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Abstract 

Rabies is an important cause of human mortalities, with human cases in the 

developing world being mainly due to spill-overs of the rabies virus from dogs as 

the natural reservoir; such a source has been largely eliminated in developed 

countries, where bats constitute a major residual source of spill-overs. In addition, 

bats would appear to be the reservoir for many, if not all, other members of the 

genus Lyssavirus in the Old World, some of which may spill over into humans on 

occassion. Where known, the rabies and related viruses are transmitted in the 

saliva of an infected animal to the muscles of a potential new host by biting; 

thereafter, the virus spreads into and within the central nervous system and 

thenceforth output targets (most especially the salivary glands) for further onward 

transmission; this is maximised in the case of ‘furious’ rabies, where the virus 

essentially commandeers the brain towards its own ends. After reviewing current 

knowledge regarding the diversity of recognised species within the genus 

Lyssavirus, the nature of typical rabies infections in terrestrial mammals is 

reviewed, together with evidence for atypical in vivo investigations, in the 

laboratory and in the wild. Thereafter, the riddle of the nature of the effects of 

natural and experimental infections of rabies and other lyssaviruses in bats is 

reviewed. Finally, given the assumption that lyssaviruses originated from spill-

over(s) of an ancestral rhabdovirus from insects into bats, consideration is given 

as to the enigma of how the sophisticated highly-derived cycle of the rabies virus 

in terrestrial mammals may have originated, and how this might also resolve the 

riddle presented by bats.  

  

  I. Introduction 

Rabies is a dreadful – and dreaded, for those in the know – disease, typically transmitted by 

bites from infected dogs (Schnell et al., 2010), being caused by the type species of the genus 

Lyssavirus (family Rhabdoviridae). Nevertheless, rabies is a largely underestimated disease 

(Hampson et al., 2015). Thus, globally, spill-overs from dogs kill more people than either 

yellow fever, dengue fever or Japanese encephalitis (Knobel et al., 2007); in Cambodia, there 

are an estimated 800 to 900 cases each year, as compared with the 56 human cases of avian 

flu over the eleven years up until 2014 (Amaro, 2016).    
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The rabies virus is the most lethal microbe known: death is virtually certain in those infected 

once the virus has invaded the central nervous system (Jackson, 2008, 2014; Hemachudha et 

al., 2013). Documentary evidence suggests that an association with infections from rabid 

dogs can be traced back to at least 4,000 years ago in Mesopotamia, together with reports in 

other early texts from India and China as well as, later, ancient Greece and Rome (Tarantola, 

2017). Tarantola (2017) has documented the various ‘cures’ which have been tried: until the 

development of a vaccination strategy by Louis Pasteur in the early 1880s, perhaps the most 

merciful was to smother the afflicted person with mattresses to alleviate (albeit terminally) 

the individual’s suffering. Post-exposure prophylaxis, the procedure which Pasteur pioneered, 

remains (with various refinements) the only method for pre-empting infection after being 

bitten by a dog or other animal which is rabid (Johnson et al., 2010). Much more effective is 

to remove the risk of such bites in the first place through active measures to control the 

circulation of the virus and related Lyssavirus spp. (at least some of which can also spill over 

into humans) in existing animal reservoirs (Knobel et al., 2013; Tarantola, 2017). 

Rhabdovirids are members of the order Mononegavirales: as such, their genetic material is a 

single-stranded negative-sense RNA molecule. The family would appear to have originated in 

arthropods (Dietzgen et al., 2012; Longdon et al., 2015) and today comprises a wide diversity 

of different genera, including some which circulate exclusively in arthropods and others 

which use these as vectors to cycle between plants or between vertebrates (Kuzmin et al., 

2009; Rupprecht et al., 2011). On the other hand, lyssaviruses are generally considered to be 

enzootic to mammals, possibly originating from an ancestral spill-over from insect prey 

which was able to adapt to and thereafter adopt early insectivorous mammals as their sole 

hosts (Badrane and Tordo, 2001; Longdon et al., 2015); alternatively, they may have been 

acquired from haematophagous arthropod vectors (Constantine, 2009).  

In targeting the nervous system, the rabies virus adopts a strategy which has similarities with 

that of ‘heirloom’ human herpes viruses. However, as will be considered further below, there 

are notable differences, the most prominent of which is that rabies takes over control of a 

significant portion of the central nervous system; in this way, it causes changes in behaviour 

which are most obvious in the case of ‘furious’ rabies where the virus may be transmitted in 

saliva to new hosts before the present one dies as a result of infection. This ‘active’ form of 

onward transmission contrasts with the passive ‘sit-and-wait’ strategy seen with latent 

infections of  sensory neurones by herpes-related viruses in humans, for example; and it 
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raises questions about how such a sophisticated, highly derived state could have evolved from 

a virus originally circulating in arthropods.  

The following sections will briefly review some aspects of the biology of lyssavirus 

infections, as a background to speculating how they might have evolved their present 

transmission strategy. Thus the diversity within the genus Lyssavirus will be considered first, 

followed by a review of salient features regarding infections in terrestrial mammals as the 

preliminary to a section considering the riddle of various aspects related to infections of 

rabies and other lyssaviruses in bats. Thereafter the final section will discuss the enigma of 

how the present-day highly derived state in bats and other mammals might possibly have 

evolved from what was originally an arthropod virus. 

II. The Genus Lyssavirus 

Rhabdovirids derive their family name from the characteristic bullet-shape of their virions in 

electron microscope studies: the nucleoprotein-associated single negative strand of RNA is 

enclosed within a proteinaceous capsid which is in turn enveloped by a membrane (derived 

from the host cell) which incorporates a viral glycoprotein responsible for mediating infection 

of another target cell after the virion has been shed (Schnell et al., 2010). Associated with the 

nucleocapsid are RNA-dependent RNA polymerase (RdRp) molecules, responsible for the 

initial transcription of positive RNA strands upon infection of the new host cell; however this 

process is prone to errors due to the lack of any proof-reading activity, meaning that 

mutations are relatively more frequent than  in DNA-based systems (e.g. Holmes, 2003, 

2008; Belshaw et al., 2008). If a virus is already optimally adapted to its present host, such 

mutations are likely to be to the detriment of its progeny; on the other hand, they may be 

advantageous in ongoing evolutionary arms races with their existing host-reservoir (through 

variation in the latter’s innate immune system together with recently-developed targeted 

therapies), as well as opening up opportunities to spill over into new reservoirs (reviewed by 

e.g. Munro, 2017).  

Different members of the genus have been identified based on analyses of their RNA 

sequences. Such genomic analyses have been used not only to identify the likely phyletic 

relationships between the different species but also have included ‘molecular clock’ 

approaches to try to determine time-lines for divergence from their most recent common 

ancestors. However interpretation of the latter results needs to be considered with a degree of 

scepticism, in rhabdovirids (Kuzmin et al., 2009; Velasco-Villa et al., 2017) as in other 
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viruses. Thus, available viral sequences give only a brief snapshot of changes over time 

(typically within the past half-century or so, at most), and are often restricted in space; they 

reflect the recent evolution of a presumably much older lineage against a background of 

mutations, the numbers of which are likely to be enhanced by the inherent inaccuracies in 

RdRp-mediated replication (Ho et al., 2011; Wertheim and Pond, 2011; Wertheim et al., 

2013; Holmes, 2016; Rupprecht et al., 2017). Evolution over longer time-scales and in 

different locales serves to sort the wheat from the chafe: some mutations may be selected for 

(e.g. as part of an ongoing arms-race with the local reservoir hosts’ innate immune and other 

defense systems) and hence form part of an overall evolutionary core ‘thread’ of sequences, 

whilst others will be weeded out along the way to be replaced by other mainly short-lived 

variants as a result of purifying selection and mainly neutral evolution in lyssaviruses 

(Holmes, 2008; Wertheim and Pond, 2011; Wertheim et al., 2013; Mollentze et al., 2014; 

Rupprecht et al., 2017; Marston et al., 2018).   

1. Overall Diversity within the Genus 

A total of 14 species have been officially recognised by the International Committee on 

Taxonomy of Viruses (ICTV), including the type species Rabies virus; two others have yet to 

be formally accepted.3 Of these, all but two have been identified in bats (Banyard et al., 

2014a; Mackenzie et al., 2016; Banyard and Fooks, 2017). Thus it has generally been 

assumed that the genus Lyssavirus originated in bats, and that this took place in Africa (e.g. 

Rupprecht et al., 2017). However this geographical origin has been questioned (Kuzmin and 

Rupprecht, 2007), and a recent phylogenomic analysis by Hayman et al. (2016) concluded 

that the presumed original spill-over from arthropods into bats occurred in Palaeoarctic 

Eurasia; thereafter, three separate onward spillings-over within mammals led to the genus’ 

outward radiation into Africa, each associated with a major clade (phylogroups I-III).4  

Apart from the rabies virus, phylogroup I includes nine other species (Hayman et al., 2016; 

Mackenzie et al., 2016), including two yet to be officially recognised as such; all have been 

associated with bats. Most closely related are the Gannoruwa bat lyssavirus (provisionally 

identified in fruit-bats from Sri Lanka: Gunawardena et al., 2016) and the Australian bat 

lyssavirus (from fruit-bats and one species of insectivorous one: Banyard et al., 2011, 2014a); 

                                                        
3 https://talk.ictvonline.org/taxonomy/ (2016 release); Amarasinghe et al. (2017).   
4 A. D. Munro (in prep.) has speculated that Southeast Asia may have been an important source of 

lyssaviruses, given the serological evidence for past infection of a diversity of bat species, despite the 

general failure to identify any current infections. 

https://talk.ictvonline.org/taxonomy/
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in addition, there are three other lineages, with the relatively abundant (presumably because 

of sampling bias) European bat lyssavirus types 1 and 2 (from insectivorous bats, typically 

being associated with the vespertilionids Eptesicus spp. and Myotis spp., respectively: 

McElhinney et al., 2013) belonging to different ones. The Duvenhage virus, in the same 

lineage as European bat lyssavirus type 1, is the only one to have been found outside Eurasia, 

having been isolated from two insectivorous bats – Miniopterus schreibersii5 and Nycteris  

thebaica – in southern Africa (van Eeden et al., 2011) and from humans infected there (van 

Thiel et al., 2009).  

Phylogroups II and III each comprise three recognised species (Hayman et al., 2016; 

Mackenzie et al., 2016), only some of which have been associated with bats.6 The former is 

restricted to Africa and includes the Lagos bat virus (from various species of fruit-bats in 

western and southern Africa: Markotter et al., 2008; Kuzmin et al., 2010)7 and the Shimoni 

bat virus (from an insectivorous bat, Hipposideros vittatus, in Kenya: Kuzmin et al., 2010). 

On the other hand, the Mokola virus was isolated from shrews (Crocidura sp.)8 in Nigeria; it 

has since been found in southern Africa in other species (most especially in domestic cats), 

including humans, with clinical features of a rabies-like infection (Kgaladi et al., 2013; 

Mackenzie et al., 2016; Coertse et al., 2017), but not from any bats (although there is 

serological evidence for past infections in some fruit-bats: Dzikwi et al., 2010).  

On the other hand, phylogroup III is represented by two Eurasian species from Mi. 

schreibersii, the West Caucasian bat virus (from southern Russia, near the border with 

Georgia: Kuzmin et al., 2008a)9 and the Lleida virus (from Spain: Ceballos et al., 2013); 

together with an African one, the Ikoma virus, isolated from a civet (Civettictis civetta)10 with 

                                                        
5 The species identification was tentative; moreover, if this was correct, then a recent taxonomic 

analysis suggests that it should instead be assigned to Mi.  natalensis (Miller-Butterworth et al., 

2003). 
6  Note that phyllogroup III is based only on genomic studies, without any serological or other 

evidence for an underlying unitary nature (Rupprecht et al., 2017).  
7 With evident dead-end spill-overs into a rabid carnivoran, the marsh mongoose (Atilax paludinosus), 

in South Africa (Markotter et al., 2006) and into cats and dogs (Banyard et al., 2011); the Lagos bat 

virus is likely to be paraphyletic, with at least four component clades, A-D (Banyard et al., 2011; 

Freuling et al., 2015). 
8 Also insectivorous; consistent with the proposed ancestry of rhabdoviruses in general, this virus is 

also able to replicate in insects and in insect cells (Buckley, 1975; Aitken et al., 1984).  
9 With serological evidence for this or a related species in Miniopterus spp. in East Africa (Kuzmin et 

al., 2008d). 
10 A viverrine carnivoran, suggested to be an unlikely reservoir; those species of bat sampled in the 

vicinity were seronegative.  
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clinical rabies in a dog-free portion of the Serengeti National Park in Tanzania, there being no 

evidence for infection of bats in the area (Horton et al., 2014).  

2. Strain Diversity within Rabies virus 

Velasco-Villa et al. (2017) distinguished between strains (biotypes)11 of this species which 

have evidently circulated for a prolonged period within an existing reservoir host species (be 

they dogs or particular species of bat) and those which have more recently spilled over to 

become established and circulate within new reservoir host species: respectively designated 

as ‘maintained’ and ‘derived’ viral strains. Although the rabies virus is capable of infecting 

virtually all eutherian mammals (including rodents, ‘ungulates’ 12  and humans), natural 

reservoirs of rabies viruses have been identified in only two of the 29 mammalian orders: 

Carnivora and Chiroptera, each with their own circulating strains (Hanlon et al., 2013). 

Within the Carnivora, this is in three of nine families in the suborder Caniformia – the 

Canidae (dogs, foxes, raccoon-dogs, etc.), Mephitidae (skunks) and Procyonidae (racoons) – 

and in one of the five families, the Herpestidae (mongooses), in the suborder Feliformia 

(Hanlon et al., 2013): whilst domestic cats (Felis silvestris catus; family Felidae) are an 

important source of human infections, they themselves are relatively resistant to rabies  and 

likely serve as bridging hosts mediating spill-overs from other carnivorans or bats rather than 

being a natural reservoir (Constantine, 2009). Concerning bats, rabies virus has been 

identified in a number of different families – most especially vespertillionids, mollosids and 

phyllostomids (including vampire bats) – in the Americas (Constantine, 2009; Escobar et al., 

2015).  

Genomic analyses have been used to characterise the different strains of the rabies virus, with 

the identification of six clades in dogs (Smith et al., 1992). Overall evidence indicates that 

their evolution has been tightly constrained: there is limited evidence for the positive 

selection of non-synonymous mutations, and hence for potential adaptive evolution, when 

strains in the carnivoran and bat orders were considered together (Holmes et al., 2002), 

although a subsequent more extensive survey restricted to bat rabies virus strains in the 

Americas led to the identification of additional evidence for phylogenetically ‘local’ (intra-

ordinal) positive selection, most especially in the ectodomains of the glycoprotein, which was 

                                                        
11 One definition (Wandeler, 2004) is that “[a] particular biotype is a virus variant adapted to a 

particular principal host species by especially high pathogenicity for this species, by a high rate of 

excretion, and by low immunogenicity.” 
12 Comprising members of the orders (Cet-)Artiodactyla and Perissodactyla. 
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related to the episodic establishment of lineages in new host species of bats (Streicker et al., 

2012a). This is in contrast to the often large positively-selected (non-synonymous) variability 

in the genes for surface glycoproteins in other viruses, as a means not only to evade the 

immune system but also to diversify the range of host acceptor molecules with which they 

can interact and thus infect (potentially new) target cells. Holmes et al. (2002) suggested that 

it might reflect the constraints imposed on the rabies virus by the need to replicate in different 

tissues (neurones, salivary gland cells and presumably muscle cells, at least; see Section III) 

within its present host; or, alternatively, it was the result of immune selection, due to the 

virus’ active measures to limit the subsequent development of an immune response upon 

infection (see Sections III.2 and V.1).  As a result, the prospective host, amongst ‘typical’ 

terrestrial carnivoran hosts at least, normally does not mount an immune response to the 

initial infection, but only in the terminal stages (see Section III.5). 

The following sections will briefly review the prevailing situation regarding rabies infections 

in the Old and then the New Worlds. 

i. Old World Rabies Viruses Infections would seem to be primarily associated with strains 

maintained in dogs (Canis lupus familiaris) as a reservoir today, with evidence for strong 

purifying selection (Troupin et al., 2016). Thus various regional clades have been identified 

based on genomic analyses of viruses from rabid dogs (recently reviewed by Troupin et al., 

2016; Munro, 2017; Velasco-Villa et al., 2017); the largest number of these is found in Asia, 

with phylogenomic data suggesting that the species may have originated in the Indian 

subcontinent (Bourhy et al., 2008)13 or in East Asia (Meng et al., 2011).14 On the other hand, 

the most widespread clade today is the Cosmopolitan (including the archetypal genotype 1 

Pasteur), which is found in dogs in Europe, together with Africa, and western portions of 

Asia as well as in the Americas.  

Whilst reports of rabies in dogs and the consequent infection of humans date back about four 

millennia, the Cosmopolitan clade appears to have originated when urban rabies emerged as a 

threat in Europe in the first half of the 18th century when spill-overs of sylvatic rabies from 

                                                        
13 It is interesting that the Gannoruwa bat lyssavirus isolated from fruit-bats (Pteropus medius) in Sri 

Lanka is the most closely-related known species of lyssavirus to the rabies virus (Gunawardena et 

al., 2016), recalling the proposal of Bourhy et al. (2008) that rabies originally spilled over into dogs 

on the Indian subcontinent. 
14 Exemplifying the problems associated with reconciling these and molecular clock analyses, Troupin 

et al. (2016) concluded that the last common ancestor of all dog-related rabies viruses dated back to 

between 1308 and 1510, with earlier reports of rabies infections being caused by other strains which 

have since died out. 
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an unknown reservoir became established in the growing population of dogs associated with 

humans (Blancou, 2004; Nadine-Davis and Bingham, 2004). This strain presumably 

outcompeted previously existing strains, accounting for the incongruence with documented 

historic cases (Troupin et al., 2016). A new biotype of this clade became established in 

European red foxes (Vulpes vulpes) during the twentieth century in what is now Russia, to 

subsequently spread westwards, including via an alternative host, raccoon dogs (Nyctereutes 

procyonoides; escapees of stocks introduced from East Asia for the fur-trade) as a presumed 

spill-over rather than the original source (Bourhy et al., 1999; Wandeler, 2004).  

In recent times, the Cosmopolitan clade has spread into sub-Saharan Africa with the 

introduction of infected dogs during the colonial period, apparently displacing pre-existing 

strains apart from in West Africa (Nel and Rupprecht, 2007;15 Velasco-Villa et al., 2017); 

spill-overs have thence established variants circulating in populations of wild canids, for 

example, although an antecedent diverse biotype is still circulating in present-day African 

mongooses (Herpestidae) and civets (Viverridae) in southern Africa.  

Another, the Arctic clade, is relatively closely related to the Cosmopolitan one and has been 

identified in European red foxes and arctic foxes (V. [= Alopex] lagopus), with the latter as 

the major reservoir in northern Asia, as well as in Alaska, Canada and Greenland (Mørk and 

Prestrud, 2004; Nadine-Davis and Bingham, 2004; Kuzmin et al., 2008b; Nadin-Davis et al., 

2012; Goldsmith et al., 2016), wherein there are cyclical eruptions which may spill over into 

sled-dogs (Raundrup et al., 2015); it may have recently spread northwards to infect these 

canids from dogs infected with ‘Arctic-like’ members of this clade from as far south as Iran 

and the Indian subcontinent (Bourhy et al., 2008; Velasco-Villa et al., 2017). 

Apart from one unusual report from southern China (Lu et al., 2013; see Section IV.1), the 

rabies virus itself has not been identified as such in bats from the Old World; contamination 

of laboratory samples is likely to have been a problem in other isolated cases (Banyard et al., 

2011, 2014a; Barrett, 2011; Kuzmin et al., 2011). Instead other species have been isolated 

(see previous Section). 

ii. Rabies Viruses in the Americas Three major groupings of these have been identified as 

circulating in the New World. One, the Arctic clade (see above), has been found to spill over 

from their reservoir hosts into dogs, but has only made limited incursions further south; this, 

together with evidence for a recent origin based on genomic analyses (the usual caveats 

                                                        
15 Note that their ‘horn of Africa’ refers to West Africa. 
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apply), led Velasco-Villa et al. (2017) to conclude that it has not contributed to the present-

day viruses circulating elsewhere in the Americas. 

The second group comprises members of the Cosmopolitan clade. Outbreaks of urban rabies 

were first reported in North American cities on the east coast in the latter half of the 

eighteenth century, to spread westwards thereafter (Nadine-Davis and Bingham, 2004; 

Velasco-Villa et al., 2017). Genomic analyses of recent viruses indicate that this is likely to 

have been due to the importation of the strain from Europe (Velasco-Villa et al., 2017); the 

delay in its becoming established in North America may be partly as a result of the initially 

long trans-Atlantic crossing times, such that these exceeded the typical latencies for rabies 

infections to become manifest in dogs so that the latter would have been eliminated en route 

(Velasco-Villa et al., 2017; cf. Troupin et al., 2016). Prior to this, cases of evident rabies in 

dogs may have been imported ones (presumably with an atypically long latency) or spill-

overs of pre-existing indigenous American strains from sylvatic hosts (see below) which 

failed to become established due to the low population densities of dogs at the time (Nadine-

Davis and Bingham, 2004; Velasco-Villa et al., 2017). 

Arising out of the original introduction of the Cosmopolitan clade into North America, there 

have been derived spillings-over not only into other canids (including coyotes, Canis latrans) 

but also into certain populations of skunks (Mephitis spp.) (Nadine-Davis and Bingham, 

2004; Velasco-Villa et al., 2017).  

A third cluster is represented by the indigenous American clade (Banyard et al., 2011, 2014; 

Rupprecht et al., 2011), which is distinct from the ‘dog-related’ clades of Rabies virus 

(Troupin et al., 2016). This has been proposed to have arisen as a result of the ‘reverse’ spill-

over from infected dogs to common vampire bats (Desmodus rotundus)16 in Central and 

South America, through the latter’s ingestion of infected blood, wherein a new strain evolved 

as an enzootic; thereafter, this strain is argued to have spilled over via a transmission chain 

into other species of bat,17,18 leading to the emergence of other biotypes of virus, thereby 

                                                        
16 Members of the Phyllostomidae, a diverse group of New World bats which includes not only these 

but also insectivores and species which feed on fish and other small vertebrates, nectar or pollen. 
17 As well as from these into striped skunks (M. mephitis), distinct from dog-derived ones (Troupin et 

al., 2016). 
18 Including two other species of vampire bat which feed predominately on blood from birds 

(Fenton, 1992; Naish, 2007a; Constantine, 2009); a shared rabies virus strain has been 

identified in the hairy-legged vampire bat, Diphylla ecaudata (Castilho et al., 2010) and in 

the white-winged vampire bat, Diaemus youngi (de Thoisy et al., 2016). Whilst birds may 

be infected with standard rabies viruses experimentally, there are only rare reports of 
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explaining why the rabies virus has been very rarely been identified in Old World bats. The 

spread of infection would possibly have been facilitated by the population explosion of 

vampire bats as a result of the “massive” introduction of livestock in the latter half of the 17th 

century (Rupprecht et al., 2011), with dispersal being aided by the migratory nature of many 

other species of bat. As a result, rabies from common vampire bats is a major cause of 

livestock losses in Central and South America (Lord, 1980; Johnson et al., 2014), whilst 

insectivorous bats are a major source of human rabies cases in North America now that dogs 

have been eliminated as a reservoir (Lackay et al. 2008; Hanlon and Childs, 2013), including 

through the intermediary of cats, which are relatively resistant to rabies infections 

(Constantine, 2009). 

However this scenario is open to question. In contrast to the debatable evidence based on 

‘molecular clock’ analyses in support for such a scenario (Hughes et al., 2005; Kuzmina et 

al., 2013; Hayman et al., 2016; Troupin et al., 2016; Rupprecht et al., 2017; Velasco-Villa et 

al., 2017), there is suggestive evidence that a rabies virus may have been enzootic prior to 

this time, especially in vampire bats. Thus although Spanish conquistadores were afflicted by 

the bites of vampire bats, the indigenous peoples had developed the practice of cauterising 

bites (Baer, 2007; Constantine, 2009). Whilst the invading colonialists were familiar with the 

more recognisable ‘furious’ manifestation of rabies (see Sections II.2.i and III.2) from 

outbreaks in Europe, the strain transmitted by vampire bats is mainly associated with 

development of the ‘paralytic’ form of disease;19 thus early cases of rabies infection may 

have been misdiagnosed as being due to poliomyelitis or a related disease, with cattle 

suffering from ‘plague’ or ‘botulinism’. Similarly, prior to the identification of rabies in an 

insectivorous bat in Florida in 1953, human spill-overs may have been misdiagnosed as being 

due to poliomyelitis in the United States (Constantine, 1967; Kuzmin and Rupprecht, 2007).  

Regardless of its provenance, comparative analyses of the sequence of the glycoprotein gene 

indicate that there are four groups of strains within the indigenous American clade, more 

related to behavioural lifestyle of the host species than their geographic distribution or their 

phylogenetic relationships (Hughes et al., 2005; Davis et al., 2006; Velasco-Villa et al., 

2006; Banyard et al., 2011). Group I is associated with colonial, non-migratory bats (Myotis 

                                                                                                                                                                            
(presumably dead-end) transmission of dog-related strains under natural circumstances 

(Baby et al., 2015).  
19 But see Lopez et al. (1992) for a recent outbreak in the Peruvian Amazon where a vampire bat 

strain of rabies was instead associated with outbreaks of the furious form of the disease in two 

isolated villages, perhaps related to the recent development of pig-farming (subsequently aborted). 
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spp. and Eptesicus fuscus; the latter also hosts group III viruses in western parts of its range) 

and group II with solitary,20 migratory species (Lasiurus spp., Lasionycteris noctivagans and 

Perimyotis [= Pipistrellus] subflavus,21 apparently being a later ‘acquisition’: Hughes et al., 

2005). On the other hand, group IV, which is basal to the other three groups, comprises D. 

rotundus (family Phyllostomidae) and subspecies of Tadarida brasiliensis (family 

Mollosidae), a colonial migratory bat found throughout much of the Americas (Davis et al., 

2006; Kuzmina et al., 2013), as well as various non-haematophagous neotropical bats, with 

evidence for another two taxonomically- and geographically-based sub-groups (Oliveira et 

al., 2010; see also Banyard et al., 2011; Johnson et al., 2014). However, whilst such analysis 

clearly distinguished members of the indigenous American clade from those circulating in 

terrestrial mammals in the Old World, similar comparisons for the nucleoprotein and 

phosphoprotein genes indicated that those derived from bats formed a discrete cluster nested 

within the inferred trees for rabies viruses as a whole. Thus Davis et al. (2006) concluded that 

it was impossible based on present-day samples to determine whether the rabies virus 

originated in bats or in terrestrial mammals, or simultaneously in both.  

A genomic analyses of the rabies viruses of 23 North American bat species led Streicker et 

al. (2010) to conclude that most spill-overs were into closely-related host species, despite the 

intrinsic mutability of these RNA viruses. Moreover most spill-overs were evolutionary dead-

ends, with successful establishment being dependent on the frequency of spill-overs between 

the two species involved. They suggested that the similarities between closely-related species 

in terms of various aspects of their biology were also important determinants: for example, 

virulence (with the need for the deleterious effects on the brain to be sufficiently delayed for 

there to be time for sufficient salivary excretion) is more likely to be already near the 

optimum based on similarities in e.g. cell-surface acceptors and other aspects of their 

biochemistry and physiology (Streicker et al., 2010). Streicker et al. (2012b) proposed that 

the main factor influencing the diversification of the rabies lyssavirus amongst New World 

bats was likely to be the opportunity for year-round transmission and infection in tropical 

populations, and thus more ‘generations’, possibly together with the increased chance of 

spill-overs to infect the greater diversity of other potential host species. 

                                                        
20 Note that these come together seasonally in mating and maternity roosts and, in some cases, to 

hibernate.  
21 Naish (2011a) has reviewed the taxonomy.  
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Moreover, whilst skunks in more northerly portions of the central United States and Canada 

are host to a derived Cosmopolitan strain, a bat-derived variant is circulating in these from 

more southerly regions, with evidence for multiple independent spill-over events, typically 

from Ep. fuscus (Rupprecht et al., 2011; Kuzmin et al., 2012; Velasco-Villa et al., 2017). 

Similar spill-overs have also occurred into raccoons (Procyon lotor; Procyonidae) and 

indigenous canids, although spillings over into North American terrestrial mammals are 

likely to have been relatively rare in the recent past (Mackenzie et al., 2016). 

A survey of the incidence of reports of rabies in skunks and raccoons over the period 1992-

2011 suggested that spill-overs were more likely from the latter into the former ; 

Interpretation of the data is confounded by the general lack of genotyping of the rabies 

variant involved (thus reports for skunks included areas where either the dog- or the bat-

derived variant has been identified); and thus whether, rather than each ‘spill-over’ being a 

one-off dead-end, the virus might have established at least ‘sputtering’ infections in the new 

host species. Nevertheless, Wallace et al. suggested various explanations for the evident bias 

towards raccoon-skunk transmission: apart from possible genomic preadaptations (or the lack 

thereof) on the part of the viruses involved, other likely influences included ecological and 

behavioural factors.  

3. Conclusions  

Available evidence suggests that most members of the genus Lyssavirus are relatively 

restricted in their taxonomic and geographic distribution. The major exception is Rabies virus 

which is enzootic in two different mammalian orders; lesser ones are the Australian bat virus 

(Marston et al., 2018) and European bat lyssavirus type 1 (Serra-Cobo et al., 2002, 2013; 

Amengual et al., 2007; López-Roig et al., 2014), which infect more than one family of bats: 

in the case of the latter, this allows the virus to spread and be sustained in locales where the 

presumed normal host genus is absent.  

Thus the rabies virus is extensively distributed in the Old World. Whilst it has established 

infections in a variety of wild species, the main reservoir host would appear to be dogs.22 For 

rabies to persist in dogs, the population densities of the latter need to exceed a critical 

community size and the associated threshold for establishment (ST: Dobson and Carper, 1996; 

                                                        
22 Marston et al. (2018) have pointed out that ‘reservoir’ in the case of dog rabies differs from the 

typical situation where a virus is nonpathogenic, or at least causes ‘minimal disease’, in its natural 

host; they suggest that this reflects a recent spilling over where the virus has evolved increased 

virulence to take advantage of the increased potential for transmission in terrestrial mammals. 
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Begon, 2009). Important in this regard is Bingham’s (2005) distinction between maintenance 

infections (those which last for varying periods within a circumscribed population before 

dying out) and persistent ones (where interactions between different host populations can lead 

to a sustainable self-perpetuating cycling of the virus amongst them). In contrast to the 

discrete family-based units (packs) 23  characteristic of wolves (from which they were 

domesticated), present-day dogs are more individualistic and more likely to free-range and 

interact as a metapopulation (Marshall-Pescini et al., 2017). Thus, whereas any infection in 

wolves is presumably most likely to be contained within the pack itself (given that these 

social groupings each range within and defend their own territories), the more dispersed 

interactions amongst dogs (especially those which have run wild, including so-called 

‘superspreaders’ as a result of the behavioural effects of infection: Brunker et al., 2012) serve 

to increase the effective population size and thus the potential for rabies and other infections 

to become enzootic if host densities are sufficiently high (see also Sections III.6 and IV.3.iv). 

Hence rabies today may be a product of an early impact of humans on their environment 

through the domestication of dogs; the spread of the Cosmopolitan strain would be the most 

recent manifestation of this. Thus there has also been a similar recent spread of rabies virus 

onto the islands of Southeast Asia, involving regional strains rather than the Cosmopolitan 

clade, as a result of human-mediated movements overcoming physical dispersal barriers 

(reviewed by Munro, 2017; see also Brunker et al., 2012).24  

As noted above, it is generally assumed that lyssaviruses originated in bats. Based on known 

sequences, Rabies virus might have arisen as a result of a spill-over from fruit-bats in the 

Indian subcontinent or more eastern regions. Thereafter, infection presumably spread outward 

with different geographic biotypes emerging in areas with sufficiently large dog populations, 

and the Cosmopolitan strain becoming the most widespread. It was originally thought that the 

indigenous American clade, with its different biotypes primarily in New World bats, 

originated as a spill-over of the Cosmopolitan strain (presumably into vampire bats) from 

dogs brought over by European colonialists, but this is now considered unlikely based on 

historical and phylogenomic evidence. Arising out of this, one possibility is that the virus was 

                                                        
23 Comprising a breeding pair and their offspring; in present-day populations, the latter normally 

disperse and inter-mix when they become sexually mature at two-three years old, to establish their 

own family-units: http://westernwildlife.org/gray-wolf-outreach-project/biology-behavior-4/;  

http://www.wolf.org/wolf-info/basic-wolf-info/biology-and-behavior/.  
24  Similarly, for the recent indigenous (presumably bat-derived) American variant circulating in 

raccoons, humans have been responsible for its spread north from its origin in Florida (Brunker et 

al., 2012).   

http://westernwildlife.org/gray-wolf-outreach-project/biology-behavior-4/
http://www.wolf.org/wolf-info/basic-wolf-info/biology-and-behavior/
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introduced with dogs during the early spread of humans from northeastern Asia, given 

genomic evidence that domesticated dogs accompanied these early movements (Leonard et 

al., 2002; van Asch et al., 2013; Grimm, 2015; Frantz et al., 2016; MacHugh et al., 2017). 

However the small numbers of dogs in the founder population(s), the succumbing of those 

infected with rabies during the initial settlement and traversing of Beringia and/or their 

subsequent dispersal across the continent may have meant that any pre-existing infection was 

not sustainable. If it was sustainable at least initially, this might have led to spill-overs into 

one or more native species (such as seen today with the strain introduced by European 

colonialists), including vampire bats (which had a more extensive northerly distribution than 

today: Fenton, 1992; Naish, 2013), to then spread to other species of bat. This is one of the 

scenarios considered further in Section V.2.  

Alternatively, the rabies virus may have been introduced to the Americas by movements of 

bats themselves. On the one hand, assuming an ancient origin, Rupprecht et al. (2017) have 

suggested that the indigenous American clade spread more than 65 million years ago with 

bats25 emigrating from Africa to South America across the widening Atlantic Ocean after the 

splitting up of Gondwanaland in the late Cretaceous. Alternatively, the movement could have 

been from northern Asia (the apparent ‘epicentre’ for all lyssaviruses: Hayman et al., 2016) 

across Beringia and/or the Bering Strait when environmental conditions were clement, 26 

without the tight time constraints of an ‘out of Africa’ hypothesis:27 that such long-distance 

movements would be feasible is indicated by the fact that, other than a species of seal, the 

only other mammal native to Hawai’i is the Hawaiian hoary bat (Lasiurus cinereus semotus), 

a subspecies of a vespertilionid bat widespread in the Americas, with evidence for at least 

two trans-oceanic influxes leading to founder populations (Bonaccorso and McGuire, 2013; 

Russell et al., 2015). Related to these scenarios, Arita et al. (2014) concluded that two 

families of bats (the Emballonuridae and Molossidae) colonised South America from 

Africa, 28  whereas a third, the vespertilionids, spread into North America from Eurasia; 

thereafter, the joining of the two Americas at the Isthmus of Panama about five million years 

ago led to the Great American Biotic Interchange of bats as of other species (although some 

species of bats had crossed the dwindling space between the two continents for a considerable 

                                                        
25 Rupprecht et al. (2017) speculated that it may have ‘spilled over’ via Eptesicus or Myotis spp. (cf. 

Arita et al., 2014; and see below). 
26 This connection has occurred intermittently during the past 63 million years (Eick et al. 2005). 
27 Present-day bats are found in Alaska south of the Arctic Circle (Parker et al., 1997). 
28 Although it is generally considered that the Phyllostomidae (including vampire bats) arose in South 

America, there is some reason to doubt this (Arita et al., 2014). 
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period prior to this: Arita et al., 2014). Amongst the Vespertilionidae, genomic analyses 

suggest the common ancestor of present-day Myotis spp.29 originated about 21 million years 

ago in the early Miocene (a relatively cool period) in the Oriental region, to thereafter spread 

outward and diversify into ten clades (Ruedi, et al., 2013). Of these, clade I is found almost 

exclusively in the Americas, with the exception of the My. brandtii lineage from the 

Palaeoarctic, which lies embedded genome-wise between the two New World subclades 

(Stadelmann et al., 2007; Ruedi et al., 2013; Platt et al., 2017). 30   Thus if rabies was 

introduced to the Americas at or after that time, this may have been through these bats, to 

thereafter diversify with the radiating bat populations there.  

Regarding the promiscuity of the rabies virus in relation to the species which it can infect 

and, in some cases, establish sustainable circulating biotypes over a period at least, Troupin et 

al. (2016) concluded that there is no evidence for any genetic predisposition to being able to 

successfully spill over into a particular new host species and thereafter evolve as an enzootic 

strain in this alternative reservoir. Instead, such events would appear to have occurred by 

chance, spread over time and space associated with propitious ecological factors, including 

adequate population sizes and densities.31 Thus Wandeler (2004) noted that the biotype of 

rabies which emerged in red foxes in Europe in the middle of the last century has been 

largely confined to these and to raccoon-dogs, and has not spilled over to establish sustained 

infections in other wild carnivorans or in domestic dogs and cats. Because stone martens 

(Martes foina) and cats, at least, were considered likely to have local population densities 

equal to or exceeding those of red foxes, it was suggested that other important factors might 

be due to reduced susceptibility and/or less profuse salivary excretion; moreover both these 

factors may favour the acquisition of herd immunity due to the resulting abortive infections. 

In addition, as noted above with regard to skunks and raccoons, behavioural and ecological 

factors likely play a role (Wallace et al., 2014). 

In bats, particular strains of the rabies virus are generally restricted to their own narrow 

reservoir, typically to one host species, with any spill-overs being favoured between closely 

                                                        
29 This genus is characterised by having members which have evolved at relatively high latitudes 

(Ruedi et al., 2013), and include the most northerly populations of bats in Alaska (Parker et al., 

1997). 
30 cf. Marston et al. (2018) who concluded, rather mysteriously, that “although Myotis species from 

America and Europe are morphologically similar, phylogenetically they are unrelated,” and thus 

ruled out this hypothesis. 
31 Marston et al. (2018) have argued that pre-adaptation occurred with the original evolution of the 

rabies virus in bats, such that subsequent adaptive changes have been mere ‘fine-tuning’ of the virus 

after it has spilled over into a potential new host species. 
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related species (Streicker et al., 2010; Mollentze et al., 2014). Some genomic analyses 

suggest that convergent changes in the amino acid sequences of a number of the proteins in 

the bat virus may have predisposed variants to become infective in their potential new host 

species (Kuzmin et al., 2012). More generally, Mollentze et al. (2014) argued that the evident 

limited success of establishing spill-overs in terrestrial mammals as well as bats is the result 

of a dynamic interplay between (i) overt ecological factors with regard to the transmission 

between reservoir hosts and potential spill-over species; and (ii) intrinsic ‘physiological’ 

factors which are likely to be constrained by how closely related the original and possible 

new host species are (their ‘phylogenetic distance’). Moreover, if subsequently transmitted 

within the new host species, the infection dynamics are likely to be ‘sputtering’ or only 

transiently enzootic (respectively Wolfe et al.’s [2007] stages 3 and 4; see also Woolhouse et 

al., 2012) before dying out; a potential exception would be the emergence and spread of a 

strain of rabies in European red foxes, although this has since been limited by pro-active 

containment measures (Wandeler, 2004).  

Thus, whilst Holmes et al. (2002) found limited evidence for positive selection across the 

then-available Rabies virus sequences as a whole, Mollentze et al. (2014) noted that a survey 

which focused on the indigenous American clade in bats (Streicker et al., 2012) found 

evidence for periodic occurrence of such events associated with host-shifts: hence an all-

encompassing analysis ignores more ‘local’ genomic changes as background noise, rather 

than evidence suggesting adaptation to a particular host species (but see Rupprecht et al., 

2017). Also, for the Cosmopolitan clade in North America, the use of so-called deep 

sequencing to identify the various variants of a rabies virus in particular cases of infection 

associated with a spill-over from a striped skunk reservoir into grey foxes indicated that the 

dramatic increase in the occurrence of outbreaks in the latter in 2009 was as a result of the 

selection for rare variants which were already evident in both skunks and a northern 

population of foxes in 1995 (Borucki et al., 2013). Thus it was argued (Mollentze et al., 

2014; see also Marston et al., 2018) that productive spill-overs might be the result of ‘pre-

adaptive’ variants in the original reservoir which could, given the appropriate ecological 

conditions, spread and thereafter evolve in the prospective new host species; they further 

argued that experimental studies involving other species or cell-lines derived from these 

supported the capacity for such adaptive evolution. 

On the other hand, phylogenomic analyses indicate that the genetic diversity of a host 

population is a good predictor of that of its associated viral subpopulation (presumably 
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reflecting both sides of an ongoing arms-race), with evidence for increased host genetic 

diversity in reservoir hosts being correlated with greater evidence for positive selection on the 

part of their viruses, the sites in the latter varying with the reservoir species 

(Rodríguez‐Nevado et al., 2018). Furthermore, there was some suggestion that the associated 

viral diversity of certain reservoir species may predispose the latter to serve as sources of 

spill-overs (typically dead-end, in more ways than one) to other mammalian hosts, 

presumably because of the greater chance of potentially optimal variants pre-adapted to the 

new environment; however, again, ecological and other factors are likely to play a 

moderating role (Rodríguez‐Nevado et al., 2018). 

The foregoing has given a brief review of the known diversity of lyssaviruses and broad 

aspects of their proposed evolution, and has referred in passing to some aspects of their 

infective biology. The following section will consider the last in more detail for terrestrial 

mammals, mainly with regard to Rabies virus.  

III. Rabies-Related Virus Infections in Terrestrial Mammals 

The following will briefly describe some of the key points regarding the aetiology and 

consequences of infection with Rabies virus (mainly based on observations on dogs and 

humans), followed by an overview of selected in vitro and in vivo studies with this and other 

lyssaviruses which have given insights into these. Thereafter, cases where a typical infection 

fails to become established in terrestrial mammals will be considered. 

1. The Establishment of Infection  

The standard scenario is that this occurs when the bite of an infected animal32 inoculates 

virus-laden saliva into a potential future host; successful transmission requires infection to 

spread to neurones in the central nervous system, this being more effective with deeper bites 

in the case of dog rabies (reviewed by Hemachudha et al., 2002, 2013; Jackson, 2013). There 

is evidence that both motoneurones innervating the inoculated muscle and the latter’s 

associated sensory proprioceptors may be targeted by the virus, although the former may be 

more susceptible in the short term (Lafon, 2005; Dietzschold et al., 2008); alternatively, at 

least for so-called CVS strains (developed in mice; see Section III.3.i), sensory neurones may 

instead be infected indirectly in primates, rats, and guinea pigs, as a result of trans-neuronal 

spread from infected motoneurones through local (presumably feed-forward) circuits within 

                                                        
32 Whether in the prodromal phase or subsequently when clinical infection becomes manifest. 
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the central nervous system (Ugolini, 2011; Hemachudha et al., 2013). Whichever route 

pertains, dog rabies may lead to infection of sensory neurones, associated with neuropathic 

pain, pruritic itching and other symptoms at the previously-bitten site during the subsequent 

prodromal phase (see below); this is more frequent in cases with bat-derived viruses 

(Hemachudha et al., 2002, 2013), reflecting a potentially more diverse set of target tissues 

where even superficial bites may be infective (see Section III.3.ii). However it may also 

occur through aerosols or the handling of dead animals, with viral access through open 

wounds or mucous membranes (Nguyen et al., 2011; Hemachudha et al., 2013; Crowcroft 

and Thampi, 2015; see also Section V.2). 

The viral envelope’s glycoprotein is initially responsible for interacting with potential future 

host-cells through ‘receptors’ (henceforth identified as acceptors: Munro, 2017)33  on the 

surface of the latter in order to gain entry to their target. The nicotinic acetylcholine receptor 

on somatic muscles has been identified as one such acceptor: it has been proposed that an 

affinity for the nicotinic receptor may serve as a means for concentrating the virus in the 

synaptic cleft to enhance neuronal uptake; and/or be associated with an initial ‘booster’ of the 

original inoculum through productive infection of the muscle cells to the same end 

(Dietzschold et al., 2008; Schnell et al., 2010; Ugolini, 2011; Scott and Nel, 2016). 34 

According to the latter hypothesis, the variability in latency before infection becomes 

manifest relates to the amount of time required for the virus to propagate in the muscle to a 

level where it can then successfully infect the associated neurones. Nicotinic receptors are not 

present on nerve terminals at the neuromuscular junction, meaning that other acceptor 

molecules must be involved for uptake by motoneurones. From experimental studies, one 

prime (but not essential) candidate is the neural cell adhesion molecule (N-CAM) (Lafon, 

2005; Jackson, 2007; Ugolini, 2011); this is reinforced by the fact that it is widespread on the 

presynaptic terminals of neurones (being important in neuroplasticity: Rønn et al., 1998), 

including components of the autonomic nervous system (Faure et al., 2007), as well as on 

muscles and the Schwann cells insulating motoneurones (Covault and Sanes, 1986). However 

other (co-)acceptors may also be involved, with different ones possibly being implicated in 

sensory cells compared with motoneurones (Lafon, 2005; Schnell et al., 2010).    

                                                        
33 Whereas a receptor is a macromolecule produced through natural selection in order to detect a 

particular ‘event’ of relevance to the organism involved (e.g. acetylcholine by the nicotinic 

receptor), this is not the case for the molecules coopted by viruses: indeed, natural selection may 

operate on potential hosts to favour the production of variants of the ‘receptors’ (i.e. acceptors) with 

which virions cannot interact in order to gain entry to a cell. 
34 Laboratory CVS strains are unable to infect muscle cells: Ugolini (2011). 
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Having entered target neurones after a latent period of variable duration (Perhaps related to 

the initial replication in the inoculated muscles), the virus’ glycoprotein then hijacks the fast 

retrograde axonal transport system in order to be carried back (3 mm/hr: Dietzschold et al., 

2008) to the infected neurones’ somata in the central nervous system.  

2. The ‘Normal’ Progression of Infection  

Having gained access to the central nervous system, the virus is now unleashed to multiply 

and spread retrogradely along neural networks to progressively higher-order neurones 

(Ugolini, 2011; Hemachudha et al., 2013). Thus, having replicated within the soma of a 

neurone, virions are released from the dendrites to be taken up by presynaptic terminals by 

way of N-CAM or other acceptor mechanisms (Lafon, 2005, 2016; Jackson, 2007; Ugolini, 

2011). Whilst a component of the viral capsid has been identified as promoting fusion 

between adjoining cells for the onward spread of the virus infection (Dietzschold et al., 

2008), this may be a derived characteristic of certain in vitro strains (Ugolini, 2011), 

reinforcing concerns that cell lines may behave atypically ex vivo (Wunner, 2007). In contrast 

to the effects of acute infections of the CNS by other viruses (Griffin, 2003), there is little 

evidence for neuro-inflammatory pathology; apart from strategies to subvert the host’s 

immune responses,35,36 the main effects are to reduce the activity of house-keeping genes and 

the production of proteins as a result (Lafon, 2005; Dietzschold et al., 2008; Warrell, 2009; 

Hemachudha et al., 2013; see also Section V.1).  

Thus the rabies virus is optimally adapted to seek to minimise short-term damage to its 

current host, in order to achieve the necessary end-result for possible onward transmission: 

the spread of contagion via the autonomic nervous system to the salivary glands, leading to 

the infection of the latter and the production of a virion-rich saliva as a vehicle to this end in 

                                                        
35 Whilst the initial infection is potentially exposed to the immune system at large, there is generally 

no evidence for an acquired immune response prior to the prodromal phase (Johnson et al., 2010; 

Scott and Nel, 2016).  
36 One additional intriguing possibility – which would reduce the need to synthesise glycoproteins and 

thus the risk of provoking an early immune response (Lafon, 2008, 2011) – is that viral RNA might 

itself be transferred retrogradely, at least initially, e.g. by taking advantage of the Arc gene. The 

latter has been independently co-opted in insect and tetrapod vertebrate lineages from ancient 

retroviral infections, with the resulting gypsy retrotransposons being translated and their proteins 

assembled into ‘capsids’ which act as packages to transmit Arc mRNA itself (and potentially other 

RNAs) across the synaptic cleft as a ‘novel’ means of inter-neuronal signalling implicated in 

learning and memory processes, although whether this is uni- or bidirectional has yet to be 

identified in mammalian models (Parrish and Tomonaga, 2018). Presumably where this has 

occurred at least once amongst tetrapods and independently in Drosophila, other analogous such 

acquisitions will be found, as in the case of the also retrotransposon-derived syncytins important in 

the development of the placenta. 
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carnivorans (Jackson, 2008, 2014). 37  Other tissues are also infected as a result of this 

centrifugal spread, including skeletal and cardiac muscle, the kidney and adrenal glands, the 

pancreas and nerves around hair follicles (Warrell and Warrell, 2004; Jackson, 2007; Warrell, 

2009). This switch to anterograde spread of virus within the autonomic nervous system, for 

example, is proposed to be the result of passive diffusional processes due to the progressive 

overwhelming of neuronal function in the central nervous system at large (Ugolini, 2011). 

Hemachudha et al. (2013) considered that the most likely route for centrifugal spread in 

humans was through sensory afferents, as well as via lymph nodes, thereby possibly serving 

to trigger activation of the immune system and thus potentially expedite the demise of the 

current host. 

As a result, after a variable latency (typically up to 3 months; but see below), disease first 

becomes evident during a prodromal phase lasting 2-10 days which is characterised by 

nonspecific symptoms such as general malaise, together with abnormal sensations associated 

with the site of original infection (Hemachudha et al., 2002, 2005; Jackson, 2007; 

Constantine, 2009; Warrell, 2009; Lafon, 2016). By this stage, the virus has become widely 

spread within the central nervous system, and has also spread to the salivary glands as a 

source of potential onward transmission (Hemachudha et al., 2002, 2013). Thereafter, the 

disease may proceed directly to a paralytic phase, so-called ‘dumb’ rabies,38 with passivity, 

muscle weakness and the resulting flaccid paralysis, the victim sinking thereafter into a 

terminal coma. The development of such symptoms during this phase in humans is very 

similar to that of Guillain-Barré syndrome and related autoimmune diseases,39 typically non-

fatal conditions where the immune system attacks the peripheral nerves seemingly in 

response to an infection although the syndrome itself is not contagious. This is more extreme 

in paralytic rabies, with evidence for inflammatory responses at the spinal level and 

degeneration of peripheral axonal myelin sheaths, with death being delayed in immuno-

compromised cases (Hemachudha et al., 2005, 2013). Thus paralytic cases have often been 

misdiagnosed, as suggested above for human infections from vampire and other bats before it 

was realised that they represented an additional spill-over source of rabies viruses (Warrell, 

2009). 

                                                        
37 It is likely that the infection of the salivary glands is dependent on the overall varicose innervation 

rather than through local spread of virus after focal infection (Charlton et al., 1983). 
38 Humans and other animals are not necessarily rendered mute (Warrell, 2009). 
39 https://www.ninds.nih.gov/Disorders/Patient-Caregiver-Education/Fact-Sheets/Guillain-

Barr%C3%A9-Syndrome-Fact-Sheet 

https://www.ninds.nih.gov/Disorders/Patient-Caregiver-Education/Fact-Sheets/Guillain-Barr%C3%A9-Syndrome-Fact-Sheet
https://www.ninds.nih.gov/Disorders/Patient-Caregiver-Education/Fact-Sheets/Guillain-Barr%C3%A9-Syndrome-Fact-Sheet
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However this terminal stage is preceded in many infected terrestrial mammals 40  by a 

manifestation of the classical ‘furious’ (also called ‘encephalitic’) form of the disease, 

characterised by periods of arousal and hyperexcitability (including hallucinations and fear-

induced agonistic behaviours)41 interspersed with those of lucidity; this presumably reflects 

spread of infection to include the limbic system of the forebrain (Hemachudha et al., 2005, 

2013; Jackson, 2007; Warrell, 2009; Hanlon et al., 2013). Nonetheless, this manifestation of 

infection has often been misdiagnosed (Warrell, 2009). Its average latency to develop is 

comparable with that for the ‘dumb’ form, but it is of variable duration; thereafter, it may 

proceed to the latter, or else the victim may die as a result of cardio-respiratory arrest during 

spasms associated with feelings of terror but no feeling of pain: death typically occurs in half 

the time seen with paralytic cases. However the resulting behavioural changes serve to 

maximise the chances of onward viral transmission through biting of potential new hosts. 

There is evidence that the furious form of rabies in dogs is associated with earlier, more 

intense neuro-invasion (associated with faster intra- and thus intercellular transport) and less 

extensive inflammation than is the case with the paralytic form (Laothamatas et al., 2008; 

Shuangshoti et al., 2016). However whether an infected individual first develops furious 

rabies or proceeds directly to the paralytic form (or develops a non-classic form of the 

infection) is independent of the strain of virus received from dog bites, presuming that there 

have been no post-infection mutations of the original strain (Hemachudha et al., 2002, 2013).  

Some infections may only develop after a long latency. For example, Jackson (2007) 

reviewed three cases of immigrants to the United States – from Laos, the Philippines and 

Mexico – who developed rabies from a strain of virus which was characteristic of their 

countries of origin, indicating that they must have been infected, respectively, at least 11 

months, four or six years previously; also, one Vietnamese immigrant in Australia in 1990 

was likely to have been infected at least five years earlier. The delay presumably reflects 

prolonged quiescent infection at the site of inoculation prior to neuronal uptake, perhaps 

related to the dose of the original inoculum (Scott and Nel, 2016; see above). Other studies on 

humans have failed to find any relation between bite-location and the subsequent latent 

                                                        
40  About two-thirds of patients infected by dog-derived viruses; a similar proportion is seen in 

infections from bats in North America (cf.  Section II.2.ii), although the clinical presentation differs, 

including more frequent local sensory effects (Udow et al., 2013); for other animals, the result is 

typically furious in cats, mustelids, and viverrids and horses, but paralytic in foxes and bovines 

(Warrell, 2009).  
41 Often with the classic hydrophobic response in humans (not seen in other animals), where the desire 

to drink (e.g. to replenish losses from fever-induced sweating) is antagonised by efforts to swallow 

and the resulting pain mediated by autonomic effects (Warrell, 2009). 
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period, apart from evidence that this may be shorter for bites to the face (Warrell and Warrell, 

2004). This contrasts with evidence that the likelihood of active infection is highest (50-80%) 

for bites to the head in humans, intermediate (15-40%) for those to the forelimbs and lowest 

(3-10%) in the case of leg bites; the underlying factors are unclear, although possibilities 

include the density of virus acceptors in the inoculated tissues and the degree of innervation 

of the latter, together with the amount of virus inoculated and the properties of the variant 

involved (Jackson, 2007). Associated with this is a progressive distance-related increase in 

the average latency for infection to become manifest (Warrell, 2009), superimposed on the 

initial (common?)42 incubation time in the originally infected muscle.43 Another variable is 

likely to be age and the relative development of  the immune system, with young and ageing 

animals being more susceptible (Scott and Nel, 2016).  

3. In Vitro Studies  

These have proven insightful in studying some aspects of the basic biology of mainly the 

rabies virus. Whilst short-term studies have used explants of neural tissue, longer-term ones 

have used cultures based on neuroblastoma, kidney, fibroblast and epithelial cell-lines.  

The following will first consider studies of cultures of the rabies viruses derived (‘fixed’) 

from those circulating in dogs; and then the apparently special case of one strain, the silver-

haired bat rabies virus (SHBRV). 

i. Dog-Derived Strains The establishment of in vitro cultures of so-called ‘street strains’ of 

the virus isolated from rabid dogs using various cell-systems has led to the emergence and 

incidental selection of what are referred to as ‘fixed’ strains, such as variants of the challenge 

virus standard (CVS) and those used to produce vaccines; these have adapted to tissue-

culture, emerging and thus being selected for de facto because they replicate the fastest with 

the least detrimental effects on the chosen host cell-type during successive passages in vitro 

(Dietzschold et al., 1985, 2008). Thus genomic analyses of the glycoprotein and 

nucleoprotein genes of fixed laboratory strains indicate that purifying selection was a 

predominant force (possibility reflecting adaptation to infect the particular cell-type being 

used), in contrast to the limited evidence in favour of positive, potentially adaptive selection 

in the original wild strains (Holmes et al., 2002). As a result, various so-called ‘carrier’ 

strains may emerge which differ in their pathogenicity when subsequently tested in vivo (see 

                                                        
42 Assuming comparable densities of nicotinic recepors on different muscles (Baer et al., 1990). 
43 Given a transport rate of 3 mm/hr from the periphery (see above) translates to about 21 cm/month. 
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Section III.4).44 An additional, perhaps related issue is that in vitro infections may lead to the 

production of defective-interfering virions, which have shortened strands of RNA as a result 

of deletions and which replicate at the expense of the original strain and its viable variants; 

the generation of these would seem to be selected against in vivo, perhaps because of their 

loss of anti-inflammatory activity (Wunner, 2007). 

Thus, for example, Morimoto et al. (1998) found that passage of a fixed mouse-adapted 

rabies virus strain in hamster kidney (BHK) cells resulted in the rapid selection of a variant 

that differed genotypically from the dominant variant of the original virus isolated from 

mouse brain or after passage in neuroblastoma cells; this was associated with a phenotypic 

switch in the preference for particular cell-types, with the same variant consistently emerging 

during repeated transfection experiments into BHK cells. They concluded that this variant 

may be present as a sub-population within the original mouse-adapted strain, reflecting the 

‘quasispecies-like’ diversity expected as a result of the error-prone nature of replication in 

RNA viruses;45 more generally, they proposed that this may be important in allowing the 

virus to cross species-specific and other barriers. In this context, it is pertinent to note that 

Wunner (2007) argued that the presence of such (quasi-) quasispecies may be a by-product of 

the artificial conditions of culturing in vitro, due to the cells behaving differently from how 

they do in vivo. 

A number of studies have been identified mutations of amino acids 330 and 333 in the 

antigenic site III of the glycoprotein as important in pathogenicity in fixed rabies strains; 

these are normally basic but the virus is unable to enter cultured motoneurones when both are 

substituted (Coulon et al., 1998; reviewed by Jackson, 2007; Dietzschold et al., 2008). On the 

other hand, the double mutant retained the ability to infect BHK cells, neuroblastoma cells, 

and freshly prepared embryonic motoneurones, but with a lower efficiency than for the 

reference CVS strain used; however, continued culture of embryonic motoneurones led to 

their becoming resistant to infection by the double mutant whilst still being susceptible to 

CVS infection. It was proposed that this reflected a cardinal role for two different types of 

acceptor in mediating infection with rabies virus; and that one of these, on differentiated 

neurones, is not recognised by the double mutant (Coulon et al., 1998). Other amino acids in 

                                                        
44 It would not seem to be known whether there has been a parallel co-selection for particular cell 

lineages in vitro, although this might seem unlikely with multiple passages. 
45 See Holmes (2010) for a critique of the application of the quasispecies concept in virology. 
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the same region of the glycoprotein also play a role in the virus’ pathogenicity in vitro 

(Takayama-Ito et al., 2006a). 

ii. The Case of the Silver-Haired Bat Rabies Virus (SHBRV) Comparative experimental 

studies of a variant of the Cosmopolitan strain of the rabies virus isolated from a wild Texan 

coyote (C. latrans) with that from the brain of a human in California infected from the silver-

haired bat (Lasionycteris noctivagans)46 identified important differences between the two, 

presumably related to differences in the amino acid sequence of the glycoprotein; each strain 

was a stock prepared from a single passage of the primary isolates in suckling mouse brains 

to minimise fixation problems as a result of artificial selection for culture conditions.  Whilst 

both strains were equally efficacious in vivo when injected intracranially or intradermally into 

mice, the bat-based isolate was less neuro-invasive than that from the coyote when 

administered intranasally or intramuscularly (Morimoto et al., 1996). In vitro studies 

demonstrated that, whilst both isolates were equally effective in infecting a mouse 

neuroblastoma cell-line, the infectivity of the bat isolate was much higher than that of the 

coyote in a fibroblast and an epithelial cell-line. This, together with differences between the 

two isolates in cultures kept at 34° C (cf. the normal 37° C) – fuseogenic activity and cell-to-

cell spread of SHBRV was limited to the lower temperature – led Morimoto et al. (1996) to 

propose that the adaptations of this bat isolate may mean that the initial infection of 

epidermal cells (which are at a lower temperature) by even a small number of virions in a 

superficial scratch or bite may lead to the amplification of the virus to thenceforth spread to 

the central nervous system. Thus the authors concluded that the adaptations of the virus from 

this bat may help to establish and amplify an initial infection of epidermal cells from the 

small inoculum likely to have been received from a nip or scratch, as a prelude to invading 

nerve fibres in order to spread centripetally into the central nervous system: this will be 

considered further in Section V.2.  

4. In Vivo Studies  

Although mice and rats are standard laboratory models for a diversity of areas for biological 

study, rodents are not generally considered to be natural reservoirs for rabies: the argument is 

that, being short-lived and likely to be killed by rabies-infected predators anyway, the small 

                                                        
46  This and another small solitary tree-roosting species, the tri-coloured bat (Perimyotis [= 

Pipistrellus] subflavus), account for about two-thirds of human spill-over cases in the USA, despite 

not normally living near houses; the two species have closely-related rabies virus variants in a 

different clade from those of other bats (Messenger et al., 2003; Davis et al., 2006; Kuzmin et al., 

2011; Kuzmina et al., 2013). 
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species at least are dead-end hosts (Hanlon et al., 2013). An exception would seem to be 

China, where there is evidence for a rabies virus in rats and other local rodents which is 

different from that circulating in dogs, with evidence for human spill-overs in the 1990s 

(reviewed by Wang et al., 2014). 

When the rabies isolate from a naturally-infected European fox was serially-passaged by the 

primary infection of various other host mammals or cell-lines with subsequent trans-

generational inoculations within the particular experimental regime being used, it was found 

that mutation rates were higher when the subjects were mice in vivo than for dogs and cats 

and for in vitro studies (Kissi et al., 1999). Changes (mainly nonsynonymous: implying 

positive selection) accumulated over passages, being the more so for the glycoprotein gene 

than for other components of the virus. 

Nevertheless, mice are routine subjects for in vivo tests of other potentially rabies-infected 

animals, typically through direct intra-cranial injections. However this has its experimental 

limitations in the study of a real-world in vivo situation where any infection is likely to 

originate peripherally; the continued use of intracranial injection serves as a base-line to 

compare the effects of other modes of inoculation. Thus up to three other modes of 

administration have typically been used for experimental studies. The most frequently used 

additional protocol is via intramuscular inoculation, but other studies have also used 

intradermal injections and intranasal administration; whilst some have also considered 

intravascular inoculation. Comparisons amongst studies are often confounded not only by 

differences in the particular strains of the rabies and other lyssaviruses and of the recipient 

test-animals used but also in methodological details of how the virus is administered. Thus, 

for nasal infections of the brain in mice, Rosseels et al. (2011) found that effectiveness 

depended on inoculum volumes and the nature of the anaesthetic used. 

Apart from the occurrence of deaths over a predetermined period, other parameters monitored 

in these and the survivors have generally included the presence of virus in oro-pharyngeal 

swabs during the course of the experiment, together with serum antibody levels (typically in a 

neutralisation assay: Moore and Hanlon, 2010), along with the detection of virus in the brain 

and salivary glands and possibly various other tissues post mortem or at the end of the 

experiment. Again, methodological differences often make comparisons between studies 

difficult, particularly where lyssaviruses other than the rabies virus are used, due to the use of 

different strains by different laboratories as well as differences in the detection methods.  
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Most information is available for different strains of the rabies virus isolated from dogs. Tests 

with ‘wild’ rabies viruses have often provided inconsistent results. Thus Banyard et al. 

(2014b) found variability amongst mice subjected to multiple foot-pad inoculations of rabies 

virus or European bat lyssaviruses types 1 or 2. Whilst about a quarter died, including some 

of those receiving the lowest dose (equivalent to about four virions/inoculum), the pattern of 

mortality and/or the serological response was unpredictable. The variability in sero-

conversion was suggested to reflect that in cell-mediated clearance by the innate immune 

system, at least in part.  

Consistent with in vitro studies, fixed rabies strains with mutations of both amino acids 330 

and 333 in the glycoprotein to produce non-basic substitutions are non-neurotropic in vivo 

and so are apathogenic in adult mice when injected intra-cranially or -muscularly (Coulon et 

al., 1998; see also Takayama-Ito et al., 2006b). When tested in vivo, other fixed strains 

typically have a reduced neuro-invasiveness compared with the street strains whence they 

originated, associated with a faster rate of replication and their induction of stronger, more 

rapid immune responses in vivo, more especially in adults with associated apoptosis (Scott 

and Nel, 2016). Thus, for example, the attenuated strain CVS-F3 led to only a transient 

infection of adult mice after nasal inoculation, associated with a strong inflammatory 

response in the brain as well as the production of neutralising antibodies (Hooper et al., 

1998); further experiments indicated that the infection was contained as a result of the 

conjoint action of the innate and acquired immune systems to mediate, respectively, the 

inflammatory response and B cell-mediated antibody production. Other studies with an 

attenuated rabies virus strain (HEP-Flury) administered by the same route found only 

transient, subtle clinical signs, in contrast to the virulent CVS-11 strain; this was associated 

with the earlier activation of an innate immune response, together with an increased acquired 

immune response and the more rapid clearance of virus from the brain, as compared with the 

later, more extensive neuro-inflammatory response with CVS-11 (Zhang et al., 2016). 

Similarly, intracerebral injection with an attenuated CVS strain from passage in BHK cells 

led to an early inflammatory response in mice, in contrast to that with SHBRV, indicating 

that the latter is also able to evade the host’s innate immune system (Wang et al., 2005).  

On the other hand, experiments on mice  with a rabies isolate from the bat Ep. fuscus found 

that the highest rate of mortality was after intranasal inoculation, presumably as a result of 
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direct access to the brain through olfactory pathways; 47  intradermal and especially 

intramuscular administration instead led mainly to seroconversion (Ndaluka and Bowen, 

2013). Exposure of mice to aerosols from three indigenous American bat variants of the 

rabies virus48 resulted in the death of four of the nine with evidence for rabies infection, 

whilst the survivors developed neutralising antibodies (Davis et al., 2007). Whilst the 

relevance of these findings to the situation ‘in the wild’ is unclear, it indicates the potential to 

evolve such a means for onward transmission given the appropriate environmental 

opportunities (see Section IV).  

Not only is SHBRV potent when inoculated intramuscularly in mice but also when an 

identical dose was instead injected into the tail vein; this was not seen with a standard strain 

of rabies derived from dogs (Preuss et al., 2009). Infection was apparently mediated by 

uptake via neurones of the hypothalamo-hypophysial system 49  leading to a lethal 

encephalopathy. 

Amongst other members of phylogroup I, McColl et al. (2007) reported that tests of the 

Australian bat lyssavirus over a three-month experiment resulted in transient clinical 

symptoms in three of five domestic dogs with subsequent seroconversion but no evidence of 

salivary viral RNA or antigen when necropsied three months later, although two of the dogs 

had neutralising antibodies in the cerebrospinal fluid; there was much lesser response with 

cats. 

Somewhat similarly, intramuscular inoculation of V. vulpes with European bat lyssavirus 

type 1 led to early rabies-like symptoms in all eight foxes from which they recovered but with 

subsequent relapses in all but one (Vos et al., 2004a); whilst neutralising antibodies were 

detected in the serum and brain, no antigen was found in the brain, salivary gland or other 

tissues tested, including in the three animals which were sacrificed. On the other hand, there 

is evidence that strains of this virus from different bats and other sources differ in their 

pathogenicity in mice, despite only minor variations in sequence (mainly as a result of 

insertions or deletions): whilst all mice receiving intracranial injections succumbed, 

mortalities were fewer with intramuscular and intranasal inoculations (Eggerbauer et al., 

                                                        
47 Note that this implies anterograde transport of virions, in contrast to the general view that this is 

normally retrograde during most stages of infection initiated elsewhere (see Section III.2). 
48 One isolate from each of Ep. fuscus, T. b. mexicana and the ‘solitary’ bat L. noctivagans’ SHBRV.  
49 One of the so-called circumventricular organs, where there is no blood-brain barrier: these serve as 

additional means for exchange of information between the central nervous system and the body at 

large. By extension, other such CVOs also represent potential means for the virus to bypass the 

blood-brain barrier and enter the central nervous system.  
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2017). An earlier experiment found that, whilst mice were susceptible to intranasal 

inoculation with either a mouse-adapted standard (CVS) strain or European bat lyssavirus 

type 2, only the former was efficacious after inhalation of aerosolised virus (Johnson et al., 

2006b). 

Experiments with ferrets (Mustela putorius furo) and mice using European bat lyssavirus type 

1 found that all receiving the higher intramuscular dose (106.0 FFU) died, whereas only a 

proportion of either species succumbed to a lower dose (104.0 FFU) within the first 18 days; 

other animals receiving a comparable dose of European bat lyssavirus type 2 survived apart 

from one of the five mice (Vos et al., 2004b). Moreover, whilst all ferrets seroconverted 

(progressive in the case of some type 1 survivors cf. transient in some of those receiving type 

2), virus could be detected in various tissues at the end of the three-month experiment, but not 

in saliva swabs during the intervening period. Subsequently, as noted above, Banyard et al. 

(2014b) found variability amongst mice subjected to multiple foot-pad inoculations of rabies 

virus or European bat lyssavirus types 1 or 2.  

Badrane et al. (2001) found evidence that two members of phylogroup II (the Lagos bat virus 

and the apparently non-bat Mokola virus) were less pathogenic in mice than was the case for 

two from phylogroup I (the rabies virus and European bat lyssavirus type 1): whilst infective 

after intracerebral injection, they were ineffective after intramuscular inoculation. This was 

attributed in part to the presence of non-basic amino acids at positions 330 and 333 in the 

glycoprotein of these phylogroup II viruses. That they remained effective after intracranial 

injection was suggested to be due to other mutations within the portion of the ectodomain 

responsible for interacting with neuronal acceptor-targets. On the other hand, a subsequent 

study using a greater number of isolates of the Lagos bat virus50 tested intramuscularly found 

that some of these were as or more pathogenic than the strain of rabies virus used; it was 

concluded that other mutations also played a compensatory role (Markotter et al., 2009). 

5. Apparently Atypical Infections in Natural Populations of Terrestrial Mammals 

Fekadu (1991; see also Cleaveland and Dye, 1995) has reviewed the nature of atypical 

infections where nonvaccinated dogs are asymptomatic at the time when they are sampled, 

despite evidence for likely past infections. One category of these is represented by cases 

where symptoms do not develop within the expected time-frame after an experimental 

inoculation or a likely natural one, with no evidence for viral shedding in the saliva. This 

                                                        
50 There is evidence for four different strains, with members of A and C being tested. 
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comprises cases where there may be either (1) a prolonged latent period prior to the 

development of clinical symptoms, as noted above for humans (the ‘long incubators’ of 

Bingham, 2005); or (2) aborted (or ‘inapparent’) infection, associated with the development 

of an acquired immune response with neutralising antibodies in the serum and an anamnestic 

response to re-infection despite the absence of any clinical signs of disease or virus 

excretion.51 Fekadu’s other category constitutes animals which became ill but then recovered 

(possibly under-reported due to infected animals showing signs of illness typically being 

killed for post-mortem investigation), with the subsequent appearance of neutralising 

antibodies in the cerebrospinal fluid. This category included animals which were infectious 

carriers, with prolonged excretion of virions in the saliva by now healthy animals; these 

potentially represent a long-term pool to maintain viral circulation within the host reservoir.  

In what would seem to be a case of poor reportage, Minard (2009) stated that a bat virus had 

spilled over into skunks and, latterly, foxes in northern Arizona and that “the strain appears to 

have mutated so that [they] are now able to pass the virus on to their kin – not just through 

biting and scratching but through simple socializing, as humans might spread a flu. … 

Skunks have already been proven to be passively transmitting the strain to each other, as 

documented in a 2006 study in the journal Emerging Infectious Diseases.” However, the 

presumed study cited (Leslie et al., 2006) makes no mention of any such non-terminal, non-

aggressive infection in striped skunks (M. mephitis), never mind that it was spread by 

aerosols or other casual contact. 

The following will consider reports regarding abortive/inapparent cases and the possibility of 

carriers, including humans and the special case of one study on spotted hyenas (Crocuta 

crocuta). 

i. Abortive/Inapparent Cases and the Possibility of Carriers  Fekadu (1991; see also Warrell 

and Warrell, 2004; Jackson, 2007) has reviewed cases where apparently healthy individuals 

in various Carnivora were seropositive for the rabies virus, including those where viral 

sequences or active virions have been identified in the saliva. Fekadu et al. (1981 [abstract]) 

found that a dog inoculated with an isolate from an apparently healthy Ethiopian dog which 

excreted rabies virus52 in its saliva over a period of more than nine months. A subsequent 

study reported another case where a female dog administered the same virus developed 

                                                        
51  Typically, antibodies are first detected in the blood at or shortly before classic symptoms of 

infection become manifest, and then in the cerebrospinal fluid at the peak of viral production 

(Johnson et al., 2010). 
52 Or at least a phylogroup I virus: its genome was not sequenced. 
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disease but then recovered when given “supportive treatment”; rabies was subsequently 

isolated from saliva collected 42, 169 and 305 days after recovery and, when she died giving 

birth to two stillborn puppies sixteen months after recovery, from the palatine tonsils53 but 

not from the brain (Fekadu et al., 1983 [abstract]).  With regard to dogs elsewhere, claims for 

carriers in China are controversial (Zhang et al., 2008; Hu et al., 2009; Wu et al., 2009). 

Similarly reports regarding one case of what was identified as a chronically infected dog in 

India are open to question (Jackson, 2007). Intriguingly, anecdotal reports indicated that the 

dogs apparently responsible for fatal infections through biting a girl about seven years 

previously in Laos, and a boy about four years prior in the Philippines, survived for at least a 

month after their attacks (Smith et al., 1991). On the other hand, Nel and Rupprecht (2007; 

see also Aghomo and Rupprecht, 1990; Warrell and Warrell, 2004) refer to cases of oulou 

fato, an asymptomatic variant of rabies in dogs identified throughout much of sub-Saharan 

Africa in the early twentieth century which was considered to be less transmissible to humans 

and may still be circulating today. Thus Aghomo and Rupprecht (1990) characterised a 

rabies-type virus in the saliva of healthy dogs in Nigeria which was antigenically distinct 

from the strain used to vaccinate dogs there but which was pathogenic after intracerebral 

injection into new-born mice. Furthermore, Cleaveland and Dye (1995) found that a 

considerable proportion of domestic dogs in areas adjoining the Serengeti National Park were 

seropositive for rabies or a related virus. Genomic studies of rabid dogs in Nigeria indicate 

that a distinct variant, Africa 2, is circulating in rabid dogs there and elsewhere in sub-

Saharan West Africa as a long-term enzootic (Nel and Rupprecht, 2007; Zhou et al., 2013; 

Dzikwi et al., 2017),54 as well as members of the Africa 1 lineages of the Cosmopolitan strain 

(Hayman et al., 2011). More recent studies on apparently healthy dogs in Nigeria have 

identified rabies antigens in the brains (Aliyu et al., 2010; Otolorin et al. 2014) as well as in 

the saliva (Mshelbwala et al., 2013); it is not clear whether the dogs would have gone to 

manifest clinical symptoms.  

Whilst cats are now recognised to be intermediaries in the spilling over of bat and 

Cosmopolitan lineages into humans with the elimination of dogs as a threat in North 

                                                        
53 Note that these lymphoid tissues (together with the adenoids and other components of Waldeyer's 

tonsillar ring), responsible for initiating innate immune responses to the presence of potential 

pathogens in the naso-oropharyngeal cavity, have been found to serve as a reservoir for other 

viruses in other species of mammal, even in the face of continuing neutralising antibody response: 

the Epstein-Barr virus (a gammaherpesvirus) and certain adenoviruses, parvoviruses and 

polyomaviruses (reviewed by Munro, 2017; see also Garnett et al., 2009). 
54 It is not clear whether the source of Zhou et al.’s virus was rabid or not.  
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America, they are relatively resistant to the virus itself (Constantine, 2009). Thus there are 

reports of “remarkable” (Jackson, 2007) individual cases where there was evidence that a bat 

rabies virus may establish chronic or recrudescent infections (Perl et al., 1977 [abstract]; 

Murphy et al., 1980 [abstract]). Whether they might have represented potential carriers is 

open to question in the apparent absence of evidence regarding viral excretion in the saliva or 

through other routes, and whether they survived because of veterinary care.   

Another feliform, the Indian mongoose (Herpestes auropunctatus), has been introduced to 

certain islands in the Caribbean based on the presumption that it would prove effective in the 

control of rodents and snakes in cane-fields; populations have been established which 

subsequently became a reservoir for various strains of the Cosmopolitan rabies virus 

circulating in the Americas as a result of spill-overs (Everard and Everard, 1992; Nadin-

Davis et al., 2008; Zieger et al., 2014). Studies on the small island of Grenada (≈ 310 km2) 

over the period 1968-1972 found that the incidence of mongooses with rabies infections 

(based on a brain fluorescent-antibody test) varied between 0.5% and 3.7%; on the other 

hand, high rates of transmission within the population were evidenced by serum neutralising 

antibodies being found in 18.9% of the animals tested (Everard et al., 1972, 1974). There was 

little evidence for transmission to domestic dogs (where there had been a vaccination drive) 

and cats or livestock as an expanded reservoir, so that spill-overs into humans were direct 

(see also Everard and Everard, 1992).55 The authors found that more than half of road-kills 

had evidence for ongoing brain infections; and that samples caught in baited traps “frequently 

found fluorescence in the brain of mongooses which apparently showed no abnormal … 

behaviour, although this was sometimes difficult to interpret in a small trap in strange 

surroundings. … The fact that these mongooses entered traps for food suggests that the 

disease had not progressed to the point of causing disorientation characteristic of attacking 

animals; nevertheless, it is presumed that they would eventually have died of rabies” (Everard 

et al., 1974). Behavioural changes associated with overt evidence for rabies infection were 

mainly of the ‘furious’ kind (see also Everard and Everard, 1992). Subsequent studies 

(Everard et al., 1981) found evidence for a progressive inverse relationship between the 

proportions of antibody-positive and rabies-positive mongooses over 1971-1974, with long-

term survival of antibody-positive individuals over a period of up to 35 months. Everard and 

                                                        
55 Vampire bats would appear to be absent (Everard et al., 1972); whilst serological studies have 

identified prior infections of a rabies-type virus in indigenous bats (mainly the frugivorous Artibeus 

jamaicensis), these cannot distinguish between the Cosmopolitan and indigenous American strains 

(Zieger et al., 2014). 
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Everard (1992) noted that the mongoose population density, whilst fluctuating, is “almost 

certainly” higher than on other Caribbean islands whence it has been introduced; Everard and 

Everard (1988) contrasted the situation regarding seroprevalence with reports for red foxes 

where only up to 8% develop immunity (and typically much less: Wandeler, 2004). More 

recently, Zieger et al. (2014) found evidence that seropositive mongooses were initially 

restricted to northerly portions of the island to spread southwards over the period 2011-2014; 

this was associated with evidence for a recent bottleneck, suggested to be the result of recent 

governmental control efforts together with the impact of hurricanes in 2004 and 2005 on the 

indigenous mongoose population.    

Unclear is the situation regarding the two subspecies of ferret badgers (Melogale moschata) 

from mainland China and Taiwan. One report for Taiwan, where the last reported case of dog 

rabies was in 1961, identified a rabies-related lineage in three sick animals submitted for 

pathological examination, and concluded from genomic analyses that there was a long-term 

“cryptic” circulation within the local ferret badger population prior to the evident outbreak in 

2013 (Chiou et al., 2014). Further surveillance of dead animals (including road-kills) 

indicated that there were geographically-distinct viral lineages on the island, consistent with 

the virus not being a recent introduction (Lan et al., 2017; Shih et al., 2017).  On the 

mainland in southeastern China, Liu et al. (2010) identified two related viral strains in the 

local subspecies of ferret badger; there was a high seroprevalence amongst the live animals 

tested (69.6%; cf. 18.2% for dogs), and one of 56 brain samples was rabies-positive. The viral 

strain in the mainland population was different from that in other local fauna, including dogs 

where a new clade is emerging (Wang et al., 2014). Taken at face-value, the Taiwanese 

findings might suggest the recent emergence of a more virulent strain, but this presumes a 

constant, consistent background surveillance over a decade or more prior to the observed 

outbreak. Interestingly, Troupin et al. (2016) found that the evolutionary rates of the rabies 

strain in these, like that in African mongooses, was twice as fast as that for strains of dog 

rabies.  

ii. Possible Human Cases Whilst rabies is generally considered to be invariably fatal in 

humans, as with other animals there are reports of exceptions as evidenced by recovery from 

signs of illness and/or neutralising antibodies in the brain or cerebrospinal fluid (Fekadu, 

1991). Some serological evidence suggests the possibility of aborted infections, recalling 

evidence that bites to the legs, in particular, are least likely to cause active infection for 

whatever reason (see Section III.2). Thus Jackson (2007) has reviewed evidence for low titres 
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of rabies virus-neutralising antibodies having been found in seven of 20 Canadian Inuit 

hunters and two of 11 of their wives; and in five of 30 Florida raccoon hunters, but not in a 

control group of other hunters; and in 6.6% (15 of 226) of unimmunized students and faculty 

members of a veterinary medical school at the inception of a rabies vaccine trial. It was 

concluded that low-level exposure to rabies virus under natural conditions might have led to 

immunity, without the occurrence of clinical disease. 

Associated with a recent outbreak of the furious form of the disease from a vampire bat strain 

of rabies in two isolated villages in the Peruvian Amazon, Lopez et al. (1992) found low 

levels of rabies-neutralising antibodies56 in seven of the 48 healthy relatives of the victims 

(the only individuals tested), although the authors considered that this was a result of non-

specific cross-reaction. Similarly, a more recent study by Gilbert et al. (2012) of villagers 

from the Peruvian Amazon found that rabies lyssavirus neutralising antibodies were 

detectable in seven of 63 samples (three with a titre > 0.5 IU/ml), all but one of whom 

reported having been previously bitten by bats (presumably vampires). This indicates 

nonfatal previous exposure to rabies, including a recent one where the sample had IgM 

antibodies against rabies lyssavirus ribonucleoprotein, but neither IgG antibodies against this 

nor neutralising antibodies. As the authors note, these results are difficult to interpret: they 

could reflect one or more of the effects of multiple bites which individually did not lead to 

infection; the circulation of a less pathogenic variant in bats in the region; or natural selection 

of individuals who were resistant to the typical rabies lyssavirus (Gilbert et al., 2012). 

iii. The Case of Some Spotted Hyenas East et al. (2001) found evidence that a separate strain 

of rabies lyssavirus was circulating in spotted hyenas (C. crocuta) in the Serengeti National 

Park in Tanzania, East Africa. In contrast to another population in Ethiopia at least, the strain 

involved was distinct from that in the park’s canids and other carnivorans. About a third of 

hyenas from three large groups (‘clans’: Hofer and East, 1995)57 sampled over a period of 9-

13 years were seropositive based on a neutralising test using a WHO rabies standard, with 

evidence that titres decreased over a period of months. Of these, viral sequences were 

identified (but no virus isolated) in the saliva of only about a half of individuals, indicating 

that the others had recovered from prior infection. There was no apparent effect on the long-

term survival of animals which had previously tested seropositive. Moreover, although there 

                                                        
56 0.14-0.66 IU/ml, median 0.18; the generally accepted minimum value for protection in humans is 

0.5 IU/ml. 
57 Members of these ‘commute’ outside their normal home range during the migratory seasons of 

potential prey in order to forage for food (Hofer and East, 1985). 
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were no clinical signs of typical rabies infection in any hyenas, brain samples from animals 

which had died of other causes indicated that about a tenth of these contained evidence for 

rabies RNA sequences, although again tests with mouse cell-lines proved negative. It was 

concluded that frequent social interactions – especially involving higher-ranking members – 

within the large clans, including biting and licking, sustained a non-pathogenic strain of 

rabies lyssavirus (East et al., 2001).  

On the other hand, more recent studies have failed to repeat East et al.’s findings for C. 

crocuta in the same general area. Thus Lembo et al. (2007, 2008; see also Cleaveland et al., 

2008) found that only site-specific variants of a single strain of the Cosmopolitan clade 

(Africa 1b) were circulating amongst the diversity of carnivoran species in the Serengeti area 

(in contrast to the largely species-specific pattern seen in the United States, where there is 

less species diversity), as a result of dead-end or sputtering spill-overs from dogs, whence the 

original infection was introduced (Nel and Rupprecht, 2007) and which serve as the 

maintenance hosts as a result of their rapidly expanding population densities (due to their 

early reproduction and high birth-rates: Hampson et al., 2009). 58  Of the 41 C. crocuta 

sampled, four were infected with the Africa 1b strain and exhibited typical symptoms of 

infection; Lembo et al. (2007) considered East et al.’s (2001) finding of a different strain 

“difficult to explain”, although this might be related to the populations sampled.59 More 

recently, a ten-year survey by Prager et al. (2012) reached a similar conclusion regarding the 

role of dogs as a reservoir in northern Kenya. On the other hand, to further confound the 

picture, a study of otherwise healthy African lions (Panthera leo), African wild dogs (Lycaon 

pictus) and C. crocuta in two Zambian National Parks found that 40% of lions, but none of 

the other two species, were positive for rabies virus neutralising antibodies (Berentsen et al., 

2013).  

                                                        
58 Rabies was seemingly eliminated as a threat to wildlife on the Serengeti through dog-vaccination 

programmes between 1954 and 1978 (Cleaveland et al., 2008); however the early reproduction and 

rapid turnover of dog populations means that vaccination drives need to be regularly repeated 

(Hampson et al., 2009). 
59 However one basis might be differences in sampling locations, and the associated influence of 

population densities for the reservoir of dogs. Thus, in contrast to East et al. (see Hofer and East, 

1995), Lembo et al. sampled spotted hyenas outside the National Park itself, with analyses based on 

“brain stem samples … collected from suspect rabies cases and carnivore carcasses, whatever the 

apparent cause of death.” Dog densities were highest to the northwest of the Park, in Serengeti 

district, and lower to the east, in the Ngorongoro district (and presumably lowest in the Park itself), 

with evidence that the maintenance of rabies depends on host densities being at least 5 dogs/km2 

(see also Cleaveland and Dye, 1995), consistent with other studies emphasising densities of dog 

being the primary factor (Knobel et al., 2007). 
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Other serological studies (Harrison et al., 2004) have identified antibodies against canine 

distemper virus (see also Prager et al., 2012)60 and a variety of feline viruses in C. crocuta. 

Given their feeding behaviour, which includes scavenging, it might be expected that they 

would be exposed to infections (or at least subthreshold doses of pathogens) from deceased 

animals which had escaped being predated upon opportunistically by other species whilst 

succumbing to rabies or other diseases. Presumably related to this, an analysis of the genes 

for the major histocompatibility complex61 in these and striped hyenas found evidence for 

positive selection of various loci, which was suggested to reflect their feeding on carrion 

(Califf et al., 2013). 

6. Conclusions   

Stereotypically, rabies and, where studied, other lyssaviruses have the ability to infect 

terrestrial mammals through a sophisticated mechanism involving taking over the central 

nervous system and influencing the behavioural output of its present host in order to try to 

maximise the chances of daughter virions being passed on to new hosts through salivary 

output downstream of the autonomic nervous system. Thus, for example, a study on raccoons 

suggested that selection of the bat-derived variant now enzootic in this species may have been 

related to its pathogenicity (Hamir et al., 1996): animals inoculated with a virus isolated from 

a conspecific died suddenly or developed more severe ‘furious’ symptoms than those 

receiving a Latin American canine isolate, although the latter developed clinical symptoms 

earlier. This was associated with differences in the evident extent of the central spread of 

infection when animals were sacrificed: whilst those given the canine strain showed evidence 

for infection of the brainstem, this also included the cerebrum as well as various outputs 

associated with the autonomic nervous system in those receiving the enzootic strain. It was 

suggested that the latter strain had evolved to be better able to circumvent its hosts’ immune 

system and thereby establish an ultimately more productive infection (in terms of behavioural 

as well as virile output), in order to maximise the chances for onward transmission to new 

host individuals given the pending demise of the existing one. More generally, Hanlon et al. 

(2013; see also e.g. Streicker et al., 2010; Mollentze et al., 2014; Marston et al., 2018) have 

argued that each species-specific strain has evolved to become adapted to their particular host 

species in terms of being able to establish a productive infection which can be transmitted on 

                                                        
60 This virus causes high mortalities in spotted hyena cubs (East et al., 2001). 
61 An important initial component of the innate immune system. 
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to new hosts before the present one succumbs: there is a need to strike a balance between 

virulence and the potential for onward transmission. 

Moreover, different lyssaviruses may use different acceptors in order to gain access to their 

prefered target cells (Weir et al., 2014). For example, whilst the glycoproteins of the rabies 

virus and European bat lyssavirus type 2 interact with the low-affinity nerve-growth factor 

receptor p75NTR (a membrane protein found on many synapses as well as in a variety of other 

tissues including muscle and salivary glands), this is not the case with those of the Australian 

bat virus, European bat lyssavirus type 1, Duvenhage virus, Lagos bat virus and Mokola virus 

(Tuffereau et al., 2001). However, the possible effect of differences in the structure of this 

neurotrophin receptor in the natural host aside, p75NTR is not essential for successful infection 

by rabies viruses (Tuffereau et al., 2007). Moreover, the fact that this receptor is not found at 

the neuromuscular junction suggests that any role it may play in the initial infection of the 

nervous system is mediated by sensory projections (Lafon, 2005). 

Experimental studies involving intramuscular inoculations typically only involve one 

particular target site for the convenience of the investigators. However, as noted above 

(Section III.2), both the incidence of natural infections and the speed of development of 

clinical symptoms would appear to be dependent on the distance of inoculation from the 

central neuraxis. It is not clear what factors might influence where more distant inocula are 

more likely to be less effective (Jackson, 2007): one possibility might be related to the 

relative densities of nicotinic cholinergic receptors in muscle tissues (suggested to be a factor 

in accounting for species-differences in susceptibility: Baer et al., 1990) as a means for 

initially boosting the original inoculum. 

Studies on naturally-infected dogs indicate that there is the need for these to exceed a certain 

minimum population density in order to sustain an infection; and that this depends on the 

behaviour of individual animals (including their human owners in the case of household 

dogs), both normally and after active infection (Brunker et al., 2012). Whilst a spill-over into 

red foxes was associated with the appearance of a new strain which initially radiated 

outwards from its original locus, with die-offs of many in local populations, this was 

followed after a time-lag by sporadic occurrences in the population in its wake as they 

recovered in numbers (Wandeler, 2004). The introduction of a typical rabies virus into a fully 

susceptible new host population would rapidly die out with those it infected where the host 

population is relatively small and isolated (Bingham, 2005). Presumably the successful 

establishment of a rabies strain in such a population would require that it be relatively less 
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virulent in the sense that it is less lethal to its new host species, so that a reservoir can be 

established and maintained: this might be the case for the strain in mongooses on Grenada for 

example, and also for hyenas in dog-free portions of the Serengeti. Thus the small isolated 

Afroalpine populations of the Ethiopian wolf (Canis simensis) are threatened with 

extinction62 partly as a result of the recent spread of the Cosmopolitan strain of the rabies 

virus (Randall et al.. 2004; Nel and Rupprecht, 2007), leading to attempts to vaccinate wild 

populations as a control measure (Knobel et al., 2007). 

‘Less lethal’ might, on the one hand, be a result of (pre-adapted) genetic variability in host 

susceptibility (Scott and Nel, 2016) and the potential for natural selection for more resistant 

individuals (and thus either milder or abortive infections). This might be through properties 

of the innate immune system (Srithayakumar et al., 2011, 2014; Kyle et al., 2014) or other 

factors which lead to either a much more prolonged and variable (trans-generational) latent 

period;63 or to active infection, but with milder symptoms and subsequent recovery. Where 

recovery occurs, individuals might transit to become potential carriers if the infection is not 

completely cleared by the immune system and the virus is able to hide in immune-privileged 

tissues from where it can re-emerge for potential onward transmission at a later date.  

Alternatively, or in addition, ‘less lethal’ might reflect the particular (sub-) lineage of the 

virus involved, including its ability (or otherwise) to quell the apoptotic response of the host. 

Experiments with ‘fixed’ strains which arise in vitro indicate that attenuated versions of the 

original street virus could potentially evolve and be selected for in such situations; 

furthermore, the case of the SHBRV suggests that alternative viral strategies have evolved in 

the wild. This will be considered further in Section V.2. 

Although East et al.’s study failed to identify actual viruses in the saliva of spotted hyenas, 

Jackson (2007) considered that this “interesting report really changes our perspective on the 

ecology of less virulent viral variants and is an exception to the old dogma that rabies virus 

kills the great majority of exposed individuals. It is likely that in the future we will learn that 

under some circumstances the situation is similar in other species, including bats.” This may 

include the influence of genetic differences, including for the functioning of the innate 

immune system (Scott and Nel, 2016). The latter group of mammals is the topic of the next 

                                                        
62 http://www.iucnredlist.org/details/3748/0: compounding the effects of habitat loss and other more 

direct human pressures.  
63  Thus, as noted above, infectivityhas been correlated with the relative densities of nicotinic 

cholinergic receptors in muscle tissue of a particular species (Baer et al., 1990), and thus 

presumably amongst and within individuals depending upon different muscles.  

http://www.iucnredlist.org/details/3748/0


Lyssaviruses and the Evolution of Rabies: A Riddle Wrapped in an Enigma 

95 

 

section, where there is also evidence of findings in natural populations reminiscent of the 

limited studies on mongooses on Grenada and ferret badgers in East Asia.  

IV. Lyssavirus Infections in Bats 

As noted above, bats are generally considered to have been the original reservoir, given that 

molecular techniques have found evidence for a variety of members of the genus Lyssavirus 

in various species of Old World bats. On the other hand, whilst members of the type species 

Rabies virus have generally not been identified in Old World bats, a distinct indigenous 

American clade has been identified in a diversity of bats in the New World (see Section II).  

The following will first consider studies of lyssaviruses circulating in the wild, based on 

passive and active surveillance techniques; this is followed by a brief review of the results of 

experimental studies; and then a consideration of how the results of these different 

approaches have been integrated in an effort to understand the dynamics of these viruses in 

natural populations.  

1. Field Evidence for Bat Infections with Rabies and Related Viruses  

In the absence of the ideal of isolating the virus itself as evidence for current infections, this 

may involve the use of antisera to detect the presence of particular viral epitopes (more-or-

less specific to particular species of Lyssavirus), often in neutralising tests; or, more recently, 

probing for evidence of particular genomic ‘signatures’ for one or more of these viruses. 

Such tests are limited to oropharyngeal swabs and blood samples in cases where bats are 

released after sampling; otherwise, the brain, salivary glands and perhaps other tissues may 

also be sampled. A general problem is that small species will only yield proportionately 

smaller samples of saliva and blood. 

i. Evidence for ‘Clinical’ Infections The classic approach has been passive surveillance, 

doing a post hoc determination of whether a rabies-related virus may be associated with the 

deaths of bats in a particular population (e.g. Schatz et al., 2012). In addition, other indicators 

might include abnormal behaviours prior to death: as in other mammals, bats terminally 

infected with rabies may develop a ‘paralytic’ form of the disease, where they land on any 

stationary object; or a ‘furious’ form where they are hypersensitive to environmental stimuli, 

including approach and handling (Constantine, 1967; Kuzmin and Rupprecht, 2007; Vos et 

al., 2007; Banyard et al., 2011). Thus many cases of human infections in the United States 

result from attacks by rabid solitary bats, often occuring in response to noise and especially 
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during the day, being swift and unexpected; however the behavioural changes can be difficult 

to detect clinically, since normal bats are themselves very sensitive to threats (Constantine, 

2009). Paralytic infections would seem to be characteristic of gregarious bats in large 

colonies, whilst the furious form is more associated with solitary species (Kuzmin and 

Rupprecht, 2007; Constantine 2009; Banyard et al., 2011), possibly related to the fact that 

different clades of virus are enzoonts (Davis et al., 2006). 

Studies on Tadarida brasiliensis mexicana (family Mollosidae),64  a species which can form 

huge roosts in caves, indicate that about 10% of sick and dead bats tested positive for rabies, 

compared with a background infection of 0.1-0.5% in apparently healthy bats (Constantine 

2009). On the other hand, about 90% of T. b. mexicana found grounded underneath a small 

bridge roost had detectable rabies virus in their brains (with antigen also being detected in the 

salivary glands of 69% of these); assays for the presence of neutralising antibodies found 

these in a proportion of both rabies-positive and -negative bats, and it was concluded that a 

variety of variants which differed in their pathogenicity were circulating in the population 

(Davis et al., 2012a). Nevertheless, in a review of causes of bat mass-mortalities,65 O’Shea et 

al. (2016a, b; see also Messenger et al., 2003) concluded that there was no definitive 

evidence for rabies being the underlying cause either of a large die-off of T. b. mexicana in 

Carlsbad Cave in Texas or of mortalities of other colonial bats elsewhere in the United States: 

if involved, any infection was likely to be superimposed upon the effects of various 

environmental stressors (see also Constantine, 2009; Wang et al., 2011). However this lack of 

evidence for mortalities may reflect sampling problems: Constantine (2009) considered that 

most rabies cases in bats go unnoticed because they die in sheltered roosts or fall in dense 

vegetation. Moreover, to save energy when hanging in a roost, the hind feet of bats have a 

locking mechanism which, in contrast to other mammals but like that of perching birds, keeps 

their toes flexed around a substrate;66 thus those which succumb while roosting may be 

unlikely to drop dead until they have been sufficiently recycled by dermestid beetles and their 

larvae or other scavengers.  

In contrast to the general view that the rabies virus is not found in Old World bats (see 

Section II.2), Lu et al. (2013) found evidence from a survey of sick and dead bats in Guangxi 

                                                        
64 Two subspecies of the free-tailed bat – T. b. brasiliensis and T. b. mexicana – have typically been 

recognised; the latter is found in Mexico and much of the southern and western portions of the 

United States (Russell et al., 2005; cf. http://www.iucnredlist.org/details/full/21314/0). 
65 Defined as “cases in which ≥ 10 dead bats were counted or estimated at a specific location within a 

maximum timescale of a year, and more typically within a few days or a season”. 
66 https://animals.howstuffworks.com/mammals/question668.htm  

http://www.iucnredlist.org/details/full/21314/0
https://animals.howstuffworks.com/mammals/question668.htm
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Province in southern China (no information was presented regarding species composition) for 

isolates related to the standard rabies virus (two of the ten had high homologies with Guangxi 

street rabies viruses) in 85 of 2,969 bats.67 However, these data provide no evidence that such 

infection was the cause of mortality: the fact that only 2.86% were infected suggests that this 

reflects background rates unrelated to the cause of death.  

Regarding other lyssaviruses, the only apparent evidence is for such a die-off in a species of 

fruit-bat in southern Africa which was associated with infection by Lagos bat lyssavirus 

(reviewed by O’Shea et al., 2016a).  

The results of passive surveillance need to be interpreted with caution, since they depend on a 

constant level over time. Thus there has been an apparent dramatic increase in reports of 

rabies-infected bats in the United States; however this reflects increasing public awareness, 

since the proportion of bats submitted which test positive has remained constant (Constantine 

2009). 

ii. Evidence for ‘Subclinical’ Infections This is based on samples of apparently healthy bats 

from active surveillance of a population. Depending in part on legal restrictions, sampling 

may be limited to testing blood for (neutralising) antibodies and oropharyngeal swabs for 

intact virus or target RNA sequences. In cases where the animal is sacrificed, viral tests are 

also applied for the brain and salivary glands, and also other tissues in some cases. Results 

may be biased by the size of bats: serum samples are likely to be limited for smaller species. 

Baer and Smith (1991) have reviewed evidence for the apparent paradox that rates of ongoing 

infection were lower in gregarious than in solitary species of North American bats. They 

noted that this could reflect sampling bias as a result of differences in susceptibility to capture 

but, on the other hand, colonial species had high rates of seroprevalence.  

Sampling of apparently healthy bats in North America indicates that the numbers of brain-

infected bats showed biennial peaks in migratory species, whereas there was only a single 

peak in those non-migratory species studied (Kuzmin and Rupprecht, 2007; Constantine 

2009).  This was superimposed upon evidence for a much higher level of seroprevalence, 

taken to imply ‘failed’ infections. Thus, in the case of T. b. mexicana, up to 80% may be 

seropositive, compared with a background infection of 0.1-0.5% in apparently healthy bats. 

Serological studies on North American bats indicate that transmission rates may often be 

                                                        
67 Inoculation tests in mice were inconclusive, with no evidence for clinical signs of rabies (suggested 

to be because the short duration of the experiments), although some virus could be detected in 

response to up to ten blind passages in suckling mice for about a quarter of the extracts tested. 
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highest in maternal roosts, suggested to be timed to ensure onward infection of the 

immunologically-naïve next generation (e.g. George et al., 2011). Thus Steece and Altenbach 

(1989) found that, on the one hand, less than 1% of adult females in a maternal roost of T. b. 

mexicana had detectable rabies virus68 in the brain and only 2% had detectable IgM in their 

blood compared with 69% for IgG; on the other, 2% of juveniles had detectable virus overall, 

with a marked peak in August after levels of (presumably maternally-derived) IgG had fallen 

and associated with the start of a rise in IgM levels; the authors concluded that the juvenile 

bats thereafter recovered from infection based on the high levels of adult seropositivity.  

An extensive survey of seven other species of insectivorous bats – five colonial and two 

which were solitary and migratory – found varying rates of neutralising seroprevalences in 

the absence of any detectable virus in oropharyngeal swabs which could not be related to the 

host species’ lifestyles (Bowen et al., 2013), despite their viruses belonging to different 

clades (Davis et al., 2006). It was concluded that exposure to rabies virus is common in 

diverse bats, with infections leading to an acquired immune response and failing to progress 

to clinical disease, perhaps as a result of (repeated) exposure to sub-threshold doses. 

Two types of European bat lyssavirus have been identified as circulating in western and 

central areas, with limited overlap in geographic distribution and apparently different 

reservoir host genera; moreover, there is no evidence that the most abundant bat species in 

the region (Pipistrellus pipistrellus) is a natural host for either virus species (Vos et al., 

2007). Eptesicus spp. have been identified as the reservoir for the more widely distributed 

European bat lyssavirus type 1, although the virus has been identified in a variety of other 

genera of insectivorous bats (reviewed by Banyard et al., 2011; McElhinney et al., 2013).69  

Pérez-Jordá et al. (1995) showed that there was an annual variation in the presence of 

antibodies against European bat lyssavirus type 1 in four colonies of Eptesicus serotinus70 in 

southern Spain, with a post-hibernation spring-time peak of 74% in one of the colonies before 

rapidly falling back to less than 10% (with only low titres, at most, in tagged individuals). A 

                                                        
68 The enzootic virus is close related to that in D. rotundus, somewhat more so than is that of T. b. 

brasiliensis (Kuzmina et al., 2013). 
69 There is evidence that European bat lyssavirus type 1 may also be transmitted to captive collections 

of African fruit-bats (Rousettus aegyptiacus); whilst this was first detected as a result of mortalities, 

subsequent analyses of the rest indicated that many were seropositive and had presumably survived 

infection (Ronsholt et al., 1998; Wellenberg et al., 2002). 
70 This would seem likely to be Ep. isabellinus instead: the latter has been distinguished from Ep. 

serotinus based on genomic characteristics (Juste et al., 2013), with a range which encompasses the 

southern Iberian peninsula and adjoining areas of North Africa  
(http://www.iucnredlist.org/details/full/85200107/0; cf. http://www.iucnredlist.org/details/full/7911/0). 

http://www.iucnredlist.org/details/full/85200107/0
http://www.iucnredlist.org/details/full/7911/0
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five-year-long study of 19 maternity colonies of Ep. isabellinus in southern Spain (Vázquez-

Morón et al., 2008) found that the virus was present in 2.8% of 1225 oropharyngeal swabs, 

with no effect on body condition; one bat remained positive when captured again one week 

later, whilst another was negative three years later. Antibodies were detected in 9.3% of 549 

samples, including in two of 22 bats with RNA-positive swabs. There was little evidence for 

movements between the 19 colonies and different between-year patterns of circulating virus 

were seen amongst these, indicating that there were no common underlying epidemiological 

factors.  

A seroprevalence for European bat lyssavirus type 1 has also been found in other Spanish 

breeding colonies where Eptesicus spp. were infrequent (Serra-Cobo et al., 2002, 2013; 

Amengual et al., 2007; López-Roig et al., 2014); Mi. schreibersii,  My.  myotis,  Tadarida  

teniotis and Rhinolophus ferrumequinum included individuals with a positive antibody 

response but not any of the other species including Ep. serotinus itself. A study of two 

discrete colonies over 12 years (Amengual et al., 2007) found that there was generally a 

seasonal variation in seroprevalence with a peak in July when maternity colonies typically 

formed; there was no evidence for gender- or age-related differences. Some individuals were 

seropositive for more than a year (assuming this was not due to recurrent infections), with 19 

bats subsequently becoming seronegative at least one year later. Differences between years in 

seroprevalence were not associated with evidence for differences in mortality rates. Two of 

17 bats found dead were positive for viral nucleoprotein RNA but not for the virus itself. 

Tests of 426 blood clots for viral nucleoprotein RNA found a prevalence of 4.72%; two of the 

20 were also seropositive.   

There is also serological evidence for prior infection with another phylogroup I member, 

Duvenhage virus, in an insectivorous bat (Nycteris thebaica)71 in Swaziland (Markotter et al., 

2013).  

In phylogroup II, the Lagos bat virus has received most attention. Two species of fruit-bat, 

Eidolon helvum and Rousettus aegyptiacus, are likely to be the main reservoir despite the 

general failure to detect viral RNA in those tissues sampled (see above; Schneeberger and 

Voigt, 2016), 72  although other species of mainly fruit-bats have also been found to be 

                                                        
71 The species identified as the likely source of a prior human spill-over in Zimbabwe. 
72 Kuzmin et al. (2008c) identified the virus in one dead Ei. helvum (itself seropositive with virus in 

the saliva) but not in live samplings of 440 of these and Ro. aegyptiacus, where there was a 

seroprevalence of 40-67% and 29-46% respectively. On the other hand Freuling et al., (2015) 

identified Lagos bat virus lineage A in one of an unstated number of brain samples of Ei. helvum 



Angus D. Munro 

 

100 

 

seropositive (Hayman et al., 2008; Dzikwi et al., 2010; Kalemba et al., 2017). Whilst Ei. 

helvum roosts during the day in trees, the ability of Ro. aegyptiacus to echo-locate means that 

it does so in caves, raising the question of whether and how the virus may be shared between 

these two species (Kuzmin et al., 2008c); one possibility might be that this occurs in so-

called ‘night roosts’ to consume fruit and for pregnant and lactating females to rest (Kunz, 

1982). 

Most studies have focussed on Ei. helvum, a species which is found throughout sub-Saharan 

Africa and makes migrations – up to more than 2,500 km in about five months (Hayman et 

al., 2012a) – tracking the seasonal abundance of fruit (Richter and Cumming, 2006).73 Thus 

there is a continent-wide exchange of genetic information as a result, associated with 

serological evidence for an exchange of various viruses for this species in Ghana and 

elsewhere in its range (Hayman et al., 2008; Peel et al., 2013). In Ghana, Hayman et al. 

(2012b) found a high seroprevalence of antibodies against Lagos bat lyssavirus, more 

especially in mature bats than in juvenile or sexually immature ones and in females more than 

males, despite there being no evidence for viral RNA in those tissues sampled.74 There was 

no difference in the survival of seropositive and seronegative bats over an 18 month 

longitudinal study. Similarly, a radio-telemetry study with one female Ei. helvum from a roost 

in Accra which had neutralising antibodies against Lagos bat virus and also (the first report 

for this species) antibodies against Zaire ebolavirus found that the bat, having left the area in 

the meantime during the wet season, returned and survived for at least 13 months before 

apparently leaving again at the start of the next wet season (Hayman et al., 2010). Hayman et 

al. (2012b) concluded that viral infection may occur seasonally and/or elsewhere, perhaps 

related to reproduction and migration to unknown maternity roosts; and that viral infection 

may persist in another, untested (possibly immune-privileged) tissue. A subsequent study by 

Suu-Ire et al. (2017) found that there was a continued high seroprevalence for neutralising 

antibodies, although they found no difference between juveniles and adults,75 or between wet 

and dry season samples. Other such studies affirm that infection is not generally associated 

                                                                                                                                                                            
from Ghana without evident signs of disease; virus neutralization tests using the isolate with sera 

from the same group of bats found a seroprevalence of 74% for 567 animals, in a greater proportion 

of adults than in juveniles. 
73 http://www.discoverwildlife.com/animals/fruit-bats-africas-greatest-mammal-migration  
74 Wright et al. (2010) found that, of the 56% of Ei. helvum which had virus-neutralising activity 

against Lagos bat virus in Ghana, a large proportion also had such activity for Mokola virus whilst 

an additional smaller number were also seropositive for West Caucasian bat virus instead; however 

they considered that this was most likely due to crossreactivity. 
75 Note that there is a typographical mistake in their Table 2. 

http://www.discoverwildlife.com/animals/fruit-bats-africas-greatest-mammal-migration
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with mortality, including evidence for sustainable viral circulation in an isolated island 

population (Peel et al., 2013). 

With regard to the Shimoni bat virus in Kenya, a relatively high rate of seroprevalence was 

found in the insectivorous hipposiderid H. commersoni (from which the virus had previously 

been isolated: Kuzmin et al., 2010), as well as in a higher proportion of two of the three 

species of fruit-bat tested, Ro. aegyptiacus (which roosted in the same caves) and Ei. helvum 

(Kuzmin et al., 2011). In contrast, only a small proportion of H. commersoni were 

seropositive for Lagos bat virus, compared with almost half of each of the two species of 

fruit-bat; interpretation of the results is complicated by some degree of cross-neutralisation of 

sera between the two viruses, reflecting their relatively close relationship. There is also 

serological evidence that Shimoni virus is one of the variety of lyssaviruses circulating 

amongst bats in Nigeria (Kia et al., 2014). 

Similarly, there is serological evidence for West Caucasian bat virus or a related phylogroup 

III species in Miniopterus spp. in East Africa (Kuzmin et al., 2008d).  

Although no lyssaviruses have been isolated from Southeast Asian bats or those in southern 

China,76 with only potential partial sequences in a study of the latter (Wu et al., 2015a, b), 

there is serological evidence of prior exposure to lyssaviruses in fruit-bats from Cambodia 

(Reynes et al., 2004) and these and other bats elsewhere in the region (reviewed by Banyard 

et al., 2014a; A. D. Munro, in preparation). Whilst two humans in northeast China died from 

a rabies-type disease which apparently spilled over from bats, this is likely to have been from 

the Irkut bat lyssavirus, another phylogroup I species isolated from ‘Murina leucogaster’ 

there and in eastern Russia (Wang et al., 2014).   

Where tested, virus has been detected in tissues other than the brain and salivary glands. 

Constantine (1967: cited by Kuzmin and Rupprecht, 2007) isolated rabies virus from various 

tissue samples from 130 naturally-infected T. b. mexicana collected from Texan caves: whilst 

all of those from the brain had detectable virus, positive results were also obtained for 

salivary glands (79%), lungs (30%) and kidneys (12%); other tissues were tested for a subset 

of 50 of these, where virus was detected in brown fat in two whereas liver, spleen, pectoral 

muscle, intestines and  faecal  pellets were all negative. Other studies include one of 

naturally-infected vampire bats in northeastern Brazil, where viral RNA was found in lung 

tissues, as well as the uteri and placentae of some pregnant females (Carneiro et al., 2010). 

                                                        
76 With one apparent exception of the rabies virus, noted above: Lu et al. (2013). 
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More recently, a sample of 26 non-hematophagous bats (half of them Artibeus lituratus, a 

frugivore; the rest were various species of insectivorous bat) submitted for testing in São 

Paulo state found that, apart from all brain and salivary gland samples being positive with 

PCR analyses for a vampire bat-related rabies virus, all other tissues tested were also positive 

in some individuals, with some evidence for differences between A. lituratus and the others 

(Allendorf et al., 2012). Thus a high proportion of positive results (> 60%) was obtained for 

samples of the tongue and the lungs; for the stomach and, in A. lituratus, the intestines (cf. 

40% in the faeces of these and the other bats); and for the bladder and, in A. lituratus, the 

kidney (cf. 40% for other bats).  

Regarding other lyssaviruses, there is growing evidence that the tongue may be a major target 

in naturally-infected bats based on PCR analyses, as found by Allendorf et al. (2012). 

Amongst other phylogroup I viruses, there is evidence for European bat lyssavirus type 1 in 

various species (Serra-Cobo et al., 2002); and for type 2 in naturally-infected My. 

daubentonii (Johnson et al., 2006a). Similarly, in group II, high concentrations of Lagos bat 

virus were detected in the tongue of a rabid Ei. helvum, as well as in oral and nasal swabs 

(Kuzmin et al., 2008). In anticipation of the following section, experimental infection of Ep. 

serotinus with European bat lyssavirus type 1a resulted in evidence for the infection of the 

taste buds and associated epithelial cells as an alternative route for viral shedding after 

intracranial injection in a bat which died of infection (Freuling et al., 2009); it is intriguing to 

speculate that this might also be an alternative means for infection in the first place and, if so, 

could even serve as a positive feedback loop to boost infections when viral excretion by the 

salivary glands is low.  

Concerning the urinary system in naturally-infected bats, there is evidence amongst other 

phylogroup I viruses for European bat lyssavirus type 2 in the bladder of My. daubentonii 

(Johnson et al., 2006a). For Lagos bat virus (group II), antigen was restricted to the 

innervation of the bladder of an Ei. helvum, considered to exclude the urine as a route for 

viral excretion (Kuzmin et al., 2008). In the case of group III viruses, there was evidence for 

Bokeloh bat lyssavirus in the kidney and bladder of My. nattereri, although only as trace 

amounts of viral RNA (Picard-Meyer et al., 2013). 

Regarding the lungs, there is evidence amongst other phylogroup I members for European bat 

lyssavirus type 1 in these and the upper respiratory tract in various species as a result of 

natural infection (Serra-Cobo et al., 2002). In the case of group III viruses, there was trace 

evidence for Bokeloh bat lyssavirus in My. nattereri (Picard-Meyer et al., 2013). 
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2. Experimental Studies with Rabies and Related Viruses in Bats  

Caveats considered above regarding in vivo studies on terrestrial mammals (see Section III.4) 

apply equally to bats; there would appear to be no in vitro studies. Thus differences in dosage 

of viruses, together with their origin and prior passage history in tissue culture, without any 

standardisation, confound making any but the broadest generalisations; as does the history of 

the bats being tested and whether they had previously been exposed to virus in the wild 

(Banyard et al., 2011). Also, as noted above, there is the problem of interpreting serological 

studies in the absence of any rigorous standardisation of assay protocols to make it possible 

to compare results from different laboratories (Baker et al., 2014; see also e.g. Freuling et al., 

2009, 2015).  

Moreover, there is the need for caution in interpretation, since the bats may be stressed due to 

the unnatural holding and associated husbandry conditions (Constantine, 1967, 2009; 

Freuling et al., 2009), although the latter authors suggested that the regular provision of food 

under captive conditions would alleviate stress for laboratory-adapted animals. Based on 

laboratory studies with plasma glucocorticosteroids as the proxy for assessing stress, 

circulating basal hormone levels were unusually high in established captive colonies of two 

species of megachiropteran (Old World) fruit-bats tested as compared with three species of 

neotropical microchiropterans, comprising captive colonies of two species of frugivore and 

one species of insectivore sampled in the wild (Widmaier et al., 1994); levels were further 

elevated by handling stress, together with that of adrenocorticotropin (ACTH: a major 

regulatory control of their secretion, with pre-stress levels which were typical for other 

mammals) in the fruit-bat Pt. hypomelanus. In the absence of information regarding the 

feeding of captive colonies, it is not clear whether elevated levels of corticosteroids are the 

result of a generalised stress response or perhaps problems with the availability of amino 

acids and the need for catabolic recycling.77 In turn, activation of the pituitary-adrenocortical 

axis might be expected to impair immune function, unless compensatory countermeasures are 

taken.  

                                                        
77 Studies on vampire bats caught in the wild indicate relatively high ‘baseline’ levels of glucorticoids 

(the duration of time in the net before sampling is a confounding factor) and a very high 

responsiveness of these to ACTH compared with a frugivorous species of phyllostomid bat and 

other mammals, which was suggested to be diet-related as a result of the need for D. rotundus to 

mobilise reserves at times when foraging proves suboptimal (Lewanzik et al., 2012); this is over 

and above evidence for genomic and microbiomic evidence for positive selection for the ability to 

handle the problems associated with their nutrient-poor, potentially pathogen-rich diet in the first 

place (Zepeda- Mendoza et al., 2018). 
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Experimental studies on the effects in Brazilian vampire bats of a rabies virus, isolated from a 

naturally-infected conspecific and injected intramuscularly, indicated that there was evidence 

for a dose-dependent effect on bat mortality over a tenfold stepwise range  from 102-105 

MICLD50 (mouse intracerebral lethal dose for 50% mortality), with the lowest being 

ineffective and the highest leading to six of ten recipients succumbing; survival times for 

those which died were negatively correlated with dose (Almeida et al, 2005). Rabies virus 

was detected in all of the ten bats which died (eight as a result of the paralytic form, with 

none showing the furious one),78 as well as in the salivary glands of 40-60% of them, the 

latter depending on the virus test-procedure used. All apart from one of the survivors on the 

lowest dose showed virus-neutralising activity on day 30 – by which time all of the highest 

dose mortalities (6/10), as well as half of each of those resulting from the two intermediate 

doses (1/10), had occurred – which decreased thereafter with evidence for a variability in 

antibody response not related to the original dosage.  

Another study, on vampires from Mexico (Aguilar-Setien et al., 2005), reported that 11 of 14 

bats receiving a higher dose (106 MICLD50) of another vampire bat variant succumbed within 

30 days of inoculation without any evidence for virus in their saliva; on the other hand, the 

other three remained healthy for at least two years thereafter, with virus being transiently 

isolated from the saliva early on – once in two at six days after injection and at 21 days in the 

third.79 The authors suggested that, in the lack of any knowledge about the history of the 

recipients, the survivors might have benefited from an anamnesistic response to a previous 

infection.     

Vampire bat variants have also been used to determine their infectiveness in other bats, as 

presumed by some hypotheses regarding the origins of indigenous American strains. Thus, 

for example, the virus when tested in Artibeus intermedius (a phyllostomid which is 

frugivorous) was found to lead to the death of only one of three bats inoculated with an 

intermediate dose intramuscularly, with no evidence for behavioural or neurological changes; 

surprisingly, none of the three receiving the same dose intracranially succumbed (Obregón-

Morales et al., 2017). Surviving bats which received intramuscular or subcutaneous injections 

showed a transient seroconversion.  

                                                        
78 Symptoms were only manifest after the affected individual was isolated.  
79 Saliva samples of all living bats were taken daily for the first 30 days, then weekly for two months, 

and finally one and two years later. 
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Interpretation of the results of experiments with North American bats would also seem to be 

complicated: that there is not a simple all-or-nothing response has also been reported from 

studies on North American bats with regard to sero-conversion and/or the development of 

manifest disease. In part, this may reflect differences in the mode of administration: 

intracerebral injections of lyssavirus are more commonly associated with pathologic effects, 

compared to other more natural forms of administration to the periphery (reviewed by 

McColl et al., 2000; Banyard et al., 2011, 2014a).  

Thus, for example, an early study on T. b. mexicana (Baer and Bales, 1967) found that the 

effects of exposure to virus from a rabid conspecific varied with the mode of administration. 

Compared with intracerebral injection, intramuscular, subcutaneous and intranasal routes 

were less effective in terms of resulting mortalities, with the anomalous result of one bat 

receiving the lowest of the four doses by the last procedure; moreover it was the only other 

bat to manifest the ‘furious’ behaviours seen in those which succumbed after intracerebral 

injections. With regard to mortalities, there was evidence for a spread of when these 

occurred, being up to six months (when one survivor was found to have antigen in its brain, 

as well as in those other organs tested without any evidence for neutralising antibodies: it is 

not clear how bat #17 had been treated). There was evidence for salivary virus-excretion in 

all bats which died, as well as one of the bats which survived after receiving the lower 

intramuscular dose other tissues which included evident rabies virus were the brown fat, 

kidneys, and lungs. Neutralising antibodies were detected in six of the 52 which survived, 

including two which received intracranial injections. 

In a study on the little brown bat (My. lucifugus), Davis et al. (2013a) reported that the 

primary inoculation of an enzootic strain, one (Efv2) from Ep. fuscus or SHBRV into the 

deltoid muscle led to a more rapid onset of clinical disease than was the case for overlying 

subcutaneous injections for those bats which developed clinical disease, although the two 

receiving injections by the latter route which developed clinical symptoms were the only ones 

to intermittently shed virus in their saliva for up to 18 days previously.  

In the case of the big brown bat (Ep. fuscus), tests on a captive colony of 38 bats with 20 

receiving an intramuscular injection of a viral isolate from a conspecific and comprising 11 

groups with 1-3 uninfected and infected members (Jackson et al., 2008) found that the mean 

incubation period was 24 days (range 13-52 days, N = 16), with the three which succumbed 

first failing to seroconvert. Salivary excretion of virus was detected in only two individuals, 

and there was no evidence for onward transmission to the controls. The four survivors had 
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detectable antibody titres which peaked within the first two months, thereafter declining to 

below threshold by the end of the 140-day experiment.  

Another experiment with this species compared the effects after intramuscular injection of 

two variants – Efv1 and Efv2 – isolated from rabid conspecifics (Davis et al., 2013b). 

Mortalities associated with paralytic-like behaviour were only seen with the second viral 

variant, with six of the 11 either succumbing or being put down; interestingly,80 however, two 

of the six receiving the higher dose recovered from their rabies-like clinical symptoms as a 

result of supportive care (hand-feeding, etc.) and moreover these were two of the four which 

tested positive for virus in their oral swabs in the meantime. Like most of those receiving 

Efv1, Efv2 induced a neutralising antibody response all recipient bats apart from one of those 

which died; based on monthly samples, antibody titres often showed an initial increase before 

thereafter generally declining. Another group of bats, comprising five which had been 

seropositive for neutralising antibodies at the time of capture six months prior to the start of 

the experiment, survived inoculation with the higher dose of Efv2; whilst they had become 

seronegative by the start of the experiment, three of the five showed a marked increase in 

titres one month later (Davis et al., 2013b).  

Other studies on Ep. fuscus indicated that there was a relationship between the effects of 

initial exposure to an enzootic variant of the rabies virus and whether there was a 

pathological response after intramuscular injection (Turmelle et al., 2010a): mortalities were 

where there was a reduced immune response (as assessed by the development of neutralising 

antibodies) and were independent of the dosage administered. Thereafter, when surviving 

bats were given a second injection 175 days later with the highest dose, there were 

comparable levels of mortality; a further challenge of the remaining survivors with the 

highest dose another 130 days subsequently was associated with reduced mortalities. 

Monitoring of titres of neutralising antibodies indicated that these were elevated transiently 

after inoculation; thus it was proposed that susceptibility may be reduced by repeated 

infections as a result of anamnestic immunological responses (Turmelle et al., 2010a). The 

transient nature of the experimentally-induced immune response contrasts with evidence that 

naturally-infected Ep. fuscus may maintain prolonged elevations of neutralising antibodies 

(Shankar et al., 2004). To further confuse things, there may be differences between species in 

the nature of experimentally-induced acquired immune response, as suggested by a study on 

T. b. mexicana (Turmelle et al., 2010b) where a commercial monovalent inactivated rabies 

                                                        
80 The authors caution not to read too much into this! 
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vaccine induced the production of neutralising antibodies which remained in a proportion of 

bats one year later.81  

In an experiment comparing the effects of intramuscular injection with either of two variants 

of the fixed CVS-24 strain in the frugivorous Artibeus jamaicensis, it was found that one of 

these led to pronounced neurologic symptoms (cf. paralytic rabies) which were associated 

with a much more widespread infection of the brain (with no evidence for apoptosis) as 

compared with the other where clinical effects were not apparent (Reid and Jackson, 2001); 

unfortunately there is no mention of salivary levels, presumably due to the experiment being 

designed .to track the short-term time course of the respective variants on the progress of 

brain infection.  

As more realistic than intranasal administration, Davis et al. (2007) tested the effects of 

exposure to aerosols with isolates of viral strains from Ep. fuscus (Efv1), T. b. mexicana or L. 

noctivagans (SHBRV) on T. b. mexicana and Ep. fuscus (four of each species for each 

strain). All bats developed a neutralising immune response after a single 80-minute exposure. 

Whereas four of nine mice exposed to similar aerosol regimes at the same time succumbed 

(see above), there were no mortalities over the subsequent six months; however an 

intramuscular challenge with Efv2 from Ep. fuscus at this time led to half of each species 

developing paralytic rabies. The authors speculated that, although the bats had been 

quarantined for 6-8 months prior to the experiment, they may have been previously exposed 

and thus sensitised to rabies viruses (see also Davis et al., 2013c). 

Experimental studies with the enzootic Australian bat lyssavirus or a variant of the rabies 

virus from Ep. fuscus in the fruit-bat Pteropus poliocephalus after intramuscular injections 

found comparable effects. A proportion of bats died after either virus; whilst the latter was 

detected in the brain, none was found in the saliva, possibly because the affected bats were 

sacrificed soon after the appearance of clinical symptoms. There was variability in the extent 

of development of an immune response, with sero-conversion only seen in a proportion of 

those which did not manifest clinical symptoms by the time the experiment was terminated 

three months later (McColl et al., 2002).  

Banyard et al. (2011) have summarised experimental studies on Eurasian lyssaviruses. In the 

case of European bat lyssavirus type 1a, subcutaneous injections were associated with higher 

mortalities than by way of the intramuscular route in Ep. serotinus, with one bat shedding 

                                                        
81 The presence of an adjuvant may have led to a more pronounced immune response, however. 
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virus in its saliva (Freuling et al., 2009); somewhat similar results were found for European 

bat lyssavirus type 2 in My. daubentonii (Johnson et al., 2008). Immunohistochemical studies 

of an Ep. serotinus which died after intracranial inoculation of European bat lyssavirus type 

1a identified viral antigen not only in various areas of the brain but also throughout the spinal 

cord including in dorsal and ventral horn neurones; as well as in autonomic ganglia and the 

innervation of the tongue and salivary glands, but not in the secretory or ductal epithelial cells 

of the latter (Freuling et al., 2009). Intriguingly, as noted in the foregoing section, the profuse 

infection of the taste buds together with the associated epithelium of the tongue suggests not 

only a possible route for viral shedding but also for initial infection and/or as a positive 

feedback route.  

Testing the European bat lyssavirus type 1 in the North American Ep. fuscus led to 

mortalities after intramuscular injections, with latency being shorter for the higher dose; no 

mortalities were seen after intradermal administration (via scratches on the leading edges of 

the wings: associated with problems of ensuring a standardised dosage) or after intranasal or 

intra-oral inoculation (Franka et al., 2008). Behavioural changes preceding death included 

evidence for furious rabies in some cases. There was a transient seroconversion after the 

intramuscular and intradermal protocols, with a more rapid decline for the latter, but not with 

intranasal or intra-oral administration; seroconversion was also seen in bats which 

subsequently died. Virus was occasionally detected in the saliva of bats which subsequently 

died, as well as the salivary glands, the oropharyngeal area, the lungs, brown fat, pectoral 

muscle, kidney and bladder of some post mortem; on the other hand, it was also detected in 

the saliva of one bat 28 days after receiving a high dose intramuscularly which survived for 

the remaining 63 days but did not seroconvert (Franka et al., 2008).  

Three other members of phylogroup I, the Aravan, Khujand and Irkut viruses from eastern 

Eurasia, have been tested in Ep. fuscus from North America (Hughes et al., 2006). Mortalities 

were moderate, with virus not spreading to co-habiting uninjected bats, despite sporadic 

isolation of virus from the salivary glands and oral swabs within five days of detectable 

clinical disease. Apart from the brain, Irkut virus RNA was also detected in the salivary 

glands, brown fat, lungs, bladder and, to a lesser extent the kidneys; on the other hand, that 

for the Aravan and Khujand viruses was mainly found only in the brain. 

In the case of phylogroup III, Kuzmin et al. (2008e [abstract]; see also Banyard et al., 2011) 

reported that experimental infection of 21 Ep. fuscus with West Caucasian bat virus led to the 

deaths of three of 15 animals inoculated intramuscularly between 10 and 18 days later; the 
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remainder survived until the experiment was terminated after six months (with four having 

sustained seroconversion), as did all six where the virus was administered orally. Apart from 

the fact that the subjects were North American bats, interpretation of these results is further 

confounded by the fact that some had been used in previous studies of the Irkut virus and still 

had neutralising antibodies against the latter 12 months later, at the end of the subsequent 

experiment.  

3. The Dynamics of Lyssavirus Transmission in Bats 

Various authors have noted that, where information is available, the circulation pattern of 

lyssaviruses in bats would appear to be different from those described in most carnivoran 

studies (e.g. Kuzmin and Rupprecht, 2007). Moreover, there is evidence for differences 

between colonial and solitary North American species with regards to the pathogenicity of 

enzootic strains: gregarious species appear to be less susceptible to infection than solitary 

ones and thereafter manifest mainly paralytic symptoms, in contrast to the latters’ furious 

presentation (Kuzmin and Rupprecht, 2007; Constantine 2009; Banyard et al., 2011).  

As briefly reviewed in Section IV.1, several studies on wild colonies of North American and 

European bats have linked peaks in transmission to the seasonal establishment of maternity 

roosts and the influx of immunologically-naïve young, once their maternally-derived passive 

immunity has worn off (e.g. Steece and Altenbach, 1989). Constantine (1986) failed to find 

evidence for foetal infections in 15 dams of T. b. mexicana or smaller numbers of four others 

submitted for inspection, although subsequent studies based on the establishment of a foetal 

cell-line from the first of these species suggest that infection may occur in utero but be below 

the threshold for detection in the assays being used at the time (Steece and Calisher, 1989; the 

rabies status of the mothers was not tested, although they were “clinically normal”).  

i. Background Modelling Studies Theoretical analyses by Dimitrov et al. (2007, 2008; 

Dimitrov and Hallam, 2009) were based on the overall results of surveys of T. b. mexicana in 

North America, a migratory bat which summers in often vast colonies in the southwestern 

United States, where there is a marked disparity between viral prevalence (1-4%) and a much 

higher neutralising seroprevalence (up to 65% or more) (see also Section IV.1.ii). Dimitrov et 

al. (2007) proposed an individual-based immune response model where bats infected with a 

dose below a particular survival threshold value were able to develop an acquired immune 

response which eliminated most of the virus; thus they survived infection, in contrast to those 

receiving supra-threshold inocula. According to their model, the waning of antibody levels in 
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the survivors thereafter led to the recrudescence of the virus and thus of circulating antibody 

titres in an oscillatory fashion which could potential allow intermittent onward transmission 

of infection, provided that residual virus remained after the bat’s original infection.  

Subsequently, Dimitrov et al. (2007, 2008; Dimitrov and Hallam, 2009) developed a new 

class of ‘adaptive epizootic models’ to analyse and thereafter make predictions, based on the 

evident variation in intra-host viral dynamics within bat populations as a result of between-

individual diversity. On the one hand, this may reflect differences between individuals in the 

inoculum dose(s) received and the consequent infectivity of these; in part, this will depend on 

differences in the adaptive (acquired) immune responses of individual bats, given that large 

inocula can pre-empt the development of the latter. 82  Their model also included an 

‘impulsive’ birth mechanism 83  whereby the seasonal production of young led to the 

emergence of a naïve population. Subsequent models incorporated not only different 

ecotypes84 (referring to individuals originating from different geographical areas, and thus 

different experiences of disease) but also the impact of diversity, leading to the identification 

of various ‘immuno-types’, based on differing levels of immunocompetence.  

However, as Dimitrov et al. (2007; see also Rupprecht et al., 2011) note, a major (potential) 

issue is that there is no evidence for bats being able to act as infectious carriers of rabies virus 

in this way, although it may apply for other diseases where there is evidence for this. This 

will be considered further in Section V.  

ii. Vampire Bats The impact of rabies spill-overs from D. rotundus on the cattle industry in 

Argentina stimulated an early interest in this field. This provided evidence for seasonal 

outbreaks of rabies related to roosting and migratory behaviour associated with reproductive 

cyclicity and the resultant peaks in numbers of immunologically naïve young bats associated 

with seasonal rainfall (Lord, 1980, 1992; see also review by Blackwood et al., 2013a). 

Superimposed on this was the longer-term spread of zoonotic outbreaks along the course of 

rivers in South America, with evidence that rabies lyssavirus may be a ‘migratory 

                                                        
82 The authors excluded initial susceptibility and the associated role of the innate immune system 

(reflecting the evolutionary history of individual bat’s ancestral lineages and the consequences of 

past positive selection processes) due to a paucity of information regarding the latter. 
83 i.e. one where there is a periodic driver for the resurgence of infection, once any maternally-derived 

immunity has worn off.  
84  An ecotype comprises individuals which have identical characteristics relative to a particular 

environment; immune-types are one subcategory, based on the categorisation of overall differences 

in immune responses. 
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epizootic’.85 Thus there has been evidence for the virus spreading southwards as a wave in 

northern Argentina, to infect immunologically naïve colonies at a rate of about 40 km/year; 

about 24% of bats were virus-positive on the crest of the wave, with associated spillings-over 

into cattle (Lord, 1980). The spread was mainly along rivers (see also Kobayashi et al., 2008) 

or via roosts at waterholes. About the same percentage of bats were seropositive in its wake, 

with varying percentages (including some high ones) of virus-positive bats also being found 

at various times thereafter; presumably the latter serve as the origin of another wave about 

four or more years later, when enough immunologically-naïve new bats have entered the 

population. As a result, extermination of bats in area 30 by 50 km and sealing off their 

previous water-hole roosts interrupted the advance of a wave of rabies in cattle which had 

been advancing for the previous 14 years, although it did proceed onwards in the area to the 

west (Fornes et al., 1974). Lord (1980) refers to similar migratory waves of rabies elsewhere 

in South America, including an epidemic on the island of Trinidad between 1923 and 1937 

which originated in large towns and then spread southwards to progressively smaller ones; 

evidence implicated bats for its passage, with no evidence for introduced Indian mongooses 

being involved (Mungrue and Mahabir, 2011; Seetahal et al., 2017). 

Later studies in the same area of Argentina (reviewed by Streicker et al., 2012c) indicated 

that such a migratory pattern had been replaced during the period 1984-1993 by the virus 

circulating locally. Thus Torres et al. (2014) reported that, rather than periodic eruptions, 

there was the continuous threat of bovine rabies during the period 1991-2009, as a result of 

local enzootic cycles with variable persistence. Similarly, a long-term study of the same 

species of bat in Peru (where rabies is an emerging infectious disease) found no evidence for 

such a wave-like spread based on serological studies (Streicker et al., 2012c; Blackwood et 

al., 2013a, b; Condori-Condori et al., 2013); instead, there was a sustained circulation within 

each of the four regions sampled over a period exceeding three years, although it varied over 

time. Seroprevalence was highest in juvenile and sub-adult bats with no decline during the 

first year of life and was unlikely to be as a result of maternally-derived antibodies; it was 

suggested that infection contributed to the 50% mortality rate during this time (Streicker et 

al., 2012). Presumably there was an initial migratory component leading to the recent 

invasion of the disease across the Andes from the Amazon basin as a result of movements of 

males between roosts, females being more philopatric and thus constituting genetically-

                                                        
85 Reminiscent of the ‘wave hypothesis’ as one possible explanation for the spread of Zaire ebolavirus 

as seen in African great apes (Walsh et al., 2005; Biek et al., 2006; see also Quammen, 2014).  



Angus D. Munro 

 

112 

 

isolated populations (see also Huguin et al., 2017); modelling analyses projected that the 

virus would reach the Peruvian coast by 2020 (Streicker et al., 2016). Streicker et al. (2012c) 

concluded that there was no evidence for population density thresholds for viral invasion and 

extinction, with exposure independent of bat colony size: they suggested that frequency-

dependent transmission reflected the fact that bats are limited in the number of neighbours 

that they can bite (or groom: Lord, 1980), which would seem to assume that each bat 

occupies the same resting site over time in a roost (which might be reasonable in large 

colonies, given the evidence for reciprocal altruism: Wilkinson et al., 2016).86  

Using simulations based on the findings of Streicker et al. (2012c) and the assumption that 

transmission was frequency- rather than density-dependent, Blackwood et al. (2013a, b; see 

also Johnson et al., 2014) concluded that viral persistence in vampire bats was dependent on 

two factors: a high frequency of nonlethal immunising infections (estimated to represent 

about 90% of all infections), together with the movement of infectious bats between roosts as 

a local metapopulation. The simplest susceptible-exposed-infected-recovered model (I) was 

found to best fit the field observations, resting on the underlying assumption that there was a 

spatial asynchrony in infectivity between roosts in a region: exposed bats either develop a 

non-immunising87 infection (subsequently leading to onward transmission of the virus) which 

is always lethal or enter a non-infectious state with temporary immunity (Blackwood et al., 

2013a). One of the three alternatives (model IV), which presumed life-long immunity to 

abortive infections, was also dependent on immigration but fitted the observational data only 

poorly. The remaining two models, which postulated either recovery from a transient 

infectious state (model II) or immune-boosting as a result of increasing force of infection and 

the resultant delayed return to a non-immune state (model III), were found to be possible, 

albeit less robust alternatives. This model contrasts with that proposed to underlie the 

presumed mechanism underlying the epizootic wave in that the latter was (assumed to be?) 

driven by mortalities during its passage. 

iii. Big Brown Bats The growing appreciation that spill-overs of particular strains of rabies 

virus from North American bats pose a potential risk to humans has also led to many 

                                                        
86 This reflects the fact that, apart from water, ingested blood is only high in protein, with the need to 

convert the latter for short-term energy production rather than use food-derived carbohydrate 

reserves for a longer-term insurance (Naish, 2007a), which presumably acts as a constraint to render 

these bats relatively sedentary.  
87 This assumes a situation similar to dogs and humans, for example; however various studies in bats 

suggest that an acquired immune response may develop in at least some species (including 

vampires) prior to the development of classical clinical symptoms (see Section IV.2). 
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experimental studies, as briefly reviewed in Section II.2. The big brown bat (Ep. fuscus) is 

not a major source of human spill-overs (Messenger et al., 2003) but provides a useful model 

for the characterisation of the infection dynamics within a closed population of bats, although 

the situation is complicated by the presence of at least two variants – Efv1 and Efv2 – with 

only the latter leading to clinical effects and mortalities after intramuscular injection (Davis et 

al., 2013b). The data from one extensive five-year study on a non-migratory population of 

Ep. fuscus in Colorado were used by George et al. (2011) to compile a model to investigate 

the possible means by which this virus may circulate and be maintained. It was assumed that 

infection was lethal to the bats; thus those with rabies neutralising antibodies were deemed to 

have been exposed to an abortive infection, rather than being recovered from a (subclinical) 

infection. They proposed that hibernation and facultative torpor at other times, by reducing 

not only a bat’s immune activity but also viral replication rates, allowed the average 

incubation period of an infection to be prolonged so that the virus is more likely to be 

sustainable in the population through transmission to the young in maternity colonies the 

following year. Runs of the model where there was no hibernation period (such as would be 

the case for tropical bats) consistently led to high mortalities, especially amongst juveniles, 

and population crashes. Their models also indicated the importance of viral incubation period 

for sustainable infectivity: too short a time meant that there was likely to be epizootic fade-

out prior to hibernation due to reduced chances of transmission after bats have dispersed.  

Based on serological data from a number of urban maternity roosts of Ep. fuscus in Colorado 

over a period of up to five years, O’Shea et al. (2014a) found that a greater proportion of 

adult females (up to almost half in some roosts) had neutralising antibodies than did males, 

which they related to the former tending to roost more closely together. Seroprevalence also 

increased with age, being lowest in juveniles, apart from those which presumably had passive 

immunity from their mothers, and one-year-old males. Survivorship of marked individuals 

was not affected by whether they were seropositive or not, with some later becoming 

seronegative: infections were presumed to be abortive, given that no rabies virus was detected 

in swabs or post mortem samples of seropositive bats.    

Logistic regression analysis failed to find any relationship with female reproductive 

condition, the number of fresh puncture holes in the wing that might represent recent bites 

from other bats, days elapsed since prior sampling or the mean minimum and maximum 

ambient temperatures for the five preceding days (O’Shea et al., 2014a). The transition of 

adult females from seropositive to seronegative was best explained by a model based on the 
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year of sampling, being more likely in 2004 and 2005 as compared with 2003; whereas the 

opposite transition was reflected by an evident progressive intra-seasonal spread of (abortive) 

infections within the individual roosts as a result of (density-dependent) contagion. Moreover 

there was an interaction between the year of sampling and the within-season day of sampling 

which influenced the likelihood of an adult female being seropositive at first capture, 

associated with a consistent pattern across adults in all five of the roosts sampled over the 

period 2001-2005, with the frequency of seroprevalence being lowest in a drought year with 

high local insecticide use (2004) and highest in a more ‘normal’ year (2003). O’Shea et al. 

(2014a) proposed that that the differences between 2003 and 2004, in particular, might be 

explained by levels of environmental stress, such that increases in the latter may lead to the 

depression of antibody production (in terms of amplitude and/or duration), presumably in the 

face of a constant potential infection pressure. Whilst they cite Constantine’s (1967, 2009) 

previous ideas as being consistent with this hypothesis, it is important to note an important 

difference: the latter author was speculating about the occurrence of active rather than 

abortive infections, with stress leading to infection-mediated mortalities during migrations of 

the likes of T. b. mexicana, presumably as an impairment of overall immune function. 

These authors went on to compare their field observations with the extensive experimental 

findings from their and others’ laboratories on the same species (briefly reviewed above in 

Section IV.2). They noted the consistent evidence that seropositivity may wane over time, 

although a residual anamnestic response, seen in laboratory populations, may serve to protect 

against exposure to future infections (and thus complicate the interpretation of experimental 

studies with wild-caught bats of unknown exposure-history: Davis et al., 2013c). They 

further suggested that ‘stress’ from decreased food availability due to changes in potential 

prey populations may attenuate the trajectory of immune responses to viral exposure, at least 

in part through the pituitary-mediated production of glucocorticosteroids. 

iv. Other Lyssaviruses As considered above (Section IV.2), infections with European bat 

lyssavirus type 1 have been found to have a seasonal component based on studies in Spain 

(where bats do not hibernate), primarily of mixed maternity roosts of what is considered to be 

the main reservoir host (Eptesicus spp.) as well as other species. Amengual et al. (2007) 

considered that infection was in the process of becoming established in one of two colonies 

they studied, associated with evident oscillations in the low levels of seroprevalence and 

positive blood-clots between successive years, but that these had stabilised at relatively high 

levels in the other; based on data for the latter, they were able to estimate the host population 
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fraction that was susceptible at equilibrium and thence derived a value for the basic 

reproductive number (their ‘R0’) of 1.706.88  

Based on these and follow-up studies, Serra-Cobo et al. (2013) found that overall 

seroprevalences varied between 3 and 37% amongst 68% of 25 sampled roosts, 89  with 

neutralising antibodies in 13 of the 20 species from the four different families sampled, 

wherein seroprevalence varied between 11.1 and 40.2%.90 Of 45 dead bats, 12 were positive 

for viral RNA, in six out of seven species; whilst 2% of blood-clots were positive from six 

out of the seven species where such samples were analysed. They used the seroprevalence 

data for the period April to October (when bats were more active and infection rates were 

higher) and five potential explanatory variables (taxon, month, sex, colony size and species 

richness) to determine possible ecological drivers for infection using a generalised linear-

mixed model. The four variables other than sex explained more than 90% of the variability. 

Based on this analysis, July was the peak month, when maternity colonies were mostly 

present; vespertilionids were most likely, compared with members of the families 

Miniopteridae and, especially, Molossidae and Rhinolophidae, perhaps reflecting differences 

in susceptibility to initial infection and/or the nature of the subsequent immunological 

response in relation to phylogenetic distance. Also, seroprevalence was higher in larger 

colonies, perhaps related to host density and contact rates; moreover the impact of colony 

size was increased if it included at least three different species, suggesting that density-

dependent increases may involve other dimensions (including the import of virus by 

migratory bat species, for example). 

A subsequent analysis of these serological data over the period 1995-2011for three maternity 

roosts on the Balearic islands with mixed bat populations 91  found high levels of 

seroprevalence for European bat Lyssavirus type 1 (Pons-Salort et al., 2014); the fact that the 

same viral sequences were identified on both islands indicated that there was an exchange 

                                                        
88 The average number of other bats a productively-infected bat would be expected to infect in a 

wholly susceptible (i.e. immunologically naïve) population (Viana et al., 2014). For comparison 

with rabies virus in dogs, Hampson et al. (2009) found an R0 of ≈ 1.2 from a study in areas 

adjoining the Serengeti National Park in Tanzania and values of less than 2.0 elsewhere in its range, 

using different models. However, it should be noted that this parameter depends on the assumption 

that all members of a particular population have not been previously exposed to the contagion in 

question – something questionable in the case of the Balearic bats, at least – and that the susceptible 

population is homogeneous, rather than being a metapopulation comprising different species with 

(presumably) different pre-adaptations of their innate immune systems. 
89 In northeastern Spain and the Balearic Islands. 
90 The latter figure for 270 My. myotis; cf. 16.4% for 19 Ep. serotinus. 
91 Mi. schreibersii, My. capaccinii, My. myotis and R. ferrumequinum. 
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between the three metapopulations surveyed, without any input from Ep. serotinus (generally 

considered to be a normal reservoir), and no evidence for contact with the Spanish peninsula. 

The model assumed that infection was seasonal and frequency-dependent, leading to transient 

rather than life-long immunity without any increase in mortality. As with the original 

sampling data, this suggested that, rather than persisting in the long-term in each of the 

metapopulations, there were fade-outs at various times followed by viral re-introduction in 

the absence of Eptisecus spp.; Mi. schreibersii emerged as being the likely local reservoir 

host, despite My. myotis being twice as abundant.  

4. Conclusions  

Field evidence indicates that only a small proportion of a bat population is likely to be 

actively infected with a lyssavirus at any one time, based mainly on the analysis of brain and 

salivary samples; whereas there is evidence of often widespread past infections (abortive or 

otherwise) based on seroprevalence studies. Experimental studies using other than the 

intracranial route for administration give an inconsistent picture with regard to survivorship 

and (transient) seroconversion (reviewed by McColl et al., 2000; Turmelle et al., 2010a); it 

has been proposed that the high seroprevalence rates against lyssaviruses in certain wild 

populations of bats suggest that either many bats have recovered from a prior clinical 

infection or they have been exposed (possibly repeatedly) to subclinical infections which 

were abortive due to a pre-emptive immune response and thus presumably failed to spread to 

infect the nervous system (reviewed by Banyard et al., 2011, 2014a; Barrett, 2011; Kuzmin et 

al., 2011). Thus the riddle appears to distil down to, as Banyard et al. (2011) put it, “Bat 

lyssavirus serology: Infection or exposure?” Furthermore, exposure of whatever sort may be 

even higher: Banyard et al. (2011) have argued that the use of neutralisation tests to identify 

whether bats had been exposed might be too rigorous, especially given the findings of 

Turmelle et al. (2010a) regarding transient albeit anamnestic responses; they suggested that 

the use of more general tests (e.g. ELISA-based) for rabies-related antibodies be also used to 

screen potential experimental subjects (see also Moore and Hanlon, 2010; Moore et al., 

2017). 

Studies on the development of rabies infections in bats are necessarily long-term, largely 

resting on the presumption that the sole mechanism for establishment and onward 

transmission is the same as has been documented for ‘classic’ rabies infections in ‘typical’ 

terrestrial mammals. However, the potentially ‘premature’ termination of many experimental 
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infections may mean that the normal progression towards the full-blown manifestation of 

such clinical symptoms may be pre-empted (Banyard et al., 2011), especially if infective 

cycles have apparently evolved to coincide with an annual pattern of host reproductive 

activity (George et al., 2011). As will be considered further in Section V.3, a variable, often 

prolonged latency is but one dimension of the potential hypothetical range of actions of this 

and other lyssaviruses in bats. 

Vos et al. (2007) have noted that, in contrast to the indigenous American clade of the rabies 

virus and its promiscuous spread amongst microchiropteran bats across the continent (with 

spill-overs into terrestrial carnivorans), the two types of European bat lyssavirus are much 

more species-specific with regard to their natural hosts: most notable is that there has been no 

evidence for natural infections by either of one of the most abundant bat species in the region 

(Pipistrellus pipistrellus), despite extensive surveys. They postulated that, by adapting to one 

particular set of reservoir species through reducing their virulence and pathogenicity (and 

thus the impact their infections on the host population), they reduced their capacity to infect 

other, more distantly related bats (see also Section II.3). 

The epizootic migratory pattern for the initial establishment of rabies infections as it 

expanded its geographical range in vampire bats is reminiscent of that seen for the westward 

spread of a variant of the Cosmopolitan strain in twentieth century foxes in Europe, where the 

lull in its wake was attributed to high host mortalities; there were oscillations in the disease’s 

prevalence over subsequent years (Wandeler, 2004). Such a cyclicity has also been reported 

after sustained spill-overs of rabies into various North American mesocarnivorans (other 

canids, skunks and raccoons) leading to damped oscillations of epidemics alternating with 

inter-epidemics (reflecting those in local population densities); ultimately this leads to a low 

background of sporadic disease outbreaks (Childs and Real, 2007), and thus the likelihood of 

the infection dying out. 

George et al. (2011) developed a model for Ep. fuscus, a non-migratory North American bat 

with a marked seasonal cyclicity, which was based on the assumption that infection with the 

enzootic rabies strain was terminal; the latency between initial infection and the development 

of clinical disease was sufficiently long in order to match the annual cycle of host 

reproduction and the appearance of the next cohort of naïve young as potential replacement 

hosts. This assumption is compatible with studies on rabies in canids and certain other 

terrestrial carnivorans; however, superimposed on this is the need for outbreaks to be tied to 

an externally-driven annual breeding pattern. Thus modelling suggested that the fact that this 
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species undergoes hibernation, with a slowing down of metabolism which acts as a brake on 

viral replication, might help to ensure such an infective cyclicity: this thus represents a 

special case, not applicable to bats resident at lower latitudes or those which migrate there to 

over-winter. 

Studies on other bats have also proposed that the production of a new cohort of bats is related 

to the sustenance of lyssavirus infections. However they do not presume that infections are 

necessarily terminal, but instead that at least a proportion of those bats infected recover, 

based on the results of various experiments involving extra-cranial inoculation. This has 

formed the basis for models of the dynamics of rabies in vampire bats and those of European 

bat lyssavirus type 1 in Spanish populations of insectivorous bats. Thus, for example, instead 

of the damped oscillations seen in certain terrestrial carnivorans (Childs and Real, 2007), 

Amengual et al. (2007) considered that the opposite occurred in their study of two Spanish 

roosts: that there was a trend towards rising to a plateau over the long-term. Such sustained 

circulation within a population clearly requires ‘carriers’, whether as a result of wide 

variation in the latency of initial infection (following the standard model for terrestrial 

mammals: see Section III.2) or due to virus remaining resident thereafter in the brain and/or 

other immune-privileged sites. Contrariwise, it is not clear why the other roost was 

apparently in the initial stages of establishing a new enzootic infection: one possibility 

(Bingham, 2005) is that the virus had previously been maintained in this roost but had died 

out as a result of the build-up of herd-immunity, with viral persistence in the regional 

metapopulation as a whole leading to re-introduction through movements of infected 

individuals between roosts.   

In considering why a strain of rabies virus might become established in particular terrestrial 

carnivores, Wandeler (2004) noted that not only population densities (such that the host 

carrying capacity exceeds a critical threshold: Childs and Real, 2007) and characteristics 

regarding innate sensitivity and the potential to generate a sufficiently productive salivary 

output were likely to be of importance; in addition, general characteristics of the host species 

are also likely to be an additional determinant, given the assumption that an infection is 

invariably fatal. Thus, like dogs, hosts of derived strains not only have a wide distribution 

with relatively high population densities (helping to establish a spill-over in the first place) 

but also are opportunistic, with relatively short life-spans and high reproductive rates as a 

consequence: thus local populations can rapidly rebound after a serious infection. This may 

pattern of damped oscillations may be modulated by individual differences in the properties 
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of the innate immune system and thus resistance to infection, based on short-term evidence 

on evolutionary time-scales (Srithayakumar et al., 2011, 2014; Kyle et al., 2014; Scott and 

Nel, 2016). 

However, as pointed out by Wandeler (2004), this contrasts with the life-history 

characteristics of bats: they are what has traditionally been termed K-selected (Crichton and 

Krutzsch, 2000; Begon et al., 2006). Thus their volant life-style limits the number of 

offspring that a female can carry at one time (both during pregnancy and during the 

subsequent period up to weaning) and, presumably as a result, they have anomalously long 

life-spans for their body-weights, associated with biochemical mechanisms to limit the effects 

of free-oxygen radicals generated during the extreme exertion associated with flight (Zhang 

et al., 2012). Thus Messenger et al. (2003) and others have noted that the K-selected 

reproductive strategy (late maturity and low fecundity) of bats implies the rapid weeding out 

of viruses which have severe effects on the individual; and/or that bats may rely on 

alternative, possibly novel defense strategies to rapidly contain infections received from other 

members of a roost or colony (see also e.g. Kuzmin et al., 2011; Olival et al., 2012, 2015). 

This sets the scene for the following section.  

V. Discussion 

The nature of infection with Rabies virus would seem to pose puzzling aspects. Whilst the 

virus has dramatic and drastic effects in its main terrestrial reservoir host (dogs) as well as 

when these pass it on to certain other earthbound animals (including humans), there is 

evidence that various strains may exist in bats and at least some non-volant mammals 

(including dogs) which are less pathogenic. This poses the riddle of how such seemingly less 

virulent infections might be maintained in their host populations where there are no profound 

terminal changes in virion production (based on salivary samples) with associated changes in 

host behaviour in order to facilitate the likelihood of onward transmission. On the other hand, 

there is the broader enigma of how lyssaviruses might have originated in the first place, as 

presumed spill-overs from arthropods. The subsequent realisation that the cross-over from 

arthropods may have been first to bats would seem to have done little to clarify things, 

arguably because it is generally assumed that rabies and related viruses have the same profile 

of actions in these as in other mammals.  

Viral infections may be either acute, where they are short-lived due to the host either dying as 

a result or the infection itself dying out due to the actions of the host’s immune system after a 
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transient transmissive phase; or they may be chronic, whereby the virus can persist in the host 

in a dynamic and metastable equilibrium as a result of measures taken by the virus to avoid 

sterilising immunity and its being purged by the erstwhile host as a result, whilst also 

minimising its destructive effects on infected cells (Virgin et al., 2009), with various 

alternative strategies being used by particular viruses (Nathanson and Gonzalez-Scarano, 

2016). Classic rabies infections92 exemplify a third strategy, whereby an initial ‘smouldering’ 

infection (Nathanson and Gonzalez-Scarano, 2016) leads to a delayed acute transmissive 

phase after a variable latent period.  

In being neuro-invasive, classic rabies infections – and thus lyssavirus infections in general, it 

would seem to be generally assumed – bear various similarities to those of α-herpesviruses in 

humans. The following will consider the latter as one possible model of a ‘primitive’ strategy 

for the initial productive infection of the nervous system, such as might have led to the 

progressive evolution of dumb and paralytic rabies in a ‘typical’ terrestrial host mammal. 

Thereafter, in order to address the question of how lyssaviruses as a genus may have first 

evolved in bats, various seemingly relevant aspects of the latters’ biology will be briefly 

reviewed, mainly with regard to how this may play a role in the transmission of viruses from 

one host to another, with particular regard to these rhabdoviruses. Finally, one possible model 

for the evolution of lyssaviruses, culminating in that of the rabies virus, will be suggested in 

the light of these considerations.  

1. A Comparison of the Strategies of the Rabies Virus and Selected α-Herpesviruses 

Most studies have been on the Rabies virus in relation to the expression of the classical 

aetiologies of furious and paralytic rabies, leading to the conclusion that this virus is 

extraordinarily well adapted to infection of the mammalian nervous system (Lafon, 2016). As 

such, studies in terrestrial mammals have started to unravel the sophisticated means by which 

it has the capacity to propagate within its existing host and maximise its potential to spread to 

other hosts thereafter. Thus, as reviewed in Section III, after peripheral inoculation and 

possibly initial amplification in muscle, it migrates centripetally to enter and thereafter spread 

within the central nervous system, to subsequently extend its reach centrifugally to infect at 

least some non-neural tissues, most notably the salivary glands as the source of output of 

virions for potential onward transmission. The latter process is facilitated by the virus also 

                                                        
92 i.e. those manifest as either furious or paralytic cases. 
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acting on the brain itself to induce changes in behavioural output, especially in the case of 

furious rabies (Marston et al., 2018).   

Such an all-encompassing action involving the brain is in marked contrast to what is known 

of other viruses which infect the nervous system. One prototypical example is the pattern of 

infection seen with  human α-herpesviruses, represented by human herpes simplex viruses 1 

and 2 together with herpes virus 3 (varicella-zoster virus) (reviewed by e.g. Eshleman et al., 

2011; Schmidt-Chanasit and Sauerbrei, 2011; Bloom and Dhummakupt, 2016; Nathanson 

and Gonzalez-Scarano, 2016; Zerboni and Arvin, 2016). These double-stranded DNA viruses 

are characterised by having two infective phases where contagion can be passed on to others: 

an initial one shortly after the individual is first infected, before the virus takes up residence 

as a latent infection in the nuclei of cells in privileged tissues to evade the host’s developing 

immune response; and a potential later one after the infection has been reactivated in the 

latter tissues. During the initial acute infective phase, the virus can spread into new hosts 

through the lytic infection of epithelial cells and the release of virions in mucous secretions 

(including in aerosols) as well as with the subsequent development of rashes in the case of 

herpes virus 3.93  It also spreads within the existing host by invading sensory (including 

olfactory) and autonomic nerve terminals in the infected dermatomes, migrating retrogradely 

to establish a latent infection in their centrally-located neurone somata; thereafter, there may 

be restricted local onward transmission to other cells therein, although this is generally very 

limited (reviewed by Mori et al., 2005; Eshleman et al., 2011; Ugolini, 2011;94 Koyuncu et 

al., 2013; Nathanson and Gonzalez-Scarano, 2016). At some indeterminate later date, the 

host’s depressed immune function (including as a result of ageing) and/or various stressors 

may lead to reactivation of the virus which then spreads back down to the self-same nerve 

terminals to re-infect the tissues they innervate and cause a productive lytic infection of the 

latter; in rare cases, a reactivation encephalitis may develop where the virus spreads 

elsewhere in the central nervous system. Thus the overall strategy is to, in the short-term, 

spread infection within an immunologically-naïve cohort and thereafter become dormant in 

                                                        
93 In contrast to the local effects of simplex viruses, after initially infecting mucosal epithelia, herpes 3 

becomes established in dendritic cells of the peripheral innate immune system which migrate to the 

lymph nodes, to then pass virus on to lymphocytes, some of which migrate to the skin and thereby 

infect dermal cells in various areas of the body as well as becoming latent in the associated sensory 

cells after retrograde transport. The infection of immune cells is presumably mediated by the 

formation of immune complexes of circulating virions with antibodies which are subsequently 

sequestered by these cells to release the active virus particles (Nathanson and Gonzalez-Scarano, 

2016).    
94 Based on studies in mice with strains of human herpes simplex viruses. 
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them, through refugia in privileged tissues; thereafter, if signals from the current host suggest 

a potential threat to its viability (and thus that of the virions themselves), the virus reactivates 

and initiates a new infective phase in order to spread, ideally within the next generation of 

immunologically-naïve recipients. In this way, these viruses can maintain sustainable 

infections over the long-term in small, relatively closed populations, circumventing the 

problem of acquired immunity: thus they are considered ancestral human diseases, dating 

back to the common ancestors of the prosimian lineage or before, and thereafter co-evolving 

and thus diverging from those shared with other members of the anthropoid lineage 

(Wertheim et al., 2014).   

Such co-evolution and the associated species-specificity contrasts with the promiscuous 

nature of the rabies virus and its ability to infect members of virtually all groups of eutherian 

mammals to a greater or lesser extent (Hanlon et al., 2013), albeit with evidence for 

subsequent minor selection of particular biotypes in those species where it is able to establish 

a chain of transmission (see Section II.2). Apart from this, a comparison of the ‘herpes 

strategy’ with that of classic rabies indicates two major fundamental differences. First, if 

there is any initial amplification of the rabies virus, it is confined to the host itself, in the 

inoculated muscle of terrestrial mammals at least; in contrast, the initial infection with α-

herpesviruses can also be amplified by spreading to other new hosts.  

The other basic difference relates to the nature of the latent period and the neural circuits 

involved. On the one hand, α-herpesviruses typically infect only those neurones innervating 

the originally infected area; thereafter, reactivation is a simple ‘reflex’ response to particular 

signals from the host which might portend the latter’s imminent demise (e.g. as a result of 

physiological or psychological stressors): it is essentially a passive process, in the sense that 

it is host-driven and involves a closed group of neurones, with the original retrograde flow of 

virions being reversed within the infected neurones to an anterograde one (indeed, ‘reflux’ is 

an equally apt descriptor). In contrast, classic rabies infection of a terrestrial mammal is 

active, in the sense that the virus takes over the host in order to try to gain access to new hosts 

(most especially in ‘furious’ rabies), albeit at the expense of the life of its current one. Thus 

the rabies virus has evolved the means to not only establish a foothold in the 

immunologically-privileged (Wekerle, 2006; Kaplan and Niederkorn, 2007) central nervous 

system but also to then spread between neurones therein and ascend through retrograde 

(dendro-axonal) transmission up via higher-order networks to subvert circuits in the brain 

itself, together with spreading to output targets, all towards the virus’ own ends. In order to 
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do so, the rabies virus has had to acquire the means not only to enter neurones and subsequent 

downstream targets (viz. the salivary gland acini, at least) through the appropriate acceptor 

molecules; but also other strategies to evade detection by those innate immune mechanisms 

functioning in neurones (Lafon, 2008, 2011; Johnson et al., 2010; Scott and Nel, 2016; Zhang 

et al., 2016) in order to replicate for onward transmission across synapses. Furthermore, if 

detected by the innate immune system of neurones, the virus has acquired the means to short-

circuit the resulting neuro-inflammatory response through mechanisms to induce apoptosis in 

any T cells which move in to try to destroy the infected cells (Lafon, 2008, 2011; Scott and 

Nel, 2016; Zhang et al., 2016).  

It is obvious that such an overarching strategy, where the rabies virus essentially 

commandeers the host’s brain towards its own ends, is highly unlikely to have spontaneously 

evolved de novo: there must have been intermediate stages in its progress from an ancestral 

condition, presumably in arthropods, to the present-day highly derived strategy. Furthermore, 

the promiscuous nature of the rabies virus’ potential infectivity means that evolution has 

somehow acted to favour mechanisms which are common to all eutherians, down to the 

details at the molecular level for a variety of tissues, presumably favoured by using host 

acceptor molecules (such as N-CAM) which have been highly conserved during evolution. If 

this extends to include the phenotypes of similar molecules in other animal groups (such as 

arthropods), this will enhance the chances of successful spill-overs. In part, such evident 

flexibility has been suggested to be mediated by ‘quasi-quasispecies’ properties that the 

rabies virus manifests in vitro (Morimoto et al., 1998; see Section III.3.ii).  

Given that lyssaviruses as a genus are generally thought to have originated in bats, the 

following section will consider various aspects of the biology of the latter which may be 

relevant to trying to get to grips with the problem of how this group of rhabdovirids 

originated in the first place and thereafter became established as enzootic in mammals. 

2. Aspects of Bat Biology Pertinent to Their Potential Role as Disease Reservoirs 

As reviewed in more detail elsewhere (e.g. Munro, 2017 and in preparation), there is 

evidence that bats may have been the original hosts for many different groups of viruses, with 

spill-overs leading to the establishment of derived lineages in other mammalian groups. 

Bats (order Chiroptera) have an ancient evolutionary history (Bininda-Emonds et al., 2007; 

Zhang et al., 2012). Today, they form most of the ‘night-shift’ amongst flying vertebrates, 

taking over from the mainly diurnal birds. They sleep during the day, often through hanging 
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upside down by their hind-legs either in solitary locations95 or in often large roosts (Kunz, 

1982); the latter will favour sharing of contagions on a local basis. At night, they disperse to 

forage, potentially sharing such diseases more widely, especially if individuals move between 

roosts; such pathogen-sharing may be even more widespread in those species which undergo 

seasonal migrations in order to track changes in food availability (Rupprecht et al., 2011).  

One suborder (the Megachiroptera; fruit-bats)96 is restricted to lower latitudes in the Old 

World; as their common name suggests, they feed on fruit, albeit with evidence that they may 

supplement their protein-intake through also eating arthropods (Courts, 1998).97 Most species 

rely mainly on vision for navigation, and thus roost on trees or other structures in the open; 

where studied, Rousettus spp. have evolved a means of echo-location which allows them to 

roost in caves instead. The other, much larger suborder, the Microchiroptera, use a different 

means for echo-location; whilst the majority are insectivorous, others have evolved a 

diversity of foraging strategies, including haematophagy in the vampire bats. 

As noted in Section II.2, strains of Rabies virus were likely to have been circulating in bats 

and also the Arctic fox and other mesocarnivores in the Americas before the arrival of 

European colonialists. One possibility is that, like the Cosmopolitan strain, the indigenous 

American strain was also introduced by dogs accompanying humans during the original 

colonisation of the New World. According to this scenario, spill-overs would include to 

vampire bats or their haematophagous ancestors, which then served as the vehicle to initiate 

the spread of infection to other bats as well as terrestrial mammals. Phylogenomic analyses 

aside, this presumes that rabies virus circulated in the blood of the imported prehistoric dogs. 

Whilst it has been concluded that rabies virus does not circulate in the blood of naturally 

infected humans (Hemachudha et al., 2002) or dogs (Sitprija et al., 2003), parabiotic and 

other experimental studies on terrestrial mammals have yielded confusing results in this 

regard (reviewed by Lodmell et al., 2006), perhaps partly related to whether ‘street’ or ‘fixed’ 

strains were used. Some of these studies suggest that viraemia may be predisposed in animals 

                                                        
95 Note that these come together seasonally in mating and maternity roosts and, in some cases, to 

hibernate; in some vespertilionids, at least, maternity roosts (crèches) and hibernating roosts may be 

in different locales, with males establishing lek-like territories around the latter (e.g. Naish, 2011b).  
96 For simplicity, the traditional subordinal classification scheme has been used here, although it is 

generally considered to be out-dated.  
97Assuming that they have not evolved to have reduced dietary protein requirements (Mqokeli and 

Downs, 2014); at least some species of neotropical frugivorous bats may also be dependent on 

insects to supplement protein intake and/or to tide over seasonal changes in the availability of their 

normal food source (Herrera et al., 2002). 
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with depressed immune function; however the presence of neutralising antibodies need not 

preclude detection of the virus (or at least its RNA).  

On the other hand, Serra-Cobo et al. (2013) identified European bat lyssavirus type 1 RNA in 

blood clots from samples of various bat species in roosts in northern Spain;98 this suggests 

that, in principle, other lyssaviruses including the rabies virus might also circulate in the 

blood. Apart from the potential to spread passively through wounds as a result of fighting, 

with the ingestion of infected blood, this suggests the potential for spread via haematophages, 

whether through arthropods as vectors where viraemia is high enough or by way of vampire 

bats.99 Assuming for the moment that the virus can be transmitted amongst mammals via the 

ingestion of blood, the fact that vampire bats may share blood-meals back at the roost with 

those which were not successful in their night’s foraging (Wilkinson et al., 2016)100 means 

that such reciprocal-altruistic behaviour most likely shares any pathogens as a downside, and 

thus would reinforce the spill-over of the rabies virus and other pathogens. That rabies can 

cause infection through ingestion is indicated by the fact that skunks and red foxes were 

found to be relatively susceptible to being fed rabies-infected mice, whereas ferrets and cats 

were resistant (Bell and Moore, 1971; Ramsden and Johnson, 1975), leading to the 

development of techniques for the oral vaccination of dogs and other carnivorans (Knobel et 

al., 2013). It is not clear whether infection may be through local damage in the mouth area or 

can be effected further down the digestive tract (Jackson, 2007): whilst chicken heads are one 

potential bait using attenuated strains, minced meat is another (WHO, 2007), implying any 

wounds must have been pre-existing for these modified live vaccines at least.   

However if it is assumed (but see Davis et al., 2006) that the rabies virus lineage originated in 

bats, as is presumed to be the case for other lyssaviruses, a more parsimonious scenario is that 

there has been a single set of bat-to-terrestrial mammal set of spill-overs without any 

subsequent spill-backs. This would also be more consistent with phylogenomic analyses, 

which indicate that the indigenous American clade101  shared a common ancestor with a 

lineage which eventually gave rise to all the other clades of Rabies virus (Troupin et al., 

                                                        
98 It was not stated whether the bats involved were also seropositive. 
99 Given their need for large blood-meals, it would seem unlikely that vampire bats actively predate 

upon other bats. 
100 Thus these are the only truly social bats, so far as is known; other colonial species are only 

gregarious. 
101 With members of group IV, found in vampire bats and the migratory mollosid T. brasiliensis, basal 

to the three groups found in other New World bats (see Section II.2.ii). The Molossidae likely 

immigrated from Africa with the splitting of Gondwanaland; the origins of the endemic family 

Phyllostomidae (including vampire bats) are less clear (Arita et al., 2014). 
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2016). Rupprecht et al. (2017) and Marston et al. (2018) favour the vehicle being a 

vespertilionid, implying this was from Eurasia into the future North American landmass (see 

Section II.3). Thereafter, assuming no role for arthropod vectors, the virus must have spread 

from the original vespertilionid host to other bats of the same and various other families, 

including to the ancestors of present-day vampire bats. The most likely source of such trans-

specific spread would seem to be through through the ‘squabbles’ characteristic of bat roosts, 

mixed-species or otherwise; this is explored further in Section V.3.  

In the New World, spill-overs of the indigenous American strain have also occurred from 

bats into terrestrial mammals. In the case of those from vampires, this is presumably through 

the classic saliva-mediated route. In their feeding on terrestrial mammals, these bats target 

exposed areas with a rich blood-supply102 and make superficial bites (5 mm round x 5 mm 

deep: Fenton, 1992). This contrasts with the generally deeper infective bites of e.g. dogs, 

which determines their efficacy (see Section III.1). This suggests that, unless strains of the 

vampire virus resemble SHBRV (see Section III.3.ii) in their capacity to infect superficial 

cells, many opportunities for transmission are likely to be abortive if they cannot bypass the 

immune system: this might explain evidence for seroprevalence in indigenous people (see 

Section III.5.ii).103 

However spill-overs of the indigenous American strain into terrestrial mammals have been 

found outside the range of vampire bats, implicating other species of bat; also, such spill-

overs of other species of lyssavirus have also been recorded in the Old World, where there 

are no haematophagous bats. How these occurred will be considered further below, in 

reviewing other relevant aspects of the biology of bats.  

Amongst mammals, wings are peculiar to bats; they constitute about 80% of the surface area 

of an African fruit-bat, Epomophorus wahlbergi (Makanya and Mortola, 2007); when 

roosting, they are wrapped around the ‘front’ of the bat, and thus still present a relatively 

large surface to the outside (Figures 1 and 2). They thus represent a considerable target for 

bites during squabbles in the roost, whether driven by a rabies-like infection or for other 

reasons; moreover, the fur typically covering the most of the rest of the body apart from the 

                                                        
102 Thus they have sensors for infra-red radiation on their snouts, and then shave the overlying hair in 

order to target well-vascularised areas before directing superficial bites and lapping up the blood 

oozing as a result of their saliva containing an anticoagulant (Naish, 2007a). 
103 Contrariwise, this might be counterbalanced if there is the potential for a SHBRV-like capacity for 

blood-mediated infection. 
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face and adjoining regions of the head, together with the small teeth of most bats (e.g. Feder 

et al., 1997), likely restricts the ability to inflict deep wounds elsewhere. 

 

Figure 1 Cave-roosting lesser horseshoe bats (Rhinolophus hipposideros);104 

the two bats on the right have covered their eyes to sleep (some species which 

roost in exposed locations have evolved transparent windows in their wings 

so that they can monitor for predators without having to move their wings 

when they wake up).  

The main wing membrane can be divided into 3 subsections (Figure 2): the protopatagium 

extends from the shoulder to the thumb along the leading edge of the wing; the 

plagiopatagium extends laterally from the torso and hind leg to the fifth phalange; whilst the 

dactylopatagium (or chiropatagium) occupies the distal portions of the wing between the 

second and fifth phalanges. In addition, there may be an interfemoral membrane (the 

uropatagium), which extends between the hind limb and the tail in many bats.105 Overall, the 

membrane comprises a thin bilayered epidermis separated by a core of dermal connective 

tissue with a hypodermis containing a vascular capillary network which has been proposed to 

be important in gaseous exchange (Makanya and Mortola, 2007), as well as for 

thermoregulation (Lyman, 1982). 106  Skeletal and intrinsic (intra-membranous) striated 

                                                        
104  Photo by Jessicajil (https://www.flickr.com/photos/69439747@N00/3206961624), downloaded 

from Google Commons. 
105 The uropatagium is not present in all bats, and is reduced in free-tail bats (e.g. Tadarida spp.). 
106 Both as a blanket and as a radiator, as a result of vasodilation (they may also lick saliva on 

themselves as an additional aid to cooling), over and above the implications of the wings’ 

increased surface area for heat- and evaporative water-loss vs. respiratory exchange (and thus the 

potential for stress-related effects in suboptimal environments, whether on a daily basis or in the 

longer term). Such conflicting consequences may reinforce the need to enter into torpor during 

https://www.flickr.com/photos/69439747@N00/3206961624
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muscles, with their associated cranial and cervical innervation for the control of flight and 

manoeuvrability (Swartz et al., 2012; Hedenström and Johansson, 2015; Swartz and Konow, 

2015), are restricted to the protopatagium and plagiopatagium (Crowley and Hall, 1994; 

Cheney et al., 2014; Cheney, 2015), as well as the uropatagium (Vaughan, 1970a; Norberg, 

1972; Kobayashi, 2017). Apart from this motor innervation and that of the vascular system, 

there is also innervation of the sensory Merkel cells associated with many of the sparsely-

distributed hair follicles, together with other more extensively-distributed somatosensory 

elements related to the detection of touch and air-flow, including on the dactylopatagium 

(Sterbing-d’Angelo et al., 2011; Marshall et al., 2015; Swartz and Konow, 2015).  

 

Figure 2 A: The expanded wings of P. pipistrellus.107 D, dactylopatagium; Pl, 

plagiopatagium; Pr, protopatagium; and U, uropatagium; structures visible in 

the Pl are mainly bundles of elastin fibres. B: Distribution of the potential 

targets for lyssavirus or other infections in different areas of the bat wing. 

 

Differences in vascularisation may mean that the innate immune system is less readily 

activated in the dactylopatagium compared to the uropatagium, which has been suggested to 

                                                                                                                                                                            
roosting in many bat species, with implications not only for the capacity for their immune 

responsiveness but also for the potential infectivity of thermo-sensitive pathogens. 
107 Adapted from a photo by Barracuda1983 

(https://commons.wikimedia.org/wiki/File:Pipistrellus_flight2.jpg).  

A 

B 

https://commons.wikimedia.org/wiki/File:Pipistrellus_flight2.jpg
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explain the more rapid wound-healing in the latter as a result of its richer blood-supply and a 

more effective initial inflammatory response (Faure et al., 2009; see also Weaver et al. 

[2009] for the plagiopatagium): presumably the thin nature of most of the wing membrane 

means that direct gaseous exchange with the atmosphere reduces the need for a capillary 

supply in those areas lacking muscles, although this is at the expense of the other roles 

mediated by the circulatory system.108  

Figure 2B summarises the distribution of different tissues in the typical bat wing, and thus the 

various opportunities for viruses to infect not only intrinsic cell-types in the wing itself but 

also components of its innervation, as well as entering the blood-stream. In the case of the 

wing muscles, their nicotininic receptors provide the opportunity for an initial ‘booster’ to the 

original inoculation; speculatively (see Section III.2), lower receptor densities may mean that 

there is a prolonged latency before prodromal and thence clinical symptoms become 

manifest, assuming a classical pattern of rabies infection. 

Assuming that oral secretions are the main medium for viral transmission, other possibilities 

present themselves, again not restricted to vampire bats. One alternative dimension is 

suggested by the fact that, as noted above, many species of bat use intense high-frequency 

sounds for echo-location in order to navigate within their roosts and when foraging outside, 

as well as to convey information about the sex and other individual characteristics of the 

emitter (e.g. Voigt-Heucke et al., 2010; Jones and Siemers, 2011; Knörnschild et al., 2012). 

In addition, they also use lower frequency sounds (‘social calls’) in order to communicate 

between mother and offspring and during agonistic and other encounters (Fenton, 2003; 

Pfalzer and Kusch, 2003; Dechmann and Safi, 2005; Luo et al., 2017). Whilst there is 

evidence that lyssaviruses are detectable in the lungs of at least some bats (see Section IV.2), 

it is not known whether this is due to infection of the autonomic innervation or is more 

extensive. 109  However it is conceivable that vocalising could lead to the production of 

infective aerosols, from saliva at least. If so, inhalation of air-borne viruses would have the 

potential for relatively direct access to the brain via the olfactory system (Winkler, 1968; 

Constantine et al., 1972; Winkler et al., 1972; Johnson et al., 2006b; Davis et al., 2007), 

                                                        
108 Apart from the needs of the muscles in the uropatagium as an aid to manoeuvrability, the richer 

vascularisation of this portion of the wing presumably reflects its being thicker as an adaptation for 

capturing and propelling prey towards the mouth in insectivorous bats (Swartz et al., 1996; Bullen 

and McKenzie, 2001; Hedenström and Johansson, 2015).  
109 It would seem unlikely that rabies-related or other viruses induce cold-like symptoms in bats, since 

developing even minor sniffles would impair the ability to sonicate and thus to navigate in order to 

find the food essential for short-term survival in many species. 
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although the results of in vivo studies are ambiguous about the potential importance of this 

route for rabies and other lyssaviruses (see Section IV.2). Nonetheless, reminiscent of a major 

route for the spread of human α-herpesviruses elsewhere (reviewed by e.g. Mori et al., 2005; 

Eshleman et al., 2011), there is circumstantial evidence that rabies may be transmitted 

between bats (T. b. mexicana) through such aerosols in large cave colonies, where there is a 

dense congregation in an enclosed space; moreover, foxes, coyotes and hamsters kept in 

close-meshed cages underneath went on to develop furious rabies after a variable incubation 

period. In addition, there is evidence for aerosol transmission from laboratory-based studies 

(reviewed by Constantine, 2009; Banyard et al., 2011), so that it has also been suggested that 

this route may also account for spill-overs from bats to humans (Conomy et al., 1977; Afshar, 

1979); however it is generally considered that so-called ‘cryptic’ cases110 are more likely to 

be through unnoticed superficial bites, although how these lead to productive infection is not 

known (Gibbons, 2002; Messenger et al., 2003; Kuzmin and Rupprecht, 2007; Warrell, 

2009). Thus, regardless of the possible mode of transmission, the Advisory Committee on 

Immunization Practices in the United States has recommended that post-exposure 

prophylaxis should be given in cases of direct contact with a potentially rabid bat when a bite 

or scratch cannot be ruled out (Manning et al., 2008). Tuttle (2017) provides an interesting 

perspective on the underlying issues and potential abuses by the (private) medical profession, 

together with problems related to ascribing direct spill-overs of rabies from bats into humans 

(including that the final stages of rabies may only emerge many years after a long-forgotten 

bite from whatever source). 

An alternative explanation for Constantine’s original experiment with canids and other 

terrestrial mammals in a bat cave might be that they were infected by contaminated faeces or 

urine, a concern which has been expressed regarding other viruses (e.g. coronaviruses: 

Wacharapluesadee et al., 2013). Evidence for lyssaviruses has been looked for and detected 

in the kidneys, bladder and/or gut in some other studies (although it is not clear whether this 

was in their associated innervation; see Section IV), as well as in the faeces in one (Allendorf 

et al., 2012), raising the possibility that excretory products might be a source of onward 

transmission of these as other viruses. This would be most likely in roosts: whilst bats take 

                                                        
110 Detected bites accounted for only seven of 41 reported fatal cases of humans as a result of bat 

rabies variants in the United States over the period 1990-2015; reported unprotected physical 

contact was associated with another ten, as well as being likely in a further seven (Dato et al., 

2016). 
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measures to ensure that they do not soil themselves when voiding their wastes, 111 

‘subordinates’ on lower perches may be exposed to pathogens when they clean themselves as 

a result of being the unwitting target of potentially contagious ‘presents’, as might bats flying 

below. However this would seem to be a long shot, based on a study of four naturally-

infected dogs: this found that, whilst rabies RNA could be detected in renal tissue and the 

uncentrifuged urine, no evidence for the virus itself was found (Sitprija et al., 2003).  

Finally, Kuzmin et al. (2008c) reported the presence of infectious Lagos bat virus in the 

reproductive tract and in a vaginal swab of a single Ei. helvum which, they noted, suggests 

yet another potential route for onward transmission. 

In between the initial establishment of any infection and its successful onward transmission 

to new hosts is the need for a virus to not only co-opt the existing host’s cellular machinery to 

produce progeny but also to minimise the impact of its immune system. There is evidence 

that both the innate and acquired immune systems in those few species of bat which have 

been investigated have certain adaptive features which differ from those seen in the various 

other eutherian mammals which have been studied (reviewed by e.g. Schountz et al., 2017). 

The ancient history of chiropterans and their apparently being the source of various viral 

groups which have subsequently spilled over to become established in other mammals have 

led to suggestions that the prolonged period of co-evolutionary arms races between the 

viruses and their hosts’ immune systems means the bats are relatively unaffected by being 

infected.  

Using the foregoing as a preliminary foundation, the following section will consider how 

lyssaviruses might have evolved during and after spill-overs from their presumed original 

arthropod hosts. 

3. The Problem of the Origin of Rabies and Other Lyssaviruses 

Lyssaviruses represent a monophyletic clade which is highly divergent from other 

rhabdovirid genera (Rupprecht et al., 2011). Apart from genomic studies, the fact that rabies 

virus may not have as severe an impact on bats as has been found to be the case for large 

terrestrial mammals has been suggested to be consistent with bats being the original natural 

reservoir for this and other lyssaviruses (Calisher et al., 2006; Rupprecht et al., 2011; 

Hayman et al., 2012c). 

                                                        
111 http://boards.straightdope.com/sdmb/showthread.php?t=149867.  

http://boards.straightdope.com/sdmb/showthread.php?t=149867
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The apparent ancestry of the rhabdovirid family in arthropods (see Introduction) suggests that 

at least the progenitor of the genus Lyssavirus may have originated as a spill-over from these, 

whether passively through the consumption of infected arthropods or actively so by way of 

blood-sucking vectors. Thus Constantine (2009) suggested that transmission could be 

mediated by the bites of mites and other haematophages; or even on the external surface of 

the larval and adult stages of dermestid beetles.112  

Regardless of the transmission mechanism(s), it is generally assumed that a single past spill-

over occurred, presumably in Eurasia based on current evidence. Whilst this seems the most 

parsimonious hypothesis, there might be the possibility that there have been multiple such 

events, including up to the present-day; that this could be the case is brought to mind by the 

in vitro studies on the Mokola virus, and possibly the lack of a known bat host for two other 

lyssaviruses (although inadequate sampling is just one possible alternative explanation). 

The following will consider the two most likely routes for spilling over from arthropods, and 

how enzootic lineages might possibly have become established in bats.  

i. The Predatory Route A spill-over from eating infected arthropods could be through 

damage by the exoskeleton breaching the physicochemical barriers normally present in the 

lining of the oral or other portions of the digestive tract; or as a result of other means of 

uptake from the lumen. That this is conceivable is suggested by the efficacy of oral 

vaccination of present-day terrestrial mammals against rabies (see above). Such spill-overs 

would presumably be an ongoing series of one-off events, with no opportunity to spill back 

into their insect prey; the end result was that, by chance, the ancestral lyssavirus emerged 

with its panoply of genetic (pre-) adaptations to circulate within not only that particular host 

individual but also with the capacity to be shed in a manner which would allow its progeny to 

spread to others.  

To this end, it is possible to conceive of a scenario where damage to the lining of the mouth 

might lead to uptake by afferent and efferent neurone nerve-endings (including those 

innervating the taste-buds) to establish a latent infection, reminiscent of that described above 

for α-herpesviruses; indeed there might be the possibility of a positive feedback (suggested 

above vis-à-vis the tongue, as a result of salivary viral excretions), including the additional 

                                                        
112 Scavengers which feed on the integument (carpet beetles) as well as the underlying tissues of 

carcasses: https://en.wikipedia.org/wiki/Dermestidae.  

https://en.wikipedia.org/wiki/Dermestidae


Lyssaviruses and the Evolution of Rabies: A Riddle Wrapped in an Enigma 

133 

 

potential for infection of the olfactory system from self-produced aerosols, whereby 

productive infection of one output leads to its spread to others in physical proximity.  

An intriguing potential insight relates to the various origins have been proposed for the 

evolution of sanguivory in vampire bats, with five basic hypotheses having been advocated 

(Naish, 2007b). Of these, the most likely was considered to be that haematophagy evolved 

through the vampire bats’ ancestors developing a taste for ectoparasitic arthropods 

congregating at wounds on terrestrial hosts. Noting that vampire bats are phyllostomids and 

developing on the ideas of Fenton (1992), Naish (2007c) proposed that their ancestors might 

have been part-time nectarivores which also fed on insects; the fact that they also fed on 

nectar would mean that they would be pre-adapted to lapping up blood from open wounds, 

whilst their phyllostomid dentition would favour the evolution of a more direct means for 

obtaining this alternative liquid diet through biting of the afflicted animal.113 Thus, rather 

than getting infections from terrestrial mammals themselves, contagions could instead (or in 

addition) have been obtained from the associated ectoparasites, assuming that this was the 

route for the progenitor of a branch of a Rabies virus lineage to establish a foothold and 

ultimately give rise to the indigenous American clade. 

Developing upon this, a variant is that grooming to be rid of body parasites (Marshall, 1982) 

may also be an alternative source of viruses from ectoparasites over and above the 

haematophagous route, with their ingestion being an alternative means to close the initial 

infective cycle. As considered in the following section, such grooming behaviour also opens 

up the possibility of infection from ingestion of recent salivary deposits from other bats 

infected with rabies-related or other viruses. 

ii. A ‘Parasitic’ Route The problem of how onward transmission might be achieved is 

avoided in the alternative, where the original arthropod host(s) and the potential new 

mammalian host(s) were (and conceivably still are) linked in a closed loop through the 

former transitioning from being the primary host to becoming a vector and then presumably 

ultimately becoming superfluous.114  Intriguingly, it is noteworthy that Serra-Cobo et al. 

(2013) identified European bat lyssavirus type 1 in blood clots from samples of various bat 

                                                        
113 Suggested to explain why no Old World haematophagous bats have evolved. 
114 It has been suggested that the hepatitis B virus may be transmitted by haematophagous insects 

(Blumberg, 1977; Echevarría and León, 2003; the latter authors also proposed that vampire bats 

may be intermediaries), as well as the hepatitis C flavivirus (presumably on the external 

mouthparts of such insects: Pybus et al., 2007; Pybus and Thézé, 2016). Such a mechanism would 

explain how blood-borne hepaciviruses might circulate in species other than carnivorous ones. 
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species in roosts in Spain, suggesting the potential for vector-borne infections even in the 

present-day. 

The family Rhabdoviridae includes other members where haematophagous arthropods serve 

as vectors for viral transmission between mammalian hosts, including bats as well as humans: 

the so-called dimarhabdoviruses 115  in Africa and elsewhere (Aznar-Lopez et al., 2013; 

Kading et al., 2013; Binger et al., 2015; Li et al., 2015a, b);116  and a group of insect-

transmitted rhabdoviruses in bats from various parts of Southeast Asia.117 Initial studies on 

the kotonkan virus from Culicoides midges in Nigeria (associated with a type of bovine 

ephemeral fever there) and the Obodhiang virus from mosquitoes (Mansonia uniformis) in 

Sudan found them to be related serologically to the Mokola virus and other lyssaviruses; they 

were thus proposed to be arboviruses118 which bridged the gap separating lyssaviruses from 

their presumed arthropod ancestors (Shope, 1982; Calisher et al., 1989). Both viruses can be 

adapted to infect mammalian cell-lines through co-culture with ‘helper’ insect cells (Buckley, 

1975);119 they also were able to multiply efficiently in mouse neuroblastoma cells (Clark, 

1980). However further studies have indicated that these two viruses should instead be 

assigned to the genus Ephemerovirus,120 along with Bovine ephemeral fever virus, members 

of a group of Old World dimarhabdoviruses. Serological crossreactivity of the kotonkan and 

Obodhiang viruses with lyssaviruses is presumably due in part to the presence of a second 

glycoprotein (GNS) more closely related in sequence to the single glycoprotein found in the 

last (Blasdell et al., 2012). 

Given the relatively large exposed of area of the wings of bats and their hairlessness, these 

would be likely to be primary targets for haematophagous insects such as mosquitoes in 

roosts; other relatively large, more truly ectoparasitic arthropods (Madej et al., 2013)121 

would instead favour the shelter of hirsute parts of the torso, as they do in other mammals, or 

                                                        
115 Dipteran-mammal-associated rhabdoviruses: an apparent phylogenetic ‘supergroup’ of arboviruses 

in this family (Kuzmin et al., 2009; Longdon et al., 2015). 
116 Including evidence for a sustained infections by Kumasi rhabdovirus of the spleen in members 

(especially juveniles) in a colony of the fruit-bat Ei. helvum in West Africa, with serological 

evidence for transmission to pigs and humans living in the vicinity of the seasonal roost (Binger et 

al., 2015). 
117 No species were identified: http://www.healthmap.org/predict/ 
118 A general term for arthropod-borne viruses. 
119 cf. the Mokola virus, which was able to infect either mammalian or insect cell-lines.  
120 They have both since been recognised as distinct species: https://talk.ictvonline.org/taxonomy/ 

(2016 release). 
121 For a review of insect families, see Marshall (1982). Whilst most are blood-suckers, Arixenia spp. 

have biting mouthparts and are thought to be grazing commensals on the skin, its debris and 

exudates of a hairless molissid, whilst remaining in the host’s roosts. 

http://www.healthmap.org/predict/
https://talk.ictvonline.org/taxonomy/
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else are resident in the latters’ roosts.122,123 However, whilst such vectors may have played a 

bridging role in the past, evidence for strong positive selection of known lyssaviruses would 

seem to argue against their continuing relevance, based on other studies on RNA viruses 

(Woelk and Holmes, 2002).  

As noted above, the nature of the wings of bats means that there is a range of different 

possibilities regarding how a potentially competent virus may spill over, depending on the 

cell-types to which it is initially exposed by a biting arthropod (see Figure 2B).124 Infections 

of the more distal portions (the dactylopatagium) would be most likely to infect cutaneous 

cells and, to a lesser extent, the associated sensory and autonomic innervation, given the 

relatively poor vascularisation of this wing segment. Infection of the former cells would lead 

to a local spread (presumably facilitated by viral variants which promote direct cell-to-cell 

transmission, as reported for the SHBRV and fixed strains of the rabies virus: Morimoto et 

al., 1996; Dietzschold et al., 2008); such a proposal would not seem unreasonable, given 

Capewell et al.’s (2016) having identified the dermis and subcutis as a reservoir for African 

trypanosomes in mice and humans.125 On the other hand, infection of the sensory innervation 

(whether directly or through passive spread from epithelial cells: Figure 3) raises the 

possibility of establishing one ‘reflex/reflux’ route for the initiation of the (latent) infection of 

their neurone somata, recollecting the situation regarding human α-herpesvireses (see 

above).126 In addition, direct or indirect infection of the autonomic innervation opens up 

                                                        
122 Thus the likes of bed-bugs (Cimex lectularius) remain at the roost between intermittent blood-

meals; interestingly, the latter infesting European bats may be closely related to those in humans 

(Marshall, 1982; Booth et al., 2015; cf. Balvín et al., 2012), and Williams et al. (1976; see also 

Adelman et al., 2013) have noted possible ongoing spill-overs of a bunyavirid into guano-

collectors from bed bugs in caves in Southeast Asia. If these or other ectoparasites can also infest 

e.g. canids, then this suggests a third alternative explanation for Constantine’s (1967) finding that 

bat rabies may spill over into caged terrestrial mammals.  
123 Broadly speaking, the likes of female mosquitoes can be considered as ectoparasites, but the fact 

that they only transitorily ‘parasitise’ any one particular host individual means that they are 

generally categorised as ‘micro-predators’ (https://www.cdc.gov/parasites/about.html).  
124 Whilst micro-predators such as mosquitoes might be expected to target capillaries, the fact that the 

(distal) wing acts as a respiratory surface in its own right for the emission of CO2 may serve as a 

diversion for such vectors probing for blood-vessels. 
125  These authors found that this protozoan parasite, which normally circulates in the blood in 

mammals, was detectable in human skin biopsies as well as those of mice after intraperitoneal 

injection (without any evident inflammatory response, and in the absence of parasitaemia), with 

comparable results being seen when the latter were infected by bites from the natural vector, tsetse 

flies; moreover, these insects could be infected in turn by trypanosomes from skin preparations. 
126 Somewhat tangentially, this serves as one of the best means for diagnosis of presenting human 

patients ante mortem (Jackson, 2007); as well as being found in the muzzles of skunks and 

American red foxes (Balachandran and Charlton, 1994). It is tempting to speculate that this might 

reflect a ‘primitive’ viral adaptation. 

https://www.cdc.gov/parasites/about.html
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possibilities regarding the spread of the virus centrally and thereafter to other output targets, 

such as the salivary glands, in a ‘reflex arc’. 

  

Figure 3 Various parallel conjoint routes are possible for the presumptive ancestral 

lyssavirus to become established in bats through an initial spill-over of an arbovirus 

from a haematophagous insect or other arthropod as a result of bites directed at various 

portions of the wings. 

The plagiopatagium and uropatagium (as well as the much smaller protopatagium) are better 

vascularised in order to support the various muscles therein, and hence are likely to be less 

susceptible to infection as a result of a better-developed inflammatory response. Based on the 

hypothesis of Baer et al. (1990) and assuming that they are bestowed with a lesser density of 

nicotinic receptors than those muscles directly involved in the generation of the wing-beats 

themselves, they could represent a more long-term reserve for the initial ‘smouldering’ 

development of an infection (see Section V.1) and thus a relatively prolonged latency for the 

development of an acute transmissive phase. Furthermore, their richer vascularisation 

increases the likelihood of an insect vector obtaining a blood-meal, as a potential route for 

their associated arboviruses to establish a more widespread infection such as is typical of 

other such viruses in terrestrial mammals. Related to this, Serra-Cobo et al. (2013) identified 

European bat lyssavirus type 1 in blood clots from samples of various bat species in roosts in 

northern Spain; this might conceivably represent a relictual vector-mediated means of 

transmission as well as the evolution of an alternative, short-circuiting route. However there 

is the potential to infect the various other cell-types present, including the relatively exposed 

musculature and its attendant motor innervation, whilst probing for a blood-vessel.   

For the presumed ancestral lyssavirus to establish a ‘wing-hold’ in bats by taking advantage 

of the diversity of tissue-types which are accessible, it would need to be able to bind to the 
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exposed domains of one or more types of molecule shared by these various types of cell. 

Studies on Rabies virus indicate that it is capable of infecting a large variety of cell-types in 

vivo and in vitro (Warrell, 2009). As noted in Section III.1, there is evidence that N-CAM 

plays a role as an acceptor for the initial infection by the rabies virus of striated muscles and 

motoneurones. Immunohistochemical studies in adult rats (Filiz et al., 2002) have localised 

crossreactivity for N-CAM not only in various areas of the brain and spinal cord but also in 

the autonomic innervation of anterior portions of the digestive tract (see also Faure et al., 

2007), together with non-neuronal cells in its lining; and in the alveolar cells of the lung, the 

luminal membranes of cells lining proximal convoluted tubules of the kidney, and the 

innervation of the male reproductive system. Little information would appear to be available 

regarding other tissues such as the salivary glands; however, given that N-CAM has been 

found to play a crucial role in cell division, migration and differentiation, it is likely to be at 

least transitorily expressed in various non-nervous tissues as a result of the normal turnover 

of cells therein, thereby presumably rendering them susceptible to rabies infection. 

Thus, according to the hypothetical scenario summarised in Figure 3, the initial establishment 

of infection from haematophagous micro-predators or from grazers and other roost 

ectoparasites which targeted the wings of roosting bats could lead to multiple different types 

of cell serving as sites for viral replication for potential onward transmission to another biting 

insect host-vector. Presumably the infection of epithelial tissues would be the most likely to 

occur but passive spread could enhance the chances of other local constituent cell-types also 

being infected, including central afferent and efferent neurones (potentially as ‘reflex/reflux’ 

reservoirs for latent infection, with delayed amplification of viral production) and the 

autonomic system as a ‘reflex arc’ to further amplify viral spread, as well as through blood-

borne infections (assuming that replication within the host can result in a sufficiently high 

viraemia for onward transmission to occur).  

Moreover, as noted above, agonistic and other interactions between bats are likely to lead to 

bite-inflicted damage to their wings: for example, Shankar et al. (2004) reported that all Ep. 

fuscus caught to set up a captive colony had small, tooth-sized puncture scars on the wings 

when brought in from the field. This raises the possibility that contagion may be passed on 

through infection of the oral cavity (or digestive tract, if bits of the bitten bat’s wing are 

swallowed) of the biting bat, helping to close the circulation cycle and render an insect vector 

redundant. The initial elements in this postulated scenario – infection of epithelial and 

neuronal cells – are reminiscent of the situation described above for the three herpes viruses; 
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the main difference is that mucous epithelia are requisite for person-to-person contagion of 

the latter, something not necessary (or even likely) for insect-mediated transmission.  

Whilst infections with herpes viruses are typically limited in their ability to spread within the 

central nervous system after reactivation in the vast majority of infected individuals, 

lyssaviruses must have further progressed to infect the rest of the central nervous system 

(‘commandeering spread’ in Figure 3), culminating in classical rabies-like syndromes with 

the virus effectively trying to take control of its own fate. 

It is fully recognised that the above scenario, as it stands, represents a tentative ‘Just So’ 

story: to have any merit, it should generate testable hypotheses which, whilst not necessarily 

yielding direct supporting evidence, might narrow down the range of alternative possibilities. 

To recapitulate the foregoing, the underlying assumption is that lyssaviruses originated as 

spill-overs from haematophagous (or possibly grazing) arthropods directed mainly at the 

exposed wings of roosting bats; given the presumption that such spill-overs no longer occur, 

viral cycling is now enzootic within bats, being mainly mediated by bites in a bi-directional 

exchange of virions between the biter and the bitten. As indicated in Figure 2B, there are 

differences between regions of the wing in the number of tissues present. These comprise: 

1) epithelial structures for the potential local spread of infection, such as seen with the 

SHBRV in vitro; 

2) sensory elements for the potential (restricted?) central spread of infection, reminiscent 

of the likes of the α-herpesvirus model;  

3) potential autonomic spread via the innervation of blood-vessels and other structures to 

other targets (including the salivary glands); 

4) potential vascular spread, as suggested by experiments on mice with the SHBRV in 

vivo; and  

5) potential musculo-neural spread in areas of the wing other than the dactylopatagium. 

Probability-wise, infections would be most likely to occur in the order (1) to (5) based on 

relative areas of the tissue-types involved; the fact that it is mainly the dactylopatagium and 

the much smaller protpatagium which are exposed in roosting bats (Figure 1) further skews 

the probability (as with the original spill-overs from insects). A primary prediction would be 

that effective administration of virus to different components of the wing might lead to the 

establishment of local infection and, in some cases at least, ‘reflex’ amplification (Figure 3), 

with or without the development of an acquired (but not necessarily neutralising) immune 

response: Franka et al. (2008) found evidence for transient seroconversion after scratching of 

the protopatagium, but noted difficulties in standardising the dosage administered. The 

possibility of natural infection could be determined by sampling wings for evidence of 
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lyssavirus infection, in particular in areas with existing tears and those which have healed: 

regenerated wing tissue is often unpigmented,127 raising the possibility that it may serve as 

the focus for attacks by other bats and thus conceivably a means for promoting transmission 

of local infections to attacking bats. Moreover, the size and location of present or past 

damage may influence any infectivity: whilst bats can tolerate relatively large areas of 

damage to their wings (Davis and Doster, 1972), that to particular portions can impair their 

manoeuverability in order to capture prey as well as to interact with other bats (Voigt, 2013). 

Recalling Constantine’s (2009) suggestion that bats’ susceptibility to rabies may be increased 

by stress, this may influence how an infected bat copes with the problem of infection (Pollock 

et al., 2016), more especially in situations where there is increasing demand for energy intake 

as in the case of pregnant and lactating females (Ceballos‐Vasquez et al., 2015).  

A major lacuna in this scenario is the ‘leap’ from the hypothetical insect-bat spill-over(s) to 

those where biting bats can act as vectors for transmission from those they have bitten. 

Implicit in the foregoing is that the evolving virus must be able to (i) infect oral or other 

tissues as a way of establishing a new infection, presumably by way of taste receptors or 

other cell-types in the buccal cavity being infected by wild-type viruses, with or without prior 

tissue damage; and also (ii) serve as a fount for the onward spread of contagion, either as a 

direct result or via prior infection of the autonomic nervous system at large (and thus e.g. the 

salivary glands) through the spread of virus in a ‘reflex arc’ from the presumed original focus 

in the wing.  

Salivary secretion of virions has been presumed to be the default route for onward 

transmission in bats, based on the hypersalivation seen with classical rabies in terrestrial 

mammals. On the other hand, the apparent low level of virus shedding in the saliva of bats in 

many experiments raises questions about whether other routes may be implicated (reviewed 

by e.g. Vos et al., 2007; Freuling et al., 2009).128 An alternative or additional possibility 

might be that lymphatic components of the bat’s presumed homologue of Waldeyer's tonsillar 

ring could serve as a reservoir (cf. herpes virus 3, for example), as has been reported in the 

case of a dog which, nursed to recovery after infection with an apparently mild strain of wild 

rabies, continued to produce virus in its saliva (Fekadu et al., 1983 [abstract]; see Section 

                                                        
127  Something which biologists take advantage of by punching holes as a means of identifying 

individuals over the long-term. 
128 However this presumes a marked hypersalivatory response; in the absence of the latter, it might be 

that stress from capture and sampling leads to a ‘dryness of the mouth’ in bats as in humans, at 

least; it presumably also leads to vocalisations and thus aerosol dispersion of the existing (virion-

containing) oral fluids. 
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III.5.i).   

Thus the ‘classical model’ – representing the acme of rabies-transmissability through the 

‘commandeering’ of the nervous system at large in furious and paralytic forms of the disease 

– need not to apply as the standard aetiology for all clades within Rabies virus, at least in 

bats, never mind other members of the genus: comparable effects of the latter in terrestrial 

mammals may merely be the result of nascent paralogous effects reflecting their shared (bat) 

ancestry and the extent of the similarities of their genomes to that of the rabies virus itself, as 

exemplified by the effects of the Lagos bat virus in mice (Badrane et al., 2001; Markotter et 

al., 2009). Hence, as noted in Section IV.1.i, there is little clear evidence for rabies-associated 

mortalities in wild populations. Where ‘commandeering’ infections do occur, there is 

evidence for variability in the onset of clinical disease in bats, as in terrestrial mammals (see 

Sections III.2 and 5): the record would seem to be for a My. daubentonii which was attacked 

by a cat and was kept in isolation after having one wing amputated but developed furious 

rabies nine months later due to a prior European bat lyssavirus type 2 infection (Pajamo et al., 

2008); almost as long is one report for Ep. fuscus which was presumably infected in the wild 

with one of the species’ variant viruses (Davis et al., 2012b). This together with the lack of a 

fixed period between experimental infection and the death of affected bats suggests that, if a 

proportion of members of a cohort is infected, the variability in the onset of a terminal, 

potentially transmissive phase is spread out over time to maximise the chances of access to 

other, immunologically naïve individuals. This variability could be stochastic; or else in 

response to signals from the host regarding its current health-status: the latter would be 

reminiscent of the situation regarding arousal from latency noted above for α-herpesviruses, 

and recalls the ideas of Constantine (1967, 2009) that stress may play a role in determining 

the natural development of disease in infected wild populations of the migratory T. b. 

mexicana. Banyard et al. (2011) have noted that many experiments are terminated after a 

relatively restricted period (e.g. three months) so that this may give a false picture of the 

potential infectivity of a particular treatment; thus the ideal would be to have longer-term 

survival, with the possibility of including certain variables (including environmental 

temperature cycles and their effects on torpor as distinct from hibernation)129 to determine 

                                                        
129 Thus, for example, resting vampire bats are essentially poikilothermic (reflecting their low-fat 

diet), at the opposite extreme from large pteropodids which are homoeothermic (Lyman, 1982; 

Geiser and Stawski, 2011). In tropical species, roosting torpor has been associated with ‘shallow 

heterothermy’, where a decrease in heart-rate leads to a slow down in the metabolic rate (O’Mara 

et al., 2017a, b), with consequences for the immune system as well as any viral infection (cf. the 

fever hypothesis of O’Shea et al., 2014b). Recalling of the results of Morimoto et al. (1996), 
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whether the latter might have a modifying effect in triggering (or otherwise) the onset of 

clinical disease. 

Regarding the other modes of infection – passive local spread and ‘reflex’ amplification – 

these might account for the often much greater prevalence of seropositive bats as compared 

with those which are evidently virus-positive. This disparity is generally assumed to be the 

result of failed infections, but the present scenario hypothesises that these may be effective in 

their own right with the potential for onward transmission serving as the necessary 

intermediate ‘missing link’in the evolution of pathogenesis which culminates in classical 

rabies such as seen in canids today. Moreover, were ‘reflex’ amplification to apply, then 

infected bats might represent latent carriers as in the three herpes viruses, thereby rendering 

models such as those of Dimitrov et al. potentially relevant (see Section IV.3.i). The often 

high proportion of seropositivity would seem to suggest that the original infection occurs in 

relatively young bats, after any pre-existing maternally-derived immunity has worn off (Scott 

and Nel, 2016). Furthermore, the presumably limited exposure of many wing epithelial cells 

to blood-borne antibodies might mean that, if infected, islands of these can persist as a result 

of their ability to down-regulate local innate immune responses: they thus might represent an 

additional category of immunologically-privileged tissues as a reservoir for potential further 

spread within the individual (somewhat reminiscent of the proposed role of muscles in 

classical rabies infections) as well as for onward transmission to others. 

VI. Conclusions 

Most viruses which infect the nervous system at large are ‘opportunistic’: their spread is self-

defeating, in that they lead to the the demise of the present host without further ensuring 

onward transmission to new hosts (Koyuncu et al., 2013; Swanson and McGavern, 2015). 

Notable exceptions include human herpes viruses 1-3, which normally establish latent 

infections limited to particular sensory neurones with the potential for re-emergence to infect 

new hosts; however, as with many other viruses, the unconstrained central spread of these in 

certain individuals leads to self-defeating neuro-inflammatory disease. 

The apotheosis of such passive strategies is the ‘furious’ rabies condition, where infection 

most effectively commandeers the present host’s behaviour and viral output in order to try to 

ensure a new host at the expense of the current one – the latter represents a disposable soma, 

                                                                                                                                                                            
Sadler and Enright (1959) found that whilst hibernation (4 ºC) arrested the development of 

experimental rabies infection in Antrozous pallidus, induced daily torpor (22 vs. 37 ºC) had little 

apparent effect.   
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rather than a potentially threatened one as typical of the inherent ‘reflex’ responses of herpes 

viral infections. Such emergent specialisation reflects in part an increasing sophistication in 

the virus’ ability to subvert its host’s immune defence systems. On the other hand, there is 

evidence that the rabies virus in bats may not always be associated with the classical furious 

or paralytic symptoms seen in many terrestrial mammals, although it is debatable whether 

this reflects abortive infections which failed to establish a sustainable route for onward 

transmission. 

Considered in this context, Rabies virus is a “riddle wrapped in an enigma.”130 The riddle is 

how strains circulate within various species of bats in comparison to their epidemiology in 

various ‘typical’ terrestrial mammalian populations; and how this relates to that of other 

lyssaviruses in their presumed natural reservoirs. The enigma is the nature of the presumed 

transitional stages in the evolution of the genus Lyssavirus from an arthropod virus via being 

able to not only infect and presumably become enzootic in mammals (presumably in bats 

initially) but also to thereafter to ultimately acquire a sophisticated strategy where, rather than 

being dependent on the host’s survival (including being sensitive to signals which may 

presage the latter’s demise, as exemplified by α-herpesviruses), the virus instead seeks to take 

control of its own future through subverting its current host’s nervous system at large and 

potential output sources for its own onward propagation.  

Considering the enigma first (since this might provide clues to answering the inherent riddle), 

it is hypothesised that the wings of bats not only represent a unique adaptation for powered 

flight but that they thereby also present a large surface area for the attention of 

haematophagous arthropods when roosting. Based on what is known about the properties of 

various strains of Rabies virus, in particular, various stages have been proposed as to how the 

classic furious and paralytic manifestations of infections might have arisen (Figure 3). 

Moreover, these intermediate stages may still prevail in bats (whether as acute, chronic or 

‘smouldering’ infections), thereby suggesting experiments which might help to resolve the 

riddle of the occurrence of rabies vs. the resulting seroprevalence against it in bats.  

                                                        
130  https://idioms.thefreedictionary.com/a+riddle+wrapped+in+an+enigma; it is a contraction of a 

foreign policy statement by Churchill in 1939 with regard to the USSR, which concluded that the 

key to resolving the issue was in understanding their national interests. Whilst the latter reflected 

group selection, the phrase as used here relates to natural selection at the level the genes in 

lyssaviruses and how the ‘interests’ of individual virions have evolved over time in order to 

produce a sustainable infection of existing and thenceforth potential new host reservoirs. 

https://idioms.thefreedictionary.com/a+riddle+wrapped+in+an+enigma
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