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Abstract Numerous bat species have been identified as important reservoirs
of zoonotic viral pathogens. Rabies and rabies-related viruses con-

stitute one of the most important viral zoonoses and pose a

significant threat to public health across the globe. Whereas rabies

virus (RABV) appears to be restricted to bats of the New World,

related lyssavirus species have not been detected in the Americas

and have only been detected in bat populations across Africa,

Eurasia, and Australia. Currently, 11 distinct species of lyssavirus

have been identified, 10 of which have been isolated from bat

species and all of which appear to be able to cause encephalitis

consistent with that seen with RABV infection of humans. In con-

trast, whereas lyssaviruses are apparently able to cause clinical

disease in bats, it appears that these lyssaviruses may also be able

to circulate within bat populations in the absence of clinical dis-

ease. This feature of these highly encephalitic viruses, alongside

many other aspects of lyssavirus infection in bats, is poorly under-

stood. Here, we review what is known of the complex relationship

between bats and lyssaviruses, detailing both natural and experi-

mental infections of these viruses in both chiropteran and nonchir-

opteran models. We also discuss potential mechanisms of virus

excretion, transmission both to conspecifics and spill-over of virus

into nonvolant species, and mechanisms of maintenance within bat

populations. Importantly, we review the significance of neutralizing

antibodies reported within bat populations and discuss the poten-

tial mechanisms by which highly neurovirulent viruses such as the

lyssaviruses are able to infect bat species in the absence of clinical

disease.
I. INTRODUCTION

The most significant zoonotic pathogen of bat origin is rabies virus
(RABV). This virus and other members of the genus to which it belongs,
the lyssaviruses, cause fatal encephalitis for which there is no effective
treatment. Approximately, 20% of mammalian species are bats with
more than 1100 species being recognized worldwide (Teeling et al.,
2005). They have many characteristics that differentiate them from
other mammalian species, and at the same time, they exhibit an
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enormous degree of intraspecies diversity. Bats are hypothesized to have
evolved between 50 and 70 million years ago and have undergone a
rapid diversification during this period (Simmons et al., 2008, Teeling
et al., 2005). All bat species belong to the Order Chiroptera that is
subdivided into two suborders, Yangochiroptera and Yinpterochiroptera,
the latter including the superfamily Pteropodidae, the old world fruit
bats, and Rhinolophoidea (Giannini and Simmons, 2003). Scientific inter-
est in bats has increased substantially following the identification of bats
as important reservoirs of pathogens of both zoonotic and veterinary
importance (Calisher et al., 2006; Dominguez et al., 2007; Field, 2009;
Towner et al., 2009; Wang and Eaton, 2007).

Lyssavirus infection of bats occurs across much of the globe, although
different virus species are present in different regions and tend to infect
particular bat species (Streicker et al., 2010). In the Americas, only RABV is
associated with bats, whereas across Europe, Africa, Asia, and Australia,
the remaining lyssaviruses predominate in the complete absence of bat-
associated RABV. The reasons for this geographical separation of viruses
in bat populations remain the subject of much speculation, and the evolu-
tion of bat lyssaviruses remains an enigma (Vos et al., 2007). The current
global distribution of bat lyssaviruses is illustrated in Fig. 1. The exception
to this geographical partitioning is RABV (species 1; Anonymous, 2009),
which is endemic worldwide in carnivores with the exception of a num-
ber of regions where the disease has been controlled or excluded (Aus-
tralia and Great Britain) or eliminated through vaccination campaigns
(Western Europe). Well-established RABV reservoir hosts are present in
North America (e.g., skunks, foxes, and raccoons), Africa (e.g., mongoose,
bat-eared foxes, and jackals), and Eurasia (e.g., foxes and raccoon dogs).
Terrestrial wildlife reservoirs are apparently absent in South America and
Australasia. RABV variants have been reported to undergo genetic adap-
tation to particular hosts, sometimes leading to a diversity of clades or
biotypes with infection of wild terrestrial carnivore reservoirs varying
according to species present within the local fauna. For example, in
South Africa, RABV circulates in dogs and jackals in the northern region,
dogs in the eastern region, bat-eared foxes in the western region, and
mongooses (Herpestidae) (a different biotype) in the interior (Nel and
Rupprecht, 2007).

Phylogenetic analyses and virus–host relationships suggest that all
lyssaviruses, including RABV, likely originated in bats. With the excep-
tion of Mokola virus (MOKV), all lyssaviruses have been isolated from
bats (Badrane and Tordo, 2001; Nel and Rupprecht, 2007). Thus, it
remains of great importance to study bat lyssaviruses to understand
both virus and chiropteran host ecology and to determine the potential
for spill-over transmission into both humans and nonvolant mammal
populations. The current taxonomic classification of the lyssaviruses is
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FIGURE 1 Geographical distribution of bat lyssavirus isolates across the globe.

Countries are shaded according to the detection of different lyssavirus species in bats.

Where only single isolates have been detected, viruses are denoted by symbols.

Lyssavirus species are colored according to the key.

242 Ashley C. Banyard et al.
based on genetic analyses of the viral genome (Kuzmin et al., 2005, 2010)
and differentiates viruses into 11 genetically divergent species: (1) Rabies
virus (RABV), (2) Lagos bat virus (LBV), (3) Mokola virus (MOKV),
(4) Duvenhage virus (DUVV), (5) European bat lyssavirus type 1 (EBLV-1),
(6) European bat lyssavirus type 2 (EBLV-2), (7) Australian bat lyssavirus
(ABLV), (8) Irkut virus (IRKV), (9) Aravan virus (ARAV), (10) Khujand
virus (KHUV), and (11) West Caucasian Bat Virus (WCBV) (Anonymous,
2009). A 12th genetically related virus, Shimoni bat virus (SHIV), is yet to be
classified but is believed to represent a further lyssavirus species, given
that it has 80% nucleotide identity with other lyssaviruses (Kuzmin et al.,
2010).

Representative isolates from all lyssaviruses have been sequenced and
all are approximately 12 kb in length (Gould et al., 2002; Kuzmin et al.,
2003, 2005, 2008a, 2010; Marston et al., 2007). A phylogenetic analysis of
the lyssaviruses and representative mammalian species that they have
each been found to infect is shown in Fig. 2. The arrangement of the five
gene-coding regions (nucleoprotein (N)-phosphoprotein (P)-matrix pro-
tein (M)-glycoprotein (G)-polymerase protein (L)) is conserved across the
genus (Tordo et al., 1988). Each gene is flanked by intergenic regions that
have a high degree of divergence both inter- and intragenotypically
(Marston et al., 2007). Variation at intergenic regions is typically seen in
the form of sequence divergence or the presence of short insertions
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( Johnson et al., 2007; Marston et al., 2007), as well as in some isolates, the
presence of a long uncharacterized genetic element present between the
G- and L-coding regions (Ravkov et al., 1995; Tordo et al., 1986). The cause
of variation within genomes is not clear but could be related to polymer-
ase errors during replication (Assenberg et al., 2010).

The lyssavirus species can also be grouped into phylogroups (Badrane
et al., 2001) (Fig. 2). Within the lyssavirus genus, phylogroup I includes all
species apart from LBV, MOKV, WCBV, and SHIV. LBV, MOKV, and the
recently isolated SHIV are each distributed in Africa and are members
of phylogroup II (Badrane et al., 2001; Horton et al., 2010; Kuzmin et al.,
2005, 2010). The phylogroup II viruses have greater divergence at the
amino acid level on the glycoprotein ectodomain and were initially
reported to be less pathogenic than phylogroup I lyssaviruses. However,
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this property of phylogroup II viruses has been challenged by more
complete pathogenicity studies (Markotter et al., 2009). In addition, the
sporadic spill-over infections of these viruses to a number of host species
argue that they share the pathogenic characteristics of other phylogroups
(Fig. 2). WCBV could be categorized in a new phylogroup, phylogroup III.
However, only a single isolation of this virus has beenmade, and clarifica-
tion through detection of furtherWCBV isolates must occur before a novel
phylogroup distinction can be officially accepted (Kuzmin et al., 2005).
The division of lyssaviruses into phylogroups is partly due to antigenic
divergence, and vaccines derived from classical RABV strains have been
shown to confer little or no protection against members of phylogroups II
and III in experimental studies (Badrane et al., 2001; Hanlon et al., 2001,
2005; Weyer et al., 2010). However, as forWCBV, few isolates are available
for a number of the lyssaviruses and early studies were limited to mouse
models, so the influence of genetic and antigenic variation to biological
differences between species requires further study. Recently, phyloge-
netic analysis has suggested greater genetic diversity within the LBV
isolates than observed for other species, with four lineages suggested
(Kuzmin et al., 2010). Currently, it is thought that all four LBV
phylogroups are present in Africa, with serological evidence of WCBV
having been reported in African bat populations (Kuzmin et al., 2008c;
Wright et al., 2010). The greater genetic diversity and serological cross-
reactivity of African lyssaviruses have led to the hypothesis that lyssa-
viruses originated from Africa (Badrane and Tordo, 2001; Badrane et al.,
2001; Nel and Rupprecht, 2007).
II. BAT LYSSAVIRUSES: EURASIA AND AUSTRALASIA

There are currently seven distinct lyssaviruses associated with bats in
Europe, Asia, and Australia. Of these, four have been associated with
human fatalities, and a clinical presentation consistent with rabies has
been observed (Table I; Allworth et al., 1996; Belikov et al., 2009; Fooks
et al., 2003; Selimov et al., 1989). Available data suggest that, like RABV,
bat lyssaviruses are neurotropic viruses with similar pathogenesis, that is,
retrograde axonal transport of virus through the peripheral nervous
system with ascension within the spinal cord followed by extensive
replication in the brain (Fig. 3A; Johnson et al., 2006a). However, these
viruses show clear epidemiological differences with RABV in their
restricted geographical distribution and their association with particular
bat species. This may represent reduced virulence when compared to
RABV or coevolution with a particular reservoir species. As well as
infection in humans, there have been rare reports of nonrabies lyssa-
viruses present in nonvolant mammals (Dacheux et al., 2009; Muller



TABLE I Bat-associated human cases of lyssaviruses of Europe, Asia, and Australia

Virus Distribution Bat species Latin name

Incidence

in humans Reference

EBLV-1 Continental Europe Serotine bat Eptesicus serotinus 3a Roine et al. (1988),

Selimov et al. (1989),

Botvinkin et al.

(2005)

EBLV-2 The Netherlands,

Switzerland, Finland,
United Kingdom,

Germany

Daubenton’s bat Myotis daubentonii 2 Lumio et al. (1986),

Fooks et al. (2003)

ABLV Australia Pteropid and

insectivorous

bat species

ND 2 Allworth et al. (1996),

Hanna et al. (2000)

ARAV Kyrgyzstan Lesser mouse-eared

bat

Myotis blythi None n/a

IRKV Russia Greater tube-
nosed bat

Murina leucogaster 1 Belikov et al. (2009)

KHUV Tajikistan Whiskered bat Myotis mystacinus None n/a

WCBV Russia Common bent-

winged bat

Miniopterus schreibersii None n/a

n/a, not applicable; ND, not determined.
a Two further reports of human deaths have been reported following encounters with bats in Europe, although neither has been confirmed as EBLV-1.
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FIGURE 3 (A) Detection of lyssavirus nucleoprotein (brown staining) in a cross section

of the spine of a Daubenton’s bat naturally infected with EBLV-2 (5�). Neurons show

staining in the gray matter of the spinal cord and particularly involve ventral horn cells.

(B) Detection of lyssavirus antigen (brown staining) in a taste bud within the tongue of a

serotine bat experimentally infected with EBLV-1 (40�). More than 50% of the taste buds

observed showed immunolabeling for antigen. Images courtesy of Dr. Alex Nunez,

Department of Histopathology, Veterinary Laboratories Agency.
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et al., 2004; Tjornehoj et al., 2006). Below we discuss the particular features
of each of the Eurasian and Australian lyssaviruses with emphasis on
the pathogenesis studies undertaken on each to assess virulence and
transmission within the reservoir host.
A. European bat lyssavirus type 1

The first report of a rabid bat in Europe was made from observations in
1954 (Mohr, 1957). Only with the advent of antigenic typing using mono-
clonal antibodies (Schneider and Cox, 1994) could the virus isolated in
European bats be distinguished from RABV present in both European fox
populations and North American bats. Genomic sequencing has enabled
further characterization and has led to an estimation of between 500 and
750 years for EBLV-1 divergence from the other lyssavirus species (Davis
et al., 2005, 2006). EBLV-1 has only been reported in Europe, although
some authors have speculated that it may be present in North Africa due
to shared bat populations north and south of the Mediterranean Sea
(Freuling et al., 2009a). Two lineages of EBLV-1 have been defined
(Amengual et al., 1997). EBLV-1a is detected throughout northern Europe
with most isolations reported from France, the Netherlands, Germany,
and Poland. Surveillance in Germany for EBLV-1 has reported most cases
from the northern regions of the country that are at lower elevations and
where the highest density of serotine bats (Eptesicus serotinus) is suspected
(Muller et al., 2007). In contrast, EBLV-1b has been reported from southern
Germany, France, and Spain. However, bat surveillance is variable in
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Europe, and a recent report demonstrated an EBLV-1b isolate in central
Poland (Smreczak et al., 2008), suggesting that the distribution of this
lineage is more widespread in Europe than previously considered
(Fig. 4). Despite the presence of serotine bats in southern England and
long-term active and passive surveillance for lyssaviruses in the native
bat population, EBLV-1 virus has never been isolated. However, specific
antibodies have been detected in a single serotine bat, suggesting that the
virus may also be present in UK bat populations (Harris et al., 2009).

Both EBLV-1 lineages are mainly associated with the serotine bat with
99% of cases being associated with this species. The exception to this
appears to be in Spain where EBLV-1 has been reported from a range of
species including the greater mouse-eared bat (Myotis myotis), the Nat-
terer’s bat (Myotis nattereri), the greater horseshoe bat (Rhinolophus ferru-
mequinum), and the common bent-winged bat (Miniopterus schreibersii;
Amengual et al., 2007; Serra-Cobo et al., 2002). However, caution should
be exercised when identifying a reservoir species, and the species most
frequently reported may prove misleading. For example, the species most
likely to be submitted for diagnosis may also be those with an anthro-
pophilic habitat, those that are not experiencing a decline in population
size or those that succumb to clinical infections. The distribution of
E. serotinus is widespread across Western Europe (including southern
regions of the United Kingdom), north to Denmark and southern Sweden,
south to North Africa, eastward to the Himalayas, and north to Korea and
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is possibly expanding its range in Europe. This species is not commonly
migratory, but movements of up to 330 km (200 miles) have been
recorded from Eastern Europe. It appears that most bats survive infection,
as evidenced by the repeat captures of individual seropositive bats over a
number of years during both active and passive serological surveillance
initiatives across Europe (Brookes et al., 2005; Echevarria et al., 2001;
Harris et al., 2009; Serra-Cobo et al., 2002). Indeed, Amengual et al. (2007)
provided evidence for subclinical infection with EBLV-1 in a longitudinal
study of naturally infected greater mouse-eared bats (M. myotis) in mater-
nal colonies in Spain; however, the finding of lyssavirus antigen in blood
clots remains a controversial observation. This study used capture–mark–
recapture (CMR) techniques to understand EBLV-1 infection within the
colonies (range 120–804 bats/colony) over a 12-year period. The study
generated data on both survival rate and population size ofM. myotis and
provided evidence of fluctuating antibody titers, with 20 of 37 seroposi-
tive recaptured bats losing detectable immunity during this period
(Amengual et al., 2007).

Where clinical disease is seen, bats are often weak and unable to fly
and display abnormal behavior, including uncoordinated movements,
spasms, and occasionally paralysis. Serotine bats usually inhabit rela-
tively small roosts, although nursery colonies may include up to 300
animals. This species is also known to cohabit roosts with other insectivo-
rous bat species, although nursery colonies are usually species specific.
Incidents of spill-over infections of EBLV-1 into a stone marten (Muller
et al., 2004), sheep (Tjornehoj et al., 2006), and domestic cats (Dacheux
et al., 2009) have occurred but are rare and none have led to the establish-
ment of a terrestrial reservoir for the virus as seen in North America with
spill-over of rabies from bats to both skunks and foxes (Daoust et al., 1996;
Leslie et al., 2006).

Experimentally, EBLV-1 causes disease in bats indistinguishable from
that observed with RABV infection of North American bats. Direct inocu-
lation of EBLV-1 into the brain of Egyptian flying foxes (Rousettus aegyp-
tiacus) caused neurological disease and death in five of eight (63%)
inoculated animals, although surprisingly not all (Van der Poel et al.,
2000). Bats surviving in this instance must be considered to have had an
aborted infection, although such observations are rare and further expla-
nations for such unusual outcomes cannot preclude inoculation failure
or error. This was also observed in one of two experimental studies of
EBLV-1 in the North American big brown bat (Eptesicus fuscus) (Franka
et al., 2008). In the E. fuscus study, inoculation by the intramuscular route
led to the development of disease in 50% of challenged animals. In a
further study by the same authors, using the proposed EBLV-1 reservoir
host, the serotine bat, 100% induction of rabies by intracranial inoculation
was demonstrated (Freuling et al., 2009b). Intramuscular inoculation was
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less successful in causing productive infection with only one of seven bats
developing disease. By contrast, subdermal inoculation caused the devel-
opment of disease in three of seven bats with concomitant shedding of
virus in saliva immediately before the development of disease. Further,
clear evidence for virus infection of taste buds was observed (Fig. 3B),
which has been reported previously in human rabies ( Jackson et al., 1999),
although it remains unclear if infection of taste buds could result in viral
excretion. The principal experimental observations of bat studies with
EBLVs are summarized in Table II.
B. European bat lyssavirus type 2

EBLV-2 was originally isolated from a Pond bat (Myotis dasycneme) in the
Netherlands (Nieuwenhuijs, 1987). Since then the virus has been isolated
sporadically across a number of countries of Northern Europe but has
only been associated with Myotis daubentonii, the Daubenton’s bat. Virus
detection has also occurred in Switzerland (Amengual et al., 1997), the
United Kingdom (Banyard et al., 2009), Germany (Freuling et al., 2008),
and Finland ( Jakava-Viljanen et al., 2010). Two cases of human infection
have been reported (Fooks et al., 2003; Lumio et al., 1986) and, as with
spill-over in humans with EBLV-1, the clinical presentation was similar to
that observed for infection with RABV. EBLV-2 infection in bats also
results in disease indistinguishable from rabies. Typically, the infected
animal is grounded, agitated, and aggressive. When approached, infected
bats have made repeated attempts to bite the handler or objects that are
placed in front of them ( Johnson et al., 2003). In diseased bats, EBLV-2
was always detected in the brain and to a lesser extent in other organs,
including the tongue and salivary glands ( Johnson et al., 2006b). In
comparative studies in a variety of species, EBLV-2 appears less virulent
than EBLV-1 (Brookes et al., 2007; Cliquet et al., 2009; Vos et al., 2004).

Little is understood about the persistence of EBLV-2 in its natural host.
In the United Kingdom, the virus is endemic within the Daubenton’s bat
population with isolation of virus being reported on at least one occasion
each year (Banyard et al., 2010). Seroprevalence studies also suggest a
low-level persistence in the bat population (Harris et al., 2009) with a
prevalence estimate between 1% and 4%, but when, where, and how
transmission occurs in the natural environment are still unclear. Infection
studies with Daubenton’s bats have demonstrated that direct intracranial
inoculation leads to rapid development of disease. However, inoculation
via peripheral routes, such as intramuscular and intranasal, did not lead
to infection or seroconversion of the animals challenged. One of seven
bats inoculated by the subdermal route developed disease (Table II).
This implies that the most effective route of transmission is through
biting, because virus was detected in oral swabs of the infected bat



TABLE II Experimental studies on Eurasian lyssaviruses in bats

Virus Bat species Latin name

Inoculation

routes

Mortality

(%)

Incubation

period

(days)

Salivary

excretion Reference

EBLV-1 Egyptian fruit bat Rousettus aegyptiacus IC 62.5 11–34 NM Van der Poel et al. (2000)

ABLV Gray-headed
flying fox

Pteropus poliocephalus IM 33 15–24 Y McColl et al. (2002)

ARAV Big brown bat Eptesicus fuscus IM 75 16–22 N Hughes et al. (2006)

KHUV 60 14–20 Y

IRKV 54.5 7–16 Y

EBLV-1 Big brown bat Eptesicus fuscus IM 44 12–58 Y Franka et al. (2008)

SD 0 – N

PO 0 – N

IN 0 – N
EBLV-2 Daubenton’s bat Myotis daubentonii IC 100 12–14 N Johnson et al. (2008a)

IM 0 – N

IN 0 – N

SD 14 33 Y

EBLV-1 Serotine bat Eptesicus serotinus IC 100 7–13 N Freuling et al. (2009b)

IM 14 26 N

IN 0 – N

SD 43 17–20 Y

IC, intracranially; IM, intramuscular; SD, subdermal; PO, oral (per os); IN, intranasal; Y, yes; N, no; NM, not measured.
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( Johnson et al., 2008a). Scratches or bites might explain the infection of
two bat biologists with histories of encounters with Daubenton’s bats
(Fooks et al., 2003). However, in a number of in vivo studies, there have
been no reports of an infected bat biting another bat and that bat devel-
oping disease. The potential for infection via low transmissibility (basic
reproduction number, R0) rates may confer an evolutionary advantage to
these viruses. Indeed, if transmissibility rates are high, disease may occur
and individuals succumb, reducing the potential for further spread. The
dissemination of EBLV-2 within experimentally infected bats is identical
to that reported in bats infected with RABV, and neuroinvasion activates
the same innate immune responses ( Johnson et al., 2006a), both suggest-
ing a similar pathology. However, the limited geographical distribution
and host range imply that EBLV-2 is different than RABV. Whether this
constraint is virological or ecological is yet to be defined (Vos et al., 2007).
C. Australian bat lyssavirus

Australia was reported to be free of rabies within its wildlife population
with only occasional cases of imported human rabies being observed
( Johnson et al., 2008b; McCall et al., 2000). However, in 1996, investigation
of a female black flying fox (Pteropus alecto) that was unable to fly resulted
in the isolation of a lyssavirus (Crerar et al., 1996; Fraser et al., 1996).
Surveillance initiatives also confirmed the presence of lyssavirus in both
Pteropid (Gould et al., 1998) and insectivorous bats (Gould et al., 2002;
Hooper et al., 1997), and later, human infections were reported following
encounters with both fruit and insectivorous bats (Allworth et al., 1996;
Hanna et al., 2000; Warrilow, 2005; Warrilow et al., 2002). Indeed, ABLV
has now been isolated from five different bat species, all four species of
Pteropodidae in Australia and from an insectivorous bat species, the yel-
low-bellied sheath-tailed bat (Saccolaimus flaviventris), with two distinct
lineages apparently circulating in insectivorous and frugivorous bats
(Fraser et al., 1996; Gould et al., 1998, 2002; Guyatt et al., 2003). Phylogen-
etically and serologically, ABLV isolates appear to be more closely related
to RABV than any of the other Old World lyssaviruses (Fig. 2). Although
the black flying fox is a native fruit bat to Australia and is present on
islands to the north, ABLV has only been isolated in Australia. However,
serosurveillance of bat populations in the Philippines has suggested that
lyssavirus infection of bats might be more widespread than previously
thought (Arguin et al., 2002).

Experimental infections with ABLV have been undertaken in one of
the native fruit bat species, the gray-headed flying fox (Pteropus polioce-
phalus). Intramuscular inoculation resulted in 3 of 10 animals developing
clinical signs of disease (Table II), including muscle weakness, trembling,
and limb paralysis (McColl et al., 2002). ABLV was detected in the brain of
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each animal. The remaining animals all survived to the end of the study
with evidence of neutralizing antibodies against ABLV. Further ABLV
inoculation experiments have been conducted to assess the susceptibility
of companion animals to infection (McColl et al., 2007). Although a num-
ber of subjects, both dogs and cats, showed occasional neurologic signs,
these did not develop further and all survived to the end of the experi-
mentation. All animals seroconverted, and no ABLV antigen or viral
genome was detectable in tissue samples investigated following
necropsy.
D. Eurasian lyssaviruses

Four Eurasian lyssaviruses have been identified from diverse locations
throughout Eurasia (Table I). ARAV and KHUV viruses were isolated
from bats trapped in Kyrgyzstan and Tajikistan, respectively (Botvinkin
et al., 2003; Kuzmin et al., 1992, 2003). IRKV was isolated from a bat
trapped in Eastern Siberia, whereas WCBV was isolated from a bat in
southern Russia near the border with Georgia (Botvinkin et al., 2003). All
have been fully sequenced and fit into the phylogeny of the lyssavirus
genus (Kuzmin et al., 2003, 2005).

Little is known about the epidemiology of these lyssaviruses because
only single isolations from bats have been made. Serosurveys of bats in
Asia and Africa have identified cross-reactivity with existing lyssaviruses
with bat serum samples taken during surveys demonstrating neutraliza-
tion with: ARAV, KHUV, IRKV, and ABLV in Thailand (Lumlertdacha,
2005); ARAV and KHUV in Bangladesh (Kuzmin et al., 2006); and WCBV
in Kenya (Kuzmin et al., 2008a). These studies suggest that these viruses
may be more widespread, but such studies have not been supported by
isolations of virus in any of the bat species collected. A recent report has
suggested that a human case of rabies has occurred due to infection with
an Irkut-like virus (Belikov et al., 2009) in East Siberia. It seems likely that
more lyssaviruses will be isolated in bat species, particularly in Asia.
Interestingly, there have been anecdotal reports of RABVs being detected
across Asia with evidence being found in fruit bats in Thailand (Smith
et al., 1967), India (Pal et al., 1980), and China, where a bat bite was
suspected in relation to a human infection. Postmortem analysis was
not, however, attempted in the human case, and so it cannot be verified
as RABV or a related lyssavirus (Tang et al., 2005).

Experimental infections in bat models have been conducted with all of
the Eurasian bat lyssaviruses (Hughes et al., 2006; Kuzmin et al., 1994,
2008d). In each, a number of experimental subjects developed rabies-like
clinical signs following inoculation, although some survived to the end of
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the experimental period (Table II). Analysis of virus tissue distribution
revealed the brain as the most highly infected tissue confirming the
neurotropism of these viruses. Further, virus excretion in saliva was
demonstrated shortly before the development of clinical signs. In these
experiments, uninoculated bats were held in the same cage as those that
developed an infection, and no evidence for horizontal transmission was
identified (Hughes et al., 2006).

WCBV has only been isolated from a singleM. schreibersi in southeast-
ern Europe (Botvinkin et al., 2003), althoughWCBV seropositive bats have
been detected in Kenya (Kuzmin et al., 2008c), suggesting a large
geographical distribution. WCBV is the most divergent member of the
lyssavirus genus, and has long genetic distances and lacks serological
cross-reactivity to other lyssaviruses (Horton et al., 2010; Kuzmin et al.,
2005, 2008a; Wright et al., 2010). Pathogenicity of lyssavirus isolates for
different species is of scientific interest, especially following reports of
highly variable pathogenicity between phylogroups I and II lyssaviruses
in mice. Interestingly, infection of ferrets with IRKV caused substantial
clinical disease and death, whereas experimental infection in ferrets with
ARAV and KHUV suggested little or no pathogenicity (Hanlon et al.,
2005).

Experimental infection of 21 North American big brown bats with
WCBV led to three of eight animals inoculated intramuscularly in neck
muscles succumbing to rabies between 10 and 18 days postinoculation
(Kuzmin et al., 2008d). Of the surviving animals inoculated in the mas-
seter (n ¼ 7) and neck muscles (5 of 8), or orally (n ¼ 6), all survived to 6
months with no antigen detectable in those tissues tested. Four surviv-
ing bats inoculated in the masseter muscles seroconverted with WCBV
neutralizing antibodies detectable until the end of the experiment 6
months later (Kuzmin et al., 2008d). Interpretation of these observations
is complicated, however, not only because these studies were under-
taken in bats of North American origin but also because of the fact that
the animals were either of wild origin (and therefore of unknown
immunological status against RABV, which circulates among North
American bats) or were survivors of a previously undertaken IRKV
challenge study. In those bats previously infected with IRKV, IRKV-
neutralizing antibodies were detected to the end of observation. This
was despite being 12 months after the IRKV challenge and included
those not boosted by WCBV inoculation. This in vivo bat study, as with
those involving other members of the lyssavirus genus (detailed below),
has only just begun to attempt to address some of the questions regard-
ing lyssavirus pathogenesis and host immune response to infection
in bats.
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III. BAT LYSSAVIRUSES: AFRICA

Given the diversity of lyssaviruses detected in Africa and with most
nonrabies lyssaviruses being isolated from bats, there is substantial cir-
cumstantial evidence to support the hypothesis that lyssaviruses origi-
nated and evolved in African bats (Badrane and Tordo, 2001; Nel and
Rupprecht, 2007). The ecology of MOKV has not been investigated and is
poorly understood. Bats were first suggested as the hosts in which lyssa-
viruses evolved in the 1980s, when authors suggested that plant and
arthropod rhabdoviruses had adapted to mammalian hosts (Shope,
1982). Subsequently, authors have suggested that the close genetic rela-
tionship between EBLV-1 and DUVV may provide evidence of viruses
fromAfrica entering Europe (Amengual et al., 1997; Serra-Cobo et al., 2002;
Schneider andCox, 1994). In contrast, the isolation ofWCBV from theWest
Caucuses anddetection of antibodies againstWCBV inAfrica provides the
first evidence of a bat lyssavirus infection throughout the Old World
(Botvinkin et al., 2003; Kuzmin et al., 2008c). The geographical distribution
of the African lyssaviruses, including the serological detection of WCBV
neutralising antibodies, is detailed in Fig. 5. Below, we describe what is
currently understood regarding host tropism, pathogenicity, and phylo-
genetic relationships between each of the viruses currently characterized.
A. Lagos bat virus

There have been more isolations of LBV than any of the other African bat
lyssaviruses recognized, with the virus apparently circulating among bats
in sub-Saharan Africa. Several bat species have been associated with LBV
infection, including Wahlberg’s epauletted fruit bat (Epomorphorus wahl-
bergi), the straw-colored fruit bat (Eidolon helvum) (Fig. 6), the Egyptian
fruit bat (R. aegyptiacus), and an insectivorous bat, the Gambian slit-faced
bat (Nycteris gambiensis). Spill-over events of LBV from bats into other
mammals have been reported, albeit infrequently (Markotter et al., 2006a,
b) with infection of humans never having been demonstrated (Markotter
et al., 2008a). It is of note that whereas LBV has not been implicated in
human fatalities, rabies cases are grossly under-diagnosed in Africa
(Mallewa et al., 2007) and testing of tissues at postmortem, where under-
taken, typically uses nonspecific tests that may allow fatal LBV infections
to be categorized as RABV infections.

LBV was first isolated from pooled E. helvum brain material in Nigeria
in 1956 (Boulger and Porterfield, 1958). Initially, lack of Negri body
formation in experimentally infected mice and an inability of the virus
to be neutralized by rabies immune serum led researchers to disregard its
relationship to RABV (Boulger and Porterfield, 1958). However, in 1970,
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reactivity in complement fixation and virus neutralization tests estab-
lished a link with RABV (Shope et al., 1970). Since 1956, there have been
numerous isolations of LBV (Table III).

More recent studies have revealed a high seroprevalence of antibodies
against LBV in two colonial fruit bat species, E. helvum and R. aegyptiacus
(Dzikwi, et al., 2010; Hayman et al., 2008; Kuzmin et al., 2008b). Seroprev-
alence ranged from 14% to 67% in E. helvum and 29% to 46% in
R. aegyptiacus, with adult R. aegyptiacus having a higher seroprevalence
(60%) than subadults (31%). As previously reported, a substantial propor-
tion (38%) of sera that neutralized LBV also neutralized MOKV (Badrane
et al., 2001; Hanlon et al., 2005; Kuzmin et al., 2008b; Wright et al., 2010).
Studies by Kuzmin et al. (2008b) have reported an absence of detectable
LBV from 931 oral swabs from healthy bats by nested RT-PCR but gener-
ated sequences from brain material of one dead bat from which LBV was
isolated (Kuzmin et al., 2008b). Other studies have also demonstrated
seropositivity in both E. helvum and the Gambian epauletted fruit bat
(Epomorphorus gambianus) in Nigeria (Dzikwi et al., 2010; Hayman et al.,
2008).

The discovery of further LBV isolates and their genome analysis have
suggested that LBV phylogeny is more complex than originally thought
(Kuzmin et al., 2008b, 2010; Nadin-Davis et al., 2002). A Senegalese (1985),
a Kenyan (2007), and a French isolate (either Togolese or Egyptian origin,
1999) are highly similar (>99% nucleotide identity across theN gene) and
constitute lineage A. The original isolate (Nigeria, 1956) is genetically
distant from lineage A isolates and constitutes lineage B, whereas a
third lineage (C) is made up of isolates from the Central African Republic,
Zimbabwe, and South Africa (Markotter et al., 2006a). Most recently, a
fourth lineage (D) has been characterized in Kenya from an Egyptian fruit
bat having only 79.5–80.9% similarity to lineages A–C (Kuzmin et al.,
2010) (Fig. 2; Table III). These four distinct groups are geographically
clustered with the eight isolates from South Africa showing very little
sequence variation, despite isolations occurring over a 25-year period
(Markotter et al., 2008a). Divergence between lineages is high with lineage
A sharing <80% identity with the other lineages across a fragment of the
N gene, a percentage cutoff value previously suggested as suitable for
lyssavirus genotype division (Bourhy et al., 1993; Kissi et al., 1995). How-
ever, differentiation criteria must be scrutinized, as phylogeny on alter-
native regions of the genome shows less divergence between lineages.
Virus classification (ICTV) does not recognize ‘‘genotypes,’’ accepting
only ‘‘species.’’ Differentiation using N gene sequences is sufficient to
characterize a virus to a particular ‘‘genotype,’’ but sequence identity
alone is not sufficient for acceptance as a species. Characteristics such as
antigenic properties, geographical distribution, and host range must also
be taken into consideration. Consequently, whereas the LBV isolates



TABLE III Detection/isolation and genetic characterization of LBV

Bat species Latin name Year Location

Detection

method

Clinical disease/

comments Lineage Reference

Straw-colored

fruit bat

Eidolon

helvum

1956

Nigeria

VI Unknown/

isolation from

a pool of eight

brains

B

Boulger and

Porterfield (1958)

1985 Senegal VI Unknown A Swanepoel (1994)

2007 Ghana S Healthy ND Hayman et al. (2008)

2007 Kenya VI Dead A Kuzmin et al. (2008b,

2010)

2006–2007 Kenya S Healthy ND Kuzmin et al. (2008b)

2008 Nigeria S Healthy ND Dzikwi et al. (2010)

Dwarf epaulet

fruit bats

Micropteropus

pussilus

1974 Central African

Republic

VI Unknown C Sureau et al. (1977)

Wahlberg’s

epauletted

fruit bat

Epomophorus

wahlbergi

1980 South Africa VI Clinical rabiesa C King and Crick (1988)

1990 South Africa VI Dead ND Swanepoel (1994)

2003–2004 South Africa VI Dead C Markotter et al. (2006b)
2005 South Africa VI Clinically rabid,

then died

C Markotter et al. (2006b)

Egyptian fruit bat Rousettus

aegypticus

1999 France (ex-Togo

or Egypt)

VI Clinical rabies A Aubert (1999)

2008 Kenya VI Healthy D Kuzmin et al. (2010)

(continued)



TABLE III (continued )

Bat species Latin name Year Location

Detection

method

Clinical disease/

comments Lineage Reference

Gambian

epauletted fruit

bat

Epomophorus

gambianus

2007 Ghana S Healthy ND Hayman et al. (2008)

Buettikofer’s
epauletted fruit

bat

Epomops

buettikoferi

2007 Ghana S Healthy ND Hayman et al. (2008)

Gambian slit-faced

bat

Nycteris

gambiensis

1985 Guinea VI Unknown ND Swanepoel (1994)

Domestic cat Felis catus 1982 South Africa VI Clinical rabies ND King and Crick (1988)

1986 Zimbabwe VI Clinical rabies C King and Crick (1988)

Domestic dog Canis

familiaris

1989–1990 Ethiopia VI Dead ND Mebatsion et al. (1992)
2003 South Africa VI Clinical rabies ND Markotter et al. (2008b)

Water mongoose Atilax

paludinosus

2004 South Africa VI Clinical rabies C Markotter et al. (2006a)

Animal previously vaccinated against rabies. S, serological detection; VI, virus isolation; lineage A, light gray; lineage B, dark gray with black text; lineage C, dark gray with white text; lineage
D, black with white text; ND, not determined.
a Ten further LBV cases were reported but not isolated; where genetic characterization has been possible, lineage differentiations are shaded.
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studied could be differentiated into four separate lineages (Table III), they
are proposed as a single species (Kuzmin et al., 2010). This phylogenetic
relationship is depicted in Fig. 2.

Experimental infection in vivo with LBV has been examined to deter-
mine the relative pathogenicity of the virus in different species. Early
studies suggested that LBV was not able to cause disease in guinea pigs
(n ¼ 2, intramuscular inoculation), rabbits (n ¼ 2, one intramuscular
and one intracerebral inoculation), or an individual Cercocebus torquatus
monkey (subcutaneous inoculation; Boulger and Porterfield, 1958). Such
experimental studies and others (Badrane et al., 2001) led to suggestions
that the phylogroup II viruses characterized at the time, LBV and
MOKV, had a reduced pathogenicity, when compared with studies
with RABV isolates, with inoculation by the peripheral route. In con-
trast, both LBV and MOKV caused death when inoculated intracranially
into dogs and monkeys (Tignor et al., 1973). These limited studies were,
however, undertaken using only a single representative of each lyssa-
virus species (Badrane et al., 2001). Genetic differences including the
amino acid substitution at position 333 of the viral glycoprotein were
suggested to play a key role in the reduced pathogenicity, as had been
reported for some fixed (laboratory-adapted) RABV isolates (Coulon
et al., 1998; Dietzschold et al., 1983; Seif et al., 1985). The correlates of
pathogenicity, however, remain poorly understood for the lyssaviruses,
and both host-driven restrictions and tissue culture-derived mutations
may affect the pathogenicity of any one virus isolate. Evidence for such
restrictions is provided by spill-over events, which have caused rabies in
a range of species (Crick et al., 1982; King and Crick, 1988; Markotter
et al., 2006a,b; Mebatsion et al., 1992). One recent experimental study
compared LBV isolates to RABV and MOKV isolates in the murine
model via different routes of inoculation (Markotter et al., 2009). Intra-
cranial inoculation of mice with each lyssavirus produced 100% mortal-
ity, whereas intramuscular inoculation caused comparative mortality
between LBV and RABV and survivorship following infection with
MOKV remained higher than with LBV and RABV (Markotter et al.,
2009). Therefore, despite the early reports of low pathogenicity of LBV in
the laboratory (Badrane et al., 2001; Boulger and Porterfield, 1958),
subsequent investigation has shown that there is substantial variation
in pathogenicity between LBV isolates (Markotter et al., 2009). Unfortu-
nately, no original unpassaged virus exists for the primary Nigerian
LBV isolate and, hence, analysis of its pathogenic potential cannot cur-
rently be undertaken. However, molecular tools may be used to generate
this virus in future from full genome sequence data derived from origi-
nal material and establish growth characteristics in vitro and pathoge-
nicity in vivo.
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B. Mokola virus

Whereas MOKV has not been isolated from bats, isolates are available
from other species and the host reservoir(s) remain unknown (Meredith
et al., 1996; Sabeta et al., 2007). MOKV clearly has an African distribution
and is closely related genetically to the other lyssaviruses. MOKV was
first isolated from shrews (Crocidura sp.) in Nigeria in 1968 (Kemp et al.,
1972) and since then has also been isolated from domestic cats in South
Africa in 1970 and 1995–1998 (Nel et al., 2000; Schneider et al., 1985),
shrews (Crocidura sp.) in Cameroon in 1974 (Le Gonidec et al., 1978;
Swanepoel, 1994), domestic cats and a dog in Zimbabwe in 1981 and
1982 (Foggin, 1982), the rusty-bellied brush-furred rat (Lophuromys sika-
pusi) from the Central Africa Republic in 1983 (Swanepoel, 1994), and
between 1989 and 1990 in domestic cats in Ethiopia (Mebatsion et al.,
1992). Two human infections have also been reported in Nigeria in 1969
and 1971, although only one of these was fatal (Familusi et al., 1972)
whereas the other isolation may have been a laboratory contaminant
(Familusi and Moore, 1972). Cross-neutralization shown by LBV seropos-
itive bat sera (Dzikwi et al., 2010; Kuzmin et al., 2008b) suggests that bats
cannot yet be ruled out as reservoirs; however, the lack of sampling of
rodents, shrews, and other potential reservoirs in Africa is notable.
C. Duvenhage virus

DUVV was first isolated in South Africa in 1970 from a human who died
following a bat bite (Meredith et al., 1971). Further isolations from insec-
tivorous bats occurred from M. schreibersii in South Africa in 1981 and
Nycteris thebaica in Zimbabwe in 1986 (King and Crick, 1988; Paweska
et al., 2006). Interestingly, the N. thebaica was trapped in a survey, with no
clinical signs of rabies reported (Foggin, 1988). Two further cases of
DUVV in humans have been reported, one from South Africa (Paweska
et al., 2006) and the other from the Netherlands, the virus being of Kenyan
origin (van Thiel et al., 2008).
D. West Caucasian bat virus

As detailed in Section II, WCBV appears to have a wide geographical
range, including both Eurasia and at least parts of Africa. A recent study
reported neutralizing antibodies against WCBV in Miniopterus bats col-
lected in Kenya with prevalence ranging from 17% to 26% in sampled bats
(Kuzmin et al., 2008c). WCBV seropositive bats were detected in four of
five locations sampled across Kenya. This report provides evidence that
WCBV, originally isolated in Europe, may emerge in other continents.
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Further isolations ofWCBV or serological detection are required to under-
stand its epidemiology and relationships with the other lyssaviruses.
E. Shimoni bat virus

Isolated in 2009, SHBV represents the most recently detected bat lyssa-
virus, potentially a new species, isolated from the brain of a dead
Commerson’s leaf-nosed bat (Hipposideros commersoni) in Kenya. The
virus lies antigenically within phylogroup II, being classified phylogen-
etically betweenMOKV andWCBV (Kuzmin et al., 2010). TheHipposideros
subfamily has a broad distribution in the Old World from tropical Africa
to China. Therefore, further sampling of these genera will be interesting
to determine if this is another virus that may have crossed from Africa to
Eurasia, as appears to have been the case from the limited data available
from WCBV (Kuzmin et al., 2010).

Interestingly,M. schreibersii, a species fromwhich EBLV-1, DUVV, and
WCBV have been isolated or RNA detected, has a distribution from the
Middle East and Caucasus, across southern Europe and down through
Africa. This species may, therefore, act as a host to facilitate the cross-
continental transmission and emergence of lyssaviruses from Africa,
along with species from the Hipposideros subfamily.
IV. BAT RABIES AND THE AMERICAS

The Americas are geographically divided into three major regions encom-
passing a total of 48 defined countries, island nations, and territories:
North America including the United States, Mexico, and Canada; Central
America, including all the mainland countries as well as the island
nations of the Caribbean; and South America, including some of the
most densely populated countries of the Americas. Whereas terrestrial
rabies in domestic animals is reported to have been eliminated from
North America (Belotto et al., 2005), other sylvatic terrestrial reservoirs
remain. These reservoirs appear to maintain RABV variants within popu-
lations that can spill-over into domestic animals and occasionally into
humans. Bat-associated rabies is also reported frequently and now con-
stitutes a recognized public health threat in North America. Domestic-
and bat-associated rabies also continues to be an important economic and
public health concern in Latin America. As in North America, concerted
mass vaccination campaigns targeting domestic cats and dogs have led to
a dramatic decrease in urban rabies. However, RABV transmitted by
hematophagous bats is currently an increasing problem across Latin
America, and vampire bat rabies is now considered the most significant
threat to livestock health as well as posing considerable risk to humans



262 Ashley C. Banyard et al.
(Ruiz and Chavez, 2010; Schneider et al., 2005). Indeed, RABV occurs in
both hematophagous and nonhematophagous bats across the NewWorld
and, despite widespread surveillance, only RABV has been isolated,
without documentation of detection of the other recognized lyssavirus
species. Here, we document what is currently understood regarding
diversity, transmission, and virus–host dynamics within bat populations
in the Americas.
A. Vampire bat rabies

The human population across Central America and vast regions of South
America remains at risk of RABV transmission from bats, in particular,
hematophagous or vampire bats. There are only three species of hema-
tophagous bat that consume blood exclusively as their diet: the common
vampire bat (Desmodus rotundus), the white-winged vampire bat (Diaemus
youngi), and the hairy-legged vampire bat (Diphylla ecaudata). The com-
mon vampire bat is present across much of Latin America. It has been
postulated that the introduction of domesticated livestock to the Amer-
icas has increased vampire bat densities considerably over the past 300
years through an increase in available prey species such as cattle, horses,
goat, and sheep (Altringham, 1996; Constantine, 1988). Its current distri-
bution is considered to be increasing as a result of alterations in climatic
conditions. It has been suggested that an increase in temperature over the
next few decades could result in a substantial expansion of its current
habitat along the east and west coasts of Mexico and into Southern states
of the United States, potentially including Texas, Florida, and Arizona.
(Shahroukh andMoreno-Valdez, 2009). Alongside this, both deforestation
and the introduction of prey species such as livestock into new areas
provide a food source that will help increase populations of vampire
bats. The white-winged vampire bat is found from Mexico to southern
Argentina and is also present on the islands of Trinidad and Isla
Margarita. In Trinidad, white-winged vampire bats have been found
cohabiting roosts in caves with D. rotundus as well as insectivorous bats
such as the great sac-winged bat (Saccopteryx bilineata). The hairy-legged
vampire is subdivided into two subspecies withD. ecaudata centralis being
present from Western Panama to Mexico whereas D. ecaudata ecaudata is
found from Brazil and eastern Peru to eastern Panama (Greenhall and
Schmidt, 1988; Nowak, 1999).

The hematophagous nature of these bats provides a unique mecha-
nism of transmission for RABV. Interestingly, there appears to be some
preference in prey species utilized for feeding in that the common vam-
pire bat appears to prefer predation on bovids; the hairy-legged bat is
most commonly associated with feeding on bovids and equids, whereas
the white-winged vampire bat favors avian species (Greenhall, 1961).
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Transmission events from hematophagous bats to livestock species were
first documented in Central and South America at the beginning of the
past century (Carini, 1911; Hurst and Pawan, 1931) with attacks on live-
stock species causing rabies outbreaks in cattle in the 1920s (Haupt and
Rehaag, 1921). Indeed, the RABV lineage associated with vampire bats is
postulated to be phylogenetically the most ancient among American bat
isolates (Hughes et al., 2005), although the actual origin of the virus
remains unknown (Davis et al., 2006).

Mechanisms of transmission between vampire bats within roosts
remain speculative, but their roost structure and behavioral adaptation
to feed on blood suggest several obvious mechanisms for spread of
infection within the roost. Vampire bats not only have a unique adapta-
tion in their requirement for blood but are also known to regurgitate
ingested blood for mutual feeding purposes. This may serve as a mecha-
nism of transmission alongside potential delivery of virus through allo-
grooming, biting, licking, or inhalation of aerosolized virus. Experimental
studies to attempt to elucidate mechanisms of transmission of virus
between bats have addressed the possibility of excretion from vampire
bats. Whereas salivary excretion has been documented in swabs from bats
just before the onset of clinical disease, excretion from healthy animals has
not generally been detected (Moreno and Baer, 1980) apart from in excep-
tionally rare cases where human error could not be ruled out (Franka
et al., 2008). A recent study looked at the effect of dose on survivorship
within vampire bats (Almeida et al., 2005). This study corroborated earlier
observations that are of general interest. First, the detection of early
clinical signs was not possible merely through observation, and it was
not until animals were separated and forced to move around that disease
signs were evident. This suggests that bats that have become separated
from a roost with clear clinical disease may be in a late stage of infection,
although it remains unknown how clinical disease progression correlates
with virus excretion. This may have significant consequences for contact
and transmission rates within bat species. Second, as reported previously
(Aguilar-Setien et al., 1998; Pawan, 1936; Rodrigues and Tamayo, 2000),
not all animals that succumbed to infection displayed observable clinical
disease. These findings, however, may not be surprising, given that
checks were performed daily, and it is likely that diagnosing signs of
disease in wild animals may be difficult. This is especially true if during
the prodromal phase animals display nonspecific clinical signs and/or if
progression to death is rapid. Those that may have had clinical illness did
not necessarily display the aggressive behavior reported in other studies
either (Pawan, 1936). Another similar study by Aguilar-Setien et al. (2005)
sought to assess virus excretion in the vampire bat model using a large
dose (106 MICLD50) of a vampire bat rabies virus isolate. As previously
reported, a decrease in feeding was observed following the onset of
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clinical disease in those that succumbed leading to dehydration and
reduced salivation. Infected bats were swabbed prior to and following
the onset of clinical disease. No viral material was detected in swabs from
clinical animals; however, virus isolation in tissue culture was successful
from three bats that survived infection after 6 (n ¼ 2) or 21 (n ¼ 1) days
postinoculation. All three bats remained healthy and had rabies neutra-
lizing antibodies by the end of the experimentation (Aguilar-Setien et al.,
2005). Clearly, mechanisms by which virus is maintained, excreted, or
cleared remain poorly understood, and future experimentation is needed
to confirm these findings. However, design of future experimentation
must rationalize dose administration because a very high viral dose
may cause an ‘‘unnatural infection’’ with neurological disease and
death occurring before virus is shed in salivary glands.

Vampire bat rabies infections of humans and herbivores appear to be
increasing in Central and South America (Ruiz and Chavez, 2010) with
D. rotundus being themain reservoir across Mexico, Brazil, Argentina, and
Chile (Cisterna et al., 2005; Mayen, 2003; Nadin-Davis and Loza-Rubio,
2006; Yung et al., 2002). Often, high human population densities are
associated with people living in conditions of extreme poverty in these
regions (Castilho et al., 2010). Such areas have been associated with high
incidences of vampire bat rabies transmission to both humans and herbi-
vores and have identified the circulation of specific virus lineages within
localized geographical locations. It is hypothesized that topological fea-
tures such as dense jungle may restrict vampire bat movement and that
this results in the generation of viral sublineages circulating within dis-
tinct regions (Castilho et al., 2010; Kobayashi et al., 2007, 2008; Paez et al.,
2007; Velasco-Villa et al., 2006).
B. Insectivorous bat-associated rabies

Initial detection of RABV in insectivorous and frugivorous bats was made
during surveys into hematophagous bat populations and rabies transmis-
sion in South America (Carini, 1911; Pawan, 1936). It was not until the first
detection of rabies in an insectivorous bat in the early 1950s that insectiv-
orous bats were also found to harbor the virus in North America (Baer
and Smith, 1991; Brass, 1994; Sulkin and Greve, 1954). A recent study in
Brazil documented that 41 species of bat have historically been associated
with transmission of bat rabies, including 25 genera and three bat
families: the Phyllostomidae, the Vespertilionidae, and the Molossidae
(Sodre et al., 2010). Across the Americas, 16% of wildlife-associated rabies
cases were reported from bat species, mostly nonhematophagous bats,
between 1993 and 2002 (Belotto et al., 2005). With the elimination of
terrestrial RABV in companion animals across North America, the trans-
mission of RABV to humans from bats has become of increasing
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importance as a public health risk (Messenger et al., 2002). Both increased
surveillance and general scientific interest in RABV as a viral pathogen
and the ecology and biology of bat species has seen a dramatic surge in
the number of bat rabies cases being reported in the United States
(Blanton et al., 2010). Despite the large number of different bat species
associated with RABV transmission in Central and Southern America,
association of RABV infection in North America has highlighted a key
role in infection of certain bat species. The big brown bat (E. fuscus), the
little brown bat (Myotis lucifigus), and the Brazilian (Mexican) free-tailed
bat (Tadaria brasiliensis) are most commonly submitted for rabies testing,
although only a fraction of those submitted are found to be positive
for RABV infection (Blanton et al., 2010). Interestingly, the species that
are most frequently associated with transmission to humans are silver-
haired bats (n¼6) (Lasionycteris noctivagans), eastern pipistrelle bats (n¼4)
(Perimyotis subflavus) and Brazilian (Mexican) free-tailed bats (n¼5)
(T. brasiliensis) in the United States between 2000 and 2009 (Blanton et al.,
2010; Brass, 2009). Recent studies have also highlighted an apparent host
restriction seen within circulating bat RABV variants in North America
with a suggestion that phylogenetic barriers exist to cross-species trans-
mission at the level of both initial infection and sustained transmission
within the newly infected species (Streicker et al., 2010). Current genetic
data depicting the phylogenetic relationship between different bat rabies
isolates from species across the Americas are shown in Fig. 7 and Table IV.
As with lyssavirus infections seen across Europe, a skewed geographical
distribution exists for the detection of RABV following human encounters
due to disproportionate density of human populations alongside the
acknowledgment of preferred roost habitats for different bat species
(Streicker et al., 2010).

Numerous experimental studies have been undertaken with nonhe-
matophagous bat rabies variants in vivo both in chiropteran and in terres-
trial animal models. A series of experiments in the late 1950s highlighted
potential mechanisms for virus persistence by virtue of body temperature
as well as suggesting a possible role for the adipose tissue of hibernating
bats in the maintenance of RABV (Sulkin, 1962; Sulkin et al., 1957, 1960),
although later studies were unsuccessful in corroborating an involvement
of brown fat in virus maintenance through periods of torpor (Kuzmin
et al., 1994). Throughout the 1960s, extensive studies were undertaken in
caves where naturally infected insectivorous bats were present to attempt
to elucidate potential transmission mechanisms. Caged coyotes and foxes
were positioned under large roosts andmonitored, and the caged animals
invariably developed clinical rabies (Constantine, 1962, 1967) highlight-
ing the potential for aerosol transmission of RABV (Constantine, 1966).
However, it is not clear that biting can be ruled out as a potential trans-
mission mechanism in this study. Whereas natural exposure via the
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aerosol route has been reported (Winkler, 1968; Winkler et al., 1973), more
recent experimental attempts to infect mice by this route have had success
with RABVs but not with other lyssaviruses ( Johnson et al., 2006c). In
other experiments with bats, rabid animals have been observed biting
cage mates, although disease did not develop in these animals (Shankar
et al., 2004). Most recently, the effect of multiple exposures to virus has
been addressed in E. fuscus with a RABV isolate (Turmelle et al., 2010).
Following initial exposure, mortality reached almost 40% with only 35%
developing neutralizing antibodies. Of the 17 bats (39%) that succumbed
following the first inoculation, only one bat had developed neutralizing
antibody titers, and then only on the day of euthanasia. Those that
survived the first inoculation were kept for a total of 175 days between
inoculations and prior to the second inoculation, the number of seroposi-
tive bats had decreased to 12%. This suggests that antibody titers wane to
levels that are not detectable using the current tests. A similar factor was
hypothesized previously when vampire bats selected for experimental
inoculation were seronegative prior to inoculation but developed a strong
antibody response following RABV inoculation (Aguilar-Setien et al.,



TABLE IV Details of samples used to generate Fig. 7

Species of bat

Abbreviated

name

Year of

isolation Location

Accession

number

Antrozous pallidus A. pal 2005 USA, Arizona GU644641

Artibeus lituratus A. lit 1998 Brazil AB117969

Artibeus planirostris A. pla 1998 Brazil AB117972
Corynorhinus

townsendii

C. tow 2003 USA, California GU644759

Desmodus rotundus D. rot 1986 Brazil AF351847

Desmodus rotundus D. rot 1995 Trinidad AF351852

Eptesicus furinalis E. fur 2001 Brazil AB201812

Eptesicus fuscus E. fus 2004 USA, Georgia GU644652

Eptesicus fuscus E. fus 2004 Arizona GU644642

Eptesicus fuscus E. fus 2003 USA, Michigan GU644659
Eumops auripendulus E. aur 1998 Brazil AB201809

Human ex vampire bat Hu ex D. rot 1996 Peru AF045166

Insectivorous bat (?) Ins 1988 Chile AF351850

Lasionycteris

noctivagans

L. Noc 2005 USA, Idaho GU644923

Lasiurus blossevillii L. blo 2002 USA, California GU644696

Lasiurus borealis L. bor 2005 USA, New Jersey GU644702

Lasiurus cinereus L. cin 2005 USA, Idaho GU644715
Lasiurus intermedius L. int 2002 USA, Florida GU644914

Lasiurus seminolus L. sem 2003 USA, Georgia GU644732

Lasiurus xanthinus L. xan 2004 USA, California GU644740

Molossus molossus M. mol 1999 Brazil AB201815

Myotis austroriparius M. aus 2001 USA, Florida GU644742

Myotis californicus M. cal 2004 USA, Washington GU644745

Myotis evotis M. evo 2005 USA, Washington GU644747

Myotis lucifugus M. luc 2005 USA, Michigan GU644749
Myotis velifer M .vel 2004 USA, Arizona GU644960

Myotis yumanensis M. yum 2004 USA, California GU644753

Nycticeius humeralis N. hum 2003 USA, Florida GU644969

Nyctinomops

laticaudatus

N. lat 1998 Brazil AB201806

Parastrellus hesperus P. hes 2004 USA, Arizona GU644755

Perimyotis subflavus P. sub 2005 USA, Georgia GU644975

Tadarida brasiliensis T. bra 2004 USA, Florida GU644777
Tadarida brasiliensis T. bra 1988 USA, Florida AF394876

Tadarida brasiliensis T. bra ? USA, Texas AF351849

Tadarida brasiliensis T. bra 1987 Chile AF070450

Tadarida brasiliensis T. bra 2009 Mexico GU991832
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2005). These observations may suggest that bats had undetectable levels
of antibody prior to inoculation through natural exposure and support
the use of techniques that measure binding antibodies (e.g., ELISA) rather
than relying solely on methods that detect neutralizing antibodies (e.g.,
RFFIT, FAVN) for prescreening of sera. In the repeat exposure study,
mortality following the second inoculation was not significantly lower
than that observed following primary inoculation (36%) and only 60%
seroconverted (including three of the nine that succumbed). A tertiary
inoculation was also performed and one further animal succumbed.
Following tertiary exposure, 17% of bats seroconverted (Turmelle et al.,
2010). Clearly, the role of antibody development following infection dif-
fers between individuals, and ultimately, other immunological compo-
nents such as cell-mediated mechanisms play an important role in host
response to infection.

Other studies have addressed the susceptibility of different bat species
to infection and again there appears to be a virus–host dependence on the
outcome of infection. Numerous observations suggest that both hema-
tophagous and nonhematophagous bats that form highly social roosts
appear to be less susceptible to disease with indigenous RABV isolates.
Where infection occurs, clinical disease is observed as a nonaggressive,
paralytic form of rabies. In direct contrast, less social bats appear to have a
heightened susceptibility to RABV variants and appear more likely to
develop a furious form of the disease following infection (reviewed in
Kuzmin and Rupprecht, 2007). Further studies have analyzed serological
responses to both natural and experimental infection with lyssaviruses
with some demonstrating fluctuation through time in antibody responses
within some species (Constantine, 1967; O’Shea et al., 2003; Shankar et al.,
2004; Steece and Altenbach, 1989; Turmelle et al., 2010). Despite these
studies, the development, role, and significance of seropositivity within
a bat population remain poorly understood.
C. Bat rabies and host switching

Successful species-to-species transmission of viral pathogens is an impor-
tant factor in the emergence and evolution of microorganisms. For
viruses, such transmission can lead to host switching whereby a virus
can spill-over into a novel host and theoretically alter its genome to enable
efficient replication and maintenance within the recipient species. This
fact is of particular importance for zoonotic pathogens where host switch-
ing may lead to establishment of novel human pathogens with altered
virulence. Host switching has been proposed as the evolutionary mecha-
nism by which lyssaviruses have evolved through spill-over from bats to
infect terrestrial mammals (Badrane and Tordo, 2001). The mutability of
lyssaviruses to enable such transmission and adaptation is thought to be a
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result of the error prone nature of the virally encoded RNA-dependent
RNA polymerase enzyme that facilitates both transcription and replica-
tion of the viral genome (Assenberg et al., 2010).

In the majority of cases, spill-over events are dead-end infections.
However, if productive infection is established in the new host and
excretion occurs, then further transmission within the new species may
occur. This is the mechanism by which lyssaviruses successfully switch
hosts and establish further cycles of infection. Genetic analysis of glyco-
protein sequences from viruses circulating in both bat and terrestrial
carnivore species suggests that host switching of lyssaviruses from bats
to other mammals has occurred repeatedly and successfully in history
(Badrane and Tordo, 2001).

The rabies situation in wildlife across the Americas is complicated due
to the presence of different terrestrial and bat vector species. Among
domestic animals, cats and dogs are the most important animal reservoirs
for spill-over cases of RABV to humans, whereas within wildlife species,
foxes, raccoons, and skunks constitute the greatest threat to spill over into
both humans and domestic animals. Despite the complexity of the situa-
tion, these terrestrial species may be limited in their distribution: with
raccoons (Procyon lotor) being present across much of the eastern United
States; the gray fox (Urocyon cinereoargenteus) in Arizona and Texas; and
both red (Vulpes vulpes) and arctic (Alopex lagopus) foxes in Alaska and
parts of Canada; although precise species distributions have not been
defined. Oral vaccination programs have, however, successfully reduced
the number of rabies cases in foxes reported in some regions (MacInnes
et al., 2001; Sidwa et al., 2005). Terrestrial rabies associated with both
raccoons and skunks, particularly the striped skunk (Mephitis mephitis)
and the eastern spotted skunk (Spilogale putorius), covers much of the
north central and south central United States with a combined total of
3930 cases, 64% of the total cases reported from wild terrestrial species,
being reported in 2009 (Blanton et al., 2010).

Whereas RABV infection attributed to specific species is clearly
defined, spill-over into other wildlife species occurs, but only rarely
initiates a new cycle of maintenance of virus within the new host. Trans-
mission between animals of the same species maintains the levels of
infected individuals and at the regional level may lead to continued
circulation of a virus variant within a local population for decades
(Blanton et al., 2010; Childs et al., 2001). Whereas it is apparently rare,
two case reports provide evidence for maintenance of virus in a terrestrial
species following presumed transmission from a bat species. In 1993, a
small outbreak of rabies cases occurred in foxes on Prince Edward Island,
Canada. The genetic detection of a bat RABV variant within this fox
population was confirmed, and from the detection of low levels of virus
in salivary gland material, it was assumed that some degree of
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intraspecific transmission among the foxes had occurred (Daoust et al.,
1996). A second report from Arizona, USA in 2001, highlighted the infec-
tion of a number of skunks with a bat RABV variant. This virus was
phylogenetically most similar to that known to be present in Eptesicus
and Myotis sp. populations from the same region (Leslie et al., 2006).
Sustained intraspecies transmission of this bat variant of RABV in the
skunk population was the most likely explanation as the skunk cases
occurred over a period of only 7 months (Leslie et al., 2006).
V. DISCUSSION

The role that bats play in the maintenance, transmission, and evolution of
lyssaviruses is complex and generally poorly understood. The protected
nature of numerous bat species across the developed world has made
experimental studies with lyssaviruses, in what are considered to be the
reservoir host species, problematic. The zoonotic potential of these
viruses coupled with the lack of protection afforded by standard rabies
vaccines against some of these pathogens has further complicated the
issue through the need for experimentation to be undertaken in high
containment with stringent biosecurity. There is currently a lack of knowl-
edge at both the pathogen and the host level, and further studies are
necessary to bridge this gap in knowledge. Below we attempt to address
the current thinking regarding bat exposure and infection with lyssa-
viruses and highlight questions that need to be answered if we are to
gain further insight into lyssavirus infection of bats.
A. Receptor usage and virus replication upon exposure

It is widely recognized that lyssaviruses are neurotropic. However, the
receptors utilized by different lyssavirus isolates, and under what circum-
stances, are not known. It is clear, however, that for bats to transmit virus
either within roosts or to terrestrial mammals, there has to be a mecha-
nism for virus cell entry. At the molecular level, this interaction is deter-
mined primarily by receptor availability and usage. Currently, three
receptors are proposed to act as key molecules by which RABVs gain
entry into cells. These include the nicotinic acetylcholine receptor
(nAchR), responsible for interneuronal communication within the central
nervous system and the peripheral nerve network; neural cell adhesion
molecule (NCAM), present at the nerve termini and deep within the
neuromuscular junctions at the postsynaptic membranes; and the neuro-
trophin receptor (p75NTR), which plays a role in cellular death, synaptic
transmission, and axonal elongation (Dechant and Barde, 2002; Lafon,
2005). However, recent studies have suggested that the p75NTR molecule
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is probably not important for RABV entry (Tuffereau et al., 2007). When
observed in bats, clinical manifestations of disease include neurological
signs, indicating that bat virus variants are also highly neurotropic.
These receptor molecules, however, have primarily been implicated in
cell entry using murine and canine in vitro and in vivo systems, and the
presence of viable receptors in bat and other species tissues has received
little attention. Again, despite partial characterization of these molecules
as receptors for RABV, it is currently unknown to what extent each of
these proposed receptors is utilized by lyssaviruses. Replication of lyssa-
viruses in other cell lines has suggested that there may be a ubiquitous
receptor molecule utilized by different isolates, although the replication
of wild-type isolates in nonneuronal cell lines other than baby hamster
kidney (BHK) cells has not been studied in detail. Novel species-specific
bat cell lines that have recently been developed (Crameri et al., 2009) may
further elucidate mechanisms by which lyssaviruses enter cells and help
determine whether or not they can be maintained in nonneuronal cells
in vitro.

Such studies may also elucidate restrictions that appear to be in
place for infection of different species. Certainly, infection with EBLV-1
and -2 appears in the main to be restricted to E. serotinus andM. daubento-
nii, respectively. European bat species have been suggested to mix at both
swarming sites and within roosts, potentially enabling a mechanism of
cross-species transmission. However, the inaccessibility of underground
roosts and caves means that our understanding of bat ecology across
Europe remains poor (Rivers et al., 2006). Whether or not the species
restriction of EBLVs is real or whether, like some bat variants of RABVs,
virus can be maintained in numerous bat reservoirs requires further
analysis (Streicker et al., 2010). In addition, further receptor analysis is
required for lyssaviruses, such as LBV, that appear to be promiscuous and
infect several bat species across several genera. How lyssaviruses com-
pare with regard to their receptor usage may give important insights into
host restriction mechanisms and is an area for future study. In the absence
of extensive in vivo research, novel in vitro methodologies may provide
answers to such questions.
B. Bat population structures, sizes, and ecology

Our current understanding of bat ecology and epidemiology is not suffi-
cient to explain maintenance and transmission of lyssaviruses within bat
populations. It is clear that lyssaviruses are able to infect a wide range of
bat species across the globe. However, bat species have an incredibly
wide range of habitats, life cycles, and population sizes. The movement
of bats between roosts in widely dispersed locations may also influence
virus maintenance. Some bat species have relatively localized
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movements, for example, insectivorous bats such as M. daubentonii,
whereas larger migratory bat species (e.g., E. helvum) fly great distances
between roosts for as yet undefined purposes. Indeed, in such large
migratory species, telemetry has been used to track individual bats
moving over 370 km in a single night and traveling over 2500 km during
migration, although tracking individuals often proves difficult (Richter
and Cumming, 2008). Whereas it is clear that some bats move to locations
that are known to be roost sites, bats also ‘‘disappear’’ for considerable
lengths of time occasionally returning to known roosts. This includes both
insectivorous species where maternal roosts are unknown and migratory
species such as E. helvum where 100,000s of bats migrate annually
(Thomas, 1983). Knowledge of the size and structure of such metapopula-
tions, and the degree of connectivity between them where they exist
across continents, would greatly enhance our understanding of the poten-
tial for virus maintenance and transmission within them. Numerous
studies have reported virus-specific neutralizing antibodies within
healthy individuals of such bat species. However, isolation of live virus
is rare, and mechanisms of maintenance remain unknown. In addition,
the aging of wild animals is difficult and precludes a detailed analysis of
age-specific seroprevalence, in turn reducing the information available
from serological surveys.
C. Bat immunobiology and the carrier state hypothesis

The basic immunobiological status of bats, particularly with respect to
exposure to lyssaviruses, is poorly understood. With the recent detection
of numerous zoonotic pathogens in bats, considerable studies are now
being focused on both bat ecology and pathogen interactions (Calisher
et al., 2006; Cui et al., 2007; Dominguez et al., 2007; Field, 2009; Towner
et al., 2009; Wang and Eaton, 2007; Wibbelt et al., 2007). Early findings in
this novel area of host–pathogen interactions have looked at bat genomics
for indicators of immune regulators and have made comparisons with
established findings in more extensively studied experimental animal
models (Allen et al., 2009; Mayer and Brunner, 2007; Omatsu et al., 2008).
The concept of the existence of an RABV carrier state in bats has been
postulated for many years. This hypothesizes that bats are somehow able
to support virus infection in an as yet undefined tissue type but remain
free of clinical disease for long periods and being able to transmit virus to
conspecifics within roosts. However, there is little empirical evidence to
support this hypothesis. Further, it is plausible that bats may eventually
succumb to disease during periods of reduced immunocompetence, with
the protracted incubation times of lyssaviruses perhaps providing a more
heterogeneous immunological landscape over time for lyssaviruses than
for other classical acute RNA viral infections. Clearly, both baseline



Bats and Lyssaviruses 273
immunological characteristics of bats and the immunological response
following infection are poorly understood. For many species, the bat life
cycle is intrinsically linked to numerous ecological factors that determine
key stages of bat biology such as periods of hibernation and/or torpor, the
necessity to migrate, and the timing of mating and resultant birth of
offspring. The role of the environment, including temperature, humidity,
food availability, parasite load, and infection with other bat pathogens
may also all play a role in the outcome of exposure to lyssaviruses. The
effect of torpor, for example, was experimentally demonstrated to pro-
long mean incubation period by the duration of torpor itself (Sulkin, 1962;
Sulkin et al., 1960). The biological diversity within bat species means that
these factors and requirements are particularly varied across different
species, and as such, potential carrier status and/or reactivation of virus
from a latent stage may be plausible but without any evidence to support
it. However, there is scant knowledge on the driving forces behind a
number of these factors, and so mechanisms of virus maintenance within
healthy bats remain unknown. It is interesting to postulate that alterations
to environmental conditions may affect the potential for bats to resist,
transmit, or even expose other mammalian populations to virus through
spill-over events. Long incubation periods have been described for dead-
end hosts such as humans ( Johnson et al., 2008b) and also in instances in
which captive bats have been apparently healthy upon capture and have
developed disease while in captivity (Aguilar-Setien et al., 2005; Almeida
et al., 2005; Turmelle et al., 2010), occasionally following long periods
(Pajamo et al., 2008). This may reflect the variable incubation period or
possibly a delicate host–pathogen relationship in which the immune
status may be essential for resisting active viral replication; however,
ultimately, these reports may be related to the route of exposure, viral
dose received, primary site of replication, and other unknown factors.
Continued research into basic bat immunobiology is essential, therefore,
to gain a better understanding of the host–pathogen relationship in these
unique mammals.
D. Bat lyssavirus serology: Infection or exposure?

The continued serological assessment of different bat species for exposure
to lyssaviruses, as well as other viral pathogens of interest to the scientific
community, has established that bat populations across the globe are
frequently exposed to lyssaviruses. Numerous serosurveillance initiatives
have reported serological positivity for virus exposure for several repre-
sentatives of lyssavirus species (Harris et al., 2009, 2006; Hayman et al.,
2008; Kuzmin et al., 2006, 2008b,c; Lumlertdacha 2005; Pal et al., 1980;
Smith et al., 1967; Wright et al., 2010). Indeed, the presence of virus-
neutralizing antibodies in healthy bats remains an interesting aspect of
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lyssavirus biology (Arguin et al., 2002; Serra-Cobo et al., 2002; Turmelle
et al., 2010). In nonchiropteran hosts, infection with lyssaviruses generally
leads to the development of disease, and ultimately death, with serocon-
version either occurring late during the symptomatic phase or not at all.
Few studies have reported circulation of virus in terrestrial species with
rare seropositivity within terrestrial carnivore populations being sug-
gested (East et al., 2001; Lembo et al., 2007). In bat species, so-called
abortive infection, that is, the development of a neutralizing antibody
response in the absence of disease, appears to be relatively common.
Indeed, what constitutes an exposure that is able to prime an immune
response in the absence of development of disease remains an enigma.

Studies with lyssaviruses in a wide spectrum of animal models have
shown that both the route of exposure and viral dose play important roles
in the outcome of infection. Experimental studies in insectivorous bats
have attempted to explain the importance of route of inoculation in the
natural host, but a clear trend with regard to how virus is transmitted
between bats in the roost has not yet been fully defined. Most reliably as
an experimental route of inoculation, direct inoculation of viable virus
intracranially invariably leads to infection, neurological disease, and
death. In limited studies, intranasal inoculation does not appear to be a
successful route of exposure if clinical disease is sought (Franka et al.,
2008; Freuling et al., 2009b; Johnson et al., 2008a), perhaps reflecting the
scarcity of reports on natural infection via this mechanism (Winkler,
1968). Lack of clinical disease following attempted infection via this
route may be through a lack of exposure to aerosols containing high
enough concentrations of virus for initiation of a productive infection.
Studies with T. brasiliensis, however, did report intranasal infection to be a
viable infection route, resulting in extreme aggression in the inoculated
bat (Baer and Bales, 1967). It has also been postulated that aerosolized
RABV, possibly encountered at roosting sites, is sufficient to lead to
seroconversion (Davis et al., 2007), although not necessarily clinical dis-
ease. Certainly in species that roost at high density in caves, this mecha-
nism could lead to exposures. However, for other species such as the
Daubenton’s bat in the United Kingdom, where comparatively small
colonies form, and tree roosting species such as E. helvum, even where
high roosting densities are seen, such a mechanism seems unlikely.

Experimental inoculation at intramuscular or subdermal locations has
also proved to be of limited success in different animal models. However,
where different peripheral routes have been assessed, there are often
differences in virus origin, tissue culture passage history prior to inocula-
tion, and inoculated viral dose. With little or no standardization of sample
preparation seen between different reports, comparison between studies
becomes difficult. However, it seems likely that for peripheral inocula-
tion, the degree of innervation at the inoculation site plays a significant
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role in experimental outcome, although as discussed earlier, receptor
usage is also of great importance and remains largely unknown although
clearly wild-type viruses will have evolved to exploit natural entry routes.

In no study has a bat been observed to survive following development
of clinical disease, and there is little evidence for subclinical infection,
although in natural infections, the presence of antibodies supports this
observation. Interestingly, however, excretion of virus in the absence of
disease development has been reported twice (Aguilar-Setien et al., 2005;
Franka et al., 2008) although these findings need to be confirmed by
additional studies. Generally, most studies indicate that transmission
between bats is likely to be through bites from an infected animal to a
conspecific and not by aerosolization of virus within bat roosts. In support
of this means of transmission, salivary excretion of virus has been
observed immediately before the development of disease in a number of
studies (Freuling et al., 2009b; Hughes et al., 2006; Johnson et al., 2008a).
However, this is at low levels, usually requiring molecular tools to detect
viral genome or repeated passage in tissue culture to detect live virus.
There is also some evidence from experimental studies with EBLV-1 that
dose may influence the period between exposure to virus and develop-
ment of disease (Franka et al., 2008). This has been demonstrated for
RABV within experimental models (Niezgoda et al., 1997) and combined
with the low levels of virus being excreted by bats suggest that the
incubation period for naturally infected bats is measured in months,
particularly in adults. This may explain why conspecific infection in
experimental studies has not been observed as most have been terminated
after 3 months. There has been one example of a Daubenton’s bat devel-
oping disease after 9 months in isolated captivity, and in this instance, an
unknown mechanism of latency and virus reactivation may have
occurred (Pajamo et al., 2008). Potential mechanisms for a delay in the
establishment of a productive infection are unknown but may be similar
across all species where reports of variable incubation periods have been
made. Long incubation periods would be beneficial to the virus in bats
from temperate climates enabling persistence during extended winter
hibernation and emergence during the following spring when temperate
insectivorous bats become active. Long incubation periods may also allow
persistence in migratory populations and species when contact rates in
colonies change from high to low, such as during mating or seasonal
movements. These factors are hypothesized to select for long incubation
periods to allow persistence within metapopulations by increasing
chances of an infected individual being introduced into a colony (Boots
and Sasaki, 1999; Boots et al., 2004; Ewald, 1993; Keeling and Grenfell,
1999). The same factors are, however, also expected to select for reduced
pathogenicity and prolonged infectious periods so as not to reduce the
probability of infection transmission between individuals by removing
infected individuals from the population (Boots and Sasaki, 1999).
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Long-term studies in the greater mouse-eared bat suggest that sero-
prevalence can reach high levels and fluctuate within colonies over time
(Amengual et al., 2007). To attempt to explain this observation, at least two
possible hypotheses should be considered: (1) the bat has been infected,
although replication in the peripheral and/or central nervous systemmay
not have occurred, and survived infection; (2) the bat has been exposed to
virus, possibly repeatedly, at levels that are sufficient to trigger an immune
response but not to cause neuronal infection. These two hypotheses are not
mutually exclusive. These hypotheses challenge our current understand-
ing of lyssavirus biology, and whereas the second may be possible, there
are currently no biological tools available with which to address these
issues. Where repeat infection has been attempted, myriad serological
outcomes have been encountered. Further experimental data from studies
with bats have only increased uncertainty regarding the role of the anti-
body response with some experiments showing seroconversion in
response to inoculation of high titers of virus (Franka et al., 2008; McColl
et al., 2002), whereas other studies using similar titers have failed to find
any evidence of seroconversion (Freuling et al., 2009b; Johnson et al., 2008a)
despite administration of significant inocula. A recent study looking at the
effect of multiple exposures to RABV infection in the North American big
brown bat highlighted significant differences between seroconversion
probabilities of those that survived and those that succumbed to infection.
Interestingly, whereas high seroconversion rates following primary inoc-
ulation generally led to survival following repeat exposure, seropositivity
did not necessarily preclude survivorship as some bats did not serocon-
vert but still survived repeat exposure (Turmelle et al., 2010). This factor
may be a consequence of limited sensitivity of current neutralization tests
to assess serologic status and, indeed, bats chosen for experimental studies
may have been naturally exposed to RABV previously but have been
seronegative prior to experimental inoculation by neutralization tests.
Again, interpretation of serologic status may need revision especially if
relying solely on the detection of neutralizing antibodies. Seroprevalence
studies continue to be used as a useful means of studying virus epidemi-
ology in protected bat species. However, the significance and interpreta-
tion of results with respect to host–virus interaction are unclear.
E. Virus transmission between bats

Fundamentally, it appears that bats are able to transmit lyssaviruses
between conspecifics within roosts. The mechanisms by which these
viruses can be passed between animals in the absence of clinical disease
remain unknown. Whereas clinical disease in bats appears to be rare,
there have been unusual reports of large numbers of animals succumbing
to RABV infection (Baer and Smith, 1991). A number of lyssavirus species
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have only been detected as a result of a bat exhibiting clinical disease, and
when possible, such occasions have resulted in the isolation of live virus
from samples, generally brain material, of the infected animal (Banyard
et al., 2009). Where bats are seen to exhibit clinical disease, the potential
transmission rates to conspecifics is also completely unknown, although if
a bat is acting aggressively and potentially shedding virus within a roost
then it would be logical to assume that transmission would occur through
biting and scratching. However, as yet the rate of transmission from one
rabid bat within a population to conspecifics remains unknown. Further,
the potential for a bat exhibiting clinical disease to be actively excreting
virus is not defined. Experimental studies have suggested that bats may
shed virus during a prodromal stage (Aguilar-Setien et al., 2005), whereas
others have detected virus excretion in saliva immediately preceding or
during clinical disease (Franka et al., 2008; Freuling et al., 2009b; Hughes
et al., 2005; Johnson et al., 2008a; McColl et al., 2002; Turmelle et al., 2010).
The restricted use of bats for large-scale pathogenesis studies and difficul-
ties of observational field studies has prevented evaluation of the timing
and role of excretion following infection and the onset of clinical disease.
F. Vaccine protection and the bat lyssaviruses

Of importance to public health is the efficacy of current rabies vaccines
against infection with other lyssaviruses. Rabies vaccines are all based on
a number of classical RABV strains, and a fundamental question is
whether they provide sufficient cross-reactivity for African and Eurasian
lyssaviruses. Vaccination and challenge studies in animal models suggest
that there is protection provided by rabies vaccines against both the
EBLVs and ABLV (Brookes et al., 2006) and some of the recently identified
Asian lyssaviruses (Hanlon et al., 2005). LBV infection in rabies-vacci-
nated companion animals has highlighted the lack of protection against
nonrabies lyssaviruses following vaccination (King and Crick, 1988;
Markotter et al., 2008b). Further, pre- and postexposure vaccination failed
to prevent disease and death in an animal model of WCBV infection
(Hanlon et al., 2005). These factors suggest that more cross-reactive vac-
cine formulations may be necessary in areas where a threat to the human
population comes from nonrabies lyssaviruses. Recent advances in the
antigenic characterization of different lyssaviruses may also aid future
cross-reactive vaccine design (Horton et al., 2010).
G. Concluding remarks

Clearly, a number of important factors remain to be addressed to enable a
better understanding of bat lyssavirus infections. It is worth considering
what is most advantageous for these viruses both at the ‘‘within-host’’
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and the ‘‘within-population’’ levels. Novel in vitro cell culture systems
may improve our understanding of host-specific receptor usage as well as
the potential requirement of different viruses for host cell proteins to
enable efficient replication. At the population level, evolutionary theory
predicts that virulence at the host level should be subject to selection for
an optimal level, which is determined by trade-offs between transmission
and/or recovery with immunity (O’Keefe, 2005). Highly virulent patho-
gens kill their hosts rapidly but are classically associated with higher
transmission rates; however, these diminish once virulence increases to
a level that individuals are killed too rapidly and therefore equilibrate
where intermediate mortality and transmission rates occur. Whereas
some analyses with spatially structure populations and long-lived immu-
nity in the hosts have shown that viruses can increase pathogen virulence
even in directly transmitted viruses (Boots et al., 2004), bat lyssaviruses
may be a special case worth further analysis, if the case-fatality rate is the
same as canine rabies. Hampson et al. (2009) demonstrated that the basic
reproductive rate for rabies in dogs across the globe did not vary in a
density-dependent way. Therefore, given the different life histories of
bats across the world, this genus of viruses may be a useful model to
test theories regarding pathogen virulence and infection maintenance
within populations. In summary, through as yet undefined mechanisms,
it appears that lyssaviruses have evolved to enable their perpetuation
within this unique group of flying mammals, bats.
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