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EXECUTIVE SUMMARY

Lyssaviruses are bullet shaped negative-sense RNA viruses that are all able to cause the fatal
encephalitic disease known as rabies. The genus currently consists of 17 formally recognised viral
species with one tentative species awaiting classification. The prototype virus for the Lyssavirus
genus is the well-known rabies virus (RABV), while all other species in the genus are classified
as rabies-related viruses. In South Africa specifically, RABV, Lagos bat virus (LBV), Duvenhage
virus (DUVV), and Mokola virus (MOKV) are known to circulate, with RABV and DUVV
associated with human fatalities. Active surveillance on rabies-related lyssaviruses in bats,
specifically African insectivorous bat species, is either very sporadic or non-existing, providing an
inaccurate overall representation of prevalence, diversity, and geographic distribution. Therefore,
we conducted viral nucleic acid surveillance for lyssaviruses in different insectivorous bat species
in South Africa. These samples were collected during routine field surveillance and included bats
that were found dead, appeared to be displaying abnormal behaviour or taken as vouchers
specimens as part of bat taxonomic studies. A quantitative real-time reverse transcription
polymerase chain reaction assay, capable of detecting the diversity of lyssaviruses were used to
test extracted RNA. Three brain samples tested positive and were further characterized by
conventional RT-PCR, DNA sequencing and phylogenetic analyses targeting the nucleoprotein
gene. One of the positive brains was detected from a Common slit-faced bat (Nycteris thebaica)
and the other two positive brains were detected from the Natal long-fingered bat (Miniopterus
natalensis). Phylogenetic analysis of the nucleoprotein indicated one detection to be a Duvenhage
lyssavirus with the other two detections showing a close relationship with the West Caucasian bat
virus species, previously only detected in Eastern Europe. However, a more than 20 % nucleotide
divergence indicated it to be a potentially new lyssavirus species, Matlo bat lyssavirus. The virus
was successfully isolated using the mouse inoculation test followed by full genome next generation
amplicon sequencing. The results of the full genome characterisation further supported the initial
findings with concatenated coding regions nucleotide divergence ranging between 16% and 23.7%
as well as consistent phylogenetic tree topology groupings identical to initial phylogenetic analyses
using multiple evolutionary models. The identification of a putative new lyssavirus highlights the
importance of routine lyssavirus surveillance to understand the diversity. Further investigation is
required to determine the possible reservoir species since the Natal long-fingered bats are known

to co-roost with different bat species in caves. The potential of spillover to humans and other



animals is unknown but people often enter these bat roosts for traditional and recreational purposes

and bats do come into contact with several animal species including humans during foraging.
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Chapter 1 - Study Rationale

This dissertation consists of five chapters. In the first chapter, the rationale behind the research is
briefly described. This includes a short introduction as well as the specific aims and objectives that
the study set out to complete. Chapter two provides the necessary background information that
pertains to the study in a literature review. Thereafter chapter three and four discuss the
methodology, results and discussions of the respective surveillance and virus characterisation
components of this project. Chapter five provides the conclusion and future perspectives of the

study.

1.1  Brief background and rationale

Lyssaviruses, from the family Rhabdoviridae, are the causative agent of the fatal encephalitic
disease known as rabies. Rabies virus (RABV) is classified as the prototype virus while all 16
other lyssaviruses in the genus are classified as rabies-related viruses (Amarasinghe et al., 2019).
In Africa specifically, Lagos bat virus (LBV), Duvenhage virus (DUVV), Shimoni bat virus
(SHIBV), Ikoma lyssavirus (IKOV) and Mokola virus (MOKYV) are known to circulate, with LBV,
DUVV and MOKYV specifically identified in South Africa (Markotter and Coertse, 2018).
Surveillance for rabies-related lyssaviruses is opportunistic and sporadic, providing overall an
inaccurate representation of the actual epidemiology (Shipley et al., 2019; Markotter and Coertse,
2018; Rupprecht et al., 2011). Southern Africa is known to hosts multiple bat species, with South
Africa specifically hosting atleast 56 identified species (ACR, 2019). Due to South Africa’s
diversity and widespread distribution of insectivorous bats species, it is importantthat we
understand the prevalence and distribution of lyssaviruses in these bat species to understand

epidemiology and potential pulic health implications.



1.2 Research aim and objectives
This study aims to conduct viral nucleic acid surveillance for lyssaviruses in insectivorous bats

species in South Africa.

Specific objectives
e To test insectivorous bat brain samples collected in South Africa with a pan-lyssavirus
gRT-PCR to detect lyssavirus RNA followed by DNA sequencing and phylogenetic
analyses.
e To perform virus isolation from positive samples.
e To perform full-genome sequencing, genome characterization and phylogenetic analyses

of positive samples.
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Chapter 2 - Literature review

Introduction

Lyssaviruses are a group of viruses that are all capable of causing lethal encephalomyelitis in
mammals, also known as rabies, with RABV responsible for the estimated death of 59.000 people
each year (Amarasinghe et al., 2019; Hampson et al., 2015). The genus currently consists of 17
viral species recognised by the International Committee on Taxonomy of Viruses (ICTV), with
one tentative species awaiting formal classification (Table 2.3). Lyssaviruses are present on all
continents with the exception of a few islands and the polar regions. In the last decade, the number
of described lyssavirus species has more than doubled which has led to intensified investigation
into the lyssavirus genus (Markotter and Coertse, 2018; Dietzgen and Kuzmin, 2012b). In South
Africa specifically, surveillance efforts and programs for rabies-related lyssaviruses are primarily
opportunistic and often sporadic. This provides overall an inaccurate representation of the actual
epidemiology and impact of lyssaviruses (Shipley et al., 2019; Markotter and Coertse, 2018;
Rupprecht et al., 2011). In this study, we aimed to conduct viral nucleic acid surveillance for
lyssaviruses in insectivorous bats species in South Africa. This chapter will be in the form of a
literature review, discussing background information pertaining to the Lyssavirus genus, this study
and relevant findings. Firstly, the lyssavirus genome structure, the specific genes and the protein
functions will be discussed. Thereafter the taxonomic classification of lyssaviruses genus will be
explained, followed by the description of lyssavirus species that have been implicated in Africa
specifically. The host ranges of lyssavirus will also be discussed, followed by the pathogenicity in
other mammals and in bats. The last section reviews lyssavirus surveillance within South Africa

and current detection methods used.
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2.1 Lyssavirus genome and protein functions

These viruses are bullet shaped with a negative, non-segmented single-stranded RNA genome and
are known to have similar traits within the Rhabdoviridae family, including the virus morphology,
general genome organisation, structural proteins, ribonucleoprotein (RNP) core and a helical
nucleocapsid (Rupprecht and Nagarajan, 2014). The genome is approximately 12 kilobases (kb)
long and encodes five structural proteins that are needed for virus replication. These proteins are
the nucleo- (N), phospho- (P), matrix- (M), glyco- (G) and an RNA dependent polymerase (L)
protein. Of these proteins, the N, M and L proteins have been found to be similar in structure and
length between the different lyssavirus species, whereas the lengths of the P and the G have been
found to vary more (Kuzmin et al., 2005). The 3’ and 5’ extremities of the genome, as well as
short intergenic regions between the genes, regulate gene transcription as they contain binding
sites for the polymerase enzyme, signals for the viral encapsidation as well as critical initiation
sites for RNA synthesis. Each gene also contains a transcription initiation and termination signal
as well as promotor sequences that initiates replication of the individual proteins (Rupprecht and
Nagarajan, 2015; Arguin et al., 2002; Tordo et al., 1988).
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Figure 2.1 Schematic representation of the gene organisation of the lyssavirus genome, indicating
the positioning and orientation of the five genes, the intergenic regions and the leader and trailer
sequences. Image not drawn to scale. This is an adaptation of an original work “Laboratory
techniques in rabies. Geneva: World Health Organization (WHO); 1996. Licence: ID: 352825”.
This adaptation was not created by WHO. WHO is not responsible for the content or accuracy of
this adaptation. The original edition shall be the binding and authentic edition.
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Nucleoprotein

The N protein is the most conserved of the 5 structural proteins. This allows for key functions that
are dependent on protein-RNA genome interactions to be retained. This high level of nucleotide
and amino acid conservation has led to the usage of N gene nucleotide identity as a quantitative
measurement of lyssavirus classification. The prototype virus (RABV, Pasteur virus) contains 450
amino acids, with phosphorylation occurring at amino acid 389. The phosphorylation of amino
acid 389 plays an integral role in genome assembly by stabilising N- and P- protein association
(Mantari et al., 2019; Wunner and Conzelmann, 2013; Langevin et al., 2002).

Phosphoprotein

The P protein contains 297 amino acids (RABV, Pasteur) and is known to be the least conserved
of the lyssavirus genes with the greatest variability being found between region 52-78 and 155-
178 respectively (Wunner and Conzelmann, 2013; Marston et al., 2007). During the formation of
progeny virus, the P protein (non-catalytic subunit) plays a vital role in binding the L protein
(catalytic subunit) that allows for the formation of an active RNA polymerase complex. This P-L
complex has been shown to direct the N protein to encapsidate the newly synthesised RNA
(Jespersen et al., 2019; Albertini et al., 2011a; Albertini et al., 2008). These three proteins together
with the genomic RNA form the ribonucleoprotein (RNP) complex. The P gene also contains a
specific fragment proposed to be important for viral transport (Tan et al., 2007; Lo et al., 2001;
Poisson et al., 2001). It was proposed that the peptide fragment located between amino acid 143
and 149 interacts with the LC8 dynein light chain through four specific amino acid residues that
form the LC8 binding motif. Any mutation of one of these four amino acids would disrupt binding
to the LC8 chain and would decrease transport of the virus from the peripheral site of infection to
the central nervous system (CNS). Tan et al (2007) did however show that binding to the LC8
chain did not affect retrograde transport of the virus but that it did play an important role in viral
replication and transcription (Jespersen et al., 2019; Tan et al., 2007). Notably, the P gene is
translated from five in-frame start codons that result in the expression of the mentioned full-length
P protein (P1) and then also in the expression of N-terminally truncated P proteins (tPs), that are
designated the P2-, P3-, P4-, and P5 proteins. These tPs have been known to lack the L protein-
binding domain, which indicates no cofactor activity. Importantly, the translation start codons of
these tPs are conserved among RABY strains which suggests they have a critical role in RABV
infection (Okada et al., 2016).
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Matrix protein

The M protein is the smallest of the virion proteins with only 202 amino acids (RABV, Pasteur).
It is responsible for the success of viral assembly as it is known to form the RNP-M protein
complex that makes up the bullet shaped structure. The M protein also plays a major role in the
budding of the newly formed virion from the cell after virion assembly (Luo et al., 2020; Wunner
and Conzelmann, 2013; Mebatsion et al., 1996).

Glycoprotein

The G protein encodes for 524 amino acids (RABV, Pasteur) and is known to form four different
domains surrounding the M protein and forms part of the viral envelope and forms trimer spikes.
These domains are the signal peptide (19 amino acids), the ectodomain (439 amino acids), the
transmembrane (22 amino acids) and the cytoplasmic domain (44 amino acids). The signal peptide
is involved in the insertion of the G protein into the cell’s endoplasmic reticulum but is missing
from the mature G protein. The transmembrane domain incorporates the G protein into the virus
envelope and the ectodomain plays an important role in the pathogenesis of the virus by interaction
with host cell receptors (Coulon et al., 1998). The G protein of lyssaviruses contains a number of
important domains that has been shown to play a crucial role in the pathogenesis during infection
but also forms the trimer spikes protruding on the viral membrane that is a target or viral
neutralising antibodies (Shipley et al., 2019). It has been shown, although only validated for
RABYV, that mutations of amino acid 333 present on the G protein ectodomain have resulted in
less virulent strains when inoculating mice intra muscularly (Dietzschold et al., 1983). Along with
amino acid 333, amino acid 330 has also been proven to reduce the pathogenicity especially when
the mutation on amino acid 333 was also present (Coulon et al., 1998). Another important amino
acid region on the G protein is Lys 194, which plays an important role in the internalization of the
virus into cells (Faber et al., 2005). Although these studies have shown that amino acid 333 and
330 are important for viral pathogenesis, certain strains with these mutations have been shown to
not be virulent, emphasizing they are not the only pathogenicity determining amino acid sites (Ito
et al., 1994). When a non-virulent strain underwent mutations at Ser 242, Asn 255 and Leu 268
and replaced these amino acids with Ala 242, Asp 255 and lle 268, the strain reverted back to
virulence proving that multiple domains on the G protein influence pathogenicity (Takayama-Ito
etal., 2006). The G protein has also been implicated in the successful binding of the virus into host

cells. It has been reported that p75 neurotrophin receptor, neural cell adhesion molecule and
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nicotinic acetylcholine receptor are important receptors for RABV binding, with specific amino

acids being critical for successful viral attachment (Table 2.1).

Table 2.1 Amino acid positions on the glycoprotein of rabies virus shown to be important for
mammalian receptor binding.

Receptor Amino acid position Reference
Nicotinic acetylcholine receptor Amino acid region between 189 (Lentz et al., 1984)
and 214
P75 neurotrophin Phe 318 and His 352 (Tuffereau et al., 1998)
receptor
Neural cell adhesion Amino acids not yet determined (Tuffereau et al., 1998)
molecule

The G protein is known to be the most important gene in pathogenicity, however Pulmanausahakul
et al (2008) indicated that the other four proteins all play important roles in virus
pathogenicityimportant region. When interchanging the G gene and M gene from a pathogenic
strain into a non-pathogenic strain, the non-pathogenic strain reverted back to being pathogenic.
When interchanging only the G gene, the non-pathogenic strain still reverted to being pathogenic,
but to a lesser extent (Pulmanausahakul et al., 2008; Morimoto et al., 2000).

As previously mentioned, the lyssavirus G protein is present on the surface of the virus particle
and is detected by the immune system to induce antibody formation. The specific antigenic sites

on the G protein that have been mapped are listed in Table 2.2.

Table 2.2 Antigenic sites on the ectodomain of the glycoprotein of rabies virus, adapted from
Kgaladi, 2015a.

Antigenic site Amino acid position References
I 231 (Dietzschold et al., 1983)
1 34-42 and 198-200 (Dietzschold et al., 1983)
11l 330-338 (Dietzschold et al., 1983)
v 263-264 (Ni et al., 1995)
A 343-434 (Benmansour et al., 1991)
Site not named 14-19 (Mansfield et al., 2004)
Site not named 251 (Lafay et al., 1996)

It has been shown that antigenic sites | and Il are the most prominent when allowing cross-
neutralisation of virus neutralising antibodies (VNA) against lyssaviruses from different
phylogroups (Lafon et al., 1983). Some lyssavirus species, like those in the same phylogroup, have
similar antigenic sites which provide them with a certain degree of similarity and possible cross-
neutralisation by antibodies induced by a specific vaccine (Fisher et al., 2020; Shipley et al., 2019;
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Klasse, 2014). All current rabies vaccines are based on RABV backbone and are effective against
most phylogroup I lyssavirus but do not appear to have the same neutralizing effect on phylogroup
Il or non-grouped lyssaviruses (proposed phylogroup I11) (Horton et al., 2014; Weyer et al., 2008;
Hanlon et al., 2005; Nel et al., 2003).

RNA polymerase protein

The L protein is the largest of the lyssavirus proteins, encoding for 2142 amino acids (RABV,
Pasteur) and constitutes more than half of the lyssavirus genome. The L protein forms the catalytic
part of the polymerase complex (along with the noncatalytic P protein subunit), that is responsible
for the greater part of enzymatic reactions which include viral RNA transcription, replication, 5’
capping, 3’ polyadenylation and transcript methylation (Rupprecht and Nagarajan, 2015; Barik et
al., 1990; Tordo et al., 1988).

2.2 Lyssavirus taxonomy and classification

The genus Lyssavirus groups in the family Rhabdoviridae within the order Mononegavirales. As
previously mentioned, there are currently 17 recognised viral species, with one tentative species
awaiting formal classification (Table 2.3) (Kuhn et al., 2020). Currently, the species are formally
grouped into two phylogroups based on genetic distances and serological cross-reactivity (Figure
2.2).
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Figure 2.2 Bayesian phylogenetic analyses of lyssaviruses based on complete nucleotide sequences

of the nucleoprotein gene (N), indicating all known lyssavirus species, phylogroups and the most
commonly associated hosts.

Phylogroup | consists of Rabies lyssavirus, Duvenhage lyssavirus, European bat 1 lyssavirus,
European bat 2 lyssavirus, Australian bat lyssavirus, Aravanlyssavirus, Khujand lyssavirus, Irkut
lyssavirus, Bokeloh bat lyssavirus, Gannoruwa bat lyssavirus, Taiwan bat lyssavirus and the newly
proposed species named Kotalahti bat lyssavirus. Lagos bat lyssavirus, Mokola lyssavirus and
Shimoni bat lyssavirus are grouped into phylogroup Il, while West Caucasian bat lyssavirus,

Ikoma lyssavirus and Lleida bat lyssavirus are not formally classified into a phylogroup (Shipley
et al., 2019; Markotter and Coertse, 2018)
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Table 2.3 Rabies-related lyssaviruses associated with bats (Adapted from Shipley et el., 2019)

Lyssavirus Continent Country Proposed bat Spill over Year first
host species infections detected
reported
Aravan virus Asia Kyrgyzstan Myotis blythi - 1991
(ARAV)
Australian bat Oceania Australia Pteropus alecto  Horses, Human 1996
lyssavirus
(ABLV)
Bokeloh bat Europe Germany, France Myotis nattereri - 2010
lyssavirus
(BBLV)
Duvenhage virus Africa South Africa, Kenya and Nycteris thebaica Human 1971
(DUVV) Zimbabwe
European bat Europe France, Germany, and Eptesicus Stone marten, 1968
Lyssavirus 1 Spain serotinus Cats, Sheep,
(EBLV-1) Human
European bat Europe The Netherlands, Myotis Human 1996
lyssavirus 2 Switzerland, UK, France, daubentoniid,
(EBLV-2) Germany, Luxembourg Myotis dasycneme
and Finland
Gannoruwa bat Asia Sri Lanka Pteropus medius - 2014
lyssavirus
(GBLV)
Ikoma lyssavirus Africa Tanzania N/A Civet 2009
(IKOV)**
Irkut virus Asia Russian Federation and Murina Dog, Human 2002
(IRKV) China leucogaster
Kotolahti Bat Europe Finland Myotis brandti - 2017
Lyssavirus
(KBLV)*
Khujand virus Asia Tajikistan Myotis mystacinus - 2001
(KHUV)
Lagos bat virus Africa Nigeria, Senegal, Ghana,  Various species of Cats, Dogs, 1956
(LBV) Kenya, Central African frugivorous bats Mongoose
Republic and South Africa
Lleida bat Europe Spain and France Miniopterus - 2011
lyssavirus schreibersii
(LLEBV)
Mokola virus Africa Nigeria, Zimbabwe, South N/A Cats, Dogs, 1968
(MOKV)*** Africa, Ethiopia Human
Shimoni bat Africa Kenya Macronycteris - 2009
virus (SHIBV) vittatus
Taiwan bat Asia Taiwan Pipistrellus - 2016
lyssavirus abramus
(TBLV)
West Caucasian Europe Russian Federation, Italy Miniopterus - 2002
bat virus schreibersii
(WCBV)
*Virus awaiting formal classification.
**Virus never detected in a bat species, only considered a potential bat virus.
***Virus not detected in a bar species.
Specific lyssavirus species demarcation criteria have been proposed

by the ICTV when species classification is considered. These demarcation criteria have been
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introduced in order to best reflect the evolutionary as well as ecological relationships of these
viruses. Up to 1956, it was suggested that the prototype virus, RABV was antigenically unique. It
was only after the discovery of DUVV, LBV and MOKY during the late 1950s to 1970s, that the
lyssavirus genus was subdivided into four serotypes (Rabies virus, Lagos bat virus, Mokola bat
virus and Duvenhage virus), based on specific serological cross reactivity as well as monoclonal
antibody typing (Meredith et al., 1971; Shope et al., 1970; Boulger and Porterfield, 1958a).

Initially, the discovery of EBLV-1 and EBLV-2 led to the formation of serotype 5. Shortly
thereafter the development of polymerase chain reaction (PCR) and subsequent nucleic acid
sequencing, allowed for genetic comparison of specifically the conserved full lyssavirus N gene.
It was proposed that the serotypes should be divided into seven genotypes with a new lyssavirus
genotype defined as more than 80% nucleotide differences and also more than 93% amino acid
differences of the full N gene (Nadin-Davis and Real, 2011; Bourhy et al., 1993). The genotype
classification criteria were based on three main reasons. The N gene was specifically chosen to
evaluate the performance of the antigenic and genetic tools that were used for initial virus
classification when comparing their reactivity with antinucleocapsid monoclonal antibodies. The
N gene is well conserved in all lyssaviruses it allows for a clear division between lyssavirus
genotypes across relatively long evolution patterns (Markotter et al., 2008a; Bourhy et al., 1993).
The genotypes were then divided into two immunopathologically as well as genetically distinct
phylogroups with phylogroup I including genotypes RABV, DUVV, EBLV-1, EBLV-2, ABLV,
and phylogroup Il including genotypes MOKYV and LBV (Badrane and Tordo, 2001). However,
with the discovery of ARAV and KHUV as well as WCBYV, it was recommended that the genotype
demarcation criteria be reassessed (Kuzmin et al., 2003). It was subsequently suggested that the
criteria of lyssavirus species classification take into consideration genetic distance of the complete
N gene with a threshold of between 80-82% nucleotide identity or 80-81% nucleotide identity for
the concatenated coding regions of all five lyssavirus genes, although the identification and
formation of specific viral clusters within the LBV species have highlighted shortcomings when
specific intra- and inter- genotypic identities begin to overlap when comparing genes other than
the N gene (Markotter et al., 2008a). The use of criteria such as host range and geographical
distribution was also suggested, however at the time, such information regarding the natural history

of lyssaviruses was restricted (Kuzmin et al., 2005).

Recent taxonomic classification changes implemented by the ICTV require there be consistency
in the phylogenetic trees obtained when using multiple evolutionary models. The antigenic
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reaction patterns between the virus and anti-nucleocapsid monoclonal antibodies as well as the
cross-reactivity obtained during serology when using monoclonal antisera should also be
considered. This, along with any additional characteristics such as any ecological properties, host
or geographical ranges as well pathological features can also be used to demarcate species identity
(Rupprecht et al., 2017). In 2016, the ICTV also adopted the partial appropriation of binomial
species nomenclature that allowed for the classified genus name to appear after the species name
(Afonso et al., 2016).

Currently, the ICTV have established specific criteria for the classification of different lyssavirus
species and viruses assigned to different species must have several of the determined
characteristics (Kuhn et al., 2020; ICTV, 2020). There must be a threshold of 80-82% nucleotide
identity for the complete N gene or 80% nucleotide identity for concatenated coding regions of N-
, P-, M-, G-, and L gene. Phylogenetic trees based on the entire N, or G, or L gene, or concatenated
coding sequences of the N-, P-, M-, G-, and L gene, the new viral species must not represent a
sister branch to a virus from an established species. It must be placed ancestrally to a group
(cluster) of phylogenetically related viruses that belong to several established species. The new
viral species must be distinguished serologically in virus-neutralization tests and also occupy a
distinct ecologic niche as evidenced by host species, pathobiological properties, or geographical
range (ICTV, 2020).

2.3 Lyssavirus species

Rabies lyssavirus

This is the type species of the Lyssavirus genus and includes the sole representative, rabies virus
(RABV), which is associated predominantly with carnivores and is not found in bats on the African
continent to date (Markotter et al., 2008b). The host range of RABV has been linked to specific
geographical range, causing the formation of specific phylogenetic different clades. The
geographical distribution of these clades has shown RABV to only circulate in bats in the
Americas. Currently, RABV is still responsible for the majority of human lyssavirus infections
worldwide and all available vaccine strains used for both humans as well as veterinary applications
are based on RABV (Rupprecht et al., 2018). The epidemiological study of RABV has shown dogs
to be the major host in most parts of the world (Suleiman et al., 2020). With canine rabies occurring
throughout the year in endemic regions (Suleiman et al., 2020). In Africa specifically, the RABVs

have been sub-divided into four lineages. These lineages are Africa 1a (which are known to be
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primarily restricted to North and West Africa), 1b (South-East Africa), 2 (this lineage includes
wild-type strains from western African countries) and 3 and 4 that are related and part to the
cosmopolitan lineages respectfully (Sabeta et al., 2020; David et al., 2007). These lineages are
known to be separated geographically as well as to be host specific (Sabeta et al., 2020). In South
Africa, there are two major variants of RABYV that are distinguished and well described (Weyer et
al., 2011). These variants are known to circulate within the Canidae and Herpestidae species
(Weyer et al., 2011; Nel et al., 2005). The canid RABV variant is widespread in South Africa and
is mainly associated with the domestic dog (Canis familiaris). The other south African variant is
known as the mongoose RABV variant and circulates in multiple herpestids scattered over the
central region of South Africa (Sabeta et al., 2020; Weyer et al., 2011, Nel et al., 2005, Coetzer et
al., 1995).

Lagos bat lyssavirus

The species is represented by Lagos bat virud (LBV) which is a uniquely African virus and was
first isolated in the early 1950s from an African straw-coloured fruit bat (Eidolon helvum).
Although initially described as different to RABYV it was only classified as a new lyssavirus species
in 1970 based on specific complement fixation and neutralization tests results (Shope et al., 1970;
Boulger and Porterfield, 1958a). Thereafter multiple isolations were made from several
frugivorous bat species that include the Wahlberg's epauletted fruit bat (Epomophorus wahlbergi),
the Egyptian rousette bat (Rousettus aegyptiacus), as well as a single isolate reported from Peters's
dwarf epauletted fruit bat (Micropterus pusillus) and one isolation reported from the insectivorous
Gambian slit-faced bat (Nycteris gambiensis) (Freuling et al., 2015; Kuzmin et al., 2010, Kuzmin
et al., 2008; Markotter et al., 2008a). Spillover infections have been reported in dogs, a cat, as well
as amongoose (Markotter et al., 2020; Markotter and Coertse, 2018; Kuzmin et al., 2008b; Kuzmin
etal., 2008a; Markotter et al., 2008b; Markotter et al., 2008a; Markotter et al., 2006; Foggin, 1988).
It was also established that there is great nucleotide diversity (up to 23.7%) between different
isolates of LBV detected in different geographical locations across Africa (Kuzmin et al., 2010;
Markotter et al., 2008a). After further characterisation of the different isolates, LBV was divided
into four clades/lineages namely clade A-D, all displaying the highest intrinsic diversity of all
lyssavirus species. The clades also show association with specific the distribution of bat species as
well as geographical locations (Markotter and Coertse, 2018; Delmas et al., 2008; Markotter et al.,

2008a). Vaccine protection data suggests the commercially available vaccine provides little to no
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protection against LBV as it phylogenetically groups as a Phylogroup Il lyssavirus (Weyer et al.,
2008; Hanlon et al., 2005).

Mokola lyssavirus

The species is represented by Mokola virus (MOKYV) which was initially isolated from wild shrews
(Crocidura flavescens) in Nigeria in 1968. After serological tests indicated antigenetic cross-
reactivity with LBV and even with RABV, the virus was believed to be rabies-related, and further
established as an indepemdemt lyssavirus serotype (Kemp et al., 1972; Shope et al., 1970). After
the initial isolation, there were reports of MOKYV infection in two children. These reports can
unfortunately not be confirmed as the specimens obtained from the children are not available and
no genetic characterisation was performed (Familusi et al., 1972). Since the initial MOKV
identification, the virus has been identified in dogs, cats and shrews (Markotter and Coertse, 2018;
Sabeta et al., 2007; Meredith and Nel, 1996; Saluzzo et al., 1984; Foggin, 1983; Kemp et al., 1972)
but currently the reservoir host for MOKV is unknown. There has been data suggesting the
presence of MOKYV virus neutralising antibodies (VNA) in frugivorous bats but due to cross-
reactivity between MOKYV and LBV (also isolated in frugivorous bats), the circulation of MOKV
in bats could not be confirmed to date (Kgaladi et al., 2013).

Duvenhage virus

The species is represented by Duvenhage virus (DUVV) which has only been isolated five times
with three of these originatingfrom fatal human infections after exposure to unidentified bats. N.
thebaica has thus far been the only host species linked to infections after confirmed taxonomic
identification. The first isolation of DUVV was made from a human in 1970, which was thought
to have been exposed to a Common bent-wing bat (Miniopterus schreibersii) (name changed to
Natal long-fingered bat (Miniopterus natalensis) (ACR, 2019; Miller-Butterworth et al., 2005;
Appleton et al., 2004; Meredith et al., 1971). The bat species was only implicated based on
abundant presence in the area. The second isolation of DUVV in 1981 was also from what was
believed to be an insectivorous bat with no confirmation of species identification (\Van der Merwe,
1982). The third isolation was made from a N. thebaica in 1986 in Bulawayo, Zimbabwe which
was the first definitive host species confirmation for DUVYV infection (Foggin, 1988). The fourth
and fifth isolations of DUVV were both made from infected humans in Pilanesberg area (South
Africa) and Tsavo West (Kenya) respectively (Van Thiel et al, 2009, Paweska et al., 2006).

Unfortunately, the bats implicated in these cases were never captured or positively identified but
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were believed to be insectivorous bats due to their reported small size. All isolations, with the
exception of the Kenyan case, have been geographically obtained from the northern regions of
South Africa and the southern part of Zimbabwe. When the genetic divergence between the isolates
are compared, two distinct groups are formed with the Kenyan isolate clearly grouping separate
from the southern African isolates (Koraka et al., 2012; Van Thiel et al, 2009).

Ikoma lyssavirus

In 2009, IKOV was isolated for the first and only time, from an African civet (Civettictis civetta).
The civet displayed clinical signs typical to rabies and was killed by field rangers in the Serengeti
National Park after an unprovoked attack on a child. Initially, lyssavirus RNA was detected from
the civet brain material and after further characterisation, IKOV was successfully isolated in 4-
week-old mice (Horton et al., 2014; Marston et al., 2012). Based on genetic characterization, it
was established that the isolate represents a new lyssavirus species. The nucleotide sequence data
showed between 61% to 62.1% sequence identity compared to the other lyssavirus whole-genome
sequences, being most closely related to WCBYV (Marston et al., 2012). This case in a civet was
seen as a spillover infection caused by a novel lyssavirus with an unknown reservoir host and
hypothesized to be bat borne due to its phylogenetic relatedness to WCBYV and LLEBYV (Rupprecht
etal., 2017; Horton et al., 2014).

Shimoni bat virus

In 2009, Shimoni bat virus (SHIBV) was isolated for the first and only time from the brain of a
striped leaf-nosed bat (Macronycteris vittatus) (previously Hipposideros commersoni), found dead
in a cave in the coastal region of Kenya (Foley et al., 2017; Kuzmin et al., 2010). Genetic distances
after analysing the full genome suggested that this virus should be included into a new lyssavirus
species related phylogenetically to Lagos bat lyssavirus and Mokola lyssavirus as a member of
Phylogroup 11(Kuzmin et al., 2010). The identification of M. vittatus as the reservoir host for
SHIBV was further supported by a study conducted in Kenya where multiple bat species were
sampled and tested for the presence of SHIBV VNA. M. vittatus showed significantly higher VNA
titers against SHIBV when compared to other bat species included in the study (Kuzmin et al.,
2011).
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European bat 1 lyssavirus and European bat 2 lyssavirus

European bat lyssaviruses were originally believed to be related to DUVV based on initial
monoclonal antibody typing (Schneider, 1982). After their genes were sequenced and analysed,
two new biotypes were initially identified, and they were subsequently designated as EBLV-1 with
EBLV-2. Both EBLV-1 and EBLV-2 were later identified as distinct genotypes and as further
different species based on ICTV requirements. The reservoir host for EBLV-1 is considered to be
the Serotine bat (Eptesicus serotinus) but it has occasionally been associated with other
insectivorous bats as well as spill-over infections were documented in sheep, domesticated cats
and a stone marten (Eggerbauer et al., 2017). EBLV-2 has been most frequently linked to
Daubenton’s bats (Mytois daubentonii) and also pond bats (Myotis dasycneme) (McElhinney et
al., 2018). Unlike EBLV-1, there have not been any implications of spill-over events into other
wildlife for EBLV-2, but both EBLV-1 and EBVL-2 have been implicated in the death of humans
(Markotter and Coertse, 2018; McElhinney et al., 2018, Fooks et al., 2003; Bourhy et al., 1992;
Lumio et al., 1986).

Bokeloh bat lyssavirus

BBLYV was initially isolated from a Natterer's bat (Myotis nattereri) in 2010 in Germany after the
bat was caught and kept in captivity where it started displaying signs of illness (Freuling et al.,
2011). After the bat died, nucleic acid and antigenic analyses revealed the virus was most closely
related to phylogroup | lyssaviruses, particularly to Khujand virus (KHUV). Since the initial
isolation, there have been five additional BBLV isolations in Germany, two isolations in France
as well as a more recent isolation in Poland (Markotter and Coertse, 2018; Smreczak et al., 2018;
Nolden et al., 2014; Freuling et al., 2013; Picard-Meyer et al., 2013). Currently, all but one
isolation were made from M nattereri, leading to the identification of this insectivorous bat as the
potential host for BBLV (Markotter and Coertse, 2018; Smreczak et al., 2018; Nolden et al., 2014;
Freuling et al., 2013; Picard-Meyer et al., 2013).

Lleida bat lyssavirus

LLBYV was first discovered in the City of Lleida in Spain in 2011. The virus was identified from
M. schreibersii and did not belong to either Phylogroup I or Phylogroup 11 lyssaviruses. Instead,
the virus proved to be most closely related to IKOV based on partial N gene sequence identity and
later using full genome sequence comparison (Marston et al., 2017; Ceballos et al., 2013). In 2017,

a second isolation of LLBV was also made from a M. schreibersii bat found dead in an
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underground site by a bat specialist (Picard-Meyer et al., 2019). The identification of LLBV in M.
schreibersii, on two separate occasions, is indicative of this bat being the potential host for this

lyssavirus.

Australian bat lyssavirus

ABLYV was first isolated in Australia in 1996 from a black flying fox (Pteropus alecto) after
Australia was thought to be rabies free. Since the initial discovery, ABLV has been isolated from
at least four species of the Pteropus spp. bats as well as from the insectivorous bat Saccolaimus
albiventris; both the pterodid and insectivorous bat variants of ABLV caused human rabies cases
(Francis et al., 2014; McColl et al., 2000; Hanna et al., 2000; Hooper et al., 1997; Allworth et al.,
1996). Subsequently, there have also been two cases of cross species transmission in horses
(Annand and Reid, 2014). Further molecular characterisation has subsequently identified two
separate variants present in ABLV, one variant being specifically associated with the fruit bat
species and the other with the insectivorous bat species (Markotter and Coertse, 2018; Guyatt et
al., 2003).

Aravan lyssavirus, Khujand lyssavirus and Irkut lyssavirus

Aravan virus (ARAV) was originally isolated in 1991 in Kyrgyzstan from the brain of a lesser
mouse-eared bat (Myotis blythi) while Khujand virus (KHUV) was isolated in 2001 in the northern
Tajikstan from a whiskered bat (Myotis mystacinus) (Kuzmin et al., 2003). Irkut virus (IRKV) was
first isolated from a greater tube-nosed bat (Murina leucogaster) in 2002 in Russia and also more
recently in the same bat species in the Jilin province in People’s Republic of China (Liu et al.,
2013; Botvinkin et al., 2003). From the above-mentioned viruses, IRKV is the only virus that has
been associated with human fatalities after causing the death of a 20-year girl in the Primorye
Territory of Russia (Leonova et al., 2009). Recently, a case of IRKV was also detected in a dead
dog, previously associated with a human bite case. Further pathogenicity studies proved that IRKV

can cause rabies in cats and dogs (Teng et al., 2018).

West Caucasian bat lyssavirus

WCBY was first isolated in Russia in 2002 from the brain of a M. schreibersii bat. At that moment,
it was confirmed to be the most divergent lyssavirus, segregated in a new species, and could not
be associated with either Phylogroup | or 1l (Kuzmin et al., 2008b; Botvinkin et al., 2003). In a

study conducted in Kenya, WCBV neutralizing antibodies were found in Miniopterus spp bats
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sampled across four different locations. The researchers could, however, not isolate any virus from
the sampled bats but the seroprevalence may reflect past exposures indicating the possible presence
of WCBV or a related virus in their populations (Kuzmin et al., 2008b). In June of 2020, a
lyssavirus that showed 98,52% sequence similarity to WCBYV was isolated from a cat in Arezzo,
Italy. The cat showed neurological symptoms and eventually died. Early reports of bat colonies
near the house in which the cat lived are suggested to be the source of the virus (Coxon et al.,
2020).

Taiwan bat lyssavirus

TWBLYV was first identified in two Japanese pipistrelles bats (Pipistrellus abramus) in Taiwan in
2016 and 2017. The virus was determined to be a member of Phylogroup | lyssaviruses, most
closely related to EBLV-1, IRKV, and DUVV (Hu et al., 2018). In 2020 TWBLV was officially
classified as a new lyssavirus species by the ICTV (Kuhn et al., 2020). To date, no human cases
have been reported for TWBLV.

Gannoruwa bat lyssavirus
GBLV was first isolated in 2015 in Sri Lanka from an Indian flying fox (Pteropus medius),
previously known as Pteropus giganteus before taxonomic revision of the species classification.
GBLV was shown to be a member of Phylogroup I lyssaviruses. Full genome sequence analyses
showed GBLYV to be the closest related to RABV and was classified as a new lyssavirus species
(Gunawardena et al., 2016).

2.4  Bats as viral reservoirs

Bats, order Chiroptera, account for 20% of all extant species today and is the second most speciated
mammalian order (Markotter et al., 2020; Sim