987; Strauss and Strauss, 1994; Jose et al., 2009).  137 

 138 

1.5 Functions of Alphavirus Proteins and UTRs 139 

The nine protein coding regions of alphaviruses and their UTRs are functionally relevant (Table 140 

1). Non-structural protein coding regions are regarded as replication complexes (section 1.4), 141 

�D�Q�G�� �D�V�� �W�K�H�L�U�� �Q�D�P�H�� �V�X�J�J�H�V�W�V���� �³�6�W�U�X�F�W�X�U�D�O�� �S�U�R�W�H�L�Q�V�´�� �K�D�Y�H�� �D�� �V�W�U�X�F�W�X�U�D�O�� �U�R�O�H�� ���7�D�E�O�H�� ������ �D�Q�G�� �D�U�H��142 

commonly found embedded on the outer surface (E3, E2, 6K, E1) of virus particles or binding 143 

to and enclosing the genomic material (capsid; Figure 5). The capsid weighs around 29 kilo-144 

daltons, has a resolved crystallised structure with a T= 4 icosahedral symmetry (Sharma et al., 145 

2016; Aggarwal et al., 2012), and is split into two functional domains. The first of these 146 

functional domains is an N-terminal RNA-binding capsid domain with close to 118 amino acid 147 

(aa) residues. In SINV, this leading N-terminal domain is subdivided into two subdomains, I 148 

and II, respectively. Subdomain I is larger and spans aa residues 1 - 80 whereas subdomain II 149 

is smaller and found between aa positions 81-113 aa of the SINV capsid. Residues involved in 150 

binding RNA, formation of capsid dimers (subdomain I), interaction with RNA packaging 151 

signals (i.e. nuclear import and export; subdomain II) are located within this N-terminal capsid 152 

domain.  153 

A second functional domain located in the C-terminus contains serine proteinase activity. This 154 

domain facilitates proteolytic cleavage and release of mature capsid during replication after 155 

which mature capsid protein encloses genomic RNA and the assembled viral particles bud off 156 

from a cell. �7�K�L�V���V�H�U�L�Q�H���S�U�R�W�H�D�V�H���G�R�P�D�L�Q���F�R�Q�W�D�L�Q�V���W�K�H���D�F�W�L�Y�H���V�L�W�H���P�R�W�L�I���³�*�'�6�*�´�����W�K�H���R�[�\�D�Q�L�R�Q��157 

hole, and conserved hydrophobic pocket, which are important antiviral targets (Sharma et al., 158 

2016). A recent study has shown that mice inoculated with mutant CHIKV capsid nucleolar 159 
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localisation sequence (NoLS) are protected from disease (Taylor et al., 2017). Stable and 160 

efficient ways of delivering the vaccine developed using the CHIKV NoLS approach are being 161 

evaluated (Abeyratne et al., 2020). Molecular docking studies on CHIKV and aura virus 162 

(AURAV) have led to the identification of beberin chloride (BBC), picolinate (PCA), dioxane, 163 

mandelic acid, ethyl 3 aminobenzoate, piperazine, Catechin-5-O-Gallate and Rosmarinic acid 164 

as capsid inhibitors that interact strongly with the oxyanion hole and hydrophobic pocket 165 

(Sharma et al., 2016; Sharma et al., 2018; Jain et al., 2017; Aggarwal et al., 2017).         166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 
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 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

Figure 5.  The structure of an alphavirus. A 7-methylguanylate �F�D�S�S�H�G���D�Q�G���D�O�V�R�����¶���S�R�O�\�D�G�H�Q�\�O�D�W�H�G���5�1�$���J�H�Q�R�P�H���L�V���H�Q�F�O�R�V�H�G���E�\���D���F�D�S�V�L�G���Z�L�W�K���D���7� �������L�F�R�V�D�K�H�G�U�D�O���V�\�P�P�H�W�U�\. 191 

This is surrounded by a lipid membrane covered with 80 spikes of trimers of E1-E2 heterodimers. (Jose et al., 2009).192 
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1.6 Epidemiology and Genetic Diversity 193 

1.6.1 Ross River virus 194 

The prototype strain of RRV, T48, was first isolated in Townsville in 1959 from Aedes 195 

vigilax (Ae. vigilax) (Doherty et al., 1963). RRV is endemic both in Australia and the Pacific 196 

region. The virus is zoonotic and has a complex transmission cycle including several species 197 

of mosquito vectors and vertebrate hosts. 198 

Different strains of RRV have been isolated from more than 40 species of mosquitoes 199 

(Russell, 2002; Michie et al., 2020), macropods (e.g., wallabies) (Doherty et al., 1971), 200 

passerine birds (Whitehead et al., 1968), horses (Pascoe et al., 1978; Azuolas et al., 2003) 201 

and humans (Doherty et al., 1972; Michie et al., 2020). Three mosquito species, Ae. vigilax, 202 

Culex annulirostris (Skuse) and Ae. camptorhynchus (Skuse), are important vectors of RRV 203 

and macropods are recognised as important reservoirs (Russell, 2002; Claflin and Webb, 204 

2015). Humans play an important role in RRV transmission both as vertebrate hosts and as 205 

potential effectors of location-wide virus spread through travel or other activities including 206 

movement of infected domestic or wild animals (El-Hage et al., 2020; Stephenson et al., 207 

2018; Rosen et al., 1981; Aaskov et al., 1981; Lindsay et al., 1993).     208 

High temperatures, rainfall, flooding, and tidal activity promote an increase in mosquito 209 

breeding activity, egg-laying and dispersal behaviour, as well as rapid expansion of 210 

mosquito population densities and increased contact between humans and wild animals in 211 

Australia (Steiger et al., 2016). These factors have also been associated with large RRV 212 

outbreaks reported from all mainland states in Australia (Kelly-Hope et al., 2004; Tong et 213 

al., 2005; Bi et al., 2009; Tall et al., 2020), highlighting the importance of climatic and 214 

environmental factors in the occurrence and spread of RRV epidemics.  215 

 216 
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The largest RRV epidemic occurred in the Pacific (1979-80) with more than half a million 217 

cases recorded (Knope et al., 2019; Aaskov et al., 1981; Rosen et al., 1981; Tesh et al., 218 

1981). In Australia, RRV is currently the most notifiable arbovirus with a yearly mean of  219 

4,653 and total of 130,290 cases reported respectively, in-between 1993-2020 (Knope et al., 220 

2019; Australian Government Department of Health NNDSS, 2021). Half of all cases 221 

recorded countrywide (49%) have been reported in Queensland (Australian Government 222 

Department of Health NNDSS, 2021). In the past two decades (2001-2020), the mean annual 223 

incidence for RRV is estimated at 5 per 10,000 individuals with peak notification rates 224 

reported between March and May (Qian et al., 2021). The largest RRV outbreak on the 225 

Australian mainland occurred in Northern New South Wales (NSW) and South East 226 

Queensland (QLD) in 2014-2015 with more than 7000 cases reported (Jansen et al., 2019). 227 

In this outbreak, RRV transmission hot spots were highly concentrated in areas where urban 228 

and peri-urban environments overlapped (Jansen et al., 2019).  229 

Only a single RRV strain has been isolated outside Australia since the 1979-80 epidemic 230 

(Johansen et al., 2000). This isolation occurred in 1997 from the Anopheles farauti mosquito 231 

�V�S�H�F�L�H�V�� ���3�1�*������������ �D�F�F�H�V�V�L�R�Q�� �Q�X�P�E�H�U�� �³�0�:�������������´���� �L�Q�� �W�K�H�� �:�H�V�W�H�U�Q�� �3�U�R�Y�L�Q�F�H�� �R�I�� �3apua 232 

New Guinea (PNG) (Johansen et al., 2000). Seroconversion (Scrimgeour et al., 1987; Tesh 233 

et al., 1975; Hii et al., 1997) and the presence of macropods (Scrimgeour et al., 1987) 234 

suggest RRV endemicity in Papua New Guinea (PNG). Recent human serosurveys for RRV 235 

in the Pacific indicate that the virus may already be circulating widely among humans in 236 

Fiji, American Samoa, French Polynesia, and the Solomon Islands (Proll et al., 1999; 237 

Klapsing et al., 2005; Aubry et al., 2019; Aubry et al., 2015; Lau et al., 2017; Russell et al., 238 

2022). These RRV serosurveys bring to fore the need for robust surveillance systems in the 239 

Pacific region.   240 
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Phylogeographic characterisation of RRV based on analysis of partial E2 and nsP3 gene 241 

sequences has previously identified three distinct and divergent genotypes (G1-G3) of the 242 

virus exhibiting evidence of strong spatiotemporal structure (Sammels et al., 1995; Jones et 243 

al., 2010; Liu et al., 2011). Phylogenetic analysis of 106 RRV near-whole genomes (NWGs) 244 

including 77 new sequences from Western Australia (WA) (Michie et al., 2020), has 245 

resulted in identification of a fourth RRV genotype (G4) that to date, primarily consists of 246 

strains from WA (1994-2013) and five from QLD (2004-2018). More recent phylogenetic 247 

analysis of 105 RRV NWGs including the single PNG sequence (i.e., strain PNG3075; 248 

�D�F�F�H�V�V�L�R�Q���Q�X�P�E�H�U���³�0�:�������������´�������K�D�V���V�K�R�Z�Q���W�K�D�W���W�K�H���3�1�*���1�:�*���E�H�O�R�Q�J�V���W�R���D separate clade 249 

(Michie et al., 2021). Based on this study, RRV may have a history of long-term circulation 250 

and evolution in PNG among vertebrates, particularly humans and macropods (Michie et 251 

al., 2021). However, the degree of RRV diversity at genotype level and factors driving RRV 252 

diversity and dissemination are currently unknown. New insights such as these are 253 

achievable as NWG sequences generated from newly isolated RRV strains sampled from 254 

different geographical locations, time-points, vertebrate hosts and mosquito vectors within 255 

Australia and the PICTs are characterised using a wide range of evolutionary approaches. 256 

 257 

1.6.2 Barmah Forest virus 258 

Barmah Forest virus (BFV) was concomitantly isolated from Culex annulirostris 259 

mosquitoes trapped in the Barmah Forest in VIC in 1974 and from mosquitoes collected in 260 

southwest Queensland (QLD) (Marshall et al., 1982; Doherty et al., 1979). Like RRV, BFV 261 

is highly capable of infecting many mosquito vectors with Ae. camptorhynchus, Ae. vigilax, 262 

Ae. notoscriptus, Ae. normanensis, and Cx. annulirostris, serving as major sources and 263 

transmitters of the virus (Jacups et al., 2008). As a result, BFV is widely regarded as a 264 
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�³�Y�H�F�W�R�U���J�H�Q�H�U�D�O�L�V�W�´�����0�L�F�K�L�H��et al., 2020). Despite this designation, BFV has been isolated 265 

from a midge (i.e., Culicoides marksi) that bites and feeds on the blood of vertebrates, in the 266 

Northern Territory (NT) (Poidinger et al., 1997), indicating that other arthropods may be 267 

involved in the transmission of the virus.    268 

Of the arboviruses circulating in Australia, BFV is the second most prevalent among humans 269 

(~600-1000 cases/year) (Australian Government Department of Health NNDSS, 2021). 270 

Queensland accounts for 54% of all cases recorded (Australian Government Department of 271 

Health NNDSS, 2021). Less than 15 cases of BFV are accounted for each year since 1995 272 

in Tasmania (TAS) and the Australian Capital Territory (ACT), indicating that interstate 273 

viremic travellers or movement of infected wild or domestic animals probably introduce the 274 

virus into these regions (Australian Government Department of Health NNDSS, 2021; 275 

ProMED, 2021). Public records currently show no record of BFV outbreaks off the 276 

mainland but several outbreaks of BFV have occurred in most Australian states and 277 

territories since 1986 when the first human case was reported (Merianos et al., 1992; 278 

Lindsay et al., 1995; Lindsay et al., 1995; Russell et al., 1997; Passmore et al., 2002; Aldred 279 

et al., 1990). While BFV incidence is lower than RRVs (Quinn et al., 2005), disease 280 

modelling studies conducted during 1992-2008 have identified several environmental 281 

factors including high and low temperature, rainfall, tides, and humidity that are associated 282 

with increased BFV incidence and occurrence of outbreaks in Queensland (Naish et al., 283 

2009; Naish et al., 2012; Naish et al., 2013). Reports of BFV cases peak during warmer 284 

spring (September-December) and summer (January-June) months throughout Australia 285 

(Australian Government Department of Health National Communicable Diseases 286 

Surveillance Report, 2021).      287 

In 2014, a single BFV strain was isolated from a viraemic case residing in PNG with no 288 

prior travel history to Australia (Caly et al., 2019). Isolation of this strain raises the 289 
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possibility that in addition to Australia, BFV may be endemic in some PICTs such as PNG 290 

(Michie et al., 2020). Odds that BFV circulation in the PNG occurs undetected are high 291 

given both marsupials (Scrimgeour et al., 1987) and the susceptible Verallina funerea 292 

mosquito species are present in the PICT-based country (Jeffery et al., 2006).  293 

Two Brisbane-based BFV serosurveys conducted in 1997 and 1999 on cats, dogs, horses, 294 

flying foxes and brushtail possums have provided evidence suggesting that horses and 295 

brushtail possums may be important non-human reservoirs of the virus under natural field 296 

settings (Kay et al., 2007). In contrast, human serosurveys (n = 16) for BFV have been 297 

conducted in all states and territories, excluding the Australian Capital Territory (ACT)  298 

during 1980-2015 (Vale et al., 1986; Hawkes et al., 1987; Phillips, 1990; Humphrey-Smith 299 

et al., 1991; Johansen et al., 2005; Faddy et al., 2015, Gyawali et al., 2019). These human 300 

serosurveys tested 14,445 human sera with 348 samples testing positive giving a mean 301 

annual seroprevalence of 2.3%. Recently, Gyawali and colleagues reported the highest 302 

human seroprevalence for BFV (12.5%) on record in Australia from a QLD serosurvey 303 

conducted in 2015 (Gyawali et al., 2019), indicating BFV is still a pathogen of medical 304 

concern.     305 

Recent phylogenetic characterisation of nine complete E2 genes and a 34 NWG dataset 306 

comprising 29 new sequences sampled from WA and a single sequence for the PNG strain 307 

���L���H������ �Q�D�P�H�G�� �³�3�1�*�B�%�)�9�´���� �D�F�F�H�V�V�L�R�Q�� �Q�X�P�E�H�U�� �³�0�1�������������´������ �K�D�V�� �L�G�H�Q�W�L�I�L�H�G�� �W�K�U�H�H��BFV 308 

genotypes designated as G1, G2 and G3, respectively (Caly et al., 2019; Michie et al., 2020). 309 

The PNG sequence is the sole member of genotype (G1). Genotype 2 (G2) currently 310 

comprises of two sequences; the prototype sequence for the virus (i.e., strain BH2193, 311 

�D�F�F�H�V�V�L�R�Q���Q�X�P�E�H�U���³�8�����������´���� �V�D�P�S�O�H�G���I�U�R�P���9�,�&�� �L�Q������������ �D�Q�G���D���V�H�T�X�H�Q�F�H�� �J�H�Q�H�U�D�W�H�G���I�U�R�P��312 

strain KO376-�������D�F�F�H�V�V�L�R�Q���Q�X�P�E�H�U���³�0�1�������������´�����V�D�P�S�O�H�G���L�Q���Q�R�U�W�K���:�$���L�Q���������������0�L�F�K�L�H��et 313 

al., 2020). The clade for genotype 3 (G3) is currently subdivided into sublineages G3A and 314 
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G3B that comprise NWGs for strains sampled from northern and southern WA during 2000-315 

2008 and 2006-2017, respectively (Michie et al., 2020). Four NWGs (accession numbers: 316 

MN689032, MN689033, MN689034, and MN689035) belonging to strains sourced from 317 

locations (Cockburn, Rockingham, Mandurah, and Capel) in southwest WA in 1993 are 318 

associated with G3 but not G3A or G3B specifically (Michie et al., 2020). Further molecular 319 

and phylogenetic characterisation of both partial and complete E2 gene sequences generated 320 

previously (Poidinger et al., 1997; Northill et al., 2013 (unpublished); Liu et al., 321 

(unpublished); Kizu et al., 2019; Caly et al., 2019), and in the future is required to determine 322 

whether historical and contemporary BFV strains fit into existing genotype clades or new 323 

ones. At present, existing genomic and sero-epidemiological evidence indicates that BFV is 324 

highly prevalent throughout Australia. However, there is no robust evidence of long-term 325 

circulation or evolution of the virus off the mainland.  326 

 327 

1.6.3 Chikungunya virus 328 

Chikungunya virus (CHIKV) is a single stranded positive sense RNA alphavirus, which like 329 

RRV, also belongs to the Semliki Forest antigenic complex, within the Togaviridae family. 330 

CHIKV is predominantly transmitted by the Aedes aegypti and Aedes albopictus mosquitoes 331 

�L�Q�� �H�Q�G�H�P�L�F�� �U�H�J�L�R�Q�V���� �7�K�H�� �0�D�N�R�Q�G�H�� �W�H�U�P�� �F�K�L�N�X�Q�J�X�Q�\�D�� �P�H�D�Q�V�� �³�W�K�D�W�� �Z�K�L�F�K�� �E�H�Q�G�V�� �X�S�´��332 

(Lumsden, 1955). This refers to the upward bending of limbs in patients infected with 333 

CHIKV (Lumsden, 1955). The first CHIKV epidemic was reported in the early 1950s in 334 

East Africa (Lumsden, 1955; Mason and Haddow, 1957). Outbreaks of CHIKV were more 335 

common in Africa and Asia during 1950-2000. After this, CHIKV activity in these regions 336 

decreased until 2004, when the virus re-emerged in coastal Kenya causing an explosive 337 

epidemic that reached the Comoros before expanding to many countries within the Indian 338 
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Ocean region (e.g., Seychelles, Mauritius, La Reunion, India) and Southeast Asia between 339 

2005 and 2006 (Sergon et al., 2008; Burt et al., 2011). Genomic analysis of CHIKV variants 340 

sampled from this epidemic revealed that the spread was driven by an E1-A226V mutation 341 

in the virus (Tsetsarkin et al., 2007). This mutation led to the adaptation of CHIKV to Ae. 342 

albopictus, a vector with a widespread global distribution (Tsetsarkin et al., 2007). By 2007, 343 

CHIKV had re-emerged in both Central and West Africa and small outbreaks of the virus 344 

were recorded in European countries such as Italy (Rezza et al., 2007). Many CHIKV 345 

outbreaks have occurred among Pacific nations since 2011 (Aubry et al., 2015). In 2013, 346 

CHIKV had reached several island nations of the Caribbean. CHIKV quickly spread among 347 

these island nations and now has a wide distribution in Northern, Southern and Central 348 

America. More than a million cases of CHIKV occur ea�F�K���\�H�D�U���V�S�D�Q�Q�L�Q�J���I�L�Y�H���R�I���W�K�H���Z�R�U�O�G�¶�V��349 

seven continents (Weaver and Forrester, 2015). Case fatality rates (CFR) for CHIKV are 350 

highly variable across age groups, locations, and between epidemics (Freitas et al., 2018; 351 

Bhorgherini et al., 2007). Low CFRs are often below 1.0% while exceedingly high CRFs 352 

are close to or well above 20.0% (Freitas et al., 2018). Whole genome phylogenetic 353 

characterisation indicates that there are  four lineages of the virus circulating around the 354 

world; the West African (WA), East-Central-South-African (ECSA), Indian Ocean (IOL), 355 

and Asian Urban (AU) lineages (Schneider et al., 2019).      356 

 357 

1.6.4 Dengue virus 358 

Dengue is a positive-sense, single stranded RNA enveloped flavivirus with a genome of 359 

approximately 11 kilobases (Harapan et al., 2020). The DENV genome encodes three 360 

structural and seven non-�V�W�U�X�F�W�X�U�D�O���S�U�R�W�H�L�Q�V���W�K�D�W���D�U�H���I�O�D�Q�N�H�G���D�W���W�K�H���W�H�U�P�L�Q�D�O�����¶���D�Q�G�����¶���H�Q�G�V��361 

by noncoding regions (Harapan et al., 2020). DENV is currently the third most prevalent 362 
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arbovirus in Australia (Akter et al., 2017) and the most prevalent arbovirus worldwide 363 

(Figure 1) (Bhatt et al., 2013; Messina et al., 2014). Recently, successful deployment of 364 

Wolbachia transinfected Aedes mosquitoes in Northern Queensland where DENV is 365 

�U�H�V�W�U�L�F�W�H�G�����K�D�V���O�H�G���W�R���D���V�K�D�U�S���G�H�F�O�L�Q�H���L�Q���F�D�V�H�V�����2�¶�1�H�L�O�O��et al., 2019). Despite case numbers 366 

being on the decline in Australia, the clinical importance cannot be overlooked. This is 367 

largely because DENV causes three life-threatening diseases, namely: dengue fever, dengue 368 

haemorrhagic fever, and dengue shock syndrome (Harapan et al., 2020). Dengue has a high 369 

incidence, distribution, and burden (Harapan et al., 2020; Cattarino et al., 2020; Bhatt et al., 370 

2013). The vaccine available for dengue, Dengvaxia, is currently licensed for use in 19 371 

countries within the age 9 to 45 cohort (Tully and Griffiths, 2021). Transmission of DENV 372 

is facilitated by Ae. aegypti and Aedes albopictus (Skuse) mosquito vectors; these have a 373 

wide global distribution, high vectorial capacity and can thrive in habitats with distinct 374 

climatic conditions (Bhatt et al., 2013; Kramer et al., 2015). Successful vector control 375 

programs have kept Ae. albopictus off the Australian mainland since its detection in the 376 

Torres Strait in 2005 (Van den Hurk et al., 2016; Muzari et al., 2017). Given the reduction 377 

in DENV cases in Australia as a consequence of successful Wolbachia intervention 378 

programs, the analysis on DENV in this thesis was limited to seroprevalence.  379 

 380 

1.6.5 Factors Influencing Diversity in Alphaviruses  381 

a) Recombination  382 

Alphaviruses have unsegmented RNA genomes that commonly undergo homologous 383 

recombination where exchange of genetic fragments occurs at the same site in viruses 384 

involved (Lai, 1992). Evidence of homologous recombination among alphaviruses was first 385 

reported in 1988 (Hahn et al., 1988) and later validated by Strauss and Strauss using 386 
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constructs of the Sindbis virus (SINV) (Strauss and Strauss, 1994). The probability of 387 

recombination occurring between distinct strains of a virus is dependent upon factors such 388 

as coinfection rates, the prevalence levels of strains within a host population and 389 

geographical location, the size of the host population, host proximity and contact rates 390 

between the host(s) and virus, and the homology between strains (Perez-Losada et al., 391 

2015). Robust detection and analyses of recombination patterns in virus genomes is 392 

�F�R�P�P�R�Q�O�\�� �D�F�K�L�H�Y�H�G�� �E�\�� �X�V�L�Q�J�� �W�K�H�� �V�H�Y�H�Q�� �P�H�W�K�R�G�V�� �L�P�S�O�H�P�H�Q�W�H�G�� �L�Q�� �W�K�H�� �³�5�H�F�R�P�E�L�Q�Dtion 393 

�'�H�W�H�F�W�L�R�Q�� �3�U�R�J�U�D�P�´�� ���5�'�3���� ���0�D�U�W�L�Q��et al., 2015). RDP has recently been used to detect 394 

evidence of homologous recombination in the nsP3 (Casal et al������ ������������ �D�Q�G�� ���¶�8�7�5�� �R�I��395 

CHIKV (Filomatori et al���������������������W�K�H�����¶�8�7�5���R�I���6�,�1�9�����)�L�O�R�P�D�W�R�U�L��et al., 2019), and in the 396 

nsP1 and E1 of Mayaro virus (MAYV) (Mavian et al., 2017). Previous phylogenetic 397 

analyses conducted on RRV and BFV have not identified any evidence of homologous 398 

recombination.  399 

b) Natural Selection 400 

Selection pressure on codons can increase the rate and accuracy of protein translation 401 

(Ingvarsson, 2008). It can also bias synonymous codon usage in some species (Ingvarsson, 402 

2008) and alter the kinetics of protein translation leading to expression of well folded 403 

proteins (Yang and Nielsen, 2008). Several maximum likelihood phylogenetic-based 404 

selection characterisation methods have been developed (Delport et al., 2010). These 405 

methods aid the estimation of site-specific non-synonymous-synonymous substitution ratio 406 

(w) obtained by dividing the non-synonymous substitution rate (dN) by the synonymous 407 

substitution rate (dS) where a codon site is reported as positively selected if w > 1.0, 408 

neutrally selected if w = 1.0, and negatively selected if w < 1.0 (Yang and Nielsen, 2008). 409 

Based on such methods, phylogenetic studies conducted on RRV, BFV, and CHIKV have 410 
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reported both evidence of positive and negative selection within different coding regions 411 

(Jones et al., 2010; Michie et al., 2020; Michie et al., 2020; Newase et al., 2020).  412 

1.7 Clinical Features and Diagnosis of Alphaviral Infections  413 

a) Clinical Features  414 

Specific clinical features of RRV  include inflammation and arthritis of the muscles and joints 415 

(i.e. arthralgia), myalgia, and skin rash, while non-specific symptoms include fatigue, fever, 416 

lethargy and/or headache (Harley et al., 2001). Nearly 50% of infectious cases display clinical 417 

symptoms eight days post exposure (i.e., mean incubation period; mean range of three to 21 418 

days), are viraemic between seven to 14 days, and around 95% cases present with debilitating 419 

arthralgia which can persist for months to years (Harley et al., 2001; Ratnayake, 2006; Mylonas 420 

et al., 2002; Condon and Rouse, 1995). Infection with RRV is non-fatal and rarely severe in 421 

children. Compared to RRV, BFV infection is characterised by a similar incubation and viremic 422 

period with less severe and often short-term arthritis, arthralgia, myalgia, fever, and skin rash 423 

(Suhrbier et al., 2012; Flexman et al., 1998; Passmore et al., 2002). Only a single BFV case 424 

has previously been associated with Guillain Barré syndrome, a common clinical feature of 425 

CHIKV disease (Phan et al., 1998). The fact that BFV cases are associated with what can be 426 

�G�H�V�F�U�L�E�H�G���D�V���µ�V�W�D�Q�G�D�U�G���F�O�L�Q�L�F�D�O���V�L�J�Q�V���D�Q�G���V�\�P�S�W�R�P�V���R�I���D�O�S�K�D�Y�L�U�D�O���L�Q�I�H�F�W�L�R�Q�¶�����P�H�D�Q�V���W�K�D�W���%�)�9��427 

infections cannot be exclusively distinguished from those due to other arthritogenic 428 

alphaviruses such as RRV and CHIKV based on clinical features alone (Suhrbier et al., 2012; 429 

Flexman et al., 1998). Clinical manifestations resulting from CHIKV infection are more severe 430 

and often lethal compared to those due to RRV or BFV (Suhrbier et al., 2012; Lima Neto et 431 

al., 2019). The viremic period for CHIKV infections is much shorter, ranging from three to 432 

seven days. Severe cases succumb to erythematous maculopapular rash covering nearly 90% 433 

of the skin surface, swollen inflamed limbs and painful arthralgia, palmoplantar desquamation, 434 
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encephalitis and encephalopathy, myocarditis, organ failure and/or hepatitis (Suhrbier et al., 435 

2012; Suhrbier, 2019).   436 

b) Diagnosis of Alphaviral Infections 437 

Nucleic acid (e.g., the real-time polymerase chain reaction (RT-PCR)), cell culture (virus 438 

isolation), and serological immunoassays (e.g., the hemagglutination inhibition (HI), 439 

neutralisation test (NT) and enzyme linked immunoassays (ELISA)) can all be used to confirm 440 

exposure to alphaviruses such as RRV, BFV and CHIKV (Weaver and Smith, 2011). RT-PCR 441 

and cell-culture methods are useful for measuring the viral load and amount of live virus in 442 

samples. Immunoassays aid detection of anti-alphaviral antibodies produced during and post 443 

infection. While patients are only viraemic for a few days post infection, antibodies against 444 

alphaviruses are detectable for several weeks to years following exposure. The detection of 445 

anti-RRV, anti-BFV or anti-CHIKV immunoglobulin M (IgM) antibodies in patient samples 446 

(e.g., blood or serum), indicates recent exposure to an alphavirus whereas detection of anti-447 

RRV, anti-BFV or anti-CHIKV immunoglobulin G (IgG) reflects historical or long-term past 448 

exposure. Paired serology testing where tests are conducted on separate patient samples taken 449 

ten to 14 days apart are required to definitively diagnose a recent RRV, BFV or CHIKV 450 

infection (Harley et al., 2001; Faddy et al., 2015). Immunofluorescence assays (IFA) detecting 451 

IgM, microsphere immunoassays (MIA) and in-house HI tests detecting IgM and IgG are also 452 

widely utilised in reference laboratories (Selvey et al., 2014). Methods (nucleic acid and 453 

serological) used to diagnose alphavirus infection are more sensitive with increasing sensitivity 454 

and specificity for viral antigens and host antiviral antibodies (Kerkhof et al., 2020). Paired 455 

serology diagnosis of alphaviral infection is preferred to nucleic acid tests which detect viral 456 

antigens and so may not be useful post incubation period. Paired serology testing provides an 457 

indication of both recent and long-term host exposure to virus. This is clinically relevant as it 458 

helps to assess both the time to or of exposure, and prevalence of disease. Use of secondary or 459 
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confirmatory serological tests, often in-house, increases the reliability of alphaviral diagnosis 460 

(Farmer and Suhrbier, 2019). These tests also vary between laboratories. Errors in 461 

interpretation of diagnostic results lead to inaccurate diagnosis, misestimation of disease 462 

burden, and poor disease management. A figure summarising the clinical diagnosis of 463 

arthritogenic alphaviral infection is presented below (Figure 6).  464 
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 477 

Figure 6. Clinical diagnosis of an arthritogenic alphaviral infection. The figure summarises the diagnosis of clinical phases of an arthritogenic alphaviral infection from 478 
incubation, to acute illness and recovery/persistent infection. Adapted from Rougeron et al., 2014 and created using BioRender.   479 
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1.8 Surveillance and Control 480 

Arboviral vector surveillance strategies in Australia continue to evolve with time (van den Hurk 481 

et al., 2012). Most effective traps are still based on the CO2 system but new surveillance 482 

approaches relying on second generation sequencing (Batovska et al. 2018) and biosensor 483 

technology (Flies et al., 2015) have extended our capacity to detect and quantify the prevalence 484 

of emerging alphaviruses among vectors.     485 

Effective mosquito vector control is integral to successful management of arbovirus diseases 486 

of public health relevance (Tomerini et al., 2011). Effective arbovirus management is attainable 487 

through an integrated approach involving the application of insecticides, biological agents and 488 

modulation of environmental features of mosquito ecologies.  489 

a) Insecticidal control 490 

A combination of insecticides targeting and effective against different mosquito 491 

developmental stages are widely applied in Australia (Brown et al., 1999; Brown et al., 492 

2000; Jeffery et al., 2007; Webb et al., 2012). The build-up of resistance towards 493 

pyrethroid insecticides such as deltamethrin in medically importance vectors like Ae. 494 

vigilax (Hamed, 2000), has led to the development and wide use of biologically based 495 

insecticides. Russell and Kay (2008) have complied a comprehensive review of 496 

biologically based insecticides used in Australia. Bacillus thuringiensis var. israelensis 497 

de Barjac (Bti) is currently the most used biologically based mosquito insecticide in 498 

Australia within estuaries and freshwater habitats (Russell and Kay, 2008). Aerial 499 

application of granulated Bti insecticide is highly effective for vector control because 500 

the insecticide does not evaporate, is less likely to drift with wind into non-target areas 501 

and can permeate into environments endowed with dense vegetation such as rainforests 502 

and mangroves (Russell et al., 2009; de Little et al., 2012; Johnson et al., 2020). A 503 
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build-up of resistance to this insecticide could significantly increase the risk of 504 

arbovirus transmission. As such, periodical determination of insecticidal efficacy 505 

against a wide range of vectors is crucial to maintaining effective control of arboviruses. 506 

b) Biological control 507 

Transinfection of mosquitoes with Wolbachia or introduction of mosquito predators 508 

(e.g. fish, birds, bats, Mesocylclops copepods or mosquitoes of the 509 

genus Toxorhynchites) into an area harbouring larvae and mosquitoes of significant 510 

public health risk can both provide effective biological control of arboviral vectors 511 

(Werren et al., 2008; Huang et al., 2017). While both approaches are effective, the use 512 

of Wolbachia holds more promise in significantly reducing community spread of 513 

arboviruses. Wolbachia are alphaproteobacterial endosymbionts commonly located 514 

within cells belonging to nematodes and arthropods (Jimenez et al., 2019). Several 515 

Wolbachia strains exist, and some can inhibit or significantly restrict alphavirus 516 

replication and transmission both in-vitro and within specific Aedes vectors. The 517 

wAlbB strain of Wolbachia is a high temperature tolerant strain initially isolated from 518 

Ae. albopictus (Ekwudu et al., 2020). Transfection of the wAIbB strain into C6/36 cells 519 

significantly restricted replication of the three alphaviruses: BFV, SINV, and RRV 520 

(Ekwudu et al., 2020). Ae. aegypti and Ae. albopictus mosquitoes transinfected with 521 

the wMelPop-CLA and wMel strains of Wolbachia have also been shown to have a 522 

shortened life span and a much more restricted capacity to replicate and transmit 523 

CHIKV (Moreira et al., 2009; van den Hurk et al., 2012; Blagrove et al., 2013).  524 

Furthermore, a 28-month long program involving deployment of wMel transinfected 525 

local Ae. aegypti mosquitoes successfully diminished DENV case numbers around the 526 

Townsville region to zero for the first �W�L�P�H���L�Q���R�Y�H�U���D���G�H�F�D�G�H�����2�¶�1�H�L�O�O��et al., 2019). These 527 

studies and programs verify the effectiveness and consistency of Wolbachia as a 528 
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biocontrol agent for arboviruses of medical importance. Further research indicating the 529 

effectiveness of different Wolbachia strains on local Aedes alphaviral vectors such as 530 

Ae. vigilax and Ae. camptorhynchus is required. 531 

c) Environmental control 532 

The environmental features of a mosquito habitat can significantly impact the dispersal 533 

and distribution of vectors (Trewin et al., 2020). For example, draining wetlands proved 534 

effective at significantly reducing target mosquito species abundance during the wet 535 

season in Darwin, Northern Territory (Jacups et al., 2012). While beneficial, alteration 536 

of mosquito habitats in this way may create conditions promoting proliferation of 537 

vectors that thrive in dry settings such as Ae. vigilax. Furthermore, such alterations 538 

could also negatively impact the growth and development of fauna and flora in the 539 

vicinity. Therefore, in such instances, aerial application of insecticides post habitat 540 

modification can prove quite effective at controlling non-target vector species rather 541 

than broad habitat modification (de Little et al., 2012). Studies show that habitat 542 

modulation in tropical Australia by creation of grasslands close to rainforests can 543 

facilitate generation of mixed mosquito population communities and potentially 544 

increasing the risk of arbovirus transmission (Steiger et al., 2012; Steiger et al., 2016). 545 

The risks associated with habitat modulation demand careful consideration of all 546 

impacts of such changes on non-target mosquito and host species.                                   547 

d) Integration of Species Distribution Models (SDMs) 548 

One way to improve the management of arboviruses in Australia is to integrate species 549 

distribution modelling into vector control initiatives on a nationwide level. Species 550 

distribution models (SDMs) are empirical, algorithm-based models that can facilitate 551 

the prediction of a species presence or absence in a given geographical location 552 
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(Peterson et al., 2015). SDMs are subdivided into two categories, statistical and 553 

mechanistic. Many datasets are useful for species distribution modelling, for example 554 

climatic and environmental data. However, the primary input for species distribution 555 

modelling is species occurrence data and this is retrievable from databases such as the 556 

Atlas of Living Australia (Belbin et al., 2021). SDMs linked with these data are useful 557 

for predicting suitable habitats for vectors across wide spatiotemporal ranges (Peterson 558 

et al., 2015). The capacity to predict future vector range shifts with SDMs helps to 559 

advance our management of arbovirus transmission risk, especially for pathogens of 560 

public health significance like RRV. In view of this, the development of SDMs and 561 

�W�K�H�L�U���L�Q�W�H�J�U�D�W�L�R�Q���L�Q�W�R���$�X�V�W�U�D�O�L�D�¶s mosquito control programs are essential.    562 

e) Vaccination and Virus Attenuation 563 

Many approaches that include the use of virus-like particles, recombinant subunit, 564 

inactivated, chimeric, or live-attenuated viruses have been explored as possible 565 

strategies for developing vaccines for arthritogenic and encephalitic alphaviruses 566 

(Torres-Ruesta et al., 2021). A significant proportion of alphaviral vaccines generated 567 

using these strategies are either at the early preclinical, late preclinical, or clinical trial 568 

Phases I and II (Torres-Ruesta et al., 2021).  569 

 570 

While several alphaviral vaccine development strategies exist, only the inactivated 571 

virus approach has been explored as a method of choice for the development of an 572 

inactivated RRV vaccine. The first inactivated RRV vaccine was developed in 1994 573 

(Yu and Aaskov, 1994). Alternative forms of this vaccine have since been developed 574 

and evaluated in both mouse models and clinical trials between 2007 and 2015 (Kistner 575 

et al., 2007; Holzer et al., 2011; Aichinger et al., 2011; Wressnigg et al., 2015). 576 
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Attenuation of the virus in mice is also possible with mutation of specific nsPs and 577 

envelope glycoproteins (Nelson et al., 2016; Jupille et al., 2011; Burrack et al., 2014; 578 

Jupille et al., 2013). Only one inactivated RRV vaccine candidate has reached clinical 579 

trial Phase III (Wressnigg et al., 2015). Because this vaccine is yet to reach and surpass 580 

Phase IV clinical trials where long-term vaccine effects, safety and effectiveness are 581 

assessed and determined, there is currently no licensed vaccine approved for use as a 582 

treatment for arthritic disease caused by RRV in humans. More recently, stable, and 583 

efficient ways of delivering a live-attenuated CHIKV NoLS vaccine candidate have 584 

been evaluated (Abeyratne et al., 2020) and are ongoing.   585 

 f) Identification of Druggable Targets and Antivirals 586 

The absence of an effective, licensed vaccines or drugs as a treatment for alphaviral 587 

disease necessitates new studies to identify possible treatments for alphaviruses of 588 

medical importance. To this end, computational-based approaches have significantly 589 

reduced the time and cost it takes to develop a new drug (Hughes et al., 2011, Baig et 590 

al., 2016; Sliwoski et al., 2013).   591 

 592 

Recently, a highly efficient and accurate protein structure prediction algorithm called 593 

AlphaFold, was developed (Jumper et al., 2021). AlphaFold can regularly predict 594 

protein structures with atomic accuracy even where no similar structure from a related 595 

protein is known as was the case with all previous homology modelling algorithms 596 

(Jumper et al., 2021). AlphaFold therefore presents new opportunities to model the 3D 597 

�V�W�U�X�F�W�X�U�H���R�I���S�U�R�W�H�L�Q�V���E�H�O�R�Q�J�L�Q�J���W�R���$�X�V�W�U�D�O�L�D�¶�V���I�L�U�V�W���D�Q�G���V�H�F�R�Q�G���P�R�V�W���F�R�P�P�R�Q���P�R�V�T�X�L�W�R-598 

transmitted alphaviruses, RRV and BFV, and proceed to identify their potential 599 

inhibitors. Drugs identified as potential inhibitors using a homology modelling 600 
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approach combined with docking experiments can be evaluated in vivo or in vitro as   601 

potential novel treatments.  602 

 603 

Pentosan polysulfate sodium (PPS), is a GAG-like molecule and the only drug currently 604 

being clinically evaluated for repurposing as an RRV treatment (Krishnan et al., 2021; 605 

Rudd et al., 2021). PPS has been used to prevent and treat thromboembolic and 606 

circulatory disorders in Europe since the 1960s and is currently an approved medicine 607 

for treatment of interstitial cystitis in Australia where it is more commonly referred to 608 

as Elmiron®). Preclinical and Phase 2a clinical trial results for PPS indicate it is a 609 

promising treatment for RRV induced arthralgia (Rudd et al., 2021; Krishnan et al., 610 

2021). PPS is now accessible through the Therapeutic Goods Administration special 611 

access scheme.                612 

2.0 PhD Proposal 613 

2.1 Background and Scope 614 

Ross River virus (RRV), Barmah Forest virus (BFV) and chikungunya virus (CHIKV) 615 

are among the most common mosquito-transmitted alphaviruses in Australia, the 616 

Pacific, and the world. On the other hand, DENV is the third most prevalent flavivirus 617 

in Australia and serotypes of the virus have a wide global distribution. These 618 

arboviruses result in debilitating, often persistent and costly disease manifestations for 619 

which there is currently no cure. Studying the levels of genetic diversity among these 620 

three viruses provides new insights on potential drug targets or vaccine development 621 

strategies. Assessing both the genomic and proteomic levels using viral datasets 622 

sampled across a wide spatiotemporal from multiple sources provides in depth analysis 623 

of the virus spread and evolution. Computational and statistical analysis of such datasets 624 
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can lead to the identification of new virus genotypes or sublineages, virus dissemination 625 

pathways, and a greater understanding of the factors involved in regulation of codon 626 

usage and protein coevolution and what their relevance is clinically. Furthermore, these 627 

studies also inform the development of specific molecular diagnostic tools for clinical 628 

evaluation of human exposure pre, during and post outbreaks at community level or 629 

nationwide. New and robust diagnostics will help to quickly detect current virus 630 

circulation and spread which assists in further identifying emerging virus genotypes 631 

and/or sublineages. In addition to genomic and proteomic assessment of RRV, BFV 632 

and CHIKV diversity, assessments of the integrability of different types of species 633 

distribution models (SDMs) and the data they use, can lead to improvements in the 634 

prediction of future mosquito-vector geographical ranges as climatic variables and 635 

land-use patterns change. Australia has a very large and diverse mosquito fauna of over 636 

300 species and eight distinct climatic zones that provide a conducive environment for 637 

mosquito breeding and oviposition. Predictions of vector range shifts made using 638 

integrated SDMs can be a valuable tool for enhanced management of medically 639 

important endemic species of mosquito vectors in Australia. Therefore, studying the 640 

interplay between alphavirus diversity, sources of virus diversity, and dissemination 641 

pathways can lead to a better management of alphavirus disease.  642 

2.2 Hypothesis 643 

Synthesis of seroprevalence, genomic, host, and environmental data for Ross River 644 

virus, Barmah Forest virus, chikungunya virus and dengue virus will improve the 645 

management of epidemics, virus characterisation and discovery, and ultimately 646 

infection control.  647 

2.3 Research aims of this thesis 648 
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The full extent of alphavirus diversity and methods of accurately predicting future 649 

mosquito-vector range shifts is currently ill-defined. New insights on both can greatly 650 

improve strain characterisation, disease surveillance, and management of both 651 

mosquito dispersal alphavirus and DENV disease through development and 652 

administration of new drugs, vaccines and vector control strategies. Therefore, the 653 

specific aims of this thesis are: 654 

(i) To improve public health responses aimed at mitigating disease spread by 655 

systematically reviewing trends in human seroprevalences for Ross River, 656 

Barmah Forest, and Dengue (DENV) viruses in Australia and the Pacific. 657 

Accurate assessments of trends in human seroprevalences for pathogens of public 658 

health importance can be useful for policy development leading to improvements 659 

in public health responses aimed at mitigating disease spread. This chapter conducts 660 

a systematic review by collecting, reviewing, and synthesising human 661 

seroprevalence data for DENV, RRV, and BFV from all articles published in 662 

Australia and the Pacific during 1900-2021. The aim is to improve public health 663 

responses to disease outbreaks caused by BFV, RRV, and DENV among humans 664 

by systematically reviewing and synthesizing observed trends and limitations and 665 

providing strategies to improve future serosurveys for these and other arboviruses 666 

of clinical importance. This chapter is currently under review as a research article 667 

submitted to PLOS Neglected Tropical Disease. 668 

          669 

(ii)  To characterise the levels and sources of diversity in historical and 670 

contemporary genomes belonging to Ross River virus strains sampled in 671 

Australia and the Pacific region. 672 
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This chapter aims to characterise the levels of genetic diversity among 193 RRV 673 

whole genomes sampled from humans, mosquitoes, macropods, and birds between 674 

1959-2018 from 45 sites within Australia and the Pacific. Eighty-six of the 193 675 

genomes were from newly sequenced isolates sourced from northern and eastern 676 

Australia. The remaining 107 genomes will be retrieved from GenBank, NCBI.     677 

(iii)  To characterise the levels and sources of diversity in historical and 678 

contemporary genomes belonging to Barmah Forest virus strains sampled 679 

in Australia and Papua New Guinea. 680 

This project will use a phylogenetic approach to determine the levels and sources 681 

of diversity among 87 BFV isolates broadly sampled from humans, mosquitoes and 682 

macropods between 1974 �± 2018 from 44 separate sites within Australia and Papua 683 

New Guinea (PNG). Fifty-four of the genomes are newly sequenced, sourced from 684 

isolates collected previously and unsampled regions of western, northern and 685 

eastern Australia.  686 

(iv) To determine evidence of synonymous codon usage bias and influencing 687 

factors in Ross River virus.  688 

This chapter will use a bioinformatics approach to analyse 55 RRV whole genomes 689 

belonging to genotypes G1-G4 and sampled between 1959-2018 from humans, 690 

mosquitoes, birds, and macropods for evidence of both codon usage and 691 

dinucleotide bias. This study will also seek to identify the factors driving RRV 692 

codon usage patterns and, shed light on how RRV codon usage patterns are 693 

influenced by those of common vertebrate hosts and principal mosquito-vectors. 694 

The clinical relevance of research outcomes, including the future implications of 695 

this work with regard to RRV and other arthritogenic alphaviruses of global 696 

importance such as CHIKV will also be focus for this study.   697 
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(v) To identify ligands binding to alphavirus capsid protein with high affinity, 698 

potency and efficiency.      699 

Despite advances in protein crystal structure prediction and determination, and drug 700 

design and development technologies; there are currently no licensed antivirals 701 

against RRV, BFV and CHIKV. This chapter will employ homology modelling and 702 

molecular docking methods to identify drugs that bind to the capsid of RRV, BFV, 703 

and CHIKV with high affinity.     704 

(vi) To determine evidence of amino acid co-evolution and compositional biases 705 

within Ross River and Barmah Forest virus proteins.  706 

Amino acid co-evolution and compositional biases among non-structural 707 

polyproteins can impact virus fitness or cross-talk between virus and host proteins. 708 

Similarly, biases in amino acid compositions within proteins can indicate structural 709 

or functional roles. Therefore, this chapter will use a co-evolutionary and 710 

phylogenetic approach to determine evidence of both amino acid co-evolution, 711 

compositional biases, enrichment of clinically human motifs within RRV and BFV 712 

proteins.        713 

(vii)  To review the significance, feasibility, and integrability of statistical and 714 

mechanistic species distribution models (SDM) with biotic and 715 

environmental variables to improve model predictions of future mosquito-716 

vector range shifts.    717 

SDM integration could prove especially useful to both mitigation of mosquito 718 

dispersal and restricting the geographical range of alphaviral disease spread in 719 

Australia. In this chapter, a focused literature search will be conducted to identify 720 

evidence underscoring the importance, feasibility and integrability of statistical and 721 

mechanistic species distribution models (SSDMs and MSDMs) with biotic and 722 
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environmental variables to improve model predictions of future mosquito-vector 723 

range shifts.  724 

 725 

 726 

 727 

 728 

 729 
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2.2 Preface 37 

The number of disease-causing arboviruses circulating in Australia and the Pacific region is 38 

high with outbreaks occurring periodically. The prevalence of antibodies against such 39 

arboviruses among humans is determined through serological surveys. Such surveys provide 40 

valuable information that helps to improve our understanding of the public health burden of 41 

arboviral diseases before, during and post-outbreaks. These surveys also have the potential to 42 

reveal at risk factors possibly elevating or associated with increased risk of exposure and 43 

infection. Many serological assays can be used to measure human exposure to arboviruses in a 44 

single survey. In this chapter, we reviewed important epidemiological trends, limitations, 45 

potential biases and risk factors associated with DENV, RRV, and BFV seropositivity in 46 

Australia and the Pacific region.         47 

We collected and synthesised 41 studies reporting on 78 serosurveys of DENV, RRV and BFV 48 

including 62,327 samples. Our findings show evidence of variability in reported 49 

seroprevalence, study designs and methods adopted as well as limited statistical analysis of 50 

serosurvey data to determine the significance of risk factors or accuracy of detection methods. 51 

In view of this, we recommend standardising serosurveys to enable comparison of reported 52 

seroprevalences. We also propose utilising highly sensitive and specific diagnostic methods 53 

and incorporating statistical assessments of risk factors into future surveys for arboviruses. 54 

These changes could significantly extend our understanding of epidemiological trends 55 

associated with DENV, RRV, and BFV spread among humans before, during and following 56 

outbreaks and inform strategies for surveillance of other arboviruses of clinical relevance. 57 
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3.2 Preface 54 

Ross river virus (RRV) is the most common cause of debilitating musculoskeletal rheumatic 55 

disease endemic in Australia and some Pacific nations such as Papua New Guinea (PNG). This 56 

chapter presents findings based on phylogenetic analysis of 193 RRV whole genomes sampled 57 

throughout Australia and the Pacific during 1959-2018. Eight-six of the new genomes were 58 

generated in this dissertation and were sourced from human and mosquito hosts based in 59 

eastern and northern Australia. As our findings show, RRV displays high levels of intra-60 

genotypic variation, with eight additional virus sublineages identified belonging to genotypes 61 

G1 (A and B), G3 (A-E) and G4 (C), respectively. Furthermore, this chapter presents new 62 

evidence indicating that RRV may have been seeded into the PICTs by a traveller from northern 63 

Australia causing the large 1979-80 epidemic. While G1 and G2 Ross river virus isolates have 64 

not been sampled in recent times, this chapter discusses the implications around detection of 65 

the most contemporary G3 isolate in Tasmania. More than 80% of new virus genomes belonged 66 

to G3 and G4 however, only viruses belonging to G4A and G4B have been detected frequently 67 

in the last decade in Australia. Further virus surveillance is required to establish whether there 68 

is evidence of recent RRV circulation in countries within the Pacific such as the PNG, for 69 

which a single sublineage has previously been designated. Overall, the work presented in this 70 

chapter highlights the importance of establishing collaborative platforms that facilitate robust 71 

nationwide surveillance and phylogenetic characterisation of RRV in areas of endemicity.  72 

 73 
 74 
 75 
 76 
 77 
 78 
 79 
 80 
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Abstract:  148 

Ross River virus (RRV) is the causative agent of RRV disease, an arthritogenic illness 149 

transmitted by mosquitoes and widely prevalent in Australia. Herein, we provide the first 150 

nationwide study investigating RRV genetic diversity and evolution and provide new insights 151 

into the spatio-temporal dynamics of RRV distribution and transmission. We examined 193 152 

whole genomes sampled between 1959-2018, from Australia and Pacific Island countries and 153 

territories (PICTs) and among these, we report 86 new RRV genomes from Australia. Whilst 154 
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our findings support the existence of four previously reported genotypes (G1-G4) we identified 155 

more extensive diversity within genotypes and define new sublineages for G1 (G1A and G1B), 156 

G3 (G3A-G3E) and G4 (G4C). Despite previously not having been sampled since the early 157 

1990s, we also provide new evidence of G3 viruses and their continued co-circulation with G4 158 

viruses within Australia across a broad geographical range. Together with G3 viruses sampled 159 

from the Northern Territory (1984 and 1990), we report new G3 virus sequences from New 160 

South Wales (2005) and Tasmania (2014). Thirty-six of the RRV genomes were obtained from 161 

humans within a 47-year period (1971-2017) representing G1-G4. Of these 89% grouped in 162 

G3 and G4, and 42% were from Queensland. Whilst G3 was last sampled in 2014 from 163 

mosquitoes, the most recent RRV genomes analysed belonged to G4, including those of a 164 

human isolate (2017) and mosquito isolates (2018). Our study emphasizes that the 165 

phylogeographic distribution of RRV genotypes is more complex than was previously known 166 

and given the debilitating disease this pathogen can cause in humans, cooperative and rigorous 167 

national surveillance of RRV genomes from both mosquito vectors and vertebrate hosts should 168 

be a priority. This should also coalesce with development of advanced viral discovery and 169 

diagnostic capabilities which augment state and national public health initiatives to mitigate 170 

emerging RRV disease.     171 

 172 
Keywords: Ross River virus, arbovirus, alphavirus, whole genome sequencing, phylogenetic 173 
analysis, Australia, Pacific  174 
 175 
  176 
 177 
 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
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1. Introduction 186 

Ross River virus (RRV) is a single-stranded positive sense RNA virus (Genus: Alphavirus; 187 

Family: Togaviridae) with a genome consisting of approximately 12,000 nucleotides (nts) [1]. 188 

RRV was first isolated in 1959 from Aedes vigilax mosquitoes collected near Townsville, 189 

northern Australia. This zoonotic alphavirus exists in a complex transmission cycle involving 190 

mosquitoes and vertebrate hosts and has been isolated from more than 40 different mosquito 191 

species [2], macropods (e.g. wallabies) [3], passerine birds [4], horses [5-7] and humans [8]. 192 

Mosquitoes, such as Ae. vigilax, Culex annulirostris and Ae. camptorhynchus are important 193 

vectors of RRV with macropods considered important reservoirs. Humans are also considered 194 

important in RRV transmission both as vertebrate hosts and potential vehicles of spatial 195 

dissemination [9-12].  196 

 197 

RRV is the most commonly reported arbovirus of medical concern in Australia with 198 

approximately 5,000 human cases reported annually [13]. Large outbreaks of RRV have been 199 

reported from all mainland states, and have been associated with changes in climatic and 200 

environmental conditions such as rainfall, temperature and tides [14, 15]. Although RRV is 201 

endemic within Australia, human case numbers tend to have a seasonal trend with most cases 202 

being reported between the summer and autumn months of December to May [16]. Infection 203 

with RRV causes a spectrum of clinical manifestations in humans including fever, skin rash, 204 

headache, pain and inflammation of the muscles and joints [17]. Arthritogenic symptoms are 205 

among the most debilitating clinical features and can last for weeks to months, or in some cases 206 

persist for years, potentially causing a considerable socio-economic burden [17]. There is 207 

currently no licenced vaccine or therapy for RRV disease, and preventative measures including 208 

avoidance of mosquito bites are still the most reliable way to avoid infection. Key components 209 

of limiting RRV transmission include mosquito control, personal protective measures, 210 
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maintaining and improving diagnostics and ongoing surveillance. These strategies assist 211 

broader public health measures aimed at efficient outbreak detection and mitigation, assessing 212 

the burden of disease and emergence of variants, developing intervention strategies, and 213 

providing fundamental information to better manage and alleviate disease manifestations in the 214 

future. 215 

 216 

RRV disease is endemic to Australia and Papua New Guinea (PNG), however activity has been 217 

observed beyond its current known distribution [18-21]. Serological evidence of RRV has 218 

recently been reported from several Pacific Island countries and territories (PICTs) such as Fiji, 219 

American Samoa, and French Polynesia [22-26]. From 1979-1980 more than half a million 220 

cases were estimated to have occurred in the largest RRV outbreak reported in several PICTs 221 

[10, 11, 27]. Despite the isolation of RRV from a mosquito in 1997 in PNG, no acute, confirmed 222 

clinical cases of RRV have been reported in the PICTs since the early1980s [28, 29]. 223 

 224 

In Australia, RRV nation-wide surveillance began in the 1990s [30] with outbreaks occurring 225 

periodically driven primarily by environmental and human factors [14, 31]. The largest 226 

mainland outbreak of RRV was recorded in northern New South Wales (NSW) and south east 227 

Queensland (QLD) in the 2014-2015 reporting year with over 7000 cases [32]. RRV 228 

transmission hot spots in this outbreak were highly concentrated in areas where urban and peri-229 

urban environments intersected which is hypothesised to have favoured transmission between 230 

hosts and vectors.  231 

 232 

Phylogeographic surveillance based on analysis of partial genomes has previously 233 

demonstrated that RRV has evolved as three distinct and divergent genotypes (G1-G3) that 234 

display strong geographical and temporal structure [33-35]. More recent analysis of a RRV 235 
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near-whole genome (NWG) dataset including new sequences from Western Australia (WA) 236 

[36], has led to the identification of a fourth RRV genotype (G4) that to date, primarily consists 237 

of isolates from WA (1994-2013) and five from QLD (2004-2018).  238 

 239 

The current study reports the first comprehensive, evolutionary analysis of RRV isolates from 240 

an Australian national perspective. A total of 193 NWGs sampled between 1959 and 2018, 241 

representing six states and one territory within Australia, and four PICTs, were analyzed. 242 

Eighty-six of these genome sequences are new and in addition to QLD, include data from 243 

regions within Tasmania (TAS), Northern Territory (NT), NSW, and Victoria (VIC) where 244 

RRV whole genomes have not been previously characterised. We provide new insights into the 245 

complexity and diversity of RRV distribution and phylogenetic variation, demonstrating for 246 

the  first-time current co-circulation of G3 and G4 across a broad geographical range. This data 247 

highlights the importance of national-based surveillance programs to more effectively monitor 248 

the emergence of phylogenetically diverse RRV variants which may have implications for 249 

human and animal health. This provides timely notification to improve decision making 250 

policies and advance disease intervention strategies afforded by outbreak management, vector 251 

control and diagnostics. 252 

 253 

2. Materials and Methods 254 

2.1  Isolate sampling and virus sequencing 255 

A total of 193 NWGs sampled over a 59-year period (1959 to 2018) were analyzed. Details of 256 

their original isolation source and GenBank sequence accession numbers are summarized in 257 

Supplementary Table 1. Among these, 86 new RRV NWGs were sequenced from isolates 258 

historically obtained from human patient sera and mosquitoes which were sampled from 45 259 

sites in six states and one territory within Australia. (Figure 1). To ensure adequate amounts of 260 
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viral RNA prior to sequencing, each new isolate was used following a single passage in Aedes 261 

albopictus C6/36 cells (ATTC, CRL-1660TM), or if obtained as an historical culture with no 262 

known viral titer, was further subcultured once in these cells. Total RNA extraction, first and 263 

second strand cDNA synthesis, and massive parallel sequencing using the Nextera XT kit for 264 

library construction were performed as previously described [37], with paired-end sequencing 265 

conducted on NextSeq 500 machine (Illumina, San Diego, CA) using a mid-output V2 reagent 266 

kit v2.5 (2 x 151 nucleotides (nt)). Raw sequence reads were processed by conducting quality 267 

control and read trimming analyses, and NWGs were assembled within Geneious R10 v10.2.6 268 

[38] using the SPAdes v3.10.0 plugin [39]. These 86 new RRV sequences were analysed 269 

together with 107 sequences retrieved from GenBank. RRV sequences used in this study were 270 

�W�H�U�P�H�G���³�Q�H�D�U-�Z�K�R�O�H���J�H�Q�R�P�H�V�´ (NWGs) as most had only partially resolved ���¶���D�Q�G�����¶ terminal 271 

untranslated regions (UTRs).  272 

 273 

2.2 Multiple sequence alignment and editing 274 

All RRV multiple sequence alignments (MSAs) were prepared using MAFFT v7 [40]. MSAs 275 

were then edited manually using AliView  [41] and the Improved Alignment Editor (IMPALE: 276 

http://web.cbio.uct.ac.za/~arjun/; [42]). Alignments included one for the non-structural 277 

polyprotein (nsP), the subgenomic 26S RNA promoter region (47nt), and the structural 278 

polyprotein, and the two �X�Q�W�U�D�Q�V�O�D�W�H�G�� �U�H�J�L�R�Q�V�� �����¶�8�7�5 (~89nt) and ���¶�8�7�5 (~618nt)). 279 

Independent MSAs were generated from the complete coding region (11,291nt); one with 186 280 

taxons with complete (location and year) spatio-temporal metadata and another containing 193 281 

taxa containing additional sequences with unknown spatio-temporal metadata. The latter was 282 

used to conduct the recombination analysis and generate a maximum likelihood tree showing 283 

the phylogenetic relationship among all novel and published RRV sequences. The MSA with 284 
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known spatio-temporal metadata (n = 186 taxa) was only used to estimate the temporal signal 285 

in RRV and to conduct a Bayesian discretised phylogeographic analysis.  286 

 287 

2.3 Best-fit nucleotide (nt) and evolutionary model selection 288 

The best-fit nt substitution model �³�*�7�5���*���,�´�� for the recombination-free RRV coding-region 289 

MSA was inferred using JModelTest v2.14 [43]. The best-fit uncorrelated lognormal relaxed 290 

molecular clock (UCLN) and Bayesian Skygrid demographic models were estimated using the 291 

marginal likelihood estimation methods of path sampling and stepping-stone sampling [44], 292 

implemented in BEAST v1.10.4 [45], with the BEAGLE high performance library v2.1.2 [46]. 293 

 294 

2.4 Detection and removal of evidence of recombination from MSAs 295 

Prior to phylogenetic analysis, all 193 RRV NWGs were screened for evidence of molecular 296 

recombination using the Recombination Detection Program (RDP v.4.97) which employs the 297 

RDP, Bootscan, 3Seq, GENECONV, MaxChi, Chimaera, and SiScan methods to detect and 298 

characterise distinct recombination signals [42]. 299 

 300 

2.5 Phylogenetic and Root-to-tip regression analyses 301 

Midpoint rooted maximum likelihood (ML) phylogenetic trees were constructed using RAxML 302 

v8.2.11 [47], with 1000 bootstrap replicates and a GTR+G+I nucleotide substitution model. 303 

MSAs described above (186 taxa and 193 taxa (Figure 2 and Supplementary Figure 1 304 

respectively), demonstrated strong temporal structure (R2 = 0.862) through a root-to-tip 305 

regression analysis implemented in the program TempEst [48]. This indicated that the RRV 306 

dataset had clock-like behaviour and was suitable to infer temporal parameters in a 307 

phylogeographic analysis.  308 
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 309 

 310 

 2.6 Phylogeographic analyses 311 

The recombination-free MSA containing 186 RRV sequences with known spatio-temporal 312 

metadata was used to reconstruct the most plausible evolutionary history for the studied RRV 313 

dataset. This was achieved using the asymmetric discretised phylogeographic model 314 

implemented in BEAST v1.10.4 [45, 49] without randomising branch tips (non-tip-randomised 315 

analyses). Five independent BEAST discretised Monte Carlo Markov Chain (MCMC) analyses 316 

were each run for 400 million generations under the best-fit nucleotide and evolutionary models 317 

provided above in methods section 2.3. These were assessed for convergence using Tracer 318 

v1.7.1 with log and tree files subsequently combined using LogCombiner [50]. TreeAnnotator 319 

was used to generate an annotated maximum clade credibility (MCC) tree for the 186 taxa 320 

dataset, with 10% burn-in, and this was visualised using FigTree v1.4.4 [51]. We also used the 321 

Bayesian Skygrid model to reconstruct and assess changes in the effective population size (Ne) 322 

of RRV. To account for bias in inference of the geographic location of the most recent common 323 

ancestor (MRCA) arising from unevenness in sample sizes among sampling locations, a second 324 

BEAST analysis was conducted, using a tip-randomised null model as described by Frost et al. 325 

[52] and Stack et al. [53]. The root state posterior probability (PP) values generated indicated 326 

that unevenness in sample sizes among geographical locations considered here did not bias 327 

inference of the RRV MRCA location.  328 

 329 

2.7 Natural selection analysis  330 

The individual recombination-free non-structural and structural polyprotein RRV MSAs were 331 

�I�L�U�V�W���F�O�H�D�Q�H�G���R�I���D�O�O���V�W�R�S���F�R�G�R�Q�V���X�V�L�Q�J���W�K�H���³�&�O�H�D�Q�6�W�R�S�&�R�G�R�Q���E�I�´���V�F�U�L�S�W���H�[�H�F�X�W�H�G���L�Q���+�\�3�K�\��v2.2.4 332 

[54]. The respective MSAs were subsequently used to assess for evidence of positive pervasive 333 
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diversifying selection using the Mixed Effects Model of Evolution (MEME) [55], the Fixed 334 

Effects Likelihood (FEL), Single Likelihood Ancestor Counting (SLAC) and, the Fast 335 

Unconstrained Bayesian AppRoximation (FUBAR) methods [54, 56], as implemented within 336 

the DataMonkey webserver [57]. Codon sites were considered as having strong evidence of 337 

positive selection if supported by at least two methods where; P < 0.05 with MEME and FEL 338 

methods, P < 0.1 with the SLAC method, and where the posterior probability was greater than 339 

0.9 with the FUBAR method.  340 

 341 

2.8 Nucleotide (nt) and Amino acid (aa) variability analyses 342 

Nucleotide and amino acid MSAs encoding each of the nine RRV proteins for the 193 343 

sequences were analysed within Geneious Prime [38] and MEGA-X [58] to determine evidence 344 

of variations that could potentially be functionally and structurally relevant. MSAs for the 345 

���¶�8�7�5����subgenomic 26S RNA promoter region �D�Q�G�����¶�8�7�5���Z�H�U�H���D�O�O���D�V�V�H�V�V�H�G���I�R�U���H�Y�L�G�H�Q�F�H���R�I 346 

nt insertions, deletions, transition and transversion mutations.  347 

 348 

3. Results 349 

3.1 Nationwide sampling of Ross River virus isolates and genomic sequencing 350 

The 86 new RRV genome sequences analysed in this study were sampled from a total of 45 351 

locations representing all Australian states and territories with the exception of the Australian 352 

Capital Territory (ACT) and South Australia (SA) from which samples were not available 353 

(Figure 1, Supplemental Figure 1). Seventy-nine of these were combined with 107 genome 354 

sequence (n = 186) for which the original isolation date and sampling location was known 355 

(Figure 2). Of the 186 spatio-temporally defined RRV sequences, the majority (n = 84) were 356 

sampled from WA, followed by NSW (n = 37), QLD (n = 30), NT (n = 10), the Cook Islands 357 
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(n = 10), VIC (n = 6), TAS (n = 4), Fiji (FIJ; n = 2), South Australia (SA; n = 1), American 358 

Samoa (AMS; n = 1), and Papua New Guinea (PNG; n = 1). The origins of the virus isolates 359 

used in the analyses were mosquitoes (n = 148), humans (n= 36), birds (n = 3) and macropods 360 

(n = 2). Information on the host or vector of origin of four isolates was not available. Thirty-361 

seven of the 148 mosquito-derived isolates were collected from Culex annulirostris and another 362 

92 were recovered from 14 species of Aedes mosquitoes, with the majority coming from Ae. 363 

camptorhynchus (n = 38), Ae. vigilax (n = 19) and Ae. normanensis (n = 12). Mosquito-derived 364 

genomes were sampled from PNG and all Australian states and territories except the ACT and 365 

SA. We analysed 36 RRV NWGs obtained from humans (QLD; n = 15, the PICTs; n = 13, 366 

WA; n = 6, SA; n = 1 and the NT; n = 1) within a 47-year period (1971-2017; Supplemental 367 

Table 2).  368 

 369 

 370 
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 371 

 372 
 373 

 374 
 375 
 376 
 377 
 378 
 379 

 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
Figure 1. Sampling locations of Ross River virus isolates sequenced in this study. The locations where new RRV genomes were sourced are highlighted in red, whilst previously published sequence locations are 392 
indicated in blue. Locations from which both novel and published sequences were derived are indicated in green. Fiji (FIJ), American Samoa (AMS) and the Cook Islands (CIs), locations where genomes of published 393 
sequences were sampled, are shown in relation to Australia in the inset at the bottom of the figure. The states and territories of Australia and their boundaries are shown. The map was produced using QGIS Geographic 394 
Information System 2021. 395 



18 
 
 

3.2 Evidence of recombination in RRV coding and non-coding regions 396 

To assess for evidence of recombination among RRV isolates and identify sequences which 397 

may have an incongruent influence on the phylogenetic analyses, we scrutinized the 193 RRV 398 

genome sequence dataset using the RDP program. We detected a total of seven recombination 399 

events from all the strains analysed. However, of these, only five recombination events were 400 

supported by three or more RDP methods. These five events we�U�H���G�H�W�H�F�W�H�G���Z�L�W�K�L�Q���W�K�H�����¶�8�7�5����401 

���.���� �(������ �D�Q�G�� ���¶�8�7�5�� �R�I�� �L�V�R�O�D�W�H�V��PW14, 14389, ARBO235, AN572.1, and AN572.2 402 

(Supplementary Table 3). Strains PW14 and 14389 were poorly assembled across their entire 403 

genomes and the potential recombinant fragment within ARBO235 was small and deep within 404 

the poorly assembled UTRs. AN572.1 and AN572.2 were both sampled from WA in 1984 and 405 

are believed to be cell culture recombinants as they were isolated from the same mosquito pool 406 

and previously sequenced by Michie et al. [36]. Due to these findings, only ARBO235 was 407 

retained and included in further phylogenetic analyses but, all other sequences (i.e., PW14, 408 

14389, AN572.1 and AN572.2) were excluded from further phylogenetic analyses.  409 

 410 

3.3 Phylogenetic analysis  411 

To determine the evolutionary relationship between viruses we generated two independent 412 

maximum likelihood (ML) trees, one with 186 taxa (Figure 2) for which spatio-temporal data 413 

was known for each isolate, and the other containing 193 taxa (Supplemental Figure 1) to 414 

incorporate all available RRV genome sequences. RRV sequences clustered into four 415 

previously recognised genotypes, G1-G4 and 13 sublineages, each with bootstrap support of 416 

>70%. Of the 86 newly sequenced isolates the majority grouped in G4 (n = 42), followed by 417 

G3 (n = 30), G2 (n = 9) and G1 (n = 5) (Supplemental Figure 1). While no new genotypes were 418 

identified, our expanded dataset representing a broader geographical range reveals a greater 419 

phylogenetic diversity of RRV with eight of the 13 RRV sublineages (G1A, G1B, G3A-G3E 420 
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and G4C) reported here for the first time (Figure 2, Supplemental Figure 1). This diversity was 421 

more apparent within G3, which consisted of five distinct, newly described sublineages (G3A-422 

G3E).  423 

 424 

Previous studies have described G1 as a �µ�Q�R�U�W�K-�H�D�V�W�H�U�Q���$�X�V�W�U�D�O�L�D�Q�¶���O�L�Q�H�D�J�H as it predominantly 425 

contained isolates from QLD [33, 34, 36], including the RRV T48 prototype, sampled in 1959 426 

from Ae. vigilax in QLD. In the current study, we expanded the sampling period of G1 genomes 427 

to 18 years (1959-1976) by including additional south-central QLD RRV isolates collected in 428 

1976 from Ae. normanensis and Cx. annulirostris mosquitoes. Phylogenetic analysis of this 429 

new dataset indicated that G1 can be subdivided into two distinct sublineages, G1A and G1B, 430 

respectively (Figure 2), with the T48 RRV prototype clustering within the G1A sublineage. In 431 

our study the only non-QLD G1 sequence is from a human-derived isolate, RRV-Mannum V, 432 

collected in South Australia in 1971. There is no travel history available for this clinical case 433 

and it is not conclusively known if the variant was in circulation in South Australia at the time 434 

of this sampling. Interestingly, the sampling of G1 viruses in QLD in the mid to late 1970s 435 

coincided with sampling of G2 viruses in the north-western regions of Australia in the same 436 

period. Despite resampling and expansion of sampling sites in QLD in recent times, we have 437 

not found evidence of G1 virus circulation in Australia among humans, birds, mosquitoes, or 438 

macropods since 1976, supporting previous reports suggesting G1 viruses may no longer be 439 

circulating in Australia.  440 

 441 

Our nationwide study provided supporting evidence for existence of the two previously 442 

reported G2 sublineages G2A and G2B [36] (Figure 2). Historically, G2 has been designated 443 

�D�V���W�K�H���µ�:�H�V�W�H�U�Q���$�X�V�W�U�D�O�L�D�Q�¶���5�5�9���O�L�Q�H�D�J�H [33, 34, 36], being extensively sampled from the state 444 

of WA. We expanded the sampling period of G2A (1977-1984) reported by Michie et al. [36], 445 
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by three years (1977-1987). The later G2A sampling dates (1985-1987) coincide with G2B 446 

sampling in the south of WA. With the expanded dataset, G2A remained a lineage exclusively 447 

sampled in the north-west of Australia, with additional sequences sampled from the NT. G2A 448 

included four newly sequenced NT strains (V-1171, V-1166, V-995, and V-309) recovered 449 

between 1983 and 1987 from three different mosquito species (Ae. vigilax, Ae. normanensis, 450 

and Cx. annulirostris) in Jabiru, Darwin, and Mataranka. Despite our expanded national 451 

sampling of RRV, G2B remained exclusively sampled in the south and central regions of WA 452 

in the period 1987-1995 [36]. Two new virus genome sequences (SW2193 and SW18225) 453 

obtained from RRV sampled from WA in 1988 and 1991 respectively, clustered with G2B. 454 

 455 

Consistent with past studies (Michie et al. 2020; 2021), the G2A sublineage demonstrated 456 

greater genetic diversity than the south-west G2B sublineage, despite being sampled over a 457 

similar time frame. Basal to both G2A and G2B sublineages were two novel sequences, each 458 

derived from the NT in the mid-1970s (Supplemental Figure 1). The sampling date of these 459 

(CSIRO17, CSIRO41), together with and additional isolate CSIRO6 (G2A) are not clearly 460 

defined, being described as isolated from Cx. annulirostris in Beatrice Hill, NT between 1974-461 

1976.  462 

 463 

Viruses belonging to the G3 genotype were first sampled during the PICTs epidemic (1979-464 

1980) [10, 11, 27]. In the present study, we show that G3 viruses display greater diversity than 465 

previously reported. The previous genome-scale phylogenetic studies conducted by Michie et 466 

al. [21, 36], did not characterise any minor sublineages within the G3 genotype and show G3 467 

as monophyletic. With our expanded dataset representing a sampling period of 32 years (1983-468 

2014) and including sequences from newly sampled locations in the NT, QLD, NSW, VIC, 469 

and TAS, five sublineages were characterised, G3A-G3E. Previous reports utilising the E2 470 
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partial gene sequences suggested G3 viruses have not been identified since the early 1990s, 471 

namely TAS 1991 (GenBank accession number L40314) [33, 36] and QLD in 1994  (GenBank 472 

accession number MW321532)[32]. We now provide evidence for the continued circulation of 473 

viruses belonging to the G3 genotype within Australia up to 2014 in Tasmania.  474 

 475 

G3 viruses displayed distinct sublineage spatio-temporal sampling ranges (Table 1). 476 

Specifically, G3A was the most basal G3 sublineage and in our study was sampled exclusively 477 

from the north and west of Australia over a narrow timeframe (1983�±1990).  G3A included 478 

one human derived sequence (SHLS735) collected in the south of WA in 1989 with all other 479 

G3A viruses sampled from mosquitoes. Despite the narrow sampling timeframe, G3A 480 

displayed considerable genetic diversity in comparison to other G3 sublineages, sampled over 481 

a longer time from a wider spatial range, such as G3C-E. There was overlap in the spatio-482 

temporal sampling of G3A and G2A. 483 

 484 

In order to provide further clarity on the genetic diversity of G3 viruses, an E2 gene ML tree 485 

was generated which included 86 new complete E2 genes from this study and 288 published 486 

complete or partial E2 sequences (total 374 sequences). Whereas the NWG sequencing data 487 

suggests there may be a geographic limitation to G3A, the E2 analysis shows that G3A viruses 488 

may have been sampled widely from four Australian states (QLD, NSW, TAS and WA) and 489 

one territory (NT, Supplemental Figure 2). Despite the increased E2 data set, G3A sampling 490 

time only increased by a single year (from 1983-1990 to 1983-1991).  491 

 492 

G3B comprised all the human-derived viruses sampled during the large-scale PICTs epidemic 493 

of 1979�±1980 with minimal diversity. Although none of the G3B viruses were sampled from 494 

Australia, our E2 ML tree suggests six Australian isolated RRV strains may be closely related 495 
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to this sublineage (Accession numbers; L40294, L40311, L40308, L40310, L40307, L40295; 496 

based on partial E2 sequences). These viruses were collected between 1983 and 1989 from 497 

QLD, NSW and VIC (Supplemental Figure 2). Whole genome sequencing of these strains is 498 

required to provide more evidence of this observation.  499 

 500 

The basal position of the G3A sublineage and close temporal association to the PICTs G3B 501 

sublineage may indicate that the epidemic was initiated by virus from north-west Australia, 502 

possibly through a viremic traveler as previously suggested by Rosen et al. [10]. Previously, 503 

only human derived strains grouped together in the PICT clade in G3, however the E2 dataset 504 

shows four mosquito Australian derived strains (Accession numbers; L40311 from VIC, and 505 

L40310, L40307 and L40308 from NSW) may also associate with this clade.  506 

 507 

G3C comprised four RRV sequences, in both the NWG and E2 ML trees. One of these G3C 508 

isolates had complete metadata (SW2089) and was isolated from south-west WA, from 509 

Anopheles annulipes in 1988. The remaining three newly reported sequences were from 510 

human-derived historical isolates (MCL, CPR, HR) believed to have been sampled in QLD 511 

around 1983 (Supplementary Figure 1). The associated case travel histories for these clinical 512 

cases could not be verified. G3C virus sequences displayed little nt variation despite being 513 

potentially sourced from distinct geographical locations, over a very wide temporal range. We 514 

additionally observed all other viruses within the G3C (with the exception of isolate SW2089), 515 

G3D and G3E sublineages were collected exclusively from eastern Australia over a longer time 516 

interval (1989�±2014) than previously reported with both the NWG and E2 ML trees showing 517 

agreement with sublineage division.  518 

 519 
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Twenty of the 22 RRV NWGs in G3D and G3E are described here for the first time, with two 520 

isolates having recent E2 genes published by Jansen et al. [32]. G3D contained both human 521 

and mosquito RRV sampled from eastern Australia (i.e., QLD, NSW, VIC and TAS) over a 522 

large 25-year period (1989�±2014). This sublineage contains all four TAS NWG sequences 523 

analysed in this study. TAS-derived sequences, sampled over a 23-year period (1991 �± 2014), 524 

all clustered within the G2D sub-lineage and demonstrated minimal genetic change over the 525 

wide period of sampling, possibly indicative of a geographic restriction. Prior to the sampling 526 

of 182168 from TAS in 2014, G3 was last sampled on the Australian mainland in 2005 from 527 

NSW.  528 

 529 

G3D viruses may have been seeded into TAS by viremic human travelers from nearby eastern 530 

Australian states such as VIC and NSW as we attained RRV isolates from these states which 531 

were sampled two years before the TAS 1991 isolate, 8484. Interestingly, a partial E2 sequence 532 

has been reported for the 1985 TAS strain T5373937, is the most historical Tasmanian-derived 533 

RRV sequence available [33]. However, based on our partial E2 ML tree this virus appears to 534 

associate with the G3A sublineage. Without the full sequence of the 1985 TAS strain it is 535 

difficult to ascertain the exact sublineage of the virus, however our data suggests that the 536 

dissemination of G3 viruses into TAS first occurred from mainland Australia in the mid-1980s.    537 

 538 

Compared to sublineage G3D, the G3E sublineage was less genetically and spatiotemporally 539 

diverse with isolates sampled from central and coastal NSW and QLD over a narrower period 540 

(1992-2005). The overlapping sampling times for G3D and G3E viruses indicate that these 541 

viruses circulated at the same time within NSW particularly in the early to mid-1990s. 542 

 543 
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G4 can be subdivided into three sublineages, one of which we report for the first time (G4C). 544 

This study expanded the sampling range for G4 from 1994-2018 to 1989-2018. The newly 545 

reported G4 sublineage, G4C, currently consists of only two QLD viruses (GenBank accession 546 

numbers: MW350157 and MW321529) isolated in 1989 and 1990.  547 

 548 

Our study included a PNG sequence (PNG3075) sampled from Bensbach, PNG in 1997 [21]. 549 

This PNG isolate was recovered by Johansen et al. [20], from An. farauti mosquitoes in the 550 

Western Province of PNG between 1997 and 1998 and was described as a new clade by Michie 551 

et al. [21]. The PNG clade showed a 0.96% �± 4.4% average nt (%) divergence and a 1.1% - 552 

5.0% aa average divergence compared to the other 193 RRV genome sequences. This clade 553 

was most closely related to the isolates from Fiji in G3B with 1.1% average aa divergence and 554 

the isolates in G4C from QLD with 1.2% average aa divergence. Our increased data set was 555 

unable to provide further insight into the PNG clade with none of the newly sequenced 556 

Australian RRV isolates grouping within this clade. Although this provides further evidence 557 

that RRV may have been independently circulating in PNG, further sampling of RRV from 558 

PNG is needed to more accurately assess potential phylogenetic relationships. 559 

 560 

Results also indicate potential long-term co-circulation of several G3 and G4 sublineages (i.e., 561 

G3A, G3C-G3E, and G4A-G4C) in the NT, WA, QLD and NSW from the late-1980s to the 562 

late-1990s (Figure 2). G4A and G4B viruses, were sampled over similar periods but have 563 

distinct geographical demarcations whereby 49 of the 63 G4A viruses were predominately 564 

sampled throughout WA including the northern, southern, and central regions and, 31 of the 565 

37 G4B viruses were sampled extensively from three states in eastern Australia [NSW (n = 22; 566 

QLD (n = 8) and VIC (n = 1)].  567 

 568 
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In the current study, the greatest average percentage (%) nt divergence was identified in RRV 569 

sampled from the WA>QLD>NT (Table 2). WA virus sequences were represented in three of 570 

the four genotypes (G2, G3 and G4) and collectively demonstrated a high average nt 571 

divergence of 5.22% across genotypes. Not surprisingly the average nt divergence (%) of all 572 

RRV across all sampled locations evaluated was greater (3.08%) than the average nt divergence 573 

(%) observed between genotypes (G1-G4) (1.64%) (Table 2). 574 

 575 

 576 
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Figure 2. A midpoint rooted maximum likelihood (ML) phylogenetic tree for 186 RRV taxa sampled from Australia and the Pacific 644 
region. The ML tree was generated using a coding region sequence data set for all taxa and shows the four main RRV genotypes (G1-G4) and 645 
their subdivision into an additional 13 sublineages, eight of which are reported here for the first time. All genotype designations in the ML 646 
tree had strong phylogenetic support with bootstrap values > 70%. New sequences are labelled in red font while published sequences are 647 
highlighted in black font. Naming = GenBank accession number | strain name | location | year. 648 
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3.4 RRV genotype-specific divergence times and nt substitution rates 663 

To determine the divergence times and the mean nt substitution rate for RRV, we conducted a 664 

Bayesian discretised phylogeographic analysis with the expanded dataset. Our non-tip-665 

randomised phylogeographic analyses showed that, out of the six states and one territory in 666 

Australia and four PICTs designated as sampling locations in the Bayesian analysis, QLD had 667 

the highest root state posterior probability (p = 0.435) (Figure 3). This reaffirms a previous 668 

report [34], suggesting QLD is the most likely location where the MRCA emerged for the RRV 669 

population. However, this result may have been skewed in favour of QLD given that RRV 670 

sampling was exclusive to this state in the first two decades of our dataset.  671 

 672 

The time to the MRCA (tMRCA) estimate for all RRV investigated here was 1924 (95% HPD: 673 

1902-1942) (Table 3), indicating that all characterised viruses are derived from a common 674 

ancestor that emerged approximately 94 years ago. Our tMRCA estimate is consistent with the 675 

estimate recently reported by Michie et al., who used a dataset containing virus sequences 676 

obtained from fewer geographical locations [36]. Analyses of divergence times reveals that 677 

three of the four RRV genotypes (G2, G3 and G4) emerged during the 40-year period between 678 

1937 and 1977. Further analyses of divergence times indicates that G2 emerged in 679 

approximately 1967 (95% HPD: 1961-1972), 13 years after G1 emerged. Eight years later, G3 680 

emerged in 1975 (95% HPD: 1973-1976) and after a subsequent two-year interval, the PNG 681 

clade emerged in 1977 (95% HPD: 1970-1982). Data suggests G4 only emerged likely from 682 

the PNG clade after a nine-year interval in 1986 (95% HPD: 1984 �± 1986) (Table 3). Also 683 

consistent with previous data [36], our analysis of RRV divergence times indicates that, new 684 

RRV genotypes emerge roughly every eight years. As previously reported [36], our findings 685 

further support the classification of G2 as two distinct sublineages (G2A and G2B) which may 686 

have diverged at a similar time as the emergence of G3, the PNG clade and G4 (node V in 687 
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Table 3) given that the 95% highest posterior density (HPD) intervals for each of their 688 

respective MRCAs overlap (Table 3).  689 

 690 

Our estimate for the mean nt substitution rate for all the 186 RRV taxa of 2.77 × 10-4 (95% 691 

HPD: 2.49-3.07 × 10-4) substitutions/site/year (see Table 3) is 1.2 times lower than the clock 692 

rate reported recently by Michie et al., for RRV under a similar clock assumption but different 693 

demographic model. However the HPDs for both rate estimates overlap reflecting some 694 

similarity [36]. Our mean nt substitution rate estimates for each of the four RRV genotypes 695 

(G1-G4), were all marginally lower (i.e., between 1.095 and 1.299 times lower) than rates 696 

reported by Michie et al. [36]. This indicates that each RRV genotype is possibly evolving 697 

slower than previously estimated.  698 

 699 

Whereas emergence times for G1A and G1B did not overlap the 95% HPDs did, albeit with a 700 

higher substitution rate for G1B. This observation supports our phylogenetic result indicating 701 

that G1A and G1B possibly circulated at the same time within QLD but also shows that the 702 

evolutionary rates for these viruses may be distinct.  703 

 704 

The emergence time of G3A containing RRV from WA and NT isolated over a period of 1983-705 

1990 predated that of G3B which contains RRV isolated from the PICTs in 1979-1980, 706 

providing further evidence of the origins of the PICT RRV isolates. Additionally, we found 707 

that the G4A and G4B sublineages emerged at the same time (1988) with QLD isolates basal 708 

to both sublineages suggesting a divergence event may have occurred in this region.  709 

 710 

As shown in Figure 4, reconstruction of the past population dynamics of RRV using the 711 

Bayesian Skygrid demographic model indicates that population fluctuations reoccur in 712 
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approximately 10-year cycles with an effective population size decrease occurring over ten 713 

years being followed by a 10-year increase (Figure 4).714 
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Figure 3. An estimated maximum clade credibility (MCC) tree for 186 Ross River virus near whole-genomes. (a) The MCC tree was generated using an uncorrelated lognormal relaxed molecular clock model 715 
coupled with a GTR+G+I nt substitution model and a Bayesian Skygrid demographic prior. The branches and tips of the MCC tree are colour coded according to the sampling location of the virus. Ancestral nodes (I �± 716 
VIII) from which we extracted divergence times and substitution rates for the four recognised RRV genotypes have been labelled. Asterisks indicate nodes with posterior probability values > 0.70. Root state posterior 717 
probabilities (b) from the tip-randomised (grey-coloured bar graph) and non-tip-randomised (multi-coloured bar graph) BEAST analyses are shown above. Analysis of these probabilities indicates that unevenness in 718 
sequence sample sizes did not bias the inference of where the most recent common ancestor (MRCA) of RRV originates.  719 
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 742 

Figure 4. Fluctuations in the effective population size of RRV through time under Bayesian Skygrid demographic model. The plot shows the relationship between the effective population size (Ne) for RRV (y-743 
axis) and time, which is expressed here in calendar years (x-axis). Prior to 1975, the RRV Ne was constant. The Ne began to fluctuate between 1975 and 2018 with two distinct surges in Ne occurring soon after 1980 and 744 
then again after 2002. The region shaded blue is the 95% Bayesian credibility interval, and the blue solid line is the posterior median. The vertical lines represent the best estimate of the root of the tree (black dotted 745 
vertical line) and the upper highest posterior density (red dotted vertical line).746 
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3.5 Codon sites with evidence of positive selection pressure 747 

To determine whether RRV codons were under the influence of negative or positive selection 748 

pressure, we conducted a natural selection analysis. We found only two codon sites (non-749 

structural polyprotein positions 248 and 441) were supported by more than two methods as 750 

being sites under significant positive selection. 751 

  752 

Codon site 248 in the iceberg region of the methyl-guanyl-transferase (Mtase-Gtase) domain 753 

of nsP1 [59], involved a single C to T transition mutation at the second position of the ACA 754 

codon which led to a change from amino acid (aa) threonine (T) to isoleucine (I) in 83 viruses 755 

belonging to eleven of the 13 RRV sublineages and all four genotypes (Table 4). [59]. Twenty 756 

two of the 83 viruses with evidence of the T248I aa mutation are newly reported and belong to 757 

eight of the 13 RRV sublineages reported here. Nine of the 83 viruses with the T248I mutation 758 

were derived from humans, three from birds, and the remaining 71 viruses were all mosquito 759 

derived.  760 

 761 

Codon site 441 is also located in the iceberg region of the nsP1 Mtase-Gtase domain and 762 

displayed two aa mutations. The first was a lysine (K) to glutamic acid (E) aa mutation caused 763 

by a single A to G transition mutation at the first position of the codon AAG; this mutation was 764 

present in seven viruses belonging to only four of the 13 RRV sublineages but was still 765 

observed across all four genotypes (Table 4). Four of the seven viruses with the K441E aa 766 

mutation were human-derived and the remainder were all sampled from mosquitoes. The 767 

second mutation at codon site 441 involved a single A to C transversion mutation at the second 768 

position of the codon AAG resulting in a K441T aa mutation present in only two new G1B 769 

viruses both sampled from Ae. normanensis and Cx. annulirostris in QLD in 1976. 770 
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Table 4. RRV codon sites and isolates displaying evidence of strong positive selection pressure. 771 

Genomic 

region 

Codon 

site 

FEL MEME  SLAC FUBAR aa and codon 

change  

Isolates with aa change 

nsP1 iceberg region 

of Mtase-Gtase 

domain 

248 0.000 0.00 0.000614 1.000 T248I 

 

 

G1A: T48, 2975, 2982, 3078, 19502, RRV-Mannum V.  

G1B: SW9173. 

G2A: CSIRO6, V-995, K1503, V-1171.  

G2B: SW2193, SW2191, SHLS2173, SW3181, SW876, SW18225, SW11747, SW20733, SW23656, 

SWSM, SWDN, SW24015, SW24336, SW20275, SW23448, DC266, SW38788, DC5692.  

G2: CSIRO41 and CSIRO17.   

G3A: V-607, V-661, V-584, K2505, SHLS735, V-1975, K1008.   

G3B: F9073, 218081.  

G3D: 182168.  

G3E: 92B114650. 

G4A: 010.385, GVE, DC17878, SW58968, K22383, SW42256, K47755, DC30218, DC30176, K44441, 

NCO358, P6273, P6298, P6265, K50610, K51670, DC36664, SW71961, DC36025, DC36571, 

SW74249, DC40243, SW71959, SW72718, SW72961, P6179, P1159, P1165, K50081.   

G4B: 51694, 41076, 24672, 118345, P1170, P1373, 41347, 101825, 188449, K70883, K70905, 140480.   

 441 0.000 - - 0.990 K441E 

 

 

 

K441T 

 

G2A: WK20. 

G3A: AN205. 

G3B: 218100, F9073, P41472, 218072. 

G4A: MIDI86.2018. 

G1B: 19575, 19581.  

NB: The following cut-offs were used with the natural selection methods: P<0.05 for FEL and MEME, P<0.1, and posterior probability > 0.9, to identify codon sites with strong evidence of positive selection pressure. 772 
�7�K�H���D�F�U�R�Q�\�P���³�D�D�´���V�W�D�Q�G�V���I�R�U���D�P�L�Q�R���D�F�L�G�� 773 
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3.6 Variability in RRV non-coding and coding regions 774 

3.6.1 The nt variability in the ���¶ �D�Q�G�����¶�8�7�5s of RRV 775 

�$�Q�D�O�\�V�L�V���R�I���W�K�H���8�7�5�V���U�H�V�R�O�Y�H�G���W�K�H�����¶���8�7�5���D�V���W�K�H most conserved, with an average pairwise 776 

�L�G�H�Q�W�L�W�\���R�I�����������������F�R�P�S�D�U�H�G���W�R���W�K�H�����¶�8�7�5���G�H�P�R�Q�V�W�U�D�W�L�Q�J���O�H�V�V���W�K�D�Q���������������S�D�L�U�Z�L�V�H���Q�X�F�O�H�R�W�L�G�H��777 

�L�G�H�Q�W�L�W�\�����7�K�H���*�&���F�R�Q�W�H�Q�W���R�I���W�K�H�����¶���8�7�5���Z�D�V���D�O�V�R���U�L�F�K�H�U���W�K�D�Q���W�K�H�������8�7�5���Z�L�W�K���������������D�Q�G����������������778 

respectively (Supplemental Table 4).  779 

 780 

Several small and large nt sequence insertions and deletions (1nt-250nt) were observed in the 781 

�5�5�9�����¶�8�7�5 (Supplemental Table 5). Small insertions and deletions were more common in 782 

human derived viruses while large insertions and deletions (>30nt) were more prevalent in Cx. 783 

annulirostris derived RRV of G1B, G3E and G4B origin. Deletions in UTRs were more 784 

common in mosquito derived viruses across all four genotypes. However, nearly all G2 viruses, 785 

had a genotype-specific guanine nucleotide deletion 13 nucleotides �D�I�W�H�U���W�K�H���V�W�D�U�W���R�I���W�K�H�����¶�8�7�5����786 

Only strain V-309 sampled from the NT in 1983 had an A to G substitution at the starting 787 

�S�R�V�L�W�L�R�Q���R�I���L�W�V�����¶�8�7�5���� 788 

  789 

Alphaviruses such as RRV are known to contain 24 nt conserved sequence element (CSE) in 790 

�W�K�H�� ���¶�8�7�5�� �Z�K�L�F�K�� �L�V�� �L�P�S�R�U�W�D�Q�W�� �L�Q the initiation of minus-strand RNA synthesis [60]. We 791 

examined the RRV 24nt (CSE) �L�Q�� �W�K�H�� ���¶�8�7�5�� �I�R�U�� �P�X�W�D�W�L�R�Q�V�� �W�K�D�W�� �F�R�X�O�G�� �D�O�W�H�U�� �Q�H�J�D�W�L�Y�H�� �V�W�U�D�Q�G��792 

synthesis. Only 93 sequences had the complete CSE resolved while others had partially 793 

sequenced CSE regions. Fourteen of these 93 viruses had a single uracil (U) residue at position 794 

8 deleted (Figure 5). They belonged to nine sublineages and were isolated from three distinct 795 

hosts (i.e., birds (n = 1), mosquitoes (n = 7), and humans (n = 3)). Three transversion mutations 796 

(U13A, U14A, and A15U) were detected only in the G4B virus 78560 sampled in NSW in 797 

2006 (Figure 5).798 



38 
 
 

 
Figure 5. Variability in the 24-nucleotide �F�R�Q�V�H�U�Y�H�G���V�H�T�X�H�Q�F�H���H�O�H�P�H�Q�W���I�R�X�Q�G���L�Q���W�K�H�����¶�8�7�5���R�I���5�5�9����The nt variations within the 24nt CSE of 50 RRV strains  
Fifty viruses were chosen to ensure RRV from all sampling locations, and most of the 13 sublineages and their recognised sampling hosts were represented  The 
CSE was fully conserved in 93 taxa Fourteen of the 93 taxa with a complete CSE, belonging to nine sublineages and sampled in both Australia and the PICTs 
from a bird, several Aedes and Culex mosquitoes, and humans, had the uracil (U) residue at position 8 deleted  Only the G4B strain 78560 displayed any 
transversion mutations; these were present between positions 13 to 15 and involved two U to A mutations at sites 13 and 14 and one A to U change at site 15   
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3.6.2 The nt and aa and variability in RRV proteins 

To establish whether RRV proteins contained any point mutations within the coding region, a 

nt and aa variability analysis was done for the nine RRV protein-coding regions within the 193 

genome dataset. The average pairwise nt identities (%) obtained for all nine RRV protein-

coding regions were mostly consistent with those previously reported [36]. Specifically, our 

study provides further evidence that nsP1 and nsP2 are the most conserved among the non-

structural proteins, with nsP3 being the least conserved due to detection of the highest number 

of nt and aa changes (365 and 107 respectively; Supplemental Table 6). Our study also 

determined that, the E1 and 6K were the most conserved proteins at both nt and aa levels while 

the nsp3 and E3 were least conserved at nt and aa level, respectively (Supplemental Table 6). 

The highest number of nt changes in all nine protein coding regions was observed at the third 

followed by the first position suggesting these changes are possibly silent mutations with little 

or no effect on determination or specification of amino acids encoded in RRV proteins.  

 

3.6.3 Assessment of Variability in the RRV 26S promoter. 

The RRV 26S promoter UTR region regulates transcription of structural genes. We analysed 

this region in 193 strains and found several deletions, transition and transversion mutations that 

were either genotype, sublineage, or host specific (Supplemental Table 7). Most of these 

variations were prevalent in both historical and contemporary mosquito derived viruses. RRV 

sampled from the NT had the most divergent 26S promoter sequence, while PICT strains were 

sampled over a single year and were almost clonal (Supplemental Table 8). G4 and G1 viruses 

displayed the greatest levels of nt divergence (%) while G2 and G3 viruses exhibited relatively 

lower and similar levels of nt divergence (%) in the 26S promoter sequence (Supplemental 

Table 8).  

4. Discussion  
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In the current study, we have performed the first nationwide evolutionary analysis of RRV 

incorporating the largest collection of NWGs to date derived from Australia and the PICTs. In 

this comprehensive investigation, a larger number of sequences from northern and eastern 

Australia were compared with available RRV sequences, primarily from WA, providing more 

substantial coverage of genomes and sizeable summary of spatiotemporal sampling of the virus 

since its first recognition in 1959. This has also afforded deeper scrutiny of phylogenetic 

diversity within the four previously reported genotypes and identification of at least 13 

sublineages. Additionally, we include the largest analysis of human derived RRV NWGs to 

date, the majority of which were obtained from QLD.  Whilst molecular assessment of RRV 

clinical infections has not been largely prioritised within Australia, sampling of human-derived 

RRV genomes and/or isolates remains an important initiative for the future understanding of 

RRV transmission and evolution, and together with wider surveillance among mosquito vectors 

and other vertebrate hosts, can provide essential information for improved diagnostics and 

disease management.   

 

 

We observed increased RRV phylodiversity and among the 13 sublineages, we report eight 

new sublineages represented in G1, G3, and G4. Genotype 3 (G3) was shown to be more 

complex than previously reported now with with five distinct sublineages (G3A-G3E). Whilst 

G3 viruses were sampled broadly from diverse geographical locations across Australia, the 

average percent nt divergence across the genotype (1.13%) was low. Indeed, all four genotypes 

had average percent nt divergences of 1.64%. These findings reflect previous reports which 

have indicated that RRV genetic diversity can remain low, despite rapid viral evolution as 

indicated by the respective genotype nt substitution rates. This is consistent with selection 
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constraints imposed on arboviruses such as RRV which replicate in diverse mosquito and 

vertebrate hosts [34].   

 

�3�U�H�Y�L�R�X�V�� �V�W�X�G�L�H�V�� �O�D�E�H�O�O�H�G�� �*���� �W�K�H�� �³�Q�R�U�W�K-�H�D�V�W�H�U�Q�� �$�X�V�W�U�D�O�L�D�Q�´�� �O�L�Q�H�D�J�H�� �D�Q�G�� �*���� �³western 

�$�X�V�W�U�D�O�L�D�Q�´ RRV lineage due to early observations that both genotypes demonstrated a clear 

geographical demarcation [33, 34, 36]. In the current study, we provide evidence of possible 

geographical demarcation of G1 viruses in north-eastern Australia from the mid-1960s-1970s 

and G2 viruses in north-western Australia from the mid-1970s-1990s. This claim is based on 

overlapping sampling times (i.e., G1 circulation in QLD between 1959-1976 and G2 circulation 

in the NT and WA between 1974-1995) for both published and new NWGs and a lack of 

evidence of geographical crossover of viruses between sampled regions. The addition of the 

1971 human derived SA isolate (Genbank accession number: MW147673) into G1A in the 

absence of travel history, makes it challenging to ascertain if G1 was circulating in SA or if the 

case was from a returned QLD traveller. Interestingly, this isolate was sampled from Mannum, 

one of the towns along the River Murray where RRV positive cases were reported during the 

1971 SA outbreak (mid-February-April)  [61].  

 

In this study, we have identified a new northern NT-based clade. Interestingly the NT isolates 

were found to be basal to G2, suggesting G2 viruses may have a northern origin, rather than 

western as previously reported. However, the geographical vastness of WA, QLD, and the NT, 

together with limited supporting metadata at the time of sampling, make it difficult to infer or 

identify the factors that may have or continue to significantly influence RRV dissemination in 

northern Australia. These factors should be the subject of future studies on RRV.  
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Greater than 80% of the new RRV isolates grouped within G3 and G4. Prior to our study, G3 

was believed to be either extinct, or possibly circulating at low levels being last sampled in 

WA (1989) and in the eastern states in the early 1990s [32, 36]. We now demonstrate G3 and 

G4 co-circulated in NSW and QLD over several years (1990-2018). Our analysis also indicates 

that G3 was last sampled on the mainland as recently as 2005 in NSW and in TAS in 2014. 

More contemporary G3 sublineages, G3D and G3E were exclusively sampled in the east of 

Australia, with this sampling coinciding with G4 sampling in the west. Many factors could 

have resulted in this observation of greater genetic and geographical diversity of G3 viruses 

including increased virus-vector-host transmission and increased human travel. As such, the 

interplay between these factors and the spread of G3 viruses needs to be investigated further to 

fully understand the sources of G3 virus genetic and geographical diversity.  

 

Despite extensive WA surveillance and RRV sampling, G3 circulation was long term only in 

the eastern states and coincided with sampling of G2B and G4A in the west suggesting these 

lineages may have a transmission or epidemiologic fitness advantage over G3 in WA. 

However, no significant differences in individual RRV genotype replication kinetics have been 

identified in preliminary in vitro assessments conducted in a Vero and C6/36 cell line system 

by Michie et al. [62]. Replicative, transmission and/or epidemiologic fitness advantages are 

commonly reported among other RNA viruses such as influenza and foot and mouth disease 

virus (FMDV) [63, 64]. Further research on the extent of these fitness advantages among RRV 

sublineages reported here is required.  

      

 

We provide robust NWG-based phylogenetic evidence indicating that sublineage G3A is 

positioned basally to G3B and that G3A viruses circulated in northern Australia before the 
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onset of the PICTs epidemic. This adds further support to suggest the PICTs epidemic was 

possibly initiated by RRV introduced into the PICTs by a viremic visitor from northern 

Australia, rather than eastern Australia as previously hypothesized. The hypothesis that RRV 

may have been introduced into the PICTs by a viremic visitor has been suggested before by 

Aaskov et al. and Tesh et al. [11, 27]. Considering this and recent serological evidence of RRV 

circulation within humans and animals in the PICTs [24, 26, 65, 66], the current state of RRV 

activity in the PICTs should be investigated further by regional vector surveillance and virus 

detection. 

 

Recently Michie et al. [21, 36], characterised G4 into two sublineages and designated the first 

RRV isolate sampled from PNG (PNG3075) as the sole member of a PNG clade. In the current 

study, we show that G4 can be subdivided into three distinct sublineages including the newly 

designated G4C sublineage. G4C was found to contain two QLD derived isolates (Cairns90 

and 045.578, Accession numbers MW321529 and MW350157 respectively) sampled in 1989 

and 1990 (Figure 2). The PNG sequence remained the sole member of the PNG clade and was 

positioned basally relative to G4 [36]. The source of RRV in PNG remains uncertain, however 

evidence suggests the virus may have independently circulated in the region [28, 29, 67]. 

Resolving the origin RRV in PNG will require further sampling of RRV from the PICT and 

provides additional rational to support the need for active and ongoing PICT RRV surveillance.  

 

In addition to being geographically diverse, G4 isolates were also found to display significant 

evidence of geographical demarcation and G4A and G4B specifically contain the most 

contemporary isolates sampled in Australia in the past decade. G4A and G4B lineages 

consisted of viruses predominately sampled from the west and east of Australia, respectively, 

over a similar timeframe. Both  G4A and G4B viruses were recently sampled in the large-scale 
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2014-2015 Brisbane/QLD outbreak that resulted in more than 6 300 cases [32]. G4A included 

viruses sampled at the same time as the 2017 Victorian outbreak suggesting a possible seeding 

event occurred of G4A from the west to the east in the time prior to 2015.  

 

There are distinct variations in the frequency and history of RRV sampling within Australia at 

state and territory level, therefore there is variation in the frequency and location of sampling 

across the entire study period. As such, routine implementation of more standardized RRV and 

vector surveillance programs across Australia should provide more information about the 

geographical and genetic diversity of RRV in the future.  

 

Our estimate of the mean nt substitution rate of RRV(substitutions/site/year) with an extended 

dataset varied marginally from estimates determined previously for RRV [36], the Asian 

lineage of CHIKV [68], and BFV with overlapping 95% HPD intervals [62]. Minor differences 

observed in these rates indicate that RRV may be evolving slower than the CHIKV Asian 

lineage but faster than BFV genotypes. This may be because CHIKV circulates almost 

exclusively between humans and few mosquito species (i.e., Aedes albopictus and Aedes 

aegypti) whereas RRV is more of a vector and host generalist.  

 

Only two RRV codon positions, 248 and 441, in the iceberg region of nsP1s Mtase-Gtase 

domain were found evolving under the influence of strong positive selection. These mutations 

were sublineage specific, but they were not unique to specific hosts or vectors. The T248I and 

K441E were transition mutations, while K441T was a transversion mutation. Whenever 

transversions occur at the 2nd codon position, they have been historically associated with 

alterations in protein structure and function. Both substitution of K, W, C, Y and D for A and 

deletion mutations of aa residues located within the iceberg region of nsP1s Mtase-Gtase 



45 
 
 

domain in Semliki Forest virus (SFV) and SINV have been shown to diminish mRNA capping 

activity during replication of these viruses [59]. Additionally, an increase in mRNA capping 

efficiency of the nsP1 of SINV has been shown to negatively affect viral infection [69]. 

Therefore, one potential outcome of these mutations may be reduction of mRNA capping 

activity during RRV replication. Future studies should therefore investigate further the effect 

of transition and transversion mutations at both codon sites and how this potentially impacts 

RRV mRNA capping efficiency. 

 

Several small and large nt sequence insertions and deletions (1 nt-250 nt) were found in the 

�5�5�9�����¶�8�7�5����A 36nt deletion has previously been reported as being potentially restricted to 

Agile wallaby (Notomacropus agilis) derived viruses [36]. In this study, we have shown that 

the 36 nt deletion was also detected among all other mosquito derived isolates in the G1B clade 

(Supplemental Table 3). Alphaviruses contain conserved repeat sequence elements (RSEs) and 

RNA secondary structure elements �L�Q�� �W�K�H�L�U�� ���¶�8�7�5�V that have been reported to facilitate 

efficient virus replication within mosquito cells and can impact the range of hosts accessible to 

a virus [70-73]. As such, the fact that nt insertions and deletions were detected within RRVs 

���¶�8�7�5��means that there is a possibility that these nt variations could have effects on virus 

replication within mosquito vectors and may influence the host range of RRV. This needs to 

be investigated further.  

 

The 24 nt CSE of the Alphavirus ���¶�8�7�5���K�D�V���S�U�H�Y�L�R�X�V�O�\���E�H�H�Q���V�K�R�Z�Q���W�R���D�F�W���D�V���D���S�U�R�P�R�W�H�U���I�R�U��

negative strand RNA synthesis [60]. Mutagenesis of the terminal cytosine residue (C) (at sites 

24 in Figure 5), the A (at site 18 in Figure 5), and the ten U residues punctuated by a G nt 

(between sites 4 and 14 in Figure 5), was shown to greatly influence the competence of SINV 

replication in vitro using both chicken embryo fibroblast (CEF) and mosquito cell (C6/36 and 



46 
 
 

C7/10) line systems [74]. It was shown that deletion of eight nt residues in the 24nt CSE of 

SINV or the terminal C nt residue (at position 24 in Figure 5) resulted in generation of 

nonviable SINV. Mutagenesis of the terminal C residue (at position 24 in Figure 5) in SINV 

revealed the site to be the initiation site for negative strand RNA synthesis [75]; this site can 

shift into the poly-A tail if mutations occur within the 24nt CSE [75]. Further research has also 

indicated that deletion or substitution of �W�K�H�� �W�H�U�P�L�Q�D�O�� ���¶��13 nucleotides severely inhibited 

negative strand RNA synthesis [76]. Furthermore, the role of changes observed at sites 8 and 

13-15 in RRVs 24nt CSE warrants further investigation, especially changes reported in strain 

78560 within a region critical to efficient negative strand synthesis.  

 

Michie et al.[36] observed among RRV genomes that the protein coding regions of  nsp1, nsP2, 

E1 and 6K were more conserved than nsP3 and E3. Whilst we attained similar findings, our 

data also showed that most nt changes occurred at the 3rd followed by the 1st codon position. 

Changes at these codon positions tend to have a silent effect on determination of amino acids 

in proteins compared to changes that occur at the 2nd position which is more functionally 

constrained and specifies the type of amino acid [77, 78].  

 

Many transition and transversion nt variations with potential effects 26S promoter function 

were found in RRV. These include pyrimidine transitions that were prevalent within the 26S 

promoter sequence of historical and contemporary strains belonging to all four RRV genotypes 

and purine transitions which were only present in historical G3 and G4 viruses. In contrast, 

transversions were only prevalent within the 26S promoter of historical G1B, G2 and G3D 

viruses obtained predominantly from mosquito vectors. Interestingly, G4 followed by G1, G2 

and then G3 viruses had the highest mean nt divergence for the 26S promoter sequence 

indicating that more nt changes have occurred in the 26S promoter of G4 and G1 viruses 
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compared to G2 and G3 viruses. Transitions are known to occur more frequently than 

transversions in RNA viruses as a result of natural selection pressure but there is currently no 

definitive evidence to suggest whether this pressure is host or vector associated [79]. In this 

study we have shown that both transition and transversion mutations were more common in 

mosquito derived viruses. This implies that mosquitoes also possibly influence the transition-

transversion substitution bias in RRV although more evidence is required to validate this 

hypothesis. Future studies should therefore investigate the effect of nt variations observed here 

in the 26S promoter region of RRV on transcription efficiency of structural genes and perhaps 

even compare this between genotypes.  

 

5. Conclusion 
 
We conducted a comprehensive, Australia-wide evolutionary analysis of 193 RRV NWGs 

sampled over a 59-year period. We provide supporting evidence for the designation of the four 

previously defined RRV genotypes (G1-G4) and further report their subdivision into 13 

sublineages, eight of which are newly described. Our data expands the time and geographical 

sampling range of all RRV genotypes, with G3 showing the most genetic diversity being 

subdivided into five sublineages (G3A-G3E). G3A, sampled from northern Australia, was 

positioned basally relative to G3B, which comprised isolates derived from the 1979-80 PICTs 

epidemic, indicating that RRV was possibly introduced into the PICTs by a viremic visitor 

from northern, rather than eastern Australia as previously hypothesized. Whilst we have 

reported G3 viruses last sampled on the mainland in NSW in 2005 and in the island state of 

TAS in 2014, ongoing research inclusive of unsampled and under-sampled regions is required 

to further establish if G3 is still circulating in Australia. Although phylogenetic analyses 

showed that the PNG isolate remains the sole member of the PNG clade, we demonstrate with 

pairwise analyses that this strain is related to G3B viruses from Fiji and G4C viruses from 
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QLD. Further sampling of RRV from the South Pacific and Southeast Asia, where positive 

RRV seroprevalence has been reported, will assist identification of any other RRV genotypes 

or sublineages which have evolved independently from those identified in Australia or have 

been introduced from Australia or regions where RRV is circulating. Additional RRV 

sequences, particularly from regions that are currently underrepresented such as SA, TAS, and 

the Pacific will increase our understanding of the genetic diversity, dissemination pathways 

and fitness of RRV genotypes. Ongoing RRV sampling will improve future of routine genomic 

sequencing of RRV and inform surveillance procedures advancing the capacity to detect, 

monitor, adapt and subsequently manage emerging RRV variants more effectively.  
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Supplemental Figure 1. A midpoint rooted maximum likelihood (ML) phylogenetic tree for 193 RRV taxa sampled from Australia 
and the Pacific region. The ML tree shows the four main RRV genotypes and their subdivision into an additional 13 sublineages, nine of 
which are reported here for the first time. All genotype designations in the ML tree had strong phylogenetic support with bootstrap values > 
70%. Spatio-temporal clustering was only evident among RRV belonging to G3 and G4. The reference RRV isolate, T48, occupies the G1 
clade, and viruses sampled from QLD are in G1 and G3 clades; those from WA are in all clades; those from NT are only in G2, G3A and 
G4A; those from TAS, VIC, NSW and the Pacific are in G3 and G4. Name = Accession number | Strain name | Location | Year.  
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Supplemental Figure 2. A midpoint rooted maximum likelihood (ML) phylogenetic subtree of all 68 G3 E2 gene sequences. The ML 
subtree shows the six Australian sourced strains associated in G3B and others from eastern Australia potentially associated with G3B. The 
genotype designation for G3 in the ML subtree had strong phylogenetic support with a bootstrap value > 70%. New sequences are labelled 
in red font while published sequences are highlighted in black font. Name = Accession number | Strain name | Location | Year. Asterisk 
highlight G3 E2 sequences with ~252nt or less only. 
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4.2 Preface 63 
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borne arthritogenic alphavirus [2]. In this chapter, a comprehensive, Australian nationwide 65 

phylogenetic analyses of 87 BFV near-whole genomes broadly sampled from 44 sites in-66 

between 1974 and 2018 within Australia and Papua New Guinea (PNG) was conducted. Fifty-67 

four of the 87 genomes examined were generated in this dissertation and sourced from regions 68 

throughout Australia. Northern and eastern Australia were identified as major virus sources 69 

and new genomes from these regions grouped in genotypes 2 and 3, respectively, whereas, the 70 

most contemporary genomes were of G3B origin. At least ten well supported BFV 71 

dissemination pathways are discussed, with Papua New Guinea (PNG) designated a likely 72 

source of BFV circulating in Australia. While the addition of new genomes to previous BFV 73 

phylogenies did not lead to identification of new genotypes, this chapter builds upon previous 74 

studies on the virus by demonstrating that BFV displays genomic variation within coding and 75 

untranslated regions that could impact virus replication and host range. Additionally, this 76 

chapter has highlighted the importance and need for ongoing nationwide BFV surveillance to 77 

better ascertain levels, sources and implications of virus diversity on dissemination in Australia 78 

and the PNG.   79 

 80 
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Abstract 159 

Barmah Forest virus (BFV) is an Australian arthritogenic alphavirus which is capable of 160 

causing debilitating rheumatic disease. Approximately 1000 human cases of BFV infection are 161 

reported annually, however, as BFV infection can be clinically indistinguishable from that 162 

caused by a related alphavirus, Ross River virus, the incidence of BFV is thought to be 163 

underreported. In this first Australia-wide phylogenetic study, we examined 87 near-whole 164 

genomes broadly sampled between 1974 �± 2018 from 44 distinct locations within Australia and 165 

an additional strain from Papua New Guinea (PNG). Fifty-four of these are new genomes 166 

sourced from regions throughout Australia. Our findings confirm previous reports of three BFV 167 

genotypes (G1-G3), with the emergence of a new genotype roughly every 30-years. Newly 168 

sequenced BFV isolates from the Northern Territory (NT) and Victoria (VIC) clustered in G2 169 

(1984-1989), those from Queensland (QLD), the NT, Western Australia (WA), and New South 170 

Wales (NSW) clustered in G3A (1987 -1995) and those from NSW, VIC, and QLD clustered 171 

in G3B (2006 �± 2018). We show additional evidence to support claims that PNG is the likely 172 

source of BFV in Australia with PNG identified as the likely location of the most recent 173 

common ancestor. Our nationwide analysis of BFV highlights the importance of improved 174 

surveillance with analysis of near-whole genomes providing a  greater understanding of the 175 

prevalence and dissemination pathways of emerging BFV variants which informs preparedness 176 

for BFV epidemics and control of BFV spread at national level.  177 

 178 

Keywords: Barmah Forest virus, phylogenetic, evolution, dissemination pathway179 
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1. Introduction  

Barmah Forest virus (BFV) is a single stranded, positive sense RNA alphavirus of the 

Togaviridae family with a genome of approximately 12 kilobases [1]. BFV is currently the 

second most common arbovirus causing human clinical disease (after Ross River virus (RRV)) 

in Australia with over 1000 cases reported each year [2]. BFV and RRV have similar clinical 

features, with patients commonly presenting with fever, skin rash, and muscle and joint pain. 

 [3]. BFV is currently classified as a sole member of a distinct sero-complex whereas clinically 

related RRV is a member of the Semliki complex [4]. Despite the clinical resemblance between 

BFV and RRV disease [5], BFV is a unique virus, with an equally important epidemic potential 

and public health burden.  

 

Transmission of BFV to humans occurs following the bite of an infected mosquito. Like RRV, 

BFV has been isolated from a large number of mosquito vectors and is best regarded as a vector 

generalist [6]. The virus was first isolated from Culex annulirostris mosquitoes trapped in the 

Barmah Forest in Victoria (VIC) in 1974 and concomitantly from mosquitoes collected in 

southwest Queensland (QLD) [7, 8]. In addition to mosquitoes, BFV has also been isolated 

from the midge, Culicoides marksi in the Northern Territory (NT) [9].   

 

Since its initial detection in humans [3], several outbreaks of the virus have been reported in 

most Australian states and territories [10-15]. From 1995, BFV has been reportable under 

�$�X�V�W�U�D�O�L�D�¶�V National Notifiable Diseases Surveillance System (NNDSS) database [2]. Each 

year QLD reports the greatest numbers of BFV cases, followed by New South Wales (NSW) 

and Western Australia (WA) [2]. In 2019, Tasmania (TAS) reported a spike in reported cases 

[2] despite being a region previously believed not to have endemically circulating virus. These 

cases represent the first time the virus has been reported locally within TAS and not introduced 
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into TAS through interstate travel [16]. Evaluation of NNDSS records for BFV also shows the 

virus continues to circulate across Australia and remains a pathogen of public health 

importance in the country. 

 

Previous phylogenetic research conducted using 34 near whole-genomes and nine full -length 

envelope 2 (E2) protein genes focused predominantly on BFV isolated from WA [6, 9]. These 

studies identified three BFV genotypes (G1-G3) [6, 9], with G1 containing a single isolate 

(PNG_BFV) collected from a viremic child residing in Papua New Guinea (PNG) with no 

travel history to Australia. This finding has sparked speculation that BFV may be circulating 

in PNG. However, how the virus reached PNG or Australia remains unknown, and it is also 

unclear if the virus is currently actively circulating in PNG.   

 

Genotype G2 currently contains two isolate sequences; the reference isolate sequence, 

BH2193, sampled from Victoria in 1974 and an isolate sequence, KO376_1, sampled from 

northern Western Australia (WA) in 1980 [6]. G3 is the only clade that is subdivided into two 

sublineages, G3A and G3B, respectively. G3A currently contains seven isolate sequences 

sampled from south west WA only, while G3B contains 20 isolate sequences sampled from 

south west WA (n = 12), northern WA (n = 5), QLD (n = 2) and NSW (n = 1).  The WA-based 

study [6] has shed some light on the phylogenetic relationship among key WA strains, however 

the epidemiologic fitness, diversity and dissemination pathways of the virus on a wider 

geographical level remains uncertain. 

  

In this study, we conducted the most comprehensive Australia-wide, evolutionary analysis of 

87 BFV near-whole genomes sampled from regions covering all Australian states, except the 

Australian Capital Territory (ACT) and South Australia (SA). This included viruses isolated 
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from humans, macropods, and mosquitoes over a 44-year period. Fifty-four of these genomes, 

sampled from VIC, QLD, NSW, WA and the NT are reported here for the first time. Our 

findings extend the current understanding of BFV�¶�V epidemiological fitness and informs 

strategies to improve the monitoring and surveillance of BFV. 

 

2. Materials and Methods 

2.1 Isolate sampling and virus sequencing 

A total of 54 new BFV isolates (1974 �± 2018) were isolated from humans (n = 2) and 

mosquitoes (n = 37) from 44 sites in four Australian states and one territory: NSW (n = 27), 

WA (n = 14), NT (n = 8), VIC (n = 3) and QLD (n = 2). All  new sequences contained both the 

sampling date and location metadata with the exception of SW28717 and V366P sampled from 

WA and NT, respectively. To ensure adequate amounts of viral RNA prior to sequencing, each 

new isolate was used following a single passage in Aedes albopictus C6/36 cells (ATTC, CRL-

1660TM) or if obtained as an historical culture with no known viral titer, was further subcultured 

once in C6/36 cells. Total RNA extraction, first and second strand cDNA synthesis, and 

massive parallel sequencing using the Nextera XT kit for cDNA library construction, as 

previously described [17], with paired-end sequencing conducted on NextSeq 500 (Illumina, 

San Diego, CA) using a mid-output V2 reagent kit v2.5 (2 x 151 nucleotides (nt)). Raw 

sequence reads were processed by conducting quality control and read trimming analyses and 

near-whole genomes (NWGs) were assembled within Geneious R10 v10.2.6 [18], using the 

SPAdes v3.10.0 plugin [19]. Including the 54 new NWGs, this study analysed a total of 87 

BFV NWGs: 54 new sequences and 33 sequences extracted from NCBI Genbank, one of which 

was a sequence sampled from Papua New Guinea (PNG), respectively. In addition, 65 E2 gene 

sequences were retrieved from Genbank and combined with 54 E2 genes from the new NWGs 

to create an E2 dataset with 120 sequences (104 complete (1,263nt long); 15 partial (~346 - 
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476nt long). All BFV isolates studied here were sampled over a 44 year-period (1974-2018). 

Nearly all vertebrates have cells containing mitochondrial genomes. These genomes are 

shorter, less costly to sequence, widely stored in and easily retrievable from Nucleic acid 

sequence databases such as Genbank. So, in addition to 87 BFV NWGs, we also retrieved the 

complete reference mitochondrial genomes for Ae. vigilax (Accession number: NC027494), 

Ma. uniformis (Accession number: NC_047479) and M. giganteus (Accession number: 

KY996502) from NCBI Genbank. We also retrieved and used a dataset of 19,250 H. sapiens 

genes (equivalent to 11090056 codons) from 

http://genomes.urv.es/CAIcal/human_genes_from_ensembl. The BFV NWGs and additional 

host genomic datasets (Appendix 2) were used for the codon usage bias analyses. 

 

2.2 Multiple sequence alignment and editing 

All BFV whole genome multiple sequence alignments (MSAs) were prepared using MAFFT 

v7 [20]. MSAs were then edited manually using AliView v1.26 [21], and the Improved 

Alignment Editor (IMPALE: http://web.cbio.uct.ac.za/~arjun/) [22]; first to maintain the 

reading frame integrity and secondly, to prepare region-specific alignments. These alignments 

included one for the non-structural polyprotein (nsP), the subgenomic 26S RNA promoter 

region (30nt long), and the structural polyprotein and the two terminal untranslated regions 

�����¶�8�7�5 (~66nt long) and ���¶�8�7�5 (~614nt long). Two MSAs were generated from the complete 

coding region (10,984nt long); one with 85 NWGs containing complete spatiotemporal 

metadata and another with 87 NWGs containing two additional sequences with no sampling 

times (SW28717 and V366P). An MSA containing the 120 E2 gene coding sequences was also 

generated.    

 

2.3 Best-fit nucleotide and evolutionary model selection 
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The best-fit nucleotide substitution model �³�*�7�5���*���,�´�� for the recombination-free BFV 

putative-region MSA was inferred using jModeltest v2.14 [23]. The best-fit strict molecular 

clock and Bayesian Skyline demographic models were estimated using the marginal likelihood 

estimation methods of path sampling and stepping-stone sampling [24], implemented in 

BEAST v1.10.4 [25], with the BEAGLE high performance library v2.1.2 [26]. 

 

2.4 Detection and removal of evidence of recombination from MSAs 

All 87 BFV near-whole genomes were screened for evidence of molecular recombination using 

the Recombination Detection Program (RDP v.4.97) which employs the RDP, Bootscan, 3Seq, 

GENECONV, MaxChi, Chimaera, and SiScan methods to detect and characterise 

recombination events [22]. 

 

2.5 Phylogenetic and Root-to-tip regression analyses 

Midpoint rooted maximum likelihood (ML) phylogenetic trees (Figure 2 (n = 85 NWGs) and 

Supplementary Figure 1 (n = 87 NWGs) were constructed using RAXML v8.2.11 [27], with 

1000 bootstraps each under a GTR+G+I nucleotide substitution model.. The ML tree with 

complete spatiotemporal metadata (Figure 2) had strong temporal structure (R2 = 0.93) through 

a root-to-tip regression analysis done TempEst [28]. This indicated that the 85 NWG BFV 

dataset had clock-like behaviour and was suitable for use to infer temporal parameters in a 

phylogeographic analysis. 

 

 

2.6 Phylogeographic analyses 
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The recombination-free MSA containing 85 BFV NWGs with complete spatiotemporal 

metadata was used to reconstruct the most plausible evolutionary history for the studied BFV 

dataset. This was achieved using the asymmetric discretised phylogeographic model 

implemented in BEAST v1.10.4 without randomising branch tips (non-tip-randomised 

analyses) [25, 29]. Three replicate BEAST discretised Monte Carlo Markov Chain (MCMC) 

analyses were each run for 250 mill ion generations under the best-fit nucleotide and 

evolutionary models in methods section 2.3). These were assessed for convergence using 

Tracer v1.7.1 with log and tree files subsequently combined using LogCombiner[25, 30]. Tree 

annotator  was used to generate an annotated maximum clade credibility (MCC) tree for the 85 

NWG dataset, with 10% burn-in and this was visualised using FigTree v1.4.4 [31] Bayes Factor 

(BF) support for location transition rates were estimated using SpreaD3 [32] and BF values 

were evaluated according to Kass and Raftery [33] (i.e., BF < 3.0 is low support, BF > 3.0 is 

strong support, and BF > 10 is decisive support). The emergence times, evolutionary rates and 

respective 95% highest posterior density (HPD) intervals were obtained from the MCMC log 

and MCC tree files. o account for bias in inference of the location of the most recent common 

ancestor (MRCA) arising from unevenness in sample sizes among sampling locations, a second 

MCMC analyses was conducted using a tip-randomised null model as described by Frost et al. 

and Stack et al. [34, 35]. The root state posterior probabilities (PP) obtained from this analysis 

indicated that unevenness in sample sizes among geographical locations considered here did 

not bias inference of the location where BFVs MRCA may have originated. 

 

2.7 Natural selection analysis  

The individual recombination-free non-structural and structural polyprotein BFV MSAs were 

�I�L�U�V�W���F�O�H�D�Q�H�G���R�I���D�O�O���V�W�R�S���F�R�G�R�Q�V���X�V�L�Q�J���W�K�H���³�&�O�H�D�Q�6�W�R�S�&�R�G�R�Q���E�I�´���V�F�U�L�S�W���H�[�H�F�X�W�H�G���L�Q���+�\�3�K�\ v2.2.4 

[36]. The respective MSAs were subsequently used to assess for evidence of positive selection 
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using the Mixed Effects Model of Evolution (MEME)[37], the Fixed Effects Likelihood (FEL), 

Single Likelihood Ancestor Counting  (SLAC) and, the Fast Unconstrained Bayesian 

AppRoximation (FUBAR) methods [36, 38]as implemented within the Datamonkey webserver 

[39]. Codon sites were considered as having strong evidence of positive selection if supported 

by at least two methods where P < 0.05 with MEME and FEL methods, P < 0.1 with the SLAC 

method, and (3) where the posterior probability was greater than 0.9 with FUBAR method.  

 

2.8 Nucleotide (nt) and Amino acid (aa) variability analyses 

Nine proteins are encoded in the BFV genome. Four are encoded by the nsP (i.e., nsP1, nsP2, 

nsP3 and nsP4) and five are encoded by the structural polyprotein (the capsid, three envelope 

glycoproteins (E1, E2, and E3) and the 6K protein. Nucleotide (nt) and translated amino acid 

(aa) MSAs encoding each of the nine BFV proteins for the 87 NWGs were analysed within 

Geneious Prime [18] and MEGA-X [40], to determine evidence of variations of possible 

functional or structural relevance.  We compared variations in the average percentage pairwise 

identities within distinct gene regions, the percentage guanine-cytosine content, the total 

number of non-conserved sites and nucleotide change variations at the three codon positions in 

each protein coding region. �0�6�$�V���I�R�U���W�K�H�����¶�8�7�5����subgenomic 26S RNA promoter region and 

���¶�8�7�5�� �Z�H�U�H�� �D�O�O�� �D�V�V�H�V�V�H�G�� �I�R�U�� �H�Y�L�G�H�Q�F�H�� �R�I nucleotide insertions, deletions transition and 

transversion mutations.  

 

2.9 Codon and Dinucleotide Bias Analyses of BFV genomes 

2.9.1 Relative synonymous codon usage analysis (RSCU) 

The RSCU value of a codon represents the ratio of its observed frequency versus its expected 

frequency if all codons for a specific amino acid are used equally [41]. We calculated RSCU 

values for BFV, its genotypes and nine proteins, and for the two BFV hosts (H. sapiens and M. 
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giganteus) and two mosquito vectors (Ae. vigilax and Ma. uniformis) evaluated here as 

described by Kumar et al. [42] with the equation below: 

�4�5�%�7
L��
�Ú�Ü�Ý

�Ã �Ú�Ü�Ý�Ù�Ô
�Õ

���J�E  

where gij is the observed number of the i th codon for the jth amino acid, which has ni kinds of 

synonymous codons [42]. Codons with RSCU values < 1.0, equal to 1.0, and > 1.0 are 

interpreted as displaying negative codon usage bias, no bias, and positive codon usage bias, 

respectively [43]. Additionally, synonymous codons displaying negative codon usage bias and 

those with evidence of positive codon usage bias can be further classified as the least and most 

preferred codons, respectively [43]. Overrepresented codons possess RSCU values > 1.6 

whereas underrepresented codons have RSCU values < 0.6. Codons with RSCU values ranging 

between 0.6 and 1.6 are considered unbiased or randomly used. In this study, RSCU values for 

BFV, its hosts and principal transmission vector were calculated using DAMBE v7.2.6 [44]. 

 

2.9.2 Dinucleotide bias analyses 

Variation in the frequency of dinucleotide pairs may affect the codon usage. There are 16 

possible dinucleotide pairs. The patterns of dinucleotide frequency indicate both selectional 

and mutational pressures; this was calculated here using the following formula: 

�2�T�U
L��
�¿�ë�ì

�¿�ë�¿�ì
  

Where Fx and Fy are the frequency of individual nucleotides (x and y, respectively), and Fxy 

is the frequency of dinucleotides (xy) in the same sequence.  

The ratio of the observed to expected dinucleotide frequency is known as the odds ratio (OR); 

if this ratio is more than 1.25, the dinucleotide is considered overrepresented, whereas values 

below 0.78 indicate underrepresentation [45].   
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3. Results 

3.1 Isolate sampling from hosts and vectors 

Our study analysed BFV isolated from humans (n = 3), eastern grey kangaroo (Macropus 

giganteus; n = 1), and mosquitoes (n = 68). More than 57% of BFV NWGs studied here (50/87) 

were generated from isolates derived from mosquitoes belonging to six Aedes species including 

Ae. camptorhynchus (n = 21; 19 from WA, one from NSW and one from VIC), Ae. vigilax (n 

= 19; 17 from coastal NSW and two from south-west WA) and Ae. normanensis (n = 7; all 

from northern NT and WA). A further nine NWGs were generated from isolates collected from 

Culex annulirostris (n = 9; seven from eastern Australian states (QLD, NSW, and VIC) and 

two from north and south-west WA; Figure 1). Three human derived NWGs were analysed in 

the current study. Two (i.e., accession numbers: MW350168 and MW350209) of these are new 

and were generated from historical isolates sampled in QLD in 1989 and the NT is 1992, 

respectively. Of the 54 new BFV NWGs, 27 were generated from isolates sampled from NSW, 

14 from WA, eight from the NT, three from VIC and two from QLD (Figure 1).  
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Figure 1. Map showing the geographical sites where new and published BFV isolates were sampled from in Australia and Papua New Guinea. Sites where new isolates were sourced from are highlighted in 
blue, while published sequence locations are indicated in red. Locations from which both new and published sequences were derived are indicated in green. The states and territories of Australia and their boundaries 
are shown. The map was produced using QGIS Geographic Information System 2021. 
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3.2 The Phylogenetics of BFV 

To determine the phylogenetic relationship between sampled viruses we conducted a 

phylogenetic analysis and generated two independent trees, one of the 85 BFV NWGs for 

which all the complete sampling metadata was known (Figure 2), and the other of the full 87 

BFV NWGs (Supplemental Figure 1). BFV sequences were found to cluster into the three 

previously reported genetic groups; G1 (n = 1), G2 (n = 5), and G3 (n = 79) (Figure 2). Prior 

to the phylogenetic analysis a recombination analysis was conducted and found no evidence of 

recombination within the coding and non-coding regions of BFV sequences. 

 

Our NWG analysis confirmed that the G1 clade contains only the single human-derived isolate 

sequence sampled in 2014 from PNG but based on our additional E2 tree analysis, a single 

�S�D�U�W�L�D�O�� �V�H�T�X�H�Q�F�H�� �I�R�U�� �W�K�H�� �P�R�V�T�X�L�W�R�� �L�V�R�O�D�W�H�� �³�%�)�9�B�1�7�´�� ���D�F�F�H�V�V�L�R�Q�� �Q�X�P�E�H�U���� �/�������������� �V�D�P�S�O�H�G��

from Gove in the NT in 1992 by Poidinger et al.[46], could also be part of G1.This new 

evidence suggests the timeframe and location of G1 virus sampling is wider (1992-2014) and 

inclusive of Australia.  

 

Our NWG study expands the G2 clade with three new sequences. These new sequences were 

generated from historical isolates sampled from Mataranka in the NT (n = 2) in 1984 and from 

Gippsland in VIC (n = 1) in 1989. The addition of three QLD sampled E2 isolate sequences 

(accession numbers: L76440, MK169382 and MK169386) to G2 in our E2 ML tree confirms 

previous reports indicating concomitant sampling of BFV from mosquitoes in VIC and QLD 

in 1974. Our E2 tree also contains the full coding sequence for the most contemporary G2 virus 

(i.e., mosquito-derived isolate SWBTA40; accession number: MK169388) sampled recently 

from QLD in 2017 indicating that G2 viruses may still be in circulation on the mainland. Of 

the 18 sequences in G2 in our E2 tree, eleven were sampled from northern Australia during 
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1974-2017. Our extended NWG analysis shows the expansion of the spatiotemporal sampling 

range of G2 BFV to north-NT and by a further nine years (1974-1989). However, the E2 

analysis suggests that BFV has been sampled over a wider timeframe (1974-2017) from regions 

that include north-NT, southern WA, QLD, and NSW. The only human-derived E2 isolate 

sequence in G2 (strain CSIRO30, accession number: L79899) was sampled from Beatrice Hill 

in the NT in 1975 [46]. Only two NWG virus sequences were included in G2 previously by 

Michie et al, and these were sampled from VIC and north-WA between 1974 and 1980 [6]. 

 

Our NWG analysis shows that 49 of the 79 NWGs in G3 are new. However, only 30 of the 41 

G3A NWGs are new. These 30 new G3A NWGs were generated from isolates sampled from 

north NT (n = 5); north, coastal and south-west WA (n = 13); central and coastal NSW (n = 

11), and north-coastal QLD (n = 1) between 1987 and 1995. The addition of these 30 new 

isolate NWGs to this sublineage has expanded its spatiotemporal sampling range from strictly 

north and south-west WA to northern and eastern Australia, and from 15 (1993-2008) to 21 

years (1987 �± 2008). Furthermore, our E2 analysis also indicates that only two historical partial 

isolate sequences (accession numbers: L76455 and L76457) sampled in 1989 from a biting 

midge and a mosquito vector in northern QLD and northeast WA respectively, are associated 

with G3A [46]. The previous study showed that only G3 is multi-typic, being subdivided into 

sublineages G3A and G3B containing a total of 30 NWGs, 27 of which were all derived from 

isolates sampled from WA [6].     

 

Our expanded NWG G3B dataset shows that half of the 38 sequences currently in G3B are new 

and were extensively sampled from central and coastal NSW (n = 16), inland VIC (n = 2) and 

coastal QLD (n = 1). In the previous phylogenetic study [6], G3B comprised 19 NWGs, 16 of 

which were sampled extensively from north and south-west WA. The remaining NWGs in this 
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sublineage were generated from isolates sampled from QLD (n = 2) and from NSW (n = 1) 

with the average temporal sampling range being 12 years (2006 �± 2018). Our E2 analysis 

indicates the addition of 16 isolate sequences to G3B, five sampled from NSW (1995-2012) 

and eleven from QLD (2013-2017). This extends the sampling timeframe for NSW sourced 

G3B viruses from a single timepoint (i.e., the year 2014) reported by Michie et al. [6], to the 

21-year range 1995-2016 reported in our study. The previous phylogenetic study [6], only 

included two NWGs generated isolates sampled from QLD between 2017-2018. The addition 

of these 16 sequences to G3B almost doubles the timeframe for the sampling of these viruses 

from a 12-year range (2006-2018) to a 23-year range (1995-2018) and expands the 

geographical range of G3B virus sampling to include isolates from eastern Australia. Based on 

the E2 analysis, no additional isolates sampled from other regions of Australia were included 

in G3B.  

 

The association of an isolate sampled from the NT in 1992 (accession number: LL76442) with 

G1 in our E2 tree suggests that G1 viruses only circulated in the NT up to the early 1990s 

before being outcompeted and replaced by fit G3 variants circulating WA and NSW in 

Australia at the time. We did not find any evidence to suggest that G1 and G2 viruses circulated 

at the same time within different geographical settings as the sampling times for these 

genotypes did not overlap. However, G2 and G3A viruses were both sampled from VIC, NT 

and north-WA in 1989. This indicates that these viruses may have co-circulated within eastern 

and northern Australia at the same time.  

 

Spatiotemporal clustering was only evident within the G3 genotype in both the G3A (NT, WA, 

and QLD in 1989; NSW and WA in 1993) and G3B (NSW and WA in 2006 and 2012; QLD, 

VIC and WA in 2017) sublineages. These observations indicate that G3A and G3B viruses 
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possibly circulated within different states at similar times in Australia. Our NWG analysis 

provided further evidence indicating that G3A and G3B viruses sampled from NSW and WA 

possibly circulated in these states at the same time between 2006 and 2008. Additionally, G1 

and G3 viruses may have circulated in Australia (i.e., WA and NSW) and PNG at the same 

time (i.e., 2014) in different hosts (i.e., humans and kangaroos).        

 

Surveillance and BFV detection rates vary between states in Australia. In our study, more than 

half of the new NWGs in G3 (n = 27) were generated from isolates sampled from NSW over a 

23-year period (1993-2016). However, QLD demonstrated the greatest range in sampling time 

with viruses isolated over 44 years (1974-2018), closely followed by VIC with a 43-year (1974-

2017) sampling range and WA having sampled BFV for 28-years (1989-2017) respectively. 

Based on our data, BFV of G1, G2 and G3A origin, was last sampled from the NT over an 

eight-year period (1984-1992). Since 1992, no BFV sequences have been reported from the 

NT. Given NT has continued to report human cases of BFV, the lack of BFV sequences from 

1992 is most likely suggestive of a reduced surveillance rather than a lack of circulating virus. 

These observations show that the frequency of BFV sampling is impacted by resources 

available for virus surveillance at regional level.   
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Figure 2. A midpoint rooted maximum likelihood (ML)  phylogenetic tree for 85 BFV strains sampled from Australia and Papua New 

Guinea. The ML tree shows the three main BFV genotypes (G1-G4) and the subdivision of G3 into two sublineages (A and B). New sequences 

= red font and published sequences = black font. No new sequences group in G1 but three new NWGs cluster in G2 and 51 new NWGs group 

in G3. All genotype designations in the ML tree had strong phylogenetic support with bootstrap values of 100%. Sequences are labelled as 

follows: Accession number | Strain name | Location | Year.
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3.3 Genotype-specific emergence times and nucleotide substitution rates 

To determine the divergence times and the mean nucleotide substitution rate for BFV, we 

conducted a Bayesian discretised phylogeographic analysis. Out of the six sampling locations 

considered here, PNG had the highest root state PP (0.405) (Figure 3), suggesting PNG may 

be the location where BFVs most recent common ancestor (MRCA) emerged. The time to the 

MRCA (tMRCA) for all the BFV NWGs was 1926 (95% HPD: 1913.5 to 1937.7; indicating 

that all characterised virus NWGs are derived from a common ancestor that emerged 92 years 

ago (Table 2). Analyses of divergence times showed that all three BFV genotypes including 

sublineages diverged over a 75-year period (1926-2001). Further analyses of divergence times 

indicates that the MRCA for G2 and G3 viruses emerged around 22 years after the MRCA of 

G1. Approximately 21 years later, G2 diverged from the G2/G3 MRCA and after a subsequent 

16-year interval, G3A diverged from the G2 MRCA in 1985 (95% HPD: 1984 �± 1986) (Table 

2). Sixteen years later, G3B emerged in 2001 (95% HPD: 2001 �± 2003), replacing G3A as the 

most contemporary G3 sublineage. We also confirmed a previous report indicating that a new 

BFV genotype appears once every 30 years [6]. Except  for G3/G3A, all tMRCA estimates 

reported here for the emergence times for BFV genotypes and sublineages and their respective 

95% HPDs are consistent with those reported previously by Michie et al [6]. Specifically, our 

tMRCA estimate for G3/G3A was much lower by a range of nine to 13 years and our 95% 

HPD for this node was much narrower and did not overlap with the interval reported by Michie 

et al [6]. Finally, our estimate for the mean nucleotide substitution rate (substitutions/site/year) 

for all the 85 BFV NWGs was, 2.21 × 10-4 (95% HPD: 1.92  �± 2.53 × 10-4) (Table 2). This rate 

is 1.043 times lower but mostly consistent with the rate reported by Michie et al [6], under the 

same clock model and a much smaller predominantly WA-based NWG dataset. Our MCC tree 

supported and confirmed the characterisation of BFV into three genotypes and subdivision of 
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G3 into two sublineages (G3A and G3B) as reported here in results section 3.2 and by Michie 

et al [6] in the preceding study.     



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. An estimated maximum clade credibility (MCC) tree for 85 BFV NWGs sampled from PNG and throughout Australia. The MCC above, was generated using a strict molecular clock with a Bayesian 
Skyline demographic prior coupled with the GTR+G+I nucleotide substitution model. Tree branches are coloured by sampling location. Ancestral nodes from which we extracted divergence times from for the three 
recognised BFV genotypes have been labelled on the MCC tree A-E. Tree nodes marked with an asterisk have a posterior probability value > 0.7, indicating strong phylogenetic support. Root state posterior probabilities 
from the tip-randomised (grey and white-coloured bar graph) and non-tip-randomised (multi-coloured bar graph) BEAST analyses are shown above. Analysis of these probabilities indicates that unevenness in sequence 
sample sizes did not bias the inference of where BFVs MRCA originates. 
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�)�L�J�X�U�H���������)�O�X�F�W�X�D�W�L�R�Q�V���L�Q���%�)�9�¶�V���H�I�I�H�F�W�L�Y�H���S�R�S�X�O�D�W�L�R�Q��size through time revealed using the Bayesian Skyline demographic model. The 

plot shows the relationship between the effective population size (Ne) for BFV (y-axis) and time, which is expressed here in calendar years 

(x-axis). As shown above, fluctuations in the Ne of BFV appear to be recurrent and may reoccur once after every ten to 19 years. The region 

shaded blue is the 95% Bayesian credibility interval, and the blue solid line is the posterior median.  

 

3.5 BFV location transition rates 

To determine the directionality of BFV location transition rates, we conducted a Bayesian 

phylogeographic analysis and calculated Bayes factor (BF) values for supported dissemination 

pathways as described in methods section 2.6. Only ten of the 30 BFV location transition rates 

inferred here were �V�W�U�R�Q�J�O�\���V�X�S�S�R�U�W�H�G�����%�)���U�D�Q�J�H���“�������D�Q�G���”�������� (Supplemental Table 1). Seven 

of the ten well supported location transition rates were short and long-distance range virus 

disseminations from NSW to QLD (BF = 11.95), VIC (BF = 32.12), WA (BF = 38.29), and 

from the NT to WA (BF = 50.79), NSW (BF = 7.93), QLD (BF = 3.42), and VIC (BF = 3.36). 

This indicates that eastern and central Australian states (i.e., NSW and the NT) are possibly 

major sources of G2 and G3 viruses. The last three of the ten well supported location transitions 

rates were long-distance range virus disseminations from VIC to NT (BF = 12.37), and from 

WA to NSW (BF = 4.19) and QLD (BF = 4.42. This provides evidence of BFV dissemination 
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from south-eastern to northern Australia and, from WA to both eastern and northern Australia. 

�$�O�O���W�U�D�Q�V�L�W�L�R�Q���U�D�W�H�V���L�Q�I�H�U�U�H�G���K�H�U�H���I�U�R�P���D�Q�G���W�R���W�K�H���3�1�*���Z�H�U�H���Q�R�W���Z�H�O�O���V�X�S�S�R�U�W�H�G�����L���H�������%�)���”����������������

indicating that Australia may not be the source of BFV in the PNG and similarly, Australian 

BFV genotypes (i.e., G2 and G3) may not have come from PNG. 
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3.6 Codon sites with evidence of positive selection pressure 

To determine whether BFV codons were under the influence of negative or positive selection 

pressure, we conducted a natural selection analysis. Our findings indicate that only three codon 

sites at positions 297, 447, and 870, were supported by at least two methods as sites under 

positive selection. Codon sites 297 and 447 are located in the iceberg region of the methyl-

guanyl-transferase (Mtase-Gtase) domain of nsP1 [47]. The iceberg region is a conserved 

element located upstream of the core region of the Mtase-Gtase domain of nsP1 that contains 

all known membrane association sites contribution to the assembly of virus replication factories 

[47]. Positive selection at codon site 297 involved three distinct amino acid (aa) changes: from 

lysine (K) to glutamic acid (E), asparagine (N), and isoleucine (I), in three new G3 NWGs 

generated from isolates collected from different Aedes mosquito species (Table 3). At codon 

site 447 a serine (S) to glycine (G) aa change occurred in eight G3 NWGs (six G3A NWGs 

and two G3B NWGs) (Table 3); six of the eight were new NWGs, but three were sampled from 

different Aedes vectors and five from unknown hosts. The third site with evidence of strong 

positive selection, codon site 870, is located in the N-terminal region of BFVs E1 protein and 

involved a glycine (G) to arginine (R) aa change in five G2, ten G3A, and 30 G3B NWGs 

(Table 3). Except for isolate EGR27629 collected from the Eastern grey kangaroo, all other 

isolates with evidence of positive selection at codon site 870 were derived from mosquitoes of 

varying species. Twenty-seven of the 58 NWGs found to display evidence of positive selection 

are of Australian origin (i.e., G2 and G3 only) and are described here for the first time. Evidence 

of positive selection was only reported at codon position 297 in three isolate sequences sourced 

from WA (DC57911 and SW93518) and QLD (MIDITully). Consistent with a previous 

report[6], we found between six and 290 negatively selected codon sites in the non-structural 

polyprotein compared to only four to 23 within the structural polyprotein.       
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3.7 Variability in BFV coding and non-coding regions   

3.7.1 Nucleotide (nt) and amino acid (aa) variations in BFV coding regions 

To establish whether BFV protein coding regions contained any nucleotide (nt) or amino acid 

(aa) variations of potential functional or structural importance, a variability analysis was 

performed as described in methods section 2.8. Our  mean (%) pairwise identity analysis (Table 

4) indicates that the nsP1 and E1 are the most conserved BFV non-structural and structural 

proteins at nt and aa level whereas the nsp3 and E3 are the least conserved in both BFV 

polyproteins. The nsP3 in BFV is less variable than that in RRV and nt and aa variations 

reported here (Table 4) are consistent with those published previously[6]. Except for the E3 in 

BFV which was less conserved than its counterpart in RRV at aa level, all other BFV proteins 

were more conserved than RRV proteins at nt and aa level suggesting that BFV proteins are 

possibly more negatively selected than those in RRV. The percentage GC content in all BFV 

proteins was much lower than that observed in all RRV proteins and ranged between 45.1% �± 

52.1%. This indicates that BFV proteins are GC-poor compared to RRV proteins and that, 

secondary and tertiary RNA structures formed when BFV proteins fold may not be as stable as 

those formed when RRV proteins fold. Except for one new G3B sequence (strain ARBO304, 

accession number: MW556196, sampled in VIC in 2016 from Cx. annulirostris) with a partially 

resolved 26S promoter UTR sequence, all other viruses (n = 86) had complete 26S sequences. 

The complete 26S promoter sequence in BFV was found to be very homogenous among all 86 

strains compared to the promoter sequence for RRV which we previously found to be more 

heterogeneous.    
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3.7.2 Nucleotide (nt) variability within BFV UTRs 

Alphaviruses such as Sindbis (SINV), Semliki forest (SFV) and Venezuelan equine 

encephalitis virus (VEEV) have all been shown to form functionally relevant RNA secondary 

structural elements �Z�L�W�K�L�Q���W�K�H�L�U�����¶���D�Q�G�����¶���8�7�5�V��[48-50]. As such, we assessed for evidence of 

nucleotide variations within BFVs ���¶�8�7�5�� �D�Q�G ���¶�8�7�5 that could potentially hinder the 

formation and function of RNA secondary structural elements in these regions. Results 

obtained show sites 1-�������L�Q�����¶�8�7�5���Z�H�U�H���S�D�U�W�L�D�O�O�\���V�H�T�X�H�Q�F�H�G���L�Q���P�R�V�W���V�W�U�D�L�Q�V���Z�K�L�O�H��nucleotide 

sites 45-57 contain many transition and transversion mutations across all three genotypes that 

may negatively influence the formation and function of any existing ���¶�8�7�5��RNA secondary 

structural elements within BFV.  

 

Unfortunately, likely due to the sequencing process, none of the 87 BFV genomes examined 

contained a poly-A tail making analysis of nt variations in this region difficult. Only 45 of the 

BFV genomes had a full 24nt conserved sequence element 

(UAAUUUGUUUUUUUAAUAUUUUAC ); the remaining strains only had a partially 

resolved CSE (Supplemental Figure 7). Eight of the 45 viruses had the uracil (U) next to the 

guanine (G) residue at position 8 deleted (see Supplemental Figure 7). These eight viruses 

belong to G2 (n = 3), G3A (n = 3) and G3B (n = 2) only. Five of these eight viruses are 

mosquito-derived but the sampling host of the remaining three viruses is unknown. We recently 

observed this deletion in 14 RRV strains belonging to eight sublineages and three distinct hosts 

[51]. Two pyrimidine to purine transversion mutations (U14A, and U17A) were detected only 

in the G3B strain MIDIWBTA.2018 sampled in QLD in 2018 from Cx. annulirostris 

(Supplemental Figure 7). We recently identified a similar nt change at site 14 in a G4B RRV 

strain (78560) sampled from Ae. vigilax in NSW in 2006. The impact of these nt variations on 

RRV negative strand synthesis should be investigated further.       
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�5�H�S�H�D�W�� �V�H�T�X�H�Q�F�H�� �H�O�H�P�H�Q�W�V�� ���5�6�(�V���� �Z�L�W�K�L�Q�� �W�K�H�� ���¶�8�7�5�� �R�I�� �D�O�S�K�D�Y�L�U�X�V�H�V�� �V�X�F�K�� �D�V�� �F�K�L�N�X�Q�J�X�Q�\�D��

(CHIKV) are usually highly conserved and are associated with efficient replication in mosquito 

vectors and determination of virus host range [52-54]. We found all four previously reported 

���¶�8�7�5��RSEs (I, Ia, II, and IIa) within nearly all of the 87 BFV genomes examined here 

(Supplemental Table 3) [1, 55]. While the prototype sequence of RSEs I and Ib were more 

common in BFV strains than those for Ia and II (Supplemental Table 2 and Supplemental 

Figures 3-6), each of the four RSEs had multiple low frequency variants caused by nucleotide 

insertions, deletions and substitutions (Supplemental Table 2). Few virus sequences had partial 

RSEs but only ten strains (Supplemental Figure 4) had a previously reported 58nt insertion 

within RSE Ia [6]. How these RSE variants impact BFV replication within mosquito and other 

host cells and RNA secondary structure formation in �W�K�H�����¶�8�7�5 needs to be evaluated further.  
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3.8 Codon and Dinucleotide Bias in BFV  

3.8.1 Codon Usage Bias in BFV 

An RSCU analysis was conducted to assess the patterns of synonymous codon usage in BFV 

coding sequences (Figure 5). These analyses show that of the 59 synonymous codons, only 26 

�D�U�H���P�R�V�W���S�U�H�I�H�U�U�H�G�����L���H�������5�6�&�8���!�������������L�Q���%�)�9�¶�V���F�R�G�L�Q�J���U�H�J�L�R�Q�����$�P�R�Q�J���W�K�H�V�H���������P�R�V�W���S�U�H�I�H�U�U�H�G��

codons, three had a G, 12 had a C, ten had an A and one had a U in the 3rd position. Therefore, 

the most preferentially used codons in BFV (i.e., 22 of the 26 preferred codons) end with either 

an A or C at the 3rd position. It is recognised that H. sapiens show a strong bias towards codons 

ending with a G/C at the 3rd position, however M. giganteus, Ae. vigilax and Ma. uniformis 

show a comparatively higher codon usage bias towards A/U at the 3rd codon position. Except 

for the 6K where there is higher codon usage bias towards C/U at the 3rd codon position, all 

other BFV proteins have a strong bias towards an A or C in this terminal position. Also, while 

the CCA and GCA synonymous codons encoding proline (P) and alanine (A) are 

overrepresented (i.e., RSCU > 1.6) in BFV, only the GCG and UCG codons encoding alanine 

and serine (S) are underrepresented (i.e., RSCU < 0.6). Comparison of RSCU values for BFV, 

its hosts (i.e., H. sapiens and M. giganteus) and mosquito-vectors (Ae. vigilax and Ma. 

uniformis) showed that the ratio of coincident/antagonist preferred codons is 16/10 between 

BFV and H. sapiens; 13/13 between BFV and M. giganteus; 11/15 between BFV and Ae. 

vigilax, and 10/16 between BFV and Ma. uniformis, respectively.  
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Figure 5. Heatmap of Relative Synonymous Codon Usage values for BFV, its hosts, mosquito vectors and proteins. The figure shows 

the variability in RSCU values between BFV, its genotypes, hosts, mosquito vectors and proteins. Only the most preferred codons with an 

RSCU value > 1.0 are highlighted above in pink. Of the 59 synonymous codons in the BFV genome, only 26 had an RSCU value > 1.0 

indicating positive codon usage bias; these 26 codons are the most preferred codons in the BFV genome. While in BFV, its genotypes and 

proteins a comparatively higher codon usage bias towards an A or C at the 3rd codon position prevails (excerpt in the 6K where a C or U are 

more preferred at this site), in H. sapiens there is bias towards codons with a G or C at the 3rd position and in M. giganteus, Ae. vigilax and 

Ma. uniformis codons ending with either an A or U at the 3rd site are more preferred. 
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3.8.2 Dinucleotide Bias in BFV 

Biases in dinucleotide abundance within the coding region of RNA viruses can and have been 

exploited for purposes of attenuating viruses and in as a strategy to develop live attenuated 

viral vaccines through dinucleotide shuffling [56, 57]. The relative abundance of dinucleotides 

in coding sequences can vary, with some dinucleotides being overrepresented (Odds Ratio > 

1.25) and others being underrepresented (Odds Ratio < 0.78). Our analyses of biases in 

dinucleotide abundance in BFV indicates that four dinucleotides, CA, UG, AG and GA, are 

overrepresented at codon sites: (1) 3-1, (2) 2-3 and 3-1 (3) 3-1 and (4) 1-2 respectively (Figure 

6). Only two dinucleotides, CG and UA, were found to be underrepresented at codon sites 1-2 

and 2-3 respectively. To determine the possible effects of dinucleotide over and under-

representations on codon usage bias in BFV, the RSCU values of CA, UG, AG, GA, CG, and 

UA containing codons were assessed. Our assessment shows that only two of the eight the CA-

containing codons, CCA and GCA, encoding proline (P) and alanine (A) aa residues had an 

RSCU value greater than 1.6 indicating that they were both preferred and overrepresented in 

BFV coding sequences. Similarly, only two of the eight CG containing codons, GCG and UCG 

encoding A and S aa residues respectively, had RSCU values less than 0.6, meaning they were 

least preferred and underrepresented in BFV coding sequences.  
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Figure 6. Bias in relative dinucleotide abundance in BFV coding sequences. The figure shows the odds ratios of the 16 dinucleotide pairs at the 1-2, 2-3 and 3-1 codon sites. As seen above, dinucleotides CA, UG, 

AG, and GA are the only overrepresented dinucleotides in BFV (Odds ratio > 1.25) at 1-2, 2-3 and 3-1 codon sites while CG and UA are the least represented dinucleotides (Odds ratio < 0.78) at codon sites 1-2 and 2-

3, respectively.
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4. Discussion 

In the current study, we have conducted the first comprehensive, nationwide, evolutionary 

analysis of 87 BFV NWGs sampled widely from macropods, humans, and mosquitoes in 

Australia and Papua New Guinea during 1974-2018. Fifty-four of the 87 BFV genomes which 

are reported here for the first time were sampled from QLD, NSW, WA, NT, and VIC and 

belonged to the G2 and G3 clades. In addition to revealing the most likely geographical sources 

of G2 and G3 virus dissemination pathways, we have also shown for the first time, that BFV 

displays both codon and dinucleotide biases that can be exploited for attenuation of the virus 

or vaccine development.  

 

Our expanded sampling range included new isolates sourced from northern and eastern 

Australia (QLD, NT, NSW, VIC, WA) and strengthened support for the existence of only three 

BFV genotypes (G1-G3).  G3, is subdivided into two sublineages, G3A and G3B, consistent 

with the one report by Michie et al [6]. Furthermore, our NWG phylogenies (Figure 2 and 

Supplemental Figure 1) validated the previous designation of only one isolate sequence 

sampled from PNG in 2014 in the G1 clade [9]. However, our E2 analysis (Supplemental 

Figure 2) suggests a partial sequence for isolate BFV_NT (accession number: L76442) sampled 

in the NT in 1992 is possibly associated with G1, meaning the timeframe and location of G1 

virus sampling has extended from 2014 in PNG to 1992-2014 and Australia. Our phylogenies 

also suggest that BFV strains belonging to G1 were likely outcompeted and replaced by 

possibly fit ter G3 variants circulating in NSW and WA at the time in Australia.  

 

The new NWG and E2 phylogenies have extended the current understanding of BFV diversity 

at a spatial level by showing that in addition to WA, viruses belonging to the G2 and G3 clades 

also circulate in both northern and eastern Australia. We show here that G2 consists only of a 



43 
 

greater number of Australian derived BFV isolates (n = 18) (Supplemental Figure 2) sampled 

over a much wider timeframe (1974-2017) within northern and eastern Australia. The previous 

phylogenetic study only included two NWGs in G2, one sampled from VIC (U73745) in 1974 

and the other (KO376-1) from northern WA in 1980 [6]. Therefore the addition of isolate 

SWBTA40 (accession number: MK169388) sampled in QLD in 2017 to G2 (Supplemental 

Figure 2), also indicates that G2 viruses may still be circulating on the mainland. Also, the 

sampling of PNG_BFV (accession: MN115377) and EGR27629 (accession number: 

MN689025) in PNG and NSW in 2014 suggests viruses belonging to the G1 clade and the G3B 

sublineage have circulated recently both in PNG and Australia.  

 

The new NWG  and E2 phylogenies also indicated an expansion of the spatiotemporal sampling 

range for G3A (1987-2008) and G3B (1995-2018) viruses from primarily WA to both northern 

and eastern Australia indicating these viruses are more widespread in Australia, have been 

sampled more widely than previously reported and have likely co-circulated in  northern and 

eastern Australia between 1995-2008. The observation of overlapping isolate sampling times 

for G2 and G3A (1989-1995), and G3A and G3B (2006-2008) suggests that these viruses may 

have co-circulated in northern, eastern, and western Australia at these times. G3A isolates were 

last sampled from WA (accession number: MN689022) in 2008 and may no longer be 

circulating on the mainland. Compared to G3A, G3B viruses have been sampled more 

frequently in recent times on the mainland; the last sampling occurring in QLD in 2018 

(accession numbers: MW350167, MH618665, MN064697, and MK697274). Although only 

one contemporary G2 isolate has been sampled on the mainland (i.e., in 2017), G3B viruses 

appear to be the dominant lineage circulating in Australia.          
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Evidence of recombination among alphaviruses was initially presented by Hahn and colleagues 

in 1988 [58]. We recently found evidence of recombination in both RRV coding and non-

coding regions [51] similar to other studies on CHIKV [59], Mayaro virus (MAYV) [60], and 

SINV [61]. Despite using an expanded dataset sampled widely across Australia, we did not 

find any evidence of recombination within any of the 87 BFV NWGs that we examined. This 

was in line with results from Michie and colleagues [6], indicating that other factors such as 

natural selection may drive genetic diversity in BFV.  

 

BFV was first sampled from mosquitoes in VIC and QLD in 1974 [8], and our E2 phylogeny 

reconfirms this with sequences from both regions included in G2. Results of our discrete 

phylogeographic analysis indicated that the three BFV genotypes diverged from their MRCA 

around 1926. This suggests that all characterised BFV isolates diverged from a common 

ancestor around 92 years ago. Further assessment of root state PPs obtained under the non-tip-

randomised model confirmed PNG as the most probable geographical origin of BFVs MRCA. 

Comparison of root state PPs derived under both the non-tip-randomised and tip-randomised 

phylogeographic models, showed that unevenness in the number of isolate sequences obtained 

per sampling location did not bias the inference of the location of BFVs MRCA. This suggests 

that the diversity of PNG-derived BFV isolates may be greater than currently known and more 

non-Australian BFV strains or genotypes have existed. All our tMRCA estimates for G1, G2 

and G3 were consistent to and their 95% HPDs overlapped with those reported previously [6]. 

However, our tMRCA estimate for G3A appears more robust than the estimate reported 

previously because its 95% HPD was narrower and it was derived using a dataset sampled 

widely from WA and additional sites located in the NT, QLD, and NSW.  
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Our analysis of BFV divergence times revealed the cyclic nature of BFV genotype replacement 

events whereby a new BFV genotype emerges once approximately every 30 years. The same 

analysis also showed that a new G3 BFV sublineage has emerged once after a 16-year period 

in northern and eastern Australia, first in 1985 and then again in the year 2001. A similar cyclic 

pattern of lineage replacement has previously been reported to occur in RRV [51, 62].  

 

The mean nucleotide substitution rate estimate (substitutions/site/year) we obtained for BFV 

was marginally lower that the rate reported previously by Michie and colleagues [6]. Our study 

included a greater number of isolates and results were comparable to rates obtained for CHIKV 

and RRV using near-whole genomes [63].  

 

Contrary to previous reports indicating a near constant BFV population density over time with 

little fluctuation in Ne [6], our study shows that fluctuations in the Ne of BFV are recurrent.. 

There may be a link between recurrent Ne fluctuations, the emergence of BFV variants, and 

the occurrence of major BFV outbreaks in Australia. Variations in sample sizes might explain 

the difference between BFV and RRV Ne fluctuations observed. Certainly, interplay between 

fluctuating BFV and RRV Ne and the emergence of new variants and occurrence of outbreaks 

requires further investigation.  

 

Assessment of location transition rates suggests eastern and central Australian states (i.e., NSW 

and the NT) are possibly major sources of G2 and G3 viruses. Based on the location transition 

rates derived from analysis of the NWG dataset, Australian states from which BFV was 

sampled in this study may not be the source of BFV circulating in the PNG. As such, further 

sampling of BFV isolates from PNG and unsampled Australian states is needed to ascertain the 

diversity of BFV in PNG and to infer the likely source of the virus circulating in PNG and 
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Australia. Such sampling will reveal whether other locations outside Australia are potential 

sources of BFV circulating in Australia. There is also need to conduct serological surveys in 

the PNG to assess for evidence of recent or historical exposure to BFV as thus far, the only 

evidence of BFV human seroprevalence has been reported in Australia in QLD, NSW, VIC 

and Tasmania (TAS) between 1980 and 2011 [64].   

 

Our investigation of the effect of natural selection on BFV diversity identified evidence of 

positive selection at three codon sites (297, 447, and 870) in the iceberg region of the nsP1 and 

the N-terminus of the E1 within 58 isolates, 27 of which are new. We also observed that most 

negatively selected codon sites are located within the non-structural polyprotein [6]. This 

phenomenon is likely an evolutionary adaption strategy of the virus to preserve its replication 

complex and capacity to exploit its common vertebrate hosts and mosquito vectors [65, 66]. 

As mutations identified in BFVs iceberg region of nsP1s Mtase-Gtase domain and the N-

terminal of the E1 involved changes in aa biochemical properties, we hypothesise that they 

may serve to diminish or inhibit mRNA capping activity in nsP1 or enhance the capacity of the 

E1 to participate in binding interactions with other alphavirus glycoproteins such as the E2 to 

form the E1-E2 heterodimer required for virus assembly [67]. Our hypothesis is based on the 

observation that both substitution of K, W, C, Y and D aa residues for A and deletion mutations 

of aa residues located within the iceberg region of nsP1s Mtase-Gtase domain in Semliki Forest 

virus (SFV) and SINV diminish mRNA capping activity during replication [47]. In addition, 

an increase in the mRNA capping efficiency of the nsP1 in SINV was shown to negatively 

affect viral infection [68]. All three aa mutations detected here at site 297 in nsP1 (i.e., the 

K297E, K297N and K297I) have previously been reported to occur at the same site in two 

historical BFV strains sourced from WA and one collected from QLD by Michie and 
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colleagues [6]. Future studies should therefore investigate the functional relevance of these aa 

variations in the nsP1 and E1.  

 

Our mean (%) pairwise identity analysis using the expanded NWG dataset provided results 

consistent  to those reported previously [6].    We have extended previous work by showing 

evidence of lower percentage GC contents in all BFV protein coding regions compared to RRV. 

This indicates that BFV protein coding regions are possibly GC-poor and may form less stable 

secondary and tertiary structures than RRV upon folding.  We have also demonstrated with 

new evidence that the 26S promoter sequence in BFV is very homogeneous and does not 

contain any nucleotide variations that are likely to alter the efficiency of structural gene 

transcription. In RRV, we have found this region to be highly heterogeneous [51]. This suggests 

that compared to RRV, the 26S promoter region in BFV may be under the influence of strong 

negative selective selection, most likely because unlike RRV, BFV is not a host generalist.   

 

As observed in other alphaviruses, the BFV 24nt conserved sequence element (CSE) also 

contains the promoter for negative strand synthesis [50]. Our analysis of nucleotide variations 

in this CSE in BFV indicate that both BFV and RRV mosquito derived viruses have a U 

deletion at site 8 and a pyrimidine to purine transition mutation at site 14 [51]. There is a need 

to further investigate the impact of both variations on formation of functional UTR secondary 

structure elements and negative strand synthesis in both viruses.     

 

Within the highly variable 3�¶UTR, RSEs are conserved among closely related viruses including 

those belonging to the same serocomplex. �5�6�(�V���L�Q���W�K�H�����¶�8�7�5���R�I alphaviruses such as CHIKV 

have been implicated in ensuring efficient virus replication within mosquito cells and 

influencing the virus host range [50, 52-54]. RSEs I and II found in BFV, are of similar 
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sequence to those found in RRV and other alphaviruses of the Semliki Forest serocomplex 

including CHIKV and Getah virus [69]. In this study, we showed that nearly all 87 genomes 

�F�R�Q�W�D�L�Q�H�G���W�K�H���I�R�X�U���S�U�H�Y�L�R�X�V�O�\���U�H�S�R�U�W�H�G���5�6�(�V���L�Q���W�K�H�����¶�8�7�5���D�Q�G���W�K�D�W���H�D�F�K���5�6�(���K�D�G���D���P�L�Q�L�P�X�P��

of at least five sequence variants exhibiting several nucleotide changes. Future studies should 

seek to determine the exact implications of these additional RSE variants on formation of 

functional RNA secondary structural elements, virus replication and host range.  

 

The RSCU analysis we conducted to assess the patterns of synonymous codon usage in BFV 

coding regions showed that only 26 of the 59 synonymous codons displayed evidence of 

positive codon usage bias (RSCU > 1.0). These 26 synonymous codons are the most preferred, 

optimal or widely utilised codons in BFV. We also showed for the first time that all the three 

BFV genotypes and eight of the nine BFV protein coding regions prefer codons ending with 

either an A or C (except for the 6K which has a preference for C or U) at the 3rd codon position.. 

Our comparative analysis of RSCU values demonstrated that the patterns of codon usage bias 

between BFV, its human and animal hosts, and mosquito vectors is antagonistic. Previous 

studies conducted on CHIKV [70], hepatitis C virus (HCV) and enterovirus 71 have reported 

evidence of both coincidental and antagonistic codon usage bias [71, 72]. Coincidental codon 

usage bias among viruses and hosts may facilitate for efficient translation of amino acids 

whereas antagonistic codon usage bias may guarantee proper folding of viral proteins but can 

lower amino acid translational efficiency [71].   

 

Both codon usage and dinucleotide bias can influence the representation of certain codon pairs 

[45]. Bias in dinucleotide abundance within codons can arise because of host-associated 

mutational pressure, or significant amino acid or nucleotide compositional biases [73]. 

Dinucleotide bias can also influence the rate at which amino acids are translated into proteins 
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and how these proteins fold into the appropriate confirmation [73]. Our investigation of 

dinucleotide bias in BFV yielded results indicating that four dinucleotides, CA, UG, AG and 

GA, are overrepresented in BFV at codon sites: (1) 3-1, (2) 2-3 and 3-1, (3) 3-1 and, (4) 1-2, 

respectively.  We also showed that only two dinucleotides, CG and UA, were underrepresented 

in BFV at codon sites 1-2 and 2-3, respectively. Overrepresentation of CA and UG 

dinucleotides (but not AG and GA) and also underrepresentation of CG and UA, is common in 

most RNA viruses [74]. Further assessment of these dinucleotide biases in BFV revealed that 

only two of the eight CA-containing codons, CCA and GCA, encoding proline (P) and alanine 

(A) aa residues were both preferred and overrepresented in putative sequence regions. Only 

two of the eight CG containing codons, GCG and UCG, encoding A and S aa residues were 

least preferred and underrepresented in BFV putative sequence regions. Our result indicating 

overrepresentation of CA and UG (but not AG and GA) dinucleotides and underrepresentation 

of CG and UA dinucleotides in BFV is similar to a report from a study conducted on 20 RNA 

virus families [74].  

 

A study on 29 animal RNA viruses from 12 families, has previously shown that dinucleotide 

bias at 2-3 rather than 3-1 sites has a greater effect on codon usage patterns in some but not all 

RNA viruses [75]. This is because the second codon position specifies the type of amino acid, 

participates in translation efficiency, protein turn-over, and protein maturation [76]. The second 

codon position is therefore more functionally constrained than the other codon positions [77]. 

This means, when a point mutation occurs on this site, it ultimately changes the amino acid 

encoded for by the codon and such changes can influence protein function [78]. Therefore, 

evidence obtained here of both over-and-underrepresentation of specific dinucleotides at the 

second codon position in BFV can be exploited for the development of a live attenuated BFV 

vaccine through the shuffling of dinucleotides or deoptimization of single codons and codon 
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pairs. This has successfully been done for other viruses such as Influenza A virus and 

Poliovirus [56, 57]. 

 

5. Conclusions 

This first Australian nationwide phylogenetic study set out to expand upon previous WA-based 

phylogenetic analysis by determining the evolutionary dynamics and dissemination pathways 

of BFV. Fifty-four of the 87 whole genomes examined here are novel and were sourced from 

northern, eastern, western, and southern Australian states. Our findings confirm the current 

existence of three previously reported BFV genotypes (G1-G3). We also showed that BFV has 

been circulating within sampled locations for around 92 years with a new lineage emerging 

nearly once after every 30-years. �3�1�*���Z�D�V���F�R�Q�I�L�U�P�H�G���D�V���W�K�H���O�L�N�H�O�\���V�R�X�U�F�H���R�I���%�)�9�¶�V���0�5�&�$��

but the virus circulating in the BFV may not have disseminated from Australia. Seven of the 

ten strongly and decisively BFV supported location transition rates, were short and long-

distance virus disseminations from central and eastern Australian states to other regions of the 

country. This indicates that G2 and G3 viruses have a central and eastern Australian origin. 

More importantly, we have demonstrated that the spatiotemporal sampling range for G2 and 

G3 viruses has extended indicating both lineages could possibly be fitter than the G1 variants. 

Certainly, G2 and G3 viruses have only circulated in Australia for longer than previously 

reported. Contemporary G1 and G3B viruses have only been sampled in recently history from 

PNG and throughout Australia. In addition, we also showed for the first time that BFV displays 

codon and dinucleotide biases that can be exploited for virus attenuation and vaccine 

development through dinucleotide shuffling and codon deoptimization. Overall, our 

nationwide surveillance and phylogenetic analysis of BFV genomes has indicated that future 

interventions aimed at controlling the spread of BFV across Australia should be concentrated 

within central and eastern states as these are major sources of virus dissemination. However, 
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further surveillance and sampling of BFV in PNG and other unsampled regions of Australia 

and the Pacific region will help to expand our understanding of BFV diversity and its 

dissemination pathways, particularly how the virus may have reached the PNG and Australia.  
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Supplemental Figure 1. A midpoint rooted maximum likelihood (ML)  phylogenetic tree for 87 BFV strains sampled from Australia 
and Papua New Guinea. The ML tree shows the three main BFV genotypes (G1-G3) and the subdivision of G3 into two sublineages (A and 
B). New sequences = red font and published sequences = black font. No new sequences group in G1 but three new NWGs cluster in G2 and 
51 new NWGs group in G3 including those for the two isolates sampled from the NT and WA lacking sampling times (accession numbers: 
MW350199 and MW350220). All genotype designations in the ML tree had strong phylogenetic support with bootstrap values of 100%. 
Sequences are labelled as follows: Accession number | Strain name | Location | Year. 
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Supplemental Figure 2. A midpoint rooted maximum likelihood (ML)  phylogenetic tree for 120 BFV E2 gene sequences generated 
from strains sampled from Australia and Papua New Guinea. The ML tree shows the grouping of 105 complete and 15 partial (highlighted 
by an asterisk) E2 gene sequences into three previously reported BFV genotypes (G1-G3) and the subdivision of G3 into two sublineages (A 
and B). New sequences = red font and published sequences = black font. The tree shows the association of an NT sampled isolate (L76442) 
with G1. G2 contains 18 isolate sequences sampled predominantly from northern and eastern Australia and includes an isolate sampled recently 
in 2017 from QLD (MK169388), indicating G2 viruses may still be circulating on the mainland. Only two additional historical isolates sampled 
in 1989 from northeast QLD and WA (L76455 and L76457) were included in G3A but a total 16 additional BFV isolates sampled extensively 
from eastern Australia (i.e., NSW (n = 5) and QLD (n = 11)) grouped in G3B. All genotype designations in the ML tree had strong phylogenetic 
support with bootstrap values of 70%. Sequences are labelled as follows: Accession number | Strain name | Location | Year. 
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Supplemental Figure 3�����5�6�(���,���L�Q���%�)�9�¶�V�����¶�8�7�5. The figure shows nucleotide variations occurring in RSE I. 
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Supplemental Figure 4. RSE Ia �L�Q���%�)�9�¶�V�����¶�8�7�5. The figure shows nucleotide variations occurring in RSE Ia. 
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Supplemental Figure 5. RSE II  �L�Q���%�)�9�¶�V�����¶�8�7�5. The figure shows nucleotide variations occurring in RSE II. 
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Supplemental Figure 6. RSE IIa �L�Q���%�)�9�¶�V�����¶�8�7�5. The figure shows nucleotide variations occurring in RSE IIa. 
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Supplemental Figure 7�����1�X�F�O�H�R�W�L�G�H���Y�D�U�L�D�W�L�R�Q�V���Z�L�W�K�L�Q���%�)�9�V�������Q�W���&�6�(���L�Q���W�K�H�����¶�8�7�5�� The figure shows that the full CSE was conserved in 
only 45 of the 87 BFV genomes (only 53 of the 87 BFV CSEs shown here); other strains only had a partially sequenced CSE. Also, eight G2 
and G3 strains had a deletion of a U residue at site eight, and only one BFV strain (accession number: MN064697) sampled from Cx. 
annulirostris had two pyrimidine to purine transversion mutations. Sequences are labelled as follows: Accession number | Strain name | 
Location | Year| Lineage | Host. Not all host could be confirmed for isolates.  
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5.2 Preface 52 

The RNA genome of Ross river virus (RRV) encodes two polyproteins, a non-structural 53 

polyprotein and structural polyprotein that are separated by the 26S RNA promoter [1]. These 54 

�W�K�U�H�H���U�H�J�L�R�Q�V���U�H�S�U�H�V�H�Q�W���W�K�H���F�R�G�L�Q�J���U�H�J�L�R�Q���R�I���5�5�9���D�Q�G���D�U�H���I�O�D�Q�N�H�G���R�Q���W�K�H�����¶���D�Q�G�����¶���H�Q�G���E�\���V�R-55 

�F�D�O�O�H�G���³�Q�R�Q-�F�R�G�L�Q�J�´���R�U���³�X�Q�W�U�D�Q�V�O�D�W�H�G�´���U�H�J�L�R�Q�V���>���@�����'�H�V�S�L�W�H���5�5�9���E�H�L�Q�J���D���S�D�W�K�R�J�H�Q���R�I���P�H�G�L�F�D�O����56 

nationwide, and regional importance, no licensed vaccines or targeted therapies currently exist 57 

to relieve or better manage signs and symptoms of RRV disease. As such, in this chapter, we 58 

used a bioinformatics approach to investigate codon usage and dinucleotide patterns within 59 

coding regions belonging to 55 RRV strains obtained from humans (Homo sapiens), macropods 60 

(Notomacropus agilis) and RRVs principal saltmarsh mosquito vector, Aedes vigilax. We 61 

further assessed the impacts of host and vector codon usage patterns on those of RRV. Such 62 

assessments may positively inform the development of vaccines or other pharmaceutical 63 

therapies that can be used against RRV.  64 

Our findings show that natural selection is currently the critical factor influencing or shaping 65 

RRV codon usage patterns. In addition, we also showed for the first time that RRV codon usage 66 

patterns (A/C ended bias) are antagonistic to those observed within common vertebrate hosts 67 

(G/C ended bias in H. sapiens and A/U ended bias in N. agilis) and one of RRVs principal 68 

mosquito vectors (A/U ended bias in Ae. vigilax). Antagonistic bias between RRV, its 69 

vertebrate hosts and principal vector could either ensure proper folding of virus proteins or 70 

lower amino acid translational efficiency [39]. This chapter also presents compelling evidence 71 

suggesting that the codon usage patterns of RRV are greatly impacted by those of Ae. vigilax 72 

and less so by patterns of vertebrate hosts, H. sapiens or N. agilis. Our dinucleotide analysis 73 

revealed for the first time that the CA and UG dinucleotides in RRV are overrepresented at 74 

codon sites 1-2 and 2-3, and at codon sites 1-2, 2-3 and 3-1, respectively. In contrast, the 75 

dinucleotide pairs CG and UA in RRV were suppressed at all three codon sites. These findings 76 
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strongly suggest that a viable attenuated RRV RNA vaccine can be developed using a codon 77 

deoptimization or codon shuffling strategy. The approach used in this study can also be 78 

extended to other alphaviruses of global importance such as chikungunya virus (CHIKV) and 79 

be used to develop therapeutics for these viruses as well. 80 

 81 

 82 
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Abstract 106 

 107 

Each year more than 4 500 Ross River virus (RRV) human infections are reported throughout 108 

Australia. There is currently no targeted therapeutic or licensed vaccine to protect against RRV 109 

disease. Identifying and substituting preferred with less-preferred codons and dinucleotides in 110 

RRV can help attenuate the virus and may prove useful to vaccine development efforts. Here, 111 

we used bioinformatics approaches to conduct evolutionary analysis aimed at assessing 112 

evidence of codon usage and dinucleotide bias in 55 RRV whole genomes sampled from 113 

humans (Homo sapiens), macropods (Notomacropus agilis), and the Aedes vigilax mosquito. 114 

Our results indicate that RRV undergoes both positive and negative codon usage bias with 115 

translational selection the major force driving RRV codon usage patterns. RRV specifically 116 

displays a bias towards codons with an A or C at the 3rd position while H. sapiens displays a G 117 

or C and N. agilis and Ae. vigilax both show bias towards codons with an A or U at the same 118 

3rd position. However, RRVs codon usage patterns are coincidental to those displayed by 119 

common vertebrate hosts and antagonistic to patterns of Ae. vigilax. Coincidental bias implies 120 

vertebrate host gene expression greatly influences RRV evolution but antagonistic bias 121 

between RRV and Ae. vigilax may ensure proper folding of viral proteins but can lower amino 122 

acid translational efficiency.  In addition, we show that the UG dinucleotides in RRV are 123 

overrepresented at all three codon sites while CA dinucleotides are only overrepresented at 124 
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codon sites 1-2 and 2-3 respectively. These over and underrepresentation of the above 125 

dinucleotide pairs can be exploited for the development of viable attenuated RRV RNA 126 

vaccines. The approach utilised here could also be used to develop vaccines for other 127 

alphaviruses of global importance. 128 

Keywords: Ross River virus, codon usage bias, host, vector, translational selection 129 
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1. Introduction  147 

Ross River virus (RRV) is a single-stranded, enveloped, positive-sense RNA alphavirus of 148 

the Togaviridae family with an approximately 12-kilobase genome [1]. The genome 149 

consists of two open reading frames (ORFs: non-structural and structural) in a single 150 

polyprotein [1]. Both ORFs are separated by a 48-nucleotide (nt) long untranslated 26S 151 

�V�X�E�J�H�Q�R�P�L�F���5�1�$���D�Q�G�����W�K�H���S�R�O�\�S�U�R�W�H�L�Q���H�Q�F�R�G�L�Q�J���U�H�J�L�R�Q���L�V���I�O�D�Q�N�H�G���D�W���W�K�H�����¶���D�Q�G�����¶���H�Q�G�V���E�\��152 

two untranslated regions of approximately 80-nt and 600-nt, respectively [1].  153 

RRV predominantly circulates within the Australia-Pacific region and cycles between 154 

mosquitoes (e.g., Aedes vigilax, Aedes camptorhynchus, Culex annulirostris), humans, and 155 

macropods (e.g. wallabies and kangaroos), among other vertebrates [2]. Humans play an 156 

important role in RRV transmission but macropods (e.g., wallabies and kangaroos) are 157 

regarded as primary reservoir hosts of RRV, and mosquito vectors such as Ae. vigilax 158 

commonly found in saltmarshes are considered principal vectors [3]. Recently, full 159 

genomes belonging to RRV isolates sampled from these hosts and vectors within the 160 

Australia-Pacific region, were classified into four major genotypes (G1-G4) and 14 sub-161 

lineages [4].  162 

The genetic code is made up of codons encoding 20 common amino acids, three 163 

translational stop (UAG, UAA, and UGA) and one start (AUG; methionine) codon [5]. 164 

This code is degenerate or redundant. This means except for stop codons and amino acids 165 

such as methionine (AUG) and tryptophan (UGG) that are commonly encoded for by only 166 

one codon in most codon tables, all other amino acids are encoded for by more than one 167 

codon [6]. Codons encoding more than one amino acid are known as synonymous codons 168 

and can be called optimal codons if they are used more frequently than others for a given 169 

amino acid [7]. This non-random usage of synonymous codons is common in most 170 
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organisms including RNA viruses durin�J���W�U�D�Q�V�O�D�W�L�R�Q�����O�H�D�G�L�Q�J���W�R���³�F�R�G�R�Q���X�V�D�J�H���E�L�D�V�´��[6,8-171 

10]. Codon usage bias varies within and between individual proteins and genomes 172 

belonging to different organisms or isolates of the same virus [7]. Many factors can 173 

influence codon usage bias. Among these factors is translational selection, mutational 174 

pressure, genome nucleotide composition, and dinucleotide abundance [7,8]. As such 175 

studying codon usage bias can yield valuable information relating to virus evolution and 176 

adaptation to hosts, and protein expression [6]. There is currently no vaccine or effective 177 

therapy for RRV. As has been shown to be useful with other RNA viruses such as influenza 178 

A, information generated from a codon usage and dinucleotide bias analyses can be used 179 

in the development of a live attenuated viral vaccine for RRV through the shuffling of 180 

dinucleotides or deoptimization of single codons and codon pairs [11-15]. Therefore, the 181 

main objective of this study was to determine evidence of codon usage bias, the factors and 182 

the extent to which these factors influence codon usage bias in RRV, its primary hosts 183 

[Homo sapiens (humans) and Notomacropus agilis (agile wallaby)] and principal vector 184 

(Ae. vigilax). Understanding this can increase our knowledge of the evolutionary dynamics 185 

modulating codon usage patterns in RRV, its hosts and vectors and this can aid efforts 186 

aimed at attenuating the virus and developing an effective vaccine against RRV. 187 

 188 

 189 

 190 

 191 

 192 

 193 
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2. Materials and Methods 194 

2.1 Sequence Data  195 

A total of 55 RRV complete genomes isolated from H. sapiens (n = 34), N. agilis (n = 2) 196 

and Ae. vigilax (n = 19) were retrieved from Genbank NCBI for use in this study 197 

(Supplemental Table S1). These genomes were generated from viruses sampled in four 198 

Australian states [Queensland (QLD; n = 13, Western Australia (WA; n = 12), New South 199 

Wales (NSW; n = 9) and the Northern Territory (NT; n = 3)] and the Pacific island countries 200 

and territories (PICTs) [American Samoa (AMS; n = 1), Cook Islands (CI; n = 10), Fiji 201 

(FIJ; n = 2) and Papua New Guinea (PNG; n = 1)]. Only the coding (non-structural and 202 

structural) region of each RRV genome was used in the codon usage bias analysis. In 203 

addition to 55 RRV genomes, we also retrieved the complete reference mitochondrial 204 

genomes for Ae. vigilax (Accession number: NC027494) and N. agilis (Accession number: 205 

KY996507) from NCBI Genbank. We also collected and used a dataset of 19,250 H. 206 

sapiens genes (equivalent to 11090056 codons) from 207 

http://genomes.urv.es/CAIcal/human_genes_from_ensembl. Codon usage tables for H. 208 

sapiens and N. agilis were obtained from the Codon Usage Database [16], and we 209 

calculated the codon usage tables for RRV and Ae. vigilax from the raw coding sequence 210 

using the codon usage calculator developed by Biologics Corp [17].    211 

 212 

2.2 Genome alignment, editing and phylogenetic analysis 213 

The 55 RRV complete genomes were aligned using MAFFT v7 [18]. The resulting multiple 214 

sequence alignment (MSA) was then edited manually using the Improved Alignment Editor 215 

(IMPALE) [19]. The phylogenetic relationship between the 55 RRV isolate genomes was 216 
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established by generating a maximum likelihood phylogenetic tree using using RAXML 217 

v8.2.11 [20], with 1000 replicate bootstrap support and the GTR+G+I nucleotide 218 

substitution model.  219 

2.3 Measures of codon usage bias  220 

2.3.1 Nucleotide composition analysis 221 

The nucleotide composition of the coding region of RRV genomes was calculated using 222 

DnaSP v6 and CodonW v1.4.2 (http://codonw.sourceforge.net) [21,22]. These calculations 223 

involved determination of overall frequencies of the mononucleotides (A%, U%, C%, G%) 224 

and the frequency of each nucleotide at the third position of the synonymous codons (A3%, 225 

U3%, C3%, G3%). Frequencies of the occurrence of nucleotides G + C at the first (GC1), 226 

second (GC2) and third (GC3) base of the codon and the mean frequencies of nucleotides 227 

G + C at the first and second position (GC12) were determined as well. In addition, the 228 

overall total A and U nucleotides present (AU%), and (6) nucleotides A and U present at 229 

the third position of a codon (AU3%) were also calculated. 230 

2.3.2 Effective number of codons and ENC-GC3 plot analysis 231 

To identify the bias in the use of synonymous codons, Wright (1990) gave the concept of 232 

the effective number of codons (ENC) [23]. ENC values range from 20 to 61. A value of 20 233 

indicates extreme bias, and means, despite the availability of synonymous codons, the 234 

amino acid is encoded by one codon only. Whereas a value of 61 indicates no bias in the 235 

codon usage; and means that all the available codons are used equally. Generally, if the 236 

observed ENC is less than or equal to 35, the genome is considered to have highly biased 237 

codon usage. A plot of ENC values as the abscissa against GC3 values as the ordinate 238 

variable (i.e. ENC-GC3 plot) is generated to assess the role of mutational pressure in codon 239 
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usage bias. Where mutational pressure is the sole force influencing codon usage bias, all 240 

ENC values for a virus will lie either on or above the expected standard curve (ENCexp) 241 

but if all ENC values lie below this curve, then translational selection is the dominant force 242 

driving codon usage patterns. The ENCexp standard curve was generated using the equation 243 

below: 244 

�'�0�%�A�T�L
L ���t 
E�O
E��
�t�{

�O�6 
E�:�s
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 245 

where s indicates the GC3 values [23]. 246 

2.3.3 Relative synonymous codon usage analysis (RSCU) 247 

The RSCU value of a codon represents the ratio of its observed frequency versus its 248 

expected frequency if all codons for a specific amino acid are used equally [24]. We 249 

calculated RSCU values for RRV, its two hosts, and one principal vector as described by 250 

Kumar et al. (2016) with the equation below: 251 

�4�5�%�7
L��
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where gij is the observed number of the i th codon for the jth amino acid, which has ni kinds 253 

of synonymous codons [25]. Codons with RSCU values < 1.0, equal to 1.0, and > 1.0 are 254 

interpreted as displaying negative codon usage bias, no bias, and positive codon usage bias, 255 

respectively [26]. Additionally, synonymous codons displaying negative codon usage bias 256 

and those with evidence of positive codon usage bias can be further classified as the least 257 

and most preferred codons, respectively [26]. Overrepresented codons possess RSCU values 258 

> 1.6 whereas underrepresented codons have RSCU values < 0.6. Codons with RSCU 259 

values ranging between 0.6 and 1.6 are considered unbiased or randomly used. In this study, 260 

RSCU values for RRV, its hosts and principal transmission vector were calculated using 261 
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DAMBE software version 7.2.6 [27]. Codons that frequently occur between different 262 

�V�S�H�F�L�H�V�� �D�U�H�� �F�D�O�O�H�G�� �³�F�R�L�Q�F�L�G�H�Q�W�� �F�R�G�R�Q�V�´�� �Z�K�H�U�H�D�V�� �W�K�R�V�H�� �W�K�D�W�� �G�R�� �Q�R�W�� �F�R-occur are termed 263 

�³�D�Q�W�D�J�R�Q�L�V�W�L�F�´[28]. To determine whether the codon usage patterns of RRV were similar or 264 

different from those displayed by common hosts and the principal vector, we compared 265 

RSCU values for the virus, its two vertebrate hosts, and one principal mosquito vector and 266 

derived the ratio of coincident/antagonist preferred codons.         267 

2.3.4 Parity rule 2 analysis 268 

A parity rule 2 (PR2) analysis plot was used to explore the effects of mutation and 269 

translational selection on the codon usage of RRV genomes. In this PR2 plot, bias was 270 

calculated based on the AT bias [A3/(A3+T3)] as the ordinate and GC bias [G3/(G3+C3)] 271 

as the abscissa [29]. A mean bias greater than 0.5 indicates a preference for a purine over a 272 

pyrimidine and a mean bias less than 0.5 indicates a preference for a pyrimidine over a 273 

purine.  274 

2.3.5 Neutrality plot (GC12 vs GC3) analysis 275 

We generated and used a neutrality plot to examine the extent of the effect of mutation and 276 

translational selection on the codon usage patterns in RRV by plotting the GC12 values 277 

against the GC3 values. In this plot, mutation pressure is assumed to be the main force 278 

shaping codon usage when the regression line (product of Linear Regression analysis) falls 279 

near the diagonal. Alternatively, when the regression line tends to tilt or is parallel to the 280 

horizontal axis, this indicates the dominant role of translational selection on the codon 281 

usage bias [30]. 282 

2.3.6 Relative dinucleotide abundance analysis 283 
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Variation in the frequency of dinucleotide pairs may affect the codon usage. There are 16 284 

possible dinucleotide pairs. The patterns of dinucleotide frequency indicate both selectional 285 

and mutational pressures; this was calculated here using the following formula: 286 

�2�T�U
L��
�¿�ë�ì

�¿�ë�¿�ì
  287 

Where Fx and Fy are the frequency of individual nucleotides (x and y, respectively), and 288 

Fxy is the frequency of dinucleotides (xy) in the same sequence.  289 

The ratio of the observed to expected dinucleotide frequency is known as the odds ratio; if 290 

this ratio is more than 1.25, the dinucleotide is considered overrepresented, whereas values 291 

below 0.75 indicate underrepresentation [31].   292 

2.3.7 Cosine Distance analysis 293 

The cosine dissimilarity D(A, B) represents the potential effect of the overall codon usage 294 

of the host or vector on that of the virus (e.g. RRV) [32]. The cosine similarity of codon 295 

usage by a host/vector and virus was estimated by considering the 59 synonymous codons 296 

as a 59-dimensional spatial vector. The cosine dissimilarity was then calculated using the 297 

following formula: 298 

R(A, B) = 
�Ã �Ô�Ü�Û�Õ�Ü�1�5

�Ô�8�-
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   R(A, B) is the cosine similarity 299 

D(A, B) = 
�5�?�Ë�:�º�á�»�;

�6
  300 

where R(A, B) is defined as the cosine of the angle between spatial vectors A and B and 301 

�U�H�S�U�H�V�H�Q�W�V�� �W�K�H�� �G�H�J�U�H�H�� �R�I�� �V�L�P�L�O�D�U�L�W�\�� �E�H�W�Z�H�H�Q�� �5�5�9�� �D�Q�G�� �D�� �V�S�H�F�L�I�L�F�� �K�R�V�W���� �³ai�´�� �L�V�� �W�K�H�� �5�6�&�8��302 

�Y�D�O�X�H���I�R�U���D���V�S�H�F�L�I�L�F���F�R�G�R�Q���I�R�U���W�K�H���5�5�9���F�R�G�L�Q�J���V�H�T�X�H�Q�F�H���D�Q�G���³bi�´���L�V���W�K�H���5�6�&�8���Y�D�O�X�H���I�R�U���W�K�H��303 

similar codon of the host or vector. The smaller the cosine dissimilarity between a host or 304 
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vector and the virus the more the host or vector influences or shapes the codon usage 305 

patterns of the virus[33]. 306 

 307 

2.4 Correspondence analysis (COA) 308 

A correspondence analysis (COA) was conducted here to explore the major trends in RRVs 309 

RSCU values. This was achieved by condensing the degrees of freedom to 40 (from 59) 310 

synonymous codons after eliminating the variations caused by unequal usage of amino 311 

acids while generating the COA of RRVs RSCU values[34]. This analysis was performed 312 

using CodonW v1.4.2 software (http://codonw.sourceforge.net) [22].   313 

 314 

2.5 Correlation analysis 315 

�$�� �6�S�H�D�U�P�D�Q�¶�V�� �U�D�Q�N�� �F�R�U�U�H�O�D�W�L�R�Q�� �D�Q�D�O�\�V�L�V��was performed using the statistical software 316 

GraphPad Prism v8 (https://www.graphpad.com) [35], to identify the relationship between 317 

codon usage indices and nucleotide composition in RRV.  318 

 319 

3. Results  320 

3.1 Phylogenetic analysis of RRV based on the polyprotein coding region 321 

All RRV sampled humans (H. sapiens), the agile wallaby (N. agilis) and the mosquito 322 

vector (Ae. vigilax), clustered into the four recognisable phylogenetic groups (G1-G4) 323 

(Figure 1). G4 (n = 24), followed by G3 (n = 22) then G2 (n = 5) and G1 (n = 4) had the 324 

largest number of host/vector sampled RRV. Only G3 and G4 RRV have been sampled 325 
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from both Australia and the PICTs; G1 and G2 were only sampled within Australia. Except 326 

for G1 where RRV was sampled from the two hosts (H. sapiens and N. agilis) and one 327 

vector (Ae. vigilax), G2, G3 and G4 clades only had viruses sampled from H. sapiens and 328 

Ae. vigilax. Compared to G1, which we observed to have more macropod than human or 329 

mosquito-derived viruses, all other genotype clades (i.e., G2, G3 and G4) had more H. 330 

sapiens rather than Ae. vigilax derived RRV. Only G3 (NSW and QLD, 1991) and G4 (PNG 331 

and NSW, 1997) viruses displayed evidence of spatiotemporal clustering, but all clades 332 

showed evidence of multi-host/vector specific clustering of strains (Figure 1).  333 

  334 

 335 

 336 

 337 
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 338 

Figure 1. A midpoint rooted maximum likelihood phylogenetic tree for 55 RRV sampled in Australia and the PICTs from humans, 339 

wallabies, Ae. vigilax. The ML tree shows that the 55 RRV genomes cluster into the four recognisable genotypes (G1-G4) and sublineages. 340 

All genotype designations in the ML tree had strong phylogenetic support with bootstrap values > 70%.   Only G3 and G4 displayed evidence 341 

of spatiotemporal clustering but all genotypes exhibited host/vector specific clustering of RRV. Sequences used are labelled as follows: 342 

�³�,�V�R�O�D�W�H�� �1�D�P�H�_�6�X�E�O�L�Q�H�D�J�H�_�$�F�F�H�V�V�L�R�Q�� �Q�X�P�E�H�U�_�+�R�V�W���Y�H�F�W�R�U�_�/�R�F�D�W�L�R�Q�_�<�H�D�U�´���� �7�K�H�� �V�D�P�S�O�L�Q�J�� �O�R�F�D�W�L�R�Q�� �D�Q�G�� �\�H�D�U�� �I�R�U�� �+�5���� �0�&�/���� �D�Q�G�� �&�3�5�� �D�U�H not 343 

shown as this data could not be obtained.    344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 
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3.3. Relative synonymous codon usage (RCSU) analysis 362 

An RSCU analysis was conducted to assess the patterns of synonymous codon usage in 363 

RRV coding sequences (see Figure 2). These analyses show that of the 59 synonymous 364 

�F�R�G�R�Q�V�����R�Q�O�\���������D�U�H���P�R�V�W���S�U�H�I�H�U�U�H�G�����L���H�������5�6�&�8���!�������������L�Q���5�5�9�¶�V���F�R�G�L�Q�J���V�H�T�X�H�Q�F�H�V�����$�Pong 365 

these 26 most preferred codons, four had G in the 3rd position (UUG, CUG, GUG, CGG), 366 

ten had C in the 3rd position (UCC, AGC, ACC, UAC, CAC, AAC, GAC, UGC, CGC, 367 

GGC), another ten had A in the 3rd position (UCA, CCA, ACA, GCA, CAA, AAA, GAA, 368 

CGA, AGA, GGA), and two had U in the 3rd position (UUU, AUU). Therefore, most of the 369 

preferentially used codons in RRV (n = 20 out of 26) have either A or C in the 3rd position. 370 

Also, none of the synonymous codons in RRV coding sequences were overrepresented (i.e., 371 

RSCU > 1.6) or underrepresented (i.e., RSCU < 0.6). Further comparison of RSCU values 372 

for RRV, its hosts (i.e., H. sapiens and N. agilis) and primary mosquito-vector (Ae. vigilax) 373 

showed that the ratio of coincident/antagonist preferred codons is 19/7 between RRV and 374 

H. sapiens; 15/11 between RRV and N. agilis; and 12/14 between RRV and Ae. vigilax. 375 

This implies RRV codon usage patterns are mostly coincidental to those of common 376 

vertebrate hosts (.i.e., H. sapiens and N. agilis) but antagonistic to patterns displayed by the 377 

principal mosquito-vector Ae. vigilax.   378 
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  379 

Figure 2. Relative synonymous codon usage (RSCU) Heatmap for RRV, its hosts and primary vector. The heatmap shows  RRV, its 380 

vertebrate hosts (H. sapiens and N. agilis) and principal mosquito vector (Ae. vigilax) display evidence of positive (RSCU > 1.0) and negative 381 

(RSCU <1.0) codon usage bias. RRV also displays antagonistic codon usage patterns from its hosts and principal vector whereby codon ending 382 

with an A or C in the 3rd position are more preferred in RRV but those ending with either a G or C are preferred in Humans and those ending 383 

with either an A or U are more frequently used in both N. agilis and Ae. vigilax. 384 

 385 

 386 

 387 

 388 

 389 

 390 
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3.4 The influence of mutational and selection pressure on RRV codon usage bias  391 

The influence and magnitude of mutational pressure, translational selection, or both, on codon 392 

usage patterns in RRV coding sequences was assessed through three plots,an ENC-GC3 plot 393 

(Figure 3a), a PR2 plot (Figure 3b) and, a neutrality plot (Figure 3c).  394 

ENC values (Figure 3a) for all the 55 RRV isolates clustered below the ENCexp standard curve 395 

indicating that translational selection is the dominant force influencing codon usage patterns in 396 

RRV. Our PR2 plot (Figure 3b) shows that the mean AT bias [A3/(A3+T3)] is 0.57 and the 397 

mean GC bias [G3/(G3+C3)] is 0.43. A mean bias greater than 0.5 indicates a preference for a 398 

purine over a pyrimidine and a mean bias less than 0.5 indicates a preference for a pyrimidine 399 

over a purine. This result indicates RRV prefers an amino (A or C) base at the 3rd codon position 400 

which is consistent with both our nucleotide composition and RSCU findings presented in 401 

sections 3.2 and 3.3 above. The neutrality analysis was conducted to determine the magnitude 402 

by which mutational pressure and translational selection are influencing RRV codon usage 403 

patterns. A weak positive correlation was identified between GC12 and GC3 (r = 0.3) (Figure 404 

3c). However, the slope of the regression line in respect to RRV was 0.1293 indicating that the 405 

relative influence of mutational pressure was 12.93% and the contribution of translational 406 

selection to codon usage bias was 87.07% (Figure 3c). This result (Figure 3c) indicates 407 

translational selection is the dominant force influencing RRV codon usage patterns.       408 

 409 

 410 

 411 

 412 
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 413 
Figure 3. The influence and magnitude of mutational pressure and translational selection on RRV codon usage patterns. (a) an ENC-GC3 (%) plot showing all the 55 RRV isolate ENC values clustering under the expected 414 
ENC curve (red line) indicating that translational selection is the dominant force influencing codon usage patterns in RRV; (b) a PR2 plot showing preference for an amino (A or C) base at the 3rd codon position in RRV, 415 
and (c) a Neutrality plot indicating translational selection contributes 87.07% of codon usage bias in RRV and the remainder of the bias (12.93%) is due to mutational pressure. GC3 stands for GC content at the 3rd 416 
position and GC12 stands for the average GC content at the 1st and 2nd codon positions. Red line is regression line, a product of Linear Regression analysis.  417 
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 3.5 The influence of dinucleotide representations on codon usage bias in RRV 418 

The relative abundance of dinucleotides in coding sequences can vary, with some dinucleotides 419 

being overrepresented (Odds Ratio > 1.25) and others being underrepresented (Odds Ratio < 420 

0.75). Our analyses of biases in dinucleotide abundance in RRV indicates that only two 421 

dinucleotides, CA and UG, are overrepresented at codon sites 1-2 and 2-3 and at  all three 422 

codon sites (Figure 4). Only two dinucleotides, CG and UA, were found to be underrepresented 423 

at all three codon sites (i.e., 1-2, 2-3, and 3-1).All the CG, UA, CA and UG containing codons 424 

had an RSCU value less than 1.6 indicating that none of them were overrepresented in RRV. 425 

However, three of the eight CG containing codons, CGC, CGA and CGG were preferred 426 

(RSCU > 1.0) for the amino acid arginine (R), and only one of the six UA containing codons, 427 

UAC, was preferred for the amino acid tyrosine (Y). Similarly, only six of the eight CA 428 

containing codons, CAC, CAA, UCA, CCA, ACA, and GCA, were preferred for the amino 429 

acids histidine (H), glutamine (Q), serine (S), proline (P), threonine (T) and alanine (A) while, 430 

only four of the five UG containing codons, UGC, UUG, CUG and GUG were preferred for 431 

the amino acids, cysteine, leucine, and valine respectively.         432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 
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441 

Figure 4. Bias in relative dinucleotide abundance in RRV coding sequences. The figure shows the odds ratios of the 16 dinucleotide pairs at the three codon sites. As can be seen, dinucleotides CA and UG are the 442 

most overrepresented dinucleotides in RRV (Odds ratio > 1.25) at 1,2 and 2,3 codon sites while CG and UA are the least represented dinucleotides (Odds ratio < 0.75) at all three codon sites (1-2, 2-3 and 3-1). 443 
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3.6 Host and vector impacts on RRV codon usage patterns 444 

A cosine distance analysis was conducted to assess the effect or impact of the host and vector 445 

codon usage on RRV codon usage patterns. The cosine dissimilarity was calculated for all RRV 446 

isolates and each RRV genotype in relation to known common hosts and the primary mosquito-447 

vector. Overall, the cosine dissimilarity was highest for Ae. vigilax vs RRV and all RRV 448 

genotypes (G1-G4), followed by H. sapiens vs RRV and corresponding RRV genotypes, and 449 

lowest in the case of N. agilis vs RRV and all four RRV genotypes (Figure 5). This result 450 

implies RRVs codon usage patterns are impacted more by H. sapiens and N. agilis because 451 

both vertebrate hosts have cosine dissimilarities lower than those for Ae. vigilax.  452 

 453 

 454 

 455 

 456 

 457 
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 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

Figure 5. Cosine distance plot. The plot shows the dissimilarity indices for Homo sapiens vs RRV, Ae. vigilax vs RRV, and N. agilis vs RRV. The cosine distances for the four RRV genotypes, G1-G4 are also shown, 473 

next to the distances for all RRV isolates relative to a given host or vector. This result indicates that the codon usage patterns of Ae. vigilax are possibly less influential ofRRV genome translation compared to H. sapiens 474 

and N. agilis.  475 
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3.7 Correspondence analysis of RRV codon usage patterns 476 

Synonymous codon usage variation was investigated as described in methods section 2.4 477 

through the implementation of a correspondence analysis (COA) on the RSCU values 478 

calculated for all the 55 RRV genomes. Results show the first principal axis (f1), accounted for 479 

75.46% of the total variation, while the next three axis (f2-f4) accounted for 17.87%, 2.78%, 480 

and 1.45% total variation respectively (Figure 6a). Axes five (f5) to 40 (f40) contributed between 481 

0 and 0.4% of the variance in RRVs codon usage patterns (Figure 6a). The positions of each 482 

RRV isolate along axes 1 and 2 are shown in Figure 6b. To determine if genotypic factors 483 

influence RRV codon usage patterns a scatter plot of the first and the second principal axes (f1 484 

vs f2) of each RRV isolate (Figure 6c) was generated. This plot shows RRV segregating into 485 

four phylogroups. G1 isolates aggregated on the lower-right quadrant of Axis 1 while G2 486 

isolates grouped together on the upper left-quadrant of Axis-2. G3 isolates clustered on the 487 

lower-left quadrant of Axis-2 and G4 isolates clustered on the upper right side of Axis-1. This 488 

confirms the classification of RRV into four genotypes but also indicates that there are minor 489 

variations in RRV codon usage patterns at genotype level.   490 

 491 

 492 

 493 

 494 



28 
 

Figure 6. Correspondence analysis of RRV synonymous codon usage patterns. (a) The relative (R.Iner) and cumulative (R.Sum) inertia of the first 40 principal components from a COA of RRVs RSCU values 495 

showing axes 1 and 2 contribute the most to variation in RRV synonymous codon usage patterns; (b) The positions of each RRV isolate along axes 1 and 2 (f1 and f2) which contribute 93.33% of the total synonymous 496 

codon usage variation in RRV; and (c) Four phylogenetic clusters (G1-G4) of RRV codons indicating the existence of distinct genotype codon usage patterns in RRV. 497 
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3.9 Correlation analysis of nucleotide base compositions and codon usage indices  498 

Statistically significant (P < 0.01 and P < 0.05) strong positive and negative correlations 499 

between nucleotide base compositions and codon usage indices for RRV genomes were 500 

observed (Table 1 and Figure 7). This result indicates that in addition to translational selection, 501 

mutational pressure also contributes to variation in RRV codon usage patterns.   502 

 503 

 504 

 505 
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 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

Figure 7. A heat map of the correlation between RRV nucleotide base compositions and codon usage indices. The heat map shows evidence of positive and negative correlation between codon usage indices and 525 

nucleotide compositions indicating the dual role of mutational and translational selection to variation in RRV codon usage patterns.526 



32 
 

4. Discussion  

In the current study, we implemented a range of evolutionary methods to measure codon usage 

bias in 55 RRV genomes and compare this to codon usage patterns in two common RRV 

vertebrate hosts and one principal mosquito-vector. We also assessed factors contributing 

towards the preferential use of various synonymous codons.  

 

The 55 RRV genomes investigated here clustered into four previously reported phylogenetic 

clades (G1-G4) [4,36], with isolates sampled from the PICTs only occupying the G3 and G4 

clades as we have recently reported [4]. Compared to G1, where isolates sampled from each of 

the hosts and vector considered here were present, G2, G3 and G4 clades appear to be 

dominated by isolates from Homo sapiens and Ae. vigilax. This suggests that there has been 

low surveillance and isolation of RRV from macropods than humans or Ae. vigilax mosquitoes. 

Considering that macropods are the primary RRV reservoir host, more surveillance, and 

isolations of RRV from this host should be done. Our analyses show that spatiotemporal but 

also clustering of specific host/vector sampled isolates, occurs in most but not all RRV clades.   

 

RRVs coding region is slightly GC rich and displays both mononucleotide and dinucleotide 

compositional bias with the 3rd codon position being specifically enriched in amino bases (A 

or C). This suggests that RRVs nucleotide composition influences the identity of codons used 

for genome translation. The mean ENC value for the 55 RRV isolates was close to 61, 

indicating that the codon usage bias of RRV is relatively low. Similar nucleotide compositional 

and ENC biases have been reported in alphaviruses such as chikungunya (CHIKV) and in other 

RNA viruses such as Zika (ZIKV), severe acute respiratory syndrome corona virus 2 (SARS-

CoV-2) and Nipah virus (NiV) [8-10,37,38].  
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Synonymous codons with an A or C in the 3rd position are more preferentially used in RRV, 

but none are overrepresented or underrepresented. This bias differs significantly from that 

observed in other alphaviruses such as CHIKV or in flaviviruses such as ZIKV where G or C 

and A or G are preferred in the 3rd position, respectively [8,37]. Assessment and comparison of 

RSCU values for RRV, its two vertebrate hosts and one principal vector show that there is 

much greater similarity in codon usage patterns between RRV, H. sapiens and N. agilis than 

Ae. vigilax (Figure 2) even though the most preferentially used codons in RRV end with either 

an A or C in the 3rd position, and the most preferred codons in H. sapiens have a G or C in the 

3rd position, while those in N. agilis and Ae. vigilax both end with either an A or U. This 

coincidental and antagonistic relation between RRV, host and vector codon usage patterns 

suggests that gene expression in vertebrate hosts such as H. sapiens and N. agilis is possibly 

driving RRV evolution.. Studies on CHIKV [8], hepatitis C virus (HCV) and enterovirus 71 

have also reported evidence of both coincidental and antagonistic codon usage bias [39,40]. It 

is currently believed that coincidental codon usage bias among viruses and hosts may facilitate 

for efficient translation of amino acids while antagonistic codon usage bias may ensure proper 

folding of viral proteins but can lower amino acid translational efficiency [39].  

 

The ENC-GC3 plot analysis shown here suggests that the G+C contents may play a role in 

RRV codon usage patterns and that, as observed for most RNA viruses including CHIKV [8], 

SARS-CoV-2 [10,41], NiV [38], and ZIKV [9], the influence of translational selection is the 

dominant force shaping the codon usage patterns of RRV coding sequences.  
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The PR2 analysis result shows that amino bases (A and C) are more preferred to keto bases (G 

and T) in RRV coding regions. While similar or distinct results have not been published for 

other alphaviruses, our findings here contrast with reports for NiV and SARS-CoV-2 where 

purines (A and G) were preferred over pyrimidines (T and C), and pyrimidines (T and C) over 

purines (A and G) respectively [10,38]. Disparity in AT and GC bias is not surprising with 

viruses that belong to different genera and families, as is the case with RRV, NiV and SARS-

CoV-2. 

 

As our neutrality analysis shows, mutational pressure plays a role in shaping RRV codon usage 

patterns but, translational selection, an evolutionary force enabling efficient and accurate 

protein expression and translation, is the dominant force driving codon usage bias in RRV 

coding regions. Our result is consistent with many reports published on other RNA viruses 

such as NiV, ZIKV, SARS-CoV-2 and equine infectious anemia virus (EIAV) [9,10,38,42], 

but contrasts with a report indicating that mutational pressure is the dominant force shaping 

CHIKV codon usage patterns based exclusively on correlation of nucleotide base compositions 

[8].        

Codon usage bias is thought to be a direct result of dinucleotide bias [31]. We found that there 

was overrepresentation of CA and UG dinucleotides and underrepresentation of CG and UA 

dinucleotides in RRV, which is consistent with reports from a study conducted on 20 RNA 

virus families [43]. Bias in dinucleotide abundance within codons can arise because of host-

associated mutational pressure, or significant amino acid or nucleotide compositional bias [44]. 

Recently, we showed that all the nine RRV non-structural and structural proteins exhibit 

significant amino acid compositional biases [4]. Further research is required to establish 

whether and how host-associated mutational pressure constrains dinucleotide preferences in 
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RRV. As with RRV, dinucleotide biases in Influenza A virus (IAV) codons were also 

recognised at 2-3 and 3-1 positions [44]. One study on 29 animal RNA viruses from 12 families, 

has shown that dinucleotide bias at 2-3 rather than 3-1 sites has a greater effect codon usage 

patterns in some but not all RNA viruses [45]. This may be because the second codon position 

specifies the type of amino acid, participates in translation efficiency, protein turn-over, and 

protein maturation [46].  The second codon position is therefore more functionally constrained 

than the other codon positions and is likely under the influence of strong purifying selection 

pressure [5]. This means, when a point mutation occurs on this site, it ultimately changes the 

amino acid encoded for by the codon [47]. Mutations leading to a change in the encoded amino 

acid are referred to as being nonsynonymous. These mutations are less likely to occur at the 

third position (often called the wobble position) because, it is highly redundant or less 

functionally constrained than any of the other codon positions, and is involved in binding 

reactions through many types of non-Watson-Crick base pairing [47]. Overall, evidence of both 

over-and-underrepresentation of specific dinucleotides at the second codon position in RRV 

can be exploited for the development of a live attenuated RRV vaccine through the shuffling 

of dinucleotides or deoptimization of single codons and codon pairs [11,12]. This strategy 

usually involves increasing the CG and UA dinucleotide contents of the viral genome which 

has the effect of making the virus more recognizable by host antiviral proteins; this strategy 

and increasing U content are highly recommended for attenuating RNA viruses [13-15].           

 

Dissimilarity indices for RRV, its two vertebrate hosts and principal mosquito vector, indicate 

that H. sapiens and N. agilis possibly exert a greater influence on RRV codon usage patterns 

compared to Ae. vigilax. Although Ae. vigilax is arguably an important vector in RRV 

transmission [48,49], it probably plays a minor role in RRV evolution. This is because 

mosquitoes have several tissue barriers and antiviral mechanisms such as the RNAi pathway 
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that act to inhibit virus replication and dissemination while promoting virus clearance more 

effectively than in vertebrate hosts[50,51]. This result also makes sense because while only two 

RRV isolates have been sampled from one of the 50 macropod species existing in Australia, 

there are nearly twice as many macropods as there are humans in the country and both 

vertebrate hosts have  more complex cellular and gene expression patterns  than what is 

currently known for mosquito vectors investigated here [52-54]. This means RRV probably 

cycles more frequently within vertebrate hosts than in Ae. vigilax and so vertebrate hosts 

investigated here have a greater chance of impacting RRV evolution, especially codon usage 

patterns.    

 

The correspondence analysis showed that, the first and second principal axes are the major 

contributors (93.33%) to variation in synonymous codon usage in RRV and that RRV isolates 

aggregate into four clusters indicating possible differences in codon usage patterns at genotype 

level. Similar results have been obtained for CHIKV [8], and ZIKV [9,37]. Our result is also 

consistent with the current phylogenetic classification of RRV isolates into four distinct genetic 

groups (G1-G4) [4,36]. Therefore, in addition to translational selection and mutational pressure, 

nucleotide compositional and dinucleotide biases, isolate diversity appear to also have a 

minimal but relevant influence on the evolution and codon usage patterns of RRV.   

 

Similar to previous studies on ZIKV, CHIKV, and NiV [6,8,9], evidence of statistically 

significant positive and negative correlation between codon usage indices and nucleotide 

compositions in RRV was obtained. This again suggests that mutational pressure and 

translational selection, as well as the expression, hydropathicity and aromacity of RRV 

genomes are all important drivers of codon usage bias in this virus.  
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5. Conclusion 

This study used a range of bioinformatics methods to determine evidence of codon usage bias 

in RRV and identify the factors that drive codon usage patterns in the virus, its hosts (humans 

and a macropod), and principal mosquito vector, Ae. vigilax. Our findings show that RRV 

undergoes both positive and negative codon usage bias in coding regions, and translational 

selection is the major force driving RRV codon usage patterns. RRV specifically displays 

coincidental codon usage patterns with humans and macropods but antagonistic codon usage 

patterns with Ae. vigilax. This indicates that vertebrate hosts (H. sapiens and N. agilis) have a 

greater impact on the evolution of RRV codon usage patterns compared to Ae. vigilax. We also 

observed that RRVs coding region exhibits an overrepresentation of CA and UG dinucleotides 

and an underrepresentation of CG and UA which is consistent with most RNA viruses. Over 

and underrepresentation of these specific dinucleotide pairs can be exploited for the 

development of viable attenuated RRV RNA vaccines. The approach utilised here could also 

be used to develop vaccines for other alphaviruses of global importance such as CHIKV.     
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6.2 Preface 59 

There are currently no antivirals licensed for use as arthritogenic disease treatments. Treatment 60 

is currently limited to antipyretics and non-steroidal anti-inflammatory drugs (NSAIDS) 61 

prescribed for symptom management. This raises the need for experimental studies, to identify 62 

compounds that specifically target alphaviral proteins belonging to highly prevalent and 63 

epidemiologically important viruses including RRV, BFV and CHIKV. This chapter presents 64 

findings from a molecular docking analysis between 2509 ligands (approved medicines) 65 

�F�R�O�O�H�F�W�H�G�� �I�U�R�P�� �W�K�H�� �)�R�R�G�� �D�Q�G�� �'�U�X�J�� �$�G�P�L�Q�L�V�W�U�D�W�L�R�Q�¶�V�� �'�U�X�J�� �%�D�Q�N����homologous structures 66 

generated using AlphaFold for RRV and BFV and a single CHIKV crystal structure.   67 

The five ligands identified in this study as having high binding affinities, potency and 68 

efficiencies for the capsids of RRV, BFV and CHIKV are an antifungal (Anidulafungin), an 69 

anticoagulant (Fondaparinux), an antibiotic (Rifabutin), a cardiac glycoside (Deslanoside) and 70 

an antineoplastic agent (Temsirolimus).  The ligands also bound strongly to, and interacted 71 

well, with amino acids within the hydrophobic pocket, a druggable target conserved amongst 72 

all alphaviruses. Except for Deslanoside, all other ligands identified in this study are locally 73 

licensed with the Therapeutic Goods Administration and ours is the first study to report drugs 74 

with good potential for repurposing as RRV and BFV antivirals in Australia. This study 75 

recommends conducting functional or preclinical validation of the aforementioned ligand to 76 

fast track their repurposing as antivirals for arthritogenic illnesses.   77 

 78 

 79 

 80 

 81 

 82 

 83 
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Abstract 84 

 85 

Arthritogenic alphaviruses including RRV, BFV, and CHIKV cause clinically relevant 86 

arthralgia and myalgia in Australia, the Pacific and many parts of the world. In the present 87 

study, a molecular docking based strategy was utilised to identify ligands that would bind with 88 

high affinity, potency and efficiency the capsid protein structures (homology and crystal) 89 

belonging to RRV, BFV and CHIKV. Homolgous structures were generated using AlphaFold 90 

and 2509 Food and Drug Approved drugs were evaluated as potential capsid inhibitors using 91 

Autodock Vina in docking. These ligands include; an antifungal, Anidulafungin; an 92 

anticoagulant, Fondaparinux; an antibiotic, Rifabutin; a cardiac glycoside Deslanoside, and an 93 

antineoplastic agent called Temsirolimus. All except Deslanoside are locally manufactured and 94 

�U�H�J�L�V�W�H�U�H�G�� �Z�L�W�K�� �W�K�H�� �&�R�P�P�R�Q�Z�H�D�O�W�K�� �R�I�� �$�X�V�W�U�D�O�L�D�¶�V�� �7�K�H�U�D�S�H�X�W�L�F�� �*�R�R�G�V�� �$�G�P�L�Q�L�V�W�U�D�W�L�R�Q�� 95 

Consistent with studies conducted on capsids for other alphaviruses (encephalitic and 96 

arthritogenic), all five of our drugs were found to bind strongly and interact effectively with 97 

residues located in the capsids conserved hydrophobic pocket. In addition, our study is the first 98 

to present drugs as potential inhibitors of RRV and BFV proteins. Future studies should 99 

endeavour to experimentally evaluate and validate the potency and efficiency of the medicines 100 

identified here to establish whether they can be repurposed as RRV, BFV and CHIKV 101 

treatments.       102 

    103 
 104 

Keywords: Molecular docking, capsid protein, repurposing, disease, treatment.  105 

 106 

 107 

 108 

 109 

 110 

 111 
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1. Introduction  112 

 113 

Ross River (RRV), Barmah Forest (BFV) and chikungunya viruses (CHIKV) are three 114 

medically important arthritogenic alphaviruses which cause painful and often chronic 115 

musculoskeletal disease [1]. While BFV is only endemic to Australia, RRV is endemic to both 116 

Australia and the Pacific, and CHIKV has a wide global distribution. Unlike RRV and BFV, 117 

CHIKV is not endemic to Australia and is only and routinely screed for in travellers returning 118 

from regions of known endemicity such as South America and Asia. Given the wide global 119 

distribution of CHIKV, it is not surprising that more than one million cases are reported each 120 

year around the world compared to approximately 6, 000 for both RRV and BFV in Australia 121 

[1]. The need for antivirals against these three arthritogenic alphaviruses is reflected in the high 122 

costs associated with disease burden, symptom management, and vector control [2]. Identifying 123 

an antiviral can lower the cost associated with disease and improve disease management by 124 

minimising clinical disease and in some cases shortening viremia, which may contribute to 125 

virus spread. As such, there is need to identify suitable targets in the protein coding regions of 126 

the alphaviral genome that can be inhibited using antivirals. 127 

     128 

The alphavirus structural polyprotein contains five protein-coding regions, one of which is the 129 

Capsid (C). This protein (C) is located in-between envelope glycoprotein 3 (E3) and the nsP4 130 

in the alphaviral genome [3]. Alphavirus nucleocapsids are assembled in the cytoplasm of 131 

infected cells from 240 copies of the capsid that form an icosahedron shape with a T = 4 132 

symmetry. During replication, the copies of the capsid protein enclose the newly synthesised, 133 

single stranded positive sense RNA genomes to form alphavirus nucleocaspids [3, 4]. The 134 

length of the capsid protein varies marginally between arthritogenic alphaviruses (RRV 135 

(270aa), BFV (254aa), and CHIKV (261aa)). Each capsid protein is subdivided into two 136 
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functional domains. At the N-terminus of the capsid is an RNA binding domain (~118 aa 137 

residues), and the C-terminus has a serine protease domain (~152 aa) [4]. The capsid serves as 138 

a potential druggable target as there are five regions of functional importance within the capsid 139 

protein; (i) the RNA binding domain in the N-terminus, (ii) the catalytic triad, (ii i) the �³�*�'�6�*�  ́140 

motif, (iv) the conserved hydrophobic pocket and (v) oxyanion hole within the C-terminal 141 

serine protease domain. The RNA binding domain is an interesting target because of its 142 

capacity to enclose genomic RNA and form the nucleocapsid whereas the serine protease 143 

domain contains autoproteolytic activity leading to cleavage and release of mature capsid from 144 

its association with pE2 to enable formation of the nucleocapsid in the cytoplasm [3]. The 145 

catalytic triad Serine, Histidine, and Asparagine, are located in the serine protease domain, and 146 

together form the active site of the alphaviral capsid protein [5]. The serine residue of the 147 

catalytic triad is part of a highly conserved �³GDSG�´���P�R�W�L�I�����O�R�F�D�W�H�G���Z�L�W�K�L�Q���W�K�H���V�Hrine protease 148 

domain. The serine residue of the catalytic triad and the terminal glycine residue of the 149 

�³�*�'�6�*�´���P�R�W�L�I��form the oxyanion hole, required for proteolytic activity and stabilisation of the 150 

tetrahedral intermediate by way of polar interactions [6, 7]. Substitution of the serine residue 151 

with an alanine prevents cleavage of the capsid protease within cells [8]. The conserved 152 

hydrophobic pocket is located upstream of the active site and is involved in capsid-capsid 153 

interactions ensuring virus assembly and capsid-E2 interaction facilitating virus budding [5]. 154 

Therefore, inhibition of any of these targets in the capsid could prove detrimental to 155 

nucleocapsid formation and ultimately limit virus production and egress from infected cells.      156 

 157 

Several high atomic resolution X-ray crystallographic crystal structures of the capsid protein 158 

from five alphaviruses exist in the Research Collaboratory for Structural Bioinformatics 159 

Protein Data Bank (RSCB PDB). These structures belong to Aura virus (AURAV), CHIKV, 160 

Semliki Forest virus (SFV), Sindbis virus (SINV), and Venezuelan equine encephalitis virus 161 
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(VEEV) [4, 5, 9-12]. There are currently no crystal structures for RRV and BFV. Although 162 

crystal structures have traditionally been used to inform drug design and development, 163 

structures generated from the primary sequence of the protein and a crystal structure as a 164 

template called homologous structures can now serve this purpose provided they are of 165 

sufficient quality [13]. The aforementioned process of generating protein structures in-silico is 166 

called homology modelling. The use of homologous structures in drug design and development 167 

can facilitate faster, uncomplicated, cost-efficient and practical drug discovery [14]. In the 168 

context of alphaviruses such as RRV and BFV, this approach could also enable rapid design 169 

and identification of existing medicines that can be repositioned as RRV and BFV treatments 170 

with or without further enhancements.  171 

Molecular docking (MD) is the study of ligand and protein orientations within stable ligand-172 

protein complexes. The availability of multiple MD algorithms is helping to expand our 173 

understanding of ligand-�S�U�R�W�H�L�Q���L�Q�W�H�U�D�F�W�L�R�Q�V�����7�R���G�H�W�H�U�P�L�Q�H���W�K�H���E�H�V�W���R�U���³�P�R�V�W���D�F�F�X�U�D�W�H�´���E�L�Q�G�L�Q�J��174 

orientation and affinity for a ligand-protein complex, molecular dynamics simulations (MDS) 175 

analyses are required. Both MD and MDS analyses can be utilised to identify ligand that 176 

allosterically or competitively inhibit capsid function. The capsid plays a critical role in the 177 

alphavirus replication cycle. As such, blocking this stage of the cycle could have significant 178 

clinical effects leading to improvements in disease management at local and regional levels.  179 

 180 

Herein we collect, screen and evaluate 2509 approved drugs from the Food and Drug 181 

�$�G�P�L�Q�L�V�W�U�D�W�L�R�Q�¶�V�� ���)�'�$���� �'�U�X�J�%�D�Q�N�� �G�D�W�D�E�D�V�H�� �D�V�� �F�D�Q�G�L�G�D�W�H�V�� �I�R�U�� �U�H�S�X�U�S�R�V�L�Q�J�� �D�V�� �S�R�W�H�Q�W�L�D�O��182 

alphavirus capsid inhibitors. Drug repurposing is a cost-efficient and safer alternative to 183 

traditional drug design and development and can lead to quicker identification and clinical 184 

evaluation of potential alphavirus treatments [2].  185 
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2. Materials and Methods 186 

 187 
2.1 Datasets 188 

The crystal structure belonging to the capsid protein of CHIKV (PDB ID: 5H23) was retrieved 189 

from the RSCB Database in the protein data bank (PDB) format. All the four ligands in 190 

complex with chain A of this crystal structure were also collected. A total of 2509 ligands 191 

classified as approved medicines were also �F�R�O�O�H�F�W�H�G���I�U�R�P���W�K�H���)�R�R�G���D�Q�G���'�U�X�J���$�G�P�L�Q�L�V�W�U�D�W�L�R�Q�¶�V��192 

(FDA) DrugBank database [15]. The four CHIKV ligands were only used to validate docking 193 

and were not used for docking analysis for the FDA ligand library. 194 

2.2 Homology Modeling 195 

Homology models for RRV and BFV capsid proteins were generated from consensus 196 

sequences using AlphaFold [13]. The quality of the homologous structures generated was 197 

validated using Ramachandran plots generated using Discovery Studio v21.   198 

2.3 Ligand and Protein Preparation 199 

Protonation of DrugBank ligands in structure data file (SDF) file format was conducted using 200 

MarvinView and energy minimisation was done with the Merck Molecular Force Field 201 

(MMFF94)[16]. Preparation of all capsid protein homology modelled structures was achieved 202 

using Autodock Tools [17]. 203 

2.4 High Throughput Virtual Screening, Docking and Validation.  204 

High throughput virtual screening, docking and validation of docking was done using 205 

AutoDock Vina [17]. For each protein structure, Autodock Tools was used to generate a grid 206 

box with grid spacing of 1 Å and size of 60 Å × 60 Å × 60 Å. Because only CHIKV had a 207 

crystal structure for the capsid, its grid was centred on the centre of the mass of the removed 208 

co-crystallized ligand. Protein-ligand complexes with the most negative docking scores and 209 
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lower (< 3.0) root mean square deviations (RMSD) of atomic positions validated docking with 210 

high accuracy.   211 

2.5 Ligand Potency 212 

Ligand potency was determined in-silico through calculation of the inhibition constant (Ki) 213 

using the docking score (binding energy) and equation [1] below derived by  214 

Ki = �s�r�@
�³�¶

�-�ä�/�2�2
�A, where BE is the binding energy (i.e., docking score)                                               [1] 215 

2.6 Ligand Efficiency Scores 216 

Two ligand efficiency scores, ligand efficiency (LE) and the fit quality (FQ) were calculated 217 

using equations listed below which were derived by Reynolds et al [18]; 218 

Ligand Efficiency (LE) = �@
�?�»�¾

�Á�ä�º
�A, where H.A refers to Heavy Atoms                                         [2] 219 

LEscale = �r�ä�z�y�u�A�?�4�ä�4�6�:���v���Á�ä�º �� 0.064                                                                                            [3] 220 

FQ = �@
�Å�¾

�Å�¾�æ�Ö�Ô�ß�Ø
�A                                                                                                                                     [4]  221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 
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3. Results 229 

3.1 Homologous Structures for RRV and BFV 230 

This study successfully generated good quality three dimensional homology models for the full 231 

capsid protein for RRV and BFV (Figure 1 and Figure 2) using AlphaFold [13] and this was 232 

confirmed using Ramachandran plots.   233 

 234 
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Figure 1. Homologous and crystal structures for the capsid protein of Barmah Forest, Ross River and chikungunya viruses. The figure shows the 3D homologous 235 

structures generated for (A) BFV, and RRV (B). Insert C shows the crystal structure for CHIKV published by Sharma et al. (2016) and highlights the location of the 236 

conserved hydrophobic pocket and catalytic triad. For BFV and RRV homology models, the catalytic triad and terminal tryptophan residue (W) are displayed in yellow 237 

�Z�K�L�O�H����-pleated sheets are in �E�O�X�H�����J�U�H�H�Q���D�Q�G���J�U�H�\�����.-helix in red, and coils presented as long thin grey tubes.  238 
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Figure 2. Ramachandran Plots for homologous and crystal structures for the capsid protein of Barmah Forest, Ross River and chikungunya viruses. The plots 239 

(A = BFV, B = CHIKV, and C = RRV) confirm the structures generated are of high quality as the majority of the amino acid (aa) residues (green colored) belonging to the 240 

respective capsid proteins occupied allowed regions. * glycine = triangles, squares = proline, and all other aa residues = circles.     241 
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3.2 Docking and Ligand Efficiency Scores 242 

Identifying ligands with the capacity to inhibit or restrict the capsid protein function through 243 

molecular docking could significant improve management of disease caused by alphaviruses 244 

including RRV, BFV, and CHIKV. We found five ligands (Anidulafungin, Fondaparinux, 245 

Deslanoside, Temsirolimus and Rifabutin) with high binding affinity for residues within the 246 

conserved hydrophobic pocket of the capsid proteins belonging to the three viruses assessed 247 

(Table 1). Three additional ligands with low binding energies falling within the range 248 

previously reported for other ligands interacting with the CHIKV capsid were also identified 249 

as possible inhibitors of the BFV, CHIKV and RRV capsid proteins. These three ligands are 250 

Ademetionine interacting with BFV (-5.2 kcal/mol), Hydroxyurea interacting with CHIKV (-251 

3.9 kcal/mol) and Pralidoxime interacting with RRV (-5.2 kcal/mol). However, only the 252 

chemical structures, formulas and medical uses for all five ligands identified to have high 253 

binding affinity in this study are presented in Figure 3. Interactions between the ligands and 254 

the capsid proteins belonging to BFV, CHIKV and RRV are shown in Figures 4-7.  255 

Anidulafungin is an antifungal, commonly administered to treat many forms of candida 256 

infections [15]. Fondaparinux is an anticoagulant, given to mitigate venous thromboembolism, 257 

cure deep vein thrombosis, and improve odds of surviving heart attacks. This medication is 258 

also a natural heparin pentasaccharide [15]. Rifabutin is an antibiotic prescribed as a treatment 259 

for mycobacterium avium complex disease occurring in HIV patients. Meanwhile, 260 

Deslanoside, a cardiac glycoside, is often used to manage congestive heart failure, 261 

supraventricular arrhythmias and control ventricular rates in patients with chronic atrial 262 

fibrillation. Finally, Temsirolimus is an antineoplastic used to treat renal cell carcinoma 263 

inhibiting mTOR [15]. Ademetionine is a physiologic methyl radical donor displaying anti-264 

inflammatory activity and is used as a chronic liver disease treatment [15]. Hydroxyurea is an 265 

antineoplastic agent that inhibits DNA synthesis through inhibition of ribonucleoside 266 
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diphosphate reductase and Pralidoxime is a cholinesterase reactivator prescribed as a treatment 267 

for organophosphate poisoning [15].    268 

 269 

Deslanoside formed two conventional hydrogen bonds with asparagine 155 and arginine 224. 270 

Only Deslanoside hydrogen bonded with an arginine residue at position 224 (R224) in the RRV 271 

capsid. Arginine 224 lies immediately after the terminal Glycine residue (GLY223) that forms 272 

the oxyanion hole in RRVs capsid. The number of non-covalent interactions formed between 273 

ligands and the capsid proteins belonging to BFV, CHIKV and RRV is highlighted in the 274 

legend of Figures 4, 5 and 6. Most non-covalent interactions were observed between for 275 

complexes formed between Fondaparinux and the capsid proteins for BFV and RRV. In 276 

addition, Anidulafungin hydrogen bonded with asparagine residues in the hydrophobic pocket 277 

of the capsid belonging to BFV (N239) and CHIKV (N246). Of the five ligands identified 278 

through docking, only Anidulafungin showed high binding affinity for each of the viral capsid 279 

proteins (i.e., for BFV, RRV and CHIKV, respectively). The binding energy for this ligand was 280 

identical for BFV and CHIKV (-19.8 kcal/mol) but more than that for RRV (-18.9 kcal/mol) 281 

by 0.9 kcal/mol. Overall there was no significant difference in binding affinities for the three 282 

virus ligand-capsid complexes. Three ligands, Anidulafungin, Fondaparinux and Deslanoside 283 

showed high binding affinity for both Ross River virus (RRV) and Barmah Forest virus (BFV). 284 

Both binding energies (i.e., docking scores) and efficiencies for these ligands were marginally 285 

variable for each complex (Table 1). As such, of the five unique ligands identified in this study, 286 

only Temsirolimus and Rifabutin displayed high affinity for the CHIKV capsid. For all top 287 

three ligand-protein complexes identified per virus, only binding site 1, with RMSD equal to 288 

0, was highly validated. Table 1 shows the binding affinities of the top three ligand-protein 289 

complexes for each virus capsid and the respective ligand efficiency scores calculated using 290 

equations from Reynold et al. [18]. 291 
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 292 

Figure 3. Ligand chemical structures, formula and pharmacological role. Chemical structures and formulae presented above for the five ligands found from docking 293 

analysis show that the molecules have a large number of heavy atoms and their pharmacological roles vary widely.294 

 295 
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 296 

Figure 4. Non-covalent interactions between ligands and the BFV capsid protein. Displayed in the figure are the amino acid residues within the hydrophobic pocket 297 

of the BFV capsid forming non-covalent interactions with ligands Anidulafungin (n = 14), Deslanoside (n = 5), and Fondaparinux (n = 14), respectively. N = number of 298 

interactions.  299 
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 300 

Figure 5. Non-covalent interactions between ligands and the CHIKV capsid protein. Displayed in the figure are the residues within the non-covalent interactions 301 

between hydrophobic pocket residues belonging to the CHIKV capsid and the ligands Anidulafungin (n = 6), Temsirolimus (n = 5), and Ribafutin (n = 4), respectively. N 302 

= number of interactions.     303 



19 
 

 304 

Figure 6. Non-covalent interactions between ligands and the RRV capsid protein. Displayed in the figure are the residues within the non-covalent interactions between 305 

hydrophobic pocket residues belonging to the RRV capsid and the ligands Deslanoside (n = 2), Fondaparinux (n = 17), and Anidulafungin (n = 8), respectively. N = number 306 

of interactions.                                       307 
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 308 

Figure 7. Non-covalent interactions between ligands and hydrophobic core residues of the capsid. Displayed in the figure are the residues in the hydrophobic pocket 309 

of the capsid protein belonging to BFV (A), CHIKV (B) and RRV (C) interacting with the ligands, Anidulafungin, Deslanoside, Fondaparinux, Temsirolimus, and Rifabutin.                           310 
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Ligands with high inhibition potency have a low Ki value. For a hit or lead compound potency 311 

is in the micromolar range [19, 20]. Potency for drugs tends not to exceed 10nM but an also be 312 

in the picomolar to femtomolar range [21, 22]. Here, values obtained for inhibition constants 313 

(Ki) for BFV, RRV and CHIKV ligand-capsid complex interactions were all in the femtomolar 314 

range. For BFV, Ki was 3.2fM, 4fM, and 7.8fM for Anidulafungin, Deslanoside, and 315 

Fondaparinux. The inhibition constant (Ki) values obtained for RRV ligands Deslanoside, 316 

Fondaparinux, and Anidulafungin were 4.5fM, 7.4fM, and 1.5fM, respectively. For CHIKV, 317 

the Ki values for Anidulafungin, Temsirolimus, and Rifabutin were 3.2fM, 3.8fM, and 4.5fM. 318 

Anidulafungin is shown here to have the highest potency (Ki = 1.5fM) against RRV compared 319 

to both BFV and CHIKV (Ki = 3.2fM).  320 

All of the five ligands identified in this study had a very large number of heavy atoms (i.e., 321 

non-hydrogen atoms) ranging from 66 to 91 for RRV and BFV and 61 to 82 for CHIKV. For 322 

a ligand to be qualified as a hit, it must have an LE and FQ near or above the threshold values 323 

of 0.3 and 0.8 respectively. Only LE scores for ligands Deslanoside for BFV and RRV (0.28 324 

and 0.3), and Rifabutin for CHIKV had LE that approached, equalled, or were marginally above 325 

the 0.3 threshold. All FQ values for the three virus ligand-protein complexes were well above 326 

the 0.8 threshold, ranging between 2.8 and 11.9.  327 

 328 

  329 

 330 

 331 

       332 
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4. Discussion 336 

This chapter utilised a molecular docking-based approach to screen a library of 2509 ligands 337 

and identify a small subset of approved drugs that would bind with high affinity, potency and 338 

efficiency to homologous and crystal structures belonging to the capsid of RRV, BFV, and 339 

CHIKV. We present five ligands, Anidulafungin, Fondaparinux, Deslanoside, Temsirolimus 340 

and Rifabutin, showing extremely high binding affinity, potency and efficiency for capsid 341 

proteins belonging to RRV, BFV, and CHIKV. All ligands except Deslanoside are registered 342 

�Z�L�W�K�� �W�K�H�� �&�R�P�P�R�Q�Z�H�D�O�W�K�� �R�I�� �$�X�V�W�U�D�O�L�D�¶�V�� �7�K�H�U�D�S�H�X�W�L�F�� �*�R�R�G�V�� �$�G�P�L�Q�L�V�W�U�D�W�L�R�Q�� ���7�*�$������ �7�K�U�H�H��343 

(Anidulafungin, Rifabutin, and Temsirolimus) are manufactured locally by Pfizer Australia 344 

Private Limited. Aspen Pharmacare Australia Private Limited manufactures Fondaparinux. 345 

Anidulafungin, Fondaparinux and Temsirolimus are all injectables while Rifabutin is the only 346 

drug administered in capsule form.  347 

 348 

Although the number of non-covalent interactions varied, the same three ligands, 349 

Anidulafungin, Fondaparinux, and Deslanoside, were found to have high binding affinities 350 

with both RRV and BFV capsids while Temsirolimus and Rifabutin only displayed high 351 

binding affinities with the CHIKV capsid. Anidulafungin is the only ligand that had high 352 

binding affinity for all three virus capsid proteins. Both Anidulafungin and Fondaparinux 353 

formed a large number of non-covalent interactions with both BFV and RRV, and so one or 354 

both of these ligands may be a good inhibitor of capsids belonging to both viruses. The absence 355 

of the licensed treatment or cure for painful and often chronic musculoskeletal disease caused 356 

by arthritogenic alphaviruses necessitates development and utilisation of new disease 357 

management strategies. Herein, we present the first evidence of approved drugs with great 358 

potential to be repurposed as RRV and BFV medicines. Fast tracking the evaluation, licensing 359 

and repurposing of these Food and Drug Administration (FDA) approved drugs in Australia as 360 
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medicines arthritogenic disease could facilitate quicker recovery from illness and lower the 361 

annual cost of managing outbreaks of RRV, BFV, and CHIKV.   362 

 363 

The extremely high binding affinity determined for the five ligands identified in this study, 364 

suggests that these drugs bind strongly to residues of the conserved hydrophobic pocket of the 365 

capsid proteins belonging to RRV, BFV, and CHIKV. Chemical modification of Deslanoside 366 

could potentially enhance its hydrogen bonding with residues of the oxyanion-hole given that 367 

it was found here to bind very closely to the region and previous studies suggest such an 368 

approach might increase ligand affinity and activity within this druggable target [6, 7]. 369 

Similarly, the high potency values (Ki) in the femtomolar range indicate that the five ligands 370 

determined here are potentially good inhibitors. In a recent study, picolinic acid (PCA), a 371 

neurotransmitter metabolism marker produced under inflammatory conditions, was shown to 372 

bind with high affinity and potency to the conserved hydrophobic pocket the CHIKV capsid 373 

[4]. The authors of this previous study showed that binding affinity and Ki values for PCA were 374 

greater (-3.23 kcal/mol compared to -2.86 kcal/mol) and lower (4.31mM compared to 8mM) 375 

than those obtained for dioxane, a ligand evaluated in preceding experiments on Sindbis virus 376 

(SINV) and AURAV [4, 9]. Based on these findings, Sharma and co-authors concluded that 377 

PCA binds strongly and more efficiently than dioxane. Using a similar approach, Onawole et 378 

al. (2018) recently identified three compounds with drug-likeliness (SC-1, SC-2 and SC-3) 379 

[21]. As such, our findings are consistent with those reported previously. Like in our study, the 380 

binding energies generated by Onawole et al. (2018) for ligand-protein complexes were also 381 

greater than -10.0kcal/mol but their Ki values were in the nanomolar range (i.e., 3nM, 12nM 382 

and 48nM) [21]. Ensuring more perfect geometry and noncovalent interactions can improve 383 

the binding affinity to the sub-picomolar range [22]. Examples of noncovalent interactions 384 

include hydrogen bond cooperativity, van der Waals and electrostatic interactions [22]. 385 
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Compared to the aforementioned studies, the Ki values obtained in the current study were in 386 

the femtomolar range indicating that all the five ligands display high potency for the capsid. 387 

Although rare, Ki values in the femtomolar range are common, and have been reported in the 388 

past for biotin-avidin and biotin-streptavidin complexes where hydrogen-bond cooperativity 389 

has been one of the factors implicated as leading to such improvement in binding affinity [23-390 

26].     391 

            392 

Assessments of the ligand efficiency (LE) scores suggests that the efficiency of Deslanoside 393 

for the RRV capsid is greater than that for the capsid for BFV. Only Rifabutin had a LE score 394 

greater than the expected threshold for the CHIKV capsid indicating that its efficiency was 395 

greater than that of the other ligands, Temsirolimus and Anidulafungin, respectively. Fit quality 396 

(FQ) scores can approach or exceed a threshold value of 1.0 [18]. Ligands with FQ scores 397 

above this threshold have extraordinary efficiency, while those with values near 1.0 display 398 

near optimal ligand binding and compounds with lower FQ scores show sub-optimal binding 399 

[18]. The FQ values obtained in this study ranged between 2.8 and 11.9, indicating that based 400 

on this score, all five ligands bind to the capsid with extraordinary efficiency. Our results are 401 

consistent to those reported by Onawole and co-authors (2018) for SC-1 and SC-2 ligands but 402 

not for SC-3 whose score was 0.01 units below 1.0 [22]. These ligands interacted with the 403 

Ebola virus surface glycoprotein.   404 

Our five ligands had a very large number of heavy atoms. Kuntz et al. (1999) have previously 405 

shown in a study on 160 strong-binding drugs that the binding energy of small molecules 406 

increases by about 1.5 kcal/mol with each heavy atom but that as the number of HAs increases 407 

(i.e., above 10), binding energies do not increase as much.  408 
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We also found that binding site 1 was highly validated for docking. A similar outcome has also 409 

been obtained in a recent study showing that the drug Ivermectin, an antiparasitic medication, 410 

docks to SARS-CoV-2 spike receptor-binding domain attached to ACE2 [27]. Australian 411 

researchers have shown Ivermectin potently inhibits replication of a SARS-CoV-2 clinical 412 

isolate in-vitro [28]. When or if the drug will be repurposed as a COVID-19 medication will 413 

depend on results of ongoing clinical trials aimed at ascertaining the safety and effectiveness 414 

of the drug as an antiviral treatment among different cohorts that include pregnant women [29]. 415 

Recent studies using a molecular docking approach with both homologous and crystal 416 

structures for the CHIKV capsid have not reported the ligand binding site where docking was 417 

highly validated [4, 9, 30]. In their study, Jain et al. (2017) identified two compounds, a 418 

flavanol glucoside called Catechin-5-O-Gallate and a polyphenol found in herbs called 419 

Rosmarinic acid that could bind to the CHIKV capsid with high affinity. A recent study showed 420 

that piperazine, an anti-helminitic drug, binds to the conserved hydrophobic pocket of CHIKV 421 

[31].   422 

This study had several limitations, one of which is the lack of a molecular dynamics simulation 423 

component to improve the modelling of energy perturbations within stable ligand-protein 424 

complexes. Another limitation is time to conduct functional or preclinical validation of ligands 425 

identified. As such, future studies should seek to incorporate these aspects into their design to 426 

gain new insights on the potency and efficiency of ligands identified. Future studies should 427 

also consider evaluating Ademetionine, Hydroxyurea and Pralidoxime as possible alphavirus 428 

capsid protein inhibitors, as all are registered as therapeutic goods by the TGA.  429 

    430 

5. Conclusion 431 

The public health burden due to musculoskeletal disease caused by arthritogenic alphaviruses 432 

such as BFV, RRV and CHIKV in Australia and around the world is enormous. There is urgent 433 
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need to identify registered medicines repurposable as treatments for such illness. This study 434 

identified five drugs binding to the BFV, CHIKV, and RRV capsid proteins with high affinity, 435 

potency and efficiency: Anidulafungin, Deslanoside, Fondaparinux, Temsirolimus, and 436 

Rifabutin. Of these, Anidulafungin and Fondaparinux, had the most non-covalent interactions 437 

with capsid belonging to RRV and BFV, while only Anidulafungin showed high binding 438 

affinity for all three virus capsid proteins. This suggests Anidulafungin and Fondaparinux are 439 

possibly good inhibitors of both RRV and BFV capsids while Anidulafungin most probably 440 

displays broad spectrum inhibitory activity. In addition, all ligands were found to bind strongly 441 

and interact with residues within the conserved hydrophobic pocket of the capsid for each of 442 

the three viruses. This is the first time that any licensed drug has been identified as a potential 443 

inhibitor of a protein belonging to BFV and RRV. The availability of most (four out of five) of 444 

the drugs in Australia as registered medicines, presents opportunities for their rapid clinical 445 

evaluation as capsid inhibitors and antiviral treatments.    446 

 447 
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7.2 Preface 52 

Determining evidence of amino acid and protein coevolutionary interactions and compositional 53 

biases is important. It can lead to a greater understanding of: (1) how and why amino acids 54 

within alphaviral proteins interact, (2) why amino acid abundance in alphaviral proteins is 55 

skewed in favour of some but not other amino acid residues and, (3) the relevance of amino 56 

acid and protein-protein interactions and amino acid compositional biases. These 57 

determinations can be useful for identification of new drug targets for mosquito-transmitted 58 

alphaviruses of regional and global health importance such as Ross River virus (RRV, Barmah 59 

Forest virus (BFV) and chikungunya virus (CHIKV). These viruses cause debilitating, 60 

prolonged and sometimes lethal (i.e., only for CHIKV) arthritogenic disease for which no 61 

licensed vaccine or drug treatment currently exists [1-3].  62 

 63 

Four experimental methods have traditionally been used to assess for evidence of amino acid 64 

and protein coevolutionary interactions [4-6]. However recently, a systems bioinformatics 65 

approach was utilised to successfully achieve a similar outcome [7]. Chikungunya virus 66 

(CHIKV) is the only alphavirus on which amino acid and protein coevolutionary analyses have 67 

been conducted on within the non-structural proteins [4-7]. Also, there remains no evidence to 68 

suggest or indicate that amino acid compositional biases exist in other alphaviruses including 69 

CHIKV or what their likely functional effects may be. In this chapter, we used the systems 70 

bioinformatics approach outlined by Oulas et al. [8] and implemented by Jain et al. [7] with 71 

regard to CHIKV, to assess for evidence of amino acid coevolution in Ross River and Barmah 72 

Forest virus (RRV and BFV) non-structural proteins and polyproteins. We also used the 73 

phylogenetic analysis tool MEGA-X [9], to asses for evidence of amino acid compositional 74 

biases in all nine RRV and BFV proteins. Coevolutionary analysis was conducted only on the 75 
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non-structural proteins belonging to RRV and BFV because together, these proteins are the 76 

replication complex and therefore represent the ideal drug target [10].  77 

Our findings showed for the first time that amino acids in individual RRV and BFV non-78 

structural proteins and complete non-structural polyproteins exhibit both intra and inter protein 79 

coevolutionary interactions that may be functionally relevant. We also found evidence 80 

indicating that CHIKV, RRV and BFV share several coevolving amino acid sites in the C-81 

domain of nsP2 and in the hypervariable domain (HVD) of the nsP3. Our study is also the first 82 

to provide evidence that all RRV and BFV proteins display an abundance of aliphatic amino 83 

acid residues (A, L, V and P) and, that tryptophan (W) is the least represented amino acid in 84 

the coding region of both viruses. Taken together, our findings illustrate that as previously 85 

observed for amino acids within CHIKVs non-structural proteins [6, 7], RRV and BFV amino 86 

acids also coevolve at protein and polyprotein level and that amino acid composition in all nine 87 

RRV and BFV proteins is biased toward aliphatic residues. We suspect that amino acid 88 

coevolution and compositional biases detected here indicate both evidence of functionally 89 

relevant cross talk between proteins and some structure-function constraint on the evolution of 90 

both viruses. These findings can be utilised to develop strategies to attenuate or inhibit RRV 91 

and BFV replication or protein translation. 92 

 93 

 94 

 95 

 96 

 97 

 98 
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Abstract 119 

Background: Chikungunya virus is currently the only arthritogenic alphavirus whose non-120 

structural proteins have been shown to coevolve with no evidence to suggest that any other 121 

alphaviral proteins coevolve or display amino acid compositional biases.  122 

Objective and Methods: In this study, we used a systems bioinformatics and a phylogenetic 123 

approach to determine whether 185 Ross River virus (RRV) and 85 Barmah Forest virus (BFV) 124 

proteins coevolve or exhibit amino acid compositional biases. We also predicted the likely 125 

function of coevolving amino acids and assessed the role of the most abundant amino acids in 126 

proteins belonging to both viruses.     127 

Results: Our study is the first to report evidence of intra and inter RRV and BFV protein 128 

domain amino acid coevolutionary interactions within individual non-structural proteins and 129 

intact polyproteins that may be of functional relevance. In addition, we also confirm for the 130 

first time that while all nine RRV and BFV proteins display an abundance of four aliphatic 131 

amino acids (A, L, V and P), tryptophan (W) is universally underrepresented in all nine proteins 132 

belonging to both viruses.  133 

Conclusions: We recommend further studies to investigate the impact of observed intra and 134 

inter protein domain amino acid coevolutionary interactions as well as amino acid abundances. 135 

Such investigative studies could potentially lead to successful attenuation or inhibition RRV 136 

and BFV replication, or to successful disruption of RRV and BFV protein translation, stability 137 

and/or function both in-vitro and in-vivo.  138 

Keywords: RRV, BFV, amino acid, coevolution, compositional bias  139 

 140 

 141 
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1. Introduction  142 

Ross River virus (RRV) and Barmah Forest virus (BFV) are �$�X�V�W�U�D�O�L�D�¶�V���I�L�U�V�W���D�Q�G���V�H�F�R�Q�G���P�R�V�W��143 

common mosquito-transmitted alphaviruses [11, 12]. They belong to distinct sero-complexes, 144 

the Semliki forest complex and the Barmah Forest complex [13], are phylogenetically related 145 

and cause similar clinical disease manifestations for which there is no effective licensed 146 

vaccine or drug therapy [14]. Both viruses have a single stranded positive-sense RNA genome 147 

that contains around 12 thousand nucleotide bases [10]. Each of these genomes encodes nine 148 

proteins located within two polyproteins that are separated by a 26S subgenomic promoter [10]. 149 

The non-structural polyprotein has four proteins (i.e., nsP1-nsP4) and the structural polyprotein 150 

contains five proteins (i.e., the capsid, three envelope glycoproteins (E1, E2, and E3), and the 151 

6K/Transframe protein) [10]. The non-structural proteins are actively involved in regulation of 152 

both minus and plus strand RNA synthesis and for this reason, they are collectively termed as 153 

�³�W�K�H���U�H�S�O�L�F�D�W�L�R�Q���F�R�P�S�O�H�[�´��[10]. The structural proteins are involved in virus attachment, entry 154 

and egress from infected cells [10].  155 

Chikungunya virus (CHIKV) is an athritogenic alphavirus with a global distribution. Previous 156 

studies on CHIKV have demonstrated evidence of amino acid coevolution and protein-protein 157 

interactions within the replication complex [6, 7]. This shows for the first time that amino acids 158 

and proteins in CHIKVs non-structural polyprotein cross-talk and that this cross-talk probably 159 

provides some fitness advantage to the virus allowing it to readily and successfully exploit its 160 

common vertebrate hosts and mosquito-vectors. Before our current study, such results had not 161 

been reported in other arthritogenic alphaviruses nor had any studies been published indicating 162 

evidence of amino acid compositional biases within all nine alphaviral non-structural and 163 

structural proteins.  164 

 165 
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2. Materials and Methods 166 

Coevolution is the synchronised substitution of amino acid residues in proteins, and it can 167 

determine the fitness of, and drive the interactions between neighbouring viral proteins. We 168 

used �W�K�H�� �³�&�R�H�Y�R�O�X�W�L�R�Q�� �$�Q�D�O�\�V�L�V�� �R�I�� �3�U�R�W�H�L�Q�� �6�H�T�X�H�Q�F�H�V�´�� ���&�$�3�6�� �Y������) software with default 169 

settings to identify both coevolving amino acid pairs and groups of coevolving amino acids 170 

with a correlation coefficient > 0.5 within individual and complete RRV and BFV non-171 

structural proteins and polyproteins (185 RRV and 85 BFV sequences - Appendices 4 and 5) 172 

[15]. Cytoscape v3.8.2 [16], was then used to generate interaction networks of coevolving 173 

amino acids. Each network represented a collection of nodes (i.e., coevolving amino acids) 174 

connected by edges (i.e., interactions) [8]. We assessed two node properties in each network: 175 

(1) the node degree, and (2) the node betweenness. [8], because nodes with high degree 176 

(commonly referre�G���W�R���D�V���³hubs� )́ and those with high betweenness (�L���H�������³bottlenecks� )́ play 177 

significant roles in protein-protein interactions, particularly enabling cross-talk between node 178 

groups [8]. We used MEGA-X [9], to assess for evidence of amino acid compositional biases 179 

within all nine RRV and BFV proteins. The eukaryotic linear motif (ELM) resource server 180 

[17], was used with the default motif probability cut-off value of 100 and Homo sapiens 181 

selected as the preferred species, to predict whether any human ELMs of functional relevance 182 

(i.e., based on ELM GO terms) were present within all RRV and BFV non-structural proteins. 183 

For each virus protein, we filtered ELMs based on cell compartment and only evaluated further, 184 

ELMs with a p-value < 0.001.   185 

 186 

 187 

 188 

 189 
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3. Results and Discussion 190 

In this study, we report that for the first time that all the four individual non-structural proteins 191 

(nsP1-nsP4) belonging to RRV and BFV displayed strong evidence of amino acid coevolution 192 

and protein-protein interaction (see Supplemental Table 1). The nsP3 of each virus had the 193 

most coevolving amino acid pairs (i.e., 218 in RRV and 15 in BFV) and the most complex 194 

coevolutionary network. However, the nsP3 in RRV and the nsP2 in BFV contained the most 195 

groups of coevolving amino acids (i.e., 13 and 2), respectively (see Supplemental Table 1). 196 

In RRV, residues L8 and I11 upstream of the nsP1 methyltransferase domain (degree = 9), 197 

K11, T31, D116, T140, and T495 in the N-terminal and protease domains of nsP2 (degree = 198 

3), and A443 in the hypervariable domain (HVD) of nsP3 (degree = 24) and I86, T89, and 199 

K514 in the N-terminus and polymerase domains of nsP4 (degree = 3), were all classified as 200 

potential hubs. While no hubs or bottlenecks were identified within BFVs nsP1, amino acid 201 

residues K138, L268, K537, and S798 in the N-terminal, helicase, protease, and C-terminal 202 

domains of nsP2 (degree = 5), T357 in the HVD of nsP3 (degree = 6), and I110, R111 and 203 

A460 in the polymerase domain of BFVs nsP4 (degree = 4), respectively, were all designated 204 

as possible hubs in BFV. RRVs nsP4 had no bottleneck residues. However, residues A187 and 205 

V279 in the core and iceberg regions of the methyltransferase domain of RRVs nsP1 206 

(betweenness = 3.722), T230 and S538 in the helicase and protease domains of RRVs nsP2 207 

(betweenness = 1.5), and P530 in the HVD of RRVs nsP3 (betweenness = 2.57) were all 208 

designated as possible bottlenecks (see Figure 1). Compared to RRV, only residues I631 in the 209 

C-terminal domain of BFVs nsP2 (betweenness = 1.67), I384 in the HVD of BFVs nsP3 210 

(betweenness = 1.86), and C459 and R422 in the polymerase domain of BFVs nsP4 211 

(betweenness = 1.25), were deemed as potentially significant bottlenecks (see Figure 2). 212 

Assessment of coevolution at the polyprotein level revealed that only residues H1665, V1675, 213 

H1677, and R1712 within the HVD of RRVs nsP3 were worthy of classifying as hubs (degree 214 
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= 31) while in BFV, only amino acid residue K671 in the N-domain of nsP2 was deemed a hub 215 

(degree = 15) (see insert E in Figures 1 and 2). Residues N270, D1960, A2013, and I2485 in 216 

the iceberg region of RRVs nsP1 and the N-terminal and polymerase domains of RRVs nsP4 217 

(betweenness = 4.873), were major bottlenecks in RRVs polyprotein (see Figure 1). However, 218 

in BFVs polyprotein, residues E1425 and T1716 located in the macrodomain and HVD of the 219 

nsP3 were identified as potentially significant bottlenecks (betweenness = 2.57) (see insert E 220 

in Figures 1 and 2). Kumar and colleagues [6], have previously shown that amino acids 170-221 

288 in the core and iceberg region of CHIKVs nsP1 and amino acid residues 1 - 95 in the N-222 

domain of CHIKVs nsP2 drive interactions between nsP1 and nsP2 proteins in this virus. Our 223 

study builds upon the Kumar study by further demonstrating robust evidence of both intra and 224 

inter-protein domain amino acid coevolutionary interactions within RRV and BFV non-225 

structural polyproteins. Our ELM analyses revealed that most coevolving amino acids detected 226 

here in RRV and BFV non-structural proteins are of possible functional relevance 227 

(Supplemental Table 2 and 3). Additionally, we also showed that CHIKV, RRV and BFV share 228 

several coevolving amino acid sites in the C-domain of nsP2 and in the hypervariable domain 229 

(HVD) of the nsP3 (see Supplemental Table 3). Future studies should seek to establish the 230 

impact of these domain specific residue interactions and the impact of common coevolving 231 

sites on both minus and plus strand RNA synthesis in CHIKV, RRV and BFV. 232 

 233 

Our analyses of amino acid compositional biases in RRV and BFV proteins indicated that all 234 

nine RRV and BFV proteins display an abundance of four aliphatic amino acids (A, L, V and 235 

P), and that tryptophan (W) is underrepresented in all nine RRV and BFV proteins (see 236 

Supplemental Figures 1 and 2). Aliphatic amino acid residues are both non-polar and 237 

hydrophobic [18], and they are commonly found buried at the core of proteins where they are 238 

�U�H�T�X�L�U�H�G�� �W�R�� �J�H�Q�H�U�D�W�H���D�� �³�K�\�G�U�R�S�K�R�E�L�F�� �H�I�I�H�F�W�´�� �Z�K�L�F�K�� �K�Hlps proteins to fold appropriately [19]. 239 
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Their abundance in RRV and BFV coding regions is clearly therefore a structural and 240 

functional constraint. Meanwhile, tryptophan (W) is one of two non-synonymous codons in the 241 

genetic code [18]. This may explain why it is commonly underrepresented in both RRV and 242 

BFV proteins, however this too, needs to be investigated further.  243 

  244 

 245 

 246 

 247 

 248 
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 249 
Figure 1. Cytoscape-based RRV intra  and inter protein domain amino acid coevolutionary interaction networks. The figure above shows evidence of interaction between coevolving amino acid residues within 250 

each of RRVs four non-structural proteins (i.e., nsP1-nsP4: inserts A to D) and within the complete non-structural polyprotein (insert E). The most complex coevolving amino acid interactions are displayed in the nsP3 251 

and the non-structural polyprotein only. Hub and bottleneck nodes are highlighted in pink and yellow, respectively, while all other nodes are coloured green, respectively. Edges are in blue. 252 
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    253 

Figure 2. Cytoscape-based BFV intra and inter protein domain amino acid coevolutionary interaction networks. The figure above shows evidence of interaction between coevolving amino acid residues within 254 

�H�D�F�K���R�I���%�)�9�¶�V���I�R�X�U���Q�R�Q-structural proteins (i.e., nsp1-nsp4: inserts A to D) and within the entire non-structural polyprotein (insert E). The most complex coevolving amino acid interactions are displayed in the nsP3 and 255 

the non-structural polyprotein only. Hub and bottleneck nodes are highlighted in pink and yellow, respectively, while all other nodes are coloured green, respectively. Edges are in blue. 256 
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4. Conclusion 257 

Our study has shown for the first time that RRV and BFV non-structural protein amino acids 258 

coevolve, may be functionally relevant, and that all nine RRV and BFV proteins have an 259 

abundance of four aliphatic amino acid residues (i.e., A, L, V, and P). All detected hubs and 260 

bottlenecks should be considered as potential antiviral targets and their role in driving RRV 261 

and BFV non-structural intra and inter protein domain interactions should be evaluated further. 262 

More importantly, our findings could also be exploited to attenuate or inhibit RRV and BFV 263 

replication or, to disrupt RRV and BFV protein translation, stability and/or function both in-264 

vitro and in-vivo. This too should also be evaluated further. 265 
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8.2 Preface 

Australia is meteorologically subdivided into eight highly diverse climatic zones [1], and 

supports a diverse and abundant mosquito population of more than 300 species [2, 3]. Rapid 

climatic and land-use changes are currently occurring within several climatic zones largely due 

to human but also natural climatic and environmentally related factors. These changes are 

threatening to alter the suitability of habitats for mosquitoes, alter mosquito behaviours that 

include mating, biting, and oviposition and, overturn the gains of historically effective 

mosquito management programmes nationwide [4, 5]. Should this wave of zonal change persist 

unchecked, there could be an increase in mosquito diversity, distribution, and abundance in 

some parts of Australia. This could be matched by an increase in the spread of medically 

relevant diseases, especially those caused by Ross River and Barmah Forest viruses (RRV and 

BFV)�����$�X�V�W�U�D�O�L�D�¶�V���I�L�U�V�W���D�Q�G second most common mosquito-borne pathogens. In view of this, 

there is urgent need to provide insights on how we can develop, integrate, and apply species 

distribution models to better mosquito management.   

To provide such insights, we specifically conducted a focused literature search in this chapter 

to determine the benefits of integrating statistical species distribution models (SSDMs) and 

mechanistic species distribution models (MSDMs) with biotic and environmental variables 

such as temperature to enhance our capacity to predict the future range of medically important 

endemic mosquito vectors such as Aedes vigilax and Culex annulirostris, implicated in the 

transmission of RRV and BFV. We concluded that SSDMs and MSDMs can be integrated and 

upon integration they can be utilised to significantly enhance the prediction of future mosquito-

vector species range shifts in Australia. In view of this, we urge researchers involved mosquito 

disease management to explore SDM integration and apply integrated SDM frameworks to 

improving mosquito management. This is because integrated SDMs are powerful mosquito 

management tools that could significantly help to �O�R�Z�H�U���$�X�V�W�U�D�O�L�D�¶�V���D�U�E�R�Y�L�U�X�V���G�L�V�H�D�V�H���E�X�U�G�H�Q��





 

7 
 

 

 



 

8 
 

 

 

 



 

9 
 

 

 

 



 

10 
 

 

 

 



 

11 
 

 

 

 



 

12 
 

 

 

 



 

13 
 

 

 

 



 

14 
 

 

 

 



 

15 
 

 

 

 



 

16 
 

 

 

 



 

17 
 

 

 

 



 

18 
 

 

 



1 
 

Chapter 9  1 

General Discussion, Future Directions and 2 

Conclusions. 3 

 4 

9.1 Summary 5 

Arboviruses circulating in Australia cause debilitating and costly musculoskeletal disease. This 6 

dissertation assessed the current status, evolution and spread of arboviruses circulating in 7 

Australia. The hypothesis for this research was that synthesis of seroprevalence, genomic, host, 8 

and environmental data for key arboviruses will improve the management of epidemics, virus 9 

characterisation and discovery, and ultimately infection control in Australia and around the 10 

world.  11 

This dissertation had seven aims. The first of these set out to understand the limitations of sero-12 

surveillance of RRV, BFV and DENV in Australia and the Pacific through systematic review 13 

and synthesis of collected data (chapter 2). The second and third aims were to phylogenetically 14 

characterise the diversity of RRV and BFV strains sampled from multiple hosts across 15 

Australia and parts of the Pacific during 1959-2018 (RRV; chapter 3) and 1974-2018 (BFV; 16 

chapter 4). Aims four, five and six sought to determine evidence of synonymous codon usage 17 

bias and influencing factors in RRV (chapter 5), identify ligands binding to the capsid for RRV, 18 

BFV and CHIKV with high affinity, potency and efficiency (chapter 6), and prove amino acid 19 

co-evolution, compositional biases, and host motifs are prevalent within RRV and BFV non-20 

structural proteins (chapter 7). The seventh aim was to review the significance, feasibility, and 21 

integrability of statistical and mechanistic species distribution models (SDM) with biotic and 22 

environmental variables to improve model predictions of future mosquito-vector range shifts 23 

(chapter 8).  24 
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Findings presented in this dissertation extend previous knowledge and understanding regarding 25 

alphavirus diversity, evolution, dissemination and effective control in Australia. The 26 

significance and broader implications of these research findings are discussed here under the 27 

following themes, (1) nationwide surveillance and characterisation, (2) factors driving virus 28 

evolution and spread, and (3) efficient infection control. 29 

 9.2 Nationwide surveillance and characterisation of three arboviruses 30 

Robust nationwide surveillance for arboviruses of clinical importance is crucial to quantifying 31 

the risk of exposure, spatiotemporal, epidemiological and economic extent of disease burden. 32 

Currently surveillance programs, focus on three methods to determine the presence of 33 

circulating arboviruses; serological, virus isolation and virus detection [1, 2]. Serological 34 

surveillance is common among humans and sentinel species while virus isolation and detection 35 

are frequently conducted from humans and mosquitoes. Sentinel and mosquito-based 36 

surveillance is seasonal and its frequency varies between states and territories due mostly to 37 

differences in resource availability and risk of arbovirus spread [3]. Such surveillance improves 38 

public health responses aimed at achieving efficient and long-lasting infection control [3]. 39 

Improvements can be achieved through development of new diagnostic tools for virus 40 

detection, methodologies for virus characterisation and technologies for virus discovery. They 41 

can also be achieved through identification and development of new treatments for better 42 

management of infections. In chapters 2, 3 and 4 of this dissertation, I conducted a nationwide 43 

systematic review of human serological surveillance data and characterised whole genomes 44 

sourced nationwide in Australia. These analyses were aimed at gaining a deeper understanding 45 

of trends in RRV, BFV and DENV prevalence and diversity levels among RRV and BFV 46 

isolates circulating in Australia and the Pacific region 47 

 48 
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9.2.1 Robust nationwide review of human serosurveillance data for RRV, BFV and 49 

DENV 50 

Arbovirus serological surveys are an important public health tool, providing a measure of 51 

human exposure to circulating arboviruses. In addition, they can also help to identify at-risk 52 

population groups, locations, timeframes of increased virus activity, and risk factors for 53 

increased arbovirus prevalence (i.e., age, gender, environmental, host, etc.). These data can be 54 

statistically synthesised and used to provide insights into virus activity, as well as develop 55 

strategies for minimising disease spread and improving infection control.  56 

 57 

To help inform future serological surveillance for arboviruses of human clinical importance in 58 

Australia and the Pacific Island Countries and Territories (PICT), chapter 2 of this dissertation 59 

synthesised human seroprevalence data extracted from 41 published articles reporting 78 60 

human serosurveys conducted over a 66-year period (1951-2017). Among the data synthesised 61 

from surveys were study year(s), research area(s), risk factors (i.e., age and/or sex), virus(es) 62 

investigated, serology assay(s) used, sample collection method(s), number of samples tested, 63 

and the number of seropositive samples. A large number of human samples were tested in-64 

between 1951-2017 (n = 62,327). Findings presented in this dissertation highlight the greater 65 

risk of human exposure to DENV (61.80%) and RRV (18.95%) compared to BFV (1.95%) 66 

over the timeframe and locations examined. High DENV seroprevalence has been reported in 67 

recent times (2010, 2015 and 2016) in PICTs including American Samoa (95.6%), French 68 

Polynesia (83.1%), and the Solomon Islands (84.0%). Compared to the aforementioned PICTs, 69 

the risk of DENV exposure in Australia was found here to be significantly lower, and more 70 

spatially restricted to QLD (< 1.0%) and VIC (< 7%) [4]. The higher risk of exposure to DENV 71 

in reported VIC has been attributed an influx of human travelers returning from endemic 72 

overseas locations [4] and highlights a limitation of previous non-targeted serosurveys. A 73 
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discontinuity in spatiotemporal surveillance was evident between non-target serosurveys with 74 

only a few human participants recruited from the general population. Furthermore, study 75 

populations, survey methods and data collected from non-target surveys was highly variable, 76 

which makes it difficult to combine, compare and/or analyse outcomes and trends for RRV, 77 

BFV and DENV prevalence across different locations and timeframes. As things stand, DENV 78 

incidence has been suppressed in QLD Australia since 2019 following successful mass release 79 

of Wolbachia transinfected Aedes mosquitoes [5]. This shows both the effectiveness and 80 

consistency of Wolbachia as a biological control for DENV and confirms suppression of 81 

DENV incidence in Australia.  82 

 83 

�%�D�U�P�D�K�� �I�R�U�H�V�W�� �Y�L�U�X�V�� ���%�)�9���� �L�V�� �$�X�V�W�U�D�O�L�D�¶�V�� �V�H�F�R�Q�G�� �P�R�V�W��prevalent, mosquito-transmitted 84 

arbovirus. This dissertation found that compared to DENV and RRV serosurveys, BFV 85 

serosurveillance was intermittent and characterised by large temporal lapses. This suggests 86 

periods of undetected or undetermined human exposure and may be a result of opportunistic 87 

arbovirus surveillance at state and/or territory level.  88 

 89 

Although time of sampling was an influencing factor in the choice of assay method(s), the 90 

choice of assay method(s) and sampling strategies employed contributed the most to the 91 

variability in reported human seroprevalence. The impact of time on choice of assay method 92 

was evident for all three viruses as before year 2000 fewer surveys tested a much lower number 93 

of samples using neutralisation tests (NT) and the hemagglutination assay reporting 94 

comparatively lower seropositivity rates. However, soon after the year 2000, more surveys 95 

(>38) and samples were assessed using the enzyme linked immunosorbent assay (ELISA), the 96 

immunofluorescent assay (IFA), and microsphere immunoassay (MIA) methods with higher 97 

seropositivity rates reported. The latter methods are highly reliable, sensitive and specific (> 98 
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90%) for antigens belonging to RRV, BFV and DENV [6, 7]. This explains the shift in choice 99 

of test method and reported seroprevalences observed here with time.  100 

This dissertation also observed that three sampling strategies were utilised in-between 1951-101 

2017; a random, clinically and environmentally targeted sampling approach. These are 102 

discussed in chapter 2 at length. Of these, only the random approach was utilised to source a 103 

greater number of test samples however, reported seroprevalences were highest for samples 104 

collected using a clinically targeted strategy.  105 

 106 

Despite most surveys assessed reporting a positive association between age and seroprevalence 107 

and slightly greater seroprevalences in males compared to females, the need for synthesis of 108 

such data for these viruses to determine statistical significance was lacking (i.e., for gender) 109 

and is recommended. This dissertation therefore recommends recruitment and collection of 110 

large and equal numbers samples from male and female participants followed by statistical 111 

synthesis of such data to determine underlying trends.     112 

 113 

To improve future public health responses through synthesis of human serosurveillance data 114 

for RRV, BFV, and DENV, this dissertation recommends streamlining of methods, 115 

standardisation of surveys and removal of bias. This will enhance our understanding of 116 

arbovirus human exposure and disease burden. Streamlining can be achieved by ensuring the 117 

use of highly sensitive and specific assay methods and conducting secondary confirmatory tests 118 

[8]. Spatiotemporal standardisation of serosurveillance programs will also ensure regular 119 

monitoring and determination of virus prevalence as well as facilitate comparison of data 120 

sourced nationwide and overseas. Doing this requires developing a criteria where minimum 121 

thresholds are set or defined for the number and size of study locations and 122 

populations/participants, samples collected per age and gender category, assay methods used 123 
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and their specificities and sensitivities. This dissertation also recommends standardisation of 124 

data analysis, interpretation and reporting frequencies to ensure continuous and consistent 125 

arbovirus surveillance. While SARS-CoV-2 is not an arbovirus, standardization of survey 126 

methods for this virus has been shown to improving virus surveillance by minimising cross 127 

reactivity [9]. In addition, careful consideration should be given to the choice of sampling 128 

strategy and costs associated with streamlining and standardization of surveys. Local and 129 

regional arbovirus surveillance could benefit significantly from evaluating, adopting and/or 130 

revising strategies proposed by Deckert et al. for ensuring cost-effective SARS-CoV-2 131 

serosurveillance using the randomised approach [10]. Based on the findings of this dissertation, 132 

further surveillance and deployments of Wolbachia-transinfected Aedes mosquitoes in the 133 

PICTs would help measure and reduce current DENV levels in the region. Overall, 134 

streamlining and standardising future serosurveys should help to aggregate data between 135 

studies and identify common and/or rare epidemiological trends prevailing locally or 136 

regionally.   137 

  138 

9.2.2 Robust nationwide virus surveillance for RRV and BFV 139 

In addition to serological surveillance, virus isolation and detection are used in Australia to 140 

monitor arbovirus activity. Virus isolation and detection can be from human hosts, vertebrate 141 

reservoirs and mosquito vectors.  Mosquito collection is a common aspect of arbovirus 142 

surveillance [11]. Mosquitoes are then used for virus isolation via cell culture systems and/or 143 

virus detection using molecular methods [12, 13]. Metabarcoding, metagenomics and sugar-144 

baited nucleic acid preservation cards has also been used to assist detection of specific 145 

arboviruses from mixed pools of mosquito [11, 13]. 146 

Clinically, virus isolation is not routinely performed from suspected human arboviral cases as 147 

humans are only viremic for a few days [14]. This means in most cases by the time a patient 148 
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presents at a public health institution only antibodies indicating either recent (IgM) or previous 149 

long-term (IgG) exposure to the virus is detectable. This makes paired serology the most 150 

common method for arbovirus diagnosis. That being said, virus isolation from clinical cases of 151 

RRV and DENV has been successful during the acute phase of illness [15, 16], facilitating 152 

virus detection and characterisation. In rare occasions RRV has also been successfully isolated 153 

from wildlife vertebrate hosts [17, 18]. 154 

Direct detection of RRV and BFV from human cases has been achieved using polymerase chain 155 

reaction (PCR) [19, 20]. Whereas these assays are one of the methods used to diagnose RRV 156 

or BFV infection, direct PCR from a clinical sample is not routinely used in clinical settings. 157 

In this dissertation, the use of a phylogenetic and evolutionary approach facilitated analysis of 158 

the relationship between 193 RRV (chapter 3) and 87 BFV (chapter 3) whole genomes. Eighty-159 

six and 54 of the RRV and BFV genomes analysed in this study were new genomes generated 160 

from isolates sampled from regions throughout Australia.  161 

 162 

This dissertation has successfully shown that RRV displays high levels of intra-genotypic 163 

diversity, with eight additional sublineages identified here. Altogether, 13 sublineages are now 164 

associated with the four RRV genotypes; two in genotype 1 (G1A-B), two in genotype 2 (G2A-165 

B), five in genotype 3 (G3A-E), the PNG clade, and three in genotype 4 (G4A-C), respectively. 166 

More than 80% of the new RRV genomes grouped in G3 and G4 and sublineages G4A and 167 

G4B contained the most contemporary strains with G1 and G2 seemingly undetected since 168 

1976 and 1995 respectively. Recent detection of an RRV isolate sampled from Tasmania (TAS) 169 

in 2014, suggests that G3 viruses may still be circulating in Australia. In view of this, this 170 

dissertation recommends further surveillance of unsampled and under-sampled areas in 171 

Australia including Tasmania.      172 

 173 
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Despite the addition of 54 new genomes to the previous BFV phylogeny containing 33 isolate 174 

genomes [21], no new genotypes or sublineages were identified indicating that BFV may not 175 

be as highly divergent as RRV. Compared to RRV, sampling frequencies for BFV are limited 176 

nationwide. This may explain low levels of virus diversity observed in recent times. In addition 177 

to conducting frequent nationwide BFV surveillance among humans and mosquitoes, future 178 

studies need to make more use of the newly developed NGS-based metagenomic and 179 

metabarcoding surveillance approaches to better target and detect BFV from mosquito pools 180 

[12, 13]. Most of the new BFV genomes grouped in G3 indicating that sublineages A and B of 181 

this genotype are currently the most prevalent across Australia. Recently Michie et al.  showed 182 

that G3 viruses for BFV form larger plaques compared to both contemporary RRV genotype 4 183 

(G4) viruses [21]. CHIKV variants with smaller plaques have been shown to be less virulent 184 

than those with larger plaques [22]. This feature, may be useful for live-attenuated vaccine 185 

development[22]. More research into the genetic causes of variations in plaque phenotype and 186 

viral virulence is required in the future to improve the chances of developing efficacious 187 

vaccines.  188 

 189 

For the first time, well supported BFV dissemination pathways involving short and long 190 

distance virus movements across the Australia have been resolved in this dissertation. Knowing 191 

the most likely geographical sources of virus spread and the pathways viruses are dispersing 192 

will be useful for controlling disease spread in the future. Reconstruction of viral phylogenies 193 

using comprehensive whole genome datasets has the potential to reveal new epidemiological 194 

hypothesis regarding virus transmission. In this dissertation, phylogenetic evidence based on 195 

assessment of G3 suggests that a human traveller from northern rather than eastern Australia, 196 

very likely seeded RRV into the PICTs causing the explosive 1979-80 epidemic. Overlapping 197 

divergence times indicated co-circulation of genotypes for both viruses. This dissertation 198 
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hypothesises that genotype replacement and variations in sublineage evolutionary rates 199 

observed for RRV and BFV (genotype replacement only), may be a consequence of differences 200 

in replication and transmission fitness. This hypothesis needs to be tested in future research 201 

studies by cultivating viruses belonging to different lineages in different mosquito and 202 

mammalian cell lines and measuring and comparing rates of virus replication and 203 

dissemination between hosts. Similar studies on coronavirus studies have shown in recent times 204 

that the Delta variant replicates faster and is more transmissible compared to the Alpha variant 205 

of SARS-CoV-2 [23].    206 

       207 

For both viruses, strong evidence of positive selection was detected in the iceberg region of the 208 

Mtase-Gtase domain of nsP1; a region known to have mRNA capping and RNA synthesis 209 

activity [24]. Mutation of amino acid residues in the core and iceberg region of the Mtase-210 

Gtase domain of the RRV nsP1 attenuates virulence in mice and improves infection control in 211 

musculoskeletal tissue [25]. It is unclear whether positively selected nsP1 codons found in this 212 

dissertation have any association with attenuation of virulence. Animal models for assessing 213 

the virulence levels of RRV strains belonging to different lineages and containing variants of 214 

the nsP1 Mtase-Gtase domain that have been generated through site directed mutagenesis 215 

should be established in the future [25]. These will permit us to gain a deeper understanding of 216 

the role of positive selection on nsP1 replication in RRV.  217 

 218 

While this study could only conduct extensive sampling and characterisation of RRV and BFV 219 

isolates within Australia, very few were included from some states, territories, and overseas 220 

regions such as the PICTs. Therefore, there is great need for broadening of area where virus 221 

surveillance is conducted in the future. This is to establish if both viruses are still circulating, 222 

how divergent they are, and what are their reservoir or intermediate hosts [26]. Such an 223 
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approach can lead to the identification of dissemination pathways and greater understanding of 224 

factors influencing virus evolution [27]. This surveillance will also prove useful in narrowing 225 

down the geographical sources of virus diversity and fitness variations, where these may exist. 226 

It will certainly benefit from placing more focus on under-sampled, unsampled locations and 227 

areas where low virus isolation and high human seroprevalences have been reported. This 228 

includes locations such as South Australia and the Northern Territory. Some of these locations 229 

include the territories of Australia (ACT and NT), TAS, South Australia (SA), American 230 

Samoa, Fiji, French Polynesia and Papua New Guinea (PNG). The PNG is of particular interest 231 

given that it is the only overseas location containing marsupials (present also in Australia and 232 

nowhere else) and where RRV is regarded as being endemic and likely to have circulated for a 233 

very long time in the past, undetected [26, 28]. Expansion of RRV and BFV sampling regions 234 

will inevitably generate comprehensive genomic datasets that will extend our knowledge of the 235 

phylogenetic relationship among circulating isolates of the viruses sampled over a wide 236 

spatiotemporal range. These large datasets can readily be generated using newly developed 237 

sequencing technologies such as the Nanopore MinION platform. 238 

 239 

Nanopore MinION sequencing platforms are highly favourable because they are less complex, 240 

costly and provide rapid genome sequencing [12]. Nanopore sequencing technologies like 241 

MinION are likely to represent the future of arbovirus surveillance in Australia. Certainly, their 242 

combination with phylogenetic and evolutionary methods is crucial to identifying and 243 

understanding the sources and levels of arbovirus diversity. Comprehensive phylogenetic and 244 

evolutionary analysis of whole genomes generated from multiple vertebrate and mosquito virus 245 

isolates sourced from different locations and timeframes has in the past and will continue to 246 

significantly aid virus identification and discovery[21, 26]. Rapid generation of whole genomes 247 

using new sequencing technologies will inevitably aid and lower the cost of arbovirus 248 
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surveillance while facilitating faster phylogenetic characterisation of arboviruses of clinical 249 

importance to Australia such as RRV and BFV. 250 

    251 

9.3 Factors driving virus evolution and spread  252 

In Australia, multiple interacting factors (environmental, virus, host (vector and vertebrate)) 253 

influence the evolution and spread of alphaviruses such as RRV (Figure 1). Several 254 

environmental factors (i.e., rainfall, temperature, and tides) have been linked with alphavirus 255 

transmission [29]. However, not much is known of the role of mutation, translational selection, 256 

protein-protein interactions, and biases in amino acid residue composition on alphavirus 257 

spread. As such, more research is required to understand how these processes and factors 258 

impact alphavirus evolution and transmission for viruses causing clinically relevant disease 259 

such as RRV. Thus far, only one study has evaluated the role of mutation and translational 260 

selection on an alphaviruses evolution. Translational selection was found to significantly 261 

influence the evolutionary patterns of this alphavirus, CHIKV [30].  262 

In this thesis whole genomes belonging to RRV and BFV were assessed and evidence results 263 

obtained indicate that translational selection, humans, non-structural protein coevolution and 264 

amino acid compositional biases are a few of the most important drivers of RRV and BFV 265 

evolution (chapter 5 and chapter 7). Translational selection is a universal and important 266 

evolutionary force facilitating efficient and accurate protein expression and translation in many 267 

organisms [31]. Translational selection can be due to host immune responses against invading 268 

virus, effects of medicines, or other factors acting on the virus or host that affect protein 269 

expression and translation. Translational selection significantly influences virus synonymous 270 

codon usage patterns and virus evolution [32]. In this dissertation, this was found to be true as 271 

this force contributed significantly (> 87.07%) to RRV synonymous codon usage bias (chapter 272 
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5). The remainder of the evolutionary force shaping RRV evolution was attributed to 273 

mutational pressure, the second most common factor driving virus evolution. 274 
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 287 

Figure 1. The complex interplay between factors underlying alphavirus evolution and dissemination. Figure 1 shows the factors (virus, host (vectors and vertebrates) and 288 

environmental) driving alphavirus evolution and how these are connected. Created in BioRender.   289 
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Other factors also impact alphavirus evolution, among them biases in amino acid residue 290 

compositions and protein-protein interactions. Both of these factors were assessed in this thesis. 291 

Findings obtained show that an abundance of aliphatic residues (A, L, V and P) and suppression 292 

of tryptophan (W) prevails within the nine protein coding regions belonging to RRV and BFV. 293 

Aliphatic residues are commonly found within protein hydrophobic cores where active sites 294 

are located and mutation of the C-terminal tryptophan to alanine in the capsid has been shown 295 

to inactivate protease activity [33]. Site-directed mutagenesis experiments can and should be 296 

conducted in the future to investigate the structural or functional effect of compositional biases 297 

determined here to gain a deeper understanding of potential impacts on virus, binding, 298 

replication and assembly. Additionally, the role of all RRV and BFV coevolving non-structural 299 

protein residues on virus replication warrants further study (chapter 7). This thesis presented 300 

the first evidence of host motifs enriched within coevolving alphavirus non-structural proteins 301 

for RRV and BFV. Only one study has shown similar results for CHIKV[34], and the analysis 302 

conducted here built upon this by showing that there are several universally conserved 303 

coevolving sites existing within RRV, BFV and CHIKV nsP2 and nsP3 coding regions. Host 304 

pathogen co-evolutionary studies conducted using athritogenic alphaviruses, insect and 305 

mammalian cell-line systems that evaluate the effects of mutations on coevolving sites, 306 

alphavirus replication and alphavirus-host range are required in the future. Consistent with 307 

studies on CHIKV [30, 35, 36], RRV and BFV were also shown in this dissertation to display 308 

antagonistic and coincidental codon usage bias with their respective mosquito vector and 309 

vertebrate hosts. This means there are differences in virus and host codon usage patterns, which 310 

may play a significant role in ensuring efficient virus protein translation. Site-directed 311 

mutagenesis studies on CHIKV have demonstrated that nucleotide variations within repeat 312 

�V�H�T�X�H�Q�F�H���H�O�H�P�H�Q�W�V�����5�6�(�V�����R�I���W�K�H�����¶�8�7�5��can increase the host range and replication of the virus 313 

in mosquito (C6/36) cells [37, 38]. Future studies should there conduct site-directed 314 
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�P�X�W�D�J�H�Q�H�V�L�V�� �R�I�� �5�6�(�V�� �R�I�� �W�K�H�� �%�)�9�� ���¶�8�7�5�� �L�Q�� �E�R�W�K�� �L�Q�V�H�F�W�� �D�Q�G�� �P�D�P�P�D�O�L�D�Q�� �F�H�O�O�V�� �W�R�� �D�V�F�H�U�W�D�L�Q��315 

impacts of nucleotide variations observed on host range.   316 

     317 

9.4 Efficient infection control 318 

Identifying strategies for achieving efficient control of alphaviral infections was a crucial 319 

component of this dissertation given that there is no licensed treatment for athritogenic 320 

alphaviruses including RRV, BFV and CHIKV. The advent of next generation sequencing 321 

platforms has enabled faster and costly whole genome sequencing and with this greater 322 

improvements in infection control technologies such as live-attenuated vaccine development 323 

[39]. In this thesis, three strategies for achieving efficient control of RRV and BFV alphaviral 324 

infections in Australia were synthesised from based on results generated in chapters 5, 6 and 325 

8. 326 

  327 

9.4.1 Strategy I: Virus Attenuation   328 

The first of these proposed strategies is to develop live-attenuated vaccines through 329 

dinucleotide shuffling, codon and/or codon pair deoptimisation at the second codon position 330 

[40, 41]. Results presented here support the feasibility of this hypothesis, as it is evident that 331 

synonymous codon usage (bias towards an A or C at the 3rd codon position) and dinucleotide 332 

bias (an abundance of the UG and CA dinucleotides and suppression of the CG and UA 333 

dinucleotides) occur within RRV and BFV coding regions (chapter 5). Shuffling and 334 

deoptimisation of codon residues as proposed above, and even increments of the U nucleotide 335 

contents in the commonly suppressed UA dinucleotide can lead to attenuation of virulence in 336 

RNA viruses such as Influenza A and SARS-CoV-2 [42-44]. As such, the findings and strategy 337 

proposed in this thesis should be evaluated in future studies with a view to developing highly 338 
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efficacious vaccines for both viruses. Succeeding at this endeavour will raise hopes for the 339 

development of a vaccine for alphaviruses with a wide global distribution such as CHIKV.  340 

    341 

9.4.2 Strategy II: Drug Repurposing 342 

To improve management of musculoskeletal disease caused by RRV, BFV and CHIKV, a 343 

molecular docking approach was implemented in chapter 6 of this thesis leading to the 344 

identification of five drugs, Anidulafungin (an antifungal), Fondaparinux (an anticoagulant), 345 

Rifabutin (an antibiotic), Deslanoside (a cardiac glycoside), and Temsirolimus (an 346 

antineoplastic agent), that displayed high binding affinity, potency and efficiency for the RRV, 347 

BFV and CHIKV capsid protein. Many studies have presented nutritional supplements and 348 

medicines as CHIKV capsid inhibitors in the recent past [45-47]. However, none are yet to be 349 

repurposed or licensed as CHIKV-specific antivirals.  More recently, preclinical and Phase 2a 350 

studies have shown PPS as a promising treatment for arthralgia caused by CHIKV and RRV 351 

[48, 49]. Pentosan polysulfate (PPS) is now accessible to general practitioners through the 352 

TGAs special access scheme highlighting the benefits of a repurposing strategy. This thesis 353 

builds upon such studies and presents both FDA and TGA licensed drugs as good candidates 354 

for RRV, BFV and CHIKV capsid protein inhibition. Patients succumbing to alphaviral disease 355 

have thus far relied on NSAIDS and antipyretics for symptom relief. Going forward, there is 356 

need to conduct functional and preclinical studies such as those done recently for PPS with 357 

CHIKV and RRV [48, 49], using the drugs identified in this research as good capsid protein 358 

inhibitors. Such studies will facilitate the determination of the efficiency and potency of these 359 

five drugs in-vivo as antivirals targeting the alphaviral capsid. This research has the potential 360 

to enable quicker and costly repurposing of the drugs as treatments for alphaviral disease. 361 

Therefore, this thesis strongly recommends that such preclinical and clinical studies are 362 
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conducted as this will fast track repurposing of effective and potent capsid inhibitors and 363 

improve management of RRV, BFV and CHIKV musculoskeletal disease incidence in 364 

Australia and overseas in endemic regions. 365 

 366 

9.4.3 Strategy III: Vector Control   367 

Enhancing vector control (chapter 8) is as important and effective as virus attenuation (chapter 368 

5) and/or repurposing of drugs (chapter 6). Improvements in vector control can and often lead 369 

to better management of alphaviral infections. Chapter 8 of this thesis provides a 370 

comprehensive review of approaches for integration of statistical and mechanistic species 371 

distribution models (SDM) with biotic and environmental variables [50]. In addition to 372 

showing that integrated SDM frameworks can be developed, this thesis has also illustrated that 373 

SDM integration requires a combinatorial approach where stakeholders from different fields 374 

such as entomologists, climate change and SDM modellers, and virologist come together to 375 

share ideas that will shape the frameworks. Integrated SDM frameworks have the potential for 376 

improving predictions of the impact of climate and land-use changes on future mosquito-vector 377 

abundance, diversity and distributions in Australia. These frameworks have the capacity to 378 

enhance vector control and in so doing, improve control of disease spread and so will have to 379 

be diligently managed when developed in the future. 380 

 381 

 9.5 Conclusions 382 

This dissertation assessed the status, evolution and spread of arboviruses circulating in 383 

Australia and global regions such as the PICTs, Asia, and Americas and Africa where viruses 384 

RRV, CHIKV, and DENV are prevalent. Research presented has shown that multiple factors, 385 

some of which interact, influence the evolution and spread of alphaviruses in Australia. The 386 
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risk of DENV exposure and DENV prevalence remains higher than RRV and BFV overseas 387 

and is by comparison lower within Australia suggesting there is need for implementation of 388 

additional measures to minimise the spread of the virus. More importantly, this research has 389 

also demonstrated that robust nationwide sampling, review and synthesis of seroprevalence, 390 

genomic, host, and environmental data for arboviruses such as RRV and  BFV enhances virus 391 

characterisation and discovery, and can yield strategies that help to improve infection control 392 

in Australia. This research has also shown that both RRV and BFV display evidence of 393 

synonymous codon usage and dinucleotide bias which can be exploited for the development of 394 

live-attenuated vaccines. In addition, this dissertation has shown that translational selection is 395 

the most dominant force driving the evolution of RRV codon usage patterns. Both RRV and 396 

BFV were found to display evidence of amino acid coevolution within non-structural proteins 397 

and biases in amino acid composition that could be of functional or structural importance. This 398 

thesis has also shown that the drugs, Anidulafungin, Fondaparinux, Rifabutin, Deslanoside, 399 

and Temsirolimus have high binding affinity, potency and efficiency for the RRV, BFV and 400 

CHIKV capsid protein. These drugs may be good candidates for repurposing as treatments for 401 

alphaviral disease. Finally, this dissertation has highlighted the importance of developing and 402 

utilising integrated SDMs to achieve better control of alphaviral mosquito vector and disease 403 

spread.      404 

 405 

 406 

 407 

 408 

 409 

 410 
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