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Abstract 

 

The rate at which emergent Alphavirus epidemics occur globally is increasing. Of the 

alphaviruses, Chikungunya Virus (CHIKV) is the most geographically and medically 

prominent, causing number of recent epidemics and increasing in geographic range – due to 

a range of factors including changing land use, international travel, climate change and 

mutations associated with changing vector competence. CHIKV’s closest genetic relative, 

O’nyong-nyong Virus (ONNV), has been identified as the causative pathogen of a serious 

epidemic that affected approximately 2 million people in Sub-Saharan Africa in 1959. 

However, ONNV has not been well studied, in part due to a paucity of molecular tools and 

an optimised reverse genetic system. 

 

In the current study replication of three alternative recombinant ONNV infectious clones, 

expressing different molecular markers of replication, was assessed and optimised across a 

range of mammalian and mosquito cell lines. We demonstrated that BHK-21, Huh7, RD, 

C6/36 and U4.4 cells were all permissible to ONNV infection, producing titres ranging from 

105 PFU/mL to 108 PFU/mL. Notably, infectious clones replicating using nsP3-mCherry 

fusion proteins replicated producing lower titres in C6/36 relative to the other clones over 48 

hours. The efficiency of antibodies raised against CHIKV non-structural proteins was 

demonstrated against ONNV expressed proteins, using both western blot and 

Immunofluorescence using confocal microscopy.  

 

In order to further validate the reverse genetic systems, for the first time ONNV virions were 

imaged using negative staining and transmission electron microscopy, and a 3D structure of 

ONNV virions was generated by image averaging. Comparisons to published CHIKV virus-

like particles showed differences in size and icosahedral structure. In summary, for the first 

time this study optimised the reverse genetic system for ONNV replication, across alternative 

physiologically relevant cell lines and molecular tools for further investigation of ONNV 

replication and structure. 
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Chapter 1: Optimisation of the ONNV Reverse Genetic 

System: Introduction 

 

1.1 What is an Alphavirus? 

 

The genus Alphavirus represents enveloped, positive-sense, single-stranded RNA viruses 

found in the family Togaviridae, which are transmitted through the bite of an arthropod vector 

(Strauss & Strauss, 1994). Alphaviruses are distributed on every continent across the world 

excluding Antarctica and distribution of individual species are restricted by host-vector 

restrictions and ecological niches. Alphavirus virions are icosahedral particles formed of a 

lipid bilayer derived from its host cell, modified with 240 copies of E1 and E2 proteins, which 

form a heterodimer within it (Strauss & Strauss, 1994). Three E1-E2 heterodimers interact 

together to form the spike glycoproteins found on the virus surface, which when formed, 

anchor into the host lipid bilayer (Strauss & Strauss, 1994). The core of the virion is a 

nucleocapsid, created from an arrangement of capsid proteins that contain the genomic 

RNA, approximately 11kb (kilobases) long, protecting it from the extracellular environment 

(Lee et al., 1996). 

 

Medically relevant Alphaviruses cause acute febrile illness that progresses to either 

encephalitis or polyarthralgia, both debilitating and sometimes fatal conditions. Arthritogenic 

alphavirus infections debilitate hosts with crippling arthritis that can leave patients debilitated 

for weeks to months, causing a serious loss of wellbeing and the inability to work during that 

time. Encephalitic alphaviruses cause similar febrile symptoms, followed by severe 

neurological symptoms such as confusion, seizures, coma and death, with other specific 

symptoms for each species (Deresiewicz et al., 1997; Reeves et al., 1958). In both groups, 

there are efforts being made to discover antiviral treatments and vaccines to prevent 

infection, but these are ongoing. A greater understanding of alphaviral virus-host interactions 

is required to discover anti-virals that interrupt the virus lifecycle or elucidate potential viral 

proteins for use in vaccines. 
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1.2 Alphaviral Transmission and Emergent Epidemics  

 

Transmission of alphaviruses occurs through the bite or intake of a bloodmeal, allowing virus 

to pass from the invertebrate vector to the host, or vice versa in a viraemic host. These 

cycles are sylvatic, requiring an animal host in order to propagate high enough viral titres to 

cause infection in the next animal host. In an urban epidemic however, the virus is adapted 

to propagate in human hosts as an amplifying host, causing a higher titre viremia, allowing a 

vector to take up enough virus to carry it to the next human host and successfully infect them 

(Barzon, 2018) (Fig.1.1). The rate of infection varies due to certain factors; changes to vector 

populations and distributions, changes to a vector’s environment via climate change or 

deforestation and rapid adaptation to human hosts, to name a few (Gould & Higgs, 2009; 

Maciel-de-Freitas et al., 2014; Weaver & Reisen, 2010). By removing the need for an animal 

host, virions are carried from viremic human hosts to the uninfected at a faster rate, 

increasing the rate at which an outbreak occurs.  

 

 

 

Figure 1.1. Transmission Cycles of Alphaviruses. CHIKV- Chikungunya Virus, EEEV- 

Eastern Equine Encephalitis Virus, JEV- Japanese Encephalitis Virus, MAYV- Mayaro Virus, 

ONNV- O’nyong Nyong Virus, RRV- Ross River Virus, SINV- Sindbis Virus 

 

 

Viral 

Transmission 

Urban Epidemic Cycle 

New or Highly Viremic 

 Hosts 

Vector 

 CHIKV, ONNV 

Sylvatic (Enzootic) Cycle 

Amplifying Host 

Vector 

EEEV, JEV, MAYV, 

ONNV, RRV, SINV 

Incidental Host 



3 
 

In a globalising world, this increased rate of infection causes emergence/re-emergence of 

alphaviruses on a more rapid and global scale than previously recorded. Arthritogenic 

alphaviruses have been reported to cause localised outbreaks or epidemics across the 

world, often with severe symptoms in hosts (Gould & Higgs, 2009). Smaller outbreaks of 

sylvatic alphaviruses, infections contracted from wild animals, can be managed with 

palliative care, such as in Scandanavia where Sindbis Virus (SINV) causes 170 annual 

cases of disease in humans (Suhrbier et al., 2012). In regions where a vector frequently 

takes blood meals from humans however, alphaviral infection can become endemic within a 

population; O’nyong nyong virus (ONNV), an alphavirus isolated to the African Subcontinent, 

was estimated to have infected two million people in an outbreak between 1959-61 and is 

now thought to be endemic to those regions (Pezzi et al., 2020; Williams et al., 1965). 

Evidently, alphaviruses that adapt away from a sylvatic cycle pose a significant risk to public 

health and greater understanding of transmission in these urban epidemics is essential to 

effective infection control.  

 

1.3 Alphaviruses 

 

1.3.1 O’nyong nyong Virus  

 

O’nyong nyong virus is an Alphavirus closely related to Chikungunya Virus (CHIKV), both of 

which are in the Semliki Forest antigenic complex (Powers et al., 2000). The virus is 

primarily transmitted by Anopholes funestus and Anopheles gambiae mosquitoes, found 

across sub-Saharan Africa, contributing to the endemic nature of ONNV in the region, 

notably Uganda and Kenya (LaBeaud et al., 2015). An infection of ONNV known as O’nyong 

nyong fever typically manifests as a sudden onset fever with headache, rash, severe 

arthralgia and lymphadenitis, and can be misdiagnosed as Dengue Fever or a CHIKV 

infection (Kiwanuka et al., 1999). 

 

1.3.2 ONNV Transmission 

 

As described previously, the primary vectors for ONNV are A. funestus and A. gambiae. This 

is unique to ONNV as the only alphavirus to be transmitted by Anopheles mosquitoes and 

during outbreaks, infections have been consistently limited to habitats of A. funestus and A. 

gambiae (Brault et al., 2004). A. funestus and A. gambiae are highly anthropophilic species, 

preferring to feed and rest within human dwellings; these behaviours heighten the frequency 

of ONNV transmission (Pezzi et al., 2020). ONNV is thought to be maintained in an enzootic 
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cycle during times between epidemics, but neither the enzootic vector nor an animal 

reservoir have been confirmed (Powers et al., 2000). ONNV-specific neutralising antibodies 

have been detected in four duiker species (Cephalophus and Philantomba spp.) in the 

Democratic Republic of Congo (DRC), forest buffalo (Syncerus caffer nanus) in the DRC and 

Gabon, and Mandrills (Mandrillus sphinx) in Gabon (Kading et al., 2013). These detections 

were observed in periods without known ONNV epidemic activity, suggesting these species 

could be vertebrate reservoirs in ONNV’s enzootic cycle.  

 

ONNV Non-Structural Protein 3 (nsP) has been implicated in ONNV’s unique vector tropism. 

In chimeric viral constructs of CHIKV and ONNV, a CHIK/ONNV nsP3 chimera was found to 

be able to infect A. gambiae, providing evidence that ONNV’s vector specificity is determined 

by nsP3 (Saxton-Shaw et al., 2013). Attempts made to determine which region provides the 

specificity were inconclusive but demonstrated a small increase in infection if a chimeric 

CHIKV had an ONNV carboxyl terminal present. ONNV’s carboxyl terminal may be involved 

in the optimisation of replication in a diverse variety of host cell types in other alphaviruses 

(Lastarza et al., 1994; Saxton-Shaw et al., 2013). 

 

1.3.3 ONNV Epidemiology and Serology 

 

The first recorded outbreak of ONNV was documented in May 1959; an outbreak of a 

Dengue-like disease was identified by medical professionals in the Moyo and Arua districts 

of Uganda. Researchers from the East African Virus Research Institute isolated the virus 

from A. funestus and A. gambiae. By comparing regions where these two vectors were 

present and infection rates, they confirmed these to be the vectors and the virus to be a 

unique species; CHIKV was initially assumed due to the similarity of symptoms (Haddow, 

1960). ONNV spread across eastern Africa, to Kenya, Tanzania, Malawi and Mozambique, 

estimated to have infected more than two million people with no recorded fatalities, before 

slowly subsiding (Williams et al., 1965). No cases of ONNV were reported until June 1997, 

when the first recognised re-emergence of the fever’s symptoms appeared in the Rakai 

district of Uganda, causing acute symptoms including fever, lymphadenitis, skin rash and 

serious arthritis. Notably, this outbreak was of a smaller proportion and isolated to only 

Uganda, affecting significantly less people as a result (Lanciotti et al., 1998; Rwaguma et al., 

1997). Since then, in 2013 a case of O’nyong nyong fever was reported in a 60 year old 

German woman whom had been travelling in East Africa; the first confirmed case of an 

ONNV infection imported to Europe (Tappe et al., 2014). ONNV cases may be misdiagnosed 

as CHIKV due to their similar symptoms, and infections reliably produce cross-reactive 

ONNV/CHIKV-neutralising antibodies, as shown by the patient described (Blackburn et al., 
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1995; Partidos et al., 2012; Tappe et al., 2014). 

 

Seroprevalence analysis of ONNV infections in endemic regions is poorly monitored 

geographically; seroprevalence studies to identify the presence of ONNV-neutralising 

antibodies have been performed in Kenya, Cameroon and Nigeria, while other Central 

African countries where outbreaks have occurred have not had such studies. Furthermore, 

the seroprevalence data obtained is scarce and not robust, owing to an absence of infection 

surveillance and cross-reactive ONNV/CHIKV-neutralising antibodies (Pezzi et al., 2019a). 

Identification of ONNV and CHIKV via Immunofluorescence test, enzyme-linked 

immunosorbent assay (ELISA), complement fixation test or haemagglutinin inhibition test 

(HI) is reported to be difficult due to antibody cross-reactivity (Fokam et al., 2010; Woodruff 

et al., 1978). The cross-reactivity of ONNV/CHIKV-neutralising antibodies has proven to be a 

fundamental issue when performing serosurveys and reliably diagnosing ONNV. 

Immunological analyses of ONNV virions has previously demonstrated retention of most of 

the antigenic sites previously characterised for CHIKV (Blackburn et al., 1995). Investigation 

into this cross-reactivity revealed a conserved epitope in the B domain of the E2 protein, in 

which multiple cross-reactive antibodies would bind to neutralise CHIKV, ONNV and other 

alphaviruses (Fox et al., 2015). 

 

Studies on the seroprevalence of ONNV and CHIKV in Kenya have shown that both are 

endemic and undiagnosed amongst the population, with a higher seroprevalence in young 

adults that lowers with age (LaBeaud et al., 2015). Women were also considered more at 

risk in this study since cultural gender roles within communities where ONNV is endemic 

have women staying around the home. A. funestus and A. gambiae, as stated prior are 

anthrophilic, preferring to feed in homes (LaBeaud et al., 2015; Pezzi et al., 2020). 38% of 

the positive results in this survey could not differentiate between ONNV and CHIKV, 

displaying that seroprevalence studies also suffer with the issue of cross-reactivity as 

discussed previously (LaBeaud et al., 2015). They also do not account for past infections 

that did not induce an effective immune response in a population, and the generation of false 

negative results can skew outcomes. 

 

At current time, there are no commercially available molecular tests for detecting an ONNV 

infection, and there are no international standards in place for molecular detection, molecular 

assays have been created but have yet to be standardised (Pezzi et al., 2019b). 
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1.3.4 ONNV Treatment 

 

Treatment for O’nyong nyong fever is palliative and not curative as there are no known 

curative treatments for the virus, nor an available vaccine. Vaccines are thought to be 

feasible due to current developments in other alphavirus vaccines, specifically CHIKV. When 

developing a highly attenuated CHIKV vaccine, a dose was found to produce a strong cross-

neutralising antibody response, protecting an A129 mouse against ONNV infection (Partidos 

et al., 2012). A129 mice are a knockout mouse model incapable of the interferon α/β innate 

immune response, highlighting that the active immunity was developed due to exposure to 

the CHIKV vaccine. Recently, these findings were corroborated in a potential CHIKV vaccine 

trial when ONNV-pseudotyped vectors were neutralised by human sera that had been 

exposed to a measles-vectored CHIKV vaccine, adding to the idea that a CHIKV vaccine 

could provide cross-protection against ONNV (Henss et al., 2020). 

 

1.3.5 Chikungunya Virus 

 

Chikungunya Virus is a mosquito-borne alphavirus closely related to ONNV and which is 

associated  with similar symptoms; an acute phase with fever, characteristic rash and 

polyarthralgia, which can lead to disability for weeks to years as a chronic condition (Pialoux 

et al., 2007; Queyriaux et al., 2008). Symptoms manifest as more severe in the 

immunocompromised (elderly and young children) and can cause serious complications 

such as haemorrhagic fever, meningoencephalitis, febrile seizures, acute encephalopathy 

and multiple organ failure (Pialoux et al., 2007; Queyriaux et al., 2008; Robin et al., 2008).  

 

1.3.6 CHIKV Epidemiology 

 

Discovered in 1953 after an outbreak in Tanzania, CHIKV had numerous small scale 

outbreaks across Central and Southern Africa, transmitted by Aedes aegypti mosquitos, 

causing outbreaks when the A. aegypti population increased (Vu et al., 2017). In 2004, a 

large epidemic emerged in Kenya and spread to islands in the Indian Ocean, which led to a 

large outbreak on La Reunion Island in 2005-2006. La Reunion had a population of 770,000, 

and by April 2006, 255,000 cases had been reported, with the first deaths (254) caused 

either directly or indirectly by CHIKV (Josseran et al., 2006; Pialoux et al., 2007). Of note, 

Ae. aegypti was found to be scarce during the epidemic, and a species of mosquito thought 

to not be a vector, Aedes albopictus was identified as the primary vector. La Reunion has a 

scarce Ae. aegypti population, which applied an ecological pressure on CHIKV to adapt to a 
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new vector for transmission, of which the highly populous Ae. albopictus was adapted to (de 

Lamballerie et al., 2008). Following nucleotide sequence analysis during the epidemic, a 

novel amino acid substitution from alanine to valine at position 226 in the E1 envelope 

protein (A226V), enhancing the mutant’s ability to be transmitted from Ae. albopictus to 

human hosts (Schuffenecker et al., 2006; Tsetsarkin et al., 2007). Current thinking suggests 

that another residue, E1-98 controls CHIKV’s sensitivity to E1-A226V mutations, in order to 

modulate the conditions required for E1 fusion loop interactions, thus regulating CHIKV’s 

fusion dynamics with Ae. albopictus membranes upon viral entry (Tsetsarkin et al., 2011). 

 

Since 2006, there have been localised CHIKV epidemics in China, Italy, France, multiple 

Caribbean islands, Brazil, multiple pacific islands and the mainland United States of 

America, specifically Florida and Texas (Cassadou et al., 2014; Grandadam et al., 2011; 

Lindh et al., 2019; Pyke et al., 2018; Staples & Fischer, 2014; Wu et al., 2013). Ae. 

albopictus is an expanding invasive species, consequently there are concerns that it may be 

associated with further autochthonous transmission in temperate regions, previously free of 

CHIKV infection (Kraemer et al., 2019; Martinet et al., 2019; Wilson & Schlagenhauf, 2016).  

 

1.3.7 Phylogeny of ONNV and CHIKV  

 

ONNV and CHIKV have a connected history; it is hypothesised the two viruses diverged 

from a common ancestor thousands of years ago, forming their own monophyletic group 

within the Semliki Forest antigenic complex, and the two are the closest relative of one 

another (Powers et al., 2000). Phylogenetic analysis of the E1 envelope gene for the viruses 

was performed, showing a 28% and 13% divergence in their nucleotide and amino acid 

levels respectively, indicating their phylogenetic distinctness, while simultaneously showing 

their shared lineage (Powers et al., 2000).  

 

CHIKV’s nucleotide sequence has been determined and characterised with comparisons to 

other alphaviruses, including ONNV. When ONNV and CHIKV’s sequenced genomes were 

compared, both the structural and non-structural proteins displayed an 85% degree of 

identity, more closely related than any of the other alphaviruses (Khan et al., 2002). Though 

a comparison between ONNV/CHIK nsP1 (non-structural protein) was not made, the amino 

acid sequences of ONNV and CHIKV nsP2 displayed a 92% degree of identity (Khan et al., 

2002). No sequence comparison was given between ONNV/CHIK nsP3, but both proteins 

displayed a larger negative charge (-24 and -25 respectively) compared to other 

alphaviruses such as Semliki Forest Virus (SFV) and Sindbis Virus (SINV) (-10 and -8 

respectively) (Khan et al., 2002). A comparison of ONNV/CHIKV nsP4 displayed a 91% 
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degree of identity, as well as confirmation of the GDD motif, a conserved motif found in other 

viral RdRps responsible for viral RNA synthesis (Kamer & Argos, 1984; Khan et al., 2002). 

From these studies, it is clear that ONNV and CHIKV have similar characteristics and 

interactions, indicating ONNV could provide an effective model system for elucidating CHIKV 

nsP interactions. 

 

 

Figure 1.2. Phylogenetic analysis of CHIKV and ONNV generated via PAUP analysis 

on a 1050bp partial E1 gene sequence. A single distinct clade can be seen, supported by 

a 100% bootstrap value, for all ONNV isolates, as well as distinct genotypes for CHIKV 

isolates found in Asia, Western Africa and Central/East Africa. The red square highlights the 

phylogenetic event in which the common ancestor of CHIKV and ONNV evolved into two 

distinct species. Figure was adapted from (Powers et al., 2000).  

 

1.4 Alphavirus Replication 

 

Alphaviruses have positive sense, single stranded RNA genomes of around 11kb that 

encode two open reading frames (ORF). ORF-1 encodes the non-structural proteins and 

ORF-2, the viral structural proteins. The non-structural proteins are expressed as a single 

polyprotein, P1234, that is cleaved into four mature non-structural proteins; nsP 1-4, which 
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are required for successful replication of the virus genome. A smaller P123 polyprotein is 

produced, comprised of nsP 1-3 (Gorchakov et al., 2008). ORF-2 is transcribed as as 26S 

subgenomic mRNA, which codes five structural proteins; E1, E2, E3, 6K and capsid protein 

(Gorchakov et al., 2008). Infection begins with contact between the E glycoprotein and host 

receptors on the cell surface, which trigger clathrin-mediated endocytosis of the virus into the 

cell via an endosome (Leung et al., 2011). In the endosome, the E1-E2 complex undergoes 

a conformational change mediated by the lowering of pH, initiating formation of E1 

homotrimers that act as membrane fusion proteins (Helenius et al., 1980; Wahlberg et al., 

1992). E1 homotrimers associate with the endosomal membrane and form pores between 

cellular and viral membranes, through which RNA is released into the cytoplasm (Spyr et al., 

1995).  

 

 

Figure 1.3. Alphavirus genome structure. A single strand, positive sense RNA genome of 

around 11kb containing a structural and non-structural reading frame, coding for viral 

proteins. Adapted from (Pietila et al., 2017). A(n), polyA; SGP, subgenomic promoter; UTR, 

untranslated region. 

 

Following release from the cytoplasm, viral ORF-1 is translated by cellular ribosomes, 

synthesising non-structural proteins P123 as a polyprotein from the non-structural open 

reading frame (ORF), terminating at an opal stop codon and P1234 when readthrough of the 

opal codon occurs. In ONNV, Semliki Forest Virus (SFV) and many CHIKV isolates, the opal 

termination codon is replaced with an arginine codon, only producing P1234. Both of these 

are cleaved via proteolytic action from nsP2 as P123/P1234, producing nsP1-4 (Levinson et 

al., 1990). Following translation, the nsPs migrate to cellular invaginations called spherules, 

generated by P123, which act as membrane bound replication complexes (RC) (Hellström et 

al., 2017). Replication complexes use the viral genomic RNA as a template, replicating it into 

complementary negative sense and full length genomic RNA that is either translated (ORF-

1), packaged or templates further negative strand replication. The 26s mRNA leaves the 

spherule and is translated through cellular ribosomes to synthesise the p130 polyprotein, 

which is cleaved by capsid autoproteinase, signalase and furin into the 5 structural proteins 

(Strauss & Strauss, 1994).  
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Capsid proteins associate with genomic RNA, specifically at the packaging signal, a 

conserved area of RNA that enhances the specificity of the RNA being encapsidated (Weiss 

et al., 1989). Once formed, nucleocapsids are free to travel to the plasma membrane where 

they bind to the spike glycoproteins formed of E3, E2, 6K and E1 (Parrott et al., 2009). The 

binding of these spike glycoproteins to the nucleocapsid cause the plasma membrane to bud 

around the virion, releasing the fully formed virus from the cell. 

 

1.5 nsPs, their Functions and Interactions 

 

1.5.1 nsP1 

 

Within the replication complex, each nsP has unique activity; nsP1 is required for initiation of 

minus-strand RNA synthesis and has methyl/guanylyltransferase enzymatic action to cap 

genomic and sub-genomic RNA following transcription (Cross, 1983; Cross & Gomatos, 

1981) CHIKV nsP1 binds to cholesterol-rich areas of the PM; it has been shown if 

cholesterol was sequestered out of spherules, nsP1 also relocated, causing a decrease in 

viral replication (Bakhache et al., 2020). Furthermore, the inhibition of nsP1 membrane 

affinity inhibits the ability to replicate RNA, displaying that membrane binding is critical to 

replication (Kallio et al., 2016).  

 

In CHIKV infections, nsP1 binds to negatively charged phospholipids in the PM via an 

amphipathic helix within the peptide structure, inducing an alpha-helix structure (Gottipati et 

al., 2020). Association with the plasma membrane in this way induces membrane structural 

changes, but additional factors are thought to assist in membrane rearrangement (Gottipati 

et al., 2020). Furthermore, membrane-associated nsP1 complexes were recently isolated, 

purified and the structure of the complex was structurally characterised using single-particle 

cryo-electron microscopy (Cryo-EM) to form dodecameric pores (Jones et al., 2021). These 

pores act to regulate passage in and out of the RC, are predicted to allow passage of 

proteins smaller than 70-90kDa and ensures the exit of capped viral RNA (Jones et al., 

2021). nsP1 is the only nsP to be membrane bound, hence it is responsible for the 

localisation of the replication complex on the membrane, making it an ideal target in 

fluorescence imaging to visualise RCs (Ahola et al., 1999; Spuul et al., 2007). 
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1.5.2 nsP2 

 

nsP2 has an N-terminal domain that has RNA helicase activity and a C-terminal domain that 

has protease activity. The presence of nsP2 has been observed in the nucleus and 

cytoplasm of infected cells, can inhibit host cell transcription, and disrupts the JAK/STAT 

(Janus kinase-signal transducer and activator of transcription) signalling pathway, 

responsible for the maintaining of Interferon (IFN) secretion, an anti-viral host response to 

infection (Fros et al., 2010; Fros et al., 2013; Göertz et al., 2018; Peränen et al., 1990). 

Further exploration displayed that nsP2’s C-terminal domain promotes export of STAT1 out 

of the nucleus in order to inhibit the IFN response, highlighting nsP2’s role in inhibiting anti-

viral host responses (Göertz et al., 2018). 

 

Inhibition of this protease activity would allow anti-viral host responses to neutralise viral 

activity; because of this, nsP2 inhibitors are in development. The nsP2pro inhibitors Pep-I 

and Pep-II have been found to inhibit CHIKV nsP2 as a result and did so in BHK-21 cells at 

concentrations significantly lower than their cytotoxic concentrations (Singh et al., 2018). 

These inhibitors were also tested against SINV infection and failed to show a significant 

change to viral proliferation, indicating their specificity to CHIKV nsP2 (Singh et al., 2018). 

 

1.5.3 nsP3: Macro Domain, AUD and HVD 

 

nsP3 is expressed as a complex three domain structure; the N-terminal macro domain, a 

conserved middle domain named the alphavirus unique domain (AUD), and the C-terminal 

hypervariable domain (HVD) (Panas et al., 2014; Shin et al., 2012). The macro domain has 

the ability to bind RNA, mono-ADP ribose (MAR), poly-ADP ribose (PAR), and displays 

ADP-ribose 1” phosphate phosphatase activity (Egloff et al., 2006; Malet et al., 2009; 

McPherson et al., 2017; Shin et al., 2012). CHIKV and ONNV nsP3 have been observed 

hydrolysing MAR and PAR from aspartate and glutamate residues, and when either are 

disrupted, cause attenuation in cell culture and reduced virulence in mice, showing this 

activity to be integral to infection (Eckei et al., 2017; McPherson et al., 2017).  

 

The AUD is less well characterised, it is known to contain an essential zinc-binding domain 

and mutations here inhibit productive infection (Shin et al., 2012). Furthermore, research 

using mutagenic alterations of the AUD highlighted RNA-binding activity, hinting at a 

potential role in RNA synthesis (Gao et al., 2019). Other functional roles are currently 

unknown (Mutso et al., 2018). 
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The HVD is largely unstructured and is poorly conserved across all alphaviruses, with 

regions of binding motifs found throughout. The binding motifs provide a region for protein-

protein interactions between virus and host, such as Ras GTPase-activating protein-binding 

protein 1 and 2 (G3BP1/2), in order to disrupt stress granule formation (Panas et al., 2012). 

Binding with G3BP1 allows stress granules to bind with the nsP3-G3BP1/2 complex, in order 

to inhibit the antiviral mechanisms of stress granules (Panas et al., 2012; Scholte et al., 

2015). Structurally, the HVD of ONNV nsP3 has been predicted to contain one proline rich 

region and two G3BP binding sites, akin to those found in CHIKV nsP3 (Götte et al., 2018). 

Investigation to confirm interaction with these sites in ONNV are scarce; it is theorised that 

ONNV interacts with proteins containing an SH3 domain but this hasn’t been confirmed 

(Tossavainen et al., 2016). The unstructured region tolerates large deletions and additions, 

while the binding motifs if interrupted, cause replicative failure (Scholte et al., 2015; Schulte 

et al., 2016; Varjak et al., 2010). 

 

FHL-1 (four-and-a-half LIM domain 1) was identified as a host protein that co-localises with 

nsP3 HVD in the cytoplasm of Alphavirus-infected cells, and through knockout trials, was 

proven to be integral for ONNV/CHIKV infections (Meertens et al., 2019; Meshram et al., 

2018; Mutso et al., 2018). Mice with FHL1 deficiency were infected with CHIKV, as well as 

wild-type littermates and no infectious particles were found within the FHL1 deficient brood 

after seven days (Meertens et al., 2019). Upon vivisection, necrosis of the skeletal muscles 

was observed in wild-type littermates, but not in the FHL1 deficient mice; FHL1 deficiencies 

in humans are associated with myopathies that cause early joint contractures, muscular 

wasting and adult-onset cardiac-disease (Adam et al., 1993; Meertens et al., 2019; Schessl 

et al., 2008). With the connection between CHIKV/ONNV’s arthritogenic properties, the high 

rate of expression in skeletal muscles and damage shown in the muscle tissue of mice 

expressing FHL1, it is thought that FHL1 is a major host factor in CHIKV/ONNV infections 

and pathogenesis (Meertens et al., 2019; Shathasivam et al., 2010). 

 

1.5.4 nsP4 

 

CHIKV/ONNV nsP4 are poorly described in literature, understanding of nsP4 enzymatic 

activity comes from studies using model alphaviruses such as Sindbis virus (SINV) (Tomar 

et al., 2006). nsP4 is the RNA dependant RNA polymerase (RdRp), presenting with TATase 

enzymatic activity to add poly(a) tails onto synthesised RNA and displaying a need for the 

presence of P123, the precursor polyprotein of nsP1, 2 and 3, referred to in 1.4 (Rubach et 

al., 2009; Tomar et al., 2006). 
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Due to the critical role the RdRp plays in RNA synthesis, inhibitors of the RdRp activity as 

anti-viral treatments are being explored (Foy et al., 2013; Hahn et al., 1989; Kamer & Argos, 

1984). In a screen of binding efficacy between CHIKV nsP4 and a panel of FDA-approved 

molecules, five inhibitors showed stable binding of nsP4, but lacked any in vitro study on 

whether these interactions could be confirmed between the inhibitors and infectious clones 

(Ghildiyal et al., 2019). Another study discovered inhibition of CHIKV and SINV infection via 

a drug with a benzimidazole structure, named Compound-A, and was found through reverse 

genetics to bind to motif B, a functional domain of the RdRp (Wada et al., 2017). Compound-

A was found to have a lower safety index (EC50/CC50) than other approved antivirals, 

suggestions were made for modification of the compound but no further published work is 

available (Wada et al., 2017). Characterisation of CHIKV nsP4 in it’s entirety would give a 

clearer understanding of function, which would aid in finding potential anti-virals that inhibit 

such functions. 

 

1.6 Alphavirus Replication Complexes 

 

1.6.1 Replication Complex Structure 

 

Structurally, Alphavirus P123 forms a 50nm bulb-like protrusion from the membrane called 

spherules, with a constricted neck through which the replication environment and the 

cytoplasm are connected, and through which synthesised RNA is released (Friedman et al., 

1972; Grimley et al., 1972). The role of spherules in genome replication was suggested 

when observations in infected cells of colocalization between viral RNA synthesis and 

cytopathic vacuoles (CPVs), large membranous vacuoles containing spherules, were made 

(Friedman et al., 1972; Grimley et al., 1968; Grimley et al., 1972). Attempts to isolate CPVs 

were made, revealed RNA-synthesising activity and viral RNA in the same enriched fraction, 

confirming their role in housing genomic replication (Friedman et al., 1972). With the role 

defined, further work went into characterising the nsPs’ individual roles within genomic 

replication as described previously, as well as elucidating how alphaviral infection influences 

and alters host membranes to form spherules (Salonen et al., 2003; Spuul et al., 2007; Thaa 

et al., 2015) 

 

 

 

 



14 
 

1.6.2 Spherule Formation 

 

It is currently unknown what interactions are responsible for the membrane curvature that 

gives RCs their bulb-like shape. Proline-rich regions have been observed within the CHIKV 

HVD that bind with proteins containing an Src homology-3 (SH3) domain, these are involved 

in cytoskeletal regulation and signalling pathways (Zarrinpar et al., 2003). A protein found to 

associate with nsP3 at these regions was Bin1/amphiphysin-2, which has key roles in 

endocytosis regulation, membrane recycling, cytoskeletal regulation, as well as having the 

ability to induce membrane curvature (Neuvonen et al., 2011; Peter et al., 2004; 

Tossavainen et al., 2016). This ability has brought about speculation that amphiphysin is 

somehow involved in spherule formation, but no studies have confirmed this (Götte et al., 

2018). 

 

In SFV, spherules are internalised from the plasma membrane or sub-cellular organelles and 

are transported via the PI3K-Akt (phosphoinositide-3-kinase-protein kinase B/Akt) pathway 

to large intracellular cytopathic vacuoles Type-1 (CPV-1), which are modified endosomes 

and lysosomes, for the purpose of genomic replication (Spuul et al., 2010). This does not 

occur to the same degree in all alphaviruses; formation of CPV-1s occurs at a low frequency 

in CHIKV infections in BHK-21 cells, while it is more frequent in SFV infections (Thaa et al., 

2015). The frequency at which ONNV produces CPV-1s remains unclear. Indeed, the ONNV 

RC in general are poorly described in literature, while CHIKV RCs have been studied in a 

greater depth. 

 

1.7 Project Aims 

 

The project undertaken sought to develop an ONNV reverse genetic system and optimise 

methodologies for using ONNV as a model to further understand aspects of ONNV 

replication and structure. I aimed to do this by identifying cell lines that ONNV species can 

replicate in that would be physiologically relevant to alphaviral infection. Furthermore, I 

sought to visualise ONNV RCs and nsP subcellular locations through immunofluorescence 

assay of the ONNV nsPs via confocal microscopy. Finally, I attempted to reconstruct the 

ONNV virion via Transmission Electron Microscopy (TEM) and compare it to a known 

alphavirus structure. 
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Chapter 2: Optimisation of the ONNV Reverse Genetic 

System: Materials and Methods 

 

2.1 Materials 

 

2.1.1 Continuous Cell Lines 

 

BHK-21 cells are derived from baby hamster (Mesocricetus auratus) kidney fibroblasts. 

Huh7 cells are a human hepatocyte derived carcinoma cell line. RD Cells are a human 

myocyte derived rhabdomyosarcoma cell line. C6/36 cells are derived from A. albopictus 

larval cells. U4.4 cells are derived from A. albopictus larval cells. 

 

2.1.2 ONNV Infectious Clones 

 

ONNV 2sg_ZsG (2ZsG), ONNV P3_ZsG (P3ZsG) and ONNV P3_mCh (P3mCh) were kindly 

provided by Professor Andres Merits (University of Tartu, Estonia) as cDNA libraries. 

 

2.1.3 CHIKV Replicon Infected Lysates 

 

BHK-21 cell lysate containing CHIKV ICRES (Integration of Chikungunya research) 

infectious clone and associated proteins was kindly provided by Kate Loveday (University of 

Leeds, UK). 

 

2.2 Methods 

 

2.2.1 Cell Culture 

 

Monolayers of BHK-21, Huh7 and RD cells were maintained in Dulbecco’s Modified Eagle’s 

Medium (DMEM; Sigma-Aldrich), supplemented with 10% (vol/vol) foetal bovine serum 

(FBS; Gibco), 100 U/mL penicillin and 100 μG/mL streptomycin. The cells were grown at 

37oC and in 5% CO2 in humidified incubators. Mammalian/Human cell lines were passaged 

using trypsin as cells reached 100% confluency. C6/36 and U4.4 cells were maintained in 

Liebovitz’ medium (Gibco), supplemented with 10% (vol/vol) foetal bovine serum, 10% TBP 

(Tris-Buffered Phosphate) (Gibco), 100 U/ml penicillin and 100 μG/mL streptomycin. Cells 

were grown at 28oC and in 5% CO2. Insect cell lines were passaged using manual force via 

cell scrapers to loosen adherent cells. 
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2.2.2 Cell Freezing and Thawing 

 

Mammalian cells were trypsinised and insect cells were scraped, both were resuspended in 

their respective complete mediums and centrifuged at 1200 xg at room temperature for 5 

minutes. Supernatant was removed and cells were resuspended in 10% dimethyl sulphoxide 

(DMSO; Sigma) and 90% complete media. 1mL aliquots were prepared in cryovials and 

frozen at -80oC. Aliquots were moved to liquid nitrogen for long term storage. Cells were 

thawed via a 37oC water bath and transferred to a T25 flask, supplemented with complete 

media. Cells were expanded to a T75 and T175 respectively once cells reached 90% 

confluency. 

 

2.2.3 Viral Rescue 

 

Three ONNV infectious clone plasmids were used to generate viral stocks. cDNA was 

transformed into E. coli XL10-Gold Ultracompetent cells (Agilent Technologies) which were 

propagated at 37oC in tryptic soy broth, and plasmid cDNA was purified using GeneJET 

Plasmid Maxiprep kits (Thermo Fisher Scientific). The purified cDNA was linearised by 2μg 

of Pme I and the linearised cDNA was purified through a phenol-chloroform extraction. 

Reverse transcription was performed using SP6 mMessageMachine (Thermo Fisher), the 

RNA created was purified via Lithium Chloride Precipitation. RNA integrity was confirmed by 

MOPS (3-(N-morpholino) propane sulphonic acid) gel electrophoresis and quantified by 

NanoDrop spectroscopy. The purified RNA was then electroporated into 90% confluent 

BHK-21 cells at 260V, at a capacitance of 25μF and with one pulse. Cells were then 

incubated at 37oC in 5% CO2 for 24 hours, from which viral supernatant was aspirated from 

and plaqued onto BHK-21 cells to determine viral titre. Virus was passaged in competent 

BHK-21 cells for three days at a time, incubated at 37oC in 5% CO2. Supernatant was 

aspirated off, titred, and passage was performed once more. The ONNV infectious clones 

generated were 2ZsG, P3ZsG and P3mCh. 

 

2.2.4 ONNV Titre Determination via Plaque Assay 

 

BHK-21 cells were seeded in a 12-well plate at 0.1x106 cells per well, maintained in 

Complete DMEM and grown at 37oC and 5% CO2. At 90-95% confluency, monolayers were 

washed with PBS and 150 μL of 10x serial dilutions of ONNV, from neat to 10-11, was 

carefully applied and incubated at 37oC, being rocked every 15 minutes. 1.6% (w/v) methyl 

cellulose (Sigma) was diluted with complete DMEM. Virus was removed from the cells, 

monolayers were washed once with PBS and a 1mL 0.8% methylcellulose complete DMEM 
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overlay was added to each well. Methyl cellulose as an overlay is highly viscous and 

ensures secreted infectious virions would only infect neighbouring cells. Plaque formation 

therefore, is defined by infection from serial dilution rather than freshly secreted infectious 

virions. Cells were incubated at 37oC for 3 days. Media was removed carefully from cells, 

which were washed once with PBS and fixed with 4% (vol/vol) formaldehyde. After 30 

minutes of fixation, cells were stained with 0.1% (w/v) crystal violet. Crystal violet contains a 

chromophore that binds to negatively charged cell membranes, while dead cells are washed 

off before fixation, revealing healthy purple cells and transparent plaques. Monolayers were 

left to dry and plaques were counted. The following equation was used to determine viral 

titre:  

 

Viral titre (PFU/mL) = Number of plaques/(dilution factor X volume (mL)) 

 

2.2.4.1 72H Cell Line Infection Assay  

 

Mammalian cells were seeded into 6-well plates at 0.5x106 cells per well, maintained in 

Complete DMEM and grown at 37oC and 5% CO2. Insect cells were seeded into 6-well 

plates at 1x106 cells per well, maintained in Complete Liebovitz’ medium and grown at 28oC. 

Once confluent, cells were washed with sterile PBS and viral supernatant of each ONNV 

infectious clone diluted to an MOI (Multiplicity of Infection) of 1 in PBS, made to 1mL, was 

applied to the PBS-washed monolayers. An MOI of 1 was used to provide one viably 

infectious virion per cell present. Plates were rocked for 5 minutes and incubated at 37oC 

and 5% CO2 for mammalian cells or 28oC for insect cells for 1 hour. Viral dilution was 

removed, washed once with PBS and 2mL of media was applied to the monolayer. 1mL of 

media was removed from the monolayer and frozen down as timepoint 0 hours, 1mL of fresh 

media was reapplied to each well and plates were incubated at previously stated parameters 

for 24 hours. At 24 hours, 1mL of media was taken from each well, frozen down and 1 mL of 

fresh media was reapplied to each well. This was repeated at 48 hours and 72 hours. Viral 

titre was then determined via plaque assay as outlined in 2.3. 

 

2.2.4.2 Determination of Wortmannin Cytotoxicity via MTT Assay 

 

Approximately 1x104 BHK-21 cells per well were seeded in a 96 well plate and were 

incubated at 37oC in 5% CO2 overnight in 100µL complete DMEM. Wells were drained and 

serial dilutions of Wortmannin (Sigma) and DMSO were performed in complete DMEM, 

producing aliquots of Wortmannin at 400, 200, 100, 50, 25, 12.5 and 0nM, and DMSO 

dilutions with the same quantity of DMSO as in each Wortmannin dilution. Dilutions were 
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applied to cells for 3 hours at 37oC in 5% CO2. Thiazolyl Blue Tetrazolium Bromide (MTT) 

(Alfa Aesar) was dissolved in serum free DMEM and run through a sterile filter, drugged 

media was aspirated out of wells, 100µL of MTT solution was added to each well and the 

plate was incubated at 37oC for 30 minutes while wrapped in aluminium foil. MTT solution 

was discarded and replaced with 100µL DMSO and shaken for 5 minutes at 60rpm to 

dissolve purple precipitate. Once dissolved, the plate was read using Magellan software 

(Tecan) at 570nm. The assay was performed three times to provide biological repeats and 

percentage cytotoxicity of Wortmannin was calculated at each dosage. 

 

2.2.4.3 6H Infection and Drug efficacy  

 

One 12-well plate was seeded with approximately 0.1x106 BHK-21 cells in 1mL of complete 

media per well on sterile coverslips, which were used at approximately 0.5x106 cells per 

well. One row of wells was left uninfected as mock cells, one row was infected with 2ZsG at 

an MOI of 1 and the final row was infected with 2ZsG at an MOI of 1 and treated with 100nM 

Wortmannin after 90 minutes. The 12-well plate was chilled for 1 hour at 4oC once the virus 

was applied to allow the virus to bind to but not enter the cell. The plate was then incubated 

at 37oC with 5% CO2 until the cells were fixed at 0, 2, 4 and 6 hour time points with 4% 

(vol/vol) formaldehyde in PBS. Once fixed, cells were permeabilised with 0.1% Triton-X100 

and probed with anti-CHIKV nsP3 rabbit antibody and anti-rabbit Alexa-Fluor 594 fluorescent 

antibody. Coverslips were removed from wells and sealed to glass slides using ProLong 

Gold containing DAPI (4’6-diamidino-2-pheylindole; Invitrogen). Slides were then imaged 

using a ZEISS LSM 700 laser scanning confocal microscope in Zen imaging software 

(Zeiss). 

 

2.2.5 Protein Expression Analysis 

 

2.2.5.1 BCA Assay 

 

The BCA (Bicinchoninic acid) assay was performed in order to calculate the total protein 

concentrations for analysis by Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) gels by comparing them to a protein standard. The kit used was the Thermo 

Scientific Pierce BCA Protein Assay Kit (Thermo Scientific) which can detect a broad 

working range of 20-2000μg/mL at 562nm. 
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Dilution scheme for standard test tube and microplate protocol 

Working Range 20-2000μg/mL: 

Tube Volume of 

Diluent (μg) 

Volume of BSA 

(μL) 

Final BSA 

Conc. (μg/mL) 

A 0 300 of stock 2000 

B 125 375 of stock 1500 

C 325 325 of stock 1000 

D 175 175 of Vial B  750 

E 325 325 of Vial D 500 

F 325 325 of Vial E 250 

G 325 325 of Vial F 125 

H 400 100 of Vial G 25 

I 400 0 0 (blank) 

 

Table 2.1: Dilution Scheme for Standard BCA microplate protocol. 

 

200μL dilutions of BCA Working Reagent and 25μL of each cell lysate were added to 

individual wells of 96 well microplate as shown in table 2.2, The plate was covered and 

incubated for 30 minutes at 37⁰C. The plate was then placed in a Tecan Infinite F50 to 

measure absorbance at 590nm, the closest measurement possible to 562nm the reader was 

capable of measuring. A standard curve was prepared from these to identify the protein 

concentrations of the cell lysates.  

 

2.2.5.2 Preparation of Whole Cell Lysate 

 

Cells were washed with PBS and then harvested via scraping in fresh PBS. Suspended cells 

were centrifuged at 1000 x g for 5 minutes. PBS was aspirated from cells, with fresh PBS 
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being applied and cells were centrifuged again at the same parameters. PBS was aspirated 

from cells again and cells were resuspended in IP lysis buffer (10mM Tris-HCl pH 7.5, 150 

mM NaCl, 0.5mM EDTA, 0.5% NP40, 1x EDTA-free complete protease inhibitor), RIPA 

buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate (DOC), 

0.1% SDS, 1x EDTA-free complete protease inhibitor) or Leeds lysis buffer (25mM Na+ β-

glycerophosphate, 150mM NaCl, 20mM Tris 7.4 pH, 50mM NaF, 1mM EDTA 

(Ethylenediaminetetraacetic acid), 10% Glycerol, 1% Triton X-100, 5mM Sodium 

pyrophosphate tetrabasic decahydrate). Cells were chilled on ice in lysis buffer for 30 

minutes, being vortexed every 5 minutes in between. The resulting lysate was cleared of 

debris via centrifugation at 13,000 x g at 4oC for 10 minutes. The pellet was discarded and 

supernatant was frozen down at -20oC for future use. 

 

2.2.6 Protein Analysis 

 

2.2.6.1 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 

SDS PAGE gels were made with either a 10% (3.3mL bis-acrylamide (30%), 2.5mL Tris-HCl 

1.5M 8.8 pH, 4mL H2O, 100µL SDS, 100µL 10% ammonium persulphate (APS), 10µL 

TEMED) or 7.5% (2.48ml Bis-Acrylamide (30%), 2.5mL Tris-HCl 1.5M 8.8 pH, 4.82mL H2O, 

100µL SDS, 100µL 10% ammonium persulphate (APS), 10µL TEMED) resolving gel, and 

5% stacking gel (0.83mL Bis-Acrylamide (30%), 0.63mL Tris-HCl 1M 6.8 pH, 3.4mL H2O, 

50µL SDS, 50µL 10% ammonium persulphate (APS), 5µL TEMED). Protein samples were 

mixed with 4X SDS sample buffer (1mL 1M Tris-HCl 6.5 pH, 2mL 1M Dithiothreitol (DTT), 

0.4g SDS, 20mg Bromophenol Blue, 1.6mL Glycerol, 0.4mL H2O). Samples were heated at 

95oC for 10 minutes to denature and were loaded into gels. Samples were loaded with 

Prime-StepTM Prestained Broad Range Protein Ladder (Bio-Legend) in an end well. 

Electrophoresis was performed in 1X SDS running buffer (25mM Tris, 192mM glycine, 0.1% 

(w/v) SDS) at 200V for 1 hour or until dye had electrophoresed off the resolving gel. 

 

2.2.6.2 Western Blot Analysis 

 

Proteins were transferred from SDS Gels onto PVDF membranes (Sigma) using a Trans-

Blot semi-dry cell (Bio-rad) in Towbin buffer (25mM Tris, 192 mM glycine, 20% methanol) for 

1 hour at 15V. Membranes were blocked with a 1:1 Odyssey blocking buffer (LiCor) and TBS 

(Tris-Buffered Saline) and 0.1% Tween 20 solution (TBS-T 0.1%) for 1 hour at room 

temperature, followed by a 4oC incubation overnight with primary antibody at the appropriate 

concentration in TBS-T 0.1% and 5% (w/v) Bovine Serum Albumin (BSA). Membranes were 
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washed three times with TBS-T 0.1%, and probed with appropriate fluorescent secondary 

antibodies (LiCor) in a 3:1 solution of Odyssey blocking buffer and TBS-T 0.1% for 1 hour at 

room temperature. Membranes were washed three times with TBS-T 0.1% and left to dry. 

Imaging was performed using a LiCor Odyssey Sa Infrared imaging system (LiCor). 

 

2.2.6.3 List of Antibodies 

Target Antibody 

species 

Supplier Catalogue 

Number 

WB 

Dilution 

IF Dilution Monoclonal 

or 

Polyclonal 

CHIKV 

nsP1 

Rabbit Prof 

Andres 

Merits, 

University 

of Tartu 

N/A 1:1000, 

1:500 

1:1000 Polyclonal 

CHIKV 

nsP3 

Rabbit Prof 

Andres 

Merits, 

University 

of Tartu 

N/A 1:1000 1:1000 Polyclonal 

Beta-

Actin 

Mouse Sigma 

Aldrich 

A3853 1:10,000 N/A Monoclonal 

 

Table 2.2: Table of Primary Antibodies used in Western blot probing and IF staining. 

Primary 

Antibody 

Species 

Conjugation Supplier Catalogue 

Number 

WB 

Dilution 

IF 

Dilution 

Monoclonal 

or 

Polyclonal 

Mouse IRDye 

680CW 

LiCor 925-68072 1:20,000 N/A Polyclonal 

Rabbit IRDye 

800CW 

LiCor 25-32213 1:20,000 N/A Polyclonal 

Rabbit Alexa Fluor 

594 

Invitrogen A-21442 N/A 1:500 Polyclonal 

 

Table 2.3: Table of Secondary Antibodies used in Western blot probing and IF 

staining. 
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2.2.7 Immunofluorescence  

 

2.2.7.1 IF Sample Preparation 

 

BHK-21 cells were seeded onto sterile 19mm coverslips in a 12-well plate and incubated at 

optimal parameters until 90% confluent. Following appropriate infection, monolayers were 

fixed in 4% formaldehyde at room temperature, while being rocked for 30 minutes minimum. 

Cells were permeabilised in PBS containing 0.1% Triton X-100 for 10 minutes, being rocked 

at 4oC, and cells were washed with 1x PBS after. Blocking solution (1% (w/v) BSA in PBS) 

was applied to cells at room temperature, rocking for 15 minutes, and appropriate primary 

antibodies at their stated dilutions in blocking buffer were applied to cells and left rocking at 

4oC overnight. Cells were washed 3 times with PBS, and appropriate secondary antibodies 

at their stated dilutions in blocking buffer were applied to cells for 1 hour at room 

temperature, protected from light. Cells were carefully washed 4 times with PBS, mounted to 

microscope slides using ProLong Gold with DAPI (4′,6-diamidino-2-phenylindole) (Thermo 

Scientific), and stored at 4oC. 

 

2.2.7.2 IF Confocal Imaging 

 

Probed cells were imaged using an inverted ZEISS LSM-700 with a x63 oil immersion 

objective lens. Images produced were processed and analysed via Zen imaging software 

(Carl Zeiss). 

 

2.2.8 Transmission Electron Microscopy (TEM) 

 

2.2.8.1 Negative Stain Electron Microscopy Grid Preparation 

 

Standard Grade Copper TEM support grids (Sigma-Aldrich) were carbon coated by Martin 

Wilkinson (Leeds) and underwent glow discharge via a PELCO easiGlow discharge unit prior 

to use. Grids were applied to viral supernatant gently for 30 seconds to allow for adsorption, 

then carefully washed with water 4 times, blotting the grid on filter paper immediately after 

each wash. Grids were gently applied to 1% Uranyl Acetate (UA) to stain grids, excess UA 

was immediately blotted off. Grids were left to airdry before being imaged.  
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2.2.8.2 TEM Imaging and Processing 

 

Grids were imaged either via a FEI Tecnai G2-spirit TEM or a FEI Tecnai F20 TEM, due to a 

mechanical failure of the G2-spirit. Images from the FEI Tecnai G2-spirit were rendered 

using Digital Micrograph (DM) software, and images from the FEI Tecnai F20 were rendered 

using TEM Imaging and Analysis (TIA) software. All FEI Tecnai F20 images were obtained 

by Ben Chadwick (Leeds), who kindly offered his operating expertise. Images were 

processed, analysed and 3D reconstructions were generated using RELION 3.1.1 software 

(Sjors Scheres, MRC Laboratory of Molecular Biology). 

 

2.2.9 Statistical Methods 

 

All statistical analyses were performed using GraphPad Prism 9.1.1 (GraphPad Software). 

Results were to be analysed using the Two-way Analysis of Variances (ANOVA). Two-Way 

ANOVA was performed to determine the significance of the difference in the results. When 

making comparisons, P values of >0.05 indicated a statistically significant difference 

between the results.  

 

2.2.10 Ethics Statement 

 

This research is considered independent and impartial to the best of the student’s ability. 

According to their knowledge and experience, there have been no breach of ethics in 

relation to the use of patient data, human derived cell lines or animal derived products. 
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Chapter 3: Optimisation of the ONNV Reverse Genetic 

System: Results 

 

3.1 Viral Rescue 

 

Viral rescue was performed using the three ONNV (2ZsG, P3ZsG, P3mCh) cDNA libraries 

as described in 2.2.3. Following RNA purification, 750ng of 2ZsG (2μL) and P3mCh (2.5μL) 

were run on a MOPS gel to verify RNA integrity (Figure 3.1). P3ZsG RNA was not run due to 

small RNA yields. Once verified, RNA was transfected into separate BHK-21; 1μg (3.5μL) of 

2ZsG RNA, 689ng (19μL) of P3ZsG RNA and 1.125μg (3μL) of P3mCh RNA was used. 

Transfected titres are shown in Figure 3.2 as Passage 0. Interestingly, the diminished 

amount of P3ZsG RNA used had no visible effect on viral titre; in all clones the initial titre 

was ~1x107 PFU/mL. 

 

 

Figure 3.1; Denaturing MOPS Gel RNA electrophoresis of ONNV infectious RNA 

clones. Gels were submerged in 1X MOPS buffer and electrophoresed at 80V for 1h. Gel A 

shows 10kb RNA ladder in lane A1 and 550ng 2ZsG RNA in A2. RNA present was visible 

above the 10kb ladder and formed a single, unified band. Other lanes are not representative 

of ONNV RNA. Gel B shows 10kb RNA ladder in lane B1 and 750ng P3mCh RNA in B2. 

RNA present was visible above the 10kb ladder and formed a single, unified band. 
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2ZsG is an ONNV infectious clone with a second sub-genomic replicon added to the viral 

genome that encodes for the fluorescent protein ZsGreen (26.1 kDa). As the gene is present 

in a sub-genomic replicon and not fused to any viral protein, ZsGreen is produced in viral 

replication and the presence of ZsGreen can be used as a measure of replication. P3ZsG is 

an ONNV infectious clone with the gene for ZsGreen fused to nsP3, in order to create a 

nsP3-ZsGreen fusion protein during replication. P3mCh is an ONNV infectious clone with the 

gene for the fluorescent protein mCherry (26.7 kDa) fused to nsP3, in order to create a 

nsP3-mCherry fusion protein during replication. 

 

3.1.1 Optimisation of High Titre ONNV Generation 

 

In order to generate high titre stocks of all ONNV clones for further investigations, BHK-21 

cells were infected at an MOI of 1 and incubated for 3 days at 37oC, virus titre was 

determined by plaque assay in BHK-21 cells. BHK-21 cells were used to generate ONNV as 

they have shown a propensity for alphavirus infection and production of high viral titres in 

CHIKV (Davis et al., 1971; Pietila et al., 2017). This resulted in viral titres ranging from 105 to 

108 PFU/mL (Figure 3.2). 



26 
 

 

 

Figure 3.2; Viral titres of all ONNV clones generated via transfection of viral RNA or 

passage through BHK-21 cells. Passage 0 is representative of transfection. 

ONNV infection in BHK-21s produce a large plaque morphology indicative of highly 

cytopathic virus, often with uneven plaque borders. There were no visible differences in 

plaque morphology between ONNV clones (Figure 3.3).  
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Figure 3.3; Representative Plaque Assay of BHK-Derived P3mCh passaged through 

BHK-21 cells. BHK-21 cells were infected with a serial dilution of P3mCh of unknown titre 

(Neat to 10-11). Plaques were visualised with crystal violet, staining the monolayer and 

revealing transparent virus plaques which were counted. Viral titre was determined at 

1.9x108. The same procedure was performed to determine the viral titres of other ONNV 

clones. 

 

3.2 ONNV Infection Study 

 

3.2.1 Characterisation of ONNV infection in different model cells 

 

The characterisation of ONNV infection in different model cells is largely missing from 

published data, with presumptions being made from CHIKV infection. As a result, we sought 

to identify cell types that would prove useful in further investigations of ONNV biology. At 80-

90% confluency, cells of each chosen cell species were infected with each ONNV clone at 

an MOI of 1. After a 1 hour incubation, 1mL viral supernatant was aspirated at 24 hour 

intervals up to 72 hours. A 0 hour control was also taken. Viral titre was determined via 

plaque assay on BHK-21 cells. BHK-21 cells were used for all plaque assays to provide a 

standardised method of assessing viral titre. 

 

Huh7, RD and BHK-21 cells were selected as the study’s mammalian cell species. BHK-21 

cells were selected as they have shown previously to support high alphaviral titres and were 

regularly used for CHIKV investigations as a model cell line, as fibroblasts are a target cell 

type for alphaviruses in mammalian infection (Assuncao-Miranda et al., 2013; Pietila et al., 

2018; Roberts et al., 2017). BHK-21 cells however, are derived from M. auratus, the Golden 

Hamster, and are not a representative model for human infection, and alternative human cell 

lines were considered. Huh7 and RD cells were selected as they have been well 

characterised, have shown previously to efficiently support CHIKV replication and are 

physiologically relevant to human infection (Gao et al., 2019; Roberts et al., 2017). C6/36 
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and U4/4 cells were selected as the study’s insect cell species. Both C6/36 and U4.4 cells 

are derived from Ae. albopictus, which is not a known vector of ONNV in the wild, but 

previous work has shown ONNV can infect C6/36 cells, and both cell species are used as 

model cell species for CHIKV (Bessaud et al., 2006; Roberts et al., 2017). Of note, U4.4 

cells have been reported to functionally express an innate immune response to arbovirus 

infection called a phenoloxidase (PO) cascade, which exhibits antiviral activity and lowering 

levels of viral replication (Rodriguez-Andres et al., 2012). C6/36 cells have not been reported 

to display such an immune response. 

 

3.2.1.1 ONNV infect and produce high viral titres in BHK-21 cells in 24h 

 

In all ONNV infections in BHK-21 cells, titres peaked after 24 hours and declined over time. 

In 2ZsG infection, titre increased by three logs from 1.2x105 to 3.86x108 PFU/mL from 0-24. 

Viral titre then decreased one log to 1.45x107 PFU/mL at 48 hours and the decrease 

continued to a titre of 2.03x106 PFU/mL at 72 hours (Figure 3.4). P3ZsG infection follows a 

similar trend, peaking at 1.14x105 to 9.68x107 PFU/mL at 0-24 hours, a two log increase. 

Titre then decreased to 2.67x107 PFU/mL at 48 hours and dropped at 72 hours, to 1.6x106 

PFU/mL, a log decrease (Figure 3.4). P3mCh infection continued the trend, with a sharp four 

log increase from 3.9x104 to 5.52x108 PFU/mL from 0-24 hours, which then dropped at 48 

hours to 8.85x107 PFU/mL. This decrease continued to 72 hours, dropping to 2.3x106 

PFU/mL, a log decrease (Figure 3.4). 
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Figure 3.4; Multi-step growth curve of three ONNV clones in BHK-21 cells. Supernatant 

containing each ONNV clone was used to infect confluent BHK-21 cells at an MOI of 1, 
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virus-containing supernatant was removed and the titre measured by plaque titre assay. 

Data are displayed as the means of three independent experimental replicates. Error bars 

represent standard deviation from the mean. 

 

Two-Way ANOVA was performed to confirm the effect of time and ONNV clone on viral 

propagation within infected BHK-21 cells. No statistically relevant difference was observed 

between time and ONNV clones in BHK-21 cells (P=0.3158). As expected, a statistically 

relevant difference in average titre was seen over time (P=0.0234), and none was seen 

between ONNV clones (P=0.3489). Simple effects analysis was performed and showed no 

statistically significant difference between the means of any species or time point.  

 

Overall, this confirms BHK-21 cells are permissible to ONNV infection and show high viral 

titre within 24 hours, due to highly cytopathic infection. After 24 hours, viral titre decreased 

dramatically, as the loss of competent cells producing virus lowered overall virus production. 

Similar to the human cell lines, different ONNV clones had no visible effect on growth 

kinetics, and BHK-21 cells provided the highest viral titre of any cell type in all ONNV clone, 

reaching 108 PFU/mL. 

 

3.2.1.2 ONNV infect and produce low viral titres in Huh7 cells at 72h 

 

In 2ZsG infection, titre increased from 2.73x104 to 4.9x104 PFU/mL from 0-24 hours, slightly 

rose to 5.43x104 PFU/mL at 48 hours and increased again to 9.13x104 PFU/mL at 72 hours 

(Figure 3.5). In P3ZsG infection, titre increased from 1.75x104 to 3.1x104 PFU/mL from 0-24 

hours, increased over two-fold to 7.43x104 PFU/mL at 48 hours and the increase slowed to 

8.73x104 PFU/mL at 72 hours (Figure 3.5). In P3mCh infection, titre increased from 3.5x103 

to 8.16x103 PFU/mL from 0-24 hours, rose to 3.58x104 PFU/mL at 48 hours, and the 

increase slowed to 6.5x104 PFU/mLat 72 hours (Figure 3.5). 
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Figure 3.5; Multi-step growth curve of three ONNV clones in Huh7 cells. Supernatant 

containing each ONNV clone was used to infect confluent Huh7 cells at an MOI of 1, virus-

containing supernatant was removed and the titre measured by plaque titre assay. Data are 

displayed as the means of three independent experimental replicates. Error bars represent 

standard deviation from the mean. 

 

Two-Way ANOVA was performed to examine the effect of time and different ONNV clones 

on viral propagation within infected Huh7 cells. No statistically relevant difference was 

observed between time and ONNV clone in Huh7 cells (P= 0.9748). As expected, a 

statistically relevant difference was observed in titre over time (P= 0.0149), but one was not 

observed between clones (P=0.2985). Simple effects analysis showed that there was a 

significant difference in mean titre between clones 2ZsG and P3mCh at 24 hours 

(P=0.0317), but this was not the case at 48 and 72 hours. No other mean comparison 

showed significantly relevant differences.  

 

Overall, these results demonstrate for the first time that Huh7 cells are permissible to ONNV 

infection, showing viral replication of all ONNV clones. Encouragingly, no significant 

difference in growth kinetics was observed between the different ONNV clones. However, 

although Huh7 cells tolerate infection, viral titre never showed a rapid increase, never 

increasing beyond 105 PFU/mL on average. Huh7 cells produce the lowest viral titres of any 

cell type, regardless of ONNV clone. 
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3.2.1.3 ONNV infect and replicate efficiently in RD cells in 24h 

 

In 2ZsG infection, titre increased from 4.66x104 to 3.08x106 PFU/mL from 0-24 hours, rose 

to 5.3x106 PFU/mL at 48 hours and the increase slowed, reaching a titre of 5.82x106 

PFU/mL at 72 hours (Figure 3.6). In P3ZsG infection, titre increased over two logs, from 

6.61x103 to 3.42x106 PFU/mL from 0-24 hours, which then lowered to 2.27x106 PFU/mL at 

48 hours and increased slightly to 2.93x104 PFU/mL at 72 hours (Figure 3.6). In P3mCh 

infection, titre increased by a two log increase from 1.38x104 to 1.92x106 PFU/mL from 0-24 

hours, dropped slightly to 1.5x106 PFU/mL at 48 hours, and then increased to 4.53x106 

PFU/mL at 72 hours (Figure 3.6). 
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Figure 3.6; Multi-step growth curve of three ONNV clones in RD cells. Supernatant 

containing each ONNV clone was used to infect confluent RD cells at an MOI of 1, virus-

containing supernatant was removed and the titre measured by plaque titre assay. Data are 

displayed as the means of three independent experimental replicates. Error bars represent 

standard deviation from the mean. 

 

Two-Way ANOVA was performed to confirm the effect of time and different ONNV clones on 

viral propagation within infected RD cells. No statistically relevant difference was observed 

between time and ONNV clone in RD cells (P= 0.8422). Unexpectedly, no statistically 

relevant difference in average titre was seen over time (P= 0.0847) or between clones (P= 

0.5110) in RD cells. Simple effects analysis was performed and showed no statistically 

significant difference between the means of any clone or time point.  
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Overall, the results demonstrate for the first time that RD cells are permissible to ONNV 

infection, showing viral replication of all clones. Viral titres show little change after 24 hours 

and no statistically relevant difference in replication kinetics was observed between ONNV 

clones. All titres peak in the 106 range, similar to the MOI used to infect with. 

 

3.2.1.4 ONNV infect and replicate at varying rates in C6/36 cells over 72h 

 

In 2ZsG infection, titre increased by a log from 8.58x105 to 3.57x107 PFU/mL from 0-24 

hours, decreased to 2.13x107 PFU/mL at 48 hours and titre then stabilised, with the same 

titre of 2.13x107 PFU/mL at 72 hours (Figure 3.7). In P3ZsG infection, titre increased by two 

logs, from 1.07x105 to 1.53x107 PFU/mL from 0-24 hours, which then further increased to 

3.66x107 PFU/mL at 48 hours and titres decreased to 1.83x107 PFU/mL at 72 hours (Figure 

3.7). In P3mCh infection, titre increased 2-fold from 1.88x105 to 5.92x105 PFU/mL from 0-24 

hours, and then increased a log to 8.94x106 PFU/mLat 48 hours. This delayed increase 

continued to 72 hours, with a viral titre of 4.33x107 PFU/mL (Figure 3.7). 
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Figure 3.7; Multi-step growth curve of three ONNV clones in C6/36 cells. Supernatant 

containing each ONNV clone was used to infect confluent C6/36 cells at an MOI of 1 virus-

containing supernatant was removed and the titre measured by plaque titre assay. Data are 

displayed as the means of three experimental replicates. Error bars represent standard 

deviation from the mean. 

 

Two-Way ANOVA was performed to confirm the effect of time and ONNV clone on viral 

propagation within infected C6/36 cells. No statistically relevant difference was observed 

between time and ONNV clones in C6/36 cells (P= 0.0413). As expected, a statistically 
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relevant difference in average titre was seen over time (P= 0.0155), and more unexpectedly 

none was seen between ONNV clones (P=0.8114). Simple effects analysis was performed 

and showed no statistically significant difference between the means of any species or time 

point. 

 

Overall, the results demonstrate that C6/36 cells are permissible to ONNV infection, showing 

viral replication of all clones. In the mCh clone, viral titre produced lower titres after 24 hours 

than ZsG clones; potentially the nsP3-mCh fusion protein may be less efficient in C6/36 cells 

than the nsP3-ZsG fusion protein and wild-type nsP3 protein. These titres then rise to equal 

titres at 72 hours. All species eventually reached titres in the 107 range, bested only by BHK-

21 cells in terms of quantity. 

 

3.2.1.5 ONNV infect and replicate at varying rates in U4.4 cells over 72h 

 

In 2ZsG infection, titre began with a log increase from 4.78x104 to 3.73x106 PFU/mL from 0-

24 hours (Figure 3.8). Titre stabilised at 48 hours with an equal titre of 3.73x106 PFU/mL, 

and rose slightly to 6.03x106 PFU/mL at 72 hours (Figure 3.8). In P3ZsG infection, titre 

increased one log from 9.7x104 to 2.14x106 PFU/mL from 0-24 hours. Titre then declined to 

1.09x106 PFU/mL at 48 hours and rose once more to 3.05x106 PFU/mL at 72 hours (Figure 

3.8). In P3mCh infection, viral titre increased from 1.4x104 to 9.95x105 PFU/mL, a log rise 

between 0-24 hours (Figure 3.8). The rise continued to 1.73x107 PFU/mL at 48 hours, 

another log increase, and then minimally dropped to 1.25x107 PFU/mL at 72 hours (Figure 

3.8).   
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Figure 3.8; Multi-step growth curve of three ONNV clones in U4.4 cells. Supernatant 

containing each ONNV clone was used to infect confluent U4.4 cells at an MOI of 1 virus-

containing supernatant was removed and the titre measured by plaque titre assay. Data are 

displayed as the means of three independent experimental replicates. Error bars represent 

standard deviation from the mean. 

 

Two-Way ANOVA was performed to confirm the effect of time and ONNV species on viral 

propagation within infected U4.4 cells. A statistically relevant difference was observed 

between time and ONNV clones in U4.4 cells (P= 0.0255). As expected, a statistically 

relevant difference in average titre was seen over time (P= 0.0379), but interestingly species 

also showed statistically significant variation (P=0.0117). Simple effects analysis showed 

that there was a significant difference in mean titre between ONNV_P3_ZsG and 

ONNV_P3_mCh at 72 hours (P=0.0348), but this was not the case at 48 and 72 hours. No 

other mean comparison showed significant differences.  

 

Overall, the results display for the first time that U4.4 cells are permissible to ONNV 

infection. Titres rise to log 106 PFU/mL by 24 hours and in ZsG clones stay at a similar level 

of titre. mCh clone repeats continue to increase and peaked higher than 2ZsG and P3ZsG 

clones. All titres peaked in the 106 range, an approximate log lower than C6/36 cells. This is 

likely due to the PO cascade innate immune response U4.4 cells display in arboviral 

infection, as stated previously. 
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3.3 Cross-Reactive CHIKV Antibody Validation 

3.3.1 Optimisation 

 

In order to probe for and isolate ONNV proteins for western blotting and immunofluorescent 

analysis, effective and reliable antibodies for ONNV were to be identified and validated. 

Minimal research has been performed working with ONNV and as such, ONNV-specific 

antibodies were unavailable for use. CHIKV specific antibodies for nsP1 and nsP3 were 

selected, as the literature reports a one-way antigenic relationship between anti-CHIKV 

antibodies and ONNV-native proteins (Blackburn et al., 1995; Partidos et al., 2012; Tappe et 

al., 2014). BHK-21 monolayers were infected with ONNV species at an MOI of 1 and 

incubated for 24 hours, cells were then harvested and lysed. Mock BHK-21 lysate and BHK-

21 lysates containing CHIKV ICRES, P3ZsG and P3mCh proteins were processed via SDS-

PAGE and western blotting. BHK-21 cells were chosen as the model for viral infection 

because they have provided strong replication of CHIKV and CHIKV nsP3 in previous 

studies (Roberts et al., 2017). 

 

Optimisation of the western blotting process was required, as this was the first time ONNV 

proteins had been formally detected using anti-CHIKV antibodies, we aimed to elucidate a 

methodology that provided clear imaging of protein bands. CHIKV nsP1 and nsP3 have a 

molecular mass of ~60 kDa and 58 kDa respectively, while ONNV nsP1 has a molecular 

mass of 59.7 kDa, so we expected protein bands at ~60 kDa from the lysates. Though 

ONNV nsP3 has a molecular mass of 62.4 kDa, in P3ZsG and P3mCh clones, the nsP3-

ZsGreen and nsP3-mCherry fusion proteins have molecular masses of 88.5 and 89.1 kDa 

respectively. In membranes probed for nsP3, we expected bands at ~90 kDa in the P3ZsG 

and P3mCh infected cell lysates. Beta-Actin has a molecular mass of 42 kDa and was used 

as a loading control for the presence of cellular protein. 

3.2.1.1 TBS is an effective Washing Solution when probing with anti-CHIKV 

antibodies  

 

Mock BHK-21 lysate and BHK-21 lysates containing CHIKV ICRES, P3ZsG and P3mCh 

proteins were processed as described in 2.2.6.1. All antibodies were diluted in TBS and 

membrane washes also performed using TBS. Anti-CHIKV antibodies were diluted at 

1:1000, Anti-Beta-Actin antibodies were diluted at 1:10000 and all secondary antibodies 

were diluted at 1:20000, in 1:3 TBS and blocking buffer. 
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In Figure 3.9A, two bands were visible at 66 and 52 kDa. Between these, around the 60 kDa 

level, faint bands of CHIKV and ONNV nsP1 protein were visible, while at around 42 kDa, 

very faint bands of beta-actin were present. No bands were visible in the BHK-21 mock 

control. In Figure 3.9B, one band of the protein ladder was visible at 52 kDa. Above and 

below 52 kDa in the CHIKV and ONNV infected lysates were protein bands, representative 

of nsP3 and beta-actin respectively. Again, there were no bands in the BHK-21 mock lysate.  

The membranes did not provide a clear enough representation of the proteins present within 

the lysate. 

 

 

Figure 3.9; Optimisation of the detection of ONNV nsP1 and nsP3 proteins by Western 

blot analysis from infected BHK-21 cell lysates. SDS-PAGE and transfer to PVDF 

membranes was performed as described in 2.2.6.1. Membranes were probed with anti-Beta-

Actin and anti-CHIKV nsP1 (A) or anti-CHIKV nsP3 (B) antibodies, and probed after with 

anti-mouse and anti-rabbit secondary antibodies in TBS and blocking buffer. Molecular 

masses are displayed in kilodaltons (kDa). 1= Protein Ladder, 2= CHIKV-Replicon BHK 

Lysate, 3= P3ZsG BHK lysate, 4= P3mCh BHK lysate, 5= Mock BHK lysate. 

 

3.2.1.2 TBS-T 0.1% is an effective Washing Solution when probing with anti-

CHIKV antibodies 

 

The same protocol was followed as in 3.2.1.1, but with the substitution of PBS as a wash 

solution and use of TBS-T 0.1% as an alternative. All antibodies were diluted in TBS-T 0.1% 

and 5% BSA. Antibody dilutions remained as reported in Section 2.2.6.3 and diluted in   

TBS-T (0.1% vol/vol). 
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In Figure 3.10 membrane A, bands at around 60 kDa were present in all CHIKV and ONNV 

lysates representing nsP1, with no band present in the mock BHK lysate. Distinct bands at 

around 42 kDa were present in all lysates, representing beta-actin. In membrane B, a band 

was present in the CHIKV replicon around 60 kDa, representative of CHIKV nsP3. In the 

ONNV_P3 lysates, two distinct bands were present above 95 kDa, presumed to be ONNV 

nsP3-ZsGreen/mCherry fusion proteins respectively. In all lysates, a band was present at 42 

kDa, representative of beta-actin. Of note in both membranes was the addition of non-

specific bands of protein. 

 

 

 

Figure 3.10; Western Blots of 25µg of BHK-21 cell lysate with TBS-T 0.1% as a 

Washing Solution. SDS-PAGE and transfer to PVDF membranes was performed as 

described in 2.2.6.1. Membranes were probed with anti-Beta-Actin and anti-CHIKV nsP1 (A) 

or anti-CHIKV nsP3 (B) antibodies and probed after with anti-mouse and anti-rabbit 

secondary antibodies in TBS-T 0.1% and 5% BSA. Molecular masses are displayed in 

kilodaltons (kDa). 1= Protein Ladder, 2= CHIKV-Replicon BHK Lysate, 3= P3ZsG BHK 

lysate, 4= P3mCh BHK lysate, 5= Mock BHK lysate. 

 

Evidently, displaying all expected protein bands and all bands of the protein ladder made 

using TBS-T 0.1% the washing solution of choice for further western blots. The addition of 

Tween-20 was supposed to prevent non-specific protein-protein interactions, as it more 

effectively does in 3.2.2 and 3.2.3, but bands of antibody-specific proteins were more readily 

detected than blots without Tween-20 in washing solutions. It is unclear why this is the case. 
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3.3.2 Anti-CHIKV nsP1 antibodies bind efficiently with ONNV nsP1 

 

As stated in 3.2.1, studies and serological testing have seen a one-way antigenic 

relationship between anti-CHIKV antibodies and ONNV-native proteins in patients with 

CHIKV antibodies present in their sera (Blackburn et al., 1995; Partidos et al., 2012; Tappe 

et al., 2014). In order to determine if anti-CHIKV nsP1 primary antibodies can be used to 

detect ONNV nsP1 effectively, cell lysates infected with CHIKV replicon or ONNV infectious 

species underwent SDS-PAGE gel electrophoresis, protein transfer and probing with anti-

CHIKV nsP1 antibodies. 

 

In figure 3.11, the protein ladder was visible with bands from 30 to 175 kDa. Between 66 kDa 

and 52 kDa, a strong band of protein was present in all CHIKV/ONNV infected lysates, 

representative of nsP1. There was no band for nsP1 present in the mock BHK lysate. 

Between 52 kDa and 37 kDa, a strong band of protein was present in all lysates, 

representative of beta-actin. Non-specific bands of protein weakly were present in all lysates. 

 

 

Figure 3.11; Western Blot of BHK-21 cell lysate probed with anti-CHIKV nsP1 

antibody. SDS-PAGE and transfer to PVDF membrane was performed as described in 

2.2.6.1. Membrane was probed with anti-beta-actin and anti-CHIKV nsP1 (1:500) antibodies. 

Secondarily probed with anti-mouse and anti-rabbit secondary antibodies. Molecular masses 

are displayed in kilodaltons (kDa). 1= Protein Ladder, 2= CHIKV-Replicon BHK Lysate, 3= 

P3ZsG BHK lysate, 4= P3mCh BHK lysate, 5= Mock BHK lysate. 
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The nsP1 band in the CHIKV-infected lysate acts as a positive control, and uninfected BHK 

lysate acts as a negative control. ONNV nsP1 is shown clearly in both ONNV-infected 

lysates, confirming that anti-CHIKV nsP1 antibodies are effective at binding with ONNV nsP1 

proteins. 

 

3.3.3 Anti-CHIKV nsP3 antibodies bind efficiently with ONNV nsP3 

In order to determine if anti-CHIKV nsP3 primary antibodies can be used to detect ONNV 

nsP3 effectively, cell lysates infected with CHIKV replicon or ONNV infectious species 

underwent SDS-PAGE gel electrophoresis, protein transfer and probing with anti-CHIKV 

nsP3 antibodies. 

 

In figure 3.12, between 52 kDa and 66 kDa, there were murky protein bands at around 60 

kDa in CHIKV and ONNV infected lysates that represent nsP3. Of note, there were faint 

bands close to 95 kDa in ONNV infected lysates that represent nsP3 bound with their 

respective fluorescent marker proteins. No nsP3 protein was present in the mock BHK 

lysate. Between 37 kDa and 52 kDa, clear bands of protein were present in all lysates, 

representing beta-actin. As with Figure 3.11, there were non-specific protein bands across 

all lysates. 
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Figure 3.12; Western Blot of BHK-21 cell lysate probed with anti-CHIKV nsP3 

antibody. SDS-PAGE and transfer to PVDF membrane was performed as described in 

2.2.6.1. Membrane was probed with anti-Beta-Actin and anti-CHIKV nsP3 (1:1000) 

antibodies. Secondarily probed with anti-mouse and anti-rabbit secondary antibodies. 

Molecular masses are displayed in kilodaltons (kDa). 1= Protein Ladder, 2= CHIKV-Replicon 

BHK Lysate, 3= P3ZsG BHK lysate, 4= P3mCh BHK lysate, 5= Mock BHK lysate. 

 

The presence of the nsP3 band in the CHIKV-infected lysate acted as our positive control, 

and the lack of a band in the mock BHK-21 cell lysate acted as our negative control. As 

stated, ONNV nsP3 seems divided between the band around 60 kDa, representative of 

nsP3, while the small quantities of protein at ~95 kDa would represent the fluorescent nsP3 

fusion proteins. Though this confirms anti-CHIKV nsP3 antibodies effectively bind with 

ONNV nsP3 proteins, it raises the question of how there are non-fluorescent nsP3 proteins 

present in those lysates. 

 

To summarise, TBS-T 0.1% provided the clearest western blots when used as a washing 

buffer and antibody diluent. Using this information, it was clearly demonstrated that both anti-

CHIKV nsP1 and nsP3 antibodies can be used to effectively probe for ONNV nsP1 and nsP3 

proteins in western blots. 
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3.3.4 48H Immunofluorescence of Infection 

 

The viral entry, replication process and egress of ONNV infection is presumed to be similar 

to that displayed of other alphaviruses such as CHIKV. In CHIKV, nsP1 remains 

permanently bound to plasma membranes while nsP3 interacts with host proteins across the 

cytoplasm, whereas nsP sub-cellular localisations in ONNV infection are poorly described 

(Gottipati et al., 2020). Once we validated that anti-CHIKV nsP1 and nsP3 antibodies 

effectively bind with ONNV nsP1 and nsP3 in western blots (Figure 3.11 and Figure 3.12), 

attention turned to the antibodies’ use in immunofluorescence assays. IF assays are useful 

for the analysis of the virus replication cycle, as they identify the localisation of viral proteins 

at set hpi, which in turn allows for interpretation of virus-host protein interaction at various 

times in the replication process. The antibodies would have to show affinity for ONNV nsP1 

and nsP3 in their natively folded state in order to work effectively in IF assays.  

 

In order to elucidate the subcellular locations of ONNV nsPs during infection, as well as 

validate that anti-CHIKV nsP1 antibodies were effective for ONNV IF assays, an ONNV 

infection in BHK-21 cells was performed using P3mCh at MOI-1 and 10, fixed at 6, 12, 24 

and 48 hours. BHK-21 cells were chosen to be infected as they readily infect with ONNV and 

in CHIKV infection, large amounts of nsP3 have been visualised prior (Roberts et al., 2017). 

We used two MOIs of virus to exemplify the difference between a low and high viremia in 

infection. Cells were permeabilised and probed with 1:1000 anti-CHIKV nsP1 rabbit 

antibodies and 1:500 anti-rabbit Alexa-Fluor 488 fluorescent antibody (Figure 3.12). DAPI 

was used to intracellularly stain nuclei.  

 

Mock panels A-E showed mock BHK-21 cells probed in the manner described. In all Mock 

panels, nuclei were intracellularly stained blue and cytoplasm showed weak green 

background fluorescence and a weak red background fluorescence. Cell physiology was 

typical of fibroblasts in all images, with large nuclei and elongated cells. 

 

MOI-1 panels A-E showed BHK-21 cells infected with P3mCh at an MOI of 1. MOI-1 panel A 

failed to stain effectively with DAPI and therefore nuclei were less visible. MOI-1 panel B 

showed typical cell physiology, distinct blue nuclei and the presence of nsP1, but the distinct 

presence of localised collections of nsP3 were visible, localised near nuclei within the 

cytoplasm. In MOI-1 panel C, cell physiology was visibly changed, with thinner, pseudopod-

like protrusions from cells. Nuclei were intracellularly stained with a weaker nsP3 presence 

diffuse across the cytoplasm but most notably, the presence of nsP1 was of a similar 

intensity to MOI-1 panel B, with roughly circular puncta of a higher intensity at the edges of 
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the cell membrane which varied in size. In MOI-1 panel D, the characteristics seen in MOI-1 

panel C were visible, but nsP3 presence was more intense than MOI-1 panel C and was 

gathered in localised collections near nuclei. In MOI-1 panel E, we saw similar physiology to 

MOI-1 panel D. nsP1 had lowered in intensity diffuse across cells but still showed circular 

pockets of intensity on the plasma membrane. nsP3 was present in small puncta, smaller 

than in other images, and was diffused weakly throughout the cells. 

 

MOI-10 panels A-E showed BHK-21 cells infected with P3mCh at an MOI of 10. MOI-10 

panel A showed typical BHK physiology and minor background red fluorescence. Green 

fluorescence was of similar intensity as in mock images. MOI-10B showed typical cell 

physiology. nsP1 was visible across all cells and was visibly more intense than MOI 10A, 

with a very intense region of activity in the topmost cells. nsP3 presence mirrored that seen 

in MOI-1 panel B, but smaller collections of nsP3 were seen across cells away from the 

nucleus. MOI-10 panel C showed a change in cell physiology for some cells, rounding and 

losing their fibroblastic shape. Cells maintaining their physiology mirrored those in MOI-10 

panel B. These cells show intense nsP1 presence and localised nsP3 puncta around the 

nucleus. MOI-10 panel D showed further changes in physiology, with thin pseudopod-like 

extensions on the outside of cells. nsP3 formed puncta in some cells near the nucleus, but 

was also weakly diffused across cells. nsP1 presence was slightly reduced when compared 

to MOI-1 panel C, but circular pockets of intensity on the plasma membrane were similar to 

those seen in MOI-1 panels C, D and E. In MOI-10 panel E, physiology continued to be 

irregular. nsP3 was no longer gathered near the nucleus and was weakly diffused across the 

cells. nsP1 presence was significantly less intense than previous panels, and small circular 

pockets of cytoplasm separated from cells were visible with nsP1 in them. 
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Figure 3.13; Fluorescence Microscopy of ONNV nsP1/3 in BHK-21 cells over 48 hours. Merged confocal Imaging of mock BHK-21 cells, BHK-21 cells infected with 

P3mCh at MOI-1 and BHK-21 cells infected with P3mCh at MOI-10 at 6, 12, 24 and 48 hours. Cells were infected with ONNV at an MOI-1 or 10 and incubated at 37oC and 

5% CO2. Cells were fixed and probed with 1:1000 anti-CHIKV nsP3 rabbit antibody and 1:500 anti-rabbit Alexa-Fluor 488 fluorescent antibody (Green). Nuclei are stained with 

DAPI (Blue). The nsP3-mCherry fusion protein was also visualised (red). Separate channel images of the 6, 12, 24 and 48 ours at both MOI are shown on the next page.
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Figure 3.13B; Fluorescence Microscopy of ONNV nsP1/3 in BHK-21 cells over 48 hours. Merged images are 

identical to Figure 3.13, with green and red fluorescence channels split, showing ONNV nsP1 and nsP3-mCherry 

respectively.
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The changes to cell physiology and circular membranous pockets on the plasma membrane 

were likely sequelae of apoptosis; the pseudopod-like extensions seen 24 hours may have 

been apoptopodia. Furthermore, blebs of cytoplasm and plasma membrane form as the 

cytoskeleton dissociates from the plasma membrane, the circular membrane pockets seen 

12 and 24 hours in MOI-1 and MOI-10 respectively could have been these blebs filled with 

nsP1. nsP1 is permanently bound to plasma membranes during ONNV infection and was 

noticeably more present in MOI-10 infections than MOI-1 infections. 

 

The behaviour of nsP3 to localise around the nucleus was seen in CHIKV infection, but the 

quantity and shape differed between cell types, some forming puncta and rods (Roberts et 

al., 2017). In BHK-21 cells, nsP3 only formed large puncta around the nucleus visually 6hpi 

in MOI-10 infection, but was only visible 24 hours in MOI-1 infections. 

 

Though not typical of all cells imaged, potential evidence of syncytia was visualised in 3.3.2, 

specifically in ONNV infection at an MOI-10, 48 hours. Interestingly, multinucleated mass of 

cellular membrane and nuclei were observed (Figure 3.14). Multi-nucleated cells of these 

proportions are referred to as Syncytium, or a polykaryocyte. nsP1 acted as a useful plasma 

membrane marker in this instance, showing us that the syncytium present had a membrane 

border. Unfortunately, the syncytium was larger than the range of magnification used and as 

such, a definitive size of the syncytium could not be determined. nsP1 was seen lining the 

perimeter of the plasma membrane, with multiple distinct spots scattered across the 

syncytium. nsP3 was present both within and outside the syncytium, but was intensely 

present around the nuclear material. 
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Figure 3.14; ONNV Infection at an MOI of 10 in BHK Cells after 48 hours, displaying 

the presence of syncytia formation. A) DAPI staining of the nuclei, B) Red fluorescence of 

nsP3-mCherry protein, C) ONNV nsP1 probed with anti-CHIKV nsP1 antibody, secondarily 

probed with Alexa-fluor 594 secondary antibodies. D) Merged image of fluorescence 

channels.  

 

To summarise, in MOI-1 infections 12 hours post-infection, membrane-bound sections of the 

cytoplasm were filled with nsP1, almost all of them connecting to the plasma membrane. 

These were seen 24 and 48 hours also. nsP3 on the other hand, migrated from spherules 

and aggregated around the nucleus, which occured visually at 6 hours in MOI-10 infections, 

but was only visible by 24 hours in MOI-1 infection. Syncytia were formed by 48 hours in 

MOI-10 infections, this was the first reported evidence of ONNV-induced syncytia formation. 

Finally, we confirmed that CHIKV nsP1 antibodies provided effective binding to ONNV nsP1 

in vitro, validating their further use in IF assays. 

A B 

 D C 
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3.4 Replication Complex Study 

 

3.4.1 Wortmannin MTT Assay 

 

It is currently unknown whether ONNV spherules are internalised during infection, as other 

alphavirus spherules such as CHIKV and SFV are, to create cytopathic vacuoles (CPV-1). 

Wortmannin, a PI3-Kinase inhibitor, has been shown previously to inhibit mechanisms that 

internalise spherules into CPV-1s (Pietila et al., 2018). In studies performed on the 

replication complex of SFV, understanding where spherules are localised is integral for 

knowing which membranes to isolate (Pietila et al., 2018). For future studies focused on 

isolating the ONNV spherules to further characterise the nsPs in their native environment, 

this knowledge would be ideal. In order to clarify whether or not ONNV spherules are 

internalised during infection, we must first assess the toxicity of Wortmannin in BHK-21 cells, 

which was to be determined via MTT assay. BHK-21 cells were chosen as to replicate a 

previous study in which Wortmannin was used to block spherules to the plasma membrane 

is SFV infection.  

 

The lowest average viability of cells in Wortmannin was 400nM (91.7%). The highest 

average percentage viability of cells in Wortmannin was 200nM (110.2). As all average 

percentage viabilities shown via MTT are above 80%, 100nM was used in published 

literature studies and was chosen for future investigations (Pietila et al., 2018). 

 

Figure 3.15; Percentage viability of BHK-21 cells in Wortmannin. Concentrations of 

Wortmannin and DMSO from 400-0 nM were diluted down in complete DMEM and incubated 

on cells for 3 hours (n=3). 
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3.4.2 Fluorescence Microscopy of BHK-21 cells infected with ONNV and treated with 

Wortmannin, at 6 hours 

 

In order to determine whether or not spherule internalisation was occurring during ONNV 

infection, as well as validate the use of anti-CHIKV nsp3 antibodies for ONNV IF assays, 

nsP3, a constituent protein of the replication complex was selected. Again, BHK-21 cells 

were used to simulate conditions described in prior studies. BHK-21 cells were infected at 

MOI-1 with 2ZsG and cells were fixed at 0, 2, 4 and 6 hours. In parallel, another set of BHK-

21 cells followed the same procedure for infection and were treated with 100nM Wortmannin 

after 90 minutes to prevent spherule internalisation. Timepoints for fixation and Wortmannin 

dosage were chosen to mirror parameters in prior published study (Pietila et al., 2018). Cells 

were permeabilised and probed with 1:1000 anti-CHIKV nsP3 rabbit antibodies and 1:500 

anti-rabbit Alexa-Fluor 594 fluorescent antibody (Figure. 3.16). DAPI was used to stain 

nuclei.  

 

As expected, control cells at 0hpi (Figure 3.16 A and E) showed no visible presence of nsP3. 

Cells fixed at 2 hours (Figure 3.16 B and F) showed intense nsP3 presence around the 

plasma membrane. In 3.16 B, nsP3 was present around the plasma membrane, as well as 

around the nucleus. In 3.16 F, nsp3 was present around the plasma membrane unevenly, 

forming small circular pockets. Cells fixed at 4 hours (Figure 3.16 C and G) showed nsP3 

throughout the cytoplasm, or in small, faint, circular puncta. Cells fixed at 6 hours showed 

nsP3 throughout the cytoplasm in some cells, whilst dense puncta of nsP3 were observed in 

others. 
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Figure 3.16; BHK-21 cells infected with ONNV at MOI-1, with and without 100nM of Wortmannin after 90 minutes. BHK-21 cells observed 

under a Zeiss 700 LSM confocal microscope at 40X in oil immersion. ONNV nsP3 is shown in red (1:500 anti-rabbit Alexa-Fluor 594 fluorescent antibody). 

Nuclei are shown in blue (DAPI). ZsGreen is shown in green in 6H incubation, ZsGreen detection was not used for other images. Figure shows presumed 

spherule formation at 2 hours, with nsP3 dispersal across the cytoplasm after 4 hours and dense clustering near nuclei after 6 hours. All scale bars are 20μm 

across.
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In the control untreated ONNV infection, nsP3 was present in spherules by 2 hours, but had 

migrated across the cytoplasm by 4 hours and by 6 hours were beginning to form small 

puncta near the nucleus. When ONNV-infected cells were treated with Wortmannin, the 

distinct collection of nsP3 was not seen, but was instead dispersed throughout the cytosol, 

with puncta at 6 hours still present. The migratory nature of nsP3 across the cytoplasm 

means no conclusions about spherule internalisation could be inferred from the images. 

However, the migration of nsP3 towards the nucleus forming puncta mirrors prior published 

data that shows similar activity in CHIKV infection in Huh7 cells (Roberts et al., 2017). This 

also corroborates the observations and conclusions made about nsP3 in Figure 3.13. nsP3’s 

migration from spherules to the cellular environment supports previously published theories 

about the multifunctional nature of nsP3 in alphaviral replication (Gao et al., 2019; Götte et 

al., 2018; Panas et al., 2014; Scholte et al., 2015). Finally, the study confirms that CHIKV 

nsP3 antibodies provided effective binding to ONNV nsP3 in vitro, validating their further use 

in IF assays. 

 

3.5 TEM Imaging of ONNV Isolates 

 

3.5.1 TEM Negative Stain Imaging of ONNV clone isolates 

 

The capsid structure of many alphaviruses have been studied in detail using imaging 

techniques such as cryo-electron microscopy (Cryo-EM) and X-ray crystallography. Though 

it is presumed that ONNV has a similar structure to other alphaviruses, it has to date not 

been confirmed in the published literature. In order to clarify the nature of ONNV’s capsid 

structure, negative staining at 1% and transmission electron microscopy (TEM) and Negative 

Staining using an FEI Tecnai G2 spirit transmission electron microscope was performed.  

2ZsG, P3ZsG and P3mCh infected viral supernatants were imaged.  

 

ONNV virions surrounded by a darkened halo awere visible via negative staining. Virions 

present were around 60-70nm in diameter and looked approximately circular, similar to other 

alphaviruses. Some capsids appeared damaged (e.g. Figure 3.17B). However, damaged 

virions were also ~60-70nm in diameter. Of note, virions showed pleiomorphic features 

(Figure 3.19), in contrast to what has been described for other alphaviruses (Mancini et al., 

2000; Sun et al., 2013). 



51 
 

 

 

Figure 3.17; TEM Imaging of ONNV Infectious clones, stained with 1% UA. A) 2ZsG at 

x68000 magnification. B) P3ZsG at x68000 magnification. C) P3mCh at x30000 

magnification. Arrows highlight the presence of ONNV virions of VLPs. 

 

To summarise, ONNV virions are 60-70nm in diameter, displaying symmetrical capsid  and 

there are no visible differences between the three ONNV species as expected. 
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3.5.2 3D Reconstruction of the 2ZsG Capsid via RELION 

 

TEM imaging cannot provide detailed information about the protein structure or icosahedral 

symmetry present within the virion. In order to determine the 3D protein structure of the 

ONNV virion, TEM Electron Micrographs obtained of 2ZsG virions using the FEI Tecnai F20 

were processed via RELION image processing software. ONNV virions were selected in 

micrographs, 74 particles were selected from 39 micrographs. 2D classification 

reconstruction was performed, resulting in the selection of 65 virions for 3D reconstruction. 

Particles were then used to generate an icosahedral reference, and subjected to 3D 

refinement, resulting in a map, at a final resolution of 32 Å (Angstroms) (Figure 3.18). 

 

The ONNV virion reconstruction is consistent with a protein map that forms both pentamers 

and trimers; surrounding each pentamer are five trimers, and surrounding each trimer are 

three pentamers. When compared to other alphaviral structures, this is unusual, as 

alphaviruses present a hexamer and pentamer structure, with each hexamer surrounded by 

six pentamers. It is unknown as to whether this is unique to ONNV. Figure 3.19 shows a 

comparison between our ONNV reconstruction and a previously generated CHIK VLP. The 

CHIKV virion diameter is approximately 700 Å in diameter, the previously reported size of 

alphavirus virions, while the generated ONNV virion diameter is approximately 500 Å. This 

does not equate to the size displayed in previous electron micrographs, leading us to believe 

that the model generated may not be truly representative of 2ZsG. 
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Figure 3.18; Negative staining 3D Reconstruction of the 2ZsG Virion. A) Pentamer 

structure present in the ONNV protein map. B) Highlights the structure in a clearer manner. 

C) Trimer structure present in the ONNV protein map. D) Highlights the structure in a clearer 

manner. Reconstruction was presented at a resolution of 32 Å. Red=Pentameric structure, 

Blue=Trimeric structure. Images used to generate the structure were taken by Ben Chadwick 

(University of Leeds), Digital Reconstruction via RELION was performed by Dr Juan Fontana 

(University of Leeds). 
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Figure 3.19; Comparison of the negative stain 3D reconstruction of ONNV with 

previously published CHIKV VLP (Virus-Like Particle) Reconstruction. ONNV virion is 

presented in purple, CHIKV VLP is presented in green. CHIKV VLP protein map (Sun et al., 

2013) was generated from 36,236 particles by cryo-EM. The resolution of the average is 5.3 

Å. ONNV virion protein map was generated from 65 virions acquired via TEM. 
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Chapter 4: Optimisation of the ONNV Reverse Genetic 

System: Discussion 

 

4.1 Summary of Results 

 

The aim of this study was to optimise reverse genetic systems and molecular tools for ONNV 

studies, to be used as a model system for other alphaviruses. Optimisation of ONNV 

propagation was performed using different ONNV infectious clones and cell lines, including 

establishment of ONNV infection in U4.4 cells, the results of these indicate preferences for 

ONNV propagation. Tools such as antibodies to be used as markers were validated via 

SDS-PAGE and western blotting, use of these antibodies and western blot analyses with 

ONNV proteins were optimised. Imaging methodologies such as immunofluorescent 

confocal microscopy and transmission electron microscopy were also validated, allowing 

insight into ONNV protein-cell interactions. A 3D model of the ONNV capsid was generated, 

presenting a potential protein structure. 

 

Currently, ONNV is significantly understudied in comparison to other alphaviruses. Within 

the published literature there is a significant lack of information regarding cell permissibility, 

characterisation of viral entry, replication and egress in relevant cell lines and virus-host 

protein interactions. Studies performed characterise infection in vectors or murine models, 

the latter of which have not proven representative of human disease (Keene et al., 2004; 

Seymour et al., 2013). Furthermore, there are minimal papers reporting the development of 

tools for use with any ONNV system; ONNV-specific antibodies are largely missing from 

papers, using cross-reactive antibodies developed against other alphaviruses such as the 

use of anti-SINV E2 antibodies, which provided cross-reactivity with ONNV E2 proteins, 

which displays a need for such tools (Keene et al., 2004). Cell lines that are permissible to 

ONNV infection are reported in few papers and have varying methods and time points, which 

would benefit from optimisation (Chan et al., 2020; Keene et al, 2004). Full protein 

sequences are available for polyprotein P1234 and the structural polyprotein, but sequences 

and structures of the cleaved native proteins are not available, and most protein interactions 

or subcellular locations documented are presumed by structural similarity to other 

alphaviruses. This lack of information and standardised tools for research has dark 

implications when paired with the increasing risk of alphaviral epidemics; in 20 years, cases 

of CHIKV infection that were once isolated to Ae. aegypti habitats geographically, to 

autochthonous cases now worldwide due to factors such as globalisation and international 

trade, and climate change (Nasci, 2014; Kraemer et al., 2019). ONNV’s shared homology 
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with CHIKV poses the possibility that ONNV could have a change in vector also, through 

similar microevolution, and become a similar global health threat. 

ONNV makes an effective model system for alphaviruses, especially CHIKV. Comparative 

analysis of structural and non-structural protein sequences between CHIKV and ONNV 

showed an 85% similarity, showing ONNV’s closely shared lineage with CHIKV (Khan et al., 

2002). Furthermore, CHIKV is a BSL-3 (biosafety level-3) pathogen, which requires BSL-3 

conditions at all times when using CHIKV, which can prevent the use of techniques such as 

cryo-electron microscopy. ONNV can provide a model that is phylogenetically similar to 

CHIKV whilst usable in BSL-2 conditions. 

 

4.2 ONNV shows different rates of replication between different Cell Lines  

 

Multi-step growth curve assays over multiple time points in BHK-21, Huh7, RD, C6/36 and 

U4.4 cells demonstrated that ONNV replicates at different rates depending on the cell line. 

BHK-21 cells are derived from baby hamster (Mesocricetus auratus) kidney fibroblasts. 

Huh7 cells are a human hepatocyte derived carcinoma cell line, while RD Cells are human 

myocytes derived from rhabdomyosarcoma. C6/36 and U4.4 cells are derived from A. 

albopictus larval cells. The production of infectious titre was used as a measure of ONNV 

replication. All five cell lines were chosen as they have previously been used in propagation 

and analysis of alphaviral lifecycles. Of the mammalian cell lines, BHK-21 cells were chosen 

for further use in the study as, although not a human cell line, they are physiologically 

representative of fibroblasts, cells typically targeted in alphaviral infection. They also showed 

the highest viral titre of all cell lines, peaking at 108 PFU/mL at 24 hours. Comparatively, 

BHK-21 cells infected with CHIKV strains produced an average titre of 107 PFU/mL at 24 

hours, while at 48 hours onwards plateaued at 108 PFU/mL, which decreased in titre 

dependant on CHIKV strain (Sudeep et al., 2019). These comparisons between CHIKV and 

ONNV titres may suggest a more aggressive and cytopathic infection caused by ONNV, it’s 

possible CHIKV’s modulation of host anti-viral responses are less efficient than ONNV’s. 

Further research into the alphavirus anti-viral response could elucidate this.  

 

Huh7 cells produced the lowest viral titres of any cell line, an interesting contrast to the use 

of Huh7 cells as a model cell line for CHIKV infection, CHIKV has previously produced titres 

around 1x106 after 24 hours in Huh7 cells (Roberts et al., 2017). This higher titre in CHIKV 

corroborates to murine and non-human primate studies where infectious virus was found 

within the liver of infected animals and was found to be a site of initial viral replication in 

murine models (Couderc et al., 2008; Labadie et al., 2010). In murine models, ONNV 

showed minimal to no damage to liver integrity, with only microgranuloma formation, 
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implying an immune response but not active viral replication (Seymour et al., 2013). These 

studies, along with the titres generated in this study imply ONNV and CHIKV have different 

native sites of replication in mammalian infection. Because of this, we believe the use of 

Huh7 cells as a model for ONNV infection is limited. 

 

RD cells produced a viral titre of 106 PFU/mL at 24 hours and sustained this level of titre 

over 72 hours in all infectious clones. In replication kinetics studies of CHIKV strains using 

RD cells, titres took between 48 and 72 hours to peak, reaching titres between 106 and 108 

PFU/mL (Sudeep et al., 2019). ONNV titres peaking after 24 hours is indicative of muscle 

cells, of which RD cells are an effective model for, being a site of initial viral replication in 

ONNV infection. Furthermore, in murine models of both CHIKV and ONNV infection, muscle 

cells are infected in acute infection; RD cell lines would make for a better physiological 

model for muscle cell pathogenesis of alphaviral infection (Couderc et al., 2008; Seymour et 

al., 2013).  

 

As ONNV is a mosquito transmitted arbovirus, we felt it was also important to understand 

viral replication in mosquito cell lines. U4.4 cells on average produced a 1-log lower titre 

when compared to C6/36 cells. We hypothesise that reduced titres in U4.4 cells is due to the 

PO cascade immune response; inhibition of which was found to lead to higher virus genome 

levels, inferring it has a suppressive effect on viral replication (Rodriguez-Andres et al., 

2012). An innate immune response of a similar nature has not been reported for C6/36 cells, 

these titres are therefore a model for viral replication both in and out of the presence of an 

effective immune response in insect cells. The necessity for models of infection in alphaviral 

vectors, especially ONNV, is present in publications. Both cell lines are derived from Ae. 

albopictus, a relatively new vector for CHIKV, but native ONNV infection in the wild has not 

been reported. ONNV infection in these cell lines infers the potentiality ONNV genetic 

adaptation to Ae. albopictus as a vector for infection. Furthermore, Ae. albopictus’ 

geographic distribution and habitat suitability have been changing due to both climate 

change and human globalisation (Kraemer et al., 2019). Ae. albopictus-associated CHIKV 

infections have occurred across the world now, as mentioned in 1.3.6, and Ae. albopictus’ 

geographical distribution is predicted to spread broadly across Europe, the Northern United 

States, highland regions of South America and East Africa within the next 30 years (Kraemer 

et al., 2019). CHIKV’s genetic adaptation to Ae. albopictus, as mentioned in 1.3.6, occurred 

due to a novel amino acid substitution from alanine to valine at position 226 in the E1 

envelope protein, there is precedence for this to occur again in ONNV, as crossover 

between habitats of Ae. albopictus and A. gambiae occur in Central and East Africa 

(Schuffenecker et al., 2006; Wiebe et al., 2017; Kraemer et al., 2019). Comparing E1 amino 
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acid sequences between CHIKV and ONNV, ONNV E1 protein contains this alanine at 

position 226; a valine substitution that causes a similar increase in Ae. albopictus vector 

competency is possible (Tsetsarkin et al., 2007; UniProt, 2021). 

 

It may have been more physiologically appropriate to have assessed titre in a cell line 

derived from A. funestus or A. gambiae, such as Mos. 55, Sua1B and 4a-3B (Marhoul & 

Pudney, 1972; Muller et al., 1999). Mos. 55 cells have previously been infected successfully 

with ONNV, and 4a-3B cells also express the precursor molecule to the PO cascade, 

Prophenoloxidase, both of which could provide a physiologically representative cell line for 

vector infection (Marhoul and Pudney, 1972; Müller et al., 1999). 

 

The replication of ONNV could have been assessed via an infection time course using 2ZsG 

and quantitative live-cell imaging. This would give an image of ONNV replication within cells, 

quantified by fluorescence; expression of ZsGreen would be representative of viral 

replication. Ultimately, this would not be representative of replication for the nsP3 fusion 

species of ONNV, therefore plaque assay analysis of viral titre was a suitable method to 

determine ideal cell lines and time points for further investigation. However, the optimisation 

of these infectious clones does provide more tools for ONNV infection analysis going 

forward; an IncuCyte Zoom system could be used to image fluorescent virus in live cells, 

giving a more native image of the infection cycle. 

 

4.3 Anti-CHIKV Antibody Validation 

 

4.3.1 Anti-CHIKV nsP1 Antibodies can be used to detect ONNV nsP1 

 

Anti-CHIKV nsP1 antibodies were used to probe ONNV nsP1 to determine their efficacy. 

Figure 3.11 shows specific binding of the anti-CHIKV nsP1 antibody to ONNV and CHIKV 

nsP1 protein in BHK-21 cell lysate with bands between 66 kDa and 52 kDa. Using the ONNV 

non-structural polyprotein P1234 amino acid structure, cross-comparing CHIKV nsP1 amino 

acid structure to identify ONNV nsP1’s amino acid structure and calculating the molecular 

mass, ONNV nsP1 is 59.7 kDa (UniProt, 2021). CHIKV nsP1 is 60 kDa (UniProt, 2021). 

When both nsP1 sequences were compared, there was a 91.4% match in sequence. 

Polyclonal antibodies are developed to bind to different epitopes of a specific protein, 

consequently a higher amino acid sequence similarity provides more matching epitopes from 

the target antigen for the antibody to bind to. There are factors to be considered for the use 

of polyclonal antibodies for western blots. As polyclonal antibodies bind to numerous 

https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+HM&cauthor_id=10206988
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epitopes on an antigen, they are much more sensitive and can detect proteins at low 

abundance, but can cross-react with unrelated proteins. This ability for alphavirus antibodies 

to cross-react with similar alphaviruses has been reported in the literature, such as the use 

of monoclonal antibodies for SINV E2 protein that cross-reacts with ONNV E2 protein, and 

cross-reactive anti-CHIKV antibodies neutralising ONNV antigens in murine models (Keene 

et al., 2004; Partidos et al., 2012).  

 

In the alphaviral RC, nsP1 binds to negatively-charged phospholipids in the plasma 

membrane and anchoring itself within the neck of the spherule (Gottipati et al., 2020; Jones 

et al., 2021). nsP1 is also required to initiate minus-strand RNA synthesis (Cross & 

Gomatos, 1981). These two features, being bound to the spherule and integral to minus-

strand RNA synthesis make nsP1 an optimal marker protein for spherule formation, RC 

activity and therefore, viral replication. The results have therefore validated the use of CHIKV 

nsP1 antibodies for western blotting. Western blots prove to be a useful tool in characterising 

protein expression, quantification, and subcellular location, which has been demonstrated in 

previous alphavirus studies (Pietila et al., 2018).  

 

4.3.2 Anti-CHIKV nsP3 Antibodies can be used to detect ONNV nsP3 and 

Fluorescent Fusion Proteins 

 

Anti-CHIKV nsP3 antibodies were used to probe ONNV nsP3 to determine their efficacy. 

Figure 3.12 shows specific binding of the anti-CHIKV nsP3 antibody to ONNV and CHIKV 

nsP3 protein in BHK-21 cell lysate with bands between 66 kDa and 52 kDa. Using the ONNV 

non-structural polyprotein P1234 amino acid structure, cross-comparing CHIKV nsP3 amino 

acid structure to identify ONNV nsP3’s amino acid structure and calculating the molecular 

mass, ONNV nsP3 is 62.4 kDa (UniProt, 2021). CHIKV nsP1 is 58 kDa (UniProt, 2021). 

When both nsP1 sequences were compared, there was a 67.8% match in sequence. The 

same considerations made for working with polyclonal antibodies made in 4.3.1 apply here, 

but a lower sequence similarity means blots for ONNV nsP3 should have reduced signal and 

sensitivity when compared to CHIKV nsP3. This is hard to judge due to the quality of 

western blots.   

 

nsP3 is a multi-functional protein that is highly conserved within alphaviruses. It binds to host 

proteins G3BP1/2 in order to bind with stress molecules and inhibit their antiviral 

mechanisms (Panas et al., 2012; Scholte et al., 2015). nsP3 binds to RNA and is also 

theorised to be integral to viral RNA synthesis, potentially playing a role in the trafficking of 
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nucleocapsids to the plasma membrane and as such, is expected to migrate across the host 

cell (Gao et al., 2019). Using a mutant CHIKV genome with alterations in the AUD 

(P247A/V248A), purifying and isolating the AUD of mutant and wild type CHIKV and using 

radiolabelling of RNA to measure binding efficacy, it was found that impaired binding of 

sgRNA (sub-genomic RNA) to the AUD impeded viral replication (Gao et al., 2019). 

Furthermore, comparing sub-cellular localisations of nsP3 capsid and dsRNA in mutant and 

wild type CHIKV infection, colocalised at 8hpe (hours post electroporation) in clusters which 

then accumulated at the plasma membrane at 12 and 16hpe in wild type while the mutant 

produced reduced levels of capsid that were never sequestered to the plasma membrane 

(Gao et al., 2019). This concretely solidified the idea that nsP3 plays a critical role in all 

stages of CHIKV RNA synthesis and potentially virus assembly, while displaying the 

multifunctionality of nsP3 within alphavirus replication. 

 

Notably, in both ONNV-infected lysates, a faint band can be seen at around 95 kDa, which is 

representative of ONNV nsP3 with fluorescent proteins ZsGreen or mCherry bound to them 

(Figure 3.12). ZsGreen and mCherry have molecular masses of 26.1 kDa and 26.7 kDa 

respectively, which when added to ONNV nsP3’s molecular mass is 88.5k Da and 89.1 kDa 

respectively. It is unclear why only a small fraction of the fluorescent ONNV nsP3 have their 

fluorescent proteins attached. There is a possibility of cleavage within the cellular 

environment or it could have occurred in the lysis/denaturing of the proteins for western blot. 

If fluorescent proteins are cleaved at a point in the cellular environment, their fluorescence 

would not be indicative of ONNV nsP3 localisation. To identify this, an IF assay using the 

anti-CHIKV nsP3 antibodies validated here could be used to characterise co-localisation of 

ONNV nsP3 and the fluorescent marker proteins, previous alphavirus studies have 

performed similar confirmations (Cristea et al., 2006). In order to validate the genetic 

integrity of infectious clones, their genomes should be sequences. Nonetheless, the western 

blot validated the use of anti-CHIKV nsP3 antibodies for detection of ONNV nsP3. 

 

It must be noted that investigations into the ONNV RC are limited by an absence of 

antibodies to detect nsP2 and nsP4. Antibodies for each would provide tools to gain more 

refined insight into the functions of the RC and its proteins during infection. The development 

of antibodies for other nsPs could prove challenging. Methods developed for creating nsP4 

purifications using a bacterial expression system synthesise a heterogenous mix of nsP4 

and cellular proteins, which would require further purification before use as an antigen for 

antibody development. (Rubach et al., 2009). Purification itself poses further challenges, 

such as preventing non-native changes to the protein structure. nsP4 antibodies should be 

prioritised, as alphaviral nsP4 is known to be integral to RNA synthesis and yet is poorly 
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described in the literature (Hahn et al., 1989; Kamer & Argos, 1984). nsP4 is the RNA-

dependant RNA Polymerase (RdRp) in alphavirus replication, it is responsible for the 

synthesis of negative strand RNA from a positive strand RNA template. nsP4 requires P123, 

the polyprotein of nsP1, nsP3 and nsP3 to replicate minus strand RNA, and possesses 

TATase (Terminal Adenylyl transferase) activity to create the poly(A) tail, referred to in 1.5.4 

(Rubach et al., 2009; Tomar et al., 2006). Information about nsP4’s host protein interactions 

and co-localisations with other virus proteins could clarify aspects of ONNV replication. The 

use of cross-reactive antibodies developed against other alphaviral species is a possible 

solution to this issue; effective use of anti-SINV E2 antibodies cross-reactivity with ONNV E2 

proteins has been described, which supports this. These could be validated for use as was 

performed in 3.2.2 and 3.2.3. 

 

4.4 Immunofluorescence Microscopy of ONNV infection 

 

4.4.1 nsP1 and nsP3 do not colocalise permanently in ONNV infection 

 

In order to both elucidate the subcellular locations of ONNV nsPs during infection and 

validate anti-CHIKV nsP1 antibodies for use in ONNV IF assays, ONNV infection at MOIs of 

1 and 10 in BHK-21 cells, visualised via immunofluorescence (Figure 3.13). These results 

show that by 12 hours in the ONNV infection cycle, nsP3 migrates across the cytoplasm and 

aggregates around the nucleus. These aggregates are notably absent of nsP1; in an MOI 10 

infection at 12 hours, a visible region devoid of nsP1 is present where the nsP3 aggregates 

are.  

 

As expected, nsP1 in ONNV infection binds to the plasma membrane and persists 

throughout infection. CHIKV nsP1 in the literature is described as having affinity for the 

plasma membrane of infected cells and this characteristic is seen across both MOIs in 

ONNV infection (Kumar et al., 2018). In CHIKV infection, RCs are intermittently internalised 

into CPV-1 vesicles; however, this was not seen in ONNV infection over 48 hours, 

suggesting this characteristic may not be conserved between these species (Thaa et al., 

2015). nsP1 forms dodecameric pores at the opening of the spherules, regulating passage 

between the internal RC and cellular environments, in which it is irreversibly bound to the to 

plasma membrane, which is likely why we see association throughout infection (Jones et al., 

2021).  
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nsP3 is known for having multiple roles within the CHIKV replication process such as RNA 

binding, zinc binding and the regulation of stress granules to suppress anti-viral host 

responses (Gao et al., 2019; Panas et al., 2012; Shin et al., 2012). The presence of ONNV 

nsP3 near the nucleus as puncta within the perinuclear area supports the idea, presented in 

the literature, that ONNV nsP3 also performs similar roles (Götte et al., 2018; Panas et al., 

2014). Figure 3.16 demonstrated further that nsP3 initially localised at the plasma membrane 

at 2 hours and migrated into the cellular environment at 4 hours. The lower levels of nsP3 

associated with the RC, highlighted by the minimal colocalization seen, is similar to that 

observed in CHIKV infection, but puncta size varies between the species. In CHIKV at 12 

hours, puncta are >5μm on average, while those observed in ONNV infection could be much 

larger (Gao et al., 2019). While it is possible cell lines used here display different levels of 

nsP3 cytoplasmic aggregates in infection, this could suggest a larger response to host anti-

viral responses. In CHIKV and SFV, cytoplasmic nsP3 aggregates are reduced in mutants 

that fail to bind Ras-GTPase-activating protein (SH3-domain)-binding protein (G3BP), 

normal binding of which inhibits the formation of stress granules as a host anti-viral 

mechanism (Götte et al., 2018; Panas et al., 2014; Panas et al., 2012). Evidently, nsP3 

provides a natural resistance to host antiviral responses and likely does so in ONNV 

infection. As mentioned prior, aggregation of nsP3-mCherry in the perinuclear area may not 

be representative of all nsP3 sub-cellular localisation if the nsP3-mCherry fusion protein is 

cleaved in the cell, as Figure 3.12 may suggest. 

 

The formation of syncytia was observed in ONNV infection at MOI-10, at 48 hours. 

Described prior, syncytia are large, polynucleated cells formed via the fusion of infected 

cells. Syncytia form when infected cells incorporate the fusion proteins of viruses to their 

plasma membrane into the external environment. When they make contact with 

neighbouring cells, fusion proteins make contact with their corresponding cell receptor 

proteins and fusion is initiated, forming a polynucleated syncytia. This can occur between 

any number of cells. ONNV syncytia at 48 hours were large (over 100 μm), as displayed by 

figure 3.13, it would have been useful to observe early stage syncytia of significantly fewer 

cells to exemplify the process of syncytia formation. Though not recognised regularly in the 

literature as characteristic of alphaviral infection, syncytia formation has been observed in 

the neuroblastoma cell line SH-SY5Y cells when infected with CHIKV. The cells displayed 

the formation of syncytia between 36-48 hours, which is around the time syncytia was 

observed in ONNV infection (Dhanwani et al., 2012).  

 

Visualisation of nsP3 could have been performed using fluorescent live-cell imaging, using 

the nsP3-fluorescent fusion protein ONNV species for infection. This would allow live 
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imaging of the infection cycle; however without a fluorescent tag on other nsPs, it would not 

be possible to visualise colocalization of nsPs. Probes for cellular organelles could also be 

validated and adopted for use with IF assays to identify interactions or localisation of viral 

proteins around or within organelles. The western blot of ONNV nsP3 performed in this study 

(Figure 3.12) showed both whole and cleaved nsP3-fluorescent fusion proteins, suggesting 

cleavage within the cellular environment. If this is the case, images using nsP3-mCherry 

fluorescence such as Figures 3.13 and 3.14 will not provide accurate information about nsP3 

localisation in infection, as mentioned in 4.3.2.  

 

As the nature of investigation was to gain an understanding of possible nsP1 and 3 

colocalisation, we believe confocal immunofluorescence was the appropriate choice, but 

hesitant to make conclusions about nsP3 localisation due to cleavage of fluorescent fusion 

proteins.  

 

4.4.2 The nature of CPV-1 formation in ONNV infection 

 

Internalisation of the RCs in alphaviral infection creates CPV-1 vesicles, which contain large 

numbers of spherules, as such, they are the major site for ONNV genome replication and an 

area of localisation for nsPs. The formation of CPV-1 vesicles is the same in all alphaviral 

infections, but the processing of them differs; RCs are internalised in SFV infection while in 

CHIKV and SINV infections, spherules predominantly stay on the plasma membrane 

(Frolova et al., 2010; Spuul et al., 2010; Thaa et al., 2015). ONNV shows a higher degree of 

amino acid homology with CHIKV than SFV, so it was presumed RCs would also be 

internalised early in ONNV infection (Khan et al., 2002; UniProt, 2021).  For further study of 

the ONNV RC and individual nsPs, the localisation of RCs at different time points in the 

ONNV infection cycle would be paramount for knowing when to begin isolation of the RCs 

and which membranes they predominantly reside on. Isolation of RCs would allow for further 

insight into the alphaviral replication process. Once SFV RCs were isolated, in vitro 

replication assays were performed and found RCs to be capable of synthesising SFV gRNA, 

but could not utilise exogenous template RNA (Pietila et al., 2018). Insights into alphavirus 

replication such as this could be verified in more medically relevant models, like ONNV. 

Furthermore, isolated RCs also would allow investigation into the interconnected nature of 

the RdRp mentioned prior, an understanding of all nsPs is required as all four are required 

for RNA synthesis (Pietila et al., 2018). 

 

In the current study, an analysis of early ONNV infection in BHK-21 cells, treated with 100nM 

of the PI3K inhibitor Wortmannin, visualised via immunofluorescence (Figure 3.16), 
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demonstrated the migration of nsP3 from RCs to form puncta near the nucleus of cells. 

Alphavirus RCs are endocytosed in a PI3K and actin-myosin dependant manner, forming 

small internalised vesicles, which fuse with late endosomes and are transported by 

microtubules to the perinuclear area to form CPV-1s (Spuul et al., 2010). When cells are 

treated with Wortmannin, the PI3K prevents internalisation, blocking RC internalisation. 

Investigations found SFV viral replication was not halted by this, and an increase in RNA 

production was observed (Pietila et al., 2018; Spuul et al., 2010). If RCs are blocked to the 

plasma membrane by wortmannin’s presence, we can infer that nsP3’s cellular localisations 

are not a visualisation of the internalisation of RCs, rather a localisation independent of RCs. 

 

The migration of nsP3, rather than a permanent localisation to the RCs meant we were 

unable to accurately track the localisation or potential relocation of RCs during the 6 hour 

experiment. The early time points in comparison to other IF assays in this study was to 

mirror previous studies on alphavirus RCs, showing RC formation and internalisation within 6 

hours; RC isolation techniques in SFV were performed after 4 hours (Pietila et al., 2018; 

Spuul et al., 2010). nsP3 migration has been documented prior in alphaviruses; in SFV 

infection of BHK-21 cells, nsP3 migrated from the plasma membrane but was associated 

with RCs, denoted by dsRNA presence (Spuul et al., 2010). However, cytoplasmic 

aggregates separate from RCs have been observed in other alphavirus species and the 

levels of association vary depending on species (Götte et al., 2018). As previously 

mentioned, in CHIKV and SFV, nsP3 binding to Ras-GTPase-activating protein (SH3-

domain)-binding protein (G3BP), is associated with the inhibition of stress granule formation, 

a pro-viral protein-protein interaction (Götte et al., 2018; Panas et al., 2014; Panas et al., 

2012). Evidently, nsP3 provides pro-viral action in response to host antiviral responses out of 

RCs, while also playing a role in viral replication when present in RCs. The question we 

asked when designing this experiment was, “Do ONNV RCs internalise during infection, 

similar to some alphaviruses?”, and as such, the information gained does not definitively 

answer our question. 

 

To answer the question posed, a membrane-bound aspect of the RC could act as a marker 

protein to highlight the presence of spherules on the plasma membrane, as well as localise 

with spherules if they are relocated to CPVs. Described earlier, nsP1 binds to the plasma 

membrane to form pores that segregate the RC environment from the cytoplasm, making it 

an optimal marker protein for RCs. This has already proven effective, as shown in Figure 

3.13. An alternative to nsP1 would be using dsRNA (double stranded RNA) as a marker 

molecule for RCs; dsRNA are the template for positive strand viral RNA, and sub-genomic 

RNA, and translation of the dsRNA takes place within the RC in alphaviral infection, previous 
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studies have demonstrated its worth as an RC marker molecule (Frolova et al., 2010).  

 

4.5 ONNV Virion Structure and Potential Complications 

 

Using TEM images of ONNV virions, a 3D reconstruction of the ONNV virion was created 

from 65 particles, at a resolution of 32 Å, displaying an icosahedral arrangement of trimers 

and pentamers on the virion surface. Typical alphavirus structure, as displayed by CHIKV in 

figure 3.19 displays an icosahedral arrangement of pentamers and hexamers, though it must 

be noted the CHIKV average was generated from 36,236 CHIKV virions and is accurate to 

5.3 Å, allowing for heightened structural accuracy. There is a notable difference in diameter 

also, the generated ONNV structure is much smaller (~50nM) than TEM micrographs 

visualisations of other alphavirus virions (60-70nm). It was concluded that the 3D structure 

generated for ONNV may not be an accurate representation of the ONNV capsid. The 

minimal size of the ONNV average and relative lack of glycoproteins could suggest the 

structure is that of the nucleocapsid, this is further supported by a previous structural study 

of CHIKV nucleocapsid structures, which shows an icosahedral structure formed of E1, E2, 

E3 and 6K viral proteins (Yap et al., 2017). 

 

Reconstruction quality and reliability are often difficult to judge, with reconstructions of 

structures differing between published papers. The first initial judgement of whether the 

structure is correct is a comparison between the input images and the reconstruction itself. 

For our reconstruction, we find the reconstruction falls short on size, in electron micrographs 

ONNV virions show to be 60-70nm, but this itself is not an accurate way of measuring virion 

size.  

 

There are areas where our reconstruction faced setbacks that affected the quality of the 

reconstruction. First, the number of isolated virions used to generate the initial 3D structures 

was small; Determination of SFV’s virion structure used 5276 particles to determine the 

virion structure to a 9 Å resolution, and notably, in the resulting work, found fusion proteins 

across the spike proteins to be 10 Å (Mancini et al., 2000). The number of particles picked 

for reconstruction greatly heightens the resolution required to identify important structures 

present on the virion surface. Our structure was generated from 65 images at a resolution of 

32 Å, this resolution may not be enough to fully display the expected hexamer/pentamer 

structure of alphaviruses. This could be rectified by either increasing the number of virions 

used to generate the structure, and/or examine the ONNV virion using Cryo-EM. Cryo-EM 

has been used previously to produce high-resolution structures of icosahedral virion 

structures, including alphaviruses, at resolutions nearing the atomic level, at 3-4 Å (Baker et 
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al., 1999; Guo & Jiang, 2014). Vitrification of samples ensures a more native and 

representative structure for EM, this would clarify whether or not sample preparation or 

negative staining of the virions has altered their structure somehow (Guo & Jiang, 2014). 

This would also work to either validate or discredit the 3D structure generated, as well as its 

size. 

 

4.6 Future Work and Conclusions 

At time of writing, there are no licensed treatments or vaccines for any alphaviruses. This 

represents a significant humanitarian and economic risk as emergent alphavirus epidemics 

occur across the world, as shown in La Reunion with CHIKV. Better understanding of the 

alphaviral lifecycle and the viral proteins involved may lead to potential targets for treatment, 

as well as novel vaccine targets. For the first time, through the use of time course infections, 

we have characterised the replication and viral titres of 5 cell lines for propagation and study 

of ONNV. BHK-21 cells provide the greatest titre of all cell lines observed, while Huh7 cells 

released minimal virus over 72 hours. Though a number of mammalian and insect cell lines 

were used, cell lines more representative of ONNV’s insect vectors and human target cells 

should be examined in a similar manner. ONNV’s replication in multiple Ae. albopictus cell 

lines could have implications for ONNV vector specificity in the future and the risk an Ae. 

albopictus-competent ONNV poses for global health. Mentioned prior, Ae. albopictus’ 

geographical range has altered due to globalisation and climate change, posing new global 

health risks by bringing CHIKV into countries with susceptible human populations (Nasci, 

2014). A single amino acid substitution in the CHIKV E1 envelope protein which inferred an 

increase in Ae. albopictus vector competency; a comparison of E1 protein structures showed 

conservation of alanine at position 226 in ONNV; The substitution that was responsible for 

CHIKV’s increase in Ae. albopictus vector competency is likely possible for ONNV 

(Tsetsarkin et al., 2007; UniProt, 2021). 

We also validated claims that anti-CHIKV nsP antibodies are effective for use against ONNV 

nsP proteins, a valuable tool for present and future immunofluorescence experiments. 

Observations of nsP3-fusion protein cleavage were seen in P3ZsG and P3mCh infectious 

clones which, if cleavage occurs within the cellular environment, limits the reliability of these 

immunofluorescent marker proteins as markers for nsP3. Anti-CHIKV nsP2/4 antibodies 

should be validated the future studies, to allow for identification of all components of the RC.  

 

Through immunofluorescence, we have characterised the location of nsP1 and nsP3 in 

ONNV infected cells over 48 hours. nsP1 localises to the plasma membrane permanently 
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during infection, potentially labelling the RCs and nsP3 begins in the RC but migrates to the 

nuclei, forming puncta and likely supresses anti-viral stress responses produced by the cell. 

nsP3 was found to be unfit as a cellular marker for RCs and determining the presence of 

CPV-1s in ONNV infection; alternative markers were suggested for future investigation.  

 

Finally, we used TEM and negative staining to visualise ONNV virions and computationally 

generated and determined the 3D structure of the ONNV virion. There were a number of 

setbacks which limited the accuracy and resolution of our structure, these can be rectified 

using more virions for reconstruction, or higher-resolution imaging such as cryo-EM. Overall, 

this is the first time ONNV has been imaged in such a manner. Though the methodology 

requires further optimisation, our structure serves as an effective proof of principle and 

elucidates further avenues of investigation.  

 

This study allows for further investigations of alphavirus life-cycles, using ONNV, a BSL-2 

virus as a model organism. This will be especially useful for elucidation of aspects of the 

CHIKV lifecycle, ONNV’s closest genetic relative, through the use of studies prohibited for 

BSL-3 pathogens, like cryo-EM. Potential avenues of investigation could include studies of 

the ONNV replication virus via purification of RC-rich membranes, which would allow for 

investigation of their stability, their ability to replicate once isolated and nsP interactions 

within the RC itself. Similar investigations have been performed using SFV, displaying 

purified membrane fragments with RNA-synthesising activity retained (Pietila et al., 2018). 

Previously described, cryo-EM of the ONNV virion should be performed to confirm our 

observations, as well as identify protein structures not visible due to low resolution. 
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