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Abstract  

Zoonotic diseases and viral infections impose substantial health and economic 

challenges globally. Timely prediction, detection, and response to these threats 

are paramount for zoonoses prevention. Recent strides in next-generation 

sequencing and computational capabilities have elevated pathogen genomics to 

its application as a leading method for predication, and both real-time and 

retrospective tracking of zoonotic infections. 

Globally, there are a limited number of facilities which can routinely process and 

characterise hazard group 4 agents which cause high consequence viral 

infections. Many HG4 agents are underrepresented by genomic sequences in the 

public domain which prevents accurate prediction of risk regions and 

dissemination. Crimean-Congo haemorrhagic fever virus is a globally distributed 

virus with limited genomic representation compared to other forms of evidence, 

serological or molecular. This project characterised novel genomes from archival 

and contemporary clinical samples stored at Porton Down. We characterise the 

heterogeneous viral population circulating in Turkey in 2015 and corroborate 

current predictions for the global dissemination and divergence of CCHFv with its 

origin in Southern Africa.  

The COVID-19 pandemic provided a unique opportunity for the characterisation 

of sarbecoviruses from horseshoe bats in the UK. Prior to 2020, surveillance in 

horseshoe bats had been focused on populations in China and Hong Kong 

leaving a largely undefined western limit for sarbecoviruses within horseshoe bat 

populations. Here we detect and characterise the first Sarbecovirus from lesser 

horseshoe bats in Europe and the first in horseshoe bats in the UK. Additionally, 
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continued longitudinal surveillance highlighted an accelerated evolutionary rate 

within the receptor binding motif, potentially highlighting it as a zoonotic risk. 
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1 Introduction 

1.1 What are viruses? 

Towards the end of the 19th century, Adolf Mayer, a chemist-turned botanist, was 

tasked with investigating the etiological agent causing Tobacco mosaic disease. 

Initial investigations identified infection persistence under environmental 

conditions known to reduce bacterial infectivity such as humidity and 

temperature. Subsequent work by Ivanovsky and Beijerinck resulted in the 

discovery of an infectious agent they termed contagium vivum fluidum, “the virus” 

(Beijerinck, 1898; Bos, 1999; Lechevalier, 1972; Lecoq, 2001). The 

characterisation of foot and mouth disease virus (FMDV) as the causative agent 

of FMD by Friedrich Loeffler in 1898 marked the first identification of a virus 

causing infection in vertebrates (Brown, 2003; Loeffler & Frosch, 1897; Wittmann, 

1999). This was closely followed by the characterisation of the first virus capable 

of human infection, Yellow Fever Virus (YFV) in 1901 by US physician Walter 

Reed (Reed, 1901).  

Now more than a century later, our understanding of viruses has expanded and 

the massive diversity of the planetary virome has been revealed. With huge 

variation in viral characteristics including but not limited to, genome structure, 

replication strategy and virion composition.  

The Baltimore classification system was proposed in 1971 to classify viruses into 

seven categories, focused on genome structure and replication strategy 

(Baltimore, 1971; Koonin et al., 2021). Briefly, viruses can be grouped by DNA or 

RNA, and negative or positive polarity, which impacts the hijacking mechanism 

utilised for replication (Table 1-1).  
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 Genome structure Features and examples 
BC1  Double stranded DNA  Replicate exactly as host proteins e.g., Herpes  
BC2 Single stranded DNA Requires generation of a dsDNA intermediate 

for replication e.g., parvoviruses 
BC3 Double stranded RNA Require transcription prior to replication for 

mRNA generation e.g., Reovirus 
BC4 (+) RNA  Translated directly as if host mRNA e.g., 

Hepatitis C 
BC5  (-) RNA  Require transcription prior to translation e.g., 

Influenza  
BC6 RT-RNA Require a DNA intermediate for package of 

positive sense RNA which can then be 
integrated into the host genome e.g., HIV 

BC7 RT-dsDNA Require an RT step for generation of an RNA 
intermediate  

Table 1-1. The Baltimore classification system. 

 

1.2 DNA and RNA viruses 

All viruses exist in heterogeneous, fluctuating environments and constantly 

evolve to remain fit to inhabit them. Mutation rate refers to the replication error 

rate, whereas substitution rate describes the rate at which mutations are fixed 

within the genomic population. RNA viruses typically exhibit accelerated mutation 

rates compared to DNA viruses (10-4-10-6 to 10-6-10-8 substitutions per nucleotide 

site per cell infection (s/n/c)) as a result of the polymerase used in replication and 

the reduce genome size (Peck & Lauring, 2018). 

 Different polymerase enzymes are employed for RNA and DNA replication with 

differing fidelity, the incorporation of the correct nucleotide within the nascent 

RNA molecule. DNA polymerases typically have a proof-reading exonuclease 

function which removes noncognate nucleotides and reduces the error rate 

during replication (Choi, 2012). RNA polymerases typically lack this function, and 

the nascent RNA strand is therefore more likely to contain mis-matched bases, 

creating variation within the nucleic acid population. Interestingly, Coronaviruses 
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are the only RNA virus to express proteins exerting an exonuclease function (S. 

C. Baker & Lai, 1990; Deval & Gurard-Levin, 2022; Robson et al., 2020).  

A higher mutation rate has enforced the reduction of genome size within the RNA 

viruses to prevent accumulation of fatal mutations (Belshaw et al., 2007), 

whereas DNA viruses have larger genomes as transcripts encoding many more 

functional proteins can be replicated without fatal error. This comparatively rapid 

evolutionary rate, estimated between 1x10-3 – 1x10-6 substitutions per site per 

year, is much faster than mutation rates estimated for bacteria, 1x10-6 – 1x10-9 

(Domingo et al., 2021; Nachman & Crowell, 2000). 

 

1.3 Diversity within an RNA virus genomic population 

The erroneous nature of the RNA polymerase enzyme generates a pool of 

genomic variants upon which evolutionary selection can act, the minor variant 

population (K. Singh et al., 2023). Another term is commonly used 

interchangeably to describe this minority variant population, the quasispecies 

(Eigen, 1993). The quasispecies term is specifically referring to the minor 

variation as a cloud of diverse variants linked genetically by mutation, which 

cooperate on a functional level to contribute to the population’s characteristics 

(Lauring & Andino, 2010). In either case, within an infected cell, the erroneous 

replication process generates a heterogeneous viral population with mutations 

across the genome present at low levels within the overall genomic population 

(Sanjuán & Domingo-Calap, 2021; Vignuzzi et al., 2006). A large pool of genomic 

variants to select from results in a viral population which can rapidly evolve in the 

event of fluctuating selection pressures e.g., host-switching (de Vienne et al., 
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2013; Sharp & Hahn, 2010) and immune activation (Horton et al., 2002). This 

presents challenges for the development of both prophylactic and therapeutic 

preventative measures as they exert selection pressure upon the diverse 

underlying viral population, favouring the proliferation of resistant genotypes 

(Gerrish & García-Lerma, 2003; K. Singh et al., 2023). 

 

1.4 Recombination and Reassortment  

In addition to variation because of erroneous replication, co-infection of one host 

cell by multiple viral genotypes can provide opportunity for recombination and/or 

reassortment. This often results in accelerated evolutionary change as the 

resulting genome is a mosaic of the two parental lineages (Pérez-Losada et al., 

2015).  

There are different types of recombination which generate different combinations 

of parental nucleic acid. Homologous recombination refers to recombination at 

the same site in parental strands providing an in-frame recombination event. Non-

homologous recombination occurs at different sites in the two parental lineages, 

often giving rise to out of frame, mis-sense nascent RNA sequence (Galli & Bukh, 

2014).  

Through reassortment segmented viruses can exchange entire segments 

between co-infecting virions, resulting in new genomes with significantly different 

segment organisation (Cross & Fields, 1976; Vijaykrishna et al., 2015). 

Reassortment is best studied with regards to the generation of influenza virus 

variants (Gerber et al., 2014; Richman et al., 1977), but is also reported 

commonly for Bunyaviruses, such as Crimean-Congo haemorrhagic fever virus 
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(CCHFv) (Briese et al., 2013; Hewson et al., 2004). In evolutionary terms, 

reassorted viruses are comprised of genomic segments with disparate 

evolutionary timelines. Thus, the majority of reassortment detection methods are 

constructed upon the hypothesis that phylogenetic incongruence supported by 

high bootstrap support between phylogenies inferred from different segments of 

one virus, are often resulting from reassortment (Svinti et al., 2013).  

 

1.5 Emerging infectious disease and zoonotic spillover 

An infectious disease can be defined as illness resulting from a pathogen or its 

toxic produce caused by transmission from an infected person, animal or 

contaminated object to a susceptible host (van Seventer & Hochberg, 2017). 

Emerging infectious diseases (EID) are defined as those newly appearing in a 

population or rapidly becoming more prevalent in a previously unaffected area 

(McArthur, 2019).  

Many EIDs result from zoonotic spillover. Zoonotic spillover is the transmission 

of a pathogen from a reservoir species to a human host, but does not include 

transmission by arthropod vectors e.g., ticks, mosquitos (Plowright et al., 2017). 

Fundamental to zoonotic spillover are the reservoirs within which agents circulate 

prior to spilling into the human population. A comprehensive literature review 

identified 61% of etiological agents causing illness in humans as zoonotic, 

compared to just 3% which utilise the human population as a reservoir (Taylor et 

al., 2001). Thus, targeting the interactions between the reservoir and human 

population and understanding how spillover events occur could significantly 

reduce the public health burden of infectious disease. The term “One Health, One 
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World” was first termed after the initial SARS-CoV outbreak, where the Manhattan 

Principles were generated with the aim of elucidating the mutual relationship 

between human and animal health to reduce the threat presented by spillover 

events (Mackenzie & Jeggo, 2019). 

 

Multiple factors influence the resulting epidemiology of a spillover event (Figure 

1-1). Assuming factors have aligned sufficiently to facilitate a spillover, there are 

two main outcomes: transmission throughout an immune naïve population and 

Figure 1-1.  Zoonotic spillover. 
A schematic to demonstrate factors influencing the outcome of a spillover event. Created with 

BioRender.com. 
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causing infection (i.e. becoming endemic or pandemic), or dead end spillover 

where environmental or pathogen-related factors prevent maintenance in the 

population (Ellwanger & Chies, 2021).  

One critical determinant is the type of pathogen, and specifically for viral spillover, 

the viral species involved. The route of transmission employed by the virus 

particle influences its epidemiological dynamics within the population. For 

instance, bloodborne viruses like CCHFv and Ebola virus (EBOV) typically exhibit 

comparative lower dissemination rates compared to respiratory viruses such as 

influenza virus. This discrepancy arises from the need for direct contact for 

transmission, which is characteristic of bloodborne viruses, contrasting with rapid 

transmission facilitated by respiratory droplet transmission (Burrell et al., 2017). 

Other factors can be categorised into inter-species, inter-host, and intra-host 

factors (Figure 1-1). Inter-species factors refer to the interaction between the 

reservoir population and other populations which can be targeted for spillover 

prevention. For example, the introduction of rodent control measures in 

geographical locations with Lassa Virus (LASV) circulation reduces interactions 

between rodents and humans (Mari Saez et al., 2018). Inter-host refers to factors 

influencing interactions between individual members of a single population, either 

the reservoir or others. For example a high host density such as living in a 

metropolis such as New York City, increases potential transmission by proximity 

to susceptible hosts within the population (Sy et al., 2021). Intra-host refers to 

factors influencing the outcome of infection from a single individual. For example 

comorbidities such as obesity have been associated with negative outcomes 

upon infection with a virus (Badawi et al., 2018; Marimoutou et al., 2003; C. D. 

Russell et al., 2023). 
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1.6 Reverse zoonosis  

Zoonotic spillover can also occur in the reverse direction, from a human into the 

known reservoir or naïve species (Ellwanger & Chies, 2021). Reverse spillover 

provides opportunity for rapid viral adaptation within the new host, allowing for 

the generation of pools harbouring heterogeneous viral genotypes. These 

genotypes can then spill back into the human or other population (Figure 1-2). 

Influenza A virus is one of the major global pandemic threats, with the swine 

population acting as a mixing vessel for different variants and raising concerns of 

reassortment between avian and mammalian influenza strains. Most attention is 

directed towards spillover into humans after influenza virus mixing and 

reassortment within an intermediate swine host. However, there is significant 

evidence which supports the repeated introduction of avian influenza virus from 

humans into the swine population, (Cappuccio et al., 2011; Karasin et al., 2000; 

Nelson & Vincent, 2015; Ottis et al., 1982). 

SARS-CoV-2 represents a unique risk for reverse zoonoses as a large majority 

of the global population has been infected between late 2019 and the present 

day. There have been many instances of reverse zoonosis of SARS-CoV-2 into 

animal populations, globally. Many reports have been into companion animals 

because of their proximity to humans infected with high viral titres with the first 

instance reported in a Pomeranian from Hong Kong (Sit et al., 2020). Since 2020, 

SARS-CoV-2 infections in animals resulting from transmission from humans has 

been reported in Europe, North and South America, Asia and Africa (Pramod et 

al., 2021). The importance of reverse zoonotic interactions were highlighted upon 

detection of extensive SARS-CoV-2 infection at mink farms in the Netherlands 
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with onward transmissions spilling back into the human population (Oude 

Munnink et al., 2020, 2021).  

 

1.7 A history of pandemics 

Throughout history, EIDs have exerted a significant public health burden globally. 

The first recorded viral pandemic, “Russian flu”, was reported between 1889-94. 

This is termed “flu” but considering the transmissibility and low case fatality rates 

Figure 1-2. Reverse zoonosis.  

 
A schematic to demonstrate a potential route of reverse zoonosis. Starting with a circulating virus 

in the human population. A human with high viral load encounters a susceptible animal species 

who then becomes infected (inter-species). Viral replication in a previously naïve host facilitates 
uncontrolled viral replication while the innate immune system mounts its initial response. The 

naïve immune system also exerts a different selection pressure upon this large viral population 

within the naïve animal and thus selects for different variants from a large pool of genotypes. The 

selected genotype can then undergo transmission to other animals of the same species, or back 

into the human population, possibly with altered pathogenicity. Created with BioRender.com. 
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observed during the COVID-19 pandemic, it has been hypothesised that a 

coronavirus was the etiological agent (Berche, 2022; Parsons, 1891).  

Since the start of the 20th century, there have been three influenza pandemics (Al 

Hajjar & McIntosh, 2010; Cockburn et al., 1969; Honigsbaum, 2020; Kilbourne, 

2006; Martini et al., 2019; Schäffr et al., 1993; Taubenberger & Morens, 2006), 

two coronavirus pandemics, SARS-CoV, SARS-CoV-2 (Stadler et al., 2003; Zhou 

et al., 2020) and an ongoing, retroviridae pandemic (HIV).  

In 150 years, the global population have recorded and overcome/are still tackling 

six different viral pandemics all with likely animal origin. Given the increased 

connectivity in the global population in the 21st century, preparedness is a 

necessity with regards to containing further pandemics and minimising the 

potential economic and health burdens.  

 

1.8 Bats as a reservoir of viral pathogens 

Bats (order Chiroptera) are a monophyletic mammalian clade (Lei & Dong. 2016) 

of >1400 species (Fenton et al. 2015) which diversified from other mammalian 

lineages an estimated 65 million years ago (MYA) (O’Leary et al., 2013). This 

comprises >22% of extant mammalian species globally, superseded only by 

Rodentia (Burgin et al., 2018).  

The divergence of Chiroptera into two suborders, Yinpterochiroptera and 

Yangochiroptera (previously Mega- and Microchiroptera), is hypothesised to 

have occurred >50 million years ago (MYA). Previously, higher order chiropteran 

taxonomic classification was based on echolocation ability with the 

Microchiroptera suborder containing true echolocators. Molecular data has 
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provided the basis for reclassification into Yinpterochiroptera and 

Yangochiroptera. (Jones & Teeling, 2006; Tsagkogeorga et al., 2013). 

Yinpterochiroptera is inclusive of megabats and five microbat families previous 

classified as Microchiroptera: Rhinopomatidae, Rhinolophidae, Hipposdierae, 

Craseonycteridae and megadermatidae (Tsagkogeorga et al., 2013) thus 

indicating some echolocating bat families are more evolutionary related to old 

world fruit bats than other echolocating members of the Yangochiroptera 

(Tsagkogeorga et al., 2013).  

Bats play key roles for human populations such as ecosystem management. 

Roles such as predating on many agricultural pests having both production 

economic consequences (Boyles et al., 2011), and pollinating a variety of plants 

globally via seed dispersal (Fujita, 1991; Kasso & Balakrishnan, 2013). As a result 

of the link between bat populations and high consequence viruses, they can be 

targeted when aiming for reduced zoonotic spillover, disregarding these 

ecosystem roles.  

However, bats can harbour viruses with pandemic potential as demonstrated by 

the SARS-CoV and SARS-CoV-2 and, as mentioned, an association with other 

high consequence viruses such as EBOV, Marburg, Nipah and Hendra viruses 

(Calisher et al., 2006; Epstein et al., 2020; Koch et al., 2020; O’Shea et al., 2014). 

Despite harbouring high consequence viral pathogens, there are limited reports 

of fatalities resulting from viral infection. The basis for the immunity to viral 

infection demonstrated by bat populations has been and is subject of continued 

research efforts in different fields e.g., host evolution, immunology, and ecology. 
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Evolutionarily, bats diverged from other mammalian lineages an estimated 65 

MYA around the time of the Cretaceous-Paleogene (K-Pg) extinction event. The 

subsequent period was characterised by low species richness preventing inter-

species viral dissemination and providing opportunity for a unique and extended 

temporal scale for virus-host evolution (P. Gupta et al., 2021). 

Bats are also the sole mammalian lineage capable of extended flight and can 

cover large distances, providing means of transmission. This provides the basis 

for which viruses with mammalian tropisms can cover large distances, rapidly. 

This unique ability is likely the key factor in driving the observation of more 

zoonotic viruses in bats compared to rodents, despite greater species numbers 

for Rodentia (Luis et al., 2013). Bats have also undergone diverse speciation, 

providing a wide range of transmission opportunities (Guy et al., 2020) with only 

small numbers of extant species under surveillance (Phelps et al., 2019) resulting 

from economic drivers, inadequate provision globally, lack of academic 

motivation or an absence of global cooperation.  

Multispecies roosts provide opportunity for widespread inter-species 

transmission. Simulated models predicted successful roost circulation resulted 

from uncontrolled heterogeneous species mixing. This resulted in more frequent 

spillover events from infected roosts into susceptible populations (Lunn et al., 

2021). These environments provide opportunity for episodic accelerations in viral 

evolution associated with inter- and intra-species transmission events within a 

single roost. The resulting viral genomic population will harbour a diverse 

pangenome for the virus with the potential for spillover.  
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The immunological status and innate immune responses provide molecular 

mechanisms which promote resistance or tolerance to infection (Schneider & 

Ayres. 2008). The immune system of bats is of particular interest because of the 

number of human pathogens associated with circulation in bat populations. Early 

definitions of the bat innate and adaptive immune systems identified comparable 

immune cell populations to other mammalian species (M. L. Baker et al., 2013) 

suggesting the innate response is a main driver for the viral immunity observed 

in bats. The baseline expression of type 1 interferons (IFNα) in Pteropus alecto 

is increased compared to human type 1 interferon expression despite a reduced 

number of interferon genes (Zhou et al., 2016). Other observations such as 

different patterns of expression of IRF7 and enhanced IRF3-mediated antiviral 

responses may also impact susceptibility to viral infection (Irving et al., 2021).  

 

1.9 Metagenomics for viral detection and characterisation 

Metagenomic methods aim to capture an accurate representation of all nucleic 

acid contained within a sample. Advances in next generation sequencing (NGS) 

technologies and increases in computational power paired with metagenomic 

amplification methods have allowed researchers to target all potential pathogens. 

The first application of metagenomics to virus discovery was in 2002 (Breitbart et 

al., 2002), aiming to characterise the virome of marine samples. The nucleic acid 

was sheared and amplified following attachment of dsDNA linkers to fragment 

ends, termed linker amplified shotgun libraries. The same approach was then 

used to discover 1200 novel viral genotypes from human faeces, demonstrating 

the power of metagenomics for discovery of the human virome (Breitbart et al., 

2003). Since 2002, the number of studies within which metagenomics were used 
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has increased massively, and the scope of application increased equally (Mokili 

et al., 2012). 

There are many methodologies available for metagenomics. The choice of which 

is dependent on several factors. Two key considerations are the genome type 

Figure 1-3. mNGS pathways. 

A schematic demonstrating the three main avenues of processing nucleic acids for metagenomic 
NGS. This does not include prior steps of nucleic acid extraction and enrichment steps such as 

DNase treatment. The pathway labelled A represent the traditional shotgun sequencing approach 

to metagenomics. There is no amplification of target nucleic acid and includes fragmentation and 

barcoding steps before sequencing. The pathway A is also applicable to DNA pathogens where 

amplification is not desired and nucleic acid in the sample is barcoded and then sequenced. The 

pathway labelled B represents the metagenomic pipeline for DNA based pathogens when 

amplification of specific pan bacterial genes (16s) is desired. The pathway C represents the 
metagenomic pipeline for RNA viruses. There is an addition of a reverse transcription step with a 

random oligo with a known tag. This known tag is targeted in the addition of a second oligo if 

amplification is desired. cDNA from this pipeline can be used for mNGS either unamplified or 

amplified. Created with BioRender.com. 
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(RNA vs DNA) and whether amplification of the nucleic acid in the sample is 

desirable (Figure 1-3). 

Direct detection of viruses can be achieved by either molecular or immunoassay-

based techniques without the need for propagation. Molecular assays focus on 

detection, amplification and in some cases, quantification of viral nucleic acid e.g., 

qRT-PCR. Immuno-based assays include traditional serological techniques such 

as Enzyme-linked Immunosorbent Assays (ELISA) and provide viral detection 

during or after viral infection (Cassedy et al., 2021) (Table 1-2). The use of mNGS 

can offset some of the disadvantages of other viral detection methodologies in 

samples with a high viral load (Table 1-3). 

 

Method Type 
Quantitative Real Time PCR Molecular 
Loop Mediation Isothermal Amplification Molecular 
Recombinase Polymerase Amplification Molecular 
Helicase-dependent Amplification Molecular 
Rolling Circle Amplification Molecular 
CRISPR-Cas9-Based Nucleic Acid Detection Molecular 
Enzyme-Linked Immunosorbent Assays (ELISA) Immunoassay 
Blotting techniques Immunoassay 
Lateral Flow Immunoassay Immunoassay 

Table 1-2. Assays for pathogen detection. 

 

A boom in RNA virus discovery over recent years has resulted from 

improvements in NGS and surveillance in at risk reservoir species for potential 

zoonoses under the one health approach (Ergünay, 2021). The advancement of 

metagenomic methodologies have undoubtedly contributed to this massive 

expansion of knowledge around the global virome, especially the vertebrate RNA 
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virome (Edgar et al., 2022; Kawasaki et al., 2021; Nakagawa et al., 2023; Neri et 

al., 2022; Shi et al., 2023). 

 

Advantages Disadvantages 
Detection of unknown pathogens low viral load samples can be incorrectly 

negative because of reduced sensitivity 

Removes pre-assay work e.g., 
designing of primers 

High computational demands for data 
processing  

Detection of co-infections Background noise (host reads) 
Provides details of minor variation 
present in quasispecies when paired 
with deep sequencing 

Requires development and knowledge of 
tools for assembly of reads from 
metagenomic amplification 

Application to any sequencing 
technology 

Currently limited read length so perhaps 
not utilising the full power of long read 
sequencing technologies 

An internal control can be spiked at a 
known concentration to provide 
quantification 

Cost 

 Cross-contamination 

Table 1-3. mNGS for pathogen detection. 

 

1.10 Molecular phylogenetics  

The rapid improvement of sequencing technologies and storage capabilities for 

genomic data has facilitated the development of molecular phylogenetic methods 

as a crucial tool for evolutionary biology. Phylogenetic methods are now an 

important tool in a large number of biologically relevant analyses e.g., defining 

the history of different populations (Bowcock et al., 1994), genome comparisons 

(Sicheritz-Pontén & Andersson, 2001) and reconstruction of ancestral genomes 

(Dobzhansky & Sturtevant, 1938; Joy et al., 2016; Z. Yang & Rannala, 2012). 
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1.10.1 Constructing phylogenetic trees  

 

A phylogenetic tree is a method of representing relatedness between different 

organisms from molecular or other datatypes (Figure 1-4). A phylogenetic tree is 

a graph containing nodes, branches, and tips. The tips represent the data from 

which the tree is generated from. The branches depict changes over time 

(phylogenetic distance from the root) and depending on the methodology used to 

infer the phylogeny, can refer to genetic distance or time. Nodes represent 

coalescence events where the descendant tips coalesce into one ancestral state, 

termed the most recent common ancestor (MRCA). Tips can be grouped into 

either mono- or paraphyletic groups. Monophyletic groups contain clusters of tips 

Figure 1-4. A hypothetical phylogenetic tree. 

A schematic introducing key terms and concepts for molecular phylogenetics. Created with 

BioRender.com. 
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where the MRCA to all descending tips is included in the clade, whereas 

paraphyly refers to a group in absence of the MRCA node. 

 

1.10.1.1 From alignment to topology  

In molecular phylogenetics, trees and their topology are inferred from a set of 

nucleotide or amino acid sequences termed an alignment. The sequences in the 

alignment can be compared by either distance or character-based methods 

(Figure 1-5). In distance-based methods, the entire sequence is treated as “one” 

object and compared in this manner to other sequences in the alignment to group 

most similar sequences (e.g., neighbour joining). In character-based methods, 

sequences are compared in a character-wise approach (e.g., maximum 

parsimony, maximum likelihood, Bayesian inference). Sequence comparison 

aims to identify Single Nucleotide Polymorphisms (SNPs), regions of similarities 

and common insertions/deletions (indels), which are used to cluster the most 

closely related sequences.  

Phylogenetic inference under character- and likelihood-based methodologies 

require a underlying substitution model (Kapli et al., 2020). The substitution model 

is used for modelling transitional probabilities between nucleotides in the 

alignment as a representation of the evolutionary process under which the 

alignment has been generated in nature (how all the sequences have evolved 

with regards to one another) (Arenas, 2015).  

Many different substitution models have been proposed to describe the 

evolutionary process, allowing varying degrees of flexibility for parameters such 

as nucleotide exchange rates, the proportion of invariant sites, nucleotide 



 
 

28 
 

frequency and rate heterogeneity within a single sequence (Arenas, 2015; Z. 

Yang & Rannala, 2012).  

 

The alignment and substitution model are used to generate a distance matrix 

which is forms the basis of the phylogenetic topology (Agarwala et al., 1998; 

Saitou & Nei, 1986). The distance matrix contains a numerical value which 

represents the genetic distance between all sequences, which is then 

represented by branch lengths in the topology.  

Character-based methodologies are fundamental to maximum parsimony, 

maximum likelihood, and Bayesian inference. The most basic is parsimony-

based inference as the criteria aims to reduce the total character state changes 

Figure 1-5. The two phylogenetic methods. 

A schematic showing the two alignment-based methods at the start of phylogeny construction. 

Created with BioRender.com. 

 



 
 

29 
 

required to account for the variation in the alignment, and this forms the 

phylogenetic topology (Edwards & SForza, 1963; Steel & Penny, 2000). This is 

not based on an underlying model and thus does not account for any parameters 

included in maximum likelihood and Bayesian inference.  

Under a maximum-likelihood framework the calculated likelihood is the optimal 

likelihood of the DNA sequences being observed as a function of the unknown 

topology and branch lengths. Thus, the estimated branch lengths and substitution 

rate support the observed diversity in the nucleotide alignment at the optimal 

likelihood (Dhar & Minin, 2016).  

The nucleotide substitution model is important in this process as the parameters 

provided are utilised during the likelihood calculation to constrain the range 

sampled for the final likelihood. However, early comparisons of the impact of 

nucleotide substitution models on phylogenetic estimation suggested topology 

may be robust despite incorrect model selection (Z. Yang et al., 1994) but can 

reduce accuracy of ancestrally reconstructed protein sequences (Del Amparo & 

Arenas, 2022). 

 

1.10.2 Estimating evolutionary rates 

1.10.2.1 Evolutionary models of increasing complexity capture biological systems 

with improved accuracy  

The simplest nucleotide substitution model was proposed by Jukes and Cantor 

proposing uniform nucleotide exchange rates (Jukes & Cantor, 1968). The JC69 

model represents a formal model of the hypothesis presented by Zuckerkandl 

and Pauling, who hypothesised a constant evolutionary rate, termed the strict 
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molecular clock (Dickerson, 1971; Kimura, 1965; Margoliash, 1963; Zuckerkandl 

& Pauling, 1962, 1965a, 1965b).  

The JC69 model was extended by Kimura who proposed the addition of different 

exchange rates for transitions and transversions resulting from the chemical 

composition of purines and pyrimidine nucleotides (Kimura, 1980). Felsenstein 

then proposed that the frequency of nucleotides is variable for all four nucleotides 

and thus rates are frequency dependant (Felsenstein, 1981). The general time 

reversible model (GTR) allows each nucleotide to have its own transition 

probability independently and in accordance with its frequency (Lanave et al., 

1984) providing researchers with high levels of flexibility.  

 

1.10.2.2 Accounting for rate variation between lineages, genes, and sites 

A limitation of early evolutionary models was the inability to vary evolutionary 

rates between lineages, genes, and sites within a gene. Inherently, at all scales, 

rates demonstrate heterogeneity. Viral lineages evolve at different rates because 

of ecological niches, geographic regions, or hosts (Spielman et al., 2019). Genes 

can evolve at different rates because of different functional impacts on viral 

fitness (Narain & Chakraborty, 1987). Sites within a gene can evolve at different 

rates because of domain specific functions within a protein e.g., the active site of 

an enzyme would be constrained and evolve more slowly than functionally 

irrelevant regions (Figure 1-6) (Philippe et al., 2003). As substitution models have 

increased in complexity, a gamma-distribution (Γ) is used to allowed transitional 

rate variation between sites of the same gene or genome. This variation is 

represented by a Γ-distribution to model a range of evolutionary rates (Figure 1-6) 

(Z. Yang, 1993). The shape parameter, α, provides the numerical value 
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determining the shape of the Γ-distribution. A high α suggests little variation in 

rate across the gene, whereas a low α suggests the inverse. Some nucleotide 

substitution models bin rates from across the gene into different categories, 

termed a discrete Γ-rate heterogeneity modelling and the number of categories 

can often be manipulated by the investigator. 

 

Figure 1-6. Types of heterogeneity within genomic sequences.  

A 

B 

Rate variation across genes can be termed “gene effects” and rate variation across lineages 

can be termed “lineage effects” (A). The Γ-distribution is a continuous probability distribution 

which when implemented under evolutionary models permits different regions across a gene or 

genome to exhibit differences in evolutionary rates (B). 
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1.10.3 Relaxing the molecular clock to account for variation in evolutionary 

rates caused by many biological factors  

The molecular clock was initially hypothesised to represent a strict evolutionary 

rate across all organisms (Zuckerkandl & Pauling, 1962, 1965a) which was met 

with resistance as others hypothesised rates of evolution would vary widely over 

time with changes in selection pressures e.g. environmental conditions 

(Bromham et al., 2018; Bromham & Penny, 2003). It is now known that molecular 

evolution fluctuates across multiple planes, time, genomic regions both in close 

and far proximity and between lineages when comparing genomes and/or genes. 

To account for this variation of rates across different planes, models now exist for 

relaxation of the assumption of rate constancy.  

For the molecular clock to be utilised as a tool for defining evolutionary timescales 

and divergence dating, calibrations are required to place the observed diversity 

within a temporal scale (Duchêne et al., 2014). Within viral phylogenetics where 

samples tend to be collected and sequenced in relatively modern times (since 

1900), this tends to be a collection date. Other calibration methods include the 

use of fossils, geological evidence e.g. the formation of large geographic 

structures (mountain ranges, islands), climatic evidence and previously published 

results (Ho et al., 2015).  

There are two main categories under which modern models for relaxing the 

molecular clock are placed into: relaxed clock models where the rate can change 

at any node or branch across the phylogeny, and local clock models, where 

clades are assumed to possess local clocks which are conserved among closely 

related sequences (Figure 1-7).  



 
 

33 
 

 

Many different models have been proposed for modelling the process of evolution 

across a phylogeny (Aris-Brosou & Yang, 2003; Drummon et al., 2003; 

Huelsenbeck et al., 2000; Kishino et al., 2001; Sanderson, 1997, 2002). These 

fall into two broad categories: nonparametric models which do not assume 

statistical distributions for parameters such as evolutionary rate, and parametric 

models which assume statistical distributions as a method of allowing uncertainty 

across different parameter estimates for example, a normal distribution (Figure 

Figure 1-7. Methods for relaxing the clock. 

A B 

C 
D 

A schematic demonstrating four commonly employed options which can be used for evolutionary 

rate estimation and divergence time estimating by relaxing the molecular clock. Rate is depicted 

as colour along the branch as a red-blue scale (red, fast) A strict clock is not shown, but one rate 

is applied across the tree. In a relaxed autocorrelated model (A), the descendant branches are 

limited in the rate variation which can occur. For a relaxed uncorrelated model, the descendant 
rate is not reliant on parental branches. Other options include a random local clock (C) and a 

fixed local clock (D). Local clock models look to identify clades which share evolutionary rates. In 

a fixed local clock model, the taxa ids for the clades are provided e.g., Clade 1 (C1), clade 2 (C2), 

and clade 3 (C3). 
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1-8). A complete explanation of these models and the statistical strengths and 

weaknesses fall outside the scope of this thesis but the benefits of allowing 

uncertainty in evolutionary models will be discussed. 

 

1.10.4 How does phylogenetic tree construction under a Bayesian 

framework add to this process? 

In non-Bayesian phylogenetic tree construction, the topology is inferred using the 

evolutionary data stored within an alignment and the branching pattern 

represents relatedness based on the genetic distance stored in the matrix. These 

phylogenies can be useful for a variety of tasks without the complex and 

computationally extensive Bayesian process, including but not limited to testing 

Figure 1-8. A normally distributed prior for the evolutionary rate.  

The mean rate as is expected to be around 10-3 -10-4and is provided a standard deviation of 

0.1. This model would allow rate estimates using the information stored within the nucleotide 

alignment to be within the bounds of the statistical distribution. Created with BioRender.com. 
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phylogenetic hypothesises e.g., testing monophyly, mapping discrete or 

continuous traits to phylogenetic topology and comparing genomes.  

However, phylogenetic inference under a Bayesian framework offers different 

avenues of investigation and thus can be used to answer different evolutionary 

questions. It allows the researcher to provide prior knowledge about the biological 

system being modelled to improve estimates. For example, for ancient 

phylogenies such as that of Simian Immunodeficiency virus (SIV), there are 

certain historical events which can be used to provide calibration points in the 

phylogeny. The formation of Bioko Island isolated a population of the Bioko 

species from the mainland. Enforcing this separation event pushes the age of the 

SIV most recent common ancestor (MRCA) back (Worobey et al., 2010). 

Calibration dates can also be in the form of previous publications characterising 

features of the virus being studied e.g., evolutionary rate, which can then be used.  

Under a Bayesian statistical framework, the user can allow uncertainty around 

specific parameters by providing a statistical distribution around suitable values 

for the biological system. The allocation of a statistical distribution facilitates 

handling parameters such as coalescence points (MRCA) and evolutionary rates 

across a phylogeny and can provide a range of values within a 95% confidence 

interval (CI) (Nascimento et al., 2017).  

The features provided under a Bayesian framework with the ability to relax the 

molecular clock for accurate variation of rate across time provides the ability to 

generate time-scaled phylogenies using tools such as Bayesian Evolution 

Analysis by Samling Trees (BEAST) (Drummond & Rambaut, 2007).  
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1.11 Phylodynamics, phylogeography and tracking RNA viruses  

Phylodynamics refers to the field investigating the behaviour of pathogens which 

cause infectious diseases from an evolutionary (pathogen) and ecological 

(epidemiological) perspective (Grenfell et al., 2004). As a rule, epidemic 

dynamics are reliant on a continuous source of susceptible individuals for ongoing 

infection which provides the basis for SIR model (Featherstone et al., 2022). The 

temporal scale over which the epidemic occurs is an important consideration 

when considering pathogen dynamics. Epidemics tend to be limited in duration 

and RNA viruses are excellent candidates because of the rapid evolutionary rate. 

This rapid evolution leaves a molecular footprint across a measurable temporal 

scale which represents the microevolutionary processes, which can be used to 

correlate specific genotypes to points in time (Drummond et al., 2003; 

Featherstone et al., 2022).  

This genotypic variation has historically been qualitatively observed spatially 

across populations and this variation could be harnessed for hypothesises 

regarding gene flow and movement of populations (Templeton, 1998).  

Phylogeographic methodologies now aid the public health response by 

uncovering epidemiological transmission and spread of pathogens across 

geographic regions (Faria et al., 2011). Phylogenetic reconstructions of these 

viral outbreaks can be linked to spatial processes such as viral diffusion between 

locations but are limited by quality of metadata attached to the sequence. This 

approach has been useful in highlighting the impact of the initial spread of 

epizootic rabies and how it has shaped the modern viral distributions (Biek et al., 

2007), the origin of the 2009 H1N1 epidemic (G. J. D. Smith et al., 2009) and 
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extensively used for tracking the dissemination of SARS-CoV-2 (Attwood et al., 

2022; du Plessis et al., 2021; Paredes et al., 2022; Tsui et al., 2023).  

 

1.12 Project aims 

This thesis is composed of two projects rooted in the prediction and prevention 

of zoonoses. Project one aimed to first generate novel genomes using mNGS 

from archival and contemporary clinical CCHF samples stored at Porton Down. 

We hypothesised that the addition of novel sequences to a curated CCHFv 

dataset containing all publicly available sequences and those generated in this 

study would facilitate the identification of geographic regions at risk of outbreaks 

with virulent strains and highlight common transmission routes. The additional 

novel genome sequences were used for determination of the molecular 

epidemiology of CCHFv globally with the aim of identifying geographic regions at 

risk of strains associated with increased pathogenicity. Bayesian phylodynamic 

and phylogeographic methods were then employed for inference of evolutionary 

rates across the CCHFv clades in the small segment, and prediction of 

dissemination of CCHFv across time. The novel dataset was also used for 

detecting regions under selection across the three genomic segments for 

identification of therapeutic targets. 

More specifically, because of the bias towards CCHFv samples from one 

outbreak in Turkey, we hypothesised that the generation of genomes for the 2015 

Turkey outbreak would allow inference regarding the viral population circulating 

in Turkey at that time.  
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Project two materialised because of the COVID-19 pandemic. We hypothesised 

that UK horseshoe bat populations likely harboured coronaviruses, particularly 

sarbecoviruses, as observed in eastern Asia, Africa, and to a lesser extent, 

Europe. Faecal samples were collected from a single Rhinolophus hipposideros 

(lesser horseshoe) roost across four years (2020-2023). mNGS and targeted 

amplification approaches were used to first, detect, and then characterise 

sarbecoviruses circulating within the roost. Other roosts in the south of England 

were included in the project as to further characterise lesser horseshoe bats as 

a reservoir and to detect other viruses in UK bat species.  
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2 Materials and Methodology 

2.1 Crimean-Congo haemorrhagic fever virus sample pre-

processing  

2.1.1 CCHFv sample selection 

At Porton Down historical and contemporary CCHFv samples from suspected 

and confirmed cases are stored at the BSL containment level 4 facility. 19 

samples were retrieved from storage and propagated before sequencing. 41 

samples were processed without propagation (Appendix 1, Appendix 2).  

 

2.1.2 Inactivation, extraction, and DNase treatment of nucleic acids from 

CCHFv samples  

Historical and contemporary samples from clinical samples or tissue culture were 

inactivated at BSL containment level 4. Nucleic acid was extracted using the 

manual extraction QIAamp viral RNA kit (Qiagen) as per manufacturer 

instructions. The eluate was DNase treated with TURBO DNase (ThermoFisher) 

and incubated at 37 ºC for 30 minutes (Table 2-1). 

 

Reagent  Volume (µL) 
10X TURBO DNase buffer 4 
TURBO DNase enzyme 1 
Sample 45 
Total 50 

Table 2-1. Turbo DNase reaction constituents. 

 

DNase treated nucleic acid was cleaned with Zymo RNA clean and concentrator 

kit (Zymo Research). 100 µL RNA binding buffer and 150 µL molecular grade 
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ethanol was added to the sample and mixed by pipetting. This solution was added 

to a Zymo RNA spin column for centrifuging. After each step the flowthrough is 

discarded, with the eluate being retained. First the sample was centrifuged at 

16000g x 30 seconds. 400 µL RNA preparation buffer was added and centrifuged 

at 16000g x 30 seconds. 400 µL RNA wash buffer was added to the column and 

centrifuged at 16000g x 30 seconds, discarding flowthrough, and centrifuged 

again at 16000g x 30 seconds to remove excess reagent. 50 µL molecular grade 

water was added to the column, incubated for 2 minutes, and eluate retained after 

being centrifuged for 30 seconds at 16000g. 

 

2.2 UK bat dropping collection and pre-processing 

2.2.1 Sample collection and selection 

2.2.1.1 2020 Cinderford samples 

Faecal samples were collected from Rhinolophus hipposideros (lesser 

horseshoe) bats during an annual population survey in Gloucestershire in June 

2020 (Appendix 3). A sterile sheet was placed beneath a roost and left for 30 

minutes. Pellets were then collected and stored in 2 mL RNALater, at -20°C.  

 

2.2.1.2 2021 Cinderford samples 

Faecal samples were collected from the Gloucestershire roost in June and July 

2021 (Appendix 4). Pellets were collected as above but placed in 1 mL virus 

transport media SIGMA-VIROCULT (Medical Wire & Equipment Co Ltd) (VTM) 

to preserve viable virus for isolation attempts and stored at -20ºC. 
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2.2.1.3 2021 Somerset and Devon sample collection 

Faecal samples were collected from various locations (appendix table) across 

South England. Faeces was collected by trapping a bat until pellets were released 

and stored in 1 mL RNAlater and stored at -20ºC for subsequent analysis. 

 

2.2.1.4 2022 Cinderford samples 

Faecal samples were collected again from the same roost in Gloucestershire. 

The storage agent for screening was altered from RNAlater to DNA/RNA shield 

(Zymo Research) to reduce reliance on CL3 cabinet access. The agent for 

preservation of viable virus was VTM. 

Firstly, for maximum coverage and to obtain sufficient material for viral isolation, 

10 pellets were combined and divided into two; into 1 mL RNA/DNA shield (Zymo 

Research) or 1 mL VTM to allow concurrent screening and isolation of positives. 

200 samples were obtained. A follow up collection obtained 1 pellet per tube into 

1 mL for screening and isolation. 100 samples were obtained. Samples were 

stored at 4ºC until processing and then frozen at -20ºC prior to analysis (Appendix 

4). 

2.2.1.5 2023 Cinderford samples 

48 Faecal samples were collected from the Gloucestershire roost in August 2023. 

Pellets were collected as above but placed in 1 mL virus transport media SIGMA-

VIROCULT (Medical Wire & Equipment Co Ltd) (VTM) to preserve viable virus 

for isolation attempts. Samples were stored at -20ºC prior to analysis (Appendix 

4). 
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2.2.1.6 2022 Plymouth samples  

40 faecal pellets were collected from different areas of the roost floor and stored 

in 1 mL RNA/DNA shield (Zymo Research) for initial screening. Samples were 

stored at -20ºC prior to analysis (Appendix 4). 

 

2.2.1.7 2023 Rhinolophus ferrumequinum dropping collection 

48 droppings were collected from a Rhinolophus ferrumequinum roost in Dorset. 

1 dropping per tube was placed in 1 mL DNA/RNA shield (Zymo Research) for 

inactivation and preservation of nucleic acid. Droppings were stored at -20ºC 

before processing.  

 

2.2.2 Homogenisation of faecal pellets  

Faeces homogenisation was performed in either a Precelleys (Fisher Scientific 

UK), or Sarstedt tubes (VWR International Ltd) with ceramic or glass beads. 

Samples were homogenised by vortex until the pellet had disappeared.  

 

2.2.3 Inactivation, extraction, and DNase treatment of nucleic acids from 

faecal droppings 

For faeces collected in 2020 106 / mL-1 genome copies Hazara virus was added 

before extraction as an internal sequencing control. All faeces were added to 

binding buffer under CL3 conditions.  

Nucleic acid extraction was performed using an automated extraction protocol 

using the MagMAX viral RNA extraction kit (ThermoFisher UK) on the Kingfisher 
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Flex machine. 460 µL sample (RNA/DNA shield, VTM or RNAlater) was added to 

265 µL binding buffer (inactivating agent), 6 µL proteinase K, and 10 µL MagMAX 

beads. Two washes were performed, wash one containing guanidine 

thiocyanate, and wash two 80% EtOH and then eluted into 70 µL MagMAX elution 

buffer. This eluate was DNase treated with EzDNase (Table 2-2). 

Reagent Volume (µL) 
EzDNase enzyme 1 
Buffer 1 
Sample  8 
Total  10 

Table 2-2. EzDNase treatment reaction. 

 

2.2.4 Screening methodologies 

2.2.4.1 qPCR screening faecal samples with the pan-Sarbecovirus WHO RdRp 

assay 

Faecal samples were screened using WHO Pan Sarbecovirus assay with the 

RNA dependant RNA polymerase (RdRp) targeting primers (Corman et al., 

2020). The cycling conditions for this reaction were as follows: 1 x (55 ºC, 10 

minutes), 1 x (94 ºC, 3 minutes), 45 x (94 ºC for 15 seconds, 58 ºC for 30 

seconds). Separate assays were conducted with probe 1 and probe 2 to delineate 

between pan Sarbecovirus and SARS-CoV-2 specific positivity.  

Reagent Volume (µL) 
TaqMan Fast Virus 1X  5  
Fwd primer (0.6 µM) 1.5 (10 µM) 
Rv primer (0.9 µM) 2.0 (10 µM) 
Probe (Pan/SARS-CoV-2 specific, 0.1 µM) 0.25 (10 µM) 
Sample 5 
Water 11.25 
Total 25 

Table 2-3. qRT-PCR reaction and conditions. 
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2.3 Sequence Independent Single Primer Amplification  

RNA metagenomic reverse transcription and amplification was performed using 

SISPA (Table 2-4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.1 Quantification of SISPA product  

cDNA was quantified using a Qubit fluorometer (ThermoFisher) using the high 

sensitivity dsDNA kit. For each sample, 199 µL buffer is added to 1 µL nucleic 

acid binding dye. 1 µL sample is added to this and quantified after a 2-minute 

 
 

Reagent  Volume (µL) 

 Sol A (40 µM) 1  
Sample (DNase treated) 4 

65 °C for 5 minutes, 23 °C for 5 minutes 
RT 
 

  
5X first strand buffer  2 
Molecular grade water 1 
dNTP (10 µM) 1 
DTT (0.1 M) 0.5 
Superscript IV RT  0.5 
Sample  5 
Total 10 

42 °C for 10 minutes 
2nd strand 
 
 

  
Water 3.85 
5X sequenase reaction buffer 1 
Sequenase dilution buffer  0.45 
Sequenase enzyme 0.5 
Sample 10 
Total 15.85 

37 °C for 8 minutes  
Amplification   

Water 19 
Q5 hotstart mastermix (NEB) (X10) 25 
Sol B 1 
cDNA (step 4 output) 5 
Total 50 

98 °C for 30 seconds, 35 x (98 °C for 10 seconds, 50 °C for 20 seconds, 72 °C for 
2 mintes), 72 °C for 2 minutes 

 
Table 2-4. The SISPA protocol. 
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incubation. SISPA-cDNA concentrations for all samples are found in the appendix 

(Appendix 3, Appendix 4). 

 

2.4 Targeted amplification  

Whole genome tiling amplicons, amplified by 34 primer pairs were designed 

against a the Sarbecovirus identified from the Cinderford roost in 2022 using 

PrimalScheme (Quick et al., 2017). These primer pairs were divided into two 

pools to prevent overlapping amplicons in the same reaction (Appendix 5). 

 

2.4.1 Working stocks and balancing 

All primers were diluted to 10 µM working stock solution. 5 µL each working 

primer was pooled into respective pools to create two working primer pools. After 

an initial run, 1 µL 100 mM stock for primers 9, 11, 13, 15, 17, 23, 27 in pool 1 

and 12, 14, 18, 22, 26 in pool 2 were additionally spiked into the working stocks 

to balance the primer concentrations.  

 

2.4.2 Reactions conditions  

For each pool a reverse transcription (RT) step was carried out. 4 µL LunaScript 

RT supermix (NEB) was added to 7.5 µL RNA and 8.3 µL molecular grade water 

(NEB). This was incubated at 25ºC for 2 minutes, 55ºC for 10 minutes and 95 ºC 

1 minute. The resulting reaction mix, including cDNA, was then added directly 

(without clean up) into the amplification reaction (Table 2-5). The amplified 

product was then sequenced by ONT (Oxford Nanopore Technology). 
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Reagent Volumes (µL) 
Q5 hotstart mastermix 12.5 
Pool 1 / Pool 2 primer pool 4 
Nuclease free water 6 
cDNA 2.5 
Total 25 

Table 2-5. The amplification reaction for the amplicon scheme PCR. 

 

2.5 Next generation sequencing  

2.5.1 Oxford Nanopore Technology  

Long read sequencing was performed using the ligation sequencing kit (LSK109) 

with native barcode expansion kit (EXP-NBD 196) on R9.4 flow cells for 72-hours 

on a GridION with high-accuracy base calling via guppy. Multiplexed libraries 

were prepared with a total input of 1.5 µg nucleic acid per flow cell shared evenly 

across the samples. All ONT libraries were prepared as per manufacturer’s 

instructions. Briefly, cDNA was end-prepped to generate an overhanging sticky 

end for barcode addition. An adapter was then added to facilitate pore transversal 

in the flow cell membrane.  

 

2.5.2 Illumina - Nextera XT Library preparation 

Short read sequencing was performed using Illumina technology. Illumina 

libraries were prepared according to the Nextera XT protocol with 2 x 150-bp 

paired ends. Briefly, cDNA was diluted to 0.33 ng/µL and used as input for the 

tagmentation reaction where cDNA is fragmented and tagged for analysis. 

Fragmented cDNA was then barcoded with a unique pair of indexes for 

multiplexing. The fragmented and barcoded cDNA was then quantified by Qubit 
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and the concentrations used for calculating the volumes used to provide the 

correct molarity for sequencing.  

• nM = (concentration of product (ng/μl) / (500 (bp) x 660 (g/mol)) x 1000000 

 

2.6 Receptor binding assay methodology  

2.6.1 Generating replication deficient lentiviral-based pseudoparticles  

The pcDNA3.1 vector was constructed by GeneArt (ThermoFisher) with the 

RhGB01 spike or RhGB01 RBD-SARS-CoV spike chimera. The construct was 

orientated as:  

• HindIII - Kozak – ATG – Spike (codon-optimised) – stop – FLAG – NotL  

 

2.6.2 Pseudoparticle production  

Human Embryonic Kidney-293T (HEK293T) cells (ATCC: CRL-3216) were 

maintained for pseudoparticle production in 25 mL DMEM-10% (Merck) in a 75 

cm2 tissue culture. HEK293T cells were seeded at a concentration 7.5x105 cells 

per well in a 6-well plate in 3 mL DMEM-10% and agitated to ensure equal 

distribution. Seeded cells were incubated overnight at 37ºC, 5% CO2.  

When HEK293T cells were 60-80% confluent, the transfections were set up for 

pseudoparticle production. Three plasmids were transfected into the HEK293T 

cell line: pCSFLW which encoded the reporter gene and LTR. P8.91 which 

encoded the HIV gag/pol genes and pCDNA3.1 which encoded the RhGB01 

spike or RhGB01-SARS-CoV Spike-RBD chimera. 
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In a 1.5 mL Eppendorf tube, 100 µL Opti-MEM (Thermofisher) was added with 

0.6 µg CSFLW, P8.91 and 0.5 µg pCDNA3.1 or empty vector. The negative 

control was an empty pCDNA3.1 vector and positive control a VSV-G plasmid. 

All were incubated at room temperature for 5 minutes.  

In a separate 1.5 mL Eppendorf tube, 100 mL Opti-MEM was added with 10 µL 

Polyethyleneimine (PEI) (Merck) (1 µg/mL) – setting up 1 per transfection and 

incubated at room temperature for 5 minutes.  

For each 100 µL transfection mix with plasmid in Opti-MEM, 100 µL PEI in Opti-

MEM was added and mixed vigorously and incubated at room temperature for 20 

minutes. This transfection mix was then added to each well of the 6-well plate 

and incubated overnight at 37ºC, 5% CO2.  

After incubation, the media was removed from the 6-well plates containing the 

transfection mix and ensured to aspirate from the edge of the well by tilting the 

plate. The removed media was replaced with 3 mL DMEM-10% and incubated 

overnight at 37ºC, 5% CO2. 

For harvesting, 50 mL supernatant was transferred to falcon tubes and stored at 

4ºC. The media was replaced again with 3 mL DMEM-10% and incubated 

overnight at 37ºC, 5% CO2. The following day the harvest procedure was 

repeated and pooled with the corresponding well. To pellet the cells, falcon tubes 

were centrifuged at 2500 x g for 10 minutes at 4ºC.  

 

2.6.3 ACE2 receptor binding screening assay  

For the receptor screen, Baby Hamster Kidney-21 (BHK-21) cells (ATCC: CCL-

10) were seeded in 24-well plates at 1x105/well in DMEM-10% and incubated 
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overnight at 37ºC, 5% CO2. At 60-80% confluence, transfection mixes were set 

up with 100 µL Opti-MEM and 500 ng different species of ACE2-expressing 

constructs (pDISPLAY, thermoFisher) and the control, a pDISPLAY vector. 3 µL 

TranIT-X2 transfection reagent (Mirus) was added to the transfection mix for 

every 1 µg of DNA (1.5 µL per transfection mix). This was then incubated at room 

temperature for 20 minutes.  

100 µL transfection mix was added to each well of plated BHK-21 cells and 

incubated overnight at 37 ºC, 5% CO2. The media was removed and 0.5 mL 

EDTA-Trypsin (2 mM) (ThermoFisher) in PBS added to transfected BHK-21 cells 

to detach the monolayer, the detached cells were aliquoted into Bijou tubes and 

diluted to 1 x 105/mL with DMEM-10%. For these diluted cells, 100µL (1 x 104 per 

well) was seeded into flat, white-bottomed 96 well plates and incubated overnight 

at 37ºC, 5% CO2. 

The media was removed from BHK-21 seeded cells in the 96 well plate and 

infected with pseudoparticles at a concentration relative to 106-107 RLU or the 

control vector and incubated for 48 hours at 37ºC, 5% CO2.  

The media was removed from BHK-21 cells after incubation to allow ACE2 

binding. 50 µL BrightGlo™ (Promega) was diluted 11 with serum free, phenol red 

DMEM (Merck) and added to wells for detection of ACE2 binding. After the 

addition of BrightGlo™ the plate was incubated in the dark for 5 minutes and then 

read of a GloMax Multi+ detection system (GloMax Discover Microplate Reader) 

using the luminescence protocol with 0.5s integration.  
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2.6.4 Confirming the expression of spike on the surface of the 

pseudoparticle and in the cytoplasm of HEK293T cells 

The HEK293T cells or transfected pseudoparticles were mixed 1:1 with Laemmli 

buffer (BioRad) and reduced at 95 ºC for 5 minutes for denaturation. Reduced 

samples were loaded onto 7.5% acrylamide gels SDS-PAGE and ran. The 

separated proteins were transferred from the gel using a semi-dry transfer onto 

a nitrocellulose membrane. The pseudoparticle fraction was probed with mouse 

anti-FLAG and rabbit anti-P24. The HEK293T fraction was probed with mouse 

anti-FLAG and mouse anti-Tubulin for the cellular control.  

 

2.7 General bioinformatic tools  

2.7.1 Taxonomic classification 

In both projects Kraken2 was used as a method of initial investigation (Wood et 

al., 2019). Raw reads from either sequencing technology were used as input. The 

database used was downloaded on 13/07/2023. 

 

2.7.2 Mapping 

Raw reads from ONT and Illumina were mapped to reference genomes using two 

different tools. Short, paired end reads generated by Illumina technology are 

mapped using BWA-MEM (H. Li, 2013) and longer ONT reads mapped using 

minimap2 (H. Li, 2018). The commands used are as follows:  

• Bwa mem reference.fa raw_fastq.R1.fq raw_fastq.R2.fq > output.sam 

• Minimap2 -ax map-ont reference.fa raw.fastq > output.sam  
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2.7.3 Samtools 

Samtools view and samtools sort were used to convert from a SAM file type to a 

BAM file type (H. Li et al., 2009). Samtools flagstat was used to extract mapping 

statistics. samtools depth was used to investigating mapping positions of raw 

reads across reference genomes with the -aa flag to prevent masking of sites 

with mapped reads.  

• samtools view -bh input.sam | samtools sort -o output_sorted.bam  

• samtools flagstat output_sorted.bam 

• samtools depth -aa output_sorted.bam 

 

2.7.4 Quasibam 

Consensus sequences for reference guided assemblies for both projects were 

generated using Quasibam (Penedos et al., 2015). A tool which generates a 

consensus sequence and minor variant output file. The command differs slightly 

depending on if the raw data is from ONT or Illumina because of the lower 

accuracy of ONT reads using R9.4 flow cells. All consensus genomes called from 

Illumina data were called at a minimum depth 10 and 80% agreement for a 

consensus base. For consensus sequences called from ONT data (amplicon 

data) a minimum depth 20 was used, and the consensus agreement required for 

a base to be called dropped to 60% to capture more sequence.  

 

2.7.5 De novo and hybrid assemblies 

De novo and hybrid assemblies were performed using SPAdes genome 

assembler (Bankevich et al., 2012). Hybrid assemblies were performed with 



 
 

52 
 

spades.py with additional –nanopore flag to provide long reads in addition to 

shorter reads. 

 

2.7.6 Alignments 

Nucleotide and amino acid datasets were aligned using the MAFFT aligner 

(Katoh & Standley, 2013). Partial sequences were added to complete alignments 

using the “--addfragment” and “--keeplength” flags. 

• mafft --auto in.fasta > out_aln.fasta  

• mafft --auto --addfragments partials.fa --keeplength full_aln.fasta > 

full_partial_aln.fasta 

 

2.7.7 Maximum likelihood phylogenies  

Maximum likelihood phylogenies were inferred using IQTREE (Nguyen et al., 

2015). For larger alignments the nucleotide substitution model HKY+G4+I was 

selected to reduce computational time and its widespread applicability to 

phylogenetic inferences without the risk of over parameterisation provided by 

GTR nucleotide substitution models. 

• iqtree -s input_aln.fasta -m MFP -B 1000  

• iqtree -s input_aln.fasta -m HKY+G4+I  

 

2.8 Computational analysis of amplicon scheme raw data  

Amplicons which failed/underperformed were identified using a bespoke python 

tool. Briefly, this command line tool requires the raw reads from each pool to be 
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mapped to the reference genome used for generating the primer scheme. It also 

requires the samtools depth command to be used for generation of a tab 

separated text file containing three columns (reference id, base, depth). A bed 

file containing the start and end coordinates in columns 2 and 3 is also needed. 

The tool will use the coordinates in the bed file to rapidly extract the lowest depth 

present in the region covered by the primer coordinates. A depth is provided for 

the forward and reverse primer and the amplicon itself and user-customisable 

plots are outputted. A similar tool is also available for extracting the mean depth 

across the primers and amplicon. It is also possible to use these tools to look at 

specific primer numbers in the scheme and doesn’t require all primer pairs to be 

included in the analysis. Links to tools provided below. 

• https://github.com/jackmicr0/GenomicsTools/blob/main/Primer_scheme_

gap_finder_minimum_depth.py 

• https://github.com/jackmicr0/GenomicsTools/blob/main/Primer_scheme_

gap_finder_mean.py 

 

2.9 Computational analysis for the CCHFv dataset  

2.9.1 Generating CCHFv consensus sequences  

To generate consensus sequences, raw data was mapped to a representative 

CCHFv sequences from relevant geographic locations and across temporal 

space. Raw reads were mapped to reference sequences (UG3010 [DQ211650, 

DQ211637, DQ211624], Min [KX013482, KX013481, KX013480], Borno 

[KX238958, KX238957, KX238965], NIV1311122 [MH396645, MH396643, 

MH396644]) using bwa mem, and mapping success was assessed via samtools 

https://github.com/jackmicr0/GenomicsTools/blob/main/Primer_scheme_gap_finder_minimum_depth.py
https://github.com/jackmicr0/GenomicsTools/blob/main/Primer_scheme_gap_finder_minimum_depth.py
https://github.com/jackmicr0/GenomicsTools/blob/main/Primer_scheme_gap_finder_mean.py
https://github.com/jackmicr0/GenomicsTools/blob/main/Primer_scheme_gap_finder_mean.py
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flagstat and samtools depth with flag -aa. Quasi-bam was used for generating 

consensus sequences.  

For each segment the reference sequence which generated the most complete 

sequence was selected to generate sequences for analysis (Appendix 6). First, 

the consensus sequences from an in-house pile up script were used. The first 

five “ATG” occurrences in the sequence identified and evaluated by the success 

of translating the sequence from this point to find the most appropriate start 

codon.  

Secondly, the quality of reading frames was assessed. Quality control metrics 

included the number of unknown bases in the nucleotide sequence. Each 

potential reading frame (5 frames) are assessed for suitability. Full sequences 

are identified by confirming the presence of a start codon, and an end codon 

matching that of currently available CCHFv sequences, and ensuring the 

sequence is in-frame.  

 

Accession Strain Location Date Continent Segment 
DQ211650, 
DQ211637 
DQ211624 

UG3010 Republic of the 
Congo 

1956 Africa S,M,L 

KX013482, 
KX013481, 
KX013480 

Min Russia 1968 Europe S,M,L 

KX238958, 
KX238957, 
KX238956  

Borno Nigeria 2012 Africa S,M,L 

MH396645, 
MH396643 
MH396644 

NIV1311122 India 2013 Asia S,M,L 

Table 2-6. Metadata associated with the reference sequences.  
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2.10 Retrieving NCBI sequences for dataset generation 

Sequences from the public domain were retrieved from NCBI utilising the E-fetch 

tools via a bespoke command line python tool. To retrieve sequences, the search 

terms used were “Crimean-Congo”, “CCHF”, “Crimean-Congo haemorrhagic 

fever”, and “Crimean-Congo haemorrhagic fever orthonairovirus”. Sequences 

were then filtered using terms, “UNVERIFIED”, “Jingmen”, “Bos”, “mitochondrial”, 

“Mitochondrial”, “Bacterial”, “modified”, “Modified”, “Patent”, “Construct”, 

“Plasmid”, “plasmid”, “construct”, “microbial”, “Microbial”, and “Compositions”.  

• https://github.com/jackmicr0/GenomicsTools/blob/main/Retrieve_with_Ea

ZeEeeee.py 

The tool extracts the metadata associated with the NCBI entry which was then 

improved manually by literature searches. Datasets were then separated based 

on completeness – partial and complete and the complete sequences taken 

forward.  

 

2.11 Phylogenetic analyses 

The three sets of nucleotide sequences were aligned using MAFFT aligner and 

visually inspected post alignment to ensure quality. For generating maximum 

likelihood trees, IQTREE was used with parameter -B 1000 for bootstrapping, 

and nucleotide substitution model HKY+G4+I used.  
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2.12 Time calibrated phylogenetic and phylogeographic analyses 

For evolutionary rate and TMRCA estimates, models were implemented in 

BEAST v10.4 (Drummond & Rambaut, 2007). Prior to setting up BEAST models, 

exploratory analysis of temporal signal was carried out on each clade using an 

in-house R script and TempEst (Rambaut et al., 2016). The R script extracts the 

patristic distance (distance from tip to root by sum of intermediate branches) from 

a maximum likelihood phylogeny and carries out a linear regression between the 

patristic distance and the collection date attached to the sequence. This is an 

informal measure of temporal signal which assesses the correlation between 

sequence diversity and time. It is only an informal measure as all sequences have 

a shared evolutionary history and thus are not independent points suitable for 

statistical analysis. 

For the small segment, the clade with the strongest signal as assessed by R2 

value, an initial BEAST model was set up to estimate a rate which could be used 

for rate calibration. To assess the suitability of the calibration rate to each clade, 

different models were used with different statistical distributions for the clock rate 

prior. Normal and lognormal distributions were tested with standard deviations 

0.1, 10 and 100. All models used an HKY+G4+I substitution model and a constant 

population tree prior. As the standard deviation is decreased, there is less 

parametric space allowed to be explored during rate estimation using the 

nucleotide sequence data and thus the data has less influence on the parameter 

estimate.  

For the full small segment phylogeny, a lognormally distributed uncorrelated 

relaxed clock and fixed local clock models were used, with a lognormal 

distribution of rates among branches with a rate prior calibrated with evolutionary 
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rate estimated in Tempest, 1.2x10-4 with a standard deviation 100. Both models 

used an HKY+G4+I substitution model and a constant population tree prior.  

MCMC chains were run for either 50 million iterations with samples taken every 

5000 iterations or for larger clades, for 100 million iterations with samples taken 

every 10000 iterations. For full small segment models, duplicate 200 million 

MCMC runs were completed and combined, removing a 10% burn-in. All 

sampling methods allow for at least 10000 individual samples to be taken from 

the posterior for each parameter being estimated. Chain convergence was 

assumed if the effective sample size (ESS) was >200 for all parameters 

summarised by Tracer (Rambaut et al., 2018). 

 

2.13 Model selection 

Comparisons of evolutionary models were conducted using path sampling. Path 

sampling calculates a log marginal likelihood which is then used to compare 

models. The model was selected using Bayes factors (BF) which considers which 

of two models is best supported given the observed data, for example model 1 

(M1) vs model 2 (M2). The Bayes factor was calculated by exponentiating the 

difference between the log marginal likelihoods of the two models (ML1 and ML2). 

A BF < 1 suggests evidence for M2, 1 < BF < 3 suggests weak evidence for M1, 

3 < BF < 20 suggests strong evidence for M1, and 20 < BF < 150 suggests very 

strong evidence for M1.  

 



 
 

58 
 

2.14 Discrete trait phylogeographic diffusion 

A discrete trait analysis (DTA) was implemented using BEAST v10.4. Discrete 

location traits were assigned to phylogenetic tips via metadata. All locations were 

restricted to country level because of the absence of higher resolution geographic 

locations across the CCHFv small segment phylogeny. To assess viral diffusion 

at local and global scales, individual clades and entire phylogenies were modelled 

independently.  

Spatial dissemination across a phylogeny is modelled as a continuous-time 

Markov chain (CTMC) which allows freedom for state transitions to occur 

continuously across a phylogeny with transition rates between different states. 

An asymmetric transition matrix was used for transition rates which facilitates 

different rates for two-way transitions between any two selected locations.  

Briefly, to assess the significance of transitions between regions, all transitions 

are assigned a prior probability of zero, to represent no discrete trait transition. 

The prior probability is compared to a posterior distribution of observed transition 

rates calculated from the phylogeny to generate a Bayes factor. This is 

implemented using a Bayesian Stochastic Search Variable Selection (BSSVS) 

approach. A Bayes factor >3 was considered as significant for diffusion between 

discrete traits. A posterior probability >0.5 and >0.7 were both considered for 

different levels of support for transition rates between discrete traits.  

For the discrete trait analysis, MCMC chains for smaller clades of 100 million 

iterations sampled every 10000 were used. For the larger phylogenies, MCMC 

chains of 200 million iterations sampled every 20000 were used. Convergence 

was assessed using Tracer. 
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2.14.1 DTA visualisation 

DTA runs were summarised using SPREAD4 (Nahata et al., 2022), a tool for 

visualisation of spatiotemporal reconstructions inferred from the genomic data. 

SPREAD4 output was then plotted as edge network graphs onto geographic 

maps using python modules, NetworkX (Hagberg et al., 2008) and GeoPandas 

(Jordahl, 2014). 

 

2.15 Testing for selection 

Evidence for selection was inferred using nucleotide alignments with codon-

based methods, as implemented in HyPhy using the DataMonkey server. 

Command line HyPhy was used for large alignments with prolonged running 

times. Coordinates for functional annotations were taken from UniProt.  

 

2.15.1 Site-specific selection 

Site-specific selection was tested using Fast, Unconstrained Bayesian 

AppRoximation (FUBAR) (Murrell et al., 2013). FUBAR also assumes constant 

rates for each site across the entire phylogeny. Under the Bayesian framework, 

FUBAR reports a posterior probability rather than a p-value. FUBAR can also 

perform favourably to another method, fixed effects likelihood (FEL) with weak 

positive selection detection.  

Another method for detecting episodic positive selection is Mixed Effects Models 

of Evolution (MEME) (Murrell et al., 2012). MEME will report the presence of 

positive selection at an amino acid site and calculate the number of branches in 

the phylogeny demonstrating this selection. Each site in a phylogeny is provided 
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two rate (ω) classes and provides a weight to each class, where the weight 

represents the probability that the site evolves under either rate. For calculating 

the rate classes, a single dS (synonymous) value is provided (α) and two different 

dN values (β-, β+) to represent negative (disadvantageous mutations) and positive 

(advantageous mutations) selection, respectively. If β+ > α positive selection is 

inferred. Significance of these estimates is assessed using a likelihood ratio test. 

The LRT score is calculated as the difference between the log likelihood scores 

of the null model (positive selection cannot happen) and the alternative model 

(positive selection is unrestricted). 

 

2.16 Testing for recombination  

Recombinant sequences were detected using Recombination Detection Program 

4 (RDP4) (Martin et al., 2015). This tool combines multiple different recombination 

detection tools to validate predictions across different tools. Tools used are RDP, 

GENECONV, Bootscan, Maxchi, Chimaera, SiSscan, PhylPro, LARD, 3Seq. 

RDP provides a minor and major parental sequence where possible, and the 

recombinant sequence. Where there is uncertainty around which sequence in the 

trio is the recombinant, this is provided. If a recombinant is detected in ≥3 

methods at <0.01 P-value, it will be removed from further analysis. If there is 

uncertainty around a statically supported triplet of sequences, the triplet is 

removed.  
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2.17 Testing for reassortment 

To identify reassortment within full CCHFv genomes two methods were 

employed. Graph-Incompatibility-based Reassortment Finder (GiRaF) 

(Nagarajan & Kingsford, 2011) utilises phylogenies generated using MrBayes 

(Ronquist et al., 2012) to identify incompatible divergence events in the 

phylogenies for the different segments. This results in either single or multi taxa 

candidate sets of reassorted taxa where multiple taxa candidate sets indicate a 

potential ancient reassortment event. The candidate taxa identified by 

phylogenetic incompatibility are also assessed by pairwise distance to 

surrounding sequences. Reassortment networks were visualised using the Baltic 

python package (https://pypi.org/project/baltic/). 

In addition to this, segments were concatenated and inputted into RDP4. Pairwise 

distances were also calculated for each strain for the small, medium, and large 

segments. Viruses were labelled as possible reassortant by having highest 

similarity to a virus collected outside of its collection location. Reassortant viruses 

were then inspected phylogenetically for differential clustering.  

 

2.18 UK Bat bioinformatic analyses  

2.18.1 Genome annotation 

Consensus sequences were annotated using PROKKA (Seemann, 2014). 

Genomic annotations were then checked visually and by translation to confirm 

predicted genes were in-frame.  

• prokka –kingdom Viruses 

 

https://pypi.org/project/baltic/
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2.18.2 Pairwise comparisons 

Pairwise comparisons were conducted using Biopython (Cock et al., 2009) 

module “Bio.pairwise2”. Raw nucleotide and amino acid differences were 

calculated using pre-aligned sequences and a bespoke python script counting 

raw differences between sequences.  

 

2.18.3 In silico protein structure prediction 

2.18.3.1 AlphaFold2 

Protein structures were predicted using AlphaFold2 (Jumper et al., 2021) via the 

Galaxy EU server (Afgan et al., 2018). The full database was used with the 

monomer model. The input target sequence for RBD modelling was residues 

324–515 in the spike protein sequence. 

 

2.18.3.2 Homology modelling  

Homology modelling was implemented using the SWISS-MODEL server 

(Schwede et al., 2003). The input target sequence for RBD modelling was 

residues 324–515 in the spike protein sequence. SWISS-MODEL performs a 

template search of BLAST and HHblits databases for pre-existing characterised 

structures with homology. The most suitable template was selected according to 

the highest Global Model Quality Estimate (GMQE) and lowest Quaternary 

Structure Quality Estimate (QMEAN). GMQE expresses the accuracy of the 

model built as a number between 0 and 1. QMEAN uses statistical potentials of 

mean force to generate global and per residue estimates.  
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2.18.3.2.1 Assessment of protein model quality  

To assess the quality of predicted structures two methods were selected in 

addition to visual inspection via structural superimposition to similar 

experimentally characterised structures. ProCheck and ERRAT2 (Colovos & 

Yeates, 1993; Laskowski et al., 1993) were implemented using the Structural 

Analysis and Verification Server (SAVES). ProCheck generates a 

Ramachandran plot which classifies the torsion angles of each residue in the 

predicted 3D structure into 3 groups to assess its validity. ERRAT2 uses a 

database of 96 high-resolution protein structures to classify the 6 types of atomic 

interactions (carbon–carbon, carbon–nitrogen, carbon–oxygen, nitrogen-

nitrogen, nitrogen–oxygen, oxygen–oxygen) into correct or incorrectly 

determined protein regions based on the atomic interactions. This provides an 

overall quality factor for non-bonded atomic interactions expressed as the 

percentage of a protein for which the calculated values sit below the set rejection 

limits, with a score > 50 indicating a high-quality model. 

 

2.18.3.3 ChimeraX  

ChimeraX was used for all protein visualisations (Pettersen et al., 2021). RMSD 

calculations were performed using the matchmaker command. The Cα atom of 

every amino acid in the sequence alignment serves to align the chosen 

structures, with the distance between their respective Cα atoms then measured. 

Electrophoretic calculations were completed using the coulombic command in 

ChimeraX, which calculated the coulombic electrostatic potential. 
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3 Molecular sequence analysis of Crimean-Congo 

haemorrhagic fever virus 

3.1 Introduction  

3.1.1 Crimean-Congo haemorrhagic fever virus and its discovery 

Crimean-Congo haemorrhagic fever virus (CCHFv) is one of the most widespread 

tick-borne zoonotic viruses within the Hareavirales order and the etiological agent 

of Crimean-Congo haemorrhagic fever (CCHF). Upon the implementation of a 

comparable system to the Linnaean taxonomic system used for the classification 

of cellular organisms, CCHFv has been reclassified as Orthonairovirus 

haemorrhagiae. The most recent reclassification divided the Bunyavirales order 

(Briese et al., 2016) into two orders, Elliovirales and Hareavirales under the 

Bunyavircetes class (Riboviria; Orthornavirae; Negarnaviricota; Polyploviricotina; 

Bunyaviricetes; Hareavirales; Nairoviridae; Orthonairovirus; Orthonairovirus 

haemorrhagiae ICTV). 

Human infection results in disease of varying severities which range from 

asymptomatic (Bodur et al., 2012), to mild and self-limiting disease, to 

haemorrhagic fever symptoms and death or convalescence (Shahhosseini et al., 

2021a). It was discovered concurrently in Crimea and Zaire (now the Democratic 

Republic of Congo) (Casals, 1969). The first retrospectively confirmed cases 

were recorded in 1944 when more than 200 soviet military personnel presented 

with haemorrhagic fever after the liberation of Crimea from Nazi occupation 

(Butenko & Karganova, 2007; Hoogstraal, 1979a).  

Successful isolation was not reported until the introduction of the intracerebral 

inoculation of newborn mouse model for arbovirus isolation in 1967. In 1968, the 
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Drozdov strain from the Astrakhan region of Russia was identified as antigenically 

indistinguishable to a virus isolated from a patient in Zaire in 1956; highlighting 

the global prevalence of CCHFv upon characterisation (Butenko & Karganova, 

2007; Casals, 1969; Causey et al., 1970; Hoogstraal, 1979a). Now, CCHFv is 

endemic in many regions within Asia, Africa and Europe (Hoogstraal, 1979a; 

Shahhosseini et al., 2021a). 

 

3.1.2 CCHFv and the enzootic cycle  

CCHFv is silently maintained within an enzootic cycle of hard bodied ticks 

(Ixodidae) and vertebrate hosts (Figure 3-1). Ticks can be categorised by the 

number of feeding hosts required during their lifecycle. Single host ticks e.g., 

Rhipicephalus species which attach to one host and complete their lifecycle on 

that host. Two host ticks e.g., Hyalomma species in which larvae attach to a 

smaller mammal, and quest as an adult tick prior to final blood meal on a larger 

mammalian host. Three host ticks which reattach to a novel host for each lifecycle 

stage e.g., Ixodes, Ricinus, Haemophysalis, Punctate and Dermacentor species. 

Primary human exposure is generally attributed to tick bites or exposure to the 

contaminated blood of infected animals. Nosocomial and secondary transmission 

can occur because of nonspecific febrile symptoms during the pre-haemorrhagic 

phase or atypical clinical presentation, leading to an outbreak. Tertiary 

transmission would indicate a poor containment of primary and secondary cases 

and a more severe outbreak. Despite knowledge of the overall structure of the 

maintenance cycle, vector-vector, vector-host and vector-pathogen interactions 
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are non-linear and intra-vector variation prevent a simple relationship being 

observed between the cycle, and viral population dynamics (Cator et al., 2020). 

The dynamics of transmission between the three life stages are not clearly 

defined (Estrada-Peña, Ottowell, et al., 2012; Hoogstraal, 1979a), but the 

overwintering of tick populations is a risk factor for endemicity (Gargili et al., 

2017). Despite a lack of clarity for transmission within the cycle, CCHFv 

seroprevalence and viral RNA (vRNA) has been demonstrated in all three stages 

in disparate geographic locations. 

Globally, the northwards spread of tick species, and vectors generally, is 

predicted to have dire consequences for the incidence of vector-borne diseases 

(Liu-Helmersson et al., 2014; Rocklöv & Dubrow, 2020). A host of factors have 

been identified to impact distribution: these include climate change, social 

conditions, environmental conditions and local alterations to the environment and 

economic fluctuations (England et al., 2016; Gray et al., 2009; Lindgren et al., 

2000; Randolph, 2001; Sumilo et al., 2007).  

CCHFv is traditionally associated with hard bodied ticks (Ixodidae) and 

vertebrates, mostly domestic livestock near human populations. However, this 

pattern in domestic livestock could be artificially inflated by sampling bias. This 

interaction between tick populations and domestic livestock is complex because 

of the variation in life cycle dynamics of the various tick species and a high 

number of possible intermediate hosts (Figure 3.1).  
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3.1.3 Genomic organisation and functional proteins  

CCHFv has a tri-segmented single stranded negative sense RNA genome, with 

a small (S), medium (M) and large (L) segment (Figure 3-2). At the 5’ and 3’ 

termini of the S, M and L segments are complementary non-coding regions (NCR) 

which are important for initiation of transcription and thus replication of the virion 

by serving as a promoter region of the RNA dependent RNA polymerase (Ferron 

et al., 2017; Zivcec et al., 2016a). 

 

3.1.3.1 The small segment  

The S segment is ambisense and encodes the nucleocapsid protein (NP) in the 

negative sense and the NSs protein in the positive sense direction (Figure 3-2) 

(Sanches et al. 2002; Altamura et al. 2007; Zivcec et al. 2016). The structure of 

Figure 3-1.The enzootic maintenance cycle.  
The transmission cycle in nature which maintains CCHFv between mammalian hosts and 

arthropod ticks. Created with BioRender.com. 
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the NP was elucidated in 2012 highlighting multiple conformations, one as a 

monomer and one as an oligomerised dimer which suggests different stable 

conformations for the NP, and the potential for different functions within these 

conformations (Carter et al., 2012; Guo et al., 2012; Y. Wang et al., 2012). The 

NP is comprised of two domains: the head and stalk (Figure 3-3).  

 

 

The main function of the NP is the encapsidation of copy RNA (cRNA) and vRNA 

into ribonucleoprotein complexes (RNC) for replication. The NP interacts with 

both vRNA and the L segment protein to initiate transcription (Bergeron et al., 

Figure 3-2. The virion and genome.  

The tri-segmented negative sense genome is represented by three circular segments as genomic 

RNA with the RdRp attached (A). The large (L) segment is translated into the mature RNA 

dependent RNA polymerase (RdRp) with additional domains, such as a proteolytic Ovarian 
Tumour domain (OTU) with a topoisomerase region, a zinc finger, endonuclease, leucine zipper 

and RdRp catalytic domain. The medium (M) segment is translated into a polyprotein which goes 

through two rounds of cleavage (* indicates round 1) to liberate mature glycoproteins Gn and Gc, 

and soluble proteins, GP38, GP85, GP160 and NSm. GP38, GP85 and GP160 are soluble 

proteins including the mucin like domain (MLD) (B). Created with BioRender.com. 

 

A B 
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2010). vRNA binding in NP is mediated by positively charged regions (Y. Wang 

et al., 2012) (Figure 3-3). 

At the apex of the stalk domain, a caspase-3 proteolytic cleavage site is present 

(Guo et al., 2012). Caspase-3 mediated cleavage represents a host defence 

mechanism against viral infection (D. Wu et al., 2022). Caspase-3 induces 

cellular apoptosis for clearance of infected cells but also reduces the cellular 

concentration of NP limiting the generation of nascent virions by reduction of 

RNCs (Karlberg et al., 2011). NP dimerisation masks the caspase-3 cleavage site 

and increases polymerase activity by increasing RNC availability. Homotypic NP 

oligomerisation was found to be dependent on the presence of resides 240-482, 

inclusive of the DEVD motif (Macleod et al., 2015). 

Upon incubation with ssRNA, the NP dimer undergoes conformational change 

releasing the NP monomer which forms the RNC for replication with the caveat 

of increased caspase-3 mediated cleavage. As the vRNA concentration 

increases within the cell, more monomeric forms of NP will become available for 

RNC formation, but caspase-3 mediated cleavage of NP will also increase 

(Karlberg et al., 2011). 

The NP also functions in divalent cation-dependent endonuclease cleaving single 

and double stranded DNA. The endonuclease function was also observed to be 

differentially regulated by different divalent cations. Mutations of these sites 

abrogated DNA endonuclease activity R384A, E387A, K411A, H453A, Q457A, 

whereas Y374A only marginally impacted function (Guo et al., 2012) 
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 A B C 

D E 

Figure 3-3. The nucleoprotein.  

 
F 

The nucleoprotein with domains and sites of interest. The CCHFv nucleoprotein with the stalk 

(181-299) and globular head (1-180,300-482) domain (A) and the region containing the 

caspase-3 DEVD motif (266-269; Asp-Glu-Val-Asp) (B, C). The nucleoprotein coloured by 

charge (D). Predicted RNA binding sites reported by Wang et al. 2012. Region 1 (K132, R134, 

K135, N468) is found in the globular head domain, and region 2 (H197, K222, R225, K282, 
K286, K292) in the stalk domain (E). The endonuclease domains functioning in ss and dsDNA 

cleavage (F). 
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3.1.3.2 The medium segment  

The M segment is a single open reading frame encoding the glycoprotein 

precursor (GPC). The GPC contains signal peptides at the PreGn NTD 

(MLD/GP38/Gn), NSm and Gc which directs synthesis and processing to the 

secretory pathway where a complex cascade of cleavage and maturation into 

mature proteins will take place in a co-translational process. The GPC is ordered 

as the following: a highly variable mucin-like domain (MLD), GP38, PreGn and 

PreGc. Between the different coding regions are tetrapeptide cleavage sites 

required for cleavage and release of mature proteins (Hulswit et al., 2021; Zivcec 

et al., 2016a) (Figure 3-2).  

 

3.1.3.2.1 Non-structural proteins  

Four non-structural proteins are encoded within the medium segment, namely, 

GP38, NSm, GP85 and GP160 (Leventhal et al. 2021). GP38 is a soluble protein 

encoded downstream of the MLD and does not show significant homology to 

known protein structures/domains preventing function prediction (Mishra et al. 

2020). However, GP38-specific monoclonal antibodies (mAbs) have been 

characterised and are protective in a mouse model suggesting a potential role in 

pathogenesis (Bertolotti-Ciarlet et al., 2005; Durie et al., 2022; Golden et al., 

2019) (Figure 3-4).  
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NSm is a double membrane spanning protein with studies showing that mutant 

strains (10200ΔNSm) demonstrate wild-type replication but delayed 

pathogenesis in mice, improper Gc processing, defective viral particle formation 

and reduced secretion (Welch et al., 2020). NSm expression was identified to be 

important for N-glycosylation of glycoproteins during transport through the golgi-

network and proper secretion of infectious particles (Freitas et al., 2020). The 

NSm is also reported to be under positive selection in a tick host and potentially 

associated with increased viral fitness in the tick host (H. Xia et al., 2016). 

The GP38 and MLD can be cleaved from the GPC together forming two other 

non-structural proteins, GP160/85, which have been detected in the supernatant 

of infected cells (Hawman & Feldmann, 2023; Sanchez et al., 2006). The MLD in 

Figure 3-4.The GP38 protein.  

The GP38 protein from CCHFv strain Hoti from Kosovo depicted with the three mAb binding 

epitopes visualised. Region 1 amino acids 253-261 (red), region 2 amino acids 289-294 (green) 

and region 3 amino acids 343-349 (magenta). The mAb binding sites were predicted from mAbs 

isolated from human survivors and demonstrated increased cross-protection between CCHFv 

clades compared to Anti-Gc mAbs (Durie et al., 2022). 
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CCHFv could function as observed in EBOV and prevent neutralisation by 

masking epitope binding sites (Fusco et al. 2015).  

 

3.1.3.2.2 Structural proteins 

The mature Gc and Gn glycoproteins have roles in viral tropism, generation of 

RNCs, and localisation of mature glycoproteins in the host cell (Zivcec et al., 

2016a). The virion has spike-like projections from the envelope (Gn and Gc) 

which initiate infection by interaction with host cell receptors. It was recently 

identified that the low density lipoprotein receptor (LDLR) is a potential entry 

receptor and binds Gc (Z.-S. Xu et al., 2024). Entry was also identified to be via 

clathrin-mediated entry using early endosomes by use of small molecule inhibitor 

pitstop2 preventing CCHFv infection (Garrison et al., 2013). This evidence paired 

with the observation that antibodies raised against Gc, and not Gn, are protective 

suggest Gc is the main binding protein (Bertolotti-Ciarlet et al., 2005). Gc has 

recently been structurally characterised as a class II viral fusion protein with three 

domains (N. Li et al., 2022) and protective mAb sites have been predicted from 

survivors (Fels et al., 2021) (Figure 3-5).  
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Figure 3-5. The Gc protein. 

A 

B 

 

The trimeric Gc structure for CCHFv strain 10200 from front, back and top (A). Six antigenic sites 

predicted. Amino acid sites as follows: site 1 1185, 1199 (red), site 2 1309, 1314, 1352, 1353 

(green), site 3 1307, 1229 (pink), site 4 1297, 1386,1393 (yellow), site 5 1124, 1128, 1093 (blue) 
and site 6 1500, 1504, 1450, 1522, 1518 and 1520 (orange) (B).  from front, back and top (A). 

Six antigenic sites predicted. Amino acid sites as follows: site 1 1185, 1199 (red), site 2 1309, 

1314, 1352, 1353 (green), site 3 1307, 1229 (pink), site 4 1297, 1386,1393 (yellow), site 5 1124, 

1128, 1093 (blue) and site 6 1500, 1504, 1450, 1522, 1518 and 1520 (orange) (B).  
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The mature Gn protein contains two predicted N-linked glycosylation sites (557N 

and 755N) but N-linked glycans have only been observed at site 557N. 

Abrogation of glycosylation at 557N results in mis localisation in the secretory 

pathway and retention of GPC encoded proteins in the endoplasmic reticulum 

(Erickson et al., 2007). This suggests proper Gn maturation is required for 

transport of mature proteins and formation of functional virions. N-linked 

glycosylation is also seen to occur in the Gc protein, but abrogation of these sites 

did not impact localisation of the proteins. Gn expression in the absence of Gc 

demonstrated Gn processing and localisation is independent of Gc, but 

glycoprotein localisation, folding and transport are dependent on Gn N-

glycosylation (Erickson et al. 2007).  

The CTD of Gn is predicted to function in host pathogen interactions and viral 

assembly. The electrostatics in Gn provide a binding surface for vRNA, confirmed 

by EMSA using residues 729-805. The full Gn is yet to be fully structurally 

characterised, with structures limited to the Gn tail (Fernando Estrada & De 

Guzman. 2011).  

 

3.1.3.3 The large segment  

The L segment encodes the RdRp but also encodes a CCHFv-specific (within 

Bunyaviricetes) deubiquitinase of the Ovarian Tumour Proteases (OTU) family in 

the NTD (Figure 3-2) (Bergeron et al., 2010; Zivcec et al., 2016b). The main 

function of the L segment is to encode the RdRp for transcription of vRNA. The 

catalytic domain is residues 2342-2551, but has been reported to extend a wider 

region outside the catalytic domain 2043-2714 (Kaushal & Baranwal, 2023) and 

2043-2714 (Mirza et al., 2019). Mutation of amino acids 2518-2519 (∆DD) 
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abrogated polymerase activity by removing the aspartic acids of the SDD 

polymerase motif (Bergeron et al., 2010). For transcription, the L segment must 

interact with the NP in the RNC. The 3’ and 5’ regions of the L protein were found 

to interact with the NP, but not the central region (1-1325, 2590-3945) (Macleod 

et al., 2015). 

The endonuclease encoded by the L segment also has a crucial function in 

optimal viral replication. The endonuclease cleaves host mRNA and uses the 

cleaved 5’ capped m7G oligonucleotides as a primer to initiate viral transcription 

for RdRp attachment. This prevents recognition by the RIG-1 pattern recognition 

receptor (PRR) of uncapped vRNA and promotes immune evasion (Habjan et al., 

2008; Spengler et al., 2015). The D693 residue is predicted to coordinate Mn2+, 

which is critical for cap snatching activity and mutating D693 abolishes 

transcription but doesn’t impair the ability to replicate CCHFv genome analogues 

(Devingnot et al. 2015; Bergeron et al. 2010).  

OTU domains are present in eukaryotic, viral, and bacterial proteins and function 

as a cysteine protease capable of deconjugating a broad spectrum of proteins 

modified with ubiquitin or ubiquitin-like proteins to manipulate host ubiquitin 

signalling (A. F. Schubert et al., 2020; Tchesnokov et al., 2020). The OTU domain 

has been demonstrated to hydrolyse Ubiquitin and ISG15 from cellular target 

proteins. There is an N-terminal extension in viral OTU (vOTU) not seen in 

eukaryotic OTU (eOTU) which can bind a specific hydrophobic patch of ubiquitin 

and results in a different ubiquitin orientation compared to an eOTU-Ub complex 

(Akutsu et al. 2011). The OTU domain has been specifically defined to inactivate 

cellular proteins involved in RIG-like receptors (RLR) mediated immune signalling 

through deubiquitinating the proteins (Van Kasteren et al. 2012). Additionally, 
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nuclear factor κ-light-chain-enhancer of activated B cells (NF-κβ) dependent 

signalling (activated by TNF-α via ubiquitination), an important innate and 

adaptive immune signalling pathway is negatively influenced by OTU domain 

containing proteases (Frias-Staheli et al. 2007). 

 

3.1.4 CCHFv genotypes  

 

Figure 3-6. The small segment phylogeny. 

The small segment phylogeny for publicly available CCHFv sequences before reclassification of 

Europe 2 into Aigai virus. Tips are coloured by continent. 
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Genotyping is based on the S segment because of its widespread application as 

a PCR target for diagnosis. The S phylogeny clusters CCHFv into 6 structured 

monophyletic clades which align with geographic location. Africa 1-3 consists of 

viruses isolated from Africa. Asia 1 and Asia 2 consists of viruses from Asia. Asia 

2 is split into two subgroups: Asia 2a and Asia 2b. The final clade is a clade 

containing CCHFv from Europe (Deyde et al., 2006) (Figure 3-6). Until recently, 

there was a second Europe clade but this has been reclassified as Aigai virus 

(Papa (Άννα Παπά) et al., 2022). 

 

3.1.5 Genomic representation of CCHFv in the public domain is an 

underrepresentation of the global distribution 

This section will present the molecular epidemiology from the perspective of 

publicly available complete small segment sequences and the distribution of 

CCHFv across Africa, Asia, and Europe. Additionally, it will discuss other 

evidence indicating the presence of CCHFv, including molecular and serological 

detection in animal, human, and tick populations documented in the literature. 

Regions where genomic representation is inadequate in each continent will be 

highlighted. The metadata extracted from the literature will also highlight 

significant discrepancies in serological surveillance capabilities, diagnostic 

accuracy, case reporting, and tick detection across all three continents where 

CCHFv is reported.  

For concision, and because of the reliance on the small segment for genotyping, 

only the small segment has been used for the comparison between genomic and 
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other evidence of CCHFC prevalence. A comparison of small, medium, and large 

clustering is in Phylogenetic congruency between segments. 

 

3.1.5.1 CCHFv clades in Africa 

 

 

There are three genotypes present in Africa (Figure 3-7). Africa 1 consists of 

sequences collected from Senegal. Africa 2 consists of sequences collected from 

Figure 3-7. Evidence for CCHFv in Africa.  

Maps showing Anti-CCHFv IgG detection in animal (A) and human (B) populations, human 
cases reported in the literature (C) and tick prevalence (D). Another map is used to show the 

total estimated distribution in Africa as a sum of all available evidence (E) and the countries with 

no small segment sequence data but other forms of evidence (F). In A, B, C and D, dots mean 

evidence for CCHFv occurrence in that region. 

 

A B C 

D E F 
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Uganda, Democratic Republic of the Congo (DRC) and Republic of the Congo 

(RC) (Central Africa). Africa 3 consists of sequences from a much larger 

collection of countries from south, central, west, and north Africa (Deyde et al., 

2006) (Figure 3-8). 

 

 

In Africa 2 and Africa 3, sampling bias is evident within the phylogenies. Uganda 

is the most represented location in Africa 2 (Figure 3-8) with most sequences 

originating from recent outbreaks. This increased representation is attributed to 

heightened surveillance and reporting efforts since 2013, following a span of 50 

years without cases. (Atim et al., 2023; Balinandi et al., 2018, 2021, 2022; Kizito 

et al., 2018; Nyakarahuka et al., 2022). Seroprevalence studies in human and 

animal populations and knowledge surrounding the tick vectors are limited in 

Figure 3-8. The Africa 2 and Africa 3 clades. 

A B 

Maximum likelihood phylogenies for the small segment inferred under an HKY+G4+I 
nucleotide substitution model for Africa 2 (A) and Africa 3 (B) clades. 
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Uganda compared to other endemic locations in Asia, or Europe (Atim et al., 

2023; Balinandi et al., 2021; Fisher-Hoch et al., 1992; Lule et al., 2022; 

Nyakarahuka et al., 2023). There is a lack of historical serological data in Uganda 

with the first report of animal seroprevalence in cattle in 2017 (Nyakarahuka et 

al., 2023) and human seroprevalence in 2020 (Lule et al., 2022). The Ugandan 

sequences cluster into three subclades (Figure 3-8).  

The three historical sequences from the 1950s cluster with other historical 

sequences from the DRC and RC. The contemporary Ugandan sequences 

cluster into two separate clades indicating at least two genotypes circulating in 

Uganda. Despite the earliest sequences originating in the DRC and RC 

(previously Zaire), additional evidence of circulation is limited. However, animal 

seroprevalence was detected in the Katanga province of DRC in 2013 (Sas, 

Mertens, Kadiat, et al., 2017) and a second case was reported in 2008 in Berwe 

(Grard et al., 2011). No additional case reports are available for the Republic of 

the Congo and no human seroprevalence or positive ticks have been reported. 

South Africa is the most represented country in the Africa 3 clade (Figure 3-8). 

The first human case was reported in 1981 with subsequent cases reported 

throughout the 1980s (Burt et al., 1996; Swanepoel et al., 1983, 1985, 1987; van 

Eeden, 1985; Vawda et al., 2018). It was first hypothesised that introduction into 

South Africa was because of the action of migratory birds prior to this index case. 

However widespread seroprevalence in animal populations including livestock 

and wild animals was discovered soon after which contradicted this hypothesis 

and suggested long-term circulation (Adam et al., 2013; Burt et al., 1996; Fisher-

Hoch et al., 1992; Guilherme et al., 1996; Kajihara et al., 2021; Khan et al., 1997; 

Morrill et al., 1990; Msimang et al., 2021; Sas, Mertens, Kadiat, et al., 2017; 
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Shepherd et al., 1987; Zeller et al., 1994). Positive ticks of the Hyalomma and 

Rhipicephalus genus were reported at the location of the index case (Lombard 

reserve) (Swanepoel et al., 1983), which has since expanded to ticks in Free 

State and Northern Cape (Msimang et al., 2021).  

The historical sequences from South Africa cluster into two distinct smaller 

clades. In subclade one, in addition to the South African sequences, there is one 

sequence each from Iran, Russia, Sudan, and Uganda indicating circulation of 

Africa 3 in Europe, Asia, and Southern and Northern Africa. The second subclade 

contains two smaller subclades: one with two sequences from Spain and Sudan 

and one from Mali, Senegal, Mauritania, and Uganda. The sequences in this 

subclade are from disparate geographic regions but are more homologous than 

the second smaller subclade. This second subclade contains sequences from 

South Africa and Uganda highlighting circulation of closely related viruses across 

a large geographic region.  

 
3.1.5.1.1 Underrepresented countries in Africa with other reported evidence of 

circulation 

Within Africa 3, nine countries are represented by 33 sequences, 18 of which are 

from South Africa. Although there is significant evidence in South Africa outside 

of genomic data, this is not representative of the evidence in the literature of 

circulation within Africa (Figure 3-7). Mauritania and Senegal will be used as 

examples of countries underrepresented by genomic data in the public domain.  

The first human case in Mauritania was reported in 1983 with additional cases 

since (Bob et al., 2017; Boushab et al., 2020; J. P. Gonzalez et al., 1990; Kleib 

et al., 2016; Nabeth et al., 2004; Saluzzo et al., 1985; Sow et al., 2014). There is 
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also evidence for circulation in animal, human and tick populations (J. P. 

Gonzalez et al., 1990; Nabeth et al., 2004; Saluzzo et al., 1985; Sas, Mertens, 

Isselmou, et al., 2017; Schulz et al., 2021) (Figure 3-9). 

Despite this, Mauritania is represented by one sequence from 1984 which 

clusters with sequences from Spain in 2014 and 2016 (Figure 3-8). This provides 

evidence for the action of migratory birds in the transfer of CCHFv from West 

Africa to Spain (Figure 3-9).  

Human cases were first reported in Senegal in 2003/04 and more recently in 

2017-19 (Dieng et al., 2020; Jauréguiberry et al., 2005; Tall et al., 2009). Animal 

and human seroprevalence were first detected in Senegal in 1969 (J.-P. 

Gonzalez et al., 1990; Mangombi et al., 2020; Wilson et al., 1990; Zeller et al., 

1994) and 1987, respectively (Chapman et al., 1991; Mhamadi et al., 2022; 

Wilson et al., 1990). CCHFv has also been detected in Hyalomma, Boophilus, 

Amblyomma, and Rhipicephalus ticks (Mhamadi et al., 2022; Zeller et al., 1997) 

(Figure 3-9). 

Senegal is the sole location for Africa 1 with two sequences from ticks and one 

from a goat. The location of Senegal in Western Africa suggests it is unlikely that 

the Africa 1 is limited to those foci and the absence of representation is likely an 

artefact of sampling and surveillance efforts (Figure 3-8).  

Across Africa there are many countries which are underrepresented in the public 

domain. Of particular interest are regions in the north and west because of 

proposed action of migratory birds. Additionally, countries North of Uganda in 

Eastern Africa e.g., Sudan and Egypt have both contemporary and historical 

evidence of CCHFv while being part of a flyway into central Asia and being near 
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land borders into the middle east which have been associated with importation of 

CCHFv into Saudi Arabia (Hassanein et al., 1997).  

 

 

3.1.5.1.2 African countries with evidence of CCHFv without representation 

12 other African countries have reported evidence for CCHFv in the last 70 years 

but are without genomic representation. Animal seroprevalence has been 

A B C 

Figure 3-9. Evidence for CCHFv in Senegal and Mauritania. 

Maps showing animal seroprevalence (A), human seroprevalence (B) and human cases 

overtime with tick prevalence (C) for Senegal and Mauritania in West Africa. Dots represent 

evidence of CCHFv in that area. 
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detected in Egypt (Darwish et al., 1977; Mohamed et al., 2008), Niger (Mariner et 

al., 1995), Kenya (Obanda et al., 2021), Cameroon (González Gordon et al., 

2022), Malawi (Phonera et al., 2021), Tunisia (Bouaicha et al., 2021; Khamassi 

Khbou et al., 2021; Zouaghi et al., 2021) Zambia (Kajihara et al., 2021; Lysholm 

et al., 2022), and Zimbabwe (J.-P. Gonzalez et al., 1990). Human seroprevalence 

has been reported in Kenya (Lwande et al., 2012; Tigoi et al., 2015), Ghana 

(Akuffo et al., 2016), Tunisia (Wasfi et al., 2016), Tanzania (Rugarabamu et al., 

2021), Mozambique (Muianga et al., 2017) and Madagascar (Shahhosseini et al., 

2021b).  

CCHFv positive ticks have been reported in Kenya in Rhipicephalus and 

Hyalomma genus (Chiuya et al., 2021; Sang et al., 2011; Shahhosseini et al., 

2021b), in Ghana in Amblyomma, Hyalomma and Boophilus (Akuffo et al., 2016), 

in Tunisia in Hyalomma (Bouaicha et al., 2021), in Zambia in Hyalomma (Kajihara 

et al., 2021) and in Morocco from Hyalomma collected from migratory birds 

(Palomar et al., 2013). 

 

3.1.6 CCHFv clades in Asia  

The Asian clades are more heterogeneous with regards to geographic location. 

Surveillance and sequencing efforts have also been more extensive across more 

countries compared to the African clades (Figure 3-10). Asia 1 is the largest Asian 

clade with 61 tips. The Asia 1 clade has an outgroup of 3 sequences from Nigeria,  
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A 

B 

C 

Figure 3-10. Evidence for CCHFv in Asia. 

Maps showing different types of evidence for CCHFv prevalence in Asia. Animal 

seroprevalence (A), human cases (B) and tick prevalence (C). Each dot represents a report of 

CCHFv prevalence in that area. Dots are not scaled for prevalence reported in each report for 
clarity. 
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Central Africa Republic (CAR) and Spain, “Africa 4”. This suggests that an Asia 

1-like genotype is circulating on all continents with endemic foci. The main Asia 

1 clade contains three subclades. One subclade at the base of Asia 1 contains 

genetically diverse sequences compared to the rest of Asia 1, a second subclade 

contains mostly sequences from Indian ticks, and third subclade containing a 

more homogeneous viral population from countries in the Middle East and India 

(Figure 3-11). 

 

 

Figure 3-11.  The Asia 1 clade. 

A maximum likelihood phylogeny for Asia 1 small segment clade with tips coloured by geographic 

location and shaped by host. The empty node in the protruding outgroup is the Nigerian goat 

sequence novel to this study. 
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The Asia 2a and Asia 2b clades have a comparable topology with regards to 

geographic location. In both, a monophyletic clade containing sequences from 

China sit at the base of the clade with sporadic sequences from central Asian 

countries before a comparatively large cluster of homogeneous viruses from India 

(Figure 3-12).  

In all three clades, India is over-represented by contemporary sequences 

resulting from extensive sequencing of outbreaks since 2011. All Indian CCHFv 

sequences in the public domain are from two Northern states, Gujarat and 

Rajasthan, potentially because of land borders to other endemic regions 

(Appannanavar & Mishra, 2011; Gandhi et al., 2011; Makwana et al., 2015; 

Mishra et al., 2011; Mourya et al., 2012, 2017; Sahay et al., 2021; P. Singh et al., 

2016; Tripathi et al., 2020; P. D. Yadav, Cherian, et al., 2013; P. D. Yadav, Raut, 

et al., 2013; P. D. Yadav, Gurav, et al., 2014; P. D. Yadav, Raut, et al., 2014; P. 

D. Yadav et al., 2016). 

Despite this, animal and human seroprevalence were first reported in southern 

states Kerala and Pondicherry in 1976 (Shanmugam et al., 1976), where cases 

still haven’t been reported. Since 2011, livestock and human serosurveillance 

studies have highlighted seropositivity within different India states (Mourya et al., 

2012, 2014, 2015; Sahay et al., 2021) and circulation is known in many tick genus 

(Kaul et al., 1990; Mourya et al., 2012; Sahay et al., 2020, 2021; P. D. Yadav, 

Cherian, et al., 2013) (Figure 3-13). 

 



 
 

89 
 

Outbreaks in India are unique compared to other endemic regions as genomic 

representation is available for each reported outbreak (2011, 2013-2019). 

Phylogenies indicate a mixed viral population circulating within the region. 

Viruses from Gujarat and Rajasthan collected between 2011 and 2019 cluster in 

both Asian clades (Figure 3-11; Figure 3-12). The metadata attached to these 

sequences highlight highly similar viruses belonging to both Asian clades isolated 

from human and tick hosts in Gujarat and Rajasthan highlighting the importance 

of tick bites as a risk factor for transmission. 

Figure 3-12. The Asia 2 clades. 

Maximum likelihood phylogenies for Asia 2a (with tentatively named Asia 2c containing 

sequences from China) (A) and Asia 2b (B). 

Asia  

2c 

A B 



 
 

90 
 

 

China is comparable to India with regards to representation in the public domain 

but has sequences from both historical and contemporary timepoints. The North-

A B 

C 

D 

Figure 3-13. Evidence for CCHFv in India.  

 
Maps showing animal seroprevalence in India in animal populations (A), human seroprevalence 

(B), human case numbers (C) and tick prevalence (D). Each dot represents a report of CCHFv 

prevalence in that area. Dots are not scaled for prevalence reported in each report for clarity. In 

Panel C and D only Gujarat and Rajasthan are shown due to lack of reports for human cases 

and tick prevalence in the other regions. 
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Western region of China, Xinjiang, is a hotspot with most of the evidence for 

CCHFv found in the region (Dai et al., 2006; X. Gao et al., 2010; R. Guo et al., 

2017; Han et al., 2002; Kong et al., 2022; Y. Li et al., 2020; Lv et al., 2006; 

Moming et al., 2018; Morikawa et al., 2002; Papa et al., 2002; Qing et al., 2003; 

Saijo et al., 2004; Spengler et al., 2016; Sun et al., 2009; Q. Tang et al., 2006; H. 

Xia et al., 2011; Yen et al., 1985, 1985; Y. Zhang et al., 2018) (Figure 3-14). 

On the other hand, some central Asian and middle eastern countries are 

underrepresented in the public domain despite evidence of circulation in animal, 

human and tick populations. There is a major language barrier to assessing 

historical records and publication regarding the circulation in Central Asian 

countries but this has been well summarised by Fereidouni et al (2023) which 

was used as a reference for this section for the distribution at earlier dates prior 

to publication in English (Fereidouni et al., 2023).  

The southern part of Central Asia, the Middle East and western part of China 

demonstrate circulation in many animal and tick species and human cases 

(Figure 3-14). From the current predicted phylogenetic topology, it can be 

hypothesised that the central Asian region may act as a conduit for dissemination 

of CCHFv from China to the Middle East and vice versa.  

This could be attributed to the geographic barrier posed by the Himalayas (Couret 

et al., 2022), preventing direct introduction from China into India. There is also a 

potential pathway for introduction from Eastern Africa into the Middle East or vice 

versa via land borders and sea ports, specifically because of importation of 

livestock during Eid celebrations (el-Azazy & Scrimgeour, 1997; Hassanein et al., 

1997; Rodriguez et al., 1997). However, the sampling bias present in the current 
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dataset e.g., overrepresentation of China and India and limited representation for 

some Middle Eastern and Central Asian countries, prevent conclusions with 

certainty as to the evolutionary pathway that CCHFv has undergone throughout 

Asia.  

 

 

Figure 3-14. Evidence for CCHFv in China.  

A B 

C D 

Maps showing animal seroprevalence (A), human seroprevalence (B), human cases (C) and 

tick prevalence in regions of China. Each dot represents a report of CCHFv prevalence in that 

area. Dots are not scaled for prevalence reported in each report for clarity. 



 
 

93 
 

3.1.7 CCHFv clades in Europe 

 

 

 

A B C 

D E 

Figure 3-15. The European clade.  

Individual maximum likelihood phylogenies inferred under an HKY+G4+I nucleotide substitution 

model using the small segment sequences for the entire European clade (A), Kosovo clade (B), 

Turkey 1 (C), Turkey 2 (D) and Russian clade (E).  
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The European clade has sequence representatives from Russia, Turkey, Kosovo, 

Bulgaria, Greece, and Iran (Figure 3-15). The three main foci where CCHFv is 

reported in Europe are Russia, Turkey, and Kosovo. All three form monophyletic 

clades representing limited exchange within the regions. As with the Asian and 

African clades, some European countries are also underrepresented by the 

genomic data (Figure 3-16). but there is a more even distribution of sequences 

across the main regions. Additionally, two sequences from Bulgaria are located 

at the tip of a clade opposed to the base because of accelerated evolution 

associated with cell culture (Figure 3-15). 

 

3.1.7.1 CCHFv in Spain 

Spain is one of the most recent countries to have reported the onset of 

autochthonous cases. In 2010, a positive Hyalomma lusicatium tick collected 

from Red Deer was reported from Caceres, Western Spain (Estrada-Peña, 

Palomar, et al., 2012). The first autochthonous case was recorded in Avila in 2013 

(Negredo et al., 2017). Cases have since been recorded in 2016 (Avila (1), 

Madrid (2)), 2018 (Badajoz (1), Salamanca (2)), and 2020 (Avila (1), Salamanca 

(3)) (Monsalve Arteaga et al., 2021; Negredo et al., 2021). 

A seroprevalence study in North-western Castile-y-leon demonstrated low 

seropositivity, comparable to that observed in Southern Portugal and Hungary in 

the 1980s (Filipe et al., 1985; Horváth, 1976). This suggests that asymptomatic 

circulation in the human population is still limited but should be expected after 

identification in tick populations.  
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Several tick survey studies have been conducted since positivity in Hyalomma 

populations in Spain in 2010, finding positive ticks from Red Deer, Wild Boar, 

Fallow Deer and Roe Deer (Cajimat et al., 2017; Moraga-Fernández et al., 2021; 

Sánchez-Seco et al., 2022).  

 

 

Figure 3-16. Evidence for CCHFv in Europe. 

A B 

C D

Maps showing animal seroprevalence (A), human seroprevalence (B), human case reports (C) 

and tick prevalence (D) in Europe. 
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Three different genotypes have been reported in Spain (Lorenzo Juanes et al., 

2023). In the first cases, the Africa 3 genotype was detected (Figure 3-8). After 

this, the Africa 4 (Asia 1 outgroup) was detected (Figure 3-11). The European 

clade has also been detected but with full segment representative not available. 

The presence of Africa 3, Asia 1 outgroup (Africa 4) and Europe 1 highlights 

circulation of diverse genotypes in Spain.  

 

Figure 3-17. S, M and L phylogenies.  

A 

B C 

Maximum likelihood phylogenies for the S (A), M (B) and L (C) segments inferred under an 
HKY+G4+I nucleotide substitution model coloured by small clade genotyping. 
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3.1.8 Phylogenetic congruency between segments  

The geographic clustering observed in the S segment phylogeny is conserved 

within some M clades (Figure 3-17). The European clade and most of the Asia 1, 

Asia 2a, Asia 2b, and Africa 2 clades are conserved. The Africa 3 clade is divided 

between two smaller clades, C4a and C5 with strains from Asia. M segment C4 

(MC4) contains two subclades, MC4a one with Africa 3 and Asia 1 and MC4b 

with CCHFv from Asia 1, Asia 2a and 2b. Another more divergent clade, MC5, 

contains sequences from Africa 3 and the three Asian clades. MC7 contains 

Africa 2 and Africa 1 in addition to sequences from Asia 1 and the Asia 2c clade. 

The large segment clustering more closely aligns with the small segment clades, 

with the formation of larger clades for sequences from Asia and Africa suggesting 

more conservation in the L segment in these clades/regions (Figure 3-17). 
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3.2 Results 

3.2.1 Novel CCHFv sequences were generated by metagenomic NGS 

Forty-three, thirty-four and thirty-three novel sequences were generated for the 

S, M and L segments, respectively (Appendix 7). Many novel sequences are from 

an outbreak in Turkey in 2015. Novel sequences were generated from samples 

originating from Pakistan, Kosovo, Democratic Republic of Congo, Nigeria, 

Uganda, and Tajikistan (Table 3-1). In total, 29 full genomes were generated from 

metagenomic sequencing: one from Kosovo, Pakistan, and the DRC, and 26 from 

Turkey. 

 

 

 

 

  

 

In the final dataset there are 333, 259 and 233 sequences from the S, M, and L 

segments (Appendix 8). Sampling spanned from 1956 to 2022, with an increasing 

density of samples towards the present day (Appendix 9). Most sequences were 

derived from human cases, but all segments have >45 sequences from ticks 

(Appendix 10). Both Asia and Europe were comparably sampled but Africa 

demonstrates >50% less sequences, representing a large sampling bias within 

the dataset.  

Sample Location Date Host segments 
D1126 Pakistan 1998/99 Human S, M, L 
Kos2009 Kosovo 2009 Human S, L 
S3409 Kosovo 2009 Human S, M, L 
3011 DRC 1956 Human S, M, L 
AR7620 Nigeria 1965 Goat S 
SE7239 Uganda 1971 Human S, L 
SE7300 Uganda 1967 Human S, L 
Khodzha Tajikistan 1975 Human S 
Kos.2475 Kosovo 2009 Human M, L 

 
Table 3-1. Metadata for non-turkish novel sequences. 
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3.2.2 Novel sequences cluster within Asia 2a, the Asia 1 outgroup and the 

European clade 

 

 

  

A 

Sample S M L 
Khodzha Asia 2a NA NA 
D1126 Asia 2a Asia 2a (clade 2) Asia 2a  
Tur.1009 Europe (Russia) Europe (Russia) Europe (Russia) 
AR7620 Africa 4 (Asia 1 out) NA NA 
SE7300 Africa 2 NA Africa 2 
SE7329 Africa 2 NA Africa 2 
3011 Africa 2 Africa 2 (clade 7) Africa 2 
Kos2009 Europe (Kosovo) NA Europe (Kosovo) 
S3409 Europe (Kosovo Europe (Kosovo) Europe (Kosovo) 
Kos.2475 Europe (Kosovo) Europe (Kosovo) Europe (Kosovo) 
Other Turkey Europe (Turkey) Europe (Turkey) Europe (Turkey) 

 

Figure 3-18. The metadata and clustering of novel sequences. 

B C 

Asia 2a 

Asia 1 

A table containing clade assignments for the novel sequences generated in the study. NA 

represents segments with no sequence (A). Maximum likelihood phylogenies inferred under an 
HKY+G4+I nucleotide substitution model highlighting the placement of novel sequences in the 

S (B), M (C) and L (D) segments.  
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For the small segment, 37 sequences were added to the European clade, three 

into Africa 2, two into Asia 2a and one into Asia 1. For the medium segment, 32 

sequences were added to the European clade with the same clustering pattern 

observed in the small segment. One sequence (D1126) was added to clade 3 

and one sequence to Africa 2. Clade 3 corresponds to the Asia 2a clade. For the 

L segment 29 sequences have been added to the European clade following the 

same clustering pattern as for the S and M segments.  

Figure 3-19. Phylogenies highlighting novel 
European sequences.  

 

A B 

C Russia (Kosovo) 

Russia (Turkey) 
A maximum likelihood phylogeny for the European 

clade in the small segment inferred under an 

HKY+G4+I nucleotide substitution model with 

placement of novel sequences highlighted by larger 

tips (A). The European Russia clade for the small 

segment which contains Tur.1009, a sequence 

from Turkey (B). The European clade from the M 
segment (C).  
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Specifically, D1126 has been added to Asia 2a, and 3011, SE7239, and SE300 

added to Africa 2 (Figure 3-18). Within the European clade all but one of the novel 

Turkish sequences’ clusters in previously characterised Turkish subclades. 

Tur.1009 clusters with the Russian subclade in all three segments (). In the M 

segment phylogeny, Tur.1009 clusters with the Russian subclade most related to 

sequences from Kosovo than Turkey. The three added Kosovan sequences 

cluster in the Kosovo subclade (Figure 3-18). 

Three historical samples from Porton Down have been incorporated into the 

Africa 2 containing clade. Among these, sample 3011, retrieved from the 

Democratic Republic of Congo (DRC) in 1956, cluster closely with UG3010, 

Figure 3-20. Phylogenies for the Africa 2 containing 
clades. 

A B 

C 

Maximum likelihood phylogenies inferred under an 

HKY+G4+I nucleotide substitution model for the three 
clades containing novel sequences SE7300, SE7239 and 

3011. The small segment Africa 2 clade (A), the M 

segment clade 7 (B) and the L segment Africa 2 clade (C).  
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obtained from the Republic of the Congo in the same year. Additionally, SE7300 

and SE7239 have also been added into this clade, both collected from Semunya 

in Uganda in 1967 and 1971 respectively. These sequences cluster at the base 

of one of the Ugandan clades alongside contemporary Ugandan samples. In 

terms of the L segment, these sequences cluster with other historical 

counterparts within the clade (Figure 3-20).  

 

 

Figure 3-21. Phylogenies for the Asia 2a containing clades. 

A B 

C 

Maximum likelihood phylogenies inferred under an HKY+G4+I nucleotide substitution model 

highlighting the position of D1126 in the Asia 2a clades for the small (A), medium (B) and large 

(C) segments. 
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Within the Asia 2a subclade D1126 clusters closely with a sequence from a 

patient sample collected in India (Gujarat) in 2011 in all segments. Khodzha 

clusters closely with Hodzha, a sequence from a fatal infection in Uzbekistan in 

1967. This provides genomic evidence of related CCHFv circulating in Pakistan 

and India and Tajikistan and Uzbekistan (Figure 3-21). In the M segment, D1126 

is positioned at the base of MC3 providing a historical date for that clade (Figure 

3-21).  

 

 

MC3 otherwise contains sequences from human samples collected from Gujarat 

and Rajasthan and ticks from Gujarat and thus provides evidence for the 

introduction of CCHFv from Pakistan into Northern India. Also, at the base of MC3 

is a sequence from a patient sample collected from Dubai in 1979. Although part 

of the clade, this sequence is contained within its own terminal branch, indicating 

its disparity from the rest Asia 2a, specifically in the medium segment (Figure 

Figure 3-22. A Phylogeny for the Asia 1 clade. 

Maximum likelihood phylogenies for the Asia 1 clade inferred under an HKY+G4+I nucleotide 

substitution model with the novel Nigeria sequence in its outgroup. 
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3-21). Within the Asia 1 outgroup (also called “Africa 4”) which contains 

sequences from Nigeria, CAR, and Spain, one new sequence is added, AR7620. 

This was generated from a serum sample taken from a goat in Nigeria in 1965. 

AR7620 has no M and L sequence (Figure 3-22).  

 

3.2.3 Detection of recombinant CCHFv strains 

 

 

No recombination events were detected in the novel sequences generated in this 

study. In the small segment, RDP4 detected one recombinant sequence: 

MCL.19.T.1922. This sequence was derived from a tick collected in Rajasthan 

Figure 3-23. Small segment recombination candidates.  

Phylogenetic representation of the small segment recombinant, MCL.19.T.1922 (MN866211). 

The minor parental strain is predicted to be MCL.19.T.2059 (MN930422) and major parental 
strain MCL.19.H.3460 (MW298552). 
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from India in 2019 and clusters in Asia 1. The minor parental strain is predicted 

to be from a tick from Gujarat in India in 2019 which clusters in Asia 2b. The major 

parental lineage is predicted to be from a human patient in Gujarat collected in 

2019 which clusters in Asia 1 (Figure 3-23).  

 

 

In the medium segment, RDP4 detects three potential recombinant events, but 

only one with detection in ≥ 3 methods. Strain SR3 was collected from a human 

from Karachi in Pakistan in 2000. Further investigation demonstrated SR3 is likely 

an erroneous sequence and will be removed (Figure 3-24).  

Figure 3-24. Medium segment recombination candidates. 

Phylogenetic representation of the potential medium segment recombinant, SR3 (AJ538199). 

The minor parent is predicted to be ArD39954 (DQ211628) and major parent Arg092990 

(HM452306). 
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In the large segment, three different breakpoints were identified in the same triplet 

of sequences (Semunya (DQ076412), UG3010.RC (DQ211624) and Nakiwogo 

Figure 3-25. Phylogenetic incongruence between segments. 

A 

C 

B 

Phylogenetic tanglegrams for the S vs M (A), S vs L (B) and M vs L (C) segments. Joining lines 

are coloured by small segment clade. 
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(KX013483)). From this recombination analysis, five strains were removed from 

the dataset for each segment used for further analysis.  

 

3.2.4 CCHFv demonstrates evidence of extensive reassortment 

 

 

Reassortment events can account for some of the observed phylogenetic 

incongruence between the three segments. Two methods were used for the 

detection of reassortment events in the curated dataset. As is known for CCHFv, 

the majority of reassortment events predicted involve exchange of the M segment 

Figure 3-26. Medium segment reassortment candidates.  

 

MC4 

MC5 

MC7 

A tanglegram of the S and M segment phylogenies with candidate M segment reassorted taxa 

as identified by GiRaF highlighted. The S segment phylogeny is provided on the left and M 

segment phylogeny on the right. Candidate taxa are joined by lines coloured by small segment 
clade. 
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demonstrated by increased incongruence between the S and M and M and L 

phylogenetic topologies (Figure 3-25). 

 

 

M segment reassortment was detected in 80 unique strains, categorised into 14 

different sets. The three heterogeneous M segment clades, MC4, MC5 and MC7 

contain reassorted taxa from Asia 1, Asia 2a, Asia 2b and Asia 2c. Outside of 

theses clades, most of Asia 2b, a subsection of Asia 1 and taxa within the Russian 

subclade are also predicted to demonstrate incongruence in line with 

reassortment events (Figure 3-26). S segment reassortment was detected in a 

section of Asia 2a suggesting acquisition of a central Asian-like S segment at an 

ancestral timepoint. A lone strain, Matin, from Pakistan was also identified as a 

potential S segment reassorted strain (Figure 3-27).  

Figure 3-27. Small segment reassortment candidates. 

A tanglegram of the S and M segment phylogenies with small segment candidate reassorted 

taxa highlighted. 
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L segment reassortment was detected in 76 strains but many are duplicates of M 

segment reassorted strains. This is supported by the topological congruence 

between the S and L. The Africa 1 clade is identified as an L segment 

reassortment event, clustering closely to other Northern African strains for the L 

segment (Figure 3-28). 

 

 

Figure 3-28. Large segment reassortment candidates. 

A tanglegram of the S and L segment phylogenies with the L segment reassorted taxa highlighted. 
To identify which are incorrectly identified as L segment reassortment events and represent M 

segment reassortment events the L segment candidates are visualised with the S segment. 

Congruence between the S and L phylogenies is indication of M segment reassortment.  
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RDP4 predicts 8, 19 and 20 reassortment events for the S, M and L segments, 

respectively. Four reassortment events were identified with high confidence 

detection of the correct reassorted taxa. The remaining events represent 

predicted reassortment events with uncertainty surrounding which sequence in 

A table describing reassortment events in which the reassorted taxa is confidently predicted (A). 

Phylogenies for the S, M and L segments with predicted reassorted taxa predicted by RDP4 

highlighted (B, C, D). If a reassortment event was predicted but the recombinant was potentially 
misidentified, the minor and major parental virus are considered as potential reassortments and 

highlighted. “*” indicates uncertainty for the breakpoints identified by RDP4. 

 Clade Segment Start End Minor Major 
DAK8194 Africa 1 L 6636 18473* ArD39554 Nakiwogo 
Tur.2050 Europe M 1456 6626* Tur.2066 S3409 
3809ST2007 Europe M 1436 6717 Unknown Ast137 
81R2014 Europe M 1305* 6638 46ST2012 3756ST2007 

 

Figure 3-29. Candidate reassorted taxa identified by RDP4. 

A 

B C D 
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the triplet has resulted from reassortment. Novel genome Tur.2050 is identified 

as a M segment reassortment (Figure 3-29).  

 

3.2.5 Testing for selection across the three segments  

3.2.5.1 Detecting sites under selection in the three segments using codon-based 

models 

 

FUBAR was used to test for pervasive selection at the codon level. No sites were 

predicted to be under positive selection (posterior=>0.9). Sites 30 (ω=2.67, 

BF=39, posterior=0.881) and 125 (ω=2.03, BF=19.5, posterior=0.78) are under 

Figure 3-30. The nucleoprotein sites under negative selection.  

The CCHFv nucleoprotein coloured by electrophoretic charge. Blacked out residues represent 

residues not under negative purifying selection as identified by FUBAR. 
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positive selection at a reduced stringency. 447 sites are observed to be under 

negative, purifying selection (w=<1, posterior=>0.9) (Figure 3-30).  

A limitation of FUBAR is that a period of episodic positive selection can be 

masked by a period of conservation, whereas MEME can identify episodic 

positive selection. MEME identifies six codon sites are under positive selection 

(LRT p >0.05), sites 11, 208, 256, 302, 319, 350 (Figure 3-31).  

 

 

FUBAR detects positive selection at 25 sites in the M segment, seven sites in Gc 

and five in GP38 (Figure 3-32). An additional 10 sites in mucin-like-domain, two 

Nucleoprotein sites predicted to be under positive selection by MEME. The two models 

represent the front and back of the nucleoprotein. 

Figure 3-31. The nucleoprotein sites under episodic positive selection.  

11 
319 

350 

208

302 
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in Gn, and two in NSm were detected as under positive selection but resolved 

structures for these are not available (Appendix 11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Highlighted sites were predicted by FUBAR. The Gc protein (PDB 8JKD) with sites under 

positive selection which are exposed on the surface of the protein highlighted.  Sites 1605 and 

1607 aren’t included in the model (A). Residue 1208 in the Gc is a cysteine residue in center 

of the protein (B). The GP38 (PDB 8DC5) with sites 432, 442 and 351 highlighted (C). Site 341 

was not resolved in available GP38 models.  
 

Figure 3-32. Sites in the Gc and GP38 protein under positive selection  
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FUBAR detects 1313 sites under negative selection (ω=0.02–0.54) suggesting 

strong negative selection in a large proportion of the GPC: 561 Gc, 237 Gn, 207 

GP38, 190 NSm, 100 MLD. MEME identifies 30 sites across the GPC under 

episodic positive selection, 17 in Gc (Figure 3-33), 10 in MLD, one in Gn, one in  

NSm and one in GP38 (Appendix 12). Site 341 in the GP38 is located near sites 

343-349 which were predicted to be important binding sites for mAb isolated from 

CCHFv survivors.  

In the L segment, site 784 was predicted to be under positive selection by FUBAR 

(ω=2.78, p=0.004). This site is in the endonuclease domain. Using MEME, 17 

sites are predicted to be under positive selection (p < 0.01). Site 769 is within the 

endonuclease domain, and sites 83 and 157 are in the OTU domain. The 

remaining 14 are not within functionally assigned regions.  

1438 

Residues detected in Gc as under episodic positive selection based on MEME. Sites 1662, 
1664, 1668, 1670, 1671, 1673, 1676, 1682, 1683 and 1684 were also detected as under 

selection but are not resolved in the model (PDB 8JKD). 
 

1441 

1237 

1316 
1318 
1322 
1323 
1441 
 

Figure 3-33. Sites in the Gc protein under episodic positive selection. 
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The three African clades were used as root clades (Africa 3 (A), Africa 2 (B) and Africa 1 (C)) as 
a comparison against the midpoint rooting (D) in attempts to identify the most temporally favored 

rooting configuration for the small segment. Tips are coloured by small segment clades. 

 

A 
B 

C D 

Figure 3-34. Rooting hypotheses and temporal signal investigation. 
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3.2.6 The evolutionary dynamics of the CCHFv inferred from the small 

segment 

3.2.6.1 Temporal signal and root location  

No correlation between root-to-tip distance and collection date was observed 

utilising a midpoint rooted phylogeny or when rooting was manually placed at any 

of the African clades (Figure 3-34). The African clades were selected as 

candidate root clades because of the observation of increased root-to-tip distance 

in the midpoint rooted phylogeny and previous publications (Carroll et al., 2010; 

Zehender et al., 2013). Midpoint rooting places the root at the centre of the root-

to-tip distance and doesn’t necessarily select the most biological relevant rooting 

locations. As little difference was observed between rooting hypothesises the 

rooting taken forward was selected by the optimising residual mean squared error 

using TempEst, which mirrored the midpoint rooting with Africa 1 as the root 

clade. 

The long ancestral branches prior each clade paired with the absence of temporal 

signal through all six clades using a single molecular clock suggests the presence 

of multiple clocks, and thus each clade was interrogated individually for temporal 

signal. The strongest temporal signal was observed in the Africa 2 and Africa 3 

clades (R2=0.47, R2=0.53) (Figure 3-35). The rate estimated for the Africa 3 clade 

was used for a calibration rate for all small segment clades (1.2x10-4 s/s/y-1). 
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The performance of normal and lognormal priors of varying stringency were 

compared and the best model selected according to the Bayes factor. This 

stringency is referring to the parameter spaces provided for rate estimation by the 

statistical distribution used for the clock rate prior. The clock rate prior impacts 

evolutionary rate estimates and this TMRCA for the clades. All models for all 

clades converged with >200 ESS for each parameter. 

Linear regressions for the Africa 2 (A) and Africa 3 (B) clades as the clades with the strongest 

correlation between collection date and root to tip distance. Points are coloured by collection 

location and shaped by host. The corresponding phylogeny is provided, 

 

Figure 3-35. Clades with temporal signal. 

 

A 

B 
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Africa 3 is estimated to have the most ancient root age, followed by Asia 1, Africa 

2, Asia 2b, Europe, and Asia 2a. The European clade is estimated to have the 

slowest evolutionary rate with 7.9x10-5 substitutions/site/yr-1 (s/s/y-1) and Asia 2a 

the fastest evolutionary rate with a rate of 7.5x10-4 s/s/y-1 (Table 3-2, Table 3-3). 

These rates and TMRCA need to be estimated in context of the entire phylogeny 

to confirm estimates (Figure 3-36).  

B 

A 

Figure 3-36. Small segment clade estimates. 

Estimates of evolutionary rate (A) and time to most recent common ancestor (TMRCA) (B) for 

the Africa 2, Africa 3, Asia 1, Asia 2a, Asia 2b and Europe clades. Models were selected in 

this order, logN(1.2E-4, 10), logN(1.2E-4, 0.1), logN(1.2E-4,10), N(1.2E-4,0.1), logN(1.2E-
4,0.1) and N(1.2E-4,100). Where N or logN refers to a normal or lognormal distribution, 1.2E-

4 is the rate (1.2x10-4) and 10 is the standard deviation of the distribution. 
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As stringency was manipulated for clade-specific clock rate and TMRCA 

estimates the impact of the prior distribution on estimates was investigated but 

repeating evolutionary models without genomic data. Prior only models were not 

comparable to those using genomic data suggesting little influence on estimates. 

  

Clade Clock.rate prior Mean Lower   Upper 
Africa 2 logN(1.2E-4,10) 1634.11 1343.93 1893.61 
Africa 3 logN(1.2E-4,0.1) 1149.54 491.87 1718.26 
Asia 1 logN(1.2E-4,10) 1448.52 967.4 1845.4 
Asia 2a N(1.2E-4,0.1) 1953.97 1934.95 1966.83 
Asia 2b logN(1.2E-4,0.1) 1758.46 1625.71 1877.04 
Europe N(1.2E-4,100) 1727.14 1579.78 1849.42 

Table 3-2. TMRCA for the small segment clades. 

 

 

Clade Clock.rate prior Mean Lower  Upper 
Africa 2 logN(1.2E-4,10) 0.0002001 5.77E-05 0.0003538 
Africa 3 logN(1.2E-4,0.1) 0.000112 3.90E-05 0.000188 
Asia 1 logN(1.2E-4,10) 0.000102 2.95E-05 0.000184 
Asia 2a N(1.2E-4,0.1) 0.000753 0.000426 0.001108 
Asia 2b logN(1.2E-4,0.1) 0.000174 8.92E-05 0.000262 
Europe N(1.2E-4,100) 7.97E-05 5.26E-05 0.000108 

Table 3-3. Evolutionary rates for the small segment clades. 

 

 

 

TMRCA for the small segment clades from Bayes factor selected models. Coalescence date 
(expressed as years before 2022) estimates for the root of each clade from the model selected 

by BF test with the mean and lower and upper 95% CI. 

Evolutionary rate estimates for the small segment clades from Bayes factor selected models. 

Rate estimates for each clade with the mean and lower an upper 95% CI. 
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To accommodate for the highly structured topology of the CCHFv small segment, 

an uncorrelated relaxed clock was used with clades enforced by partitioning into 

monophyletic taxon groups. Under this model the evolutionary rate is estimated 

to be 1.2x10-4 (Highest Posterior Density (HPD) 9.4x10-5–1.4x10-4). The root of 

the phylogeny and the divergence of the Africa 1 clade is estimated to have 

occurred in 410 CE (HPD 266 BCE–998 CE). Of particular interest are the 

TRMCAs for the deep ancestral nodes which depict divergence into the modern-

day clades. The Africa 2 clade diverged in 786 CE (HPD 454-1106) and the 

Figure 3-37. Small segment time scaled phylogeny. 

A maximum clade credibility (MCC) time scaled phylogeny with median node heights for the 
small segment inferred under a relaxed clock model with a constant population demographic 

parameter. Internal nodes are labelled with mean TMRCA calendar date. Coloured nodes 

represent posterior support for the node. Nodes with >0.9 aren’t shown.  Black nodes 

demonstrate those annotated with dates. 
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European clade diverged from a likely ancestral African lineage in 1027 CE (HPD 

763–1271). The Africa 3 and the Asian lineages diverged from each other in 1149 

CE (HPD 918-1360) before further divergence into Asia 1 in 1379 CE (HPD 1185-

1553), Asia 2a in 1770 CE (HPD 1697-1835) and Asia 2b in 1802 CE (HPD 1740-

1860) (Figure 3-37).  

 

3.2.7 The CCHFv small segment under a fixed local clock model  

As the CCHFv phylogeny demonstrates a structured topology, we hypothesised 

each clade could evolve under separate molecular clocks. To test this, 

evolutionary models were implemented constraining each clade to monophyly 

and assigned its own prior for clock rate and root age estimations in accordance 

with clade specific rate inference (Figure 3-36). 

 

 

Small variations in rate were observed across the clades when heterogeneous 

evolutionary rates are permitted (Figure 3-38). The quickest evolutionary rate was 

Figure 3-38. Rate estimates under fixed local clocks.  

Rate estimates for each clade under a fixed local clock model where clades with >3 sequences 

were constrained to monophyly and have a unique rate estimated. meanRate demonstrates the 
rate estimated across all branches in the phylogeny.  
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observed in the Africa 3 clade at 1.5x10-4 s/s/y-1 (HPD 1.1x10-4 – 2.0x10-4), which 

varies from the rate estimated when cladistic evolutionary rates were estimated 

independently (Table 3-3). The slowest rate among clades was observed in the 

European clade at 8.6x10-5 s/s/y-1 (HPD 6.7x10-5 – 1x10-4). The rate estimated 

for the entire phylogeny is reduced to 7.6x10-5 s/s/y-1 (HPD 4.9x10-5 – 1.05x10-4) 

from 1.2x10-4 s/s/y-1 estimated without local clocks. The Asia 1 and Asia 2b clades 

are suggested to evolve at rates of 8.9x10-5 s/s/y-1 (HPD 4.2x10-5 – 1.4x10-4) and 

7.7x10-5 s/s/y-1 (HPD 3.5x10-5 – 1.1x10-4), respectively. The model selected by 

Bayes factor for each clade was used for these estimates. 

When estimated under a fixed local clock, the root of the phylogeny is reduced 

from 410 CE (HPD 266 BCE – 998 CE) to 275 BCE (HPD 523 BCE – 1173 CE). 

The TMRCAs for Africa 2, Africa 3, and Asia 2a are brought closer to the current 

day. Under a fixed local clock model Africa 2 diverged in 1570 CE (HPD 1358-

1760), Africa 3 diverged from Asian clades in 840 CE (HPD 454–1195) and Asia 

2a diverged in 1778 CE (HPD 1687-1865). The remaining clades TMRCAs are 

estimated to be more historical. Asia 1 is predicted to have diverged in 950 CE 

(HPD 591-1265) and Asia 2b in 1692 CE (HPD 1557-1815) (Figure 3-39). 

Three different models were utilised to model the small segment phylogeny. 

Uncorrelated relaxed clock models with and without clades monophyletic 

constraints, and a fixed local clock model with a rate prior per clade. A Bayes 

Factor test overwhelmingly selected the relaxed clock model with monophyletic 

clades and one rate prior as the model (BF vs no monophyly = 7.9x10198, BF vs 

local clocks = 9.5x1014). 
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Figure 3-39. Differential coalescence and a time scaled phylogeny. 

A 

B 

Differential TMRCA dates for each clade comparing estimates made under a relaxed clock 
model and a fixed local clock model. No local refers to estimates from the uncorrelated log 

normal relaxed clock model (A). The MCC time-scaled small segment phylogeny with median 

node heights as inferred under a fixed local clock model. Nodes annotated with mean heights 

represent divergence dates. Node colours denote posterior support (>0.9 nodes omitted) (B). 

 



 
 

3.2.8 A BEAST reconstruction of CCHFv dissemination at local scales 

Using a time-calibrated phylogeny, hypotheses can be made regarding 

dissemination across both local and global scales. However, a formal 

assessment can also be made by reconstruction of ancestral locations by discrete 

trait analysis (DTA).  

 

 

Figure 3-40. Discrete trait reconstruction for the Africa 2 clade. 

 

A 

B 

Time-scaled MCC phylogenies for the Africa 2 with ancestral nodes coloured by most highly 

supported discrete location. Node labels show mean heights as calendar dates coalescent time. 

The shape of the icon at each node depicts the probability of the ancestral location. The size of 
the node depicts the posterior support for the node (A). Edge network graphs plotted with 

geographical coordinates for visualisation of CCHFv clade Africa 2. The directionality of 

movement is assessed via Bayes Factor, and support for the significance of the movement is 

assessed via the posterior probability (B).  
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Ancestral state reconstruction predicts Uganda as the ancestral location for the 

Africa 2 clade (posterior=0.72) with the progenitor virus estimated to be 

circulating prior to 1549 CE (HPD 1137-1903). Node transitions rates suggest 

mixing between the DRC and RC and DRC/RC to Uganda, and vice versa are 

possible (posterior=>0.5) (Figure 3-40). 

 

Figure 3-41. Discrete trait reconstruction for the Africa 3 clade. 

A B 

Time-scaled MCC phylogenies for the Africa 3 with ancestral nodes coloured by most highly 

supported discrete location and node labels showing mean heights as calendar dates 

coalescent time. The shape of the icon at each node depicts the probability of the ancestral 

reconstruction. The size of the node depicts the posterior support for the node positioning (A). 
Edge network graphs plotted with geographical coordinates for visualisation of CCHFv clade 

Africa 2. The directionality of movement is assessed via Bayes factor, and support for the 

significance of the movement is assessed via the posterior probability (B).  
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The ancestral location of the Africa 3 clade with the UAE outgroup was predicted 

to be the UAE (posterior=0.3) in 1145 CE (HPD 289-1707). South Africa is 

reconstructed as the ancestral location for the main Africa 3 clade at the two 

descending nodes for the root (posterior=0.33, 0.61). The most supported node 

reconstruction predicts South Africa as the ancestral location in 1611 CE (HPD 

1245-1847). The reconstructed location at the parental node to the clade 

containing sequences from Europe, Western and Eastern African is South Africa 

(posterior=0.76) in 1841 CE (HPD 1698-1939) (Figure 3-41). No transition rates 

with >0.7 posterior support was detected in the Africa 3 clade. Dissemination from 

South Africa to Namibia is supported with lower statistical support (posterior >0.5, 

BF=13.8).  

The reconstructed location at the root of the Asia 1 clade is Iraq (posterior=0.3) 

in 1593 CE (HPD 1158-1906). The reconstructed location at the most historical 

but supported node is Pakistan (posterior=0.58) in 1948 CE (HPD 1918-1970). 

Other ancestral locations are predicted at deeper nodes but with low probability. 

Transition rates from Oman to Iraq (BF=15.2, posterior=0.64), Iraq to Oman 

(BF=8.5, posterior=0.50), and UAE to China (BF=66.6, posterior=0.88) are 

statistically supported (Figure 3-42). 

Tajikistan is predicted to be the ancestral location (posterior=0.49) at the root of 

the Asia 2a clade in 1951 CE (HPD 1925-1967). Other ancestral nodes are also 

predicted to be from Tajikistan but is with strongest support in 1978 CE (HPD 

1966-1989, posterior=0.93). Pakistan is predicted as the proximal origin prior to 

dissemination into India in 1995 CE (HPD 1984-1999, posterior=0.62) and the 

presence of Asia 2a in India is most strongly supported in 2009 CE (HPD 2003-

2012, posterior=0.98) (Figure 3-43).  
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Figure 3-42. Discrete trait reconstruction for the Asia 1 clade. 

 

A 

B 

Time-scaled MCC phylogenies for the Asia 1 clade with ancestral nodes coloured by most highly 
supported discrete location. Node labels show mean heights as calendar dates coalescent time. 

The shape of the icon at each node depicts the probability of the ancestral location. The size of 

the node depicts the posterior support for the node positioning (A). Edge network graphs for 

discrete phylogeographic results for the Asia 1 clade (B).  
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No transition rates were supported with a BF >3 and a posterior probability >0.7. 

Transitions between India into Tajikistan (BF=6.9, posterior=0.68), Tajikistan into 

Uzbekistan (BF=5.2, posterior=0.61), Pakistan into Iran (BF=5.87, 

posterior=0.64), and Iran into India (BF=5.6, posterior=0.63) are suggested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 3-43. Discrete trait reconstruction for the Asia 2a clade. 

Time-scaled MCC phylogenies for the Asia 2a clade with ancestral nodes coloured by most 
highly supported discrete location. The shape of the icon at each node depicts the probability 

of the ancestral location. The size of the node depicts the posterior support for the node. Node 

labels show mean heights as calendar dates coalescent time (A). Edge network graphs for 

discrete phylogeographic results for the Asia 2a clade (B).  
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Turkmenistan is reconstructed as the ancestral location for the Asia 2b clade 

(posterior=0.24) in 1747 CE (HPD 1596-1875). China is the most supported 

ancestral reconstruction at internal nodes in 1896 CE (HPD 1840-1944, 

posterior=0.84) and 1927 CE (HPD 1885-1959, posterior=0.96), as potentially 

different Asia 2b subclades. The Asia 2b clade is predicted to have been 

circulating in India in 1979 CE (HPD 1953-2000, posterior=0.9). At a posterior 

probability >0.5, transition from China into Kazakhstan (BF=8.2, posterior=0.61) 

and UAE into Turkmenistan (BF=7.16, posterior=0.57) are supported (Figure 

3-44). 

As the clade with the most genomic information and reduced sampling bias 

towards single well represented locations, well supported ancestral 

reconstructions are present at deeper nodes in the European clade. Russia is 

predicted as the ancestral location for the European clade in 1722 CE (HPD  

1557-1845, posterior=0.87). Turkey is predicted to have had CCHFv circulating 

in 1822 CE (HPD 1737-1895, posterior=0.87), and Kosovo in 1926 CE (HPD 

1875-1966, posterior=0.97). Transition rates support Russia as the source of 

movement into the other European regions (posterior=>0.7, BF=>3). Transition 

from Bulgaria to Russia is also a highly supported transition rate exchange 

(BF=59, posterior=0.93). Transition rate support also implicates Russia to Iran as 

an important pathway for movement (BF=13, posterior=0.75) (Figure 3-45).  
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Figure 3-44. Discrete trait reconstruction for the Asia 2b clade. 

A 

B 

Time-scaled MCC phylogenies for the Asia 2b clade with ancestral nodes coloured by most highly 

supported discrete location. The shape of the icon at each node depicts the probability of the 

ancestral location. The size of the node depicts the posterior support for the node positioning. 

Node labels show mean heights as calendar dates coalescent time (A). Edge network graphs for 

discrete phylogeographic results for the Asia 2b clade (B). 



 
 

131 
 

 

Figure 3-45. Discrete trait reconstruction for the European clade. 

A 

B 

Time scaled MCC phylogeny inferred under a discrete phylogeographic model. Nodes are 
coloured by ancestral location, shaped by posterior support for the ancestral reconstruction 

and sized by support for the node positioning. Node labels show mean heights as calendar 

dates coalescent time (A). Edge network graph for discrete location geographic reconstruction 

of regions in linked by the CCHFv S European clade (B). 
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3.2.9 BEAST reconstruction of CCHFv dissemination on a global scale  

The above section specifically investigated clade dissemination within their 

respective geographic regions. Using the small segment phylogeny, we 

investigate the global movement of CCHFv across the three continents within 

which it is reported. All reconstructed locations at the deep nodes have <0.3 

posterior probability support for South Africa as the ancestral location (Figure 

3-46). There are two well supported ancestral reconstructions. China is 

reconstructed as the ancestral location for the Asia 2a and Asia 2b clade in 1666 

CE (HPD 1571-1758, posterior=0.82). Russia is reconstructed as the ancestral 

location for the European clade in 1855 CE (HPD 1809-1899, posterior=0.96). 

There are eight transition rates supported for CCHFv dissemination on a global 

scale. These highly supported transitions can be split into four categories: Africa 

into Asia, Asia into Africa, Asia into Europe, and intra-Asian (Table 3-4).  

 

Table 3-4. Supported discrete trait transitions for the small segment. 

 

Location 1 Location 2 Bayes factor  Posterior probability 
Mauritania Pakistan 31.42 0.53 
Mauritania Oman 122.6 0.88 
Turkmenistan CAR 43.1 0.61 
Oman Uganda 28.2 0.51 
Afghanistan Nigeria 30.4 0.52 
Pakistan Namibia 531.09 0.95 
China Greece 48.1 0.63 
Kazakhstan India 98.4 0.78 
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A 

B 

Figure 3-46. Discrete trait reconstruction for the full small segment. 

Time scaled MCC phylogeny inferred under a discrete phylogeographic model. Ancestral state 
reconstruction for the discrete location trait was estimated. Nodes are coloured by ancestral 

location, shaped by location support and sized by posterior support for node positioning. Node 

labels show mean heights as calendar dates coalescent time (A). Edge network graph for discrete 

location geographic reconstruction of regions. Transitions supported are represented by arrows 

which depict the direction of movement coloured by a bayes factor. Only transitions supported by 

posterior probability >0.5 are shown (B). 
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3.3 Discussion 

3.3.1 Novel CCHFv sequences added to the Europe, Asia 2a and Asia 1 

clade provide insight into potential dissemination routes 

This project generated 43, 34 and 33 novel sequences for the small, medium, 

and large segments, respectively. Most of these sequences were recovered from 

clinical samples collected in 2015 during an outbreak in Turkey. Within the 

European clade all but one of the Turkish sequences clusters in the previously 

known Turkish subclades. Here, we present a complete genome from Turkey 

which clusters within the Russian subclade in all three segments, indicating this 

is not a reassortant virus but the introduction of a Russian subclade-like virus into 

Turkey. This is the first evidence of mixing between the two European regions 

contained within the Russian and Turkish clades. This provides an additional 

avenue with potential for generation of recombinant or reassortant European 

lineages. 

All Russian sequences in the public domain are from southern districts which 

border Georgia, Azerbaijan, and Kazakhstan, all of which report circulation in 

human, animal and/or tick populations (Abdiyeva et al., 2019; Bryant-Genevier et 

al., 2022; Chumakov et al., 1970; Fereidouni et al., 2023; Greiner et al., 2016; 

Head et al., 2018, 2020; Lotfollahzadeh et al., 2011; Nurmakhanov et al., 2015; 

Saidi et al., 1975; Sultankulova et al., 2022; Yashina et al., 2003; Zakhashvili et 

al., 2010). One hypothesis is that a Russia-like variant has circulated through 

these regions into Turkey. An alternative hypothesis is one that is conserved 

across CCHFv epidemiology, through the action of migratory birds (Leblebicioglu 

et al., 2014). It is also possible that Tur.1009 clusters in the Russian subclade 

because of natural variation, as the sequence is present on its own terminal 
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branch and not part of a small cluster of Russian sequences, which would support 

a recent introduction event into Turkey. This clustering, and the observation that 

the remaining recovered genomes cluster in both Turkish subclades provides 

evidence that the outbreak in 2015 was caused by a heterogeneous viral 

population.  

Within the Asia 2a subclade the sequence from a clinical case in Pakistan clusters 

closely with a sequence from a clinical sample collected in Gujarat in 2011. 

D1126 is from a previously unrepresented outbreak in Pakistan in 1998/99 and 

provides evidence of a similar virus circulating and causing clinical infections in 

2011. In the M segment, D1126 is positioned at the base of clade 3 (Asia 2a), 

providing a historical date for that clade. This is not included in the presented 

analysis, but this historical timepoint provided by D1126 provides a reference 

point for temporal signal in this clade highlighting the importance of retrospective 

sequencing for phylodynamic inference.  

 

3.3.2 A recombinant sequence from a tick in Rajasthan resulting from 

cocirculation near a village with a human case report in Gujarat  

Five potential recombinant viruses were detected by RDP4. In the small segment 

a recombinant sequence was detected from a tick collected in Rajasthan in 2019. 

The minor parent was collected from a tick from Gujarat in 2019 and the major 

parent from a human in Gujarat in 2019. In the study reporting MCL-19-T-1922 it 

is not defined as a recombinant (Sahay et al., 2020) with only reassorted strains 

reported (MCL.19.T.1929, -T.1916 and -T.1812). The study reporting the Gujarati 

tick and human sequences was structured as to sample Hyalomma populations 
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surrounding the patient houses. This suggests the Hyalomma population 

surrounding the human case location harboured both the CCHFv which caused 

the fatal human infection and a second CCHFv population, resulting in the 

recombinant virus detected here which was sampled from Rajasthan. As the 

major parent in this recombination was collected from a patient, this indicates 

circulation of CCHFv with clinical significance potential circulating in Rajasthani 

Hyalomma populations. To the best of my knowledge this is the first report of this 

recombinant strain in the literature.  

 

3.3.3 Ancestral and contemporary reassortment events highlight the 

complex evolutionary history of CCHFv  

Both GiRaF and RDP4 offer insights into the causal evolutionary processes of 

phylogenetic incongruence observed within the segment phylogenies. The ability 

of GiRaF to predict sets of taxa by detection of phylogenetic incongruencies at 

deep nodes opposed to tips facilitates hypotheses to ancestral reassortment 

events (Klempa, 2018). These events have likely superseded the expansion of 

clades across diverse geographical regions, highlighting the complex interplay 

between genetic exchange and geographic dispersion in evolutionary dynamics.  

An ancestral virus to a subset of strains in the Asia 2a clade in the S segment is 

predicted to have acquired an S segment from a strain related to contemporary 

Central Asian strains. The subset contains sequences from India and Pakistan, 

including D1126, presented in this study. The S segment phylogeny supports this 

by placing this subset evolutionarily closer to Central Asian strains in the S 

compared to the M and L segments, where the reassorted Asia 2a subset strains 
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are monophyletic. This provides supporting evidence for circulation of ancestral 

strains in Central Asia before introduction into India and the Middle East.  

Ancestral M segment reassortment events are supported by the formation of 

heterogeneous clades, namely, MC4, MC5 and MC7. These clades in the M 

segment contain sequences from different clades and disparate geographical 

locations, indicating a possible ancestral reassortment event where an ancestral 

strain obtained a disparate M segment before dissemination or reintroduction into 

both African and Asian countries. Sequences in the MC4 clade are more closely 

related to the Asia 1, Asia 2a and Asia 2b clades than MC5, yet both contain 

sequences from Asia and Africa. It is possible that two ancestral reassortment 

events have resulted in the formation of these two clades. MC7 contains all Africa 

2 and Africa 1 strains, in addition to a subset of Asia 1 and Asia 2c. This supports 

a reassortment event in which Asian strains have acquired an African-like M 

segment. In the L segment, the three sequences which comprise the Africa 1 

clade are reassorted into LC5, closely related to the other sequences from 

Senegal which is in the Africa 3 clade.  

 

3.3.4 Codon-based models for detecting sites under selection detect 

episodic pervasive selection at six sites in the nucleoprotein 

The nucleoprotein plays numerous roles in enhancing the fitness of CCHFv 

supported by the identification of most codons within NP are subject to purifying 

selection. MEME identified episodic positive selection at six codons sites. Site 

302 is located deep within a positively charged groove predicted to cleave single 

and double stranded DNA. The amino acid observed at site 302 is alanine, a 
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neutral amino acid, important for the structure of peptides and unlikely to directly 

interact with nucleic acids but potentially involved in the structure of the groove 

(Kubyshkin & Budisa, 2019). There are several predicted nucleic acid binding 

grooves predicted by positively charged pockets on the nucleoprotein. Site 350 

is also located close to a predicted binding groove where lysine residues are 

observed at sites 342, 343, 345, and 346.  

Six sites on the Gc protein are known epitopes for protective mAbs (Fels et al., 

2021) which have been characterised from survivors. No sites within these 

epitopes are predicted to be under positive selection but sites in proximity are. 

Sites 1311 and 1341 are located near mAb binding sites at 1309, 1314, 1352, 

1253 and 343-349, respectively. Alterations in proximity to binding sites could 

induce conformational change and disrupt binding (Carpentier & Chomilier, 

2020).  

 

3.3.5 A relaxed molecular clock with enforced monophyletic clades was 

selected as the best evolutionary model for the small segment 

opposed to a fixed local clock model  

When considering the historical setting within which CCHFv has emerged from a 

single progenitor virus into a highly divergent population, there are many 

divergence events which are important to estimate a coalescence date for.  

Under a lognormal relaxed clock model with monophyletic taxa the root is 

estimated to be approximately the year 449 BCE when the Africa 1 clade 

diverged. This clade contains three sequences, two derived from a tick (1969) 

and one from a goat (1972). Previous studies investigating the origins of the 
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CCHFv have included the previously included Europe 2 clade and thus the root 

calibration has differed, estimated as 1128 BCE (Carroll et al., 2010) and more 

recently, 1110 BCE (Zehender et al., 2013). The difference in root MRCA 

between these studies can be explained by the different evolutionary rates 

estimated for the small segments in these studies: 1.09x10-4 (HPD 0.17x10-4 – 

2.09x10-4) and 2.96x10-4 (1.67x10-4– 4.7x10-4). In this study, we estimate the 

evolutionary rate of the S segment to be 1.2x10-4 (HPD 9.4x10-5 – 1.4x10-4), 

between the two previous estimates. The study estimating the inflated 

evolutionary rate and more recent TMRCA used a Bayesian Skyline Plot (BSP) 

(Drummond et al., 2005) as the demographic population model compared to a 

constant population prior. A BSP allows the population size to vary across time 

which may influence rate estimates at different timepoints in the phylogeny.  

The diverging order of clades in the small segment is conserved in this and 

previous studies (Carroll et al., 2010; Zehender et al., 2013). First, Africa 1 

diverges from an ancestral lineage potentially from Aigai virus (Papa (Άννα 

Παπά) et al., 2022). Then Africa 2, Europe, Asia 1, Asia 2a and Asia 2b. We 

estimate a TMRCA for an Asia-Africa progenitor lineage is estimated to have 

been introduced in approximately 1149-1183 BCE, potentially into China from 

Africa. This ancestral node which diverges into the Asian lineages, also diverges 

into the Africa 3 clade – the clade with the largest geographic range.  
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3.3.6 The global spread of the Africa 3 clade 

The Africa 3 clade has been detected in Southern, Northern and Western Africa, 

and most recently, Spain. A popular hypothesis for this distribution is proposed 

to be because of the action of migratory birds. This is supported by the detection 

of CCHFv in migratory birds in Greece, Morocco and Italy (Lindeborg et al., 2012; 

Mancuso et al., 2019; Palomar et al., 2013). In addition to this, the Ebro Delta 

wetland in South Catalonia in the Northeast of Spain is a key stop over for 

migratory birds where very high rates of seroprevalence in the Iberian Ibex 

supports circulation of CCHFv (Espunyes et al., 2021).  

 

 

The introduction of Hyalomma into Europe was initially hypothesised to be 

resulting from annual migrations of bird populations from Western Africa to 

Europe (Hoogstraal, 1979b). There are eight global multi-species flyways, five of 

Figure 3-47. Major global bird flyways. 

 Global flyways with potential for transmission of CCHFv globally. Provided by UNEP/GRID-

Arendal. 
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which span the old world (Figure 3-47) (Boere & Stroud, 2006). One flyway is the 

East Atlantic which could support dissemination from South Africa into Western 

Asia and to Europe. This is one of the main hypotheses for the distribution of the 

Africa 3 clade into Europe. The migratory bird hypothesis can also be applied to 

dissemination between Africa and Asian using different flyways (Figure 3-47).  

 

3.3.7 The impact of inadequate sampling phylogeographic inference  

CCHFv is unevenly represented in the public domain with regards to geographic 

region. This is especially apparent in endemic regions where case reports are 

highest globally. Thus, it follows that large amount of genomic variation which 

informs epidemiology is likely absent from inferred phylogenies. For CCHFv, 

other hazard group 4 viruses and many other viruses of clinical importance, this 

is likely an artefact of an inability to investigate such viruses because of a lack of 

resource in endemic or risk regions (Vaiente & Scotch, 2020). For CCHFv, as 

demonstrated by differences in sequence availability globally, it is also likely 

because of differing viral sequencing policies and opinions on public health 

response priorities (P. Liu et al., 2022).  

As phylogeography directly utilises genomic sequences in relation to the 

geographic location provided in the metadata, the lack of sequence availability 

compared to known prevalence can result in biased ancestral reconstructions 

(Kalkauskas et al., 2021). This is a limitation of phylogeography as a statistical 

method and is likely influencing the ancestral reconstructions observed within the 

BEAST reconstructions of clade-specific and S segment evolution across time 

and space.  
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For CCHFv, metadata surrounding the collection of sequences is, for the most 

part, limited to country resolution labels reducing its applicability to continuous 

phylogeographic models which can reduce the sampling bias which influence the 

result of discrete trait analysis.  

Continuous phylogeographic methods require longitude and latitude coordinates 

as metadata, which facilitates smaller movements between sequence foci 

compared to discrete traits (Dellicour et al., 2021). With discrete trait analysis 

where geographic traits are binned into groups called “demes”, there is no 

delineation of migration between geographically separate demes where true 

migration events are less likely than local migration. A dataset with sampling bias 

can result in large migrations being predicted and indicate linkage between 

unlinked regions (Guindon et al., 2016). Despite this, as with the action of 

migratory birds, it is important to consider such estimates in accordance with 

other forms of evidence. However, an improved and standardised metadata 

requirement for viral sequences uploaded to the public domain will enhance the 

application of phylogeographic methods to a larger group of viruses and prevent 

reliance on models of discrete trait evolution. 

 

3.3.8 Discrete trait analysis and phylogenetic topology indicate potential 

transmission routes 

The metadata attached to sequences (collection date and a location) can be 

utilised to predict the most probable ancestral locations at internal nodes within a 

phylogeny. Ancestral state reconstruction is used to generate intermediate 

sequence states at otherwise unobservable internal nodes (Cunningham et al., 
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1998), and identify the statistically most probable geographic locations 

harbouring ancestral genotypes.  

All three Asian clades have comparable structure with regards to geographic 

location and the distribution of the locations across each clade. At the base of the 

clades a higher number of sequences from ticks in Central Asian/China and 

Middle Eastern regions are observed prior to human cases mainly from India 

(Figure 3-11, Figure 3-12). This suggests potential circulation in “source” 

locations in Central Asia/China/Middle East before India acts a “sink” for all three 

Asian genotypes. Intra-asia dissemination between Asian regions is supported 

by DTA with many, often reciprocal, linkages predicted (Figure 3-42, Figure 3-43, 

Figure 3-44).  

Both Africa 2 and Africa 3 clades exhibit sampling bias towards specific countries, 

Uganda, and South Africa, respectively, with both over-represented locations 

predicted as the ancestral location for these clades. This is potentially caused by 

sampling bias within the dataset. An improvement in sequencing policies and 

access to resource in African regions will provide greater resolution of the 

molecular epidemiology and dynamics of CCHFv in Africa.  

The phylogeographic reconstructions using the entire small segment are more 

liable to biases in the estimates from sampling inequalities using discrete trait 

analysis. This is largely because of the equal likelihood of transfer between 

geographically proximal and disparate locations. However, supported transitions 

highlight a broad linkage between Africa and Asia. This linkage is also supported 

by the extensive reassortment events identified. 
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3.3.9 The introduction of the three Asian clades into India from three 

different locations  

In all three Asian clades there have been introduction events into India since the 

mid-1800s. To contextualise the region at this historical timepoint it is important 

to recognise Pakistan and Bangladesh as part of the British Empire in Colonial 

India (G. Smith, 1882). In the three clades, ancestral dissemination is estimated 

into India/British India 97 (Asia 1), 40 (Asia 2b) and 15 years ago (Asia 2a), 

representing the three temporal scales under which the clades have been 

introduced into Southern Asia. As this pattern was observed three times, we can 

hypothesise what underlying processes or factors are driving the observed 

pattern. 

One hypothesis is that the sequencing procedure used in India has generated an 

over representation of sequences from India. While this is true, the observed 

pattern across the clades requires different hypotheses as in Asia 1, the over 

representation of India is less apparent, but the same pattern observed. An 

alternative hypothesis is the switch from local subsistence-based agricultural 

practices to large-scale agricultural practices during colonial rule between 1858-

1947 (Dutt, 1960) provided favourable conditions for propagation of tick-borne 

viruses (Sylvain et al., 2021) and a niche for Asia 1 to circulate within Northern 

Indian states.  

It is an interesting observation that there is no direct introduction indicated from 

the phylogenetic topology from China into India despite tick prevalence and 

human cases of “Xinjiang haemorrhagic fever”, a previously used term for CCHFv 

in China (Yen et al., 1985). One hypothesis is the Himalayan Mountain range 

provides physical dispersal barrier (Caplat et al., 2016) for introduction of China-
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like strains into North Eastern Indian states, and dissemination through Central 

Asia and the Middle East is required for movement from China into India (Mills et 

al., 2010).  

 

3.3.10 Russia is predicted as the source of introduction into multiple 

European countries  

Russia is predicted to have been the source of introduction of CCHFv into 

Greece, Kosovo, and Iran. Two flyways cover these regions – the east Atlantic 

flyway and black sea Mediterranean flyway. Modern day Russia is also only 

separated from Iran and Turkey by Georgia and Azerbaijan. Azerbaijan is where 

some of the first modern day Iranian cases were reported. The absence of the 

Hyalomma tick in some Northern European countries means that the route from 

Russia to Turkey and the Balkans is perhaps through Georgia and Azerbaijan.  

 

3.4 Conclusion 

Crimean-Congo haemorrhagic fever virus is the most widespread tick-borne 

bunyavirus globally. In this study, we generated novel S, M and L sequences from 

contemporary and archival samples at Porton Down increasing the respective 

datasets by 12.9, 13.1 and 14.2%, with most novel sequences attributed to an 

outbreak in Turkey in 2015. The sequences generated from this outbreak suggest 

a heterogeneous viral population was in circulation at the time, with both Turkish 

subclades and a Russia-like CCHFv strain detected. In addition to this, one 

isolate is predicted to be resulting from a reassortment event where a Kosovo-

like strain has acquired an M segment from a Turkish strain.  
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Evolutionary rate estimates inferred from BEAST indicate all clades evolve at 

standard RNA virus rates, 10-3-10-4 s/s/y-1. Rate heterogeneity between clades 

was observed, but potentially as an artefact of sampling bias between clades. 

Phylogeographic ancestral reconstruction for the S segment utilising the largest 

number of sequences available supports the order of divergence into modern day 

clades previously reported.  

Significant bias was observed within publicly available genomic sequences, 

especially compared to evidence provided by other molecular and serological 

assays. To improve the accuracy and resolution of ancestrally reconstructed 

geographic locations under discrete trait analysis, increased sampling is required 

in poorly sampled regions. This is especially apparent in African countries outside 

of Uganda and South Africa, with Africa predicted to be the historical reservoir for 

dissemination. Additionally, improvements in location metadata e.g., latitude and 

longitude coordinates, attached to sequences could remove the necessity for 

even sampling between regions by removing the reliance on discrete trait 

reconstruction.  
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4 The discovery and characterisation of novel 

sarbecoviruses 

4.1 Introduction 

This section serves as an introduction to results chapters 2 and 3, owing to their 

thematic overlap. The focus will be placed on the Coronavirinae subfamily, 

specifically the betacoronavirus genus and the Sarbecovirus subgenus. A 

comprehensive overview of both structural and non-structural proteins is 

provided, elucidating their respective functions. Furthermore, the global 

distribution of sarbecoviruses is explored, drawing from extensive sampling in the 

literature and the availability of complete genome sequences in the public 

domain. Lastly, a concise summary of current findings concerning bat-associated 

sarbecoviruses and their interactions with ACE2 receptors is presented. 

 

4.1.1 Taxonomy 

Several viruses that are pathogenic in numerous mammals and birds are 

contained within the Coronaviridae family (Order Nidovirales). Within the 

Coronavirinae subfamily are four genus, Alpha-, Beta-, Delta-, and 

Gammacoronavirus (Lauber et al., 2013). Within the betacoronavirus genus are 

five subgenus: Embecovirus (lineage A), Sarbecovirus (lineage B), Merbecovirus 

(lineage C), Nobecovirus (lineage D) and recently added, Hibecovirus (lineage E) 

(Decaro & Lorusso, 2020; Z. Wu et al., 2016). Known human pathogens are 

contained within the betacoronavirus genus. Namely, embecoviruses HCoV-

OC43 and HKU-1 (Woo et al., 2005), sarbecoviruses SARS-CoV (Guan, 2003; 
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Peiris et al., 2003) and SARS-CoV-2 (Zhou et al., 2020) and Merbecovirus 

MERS-CoV (Zumla et al., 2015). 

  

4.1.2 Coronaviridae genome organisation 

The Coronaviridae family contains viruses with positive sense single stranded 

RNA genomes. With genomes >26kb, they represent the largest genomes within 

the RNA virus space (Lauber et al., 2013) and can encode between 7-10 open 

reading frames. The 5’ 2/3rd of the genome (ORF1ab) encodes several non-

structural proteins required for transcription, replication, and maintenance of the 

large genome (Table 4-1). It is the functions exerted by these non-structural 

proteins (nsp) which allow maintenance of larger genomes (Kakavandi et al., 

2023; R. Yadav et al., 2021). After ORF1ab, there are 4 structural proteins; the 

spike glycoprotein (S), envelope protein (E), membrane protein (M) and 

nucleocapsid protein (N) (Payne, 2017). Other accessory ORFs can be found 3’ 

of ORF1ab along with these structural proteins and often provide the virus with 

fitness benefits compared with genotypes without the accessory ORFs (Hurtado-

Tamayo et al., 2023; D. X. Liu et al., 2014; Y.-J. Tan et al., 2005).  



 
 

Non 
structural protein 

Function Reference 

nsp1  
 

Block host mRNA translation by forming complex with 40S ribosomal subunit – “Host shutoff 
factor”  
CTD (148-180) insert into mRNA tunnel of 40S ribosomal subunit  
Trigger cleavage of host mRNA  
Inhibit innate immune response by dampening expression of genes such as type 1 interferon 

(Jahirul Islam et al., 2023; 
Jin et al., 2022; K. 
Schubert et al., 2020; Y. 
Wang et al., 2023) 

nsp2 Potential RNA binding protein 
Potential regulation of host intracellular signaling  

(Gupta et al., 2021; Jin et 
al., 2022) 
 
 

nsp3 Ubl 1 ssRNA binding (potential AUA target) 
Interacts with nucleoprotein for RTC formation 
Competes with TRS for N complex formation 
Dampen innate immune response by removing ubiquitin or ISG15 from ubiquitinated or 
ISGylated proteins and inhibition of these complexes forming  

(Hurst et al., 2013; Keane 
& Giedroc, 2013; T. Peng 
et al., 2008; Serrano et al., 
2007) 

HVR (Glu-
rich) 

Hyper variable region with unknown function  

PL1Pro Cleavage of nsp1, nsp2 and nsp3 from NTD of pp1a/1ab 
Absent from Sarbecoviruses 

(Harcourt et al., 2004; Lei 
et al., 2018) 

Mac1 Binds ADP-ribose or poly(ADP-ribose) and losing this function could lead to lower pathogenicity 
De-ribosylation of ADP-ribosylated proteins (de-MARylation (mono) and de-PARylation (poly)) 
for interference with host cellular functioning 
Potential Inhibition of expression of innate immunity genes and/or upregulation of 
proinflammatory cytokines  
Potential interacting with the RdRp  

(Eriksson et al., 2008; Fehr 
et al., 2016; Geilhausen et 
al., 1973; Imbert et al., 
2008; Jankevicius et al., 
2013; Piotrowski et al., 
2009; Putics et al., 2006) 

Mac 2 Mac3 Essential for replication of SARS-CoV but not conserved in all coronaviruses 
RNA binding  
Mac2/3 binds guanidine preferentially – abrogation of binding complex abolishes SARS-CoV 
replication 
Mac3 potential binding to poly(A) aswell as poly(G) 
Mac2/3 Interacting with host proteins e.g. RCHY1 which results in downregulation of antiviral, 
p53. 

(M. A. Johnson et al., 
2010; Kusov et al., 2015; 
Ma-Lauer et al., 2016; J. 
Tan et al., 2009) 

Mac 3 

DPUP ∆dpup results in depletion of RNA synthesis in SARS-CoV 
Mac2-Mac3-DPUP can bind cobalt ions, whereas removal of DPUP removes this function 
Mac2-3-DPUP complex can interact with nsp3, nsp9 and nsp12 

(W. Hu et al., 2012; 
Neuman et al., 2008) 
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Ubl2 Potential to antagonize host innate responses by blocking IRF3 or NF-kB 
Potential to influence stability of PL2pro  

(Chen et al., 2015; 
Clementz et al., 2010; 
Frieman et al., 2009) 

PL2pro Deubiquitylation and deISGylation of host proteins 
Direct interaction with IRF3 to block functionality 
nsp3|nsp4 cleavage 
Interaction with nsp2, ORF3a and ORF8b (id via Y2H assay) 

(Devaraj et al., 2007; Lei et 
al., 2018; von Brunn et al., 
2007) 

NAB Only within betacoronaviruses  
Bind ssRNA, preference for G repeat regions 
Unwind dsRNA 

(Lei et al., 2018; Serrano 
et al., 2007) 

βsM Only within betacoronaviruses 
Unknown function 

(Lei et al., 2018) 

TM1 First pass through ER membrane 
Transmembrane domains may bring PL2pro close to the cleavage site 

(Harcourt et al., 2004; 
Kanjanahaluethai et al., 
2007) 

3Ecto Lumen localization required for cleavage between nsp3 and nsp4 by PL2pro (Harcourt et al., 2004; 
Kanjanahaluethai et al., 
2007) 

TM2 Second pass through ER membrane  
Y1 Cytosolic  

Y1 conserved in nidovirales, CoV-Y in coronaviruses  
 

(Neuman, 2016) 
CoVY 

nsp4  Anchor RTC with nsp3 and nsp6 via three TM domains traversing the ER membrane  
Involved in ER membrane rearrangement for viral replication 

(Angelini et al., 2013; Jin 
et al., 2022; Santerre et 
al., 2021) 

nsp5   Main protease (MPro) / 3C-like protease (3CLpro) required for processing of pp1a/pp1ab 
Cleavage at 11 sites and release of nsp4 to nsp16 for formation of RTC 

(Jahirul Islam et al., 2023) 

nsp6   Multiple spanning TM protein involved in packaging viral components into compartments for 
lysosomal degradation 

(Cottam et al., 2014; 
Jahirul Islam et al., 2023) 

nsp7, 
nsp8 

 nsp7/nsp8 form a hexadecameric structure with a hollow lumen which is positively charged for 
nucleic acid traversion  
nsp7/nsp8 complex attaches to RdRp to stabilize the polymerase domain 

(Biswal et al., 2021; Gao et 
al., 2020) 

nsp9  Homodimer ssRNA binding protein (de O. Araújo et al., 2021; 
Frieman et al., 2012) 

nsp10  Small protein acting to scaffold nsp14 and nsp16 for exonuclease and 5’ mRNA cap methylation 
functions, respectively 

(Jin et al., 2022) 
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nsp11  Product from cleavage at nsp10/nsp11 site (Jin et al., 2022) 
nsp12  RNA dependent RNA polymerase  

N terminus contains a NiRAN domain functioning to catalyze transfer of nucleotide 
monophosphates 
NiRAN also functions in capping viral RNA at the 5’ end to mimic host mRNA 
 

(Jahirul Islam et al., 2023) 

nsp13   RNA helicase unwinding RNA secondary structures, duplexes which may have formed 
nsp12/nsp13 complex improves unwinding – two nsp13 monoers interact with the nsp7-nsp8-
nsp12 complex on opposing sides of the RNA binding site.  

(Jahirul Islam et al., 2023; 
Jia et al., 2019) 

nsp14  3’-5’ Exonuclease activity 
N7-MTase by methyltransferase domain  
Critical for proof-reading, correcting errors and thus preventing mutation in the larger CoV 
genomes by exision of 3’-end mismatch 
Requires complex with nsp10 for optimal exonuclease function 

(Bouvet et al., 2012; Ma et 
al., 2015; Ziebuhr, 2004) 

nsp15  Uridine specific endoribonuclease for cleavage of RNA with long uridine homopolymers 
Process vRNA and prevent host innate immune activation 

(Pillon et al., 2021) 

nsp16  2’-O-methyltransferase for 5’ methyl capping of viral mRNA to prevent degradation of vRNA  (Jahirul Islam et al., 2023; 
Rosas-Lemus et al., 2020) 

Table 4-1. The functions of the 16 non-structural proteins. 

 

 

 

 

 



 
 

4.1.3 Structural proteins  

4.1.3.1 Spike glycoprotein 

The spike glycoprotein (S) is classified as a class I viral membrane fusion protein 

which mediates entry into host cells (Bosch et al., 2003). This group includes 

functional proteins from other pathogenic viruses including hemagglutinin used 

for cellular entry by Influenza viruses (C. J. Russell, 2014). Class I viral 

membrane fusion proteins contain both the receptor binding subunit and a 

membrane fusion subunit and are the only viral proteins required for entry into a 

host cell (White et al., 2008). Class II fusion proteins require non-specific 

proteolytic cleavage, and class III proteins are composed of a canonical five 

domains structure (Backovic & Jardetzky, 2009).  

The S protein can be split into two functional subunits: S1 and S2. The S1 subunit 

mediates receptor binding to the cell surface via the receptor binding domain 

(RBD) and S2 fuses with the host membrane (F. Li, 2016a; M.-Y. Wang et al., 

2020) . The location of the RBD in the S1 domain is dependent on the host cell 

component utilised for entry. As a rule, if the RBD is found in the S1-NTD tropism 

tends to be mediated by sugar/carbohydrate recognition, whereas as S1-CTD 

RBD localisation indicates usage of a proteinaceous receptor (Figure 4-1).  

The S2 subunit is composed of five domains: the fusion protein, heptapeptide 

repeats 1 and 2 (HR), the transmembrane domain and the cytoplasmic fusion 

domain (CT). The fusion peptide is rich in hydrophobic glycine and alanine amino 

acids required for insertion into the target membrane (Millet & Whittaker, 2018). 

The two HR regions form a helical bundle, the fusion core, which is indispensable 

for viral entry and conserved such that pan-coronavirus antiviral EK1 targeting a 

site in HR1 was designed as a fusion inhibitor (S. Xia et al., 2019, 2020). The 
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transmembrane domain anchors the spike inside the viral membrane (Y. Huang 

et al., 2020).  

The S protein forms a trimer and requires activation by cleavage to undergo 

conformational change for host membrane fusion. The first cleavage event 

occurs at the S1/S2 site by host proteases. The host protease acting at this site 

is determined by the presence of a poly-, bi- or monobasic cleavage site. In 

SARS-CoV-2, IBV (Bestle et al., 2020) and lab adapted OC43 (de Haan et al., 

2008) a polybasic R-R-x-R motif is cleaved by host furin (Örd et al., 2020). 

Interestingly, SARS-CoV possesses a monobasic cleavage site which is cleaved 

by host trypsin (Belouzard et al., 2009). Some bat sarbecoviruses possess a 

dibasic motif at the S1/S2 cleavage site but mechanisms of cleavage have not 

been investigated. After cleavage at S1/S2, conformational change exposes the 

S2’ TMPRSS site for cleavage by type II transmembrane serine protease 

(TMPRSS2) and cellular entry occurs via direction fusion of the viral envelope 

with the cell membrane (Bestle et al., 2020). The omicron variant of SARS-CoV-

2 demonstrates less reliance on TMPRSS2 cleavage for cellular attachment and 

entry owning to a greater reliance on endocytic pathway (Zhao et al., 2022). 
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A B 

C D 

Figure 4-1. Spikes with the S1, S2 and RBD highlighted. 

Trimeric spike proteins from SARS-CoV-2 (PDB 8D55) (A, B) and OC43 (PDB 7SB3) (C, D). 
The S1 subunit is shown in magenta, the RBD location in green and S2 in red. OC43 and SARS-

CoV-2 depict the opposing receptor binding domain locations for the spike glycoprotein, NTD 

and CTD of S1, respectively. The S2 domain is shown in red. Visualised using ChimeraX. 
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4.1.3.2 Receptor binding domain in S1-NTD 

Within the Betacoronavirus genus, Murine Hepatitis Virus (MHV), Bovine 

Coronavirus (BCoV) and related human pathogen HCoV-OC34 are examples of 

viruses with S1-NTD located RBDs.  

 

4.1.3.2.1 MHV 

MHV is an exception to the rule suggested above with an S1-CTD RBD that 

targets a proteinaceous receptor, the carcinoembryonic antigen related cell 

adhesion molecule (CEACAM1) (F. Li, 2016a; G. Peng et al., 2011; Williams et 

al., 1991). This is the only known exception to a NTD-S1 binding a protein 

receptor for entry (Kubo et al., 1994). Within this NTD, seven MHV strains were 

used to identified conserved residues absent in other betacoronaviruses. S33, 

L79, T82, Y162 and K183. Y162 were identified as important for binding 

(Thackray et al., 2005).  

 

4.1.3.2.2 BCoV and HCoV-OC43 

Bovine CoV (BCoV) and MHV possess domains in the S1-NTD which mimic the 

structure of eukaryotic galectin which bind to sugars exposed in the host cell 

surface. However, only the BCoV galectin domain recognises a sugar, 5-N-

acetyl-9-O-acetylneuraminic acid, for entry (G. Peng et al., 2012). Human 

pathogen OC43, is closely related to BCoV and potentially occurred because of 

a zoonotic spillover (Vijgen et al., 2006). The 5-N-acetyl-9-O-acetylneuraminic 

acid ligand is expressed widely across mammalian tissues and thus the sugar 
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receptor is an potential risk factor in the transmission of BCoV from cattle to 

humans (F. Li, 2016b).  

 

4.1.3.3 Receptor binding domain in S1-CTD 

4.1.3.3.1 MERS 

Middle Eastern Respiratory Syndrome (MERS) emerged as a novel coronavirus 

in 2012 after spillover and drew global attention as a potential pandemic agent 

with high case fatality rates (CFR). At this time, Angiotensin Converting Enzyme 

2 (ACE2) was known as the entry receptor for SARS-CoV, but this was eliminated 

as the target receptor for MERS-CoV EMC12, the outbreak strain. The host cell 

receptor for MERS-CoV entry was identified as DPP4 (CD26) which is expressed 

in the lower respiratory tract (Raj et al., 2013). The MERS-CoV RBD was found 

to be in the S1-CTD at amino acids 367-606 (Lu et al., 2013). Interestingly, an 

extensive receptor screening of merbecoviruses highlighted DPP4 binding is a 

trait conserved to clade 1 merbecoviruses (Letko, 2024). 

 

4.1.3.3.2 SARS-CoV 

The SARS-CoV spike binds human ACE2 (hACE2). The S1-CTD of SARS-CoV 

contains a receptor binding domain (RBD) with two subdomains: a core and 

receptor binding motif (RBM). The RBM is a concave surface which binds to 

hACE2. The RBM core structure is a five-stranded anti-parallel beta-sheet with 

two ridges formed by loops (F. Li, 2016b). A 193 amino acid fragment (318-510) 

was demonstrated to bind hACE2 more effectively than full length S1, with 

smaller fragments 327-510 and 318-490 not binding hACE2 at a detectable level. 
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One mutation of aspartic acid at amino acid 454 abolished the association of full 

S1 with ACE2 (F. Li et al., 2005a; Wong et al., 2004). 

4.1.3.3.3 SARS-CoV-2 

SARS-CoV-2 is comparable to SARS-CoV in that it utilises hACE2 for cellular 

entry via binding of the S1-CTD. The RBD has very similar structure to SARS-

CoV. The contact between ACE2 and SARS-CoV-2 RBM can be split into three 

clusters, The two ends of the RBM bridge interact with the N and CTD of the 

hACE2 α1 helix and small areas on the α2 helix. The N terminus of α1 in hACE2 

(Tyr41, Gln42, Lys353 and Arg357) binds residues Gln498, Thr500, Asn501 in 

the RBM by a network of hydrogen bonds. In the middle of the RBM bridge, 

Lys417 and Tyr453 interact with hACE2 Asp30 and His34. At the C terminus of 

the α1 in ACE2, Gln474 in RBM is hydrogen bonded to Gln24 of hACE2 and 

Phe486 interacts with Met82 in ACE2 via Van der Waals forces (Yan et al., 2020).  

The Coronaviridae family contains many different viruses with a variety of cellular 

entry tropisms. Specifically, within the Sarbecovirus genus, it is hypothesised that 

the main receptor used for host cell entry is ACE2, as seen for SARS-CoV and 

SARS-CoV-2. 

 

4.1.4 Other Coronavirus structural proteins 

4.1.4.1 Envelope  

The envelope protein (E) is the smallest coronavirus structural protein, measuring 

between 76 and 109 residues long (Mukherjee et al., 2020). It is important in the 

functional interface of the virus particle with the host and has functions in virion 

assembly, budding (CoVs obtain lipid bilayer from cis-golgi network), 

morphogenesis and regulation of other cellular functions (Liao et al., 2006).  
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4.1.4.2 Envelope protein structure and topology 

The E protein can be split into the short hydrophilic NTD (MYSFVSEETG), a 

hydrophobic transmembrane domain with an aromatic belt (FXXFXXF), a 

hydrophobic CTD which contains the oligomerisation unit (SFYVYSRVK; SARS) 

(Liao et al., 2006) and a PDZ (postsynaptic density protein 95/Drosphila disc large 

tumour suppressor/Zonula occludens-1 protein (zo-1)) (Schoeman & Fielding, 

2019).  

The topology of the E protein in coronaviruses has undergone scrutiny in the field 

with experimental studies utilising antibodies targeting the CTD and NTD 

demonstrating opposing topologies for the E protein in different coronaviruses 

(Godet et al., 1992; Maeda et al., 2001; Q. Yuan et al., 2006). In sarbecoviruses, 

the SARS-CoV E is predicted to have two different topologies from experimental 

(Q. Yuan et al., 2006) and in silico predictions (Mukherjee et al., 2020). 

Experimentally, the structure of the SARS-CoV E protein was demonstrated to 

have an atypical short transmembrane helical hairpin with Phe23 the centre of 

the hairpin inversion within the lipid bilayer (Figure 4-2). Whereas, in silico 

methods do not predict the atypical helical hairpin structure and instead predict a 

typical transmembrane helical structure (Liao et al., 2004; Torres et al., 2005). 

Such structural differences would suggest different functions. The experimentally 

supported monomeric structure is predicted to form a pentameric pore in the lipid 

bilayer, and is supported by bacterial studies which demonstrate membrane 

permeability (Arbely et al., 2004).  
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4.1.4.3 Envelope functions 

The E protein has a multitude of functions related to coronavirus replication, 

morphogenesis, virion assembly and virulence. This is exemplified by high levels 

of E expression during viral replication (DeDiego et al., 2007; Venkatagopalan et 

al., 2015). 

Viral particle formation can be E-dependent, but this observation is not conserved 

between coronaviruses, and nucleoprotein- (N), membrane- (M) and E-

A B 

C D 

Figure 4-2. The coronavirus envelope protein.  

One of the possible topologies of the coronavirus envelope protein. In its monomeric form (A, B 
(PDB 2MM4)) there is an alpha helices transmembrane domain (orange) and a flexible linker 

domain (green) which causes the kink in the membrane. In its pentameric pore-forming structure, 

the flexible linker domains form a pore in the membrane (C, D (PDB 5X29)). 

 



 
 

160 
 

dependent particle formation mechanisms have also been reported (Baudoux et 

al., 1998; Corse & Machamer, 2000; Hsieh et al., 2005; Q. Huang et al., 2004; 

Vennema et al., 1996). ∆E mutants have been observed to have reduced virion 

quality (DeDiego et al., 2007; Kuo & Masters, 2003; Ortego et al., 2007), altered 

morphology and reduced plaque size Fischer et al., 1998), pathogenesis 

attenuation in in vivo infection models (DeDiego et al., 2007) and interestingly, 

increased apoptosis (DeDiego et al., 2011; Ruch & Machamer, 2012). However, 

E has also been associated with pro-apoptotic effects on the host cell by ionic 

disturbance and removing a host cell from homeostasis (Mukherjee et al., 2020). 

E is also hypothesised to interact with other structural proteins, such as M, 

ORF2a, and nsp3 (Álvarez et al., 2010; Corse & Machamer, 2003; de Haan et 

al., 2000).  

The oligomerisation unit in the CTD is proposed to function in the amyloidogenic 

propensity of E, potentially forming helical structures (Ghosh et al., 2015; 

Mukherjee et al., 2020). The pentameric structure of E in the host cell membrane 

forms viroporins which have been demonstrated to increase membrane 

permeability e.g. Influenza virus M2 (M. E. Gonzalez & Carrasco, 2003; Hong & 

DeGrado, 2008; Nieto-Torres et al., 2011; Pervushin et al., 2009). In experimental 

studies investigating membrane permeability of Escherichia coli, expression of 

SARS-CoV E induces increased membrane permeability (Madan et al., 2005).  

The SARS-CoV E protein has a PDZ-binding motif at the terminus of the CTD 

which binds to PALS1 PDZ domain. PALS1 is a tight junction associated protein 

and thus is directly implicated in the membranous structure in mammalian cells. 

This interaction with a protein directly involved in cellular structure implicates the 

envelope protein as a virulence factor in disruption of epithelial structure in SARS-
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CoV patients (Teoh et al., 2010). This PDZ domain is a novel feature of SARS-

CoV and thus may be a product of recent adaptation for increased fitness to 

human hosts.  

To summarise, the E protein of coronaviruses performs diverse functions 

because of its association with other structural proteins, localisation at the Golgi, 

ER and ERGIC structures, roles in virion assembly and potentially, pathogenesis.  

 

4.1.5 Membrane 

The M protein has a triple helix bundle which spans the membrane three times 

and presents a NH2-terminal domain on the virion surface and a long COOH 

cytoplasmic domain inside the virus. The M protein is the most abundant 

structural protein in the virion of SARS-CoV (Bianchi et al., 2020). The M protein 

interacts with all other structural proteins, including the E and S in the ERGIC (de 

Haan et al., 1999; Kumar et al., 2023) and then N for virion assembly. M stabilises 

the interaction between N and vRNA, aiding in assembly completion and vRNA 

packaging (Thomas, 2020; Z. Zhang et al., 2022).  

The M protein also interacts with spike protein, demonstrated by 

coimmunoprecipitation and co-localisation experiments (de Haan et al., 1999). 

Alternation in the transmembrane domain of the triple spanning membrane 

protein was found to impact complex formation with the spike protein; but 

complete abrogation was not observed (de Haan et al., 1999).  
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4.1.6 Nucleoprotein  

The N protein forms a dimer where each monomer has three distinct domains 

which are highly conserved across all coronaviruses. At both termini there are 

intrinsically disordered regions near RNA binding domains required for the main 

functionality of N. Spanning the middle between either RNA binding domain is a 

serine/arginine rich linker region. A nuclear localisation signal for cellular 

localisation of the protein is at the CTD RNA binding domain (Caruso et al., 2022; 

McBride et al., 2014). The CTD also contains the domain which forms a 

hydrophobic helix-rich region required for homodimerisation (Caruso et al., 2022; 

Chang et al., 2005). The homodimerisation feature of N is conserved within alpha, 

beta and gammacoronaviruses (Yu et al., 2006).  

 

4.1.6.1 Formation of the ribonucleoprotein complex and viral replication 

The most important role of N in an infected host cell is the packaging of genomic 

RNA into ribonucleoprotein (RNP) complexes called nucleocapsids. The NTD 

associates with the 3’ end of vRNA when forming the RNP structure, at least in 

part, by electrostatic interactions (Spencer & Hiscox, 2006). More specific 

mapping of RNA binding sites for vRNA in the SARS and IBV N protein is 

mediated by positively charged lysine and arginine residues which bind a 32-

nucleotide stem loop (Q. Huang et al., 2004). Also important to RNP formation is 

the homodimerisation of N.  
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4.1.6.2 Coronavirus replication  

Coronavirus replication occurs in two different processes: replication of the 

genome for packaging into virions, and the generation of sub genomic mRNA 

(sgmRNA) for translation into functional proteins. The genomic RNA (gRNA) 

released by viral uncoating undergoes immediate translation into the two primary 

nsp precursors, ORF1a and ORF1b. These are co- and post-translationally 

processed into the 16 mature non-structural proteins which form the replication-

transcription complex (RTC) needed for replication of the large coronavirus 

genome. During this process, organelles for viral replication are generated at the 

ER e.g., double membrane vesicles (DMV), convoluted membranes (CM), and 

small open double membrane spherules (DMS), to generate a protective cellular 

environment for replication and transcription of sgmRNA.  

For the generation of mRNA transcripts, a negative sense genome copy is 

produced to act as a template for transcription. This transcription process is 

termed a discontinuous transcription process. ORFs in the 3’ region of the 

genome possesses transcription regulatory sequences (TRS) which the RTC can 

recognise during transcription. The discontinuous transcription process results in 

set a negative strand sgRNA which act as templates for synthesising mRNA for 

translation (Caruso et al., 2022; V’kovski et al., 2021; Zúñiga et al., 2010).  

 

4.1.7 Global distribution of sarbecoviruses  

A systematic review summarising coronavirus surveillance in bats between 1996 

and 2019 was published in 2023 (Cohen et al., 2023). This dataset was combined 

with additional records collected from literature searches as to included studies 

up to 2023. The meta-analysis identified a disproportionate number of studies 
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had been conducted per country in Asia compared to Europe or Africa and 

highlighted regions surveillance is absent (Cohen et al., 2023). This sampling 

bias highlighted in the number of Rhinolophus species within which 

sarbecoviruses have been discovered (Figure 4-3).  

Of particular interest to this project is the detection of sarbecoviruses in Europe 

and the expansion of knowledge since 2020. Before the discovery of RhGB01 

(Crook et al., 2021), only one fully resolved genome was in the public domain for 

Europe, a Sarbecovirus from Bulgaria, BM48-31/2008. This Sarbecovirus was 

discovered In Rhinolophus blasii in the Strandja National Park in 2008 when four 

Rhinolophus species were positive by PCR for SARS-related sarbecoviruses 

(Drexler et al., 2010).  

Since RhGB01 was discovered in 2020, seven additional sarbecoviruses have 

been characterised from Rhinolophus species in Europe. Two sarbecoviruses 

were detected and characterised in Russia. Khosta-1 identified in Rhinolophus 

ferrumequinum and Khosta-2 in Rhinolophus hipposideros during sampling near 

Sochi in 2020. The prevalence of Khosta-1 was much higher than Khosta-2 in the 

sampling locations (62.5 vs 1.75%) and experimental investigation has identified 

different host ACE2 tropisms. A second study in the UK identified five new 

sarbecoviruses closely related to RhGB01 after sampling via a conservationist 

network, highlighting prevalence in Rhinolophus hipposideros and, for the first 

time in the UK, Rhinolophus ferrumequinum. 
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A B 

C D 

E 

Figure 4-3. The global distribution of sarbecoviruses. 

The global distribution of sarbecoviruses based on sampling records from the literature and 

available full genomes. Here Sarbecovirus distribution is categorised by country. Specifically, in 

horseshoes and other species (A), non-horseshoe species (B), and exclusively horseshoe 

species (C). Additionally, the availability of full genomes (D). Horseshoe species' distribution is 

coloured based on the number of species sarbecoviruses have been detected in (E). 
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4.1.8 Variation in ACE2 usage for sarbecoviruses from bats  

The major human cellular receptor for host cell entry for SARS-CoV and SARS-

CoV-2 is hACE2. 14 contact residues were identified as important for the 

recognition of hACE2 by the SARS-CoV spike protein: T402, R406, Y436, Y440, 

Y442, L472, N473, Y475, N479, Y484, T486, T487, G488, Y491 with Y442, L472, 

N479, T487 and Y491 being critical for the interaction (F. Li et al., 2005a). The 

emergence of SARS-CoV-2 highlighted an extended set of contact residues for 

interaction with hACE2, namely, V417, T446, Y449, Y453, Y455, L456, P475, 

L486, N 487, Y489, N493, G496, Y498, T500, T501, G502, Y505 (Lan et al., 

2020).  

Prior to the COVID-19 pandemic, ACE2 binding had only been assessed in 

SARS-CoV and closely related sarbecoviruses sampled from Yunnan in China. 

After the emergence of SARS-CoV, surveillance studies identified 

sarbecoviruses from a diverse range of Rhinolophus bats – termed SARS-like 

CoVs (SL-CoVs) which phylogenetically cluster with SARS-CoV (Ge et al., 2013; 

B. Hu et al., 2017; D. Hu et al., 2018; Lau et al., 2005, 2007, 2010; W. Li, 2005; 

Lin et al., 2017; Poon et al., 2005; X. C. Tang et al., 2006; L. Wang et al., 2017; 

Woo et al., 2006; Z. Wu et al., 2016; L. Xu et al., 2016; J. Yuan et al., 2010). 

Despite the observed clustering, it was demonstrates in vitro that RBDs from SL-

CoVs possess different ACE2 binding profiles and thus not mirroring SARS-CoV 

tropism (Ren et al., 2008).  

Rp3 was identified in Rhinolophus pearsonii in China in 2004 (W. Li, 2005). The 

Rp3 spike does not bind hACE2 and requires the replacement of its RBD with 

that of BJ01 (SARS-CoV) to restore the hACE2 binding phenotype. This was the 

first indication that sarbecoviruses from Rhinolophus bats could demonstrate 
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different ACE2 binding profiles (Ren et al., 2008). Additional SL-CoVs, WIV1 and 

WIV16, were identified to have a broad ACE2 tropism, binding human, Chinese 

horseshoe and civet ACE2s (Ge et al., 2013; X.-L. Yang et al., 2016) and 

highlighting potential transmission pathways for zoonotic spillover. 

RsSHC014-CoV (SCH014) was isolated from Chinese horseshoe bats in 2011-

12 (Ge et al., 2013). SCH014 demonstrates the ability to replicate in vitro but 

despite being closely related to WIV1, with reduced viral replication in mouse 

models compared to SARS-CoV strain Urbani (Menachery et al., 2015). WIV1 

contains three amino acid differences compared to SARS-CoV Urbani outside of 

the hACE2 contact residues. Whereas SCH014 has five amino acid differences 

within the hACE2 contact residues (Y442, L472, N479, T487 and Y491) 

(Menachery et al., 2015), potentially explaining the difference in ACE2 binding 

and replication in vivo between SCH014 and WIV1.  

A longitudinal study in Yunnan between 2011-15 identified 11 novel SARSr-CoV 

strains. Three strains were identified to bind hACE2 (Rs4874, Rs4241S, 

Rs7327S) (B. Hu et al., 2017). Over four years, this study identified multiple 

strains from the same cave, highlighting the sheer prevalence of sarbecoviruses 

with pandemic potential in the region.  

In 2020, a large scale Sarbecovirus ACE2 binding study utilising pseudoparticles 

highlighted hACE2 usage in only Sarbecovirus clade 1 (SARS-CoV and SL-

CoVs), supporting previous characterisation studies. hACE2 binding was absent 

in Sarbecovirus clade 2 (SARSr-CoV from Asia) and clade 3 (BM48-31-

like/African-sarbecoviruses) viruses, suggesting clade specific receptor usage. 

Clade 2 sarbecoviruses consist of SARSr-CoVs clustering outside of SL-CoVs. 
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The clade assignments were based on spike and RBD phylogenies. Interestingly, 

treatment with host protease enhanced hACE2 binding in clade 2 sarbecoviruses 

identified in China. Representative RBD sequences from clades 2 and 3 

demonstrate significant variation from the defined contact residues for SARS-

CoV hACE2 interaction and only replacing these 14 residues rescued hACE2 

binding in clade 2 and 3 RBDs. It is hypothesised that the deletions observed in 

the RBD are also critical for the structure of the ACE2 binding interface leading 

to reduced ACE2 binding (Letko et al., 2020).  

The USAID-PREDICT project (Gilardi & Mazet, 2019) has identified multiple 

sarbecoviruses from Uganda and Africa with limited nucleotide identity to SARS-

CoV and SARS-CoV-2 (Wells et al., 2021), in addition to BM48-31 in Europe 

(Drexler et al., 2010). A Sarbecovirus from Kenya was characterised in 2010 (Tao 

& Tong, 2019). These non-asian sarbecoviruses are contained within lineage 4 

(clade 3). It was identified that the European/African sarbecoviruses differ from 

ACE2 tropic sarbecoviruses in the receptor binding interface, including small 

deletions within the RBD. This was corroborated by the absence of ACE2 binding 

in SARS-CoV chimeric pseudoparticles (Wells et al., 2021).  

A high throughput assay investigating binding to ACE2 orthologues for a range 

of sarbecoviruses identified binding as a trait which had been lost in specific 

clades, and reappeared in some sarbecoviruses outside of the Asian clades 

(Starr et al., 2022). This high throughput assay was the first investigation into bat 

ACE2 binding profiles for different sarbecoviruses, providing inference for 

transmission networks between Rhinolophus species. Clade 1 SL-CoVs SCH014 

and SARS-CoV Urbani successfully bind to all ACE2 alleles from Rhinolophus 

sinicus included in the screening whereas this was absent in clade 2 
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representative strains, YN2013 and HKU3. RBDs from sarbecoviruses in Clade 

3 were identified to have affinity for ACE2s from Rhinolophus affinis. Khosta-2 

(clade 3) was also identified to bind hACE2 at comparable levels to clade 1 

sarbecoviruses (Starr et al., 2022). 

Another study using chimeric bat Sarbecovirus RBD in a SARS-CoV backbone 

expanded the ACE2 binding profile of specific clade 3 sarbecoviruses. The 

Khosta-1 and BtKY72 ACE2 binding range was expanded to include ACE2 from 

Rhinolophus ferrumequinum, Rhinolophus alycone, Rhinolophus landeri and 

Rhinolophus sinicus at reduced affinity compared to SARS-CoV hACE2 binding. 

Khosta-1 binding to Rhinolophus alcyone is comparable to that of SARS-CoV 

hACE2, suggesting a strong affinity. All other clade 3 sarbecoviruses tested were 

identified to bind Rhinolophus alycone (Roelle et al., 2021). 

Studies into Sarbecovirus tropisms have identified clades with variation in ACE2 

tropism. In sarbecoviruses where ACE2 binding is currently unknown or 

hypothesised to be absent, hypothesises as to the evolutionary or methodological 

reason for this is required. It is possible some sarbecoviruses have lost the ability 

to bind ACE2 and utilise a different host cell receptor, or that the ACE2 range for 

these sarbecoviruses is narrow, possibly single species, and thus hard to identify 

in vitro, or ACE2 binding affinity is below the limit of detection in experimental 

studies conducted.  
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4.2 Results 

A set of 53 faecal droppings from Rhinolophus hipposideros found in a roost 

Gloucestershire were collected during an annual population survey and screened 

using mNGS for the presence of RNA viruses. 

4.2.1 Taxonomic classification reveals betacoronavirus RNA within a 

subset of faecal samples 

An initial screening was conducted by taxonomic classification via Kraken2. 

Nucleic acid classified as either Coronaviridae (family) or Betacoronavirus 

(genus) were detected in five and four samples, respectively (Figure 4-4). The 

internal sequencing control (Hazara virus, Orthonairovirus) was spiked at 106/mL-

1, was observed in 12 samples. The percentage total reads classified in each 

sample ranged from 28-96%.  

A 

B 

Figure 4-4. Read classification at family and genus level. 
Taxonomic classification for the relative abundance at family (A) and genus (B) level for bat 

faecal samples from the 2020 collection at the Cinderford roost. 
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4.2.2 Identifying positive faecal samples  

Four faecal droppings were detected to have >100 reads classified at family level 

to Coronaviridae (Figure 4-5). Sample four, six and 16 possess only reads 

classified as SARS-CoV-2. Sample four has 5193 reads classified to SARS-CoV-

2 (2.54%). Sample six has 1595 reads classified to SARS-CoV-2 (1.35%). 

Sample 16 has 108 reads classified as SARS-CoV-2 (0.03%). Sample 46 has 

1571 (0.26%), 269 (0.04%) and 212 (0.03%) reads classified as BM48-31, SARS-

CoV and SARS-CoV-2, respectively.  

 

 

 

 

Mapping raw reads for samples four, six and 46 suggests only sample 46 

contains reads which are distributed across the betacoronavirus genome. 

Sample 46 has 5022 reads (0.45%) mapping to the BM48-31 reference genome, 

compared to 1571 classified by Kraken2. In samples four and six, reads are 

mapping in specific locations in the ORF1ab at the 5’ of the genome, and region 

at the genomic 3’ region. 

Figure 4-5. Read classification at species level.   

The number of reads taxonomically classified to three different Sarbecovirus species for the 

four samples with >100 reads classified at family level to Coronaviridae. 
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A 

B 

C 

Figure 4-6. Reads mapped to representative Sarbecovirus genomes. 

Raw reads mapped to three Sarbecovirus reference genomes identified by Kraken2 taxonomic 
classification for sample 4 (A), 6 (B) and 46 (C). Sample four has 10430, 1884 and 66 reads 

mapped to SARS-CoV-2, SARS-CoV and BM48-31. Sample six has 3248, 6 and 2 reads 

mapped to SARS-CoV-2, SARS-CoV and BM48-31. Sample 46 has 3177, 2699 and 5502 

reads mapped to SARS-CoV-2, SARS-CoV and BM48-31. 
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4.2.3 Generating a Sarbecovirus genome from sample 46 using a de novo 

hybrid assembly  

A de novo assembly of Illumina short sequencing reads (library 1) generated 

multiple contigs ranging from 500 bp to 6 kb with high levels of homology to 

BM48-31 by blastn search (Appendix 13). De novo assembly with additional 

reads from a second round (library 1 and 2) of short read sequencing increased 

the maximum contig length to 21kb, approaching the expected length for a 

coronavirus genome. Long reads (ONT) were obtained and used in conjunction 

with short reads to generate a Sarbecovirus genome using a de novo hybrid 

assembly (Table 4-2). 

 

 

 

 

 

 

 

 

The hybrid assembly generated a contig 29324 bp in length with 80.7, and 79.7% 

identity to BM48-31 and SARS-CoV-2, assessed by blastn (Appendix 14). To 

assess the coverage across the genome assembly, raw reads were mapped to 

the contig. Raw/trimmed nanopore reads mapped across the contig has >50X 

depth across the genome assembly. When combined, Illumina and ONT raw 

 Total reads (N)  Reads classified  Taxon (classification) 
N % 

Illumina library 
1 

612,859 2084 0.34 Coronaviridae (F) 
1668 0.27 BM48-31 (S) 
359 0.06 SARS-CoV (S) 

Illumina library 
2 

1,021,966 3817 0.37 Coronaviridae (F) 
3119 0.31 BM48-31 (S) 
628 0.06 SARS-CoV (S) 

ONT library 562,461 5004 0.89 Coronaviridae (F) 
3681 0.65 BM48-31 (S) 
1148 0.20 SARS-CoV (S) 

 
Table 4-2. Sequencing metrics for the 2020 faecal samples. 

Sequencing metrics for the three libraries used for generating the RhGB01 genome assembly. 

The number of reads classified to each of the three representative Sarbecovirus genomes is 

provided. 
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reads demonstrate >100X depth across the genome assembly, providing high 

confidence for the genome assembly.  

 

 

4.2.4 Characterising RhGB01  

4.2.4.1 The genomic organisation of RhGB01 

The genome assembly was named RhGB01, to represent its host, Rhinolophus 

hipposideros and the country of origin, Great Britain. This is the first identification 

and characterisation of a Sarbecovirus in lesser horseshoe bats in the UK and 

Europe. Annotation of the RhGB01 genome predicted 9 open reading frames 

(ORF). The genomic structure of RhGB01 resembles that of other 

sarbecoviruses. At the 5’ end, a large open reading frame spanning 

approximately 21 kb encodes 16 non-structural proteins and possesses the 

characteristic -1 frameshifting ribosomal slippage site at the ORF1a and ORF1b 

intersection. At the 3’ end are ORFs encoding structural proteins, and accessory 

Figure 4-7. Sample 46 mapped to the genome assembly. 

 Read depths for both sequencing technologies across the 29.3kb contig generated by the 

hybrid de novo assembly. The horizontal line depicts 50X depth. 
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ORFs. In RhGB01, accessory proteins ORF3a, ORF6 and ORF7a are present. 

These annotations were validated manually by alignment with Wuhan Hu 1 

(Figure 4-8). Sarbecoviruses often possess an ORF7b at the 5’ of ORF7a. In 

RhGB01, ORF7b is truncated with 20 bases at the 5’ region absent. There is also 

a small potential ORF upstream of the nucleoprotein, “ORF10/ORFX” but with no 

homology to known proteins. 

 

 

4.2.4.2 RhGB01 clusters monophyletically with European and African 

sarbecoviruses  

Maximum likelihood phylogenies were inferred using the nucleotide and amino 

acid sequences for the nine predicted ORFs. Nucleotide phylogenies for 

ORF1ab, Spike (Figure 4-9), ORF3a, Membrane, ORF6 and Nucleocapsid all 

cluster RhGB01 monophyletically with two sarbecoviruses from Russia (Khosta-

1 and Khosta-2), BM48-31 from Bulgaria, and a Sarbecovirus from Uganda. For 

the envelope nucleotide sequence, RhGB01 clusters with BM48-31, while other 

European and African sarbecoviruses cluster with sarbecoviruses form China. In 

the ORF7a nucleotide phylogeny, RhGB01 is located at the end of a long terminal 

branch extending from the root of the tree, possibly suggesting the presence of 

Figure 4-8. The genome organisation of RhGB01. 

Structural genes are highlighted by a bold border. 
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an undiscovered genotype for ORF7a or a truncated\non-functional protein. The 

other sequences from Europe/Africa maintain the monophyletic clade separate 

from RhGB01.  

For the spike glycoprotein, the amino acid phylogeny also clusters RhGB01 with 

the European and African sarbecoviruses. For ORF3a, the amino acid phylogeny 

clusters all European and African sarbecoviruses outside of the Asian 

Sarbecovirus clades, but also remove the monophyly of the Europe/Africa clade 

suggesting some differences within the ORF3a protein sequence. For the 

ORF3a, RhGB01 is more related to sarbecoviruses from China, Thailand, and 

Laos. RhGB01 clusters with a Sarbecovirus from China for the envelope protein 

sequence, suggesting the possibility for recombination.  

For the membrane protein, RhGB01 clusters outside the other European/Asian 

sarbecoviruses, and is most closely related to sarbecoviruses from China. The 

ORF6, Nucleoprotein and ORF7a amino acid phylogenies agree with the 

nucleotide phylogeny, clustering European/African sarbecoviruses together and 

at the end of a terminal branch, respectively (Appendix 15). 

 

4.2.4.3 RhGB01 is most similar at the nucleotide and amino acid level to Khosta-

2 

Nucleotide and amino acid alignments between Sarbecovirus sequences isolated 

from Rhinolophus bats facilitates identification of the number of differences 

between RhGB01 and other sarbecoviruses. At a nucleotide level RhGB01 

shares closest identity to Khosta-2 for ORF1ab, spike, ORF3a, ORF6, ORF7a, 

and the nucleoprotein (Figure 4-9). For the envelope gene, RhGB01 shares equal 
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identity to BM48-31 and Khosta-1, demonstrating 18 nucleotide differences, 

compared to 20 nucleotide differences to Khosta-2. For the membrane gene, 

RhGB01 demonstrates a 90-nucleotide differences to Khosta-1 compared to 122 

nucleotide differences to Khosta-2 (Appendix 16). 

At the amino acid level RhGB01 shares closest identity with Khosta-2 for spike, 

ORF3a, ORF6, and the nucleoprotein. For the envelope protein, RhGB01 

demonstrates 4 amino acid differences when compared to a selection of 

sequences from Rhinolophus bats from China, and 7 amino acid differences to 

other sarbecoviruses from bats in Europe. For the membrane protein, RhGB01 

demonstrates 15 amino acid differences to Khosta-1 (Appendix 17). 

 

4.2.4.4 Homology modelling for the structural proteins for RhGB01 

The RhGB01 spike, envelope, membrane and nucleocapsid amino acid 

sequences were used for homology modelling with templates structures selected 

by highest GMQE score and percentage identity. The ERRAT2 scores range from 

78.1-92.6 and the percentage residues in most favourable positions range from 

81.5 to 92.6 suggesting models are of moderate quality (Appendix 18). Alphafold2 

predictions were generated for structural proteins but exhibited large poorly 

supported regions or were outperformed by homology models in the chosen 

scoring parameters. All structural proteins for RhGB01 are structurally 

comparable to known structures from other coronaviruses (Figure 4-10).  
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Figure 4-9. Phylogenies for Rhinolophus associated sarbecoviruses. 

A 

B 

C 

Maximum likelihood phylogenies inferred under an HKY+G4+I nucleotide substitution model for 

the spike (A) and ORF1ab (B) nucleotide alignments and spike glycoprotein amino acid sequence 

(C). Tips are coloured by sampling location. Phylogenies include all Rhinolophus associated 
sarbecoviruses in the public domain pre-2021. 
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4.2.4.5 RhGB01 as a public health risk 

SARS-CoV-2 has demonstrated increased efficiency in utilising hACE2 for 

tropism, in part, because of a polybasic furin cleavage site (FCS) at the S1/S2 

intersection resulting in increased cleavage and activation of spike (B. A. Johnson 

et al., 2021; Shang et al., 2020). The predicted RhGB01 spike protein 

demonstrates high structural similarity to SARS-CoV-2 spike in the S2 domain, 

but variation was observed in the N- and CTD of the S1 domain (entire spike, 

1.33 RMSD). The spike protein of the European sarbecoviruses RhGB01 and 

A B C 

D 

Figure 4-10. RhGB01 structural proteins. 

 
Homology modelling for the RhGB01 structural proteins. The predicted structures for Spike (A), 
Envelope (B), Membrane (C) and Nucleocapsid proteins (D). Structures are coloured by 

secondary structure: helices (red), coil (blue), and strand (green). 
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Khosta-2 possess a bibasic potential FCS precursor at the S1/S2 cleavage site 

(669-672 and 666-669). The R-A-K-Q motif observed here is one SNP from a 

polybasic R-A-K-R (R-X-K/R-R) canonical cleavage site (Q/CAA->R/CGA). 

Closer investigation into the minor nucleotide variation at the four codons for the 

RAKQ motif in RhGB01 demonstrated 100% conservation for all bases in this 

motif.  

 

The SARS-CoV-2 spike possess insertions up and downstream of the FCS within 

the disordered flexible loop which impacts accessibility for host furin. This 

increases the loop extension of the cleavage site from the core spike trimer, 
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Figure 4-11. Cleavage sites present in the Spike.  

 

A 

B 

A schematic of the two-cleavage sites in the Spike glycoprotein. The S2’ cleavage site 

recognised by TMRPSS2 (A) with the cleavage motif highlighted. The furin cleavage site in 

SARS-CoV-2, with the bibasic alternative site in European sarbecoviruses (B). 
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allowing access for the host furin (Figure 4-12). RhGB01 also has the TMPRSS2 

cleavage site observed in SARS-CoV-2 at the S2’ site (Figure 4-11) required for 

conformational change of spike. 

 

 

The RhGB01 RBD structure was predicted by homology modelling and 

superimposed onto other experimentally resolved RBD structures (Figure 4-13, 

Appendix 18). RhGB01 shares 7/14 and 9/17 contact residues with SARS-CoV 

and SARS-CoV-2. All sarbecoviruses included in the comparison have conserved 

contact residues at T402, Y440, N473, Y475, G488 for SARS-CoV and Y453, 

N487, and G502 for SARS-CoV-2. When superimposed onto SARS-CoV-2 in 

complex with hACE2, RhGB01 exhibits structural divergence in eight known 

Figure 4-12. The RhGB01 and SARS-CoV-2 Spikes. 

The RhGB01 spike protein (blue) superimposed to SARS-CoV-2 BA.2 Spike (PDB 8D55) 

(yellow) with the furin cleavage site on the extended loop shown. The “PRRAR” motif is not 

resolved in the crystal structure, but the base of the extended loop is visible. 
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contact residues: V417K, Y449X, A475P, Q493A, G496A, Q498A, T500P, 

N501G (Figure 4-13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RhGB01 
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SARS-CoV 

Figure 4-13. hACE2 contact residues in sarbecoviruses from Europe. 

 

A 

B 

C 

An alignment of SARS-CoV (A) and SARS-CoV-2 (B) hACE2 contact residues and their 

conservation in selected European sarbecoviruses discovered pre-2021. The structural 

superimposition of homology modelling predicted RhGB01 RBD (coloured by RMSD) to resolved 

SARS-CoV-2 in complex with hACE2 (PDB  6M0J) (C). 
 

RhGB01 
Khosta-2 
Khosta-1 
BM48-31 
SARS-CoV-2 
SARS-CoV 
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4.2.4.6 A mammalian ACE2 screening suggests a possible narrow host range for 

RhGB01 ACE2 usage  

To assess the binding capability of the RhGB01 RBD, lentiviral-based 

pseudoviral particles expressing the RhGB01 spike or a chimera of RhGB01-

RBD and SARS-CoV spike were produced. The expression of the RhGB01 spike 

and chimera are confirmed by bands at 250kDa and 130kDa. The 250kDa band 

indicates RhGB01 spike is full length as seen with SARS-CoV-2 D164 control. 

Comparably, the chimera construct presents a band at 130kDa band, suggesting 

cleavage of the S2 has occurred. All spike constructs are tagged at the S2 CTD 

and therefore the S1 subunit is not detectable after cleavage (Figure 4-14).  

In the HEKT93 producer cells, the 230kDa band in the chimera confirms full 

length spike is expressed, supporting total cleavage of the chimera and confirms 

that the 130kDa band is not because of fragmented peptide during spike 

expression (Figure 4-14). A receptor screen of 22 ACE2s, human 

Aminopeptidase N (hAPN) (SARS tropism) and human Dipeptidyl Peptidase 4 

(hDPP4) (MERS tropism) demonstrates no binding of RhGB01 spike compared 

to SARS-CoV-2 spike positive controls, suggesting RhGB01 tropism is not 

facilitate by an ACE2 included in the assay.  
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A B 

C 

Figure 4-14. Mammalian ACE2 binding assay. 

Western blots demonstrating RhGB01 spike protein expression in the pseudoparticle lysate (A) 
and producer cell (HEK293) lysate (B). Spike proteins are FLAG tagged at the S2 domain C 

terminal region and detected by an anti-FLAG antibody. For the receptor screen, ACE2 binding 

is measured by luciferase signal and expressed as relative light units, with values normalised by 

pCDNA3.1+ signal (C). The control receptors used are hAPN and hDPP4.  
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4.3 Discussion 

4.3.1 RhGB01 is the first Sarbecovirus to be characterised from lesser 

horseshoe in Europe and the first in the UK  

Here we discovered a novel Sarbecovirus (RhGB01) from faecal droppings 

collected at a lesser horseshoe roost in Cinderford, UK. This was the first 

Sarbecovirus genome to be fully recovered from horseshoe bats in the UK and 

was identified after sampling just 53 lesser horseshoe bats at 1 roost.  

Outside of the UK, sarbecoviruses have been identified in Rhinolophus bats 

especially in China and Hong Kong after the initial spillover of SARS-CoV into the 

human population. Pre-2020, other European countries had reported the 

presence of coronaviruses by PCR and partial gene sequence analyses 

(Alkhovsky et al., 2022; Annan et al., 2013; Ar Gouilh et al., 2018; August et al., 

2012; Balboni, Gallina, et al., 2011; Balboni, Palladini, et al., 2011; Brnić et al., 

2023; Cholleti et al., 2022; Crook et al., 2021; De Benedictis et al., 2014; Drexler 

et al., 2010, 2011; Falcón et al., 2011; Fischer et al., 2016; Gloza-Rausch et al., 

2008, p.; Goffard et al., 2015; Hardmeier et al., 2021; Hemnani et al., 2023; 

Kemenesi et al., 2014; Kivistö et al., 2020; Lazov et al., 2018; Lecis et al., 2019; 

Lelli et al., 2013; Lwande et al., 2022; Monchatre-Leroy et al., 2017; Moraga-

Fernández et al., n.d.; Orłowska et al., 2022; Pauly et al., 2017; Popov et al., 

2023; Reusken et al., 2010; Rihtaric et al., 2010; Rizzo et al., 2017; Speranskaya 

et al., 2023; C. C. S. Tan et al., 2023; Urushadze et al., 2021).  

RhGB01 was the second Sarbecovirus from horseshoe bats in Europe to be fully 

sequenced, and the first from a lesser horseshoe bat. The other Sarbecovirus 

with a fully resolved consensus genome was detected in Rhinolophus blasii, 

BM48-31/BGR/2008. The detection of RhGB01 extends the geographic and 
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species range of SARSr-CoVs and suggest that sarbecoviruses are likely to be 

present throughout the range of the Rhinolophus bats, which are distributed 

throughout Africa, Eurasia, Oceania and Australia (Chornelia & Hughes, 2022). 

Three faecal samples demonstrated >100 reads classified at the family 

taxonomic level to Coronaviridae. However, mapping of the raw reads to 

representative Sarbecovirus genomes highlighted these reads specifically 

mapping to small regions of the genome and provide no resolution across the 

genome. This indicates that the classifications by Kraken2 were not indicative of 

true positive samples. This mapping pattern demonstrated for SARS-CoV, and 

SARS-CoV-2 are caused by homopolymer regions. Mapping the raw reads from 

sample 46 demonstrated read distribution across the SARS-CoV, SARS-CoV-2 

and BM48-31 genomes. This indicated the presence of a Sarbecovirus genome 

within this sample.  

 

4.3.1.1 A de novo hybrid assembly was used to generate a genome assembly with 

nine predicted open reading frames  

The RhGB01 genome was assembled by a de novo hybrid assembly, using both 

short and long read genomic data. The addition of long reads provides the 

scaffolding around which the shorter reads are assembled to complete the 

genome assembly. Mapping the raw reads to the genome assembly 

demonstrated the highest read depth at the 3’ end of the genome where the 

nucleocapsid ORF sits, with >1000 reads mapping in this region. This suggests 

transcripts of the nucleocapsid are more abundant within the faecal samples 

potentially because of its importance for viral particle assembly and replication.  
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Genome annotation of the assembly predicted the presence of 9 open reading 

frames. Interestingly, RhGB01 encodes a truncated ORF7b with 20 nucleotides 

absent at the 5’ region of the ORF. The SARS-CoV-2 ORF7b is predicted to 

cause dysregulation of the immune system by inducing the expression of TNF-α, 

IFN-β and IL-6 and activating TNF- α induced apoptosis (R. Yang et al., 2021).  

The ORF8 is also absent from the RhGB01 genome. In SARS-CoV-2, ORF8 has 

been characterised as a secreted protein with the largest observed interactome 

of all the SARS-CoV-2 accessory proteins, interacting with host factors 

functioning in ER protein processing, extracellular matrix organisation, and post 

translational modifications e.g. glycosylation and glycosaminoglycan synthesis 

(Gordon et al., 2020). The presence of ORF8 is associated with alteration of the 

cellular environment for the enhancement of viral replication. Thus, the absence 

of this accessory protein suggests in the event of evolutionary modification 

required for hACE2 or entry via a different receptor, it is not primed for efficient 

human infection by ORF8-dependent modification of the cellular environment.  

Other accessory factors which influence the severity of infection are observed in 

RhGB01. ORF3a is a viral protein which functions as a viroporin interfering with 

ion channel activity in host cell and endosomal membranes tot promotes viral 

entry and release by the lysosomal exocytosis pathway. ORF3a is also 

associated with ORF3a-induced apoptosis and necrosis, involvement in viral 

particle formation by association with M and E and influencing viral replication 

dynamics (J. Zhang et al., 2022). ORF6 is predicted to induce IFN activation but 

the function of ORF6 in immune modulation is not as well characterised (Li et al., 

2023). In summary, the accessory proteins present in RhGB01 suggest 
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suboptimal immune regulation upon potential human infection if limitations 

regarding receptor usage are circumvented.  

 

4.3.1.2 The RhGB01 spike demonstrates key differences compared to SARS-CoV-

2 and the polybasic furin cleavage site is replaced with a bibasic motif 

Across the entire spike protein RhB01 demonstrates high levels of structural 

similarity to SARS-CoV-2 spike, particularly within the S2 domain. However, 

variation was observed in SARS-CoV-2 spike regions associated with increased 

efficiency of infection in humans. 

This variation is also observed in SARS-CoV with only one basic arginine residue 

at the S1/S2 cleavage site, representing a minimally basic site cleaved by host 

trypsin. The polybasic furin cleavage site observed at the S1/S2 intersection in 

SARS-CoV-2 is absent, but a potential precursor FCS is present (R-A-K-Q). This 

bibasic motif is 1 amino acid from the canonical polybasic cleavage site (R-X-

K/R-R) and the potential for host furin to cleave at this site (Zabiegala et al., 2023). 

RhGB01 encodes more basic residues at the S1/S2 site than SARS-CoV but not 

the polybasic site observed in SARS-CoV-2. In models of the SARS-CoV-2 spike 

proteins publicly available, the furin cleavage (R-R-X-R) motif is unresolved which 

prevents molecular distance measurements between two motifs on the 

respective loops. However, insertions up and downstream of the furin cleavage 

motif in SARS-CoV-2 increase the protrusion of the cleavage motif outside of the 

S2 domain structure and allow binding of host furin to the site (B. A. Johnson et 

al., 2020). Thus, future mutation of Q into K or R wouldn’t necessarily result in 

furin cleavage without extension of the loop. Additionally, investigations into the 

minor variant populations within the raw data at positions 2007-2016 (RhGB01 



 
 

189 
 

spike nucleotide coordinates) suggests no variation at these nucleotides. This is 

limited by read depth X25 at these sites and deeper sequencing could elucidate 

more variation at these sites.  

 

4.3.1.3 hACE2 contact residues are absent in RhGB01  

The receptor binding domain of the spike protein contains a receptor binding 

interface which contacts the ACE2 receptor. Specific residues have been 

identified as important for binding to hACE2 for SARS-CoV (F. Li et al., 2005b) 

and SARS-CoV-2 (Lan et al., 2020). RhGB01 has significant variation within 

these contact residues which we hypothesise prevent hACE2 binding. 

 

4.3.1.4 An ACE2 binding assay suggests a narrow host range for RhGB01 ACE2 

binding  

To investigate the ACE2 binding profile of RhGB01, lentiviral-based 

pseudoparticles were generated expressing full length RhGB01 and a chimeric 

SARS-CoV spike backbone and RhGB01 RBD. The ACE2 receptors screened in 

this assay were representative of different mammalian ACE2 receptors, but bat 

ACE2s were not well represented with a notable absence of the Rhinolophus 

hipposideros ACE2. The only horseshoe bat ACE2 receptor present in the assay 

is that of Rhinolophus pusillus and the host range of this horseshoe bat is limited 

to Asia. The identification of a 250kDa protein in the RhGB01 WT condition 

suggests an absence of cleavage, potentially preventing conformational change 

required for RBD-ACE2 interaction. However, in the SARS-CoV chimera 

cleavage was observed by detection of 250kDa and 130kDa proteins. In both 
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conditions, no ACE2 binding is indicated by fluorescence which indicates a 

potentially narrow ACE2 binding range for the RhGB01 RBD. Future work on the 

RhGB01 spike should include a more extensive bat ACE2 screening as recently 

sampled sarbecoviruses demonstrate binding to ACE2 receptors not included in 

this screening.  

 

4.3.1.5 Khosta-1 and -2 were concurrently characterised in Russia with Khosta-2 

demonstrating hACE2 binding in vitro 

With increased sampling since the COVID-19 pandemic (post-2020) a 

monophyletic European specific Rhinolophus associated clade has become 

apparent for most structural and accessory proteins. At this time, viruses within 

this clade had either undefined or predicted ACE2 host ranges with experimental 

efforts focused on SL-CoVs and RBD-inferred clade 1 viruses (Roelle et al., 2021; 

Seifert et al., 2022; Starr et al., 2022; Wells et al., 2021). This area has since 

developed rapidly. One publication tentatively named the clade containing 

European and central African sarbecoviruses as “lineage 4” (Wells et al., 2021). 

Khosta-2 and Khosta-1 are clustered within the “lineage 4” clade and were 

sampled from Russian lesser and greater horseshoe bats, respectively. Khosta-

2, the most closely related non-UK European Sarbecovirus to RhGB01 has been 

shown to use hACE2 for entry in vitro when the RBD is expressed in a chimera 

with the SARS-CoV spike. Khosta-1, also closely related to RhGB01, 

demonstrates more diverse cellular entry than Khosta-2 for Huh-7 cells when the 

RBD is expressed in a chimera on pseudoparticles. Also contained within 

“Lineage 4” are Rhinolophus associated sarbecoviruses from Uganda and 

Rwanda, which demonstrate no cellular entry using an RBD-SARS-CoV chimera. 
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The Sarbecovirus from Bulgaria (BM48-31) full length spike also demonstrated 

no evidence of cellular entry (Seifert et al., 2022). Comparable results were seen 

in Starr et al (2022) who investigated the binding capacity of a set of recently 

sampled sarbecoviruses, including RhGB01. RhGB01 was identified to have 

reduced ACE2 binding compared to Khosta-1, Khosta-2, and selected African 

(BtKY72, PRD-0038, RDF-2370) and Asian sarbecoviruses (RsYN04). These 

African and Asian sarbecoviruses demonstrate broad usage of receptors from R 

sinicus and R affinis. As with the previous study, Khosta-2 was associated with 

hACE2 binding (Starr et al., 2022). Interestingly, RhGB01 demonstrated a non-

significant peak of fluorescence for the hACE2 but was not significant enough to 

investigate further but suggests more research into hACE2-RhGB01 binding is 

required.  

 

4.4 Conclusion 

In this study, we hypothesised UK Rhinolophus hipposideros populations would 

harbour sarbecoviruses. From one faecal sample, RhGB01 was characterised, 

highlighting the presence of sarbecoviruses with comparable genomic 

organisation to other Rhinolophus associated sarbecoviruses detected in Asia 

and Africa. The determination of the ACE2 binding capability of novel 

sarbecoviruses has become the gold standard for prediction spillover risk to the 

human population. Experimental determination of ACE2 binding utilising a 

pseudoviral based assay determined a potentially narrow ACE2 host range for 

RhGB01, with the limitation of limited bat ACE2 receptors being utilised in the 

assay. In silico structural analysis of the RhGB01 spike highlighted the absence 

of a polybasic FCS observed in SARS-CoV-2, but potential FCS precursor in the 
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form of a bibasic motif (R-X-K-X). Additionally, the FCS loop in SARS-CoV-2 is 

present on a much longer loop which provides space for host furin binding, and 

cleavage. RhGB01 extends the western extreme for Sarbecovirus distribution in 

Rhinolophus bats and highlights the need for improvements in surveillance in the 

UK.  

 

 

5 Longitudinal sampling of a lesser horseshoe roost in 

the UK 

5.1 Results 

5.1.1 Longitudinal qRT-PCR screening to assess Sarbecovirus prevalence 

in a single roost in Gloucestershire over a 4-year period 

 

Year Location Month Positive 
(total) 

Positive 
(%) 

mNGS Ct range 

2020 Cinderford June 7 (53) 13.2 53 29.1-32.4 
2021 Cinderford June 40 (64) 62.5 16 27.2-35.2 
2021 Cinderford July 8 (18) 44 1 28.6-33.87 
2022 Cinderford October 18 (96) 18.7 14 23.3-32.3 
2023 Cinderford August 7 (54) 12.9 16 13.7-38.3 

Table 5-1. qRT-PCR results across the years for the Cinderford roost. 

  

After identification of RhGB01 at the roost in Cinderford, extended sampling was 

conducted across 2021, 2022 and 2023. The faecal samples from 2020 were also 

retrospectively screened for detection of positives with viral loads outside of 

mNGS sensitivity. qRT-PCR positivity suggest prevalence is higher in 2020 and 
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2021 compared to 2022 and 2023 and that prevalence is higher earlier in the year 

(June, July) compared to later months (August, October) (Table 5-1). The positive 

sample from which RhGB01 was characterised was found to be Ct 32.4, which is 

likely an underestimate resulting from repeated use and freeze-thawing prior to 

PCR screening. 

The Cinderford roost was sampled twice in 2022. In September faecal samples 

were bulk collected (10 pellets per tube) compared to the October sampling which 

was individual dropping collection (1 pellet per tube). From the September 

collection, 169/176 (96%) faecal samples were positive with Ct values ranging 

from 21 – 37, which is likely an artificially inflated positivity rate.  

Across the 4-year period 274 faecal samples were found to be Sarbecovirus 

positive by RdRp qRT-PCR WHO assay. All faecal samples were negative using 

a Wuhan Hu 1 SARS-CoV-2 specific probe. All negative controls were negative 

by both probes and SARS-CoV-2 positive controls positive by Wuhan Hu 1 

SARS-CoV-2 specific probe. 

 

5.1.2 Extended screening for sarbecoviruses outside of the Cinderford 

roost 

In addition to the longitudinal screening of the Cinderford roost, 40 faecal samples 

were collected from a roost in Plymouth in 2022. 8/40 (20%) faecal samples were 

identified as positive by qRT-PCR with Ct values ranging from 26.8-32.9.  

In 2021, 77 faecal samples were collected from a selection of locations in 

Somerset and Devon from bats of different genus (Table 5-2). No Sarbecovirus 

positive samples were reported. In 2023, 49 faecal samples were collected from 
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a Rhinolophus ferrumequinum roost in Dorset. No positives were identified by 

qRT-PCR.  

Species N 
Myotis daubentonii 18 
Pipistrellus pygmaeus 13 
Myotis nattereri 12 
Myotis mystacinus 6 
Barbastella barbastellus 5 
Myotis bechsteinii 5 
Nyctalus noctula 5 
Plecotus auritus 4 
Pipistrellus pipistrellus 3 
Nyctalus leisleri 2 
Myotis alcathoe 2 
Eptesicus serotinus 2 
Rhinolophus ferrumequinum 1 
Rhinolophus hipposideros 1 

Table 5-2. Faecal samples collected from across Somerset and Devon 

 



 
 

195 
 

5.1.3 Faecal samples from Cinderford with <30 Ct value were selected for 

metagenomic NGS  

 

 

All 53 samples from 2020 were metagenomically sequenced as an initial viral 

screening methodology prior to Sarbecovirus discovery. The characterisation of 

RhGB01 altered the criteria for selecting samples and the qRT-PCR RdRp pan-

Sarbecovirus assay was selected for screening. In total 100 samples underwent 

mNGS for 2020-2023 from the Cinderford roost, comprising of 36% of all 

positives. Additionally, all 40 samples from the Plymouth roost were 

Figure 5-1. Sequencing statistics for mNGS. 

A 

B 

C 

Sequencing and mapping statistics for the faecal samples selected for mNGS. The total read 

number (A), mapped reads to RhGB01 (B) and percentage mapped reads to RhGB01 (C) 

according to Ct value recorded from the qRT-PCR screen. Points are coloured by year of 
collection. The X-axis scale is reversed.  
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metagenomically sequenced. An increase in total reads and mapped reads was 

observed as Ct value decreases (Figure 5-1). 

 

5.1.4 A complete and near complete Sarbecovirus genome were recovered 

from CI63_2022 and IM328_2021 

All samples metagenomically sequenced were mapped to RhGB01 to investigate 

the distribution of raw reads across the Sarbecovirus genome. Two samples 

showed significant genome sequence recovery, CI63_2022 collected in 2022 and 

IM328_2021, collected in 2021. 139,870 (1.45%) reads from CI63 mapped to the 

A 

B 

Figure 5-2. CI63 and IM328 read depths. 

 Raw reads from CI63_2022 (A) and IM328_2021 (B) when mapped to the RhGB01 genome. 

Different thresholds of depths of 10, 20 and 50 are demonstrated by red, blue, and green 

horizontal lines. The Y-axis in panel A is on a log10 scale. 
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RhGB01 genome compared to 7842 (0.06%) reads from IM328. Consensus 

sequences were assembled requiring ≥20 read depth and 80% conservation to 

call a consensus base. 89.16% of the IM328 coding sequence was recovered 

compared to 100% for CI63. Raw reads from CI63 demonstrate >50x depth 

across the RhGB01 genome, strongly supporting the presence of a similar 

Sarbecovirus within this sample (Figure 5-2). 

 

 

In addition to CI63 and IM328, samples from Cinderford (CI19_2020) and 

Plymouth (PLY24, 2022) generated partially complete or complete nucleotide 

sequence for selected genes. CI19 generated full coding sequences for the 

ORF6, ORF7a and N, as well as partial sequences for M (77.6%) and the RBD 

(63.98%). PLY24 provides a full coding sequence for ORF6 and partial ORFs for 

ORF7a (96.7%) and N (68.7% N) (Figure 5-3).  

 

 

 

Figure 5-3. CI19 and PLY24 read depths. 

Reads from positive faecal samples from Cinderford and Plymouth mapped to RhGB01. 
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All samples sequenced by mNGS underwent de novo assembly as the gold 

standard for the detection of viral contigs without a reference genome bias. A de 

novo assembly for CI63 generated a 27.7 kb contig with an average depth of 

96.7X and homology to BM48-31, SARS-CoV and SARS-CoV-2 as assessed by 

blastn (Figure 5-4). Genome annotation of the contig identified all ORFs, except 

the nucleocapsid. An additional contig 1131 bases long with >2000x depth was 

generated which translates to the first 372 amino acids of the CI63 nucleocapsid 

protein. 45 amino acids are missing from the end of the protein sequence. 

Target Accession  ID (%) Alignment 
length 

Mis 
matches 

Start End 

BM48-31 NC_014470 80.4 23670 4326 1 2349
8 

SARS-CoV  
Tor2 

NC_004718 81.0 17253 3144 6279 2346
4 

SARS-CoV-
2 

NC_045512 79.9 17368 3271 6281 2354
5 

 

 

A 

B 

Figure 5-4. Blastn and raw reads mapped to the assembly. 

Blastn hits for the CI63 de novo assembled contigs filtered for matches with alignment length 

>10 kb. Target refers to blastn match with accession number. Start and end refers to 

coordinates in the query sequence which are used to align to target (A). Reads for sample 
CI63_2020 mapped to the reference guided consensus assembly (B). 
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To circumvent this a consensus sequence was generated using the RhGB01 

genome as a reference. Reads mapped to the consensus sequence demonstrate 

at least 20X depth across the consensus sequence. 140,054 (1.45%) reads from 

CI63 map to the consensus genome (Figure 5-4). The consensus sequence was 

predicted to have nine ORFs in the correct orientation for a Sarbecovirus 

genome.  

 

5.1.5 RhGB01 differs from CI63 by 277 single nucleotide polymorphisms 

No insertions or deletions are observed between RhGB01 and CI63 and the same 

number of ORFs are predicted. Across the coding sequence there are 277 

nucleotide SNPs (0.96%) and 157 amino acids (1.63%) mutations. This suggests 

a nucleotide evolutionary rate of 0.00472 s/s/y-1 at the Cinderford roost between 

RhGB01 and CI63. nsp16 exhibits the highest nucleotide substitution rate 

between RhGB01 and CI63 (0.0162 s/s/y-1). The spike, RBD and RBM also 

Figure 5-5. Substitution rates for the different open reading frames.  

Substitution rates (s/s/y-1) for the different open reading frames between RhGB01 and CI63 

as an initial investigation to rate heterogeneity across the genome within the Cinderford roost.  
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exhibited elevated nucleotide substitution rates (0.0086, 0.009, 0.01 s/s/y-1) 

(Figure 5-5).  

 

 

A disproportionate number of the amino acid differences are contained with the 

RBM with 3 amino acid alterations (4.55%) (Figure 5-6). Outside of the spike 

Figure 5-6. Nucleotide and amino acid differences. 
 The percentage differences between the nucleotide (A) and amino acid (B) sequences of 
RhGB01 and CI63. Red indicates a high percentage difference observed within that ORF. The 

receptor binding domain, receptor binding motif and RNA dependent RNA polymerase are 

included because of their functional importance to sarbecoviruses. 
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glycoprotein, ORF6 demonstrates the highest percentage of amino acid 

mutations (1.59%).  

 

5.1.6 Comparing the predicted structures of the structural proteins in 

RhGB01 and CI63 

Structural proteins were predicted by homology modelling and compared using 

RMSD calculations (Appendix 18). Minimal structural disparities were observed 

in the spike and nucleocapsid proteins (RMSD=0.77, 0.003 Å) and the membrane 

and envelope proteins were found to be structurally identical.  

22 amino acid differences are observed in the spike protein between RhGB01 

and CI63 (Figure 5-7). 21 are within the S1 domain and one in the S2 domain 

(Appendix 19). Four amino acid differences are contained within the RBD. Using 

an alignment with Wuhan Hu 1 (NC_045512) the receptor binding loops within 

the ACE2 binding interface were identified. Binding loops 1 and 2 for RhGB01 

and CI63 were identified at residues 462-476 and 483-494. The receptor binding 

loop 3 in SARS-CoV-2 possesses an insertion at sites 474-450, which contains 

the loop 3 residues 449-453. Therefore loop 3 in RhGB01/CI63 is hypothesised 

to be residues 436-441. Three amino acid differences are found within the RBM 

region (469, 471, and 491). The amino acid difference in the S2 domain is within 

the HR1 domain, Q901L (Figure 5-7). 
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The RBD exhibits greater structural variation compared to the entire spike 

monomer (RMSD=1.49 Å vs 0.77 Å) (Figure 5-8). RBDs were modelled 

Loop 3 

469 
471 

491 337 

Figure 5-7. Spike glycoprotein comparison between RhGB01 and CI63. 

Loop 1 Loop 1 

Loop 2 
Loop 2 

B 

A 

901 

Homology models for the RhGB01 spike protein trimer with amino acids differences outside the 

receptor binding domain highlighted in red. The receptor binding domain is shown in black (A). 

The receptor binding domain for RhGB01 with receptor binding loops 1 and 2 highlighted in red, 
and loop 3 in pink. Residues 469, 471 are highlighted in loop 1 (green), residue 491 is highlighted 

in loop 2 (green) and residue 337 is highlighted near loop 3 (blue) (B). 
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separately from the spike protein to facilitate the selection of the most 

representative RBD as a template structure. In comparing RhGB01 and CI63, five 

local regions within the RBD demonstrate RMSD >2 Å. Among these regions, 

Regions 4 and 5, which lie outside the receptor binding motif, exhibit RMSD 

values of 4.87 Å and 3.09 Å, respectively. Conversely, regions 1, 2, and 3 (named 

as such because of proximity to binding loops 1, 2 and 3) situated within the RBM 

display RMSD distances of 2.3 Å, 3.9 Å, and 5.6 Å, respectively (Figure 5-8). 

 

5.1.7 Investigation into conservation and homology modelling of non-

structural proteins  

As with the structural proteins, high levels of similarity are observed across the 

non-structural proteins between RhGB01 and CI63 (Appendix 21). Nsp16 

demonstrates the highest nucleotide variation with 29 (3.24%) SNPs. However, 

only 3 amino acids are altered (1.01%). Nsp13 has the lowest number of SNPs 

with 4 differences (0.22%) and 1 (0.17%) amino acid change. The highest amino 

acid variation was observed in nsp2 with 15 (2.35%) differences. However, the 

nucleotide sequence for nsp2 contains 28 ambiguous bases: 16 Y (C/T), 7 R 

(A/G), 3 K (G/T), 1 S (C/G) and 1 W (A/T). All possible bases suggested by the 

IUPAC code are observed in corresponding nucleotide locations in RhGB01. For 

investigation purposes the RhGB01 nucleotide was inserted at ambiguous bases 

in the CI63 nsp2 nucleotide sequence, leaving only SNPs which are 

unambiguous. When ambiguous bases are removed nsp2 has 27 nucleotide 

SNPs (1.41%) and 9 amino acid differences (1.41%) (Figure 5-9).  
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Figure 5-8. RBD differences in RhGB01 and CI63. 

B A 

Region 3 Region 2 

Region 4 

Region 1 

Region 5 
 

Region 3 

Region 2 

Region 4 

C 

The predicted structures of the RhGB01 and CI63 spike glycoproteins structurally aligned and 

coloured by RMSD distance. The scale used ranged from 0.1-3 Å (A). Structurally aligned RBD 

when modelled separately (B). RhGB01 and CI63 RBD structurally aligned with regions of 

structural difference (>2 Å) highlighted. RhGB01 structure is coloured in red, and CI63 in blue. 

Structural difference is represented by RMSD score with purple representing more structurally 
divergent regions (C). 
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To investigate structural conservation between the nsps for RhGB01 and CI63, 

homology modelling was employed. For nsp2-6 no fully resolved structures 

suitable for homology modelling are available. The amino acid at site 46 in nsp15 

is represented as a “X” because of an unresolved base at nucleotide 19658. This 

“X” was replaced with “K” as seen in RhGB01 for modelling purposes. The 

template for nsp1 was selected with GMQE 0.66 as this was the best scoring 

model. 

 

Figure 5-9. RhGB01 and CI63 nonstructural proteins. 

Percentage differences between nucleotide (A) and amino acid (B) sequences between 

RhGB01 and CI63_2022 nonstructural proteins. Red indicates a high percentage difference 

observed within that ORF. The receptor binding domain, receptor binding motif and RNA 

dependent RNA polymerase are included because of functional importance to Sarbecoviruses. 

Nsp2* refers to the nsp2 sequence with ambiguous bases replaced with the RhGB01 nucleotide 
if the ambiguity code is inclusive of the nucleotide in RhGB01.  
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All other proteins were modelled using templates with GMQE >0.7. All models 

are of moderate quality, except nsp1 which has scores of 63.8 and 74.5% 

suggesting a poorer model quality (Appendix 20). Using the predicted structures, 

the conservation of structure between RhGB01 and CI63 can be evaluated. All 

non-structural proteins are structurally conserved when comparing RhGB01 and 

CI63 with RMSD <0.023 Å for all structures (Appendix 21) suggesting highly 

conserved structures.  

 

 

5.1.8 RhGB01 and CI63 form a UK-specific monophyletic clade with other 

sarbecoviruses identified in lesser and greater horseshoes in the UK 

RhGB01 and CI63 form a monophyletic group with the other UK sarbecoviruses 

and Khosta-2 from Russia for the phylogeny inferred using the coding sequence. 

The European clade is divided into two monophyletic clades, one containing 

Khosta-2 
CI63 
RhGB01 

Asian SarbCoV 

Figure 5-10. A phylogeny for Rhinolophus associated sarbecoviruses. 

A 

A maximum likelihood phylogeny for the coding sequence of all open reading frames of 

sarbecoviruses with full genomes available pre-2024. All sarbecoviruses from the public domain 

with full genomes were included in the phylogeny. The highlighted clade in the tree on the left is 
enlarged to highlight clustering of sarbecoviruses from different locations within the non-asian 

monophyletic clade.  
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UK/Russian sarbecoviruses and the other containing sarbecoviruses from 

Bulgaria, Russia, and Africa. Outside of this clade, the remaining sequences in 

the Sarbecovirus phylogeny is a large range of sarbecoviruses from China, 

Japan, Vietnam, South Korea, and Malaysia (Figure 5-10).  

 

5.1.9 86 samples were selected from 2020-22 for amplification by an 

amplicon scheme 

 Year Month Location N 
2020 June Cinderford 6 
2021 July Cinderford 6 
2021 June Cinderford 40 
2022 October Cinderford 16 
2022 October Plymouth 8 

 

A 

Figure 5-11. Samples for whole genome tiling approach. 

B 

C 

A table showing the sample numbers used for amplicon scheme sequencing (A). The Ct values 

for samples selected for amplification by amplicon approach for the Cinderford roost (B) and the 

Plymouth roost (C). Points are coloured by year of sampling. On the x-axis is sample id, removed 

for visualisation purposes. 



 
 

A whole genome tiling amplicon scheme was designed using the consensus   

sequence for CI63. Samples were selected based on raw material availability and 

Ct value.  

 

 

For most samples which had been metagenomically sequenced raw material was 

limited and amplicon scheme amplification not possible. The Ct value range used 

for the amplicon approach was 23.9-35.2 (Figure 5-11). A 0-9.7% increase in 

genome recovery per sample was observed when stringency is dropped from an 

80% to 60% conservation for raw reads at each base to accommodate increased 

A 

B 

Figure 5-12. Minor variant populations from the tiling approach. 

The minor variation observed at each nucleotide across the reference genome when raw reads 
for the amplicon scheme for sample IM303 are mapped. In the top panel, an 80% agreement 

is required to call a consensus base and bases with >80% agreement are coloured black. In 

the bottom panel, a 60% agreement is required to call a consensus base and bases with >60% 

observed are coloured black (B). Bases with missing points represent bases at which no raw 

reads are mapped to the reference genome. Sequencing was completed using ONT. 



 
 

209 
 

variation using ONT sequencing. For sample IM303 collected in June 2021, an 

additional 2810 (9.7%) bases were recovered from reducing the stringency 

(Figure 5-12). This methodology was used going forward for amplicon scheme 

genomic data to maximise sequence recovery. 

 

5.1.10 Differential amplicon success was observed for different open 

reading frames across the genome 

Between 2020 and 2022, no complete genomes were obtained using an amplicon 

approach (Table 5-3). The nsp9 region was the best performing ORF being fully 

recovered in 60/86 faecal samples (69.7%). This is followed by the membrane, 

leader and RBM all recovered in ≥ 40 samples (48, 47, 40). The RBD was fully 

recovered in 14/86 samples (16.3%) and only one sample (1.2%) contained the 

full spike sequence (CI52_Oct_2022). The focus was placed on the 14 receptor 

binding domains for further analysis. 

 

ORF N % 
nsp9 60 69.8 
Membrane 48 55.8 
Leader 47 54.7 
RBM 40 46.5 
nsp7 35 40.7 
ORF6 31 36.0 
nsp2 23 26.7 
nsp6 23 26.7 
nsp8 21 24.4 
nsp14 17 19.8 
ORF7a 16 18.6 
nsp4 14 16.3 
RBD 14 16.3 
nsp13 13 15.1 
nsp10 11 12.8 
Nucleoprotein 8 9.3 
nsp5 6 7.0 
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RdRp 5 5.8 
ORF3a 3 3.5 
nsp15 2 2.3 
Envelope 2 2.3 
Spike 1 1.2 
nsp3 0 0.0 
nsp16 0 0.0 

Table 5-3. ORFs with 100% recovery.  

 

 

5.1.11 14 receptor binding domains representing 6 different genotypes were 

retrieved from the three years 

 

 

Site RhGB01 CI63 Other Sample(s) with mutation Geno
type 

Binding 
loop 

330 S S G CI15_oct_2022 1 NA 
337 M N N RhGB01_2020 All NA 
364 I I T 80816_2020 6 NA 
395 R R K 80816_2020 6 NA 
432 H H L 80810_2020, CI15_oct_2022 1, 5 NA 
437 Q Q R 80816_2020 6 3 
458 R R M 80816_2020 6 NA 
466 T T K CI53_oct_2022 2 1 
 
 
 
469 

 
 
 
T 

 
 
 
S 

 
 
S 

CI13_oct_2022, 
CI30_oct_2022, 
CI45_oct_2022,CI45_sept_2
022, CI52_oct_2022, 
IM338_2021, IM341_2021 

3 1 

 
T 

80810_2020, 80816_2020, 
CI11_oct_2022, 
CI48_sept_2022, 
CI53_sept_2022 

4, 5, 6 1 

I CI53_oct_2022 2 1 
K CI15_oct_2022 1 1 

 
470 

 
V 

 
V 

T 80810 5 1 
A 80816, CI15_oct_2022 1,6 1 
K CI53_oct_2022 2 1 

471 V E E RhGB01 All 1 
477 D D N 80816, CI53_oct_2022 2, 6 NA 
491 I T T RhGB01 All 2 

A 

The percentage of samples with 100% ORF recovery using the amplicon approach. 



 
 

211 
 

 

 

 

Site Genotype 
1 

Genotype 
2 

Genotype 
3 

Genotype 
4 

Genotype 
5 

Genotype 
6 

330 G S S S S S 
337 N N N N N N 
364 I I I I I T 
395 R R R R R K 
432 L H H H L H 
437 Q Q Q Q Q R 
458 R R R R R M 
466 T K T T T T 
469 K I S T T T 
470 A K V V T A 
471 E E E E E E 
477 D N D D D N 
491 T T T T T T 

B 

Figure 5-13. The six RBD genotypes from the Cinderford roost. 

C 

A table highlighting differences across the 13 amino acid sites among RhGB01, CI63, and six 

other RBD genotypes found at the Cinderford roost. It lists the amino acids present in RhGB01 

and CI63, along with those from different mutations. Sample IDs with the mutated amino acid are 

included, along with the genotype bearing the mutation and whether the site falls within a binding 

loop (A). A second table with the amino acid present at each site for each genotype (B). The 
RhGB01 RBD predicted structure with the 13 sites with polymorphisms between the genotypes 

highlighted in red (C). 
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An in-frame nucleotide sequence for the RBD was recovered from 14 samples 

across the four years: 2 from 2020, 2 from 2021 and 10 from 2022. 13 amino acid 

sites demonstrate variation between the different RBDs: 5 in the RBD outside the 

RBM, and 8 in RBM. The 14 RBDs from the Cinderford roost can be represented 

by 6 genotypes. RhGB01 encodes distinct amino acids at sites 337, 471 and 491 

compared with CI63 and the genotypes. The amino acids at sites 469 and 470 

demonstrate multiple genotypes (Figure 5-13). 

To investigate the structural implications of these amino acid mutations, 

homology modelling was used for structure prediction. For genotypes 1 and 6, a 

template RBD from a Sarbecovirus from Rhinolophus sinicus in China was 

selected as the template (SHC014). For genotypes 2-5 a SARS-CoV-2 and 

SARS-CoV RBD were selected, respectively. All predicted models have ERRAT2 

scores >90 and all residues are in allowed regions (Appendix 22). 

The genotype 4 RBD most closely resembles the RhGB01 RBD across the entire 

RBD (RMSD=0.008 Å), RBM (RMSD=0.010 Å), binding loop 1 (RMSD=0.010 Å), 

and binding loop 3 (RMSD=0.001 Å). The RhGB01 binding loop 2 exhibits most 

structural similarity to genotype 5 binding loop 2 (RMSD=0.002 Å). Genotype 3 

diverges the most from RhGB01 across the entire RBD (RMSD=1.49 Å) and is 

identical to CI63. Genotype 2 showcases the most divergence from RhGB01 in 

the RBM and binding loops (RMSD=2.13 Å, 3.97 Å, 3.158 Å, 2.052 Å). Moreover, 

RBDs from genotypes 4 and 5 display considerable structural dissimilarity to 

CI63, with >3 Å for binding loops 1 and 2, and 1.45 Å for binding loops overall 

(Figure 5-14) (Appendix 23, Appendix 24). 
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Figure 5-14. The six genotypes aligned to the RhGB01 RBD. 

 

 
 

A B 

C 

0.1 1.0 2.0 

Predicted RBD structures for the 6 genotypes structurally aligned to RhGB01 (black). The 
structures are coloured by molecular distance from RhGB01. The three receptor binding loops 

within the receptor binding motif are highlighted in three snapshots: binding loop 1 (C) (138-151), 

binding loop 2 (B) (159-170) and binding loop 3 (A) (112-117). The atomic structure of the amino 

acids in each binding loop are shown to demonstrate the variation in structures as the amino acid 

changes. 



 
 

5.1.12 RhGB01 and CI63 in context of other sarbecoviruses from UK lesser 

and greater horseshoe populations 

Since the discovery and characterisation of RhGB01 in 2020, four additional 

sarbecoviruses have been discovered in UK lesser horseshoe (RhGB02, 

RhGB05-07) bats and two from greater horseshoe (RfGB01-02). Although 

RhGB01 and CI63 were found in the same roost, they have varying degrees of 

similarity to the sarbecoviruses identified elsewhere in the UK (Figure 5-15, 

Appendix 25-Appendix 27).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-15. Differences between the sarbecoviruses in the UK. 

This comparison includes sarbecoviruses identified in lesser and greater horseshoe bats. 
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5.1.13 The spike protein 

Here, the focus will be on the spike protein, and specifically the receptor binding 

domain because of its importance for tropism and the observation of different 

ACE2 binding profiles for sarbecoviruses from the UK (C. C. S. Tan et al., 2023). 

In the complete spike protein, RhGB01 is most homologous to RhGB05, with 20 

amino acid differences. Whereas CI63 is most homologous to RhGB02, RhGB05 

and RfGB02 with 19 amino acid differences (Figure 5-15).  

 

5.1.13.1 The receptor binding domain and receptor binding motif  

Within the RBD, RhGB01 demonstrates four amino acid differences compared to 

CI63 and RhGB02. CI63 has one amino acid difference to RhGB02 (site 337). 

Three amino acid differences between RhGB01 and CI63/RhGB02 are within the 

RBM (Figure 5-16), two of which are within binding loop 1 (T469S, V471E), while 

the remaining two are positioned outside the RBM binding loops, specifically at 

site 149 (I491T) and site 337. At site 337, the methionine in RhGB01 is 

substituted with asparagine in CI63 and lysine in RhGB02. Notably, this mutation 

at site 337 also represents the sole amino acid difference between CI63 and 

RhGB02 (N337K) (Figure 5-16). 

 

5.1.14 RhGB01 and CI63 in context of predicted hACE2 binding RhGB07 

Another Sarbecovirus discovered in lesser horseshoe bats in the UK, RhGB07, 

has been demonstrated in vitro to bind and utilise hACE2 for cellular entry (C. C. 

S. Tan et al., 2023). Compared to RhGB01, RhGB07 differs by five amino acids 

in the RBD and four in the RBM. CI63 varies from RhGB07 by 4 amino acids in 
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the RBD and 3 in the RBM. Notably, site 337 in RhGB07 is identical to RhGB02 

(337K). For sites 471 and 491 the amino acid in RhGB07 is identical to CI63 and 

RhGB02, and thus is different to RhGB01 (Figure 5-16).  

 

 

 

Figure 5-16. RBD differences between RhGB01 and CI63. 

 

A B C 

The receptor binding domain for RhGB01 (red), RhGB02 (blue) and CI63 (pink) for site 337 (A), 

site 491 (B) and sites 469 (T->S) and 471 (V->E) (C). The four amino acid mutations which 

separate RhGB01 from RhGB02 and CI63 are highlighted. 
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The additional varied sites in RhGB07 compared to RhGB01 are 435 (N435S) in 

binding loop 3 and 470 (V470T) in binding loop 1. The amino acid at site 469 in 

RhGB01 which is different in CI63 and RhGB02 is conserved in RhGB07. Despite 

the amino acid mutations observed between RhGB01 and RhGB07, the predicted 

structures exhibit more similar structures for the RDB (RMSD=0.231 Å) and in 

binding loops 1 and 2 (RMSD=0.052 Å, RMSD=0.065 Å) than CI63 and RhGB01. 

More structural difference between RhGB01 and RhGB07 was observed in 

binding loop 3 (RMSD=1.286 Å) (Figure 5-17).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-17. RBD differences between RhGB01 and RhGB07. 

 

A B 

V 

S 

 

The receptor binding domain for RhGB01 (red), RhGB07 (green) for site 435 in binding loop 3 (A) 
and site 470 in binding loop 1 (B). These two amino acid mutations are in addition to sites 337, 

471 and 491 in figure 5-16.   
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5.1.15 The six genotypes from the Cinderford roost in context of the SARS-

CoV and SARS-CoV-2 receptor binding motifs 

The amino acids observed at SARS-CoV and SARS-CoV-2 hACE2 contact 

residue in RhGB01 are fully conserved in CI63 and the six other genotypes from 

the Cinderford roost (Figure 5-18). However, there are other structural differences 

outside of the contact residues (Figure 5-14) which change the predicted 

conformation of the different RBM binding interfaces. From structural 

superimposition of the predicted genotype RBD structures onto SARS-CoV-2 in 

complex with ACE2 we can hypothesise as to the impact these mutations on the 

molecular space filled by the contact residues. The amino acid mutations in the 

receptor binding motif outside of the contact residues alter the spatial 

arrangement of the side chains at the contact residue sites. Genotype 3 has the 

most and genotype 5 the least structural similarity to the SARS-CoV-2 RBD in 

complex with hACE2 (RMSD=1.5-2.08 Å) (Figure 5-18). 
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 RMSD (Å) 
Genotype 1 1.95 
Genotype 2 1.58 
Genotype 3 1.55 
Genotype 4 1.88 
Genotype 5  2.08 
Genotype 6 1.74 

 

I 

A 

C 

D 

E 

F 

G 

H 

Figure 5-18. UK sarbecoviruses compared to SARS-CoV-2 and its hACE2 binding. 

  

B 

0.1 2 

The contact residues for SARS-CoV (A) and SARS-CoV-2 (B) for all sarbecoviruses from the UK, 

the six genotypes from the Cinderford roost and other European sarbecoviruses. Structural 
superimposition of the six genotypes (C-H) to SARS-CoV-2 (6M0J) in complex with hACE 

coloured by RMSD. Contact residues show the molecular structure of the amino acid at those 

sites. A table showing the RMSD for each genotype to SARS-CoV-2 (I). 
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5.2 Discussion 

5.2.1 Longitudinal screening after the discovery of RhGB01 indicates 

continued circulation of sarbecoviruses in the Cinderford roost  

After the characterisation of RhGB01 from the Cinderford roost sampling was 

continued across the following three years, to confirm the presence of this 

Sarbecovirus in the roost and longitudinally study the viral population circulating 

within the roost. Sarbecoviruses were detected upon each sampling of the roost 

by qRT-PCR. Rates of positivity were higher in the faecal samples collected in 

the summer months (June-July vs August-Sept-Oct), potentially due the 

presence of pups in the roost and an increase in excretion rate within the roost. 

However, the inverse could also explain the increased prevalence in the summer 

month. For example, in May-June the individual bats in the roost have had 

maximal exposure to the circulating Sarbecovirus in the roost compared to pups 

just after birth who may excrete Sarbecovirus negative droppings. 

 

5.2.2 Additional sampling indicates Sarbecovirus circulation at other 

lesser horseshoe roosts 

Additional sampling was conducted in non-horseshoe species in different 

locations in Somerset and Devon, in relatively proximity to the Cinderford roost 

(Southern England). No Sarbecovirus positivity was found in the other bat genus 

sampled. Additional sampling was also conducting at a lesser horseshoe roost in 

Plymouth, where sarbecoviruses were detected. Considering this in context of 

the small sample size and geographic area of the UK which has been sampled, 

this suggests lesser horseshoe bats are potentially disproportionately harbouring 

sarbecoviruses and increased surveillance is required. Despite Sarbecovirus 
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detection at the Plymouth roost and modera∆te success from mNGS for PLY24, 

no full genomic transcripts were returned by mNGS or amplicon amplification. 

The observed reduction of amplicon return from the scheme could suggest the 

presence of a divergent Sarbecovirus lineage within these lesser horseshoe bats 

which would prevent primer binding as in the Cinderford roost, amplicons were 

returned.  

 

5.2.3 A second full genome was recovered from the Cinderford roost with 

277 SNPs compared to RhGB01 

The metagenomic sequencing of a low Ct sample (CI63, 23.3) collected in 

September 2022 generated a second full Sarbecovirus genome from the 

Cinderford roost. A de novo assembly generated the first 27.7 kb nucleotides as 

one contig but the nucleocapsid was absent. The nucleocapsid was 89% resolved 

in a second contig but the end of the transcript was truncated. The separation of 

the genome into two separate contigs suggests an area of low depth or sequence 

quality which prevents sufficient overlap to join to unitigs into a larger contig. This 

was circumvented by use of the RhGB01 genome for a reference guided 

assembly. Annotation of CI63 suggests an identical genome organisation to 

RhGB01 including the presence of the same accessory proteins as hypothesised 

for two sarbecoviruses from the same roost. 
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5.2.3.1 Evolutionary rate estimates indicate accelerated evolution in the receptor 

binding motif 

A preliminary evolutionary rate of 1.4x10-3 was estimated for sarbecoviruses 

circulating at the Cinderford roost using the genetic distance between the 

complete CDS and different ORFs for RhGB01 and CI63. This evolutionary rate 

is within the standard range expected for an RNA virus but towards the quicker 

end of the scale. The evolutionary rate in nsp16, spike, RBD and RBD are all 

accelerated beyond 1x10-3 demonstrating more rapid evolution within the 

nucleotide sequence compared to other coding sequences. This observation is 

manifested in the disproportionate number of amino acid differences between 

RhGB01 and CI63 in the RBM. The observation of more amino acid differences 

suggests positive selection of non-synonymous SNPs in the RBM and the 

generation of novel genotypes with potentially different ACE2 tropisms. Future 

work regarding the Cinderford sarbecoviruses should focus on defining the ACE2 

binding capacity of these different genotypes.  

 

5.2.3.2 RhGB01 and CI63 demonstrate structural conservation across the 

majority of open reading frames  

The envelope proteins of RhGB01, CI63 and other UK sarbecoviruses are 

identical at the amino acid level. The homology model of the envelope protein 

predicts the topology with the α-helical kink which has been reported in the 

literature. However, as stated previously, there is significant discussion in the 

literature regarding the correct envelope protein topology. All other structural 

ORFs are comparatively well conserved at the amino acid level because of 

functional importance for viral fitness.  
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5.2.3.2.1 The spike protein demonstrates variation in both the S1 NTD and CTD 

The CI63 spike protein demonstrated 22 amino acid mutations compared to 

RhGB01 with 17 mutations in the S1-NTD and 4 within the RBD. The increased 

number of mutations within the S1-NTD could suggest reduced functional 

importance within a reservoir host with no purifying selection pressure forcing 

amino acid conservation. The sites are also distributed through the S1-NTD which 

further supports the stochasticity observed from antigenic drift. Since the RBD 

resides within the S1-CTD, the functional relevance of Sarbecovirus S1-NTD is 

understudied compared to the S1-CTD but since the onset of the COVID-19 

pandemic the S1-NTD has been subject to investigations in context of SARS-

CoV-2 infection. Early studies found little evidence for the glycan-protein binding 

in context of SARS-CoV-2 cellular entry. Since, studies have shown that the S1-

NTD harbours epitopes for SARS-CoV-2 neutralising antibodies (Suryadevara et 

al., 2021) and further work identified α2-6-linked sialic acid containing compounds 

prevent SARS-CoV-2 infection by binding the S1 domain (Saso et al., 2022). This 

finding is corroborated by the observation that antigenic drift observed within the 

S1-NTD in small subgroups of variants of concern can result in the gain of 

function for sialic acid binding (Tomris et al., 2023) but that this is not a function 

under positive selection or observed in larger clades (α, β, δ, ο). Thus, the amino 

acid disparities observed between RhGB01 and CI36 may represent antigenic 

drift in the S1-NTD and further investigation to elucidate the possible impact this 

could have on neutralisation or glycan binding phenotypes observed for the two 

viruses.  

On the other hand, only four amino acid differences are observed within the entire 

RBD, with the majority (3/4) located within the RBM which is responsible for ACE2 
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binding. The other amino acid mutation is near binding loop 3. The amino acid 

mutations within the RBM are likely to impact the conformation of the receptor 

binding interface and should be focus of future investigation to characterise ACE2 

binding alterations resulting from mutations in proximity to contact residues. As 

initial investigations using the RhGB01 spike suggested limited ACE2 binding 

capacity from the ACE2 proteins included in the screening (chapter 1), the 

additional of different RBD genotypes for the roost provided additional spike 

proteins for investigation.  

 

5.2.3.2.2 Limitations of structural prediction using homology modelling 

When considering the structural incongruencies between RhGB01 and CI63 it is 

important to consider that structures are predicted and may be an artefact of 

homology modelling. An inherent limitation of homology modelling is the 

availability of templates with comparable identity to the query protein. Within the 

public domain there is a shortage of resolved spike and RBD structures in 

complex with ACE2 from different species and this undoubted reduces the validity 

of structural comparisons using such models (Pan et al., 2022).  

 

5.2.4 Increased surveillance in the UK and Europe suggests a 

European/African specific Sarbecovirus clade with differential ACE2 

tropism profiles needs characterising  

From increased surveillance in horseshoe bat populations in the UK and Europe, 

the non-Asian monophyletic clade has expanded to include sarbecoviruses from 

the UK, Russia, Bulgaria, and African countries. This expansion suggests it is 
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likely that there is a large, and genotypically diverse, population of sarbecoviruses 

circulating independently of Asian horseshoe bat populations in the Western 

world. As mentioned previously, this observation coupled with the inconsistent 

use of mammalian ACE2 receptors being elucidated through in vitro investigation 

highlights surveillance in horseshoe bat populations as an important public health 

measure going forwards.  

 

5.2.5 Six RBD genotypes in circulation at the Cinderford roost across the 

four years suggest potential different ACE2 binding capabilities 

within one roost 

In addition to metagenomics, an amplicon-based approach was employed with 

the aim of recovering additional transcripts from faecal samples with higher Ct 

values. The ORF with the greatest recovery rate was nsp9, an RNA binding 

protein involved in viral replication. This function could explain the increased 

prevalence of the transcript within the faecal samples. 14 RBD sequences were 

recovered from across the 4 years with 13 polymorphic amino acid sites between 

RhGB01 and CI63. The amino acid sites exhibiting the greatest variability are 469 

and 470, with 4 and 3 distinct genotypes, respectively. These amino acids are 

downstream of the hACE2 contact residue for SARS-CoV-2 observed at site 475 

at the end of binding loop 3.  

One notable knowledge gap in the study of bat Sarbecovirus function pertains to 

two main factors: firstly, the uncertain ACE2 utilisation by most of these viruses, 

and secondly, the lack of molecular understanding regarding how the various 

RBDs interact with different ACE2 receptors. Without substantial in vitro 
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experimentation, the functional implications of observed genotypic variations in 

the Cinderford roost rely on comparisons with distantly related sarbecoviruses, 

such as SARS-CoV and SARS-CoV-2, and their attachment to hACE2. As 

mentioned previously, recent publications have started to elucidate patterns of 

ACE2 usage within bat associated sarbecoviruses.  

 

5.3 Conclusions 

In this chapter, we successfully characterised a second Sarbecovirus from the 

lesser horseshoe roost in the UK. This virus, CI63, differs from RhGB01 by 277 

SNPs with a disproportionate representation of amino acid differences and an 

enhanced evolutionary rate observed in the receptor binding motif. Additionally, 

14 RBD sequences were recovered from faecal droppings from across the 

sampling period. These sequences can be clustered into six genotypes with 

amino acid differences in the RBD. In silico modelling of the RBD genotypes 

observed at the Cinderford roost indicate each genotype presents different 

conformations at the ACE2 binding interface, respectively.  
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6 Summary 

6.1 Molecular sequence analysis of Crimean-Congo haemorrhagic 

fever virus 

This project aimed to recover novel CCHFv genomes from both archival and 

contemporary clinical samples from haemorrhagic fever patients. The majority of 

novel genomes were recovered from a single year of cases in Turkey in 2015. 

The genomes recovered from the subset of clinical samples from Turkey 

facilitated the identification of a reassorted strain, indicating the circulation of a 

Kosovo-like strain in Turkey. Additionally, one recovered genome clustered in the 

Russian subclade within the European clade without evidence of recombination 

or reassortment indicating the circulation of a Russia-like strain in Turkey. 

Together, all recovered genomes from the subset indicate a heterogeneous viral 

population in Turkey in 2015. Outside of the European clade, a whole genome 

was recovered from a clinical sample taken from a previously unrepresented 

outbreak in Pakistan in 1998/99. This genome provided evidence of the 

circulation of similar viruses in Pakistan 25 years ago to contemporary genomes 

characterised from Indian clinical samples.  

There is no current widely employed vaccine or effective treatment for CCHFV. 

Thus, the identification of sites under positive selection could highlight novel 

therapeutic targets. In the nucleoprotein, 477 sites were identified as being under 

negative selection highlighting the functional importance. The M segment 

encoded the GPC and is an essential target for therapeutics because of the 

surface presentation and receptor binding ability. Two tools predict 31 sites in 
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total across the GPC as under positive selection, with some near mAb binding 

sites reported in the literature.  

Additionally, this project aimed to identify geographic regions which are liable to 

circulation of strains with higher case fatality rates and the generation of novel 

reassorted/recombined strains. An important indicator of co-circulation is the 

generation of variants resulting from reassortment or recombination. For CCHFv, 

three clades within the M segment phylogeny are composed of heterogeneous 

geographic locations with extensive mixing of strains from Asia and Africa. This 

indicates that progenitor strains from both continents have co-circulated within 

geographic regions in the past.  

The addition of additional genomes facilitated phylodynamic and 

phylogeographic analysis with the largest selection of CCHFv genomes to date. 

We identify that rate heterogeneity was observed between clades according to 

the small segment given the sequences which are available. Using country as a 

discrete trait, we predict Southern Africa as an ancestral location for CCHFv with 

low confidence.  

 

6.1.1 Limitations and future work  

Recovering CCHFv genomes is currently reliant on the use of mNGS because of 

the lack of an amplicon scheme capable of characterising all clades. This limited 

the recovery of genomes to low Ct clinical samples and recovery after 

propagation. It has become increasingly apparent that propagation in vitro can 

induce accelerated evolution and thus lead to uploaded sequences being poor 

representations of the circulating virus. 
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The sampling bias observed is a key limitation of both this study, and 

phylodynamic and phylogeographic studies in general. The overrepresentation of 

specific countries e.g., South Africa, Uganda, and Russia, can result in bias when 

estimating transitions between different traits and ancestral reconstruction across 

the phylogeny. However, the absence of sequence representation in regions 

interspacing those with representation prevents the prediction of dissemination 

into these regions using phylogeographic methods. In the future to improve 

phylogeographic estimates, the gold standard should be a coordinated effort to 

retrieve and systematically characterise archived clinical and wildlife samples and 

the formation of global consortiums to allow future outbreaks to be represented 

sufficiently, especially in endemic regions.  

In absence of improved global coverage, there are computational methods to 

account for sampling bias. Regions without representation can be added into the 

dataset by “ghost” sequences, where the metadata is provided with an empty 

sequence. The number of sequences added per region could be normalised in 

line with reported CCHFv cases per region. This is a suitable alternative for 

countries with infrastructure for accurate reporting for infectious disease 

incidence. A second method can also be grouping countries into larger 

geographic regions as to reduce the bias introduced by country metadata.  

 

6.2 Initial detection and longitudinal surveillance of lesser 

horseshoe bats in the UK  

This project resulted from the onset of the COVID-19 pandemic. First, we used a 

mNGS screening on faecal droppings from a roost in Cinderford to identify any 
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RNA viruses. This resulted in the characterisation of the first Sarbecovirus from 

lesser horseshoe in Europe, and the first Sarbecovirus from the UK in any bat 

species. The characterisation of RhGB01 extends the western limit within which 

sarbecoviruses have been detected in horseshoe bat species.  

The identification of RhGB01 resulted in additional sampling by other institutions 

in the UK, finding an additional six novel sarbecoviruses in UK horseshoe bats 

(C. C. S. Tan et al., 2023). This study predicted zoonotic risk by pseudoviral 

assays, highlighting different ACE2 tropisms within the sarbecoviruses. All 

sarbecoviruses from the UK also possess a bibasic FCS precursor, only one SNP 

from generating a polybasic FCS, as observed in SARS-CoV-2.  

In the second part of this project, we longitudinally sampled the same lesser 

horseshoe roost to monitor the viral population in circulation. A second 

Sarbecovirus was characterised from the Cinderford roost in 2022, differing from 

RhGB01 by 277 SNPs across the coding sequence. We estimated a slightly 

elevated rate of evolution across the coding sequence, but within the 10-3-10-4 

range accepted as standard for RNA viruses. However, the RBM is identified as 

a mutational hotspot for the sarbecoviruses from the Cinderford roost with the 

most amino acid differences observed in this region.  

The observation of sarbecoviruses within Europe that have different ACE2 

binding profiles, the observation of different genotypes within the RBD for one 

roost and the bibasic motif highlights the need for continued and systematic 

surveillance in previously ignored geographic locations. 
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6.2.1 Limitations and future work  

A limitation of this study is the absence of in vitro assessment of ACE2 binding 

profiles for all RBD genotypes, and the absence of isolation of either RhGB01 or 

CI63 from faecal droppings. This was mainly because of time constraints 

surrounding obtaining suitable cell lines. Thus, future work should be targeted at 

elucidating receptor binding and the production of a protocol for Sarbecovirus 

isolation from faecal material.  

For the in-silico predictions in this project specifically, we focused on the RBD 

because of the inferred importance of the indels up and downstream of the 

receptor binding interface on ACE2 interface conformation. However, an 

additional 40 RBM sequences were recovered from the Cinderford roost across 

the longitudinal period. As all indels in the receptor binding domain are conserved 

within the UK Rhinolophus associated sarbecoviruses, these sequences provide 

an additional avenue of investigation when characterising the functional features 

of the viruses in the Cinderford roost.  

Additionally, enhanced optimisation of the targeted scheme would likely recover 

genomes or more sequence from higher Ct droppings. However, obtaining the 

RBD from samples across the longitudinal period was sufficient in this study for 

an in silico analysis.  
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Appendix 

Sample  Host Country Ct cDNA 
(ng/µL) 

1001 Human Turkey 23.98 1.02 

1002 Human Turkey 37.36 7.38 

1003 Human Turkey 30.6 1.96 

1005 Human Turkey 27.07 1.6 

1009 Human Turkey 29.11 0.532 

1011 Human Turkey 31.38 0.978 

1012 Human Turkey 25.42 1.51 

1016 Human Turkey 30.73 1.1 

1018 Human Turkey 32.9 0.382 

1026 Human Turkey 24.29 1.39 

1027 Human Turkey 21.43 18.5 

2005 Human Turkey 26.89 5.24 

2009 Human Turkey 31.27 12.7 

2010 Human Turkey 38.07 43 

2011 Human Turkey 30.04 76.6 

2012 Human Turkey 31.84 101 

2013 Human Turkey 33.21 54 

2015 Human Turkey 31.19 21.6 

2018 Human Turkey 37.07 106 

2019 Human Turkey 25.66 21.6 

2020 Human Turkey 31.61 106 

2021 Human Turkey 29.6 47 

2022 Human Turkey 31.81 69.4 

2025 Human Turkey 28.1 248 

2028 Human Turkey 25.15 143 

2032 Human Turkey 29.44 75 

2033 Human Turkey 31.4 19.3 

2034 Human Turkey 31.57 58.6 

2037 Human Turkey 24.89 73.4 

2039 Human Turkey 23.93 36.4 

2043 Human Turkey 29.05 62.6 

2044 Human Turkey 27.43 218 
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2047 Human Turkey 26.75 14.8 

2050 Human Turkey 26.69 5.88 

2052 Human Turkey 32.54 62.4 

2054 Human Turkey 27.58 330 

2056 Human Turkey 32.26 19.4 

2066 Human Turkey 31.93 62.2 

3007 Human Turkey 21.67 100 

3010 Human Turkey 30.89 106 

3014 Human Turkey 29.94 77.2 

3019 Human Turkey 30.12 52.8 

3020 Human Turkey 24.93 212 

3021 Human Turkey 28.39 49.4 

3022 Human Turkey 21.44 159 

3023 Human Turkey 28.57 36.2 

3024 Human Turkey 37.73 50.4 

3027 Human Turkey 27.67 30.8 

3033 Human Turkey 30.29 29.4 

Appendix 1. Sample ID, metadata, CT value and cDNA concentration from metagenomic 

amplification of CCHFv positive samples from Turkey. 

 
 

Sample Host Country Date cDNA concentration 
Kos2009 Human Kosovo 2009 20.2 
10248 NA NA NA 4.7 
Dubai 616 Human UAE 1979 15.6 
UK1  Human Afghanistan 2012 22.5 
UK2 Human Bulgaria 2014 42.4 
3011 Human Congo 1956 31.6 
PYAT Human Russia NA 20.1 
JD206 Tick Pakistan 1974 24.4 
AR10200 Tick Nigeria NA 33.6 
333.Rus NA Russia NA 12.5 
ARD15925 Tick Senegal 1973 13.6 
618 Tick Russia NA 11.5 
SE7239 Human Uganda 1971 13.5 
AR7620 Goat Nigeria 1974 21.6 
Kos.1919 Human Kosovo 2009 13.50 
Kos.1921 Human Kosovo 2009 15.30 
Kos.1925 Human Kosovo 2009 13.20 
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BH.2468 Human Bosnia-Herzegovina 2009 6.50 
Kos.2475 Human Kosovo 2009 31.50 
BH.2476 Human Bosnia-Herzegovina 2009 5.20 
K111.63 NA Russia NA 62.80 
Khodzha Human Tajikistan 1975 89.20 
SE7300 NA NA 1967 16.30 
Bagdhad12 Human Iraq 1979 87.60 
S3409 Human Kosovo 2009 40.20 
SPU4.81 Human South Africa 1982 23.60 
Semunya NA Uganda NA 31.50 
D1118 Human Pakistan 1998 68.8 
D1127 Human Pakistan 1998 45.8 
D1120 Human Pakistan 1998 47 
D1128 Human Pakistan 1998 30.4 
D1119 Human Pakistan 1998 93 
D1122 Human Pakistan 1998 42.2 
D1126 Human Pakistan 1998 22.4 
D1121 Human Pakistan 1998 81.6 

Appendix 2. Sample ID, metadata, and cDNA concentration from metagenomic amplification of 
archival CCHFV positive samples. 

 
 

N Sample id cDNA (ng/µL) Ct 
1 80801 0.37 0 
2 80802 0.46 0 
3 80803 0.43 0 
4 80804 <0.2 0 
5 80805 1.49 0 
6 80806 0.6 0 
7 80807 97.6 0 
8 80808 77.2 0 
9 80809 18.8 0 
10 80810 121 32.24643 
11 80811 120 0 
12 80812 79.2 0 
13 170901 18.8 0 
14 170902 121 0 
15 80913 134 0 
16 80914 126 0 
17 80915 140 28.49175 
18 80916 75.8 29.5338 
19 80917 177 31.81352 
20 80918 27.4 0 
21 80919 102 0 
22 80920 15.2 0 
23 80901 81.2 0 
24 80902 83.6 0 
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25 80903 120 0 
26 80904 116 0 
27 80905 91.12 0 
28 80906 127 30.77917 
29 80907 120 0 
30 80908 108 0 
31 80909 104 0 
32 80910 151 0 
33 80911 99.2 0 
34 80912 0.362 0 
35 80913 11.6 0 
36 80914 92.8 0 
37 80915 72.6 0 
38 80916 91.2 0 
39 80917 46.6 0 
40 80918 176 0 
41 80919 171 0 
42 80920 77.4 0 
43 80921 82.4 0 
44 80922 102 0 
45 80923 32.6 0 
46 80924 83.6 32.40199 
47 80925 68 0 
48 80926 65.4 0 
49 240801A 30.8 0 
50 240802 1.47 0 
51 240804 35.2 0 
52 240805 114 29.15788 
53 240803 40.6 0 
NC NA 2.7 0 

Appendix 3. SISPA cDNA qubit concentrations and Ct value for 2020 faecal samples from 

Cinderford. 

 

Sample cDNA (ng/µL) Ct 
PLY1 4.8 0 
PLY2 3.2 30.3551 
PLY3 12.8 0 
PLY4 8.64 0 
PLY5 9.68 0 
PLY6 9.68 0 
PLY7 7.14 0 
PLY8 8.82 0 
PLY9 5.54 31.28791 
PLY10 8.44 0 
PLY11 20.2 0 
PLY12 9.46 32.93995 
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PLY13 9.04 0 
PLY14 29.06 0 
PLY15 22.5 0 
PLY16 19.6 0 
PLY17 23.8 0 
PLY18 9.44 0 
PLY19 9.42 26.82015 
PLY20 21.8 0 
PLY21 20.8 0 
PLY22 17.2 31.52971 
PLY23 13.7 0 
PLY24 20.2 28.33111 
PLY25 9.14 0 
PLY26 15.9 32.40744 
PLY27 11.7 0 
PLY28 18.9 0 
PLY29 14.4 0 
PLY30 36.6 29.70468 
PLY31 24.4 0 
PLY32 14.1 0 
PLY33 7.52 0 
PLY34 9.68 0 
PLY35 29.4 0 
PLY36 17.1 0 
PLY37 23.4 0 
PLY38 25.2 0 
PLY39 17.8 0 
PLY40 17.4 0 
CI1_2023 60.6 29.03 
CI2_2023 55.8 29.32 
CI3_2023 68.6 26.74 
CI9_2023 53.8 27.99 
CI17_2023 50.2 26.08 
CI18_2023 86.2 29.4 
CI25_2023 69.6 21.5 
CI26_2023 65.6 26.7 
CI27_2023 92.8 28.7 
CI31_2023 85 29.2 
CI33_2023 76.8 27.6 
CI34_2023 104 24.9 
CI36_2023 68.8 0 
CI37_2023 96.6 29.4 
CI39_2023 77.2 28.8 
CI44_2023 93.4 13.7 
CI82_OCT_22 55 25.72 
CI15_OCT_22 54 27.11 
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CI53_OCT_22 35 28.19 
CI11_OCT_22 14 29.48 
CI45_OCT_22 45 29.64 
CI33_OCT_22 40 29.34 
CI10_OCT_22 40 29.99 
CI64_OCT_22 42 31.04 
CI85_OCT_22 43 31.13 
CI63_OCT_22 38 31.33 
CI16_OCT_22 55 31.35 
CI20_OCT_22 19 31.53 
IM301 46 29.6 
IM303 63 29.3 
IM307 18.7 29.9 
IM308 42 28.7 
IM310 31 29.1 
IM328 41 28.3 
IM333 57.4 28.8 
IM336 25.8 27.9 
IM338 50 28.4 
IM341 52 28.5 
IM362 42 29.6 

Appendix 4. Sample id, ct, cDNA concentration for sarbecovirus positive samples and faecal 

samples from Plymouth which underwent metagenomic NGS. 

 

Reference Start End Number Pool 
CI63 20 42 1 1 
CI63 991 1013 1 1 
CI63 877 899 2 2 
CI63 1873 1893 2 2 
CI63 1761 1783 3 1 
CI63 2734 2757 3 1 
CI63 2618 2640 4 2 
CI63 3595 3617 4 2 
CI63 3460 3482 5 1 
CI63 4481 4503 5 1 
CI63 4375 4397 6 2 
CI63 5356 5378 6 2 
CI63 5263 5285 7 1 
CI63 6231 6253 7 1 
CI63 6117 6141 8 2 
CI63 7099 7121 8 2 
CI63 7005 7027 9 1 
CI63 7987 8011 9 1 
CI63 7877 7899 10 2 
CI63 8873 8894 10 2 
CI63 8738 8759 11 1 
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CI63 9736 9758 11 1 
CI63 9635 9657 12 2 
CI63 10628 10650 12 2 
CI63 10493 10515 13 1 
CI63 11513 11536 13 1 
CI63 11379 11401 14 2 
CI63 12359 12383 14 2 
CI63 12254 12280 15 1 
CI63 13205 13227 15 1 
CI63 13112 13134 16 2 
CI63 14071 14093 16 2 
CI63 13981 14003 17 1 
CI63 14960 14985 17 1 
CI63 14835 14859 18 2 
CI63 15831 15853 18 2 
CI63 15710 15734 19 1 
CI63 16723 16746 19 1 
CI63 16601 16623 20 2 
CI63 17581 17603 20 2 
CI63 17446 17469 21 1 
CI63 18467 18489 21 1 
CI63 18377 18399 22 2 
CI63 19315 19337 22 2 
CI63 19191 19213 23 1 
CI63 20179 20201 23 1 
CI63 20051 20074 24 2 
CI63 21058 21080 24 2 
CI63 20936 20959 25 1 
CI63 21950 21972 25 1 
CI63 21861 21883 26 2 
CI63 22827 22849 26 2 
CI63 22733 22755 27 1 
CI63 23688 23711 27 1 
CI63 23560 23582 28 2 
CI63 24538 24560 28 2 
CI63 24450 24472 29 1 
CI63 25412 25434 29 1 
CI63 25306 25328 30 2 
CI63 26270 26294 30 2 
CI63 26152 26174 31 1 
CI63 27160 27183 31 1 
CI63 27068 27090 32 2 
CI63 28015 28037 32 2 
CI63 27884 27906 33 1 
CI63 28865 28888 33 1 
CI63 28195 28217 34 2 
CI63 29186 29208 34 2 

Appendix 5. Primer pairs for the Sarbecovirus primer scheme. 
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Appendix 7. The number of full sequences generated per segment per country. 
 

 

 

 

Country Small Medium Large 
Turkey 34 30 26 
Kosovo 3 2 3 
Uganda 2 0 2 
Pakistan 1 1 1 
Nigeria 1 0 0 
Democratic Republic of the Congo 1 1 1 
Tajikistan 1 0 0 

E 

Appendix 6. The percentage mapped reads for samples from Asia sequenced after tissue culture 

(A) or direct from sample (B), from Africa and sequenced after tissue culture (C), from Europe 

after tissue culture (D) or direct from sample (E). The colour depicts the reference sequence to 

which raw reads were mapped. The shape depicts the segment the raw reads were mapped to. 
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Country Small Medium Large 
India 68 59 58 
Turkey 61 44 34 
Russia 41 40 37 
Uganda 21 15 19 
China 20 17 10 
Kosovo 18 16 15 
South Africa 17 16 14 
Iran 15 4 1 
Oman 14 4 2 
UAE 9 9 8 
Pakistan 8 5 7 
Tajikistan 6 2 2 
Bulgaria 4 3 1 
Senegal 4 4 4 
Mali 1 0 0 
Uzbekistan 3 2 1 
Nigeria 3 2 2 
Spain 3 3 3 
Sudan 3 3 4 
Afghanistan 2 2 2 
Kazakhstan 2 2 1 
Turkmenistan 2 2 2 
Namibia 2 2 2 
CAR 1 0 0 
Iraq 1 0 1 
Mauritania 1 1 1 
Greece 1 0 0 
Republic of the Congo 1 1 1 
Democratic Republic of the Congo 1 1 1 

Appendix 8. The total number of CCHFV sequences by country in the dataset. 

 

Date Small Medium Large 
1956 3 3 3 
1958 1 1 1 
1960 1 1 1 
1965 3 2 2 
1966 2 2 1 
1967 6 5 5 
1968 5 5 4 
1969 3 3 3 
1970 1 1 0 
1971 2 1 2 
1972 1 1 1 
1973 2 2 2 
1975 4 2 1 
1976 1 1 1 
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1978 2 1 0 
1979 4 3 3 
1981 5 5 4 
1984 2 5 2 
1985 4 3 3 
1987 5 5 4 
1988 4 3 3 
1989 1 1 1 
1990 4 3 3 
1991 1 0 0 
1995 1 1 1 
1997 1 1 2 
1998 3 4 2 
2000 6 5 2 
2001 3 2 1 
2002 4 3 1 
2003 1 1 2 
2004 13 11 7 
2005 4 1 1 
2007 4 4 4 
2008 6 5 6 
2009 8 5 7 
2010 3 2 1 
2011 12 7 7 
2012 13 8 7 
2013 23 13 11 
2014 12 8 8 
2015 50 40 35 
2016 12 11 10 
2017 6 8 5 
2018 13 9 12 
2019 54 50 47 
2021 11 1 1 
2022 3 0 3 

Appendix 9. Number of CCHFV sequences per year. Years are only shown if a sequence is 

present in a segment. 

 
 

Host Small Medium Large 
Human 263 199 183 
Tick 64 55 46 
Goat 3 2 2 
Sheep 1 1 1 
Long Eared Jerboa 1 1 0 



 
 

296 
 

Camel 1 1 1 

Appendix 10. The number of CCHFV sequences per host in the dataset. 

 

Appendix 11. Codon sites under positive selection for the M segment predicted by FUBAR. 

 

Site p-value Protein 
1668 <0.0001 Gc 
1316 <0.0001 Gc 
1682 0.0001 Gc 
1214 0.0003 Gc 
1318 0.0003 Gc 
1441 0.0004 Gc 
1683 0.0006 Gc 
1671 0.0007 Gc 
1322 0.0008 Gc 
1676 0.001 Gc 
1684 0.0017 Gc 
1662 0.0024 Gc 
1664 0.0027 Gc 
1237 0.003 Gc 
1673 0.0035 Gc 

M site Prob [dS<dN] Protein dN/dS 
341 0.989 GP38 4.80102 
351 0.945 GP38 2.236111 
432 0.971 GP38 2.488189 
442 1 GP38 6.085366 
1065 0.988 Gc 3.526316 
1208 0.919 Gc 2.222222 
1311 0.934 Gc 2.188482 
1438 0.907 Gc 2.539568 
1462 0.98 Gc 2.596639 
1605 0.951 Gc 2.721154 
1607 1 Gc 5.066667 
533 0.996 Gn 4.121212 
748 0.945 Gn 2.795699 
42 0.913 MLD 2.43788 
66 0.991 MLD 5.155009 
72 0.935 MLD 3.492013 
103 0.969 MLD 3.662568 
129 0.98 MLD 2.877123 
131 0.998 MLD 5.178891 
185 0.997 MLD 4.802326 
190 0.991 MLD 5.682081 
214 1 MLD 9.975177 
220 0.926 MLD 3.427711 
828 0.949 NSm 2.659259 
838 0.949 NSm 2.333333 
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1670 0.0062 Gc 
1323 0.009 Gc 
685 0.009 Gn 
341 0.0053 GP38 
111 0.0001 MLD 
88 0.0005 MLD 
214 0.0009 MLD 
131 0.001 MLD 
109 0.0014 MLD 
113 0.0017 MLD 
127 0.0025 MLD 
95 0.003 MLD 
89 0.0032 MLD 
118 0.0052 MLD 
962 0.0017 NSm 

Appendix 12. Codon sites under episodic positive selection in the medium segment detected by 

MEME. 

Contig ID Length Depth Blastn match % ID Aln 
length 

NODE.17 1610 193.9 BM48-31 (NC_014470.1) 88.66 1605 
NODE.2 5319 11.4 BM48-31 (NC_014470.1) 72.755 2305 
NODE.1 6039 12.2 BetaCoV Erinaceus 

(NC_039207.1) 
70.52 3521 

NODE.3 3978 12.8 SARS Tor2 (NC_00418.3) 75.946 2511 
NODE.10 1839 21.9 SARS CoV 2 Wuhan 

(NC_045512.2) 
77.926 1504 

NODE.72 524 46.3 BM48-31 (NC_014470.1) 73.985 542 

Appendix 13. Contigs generated from one round of illumina sequencing for Sample 46. 

Contig 
ID 

Length Depth Blastn match % ID Aln length 

NODE.1 29290 25.6 BM48-31 (NC_014470.1) 80.748 25343 
NODE.1 29290 25.6 SARS CoV 2 Wuhan 

(NC_045512.2) 
79.747 17578 

NODE.1 29290 25.6 SARS Tor2 (NC_00418.3) 80.86 17257 
NODE.1 29290 25.6 Bat BetaCoV Zhejiang 

(NC_025217.1) 
71.955 5099 

Appendix 14. Blastn results for the one contig 29.2 kb in length generated from a hybrid de novo 

assembly. 
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Appendix 15. Maximum likelihood phylogenies for the ORF3a nucleotide (A) and amino acid (B) 

sequence, Envelope nucleotide (C) and amino acid (D) sequence, Membrane nucleotide (E) and 

amino acid (F) sequence, ORF6 nucleotide (G) and amino acid (H), ORF7a nucleotide (I) and 

amino acid (J) sequence and nucleoprotein nucleotide (K) and amino acid (L) sequence. 

Nucleotide phylogenies are inferred under an HKY+G4+I nucleotide substitution model and 

amino acid phylogenies are inferred under a Dayhoff model.  



 
 

Appendix 16. Nucleotide percentage differences per structural and accessory orfs. 

 

 

 

CoV ORF1ab Spike ORF3 E M ORF6 ORF7a N 
BtCoV.Khosta.2.Rh.Russia.2020 9.95479 16.39 17.24 8.66 16.07 14.23 11.46 11.46 
BtCoV.Khosta.1.Rh.Russia.2020 18.73587 19.87 17.87 7.79 11.86 19.48 11.98 11.98 
BtCoV.BM48.31.BGR.2008 19.14015 20.26 19.75 7.79 15.81 19.85 14.06 14.06 
RaCH025 20.14432 23.77 26.33 9.09 15.81 28.46 14.06 14.06 
Rs4255 20.03565 23.79 25.5 8.66 16.07 26.59 14.06 14.06 
Rs4081 20.01826 23.88 25.5 9.09 16.07 26.59 13.8 13.8 
BtRs.HuB2013 19.86176 24.07 25.29 9.09 15.42 27.34 14.32 14.32 
Rm1 14.29751 24.09 25.39 9.96 15.02 27.34 14.32 14.32 
Rs9401 20.0226 24.13 25.08 9.52 16.07 26.97 14.06 14.06 
BtRs.GX2013 20.03999 24.16 26.02 9.96 15.28 27.34 14.06 14.06 
RacCS203 21.41367 24.16 27.69 11.69 18.05 29.59 13.54 13.54 
Rs4874 20.04434 24.2 24.97 8.23 16.21 26.97 14.32 14.32 
BtRs.YN2013 20.00522 24.24 25.71 9.09 15.94 23.6 14.32 14.32 
Rs4237 19.97044 24.26 25.29 9.52 15.68 26.22 13.8 13.8 
Rs4231 19.89654 24.26 25.18 8.66 15.68 27.34 14.06 14.06 
Rs4084 20.1052 24.29 24.97 8.66 15.94 27.34 14.06 14.06 
BANAL.20.236.Laos.2020 21.30499 24.37 27.59 9.96 19.24 30.34 13.28 13.28 
YNLF.31C 20.07912 24.46 26.44 9.52 16.6 26.97 14.32 14.32 
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Appendix 17. Amino acid percentage differences for structural and accessory orfs.

Species 1 ORF1a ORF1b Spike ORF3 E M ORF6 ORF7a N 
BtCoV.BM48.31.BGR.2008 18.61 6.08 14.58 16.36 9.09 7.14 42.62 19.67 19.67 
BtCoV.Khosta.1.Rh.Russia.2020 17.64 6.19 14.02 13.94 7.79 5.95 36.07 19.67 19.67 
BtCoV.Khosta.2.Rh.Russia.2020 6.94 3 12.7 13.94 7.79 9.52 26.23 18.85 18.85 
BtRf.HeB2013 20.43 5.82 19.84 25.45 9.09 7.14 52.46 23.77 23.77 
BtRf.JL2012 20.95 6.05 21.28 26.06 6.49 7.14 52.46 22.13 22.13 
BtRf.SX2013 20.45 5.86 19.59 25.45 10.39 7.14 52.46 23.77 23.77 
BtRs.GX2013 20.49 5.53 19.21 24.55 5.19 6.75 50.82 22.95 22.95 
BtRs.HuB2013 20.02 5.75 19.21 23.33 6.49 7.14 49.18 22.13 22.13 
RaCH025 20.7 5.71 19.46 24.24 5.19 7.54 50.82 22.13 22.13 



 
 

Appendix 18. Templates selected for homology modelling for the RhGB01 and CI63 structural 

proteins (PDB column). The Global model quality estimate (GMQE) is a quality estimate for the 

model considering the target-template amino acid alignment and the template structure. The 

QMEANDisCo global score is a average per residue score which correlates to IDDT per residue 

score. The estimated error for QMEANDisCo global score represents the root mean squared 
distance between QMEANDisCo score and IDDT. The ERRAT2 score is an overall quality factor 

metric of the non-bonded interactions in comparison with other experimentally resolved 

structures. Core refers to the percentage residues in the favored regions taken from PROCHECK 

Ramachandran plot. 

 

Site RhGB01 CI63  
11  N  T S1 
21  R  P S1 
24  K  Q S1 
75  P  S S1 
76  N  G S1 
77  V  K S1 
149  N  K S1 
158  N  S S1 
173  N  D S1 
175  Q  R S1 
178  G  D S1 
207  S  N S1 
235  R  K S1 
247  N  G S1 

 PDB GMQE QMEAN
DisCo 
Global 

ID 
(%) 

Virus ERRAT
2 

Favoured
/ 
Allowed 
(%) 

Dis- 
allowed 
(%) 

S 8D55 0.71 0.62 
(±0.06) 

73.09 RhGB01 84.9 87.9/10.7 0.7 

RB
D 

7LM9 0.74 0.62 
(±0.06) 

70.53 RhGB01 92.5 89.1/10.9 0 

E 2MM4 0.59 0.57 
(±0.11) 

91.38 RhGB01 72 92.6/7.4 0 

M 7VGR 0.83 0.67 
(±0.06) 

88.74 RhGB01 86.5 81.5/16.9 0 

N 8FD5 0.90 0.59 
(±0.05) 

86.54 RhGB01 78.1 85.9/12.4 0.3 

S 7TNW 0.72 0.68 
(±0.05) 

73.31 CI63 89.1 87.7/11.3 0.2 

RB
D 

8GZ5 0.75 0.64 
(±0.06) 

70.37 CI63 92.7 87.8/11.6 0 

E 2MM4 0.59 0.57 
(±0.11) 

91.38 CI63 72 92.6/7.4 0 

M 7VGR 0.86 0.65 
(±0.06) 

89.10 CI63 86.5 81.5/16.9 0 

N 8FD5 0.9 0.60 
(±0.05) 

86.30 CI63 78.1 85.9/12.4 0.3 
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260  Y  H S1 
277  I  V S1 
318  I  V S1 
337  M  N RBD 
469  T  S RBM 
471  V  E RBM 
491  I  T RBM 
905  Q  L S2 

Appendix 19. Amino acid differences between RhGB01 and CI63 in the spike protein. 

 

 PDB GMQE QMEANDi
sCo 
Global  

ID 
(%) 

Virus ERRAT
2 

Favore
d/ 
Allowed 
(%) 

Dis- 
Allowe
d (%) 

nsp1 8AO
U 

0.87 0.66 
(±0.06) 

80 RhGB01 63.8 74.5/21.
5 

3.4 

nsp7 7JLT 0.87 0.78 
(±0.10) 

93.98 RhGB01 100 98.7/1.3 0 

nsp8 2AH
M 

0.92 0.75 
(±0.06) 

94.44 RhGB01 98.9 94.5/5.5 0 

nsp9 6W9
Q 

0.86 0.73 
(±0.05) 

88.14 RhGB01 93.1 89.1/8.9 0 

nsp1
0 

5C8S 0.88 0.74 
(±0.07) 

94.24 RhGB01 83.9 94.4/5.6 0 

nsp1
2 

7KRN 0.86 0.86 
(±0.05) 

94.96 RhGB01 87.9 86.7/13.
1 

0.1 

nsp1
3 

5RO
B 

0.85 0.79 
(±0.05) 

94.01 RhGB01 91.3 88.8/10.
8 

0.2 

nsp1
4 

5C8S 0.86 0.82 
(±0.05) 

94.31 RhGB01 86.15 90.0/9.2 0 

nsp1
5 

7ME0 0.96 0.87 
(±0.05) 

89.88 RhGB01 97 92.6/7.3 0 

nsp1
6 

8BSD 0.96 0.86 
(±0.05) 

89.26 RhGB01 94.4 92.1/7.5 0.4 

nsp1 8AO
U 

0.87 0.67 
(±0.06) 

80.56 CI63 63.8 74.5 3.2 

nsp7 7JLT 0.87 0.78 
(±0.10) 

93.98 CI63 100 98.7 0 

nsp8 2AH
M 

0.92 0.75 
(±0.06) 

94.44 CI63 98.9 94.5 0 

nsp9 6W9
Q 

0.86 0.73 
(±0.05) 

88.14 CI63 93.1 89.1 0 

nsp1
0 

5C8S 0.88 0.74 
(±0.07) 

93.53 CI63 86.7 94.4 0 

nsp1
2 

7KRN 0.86 0.86 
(±0.05) 

94.85 CI63 87.3 86.8 0.12 

nsp1
3 

5RO
B 

0.85 0.78 
(±0.05) 

94.18 CI63 91.6 88.8 0.2 

nsp1
4 

5C8S 0.86 0.83 
(±0.05) 

94.50 CI63 85.9 90.1 0 

nsp1
5 

7ME0 0.96 0.86 
(±0.05) 

90.75 CI63 97.6 92.7 0 

nsp1
6 

8BSD 0.96 0.86 
(±0.05) 

89.26 CI63 94.4 92.1 0. 
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Appendix 20. Templates selected for homology modelling for the RhGB01 and CI63 nonstructural 

proteins.  

 

 

Appendix 21. Metrics for comparing RhGB01 and CI63 for modelled non-structural proteins. 

Domains were predicted using InterPro server where structural information was not available in 
the literature. 

 Amino acid 
(RhGB01:CI63) 

RMSD 
(Å) 

Domains Domains 

nsp1 N147D 0.003 N terminal domain tail (red) 
N terminal domain (green) 
Linker domain (purple) 
C terminal domain 

1-10 
10-127 
127-148 
149-180 

nsp7 NA 0.0 No individual domains 
predicted 

NA 

nsp8 NA 0.0 No individual domains 
predicted 

NA 

nsp9 NA 0.0 No individual domains 
predicted 

NA 

nsp10 L92F 0.023 No individual domains 
predicted 

NA 

nsp12 A46S 0.004 NIRAN 
Interface 
RdRp 
RdRp catalytic 

1-261 
266-364 
365-612,774-
932 
612-774 

nsp13 A450D 0.004 Zinc-binding domain 
Alpha-helical stalk 
Beta-barrel 1B 
Helicase domain 

1-95 
99-146 
150-228 
251-590 

nsp14 V87I, L327P, H455Y 0.009 N terminal 3’-5’ exonuclease 
C terminal N7 
Methyltransferase 

72-287 
296-527 

nsp15 T218M, T328S 
R337H 

0.014 N terminal domain 
Middle 
C terminal domain 
endoribonuclease 

1-61 
62-184 
194-344 

nsp16 V21M, R182K, I267V 0.0 No individual domains 
predicted 

NA 



 
 

 PDB GMQE QMEANDisCo 
Global  

ID (%) ERRAT2 Favored/ 
allowed (%) 

Dis 
allowed  
(%) 

1 7TTM 0.69 0.64 (±0.06) 69.84 95.8 88.3/11.7 0 
2 7URQ 0.70 0.64 (±0.06) 69.84 92.2 86/14 0 
3 8GZ5 0.70 0.64 (±0.06) 70.37 92.7 87.8/11.6 0 
4 7LM9 0.68 0.62 (±0.06) 69.84 92.4 89/11 0 
5 7LM9 0.69 0.63 (±0.06) 69.84 91.9 89/11 0 
6 7TTM 0.69 0.63 (±0.06) 70.90 96.4 90.2/9.8 0 

Appendix 22. Model statistics for RBD genotype models. 

 

Appendix 23. Molecular distance between RBD genotypes versus RhGB01. With RMSD for RBD, 

RBM, and the three binding loops. 

 

Virus Genotype  Region RMSD 
RhGB01 1 RBD 0.836 
RhGB01 1 RBM 1.044 
RhGB01 1 Region 1 1.85 
RhGB01 1 Region 2 1.187 
RhGB01 1 Region 3 1.23 
RhGB01 2 RBD 1.481 
RhGB01 2 RBM 2.13 
RhGB01 2 Region 1 3.79 
RhGB01 2 Region 2 3.158 
RhGB01 2 Region 3 2.052 
RhGB01 3 RBD 1.490 
RhGB01 3 RBM 1.96 
RhGB01 3 Region 1 0.93 
RhGB01 3 Region 2 3.356 
RhGB01 3 Region 3 1.484 
RhGB01 4 RBD 0.008 
RhGB01 4 RBM 0.010 
RhGB01 4 Region 1 0.011 
RhGB01 4 Region 2 0.021 
RhGB01 4 Region 3 0.001 
RhGB01 5 RBD 0.01 
RhGB01 5 RBM 0.13 
RhGB01 5 Region 1 0.020 
RhGB01 5 Region 2 0.022 
RhGB01 5 Region 3 0.002 
RhGB01 6 RBD 0.821 
RhGB01 6 RBM 1.043 
RhGB01 6 Region 1 1.850 
RhGB01 6 Region 2 1.190 
RhGB01 6 Region 3 1.214 
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Appendix 24. The molecular distance between RBD genotypes versus CI63. With RMSD for RBD, 

RBM, and the three binding loops. 

 

Virus Genotype  Region RMSD 
CI63 1 RBD 1.33 
CI63 1 RBM 1.74 
CI63 1 Binding loop 1 2.66 
CI63 1 Binding loop 2 3.19 
CI63 1 Binding loop 3 0.47 
CI63 2 RBD 0.93 
CI63 2 RBM 0.78 
CI63 2 Binding loop 1 1.18 
CI63 2 Binding loop 2 0.54 
CI63 2 Binding loop 3 1.55 
CI63 3 RBD 0 
CI63 3 RBM 0 
CI63 3 Binding loop 1 0 
CI63 3 Binding loop 2 0 
CI63 3 Binding loop 3 0 
CI63 4 RBD 1.49 
CI63 4 RBM 1.97 
CI63 4 Binding loop 1 3.24 
CI63 4 Binding loop 2 3.4 
CI63 4 Binding loop 3 1.45 
CI63 5 RBD 1.48 
CI63 5 RBM 1.97 
CI63 5 Binding loop 1 3.23 
CI63 5 Binding loop 2 3.58 
CI63 5 Binding loop 3 1.45 
CI63 6 RBD 0.63 
CI63 6 RBM 1.739 
CI63 6 Binding loop 1 2.67 
CI63 6 Binding loop 2 3.16 
CI63 6 Binding loop 3 0.49 



 
 

 

 

 

 

 

Appendix 25. Raw nucleotide differences between the sarbecoviruses identified in lesser and 

greater horseshoe bats in the UK.  
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Appendix 26. Raw nucleotide differences between nsps in the sarbecoviruses identified in lesser 
and greater horseshoe bats in the UK.  
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Appendix 27. The raw amino acid differences between nsps in the sarbecoviruses identified in 
lesser and greater horseshoe bats in the UK. 

 


