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Abstract: Bats are key species for ecological function, but they are also reservoirs of zoonotic agents,
such as lyssaviruses that cause rabies. Little is known about the maintenance and transmission of
lyssaviruses in bats, although the observation of clinically sick bats, both in experimental studies
and wild bats, has at least demonstrated that lyssaviruses are capable of causing clinical disease
in bat species. Despite this, extensive surveillance for diseased bats has not yielded lyssaviruses,
whilst serological surveys demonstrate that bats must be exposed to lyssavirus without developing
clinical disease. We hypothesize that there is endemic circulation of Lagos bat virus (LBV) in
the straw-coloured fruit bat (Eidolon helvum) in Ghana, West Africa. To investigate this further,
longitudinal blood sampling was undertaken quarterly between 2012 and 2014 on wild E. helvum
at two sites in Ghana. Serum samples were collected and tested for LBV-neutralizing antibodies
using a modified flourescent antibody virus neutralisation (FAVN) assay (n = 294) and brains from
moribund or dead bats were tested for antigen and viral RNA (n = 55). Overall, 44.7% of the 304 bats
sampled had LBV-neutralising antibodies. None of the brain samples from bats contained lyssavirus
antigen or RNA. Together with the results of an earlier serological study, our findings demonstrate
that LBV is endemic and circulates within E. helvum in Ghana even though the detection of viral
infection in dead bats was unsuccessful. Confirmation that LBV infection is endemic in E. helvum
in Ghana is an important finding and indicates that the potential public health threats from LBV
warrant further investigation.
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1. Introduction

Wildlife populations constitute a large and largely undefined reservoir of infectious agents,
some of which are zoonotic [1–3]. Infectious pathogens that originate in wild animals have become
increasingly important globally, as they have had substantial impacts on human health, agricultural
production, wildlife-based economies and wildlife conservation. Bats (Chiroptera) represent a large
group of wildlife, comprising ~20% of the 4600 mammalian species recognized to date [4]. Bats have
several key ecological functions, including pollination, seed dispersal and insect control [5]. However,
bats have also been implicated as the reservoir hosts for numerous emerging infectious diseases.
Increasingly, bats have been recognized as important reservoir hosts for viruses that have the potential
to cross species barriers to infect humans, domestic and wild mammals [4,6].

Lyssaviruses (family Rhabdoviridae, genus Lyssavirus) are the aetiological agents that cause
the disease rabies—an acute, progressive, viral encephalitis that is almost invariably fatal [7].
Most lyssaviruses are carried by bats, but the association of these viruses with bats is complex and
poorly understood [8]. Rabies virus (RABV) is found in terrestrial carnivores globally, but it is only
found in bats in the Americas, where it is endemic in frugivorous, insectivorous and hematophagous
bats [8]. In contrast, the other 13 known lyssavirus species have only been detected in the Old
World, predominantly in bat species although infection of terrestrial carnivores has been documented
for some lyssavirus species [9]. Globally, the most significant public health and veterinary burden
caused by lyssaviruses is dog-mediated transmission of RABV, but instances of other lyssavirus
infection of humans or domesticated animals have been reported on rare occasions following spill-over
events [8,10].

One bat lyssavirus that has been associated with the infection of terrestrial carnivores is Lagos bat
virus (LBV), a virus most commonly associated with infection of African fruit bats. Fruit bats of several
species have been identified as reservoir hosts for LBV, with spill-over infections reported in dogs,
cats and a mongoose [11–14]. Notably, LBV has never been reported in human cases of rabies or any
other case of human meningoencephalitis. Diagnostic tests that can differentiate between lyssaviruses
are not available in the majority of rabies endemic areas, therefore clarity surrounding the impact
of non-RABV lyssaviruses, such as LBV, is lacking. High seroprevalence against lyssaviruses has
been reported in apparently-healthy bats, including for LBV in the straw-colored fruit bat (E. helvum)
in Ghana [15]. While the ecology, pathogenesis and pathology of RABV in terrestrial animals and
humans is partially understood [7], knowledge on the other lyssavirus species is scant. In this study,
investigations into the presence of LBV infection in a natural host, E. helvum, were made through
post-mortem sampling of moribund and dead bats as well as through serological assessment of samples
for LBV neutralizing antibodies.

2. Material and Methods

2.1. Ethics Statement

The study was approved by the Institutional Review Board of the Nuguchi Memorial Institute for
Medical Research of the University of Ghana (NMIMR-ITB CPN 002/13-14 IORG0000908) and the
Ethics Committee of the Zoological Society of London (WLE/0638).

2.2. Study Sites

This study was undertaken at two E. helvum roost sites in Ghana, West Africa. The roosts
comprised between approximately 3000 to 1,000,000 bats each, depending on year and season.
One roost was located in Greater Accra (05◦35.192′ N, 000◦11.053′ W), within the grounds of a large
general infirmary (37-Military Hospital) in the center of the city. The other roost was in Tanoboase in
the Brong-Ahafo region (07◦38′ N, 01◦11.54′ W), within a protected forest area (Figure 1). The site in
Tanoboase, known locally as Tano Sacred Grove, was developed for ecotourism in 1996 and is visited
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by both local and international tourists. The site also hosts an annual Apoo festival (a time of spiritual
cleansing held in April–May).Trop. Med. Infect. Dis. 2017, 2, 25  3 of 11 
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Figure 1. Locations at which wild straw-colored fruit bats (Eidolon helvum) were captured and sampled.

2.3. Study Design

Sera Collection for Lagos Bat Virus Antibody Prevalence in Wild Eidolon helvum

Wild bats were captured using mist nets from 2012 to 2014 inclusive, as detailed in Table 1.
Sampling in June/July was aimed to correspond with late-stage pregnancy. In July, the majority
of the bats in each roost had migrated to alternative, as yet unknown, sites. By November, most
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bats had returned to each roost. Captured bats were housed individually in cloth bags for short
time periods before being processed. The sex and sexual maturity of each bat were assessed based
on body size (body mass and forearm length were measured routinely) and observation of external
genitalia and mammary tissue. Approximately 1 mL of blood was collected in micro-tubes (SARSTEDT,
Germany) from the propatagial vein of each individual, as described previously [15]. Blood samples
were centrifuged at 6000× g for 15 min and the separated sera were stored at −70 ◦C until required.
Each bat was micro-chipped (using the Trovan animal identification system, Electronic Identification
Systems, Germany) to enable identification in case of recapture. Bats were released at the site of capture
immediately following sampling, after ensuring haemostasis at the site of venipuncture.

Table 1. Sample data collected.

37-Military Hospital Tanoboase
Totals

Sampling Date 10-06-2013 04-09-2013 14-07-2014 17-12-2012 01-07-2014

Age

Adult 34 87 32 57 26 236
Juvenile 11 6 3 0 2 22

Sub-adult 0 25 11 0 0 36
Not determined 0 1 3 5 1 10

Sex
Male 34 88 30 33 25 210

Female 11 30 16 24 3 84
Unsexed 1 3 5 1 10

Serostatus
Positive 17 53 24 29 13 136

Negative 28 66 25 33 16 168

2.4. Collection and Examination of Dead Bats

Members of the public who frequented the areas under the roosts were asked to report any dead or
sick bats they found. Also, during each sampling visit, searches for dead or sick bats were undertaken
in the immediate vicinity of the roosts. Sick bats were euthanised using intramuscular ketamine and
medetomidine, followed by exsanguination via cardiac puncture. Bat carcasses were stored in a freezer
at −70 ◦C until necropsy. At necropsy, a range of tissues, including brain, was collected and stored
fixed or frozen for later investigation.

2.5. Laboratory Investigations

2.5.1. Antigen Detection Using the Fluorescent Antibody Test (FAT)

Fluorescein isothiocyanate (FITC)-conjugated anti-rabies nucleocapsid polyclonal antibody
conjugate (Fujirebio Diagnostics, Malvern, PA, USA) was used diluted 1:40 in 0.1 M phosphate
buffered saline( PBS) pH 7.2 to stain virus antigen in acetone-fixed impression smears taken from
the hippocampus, cerebellum and brain stem of bats found dead or sick (following euthanasia), as
described previously [16]. Slides were examined using a fluorescence UV microscope. LBV-infected
mouse brain material was used as a positive control for comparison of antigen distribution.

2.5.2. Detection of LBV-Neutralizing Antibodies (mFAVN)

The presence of antibodies capable of neutralizing LBV in collected bat sera was assessed using
a modified version of the fluorescent antibody virus neutralization assay (mFAVN), as described
previously [2,15]. Briefly, lineage B LBV [17] was prepared to a working concentration of 100 tissue
culture infective doses (TCID)50/50 µL. Both negative sera from an unvaccinated dog and positive
anti-LBVNig56 rabbit serum samples were used as serological controls for the assay. Each test serum
sample was diluted three-fold (starting with a 1:9 dilution) in minimum essential medium (MEM), and
incubated with the viral inoculum for 1 h at 37 ◦C before being added to BHK-21 cells in suspension in
a 96-well plate. Following incubation for 48 h at 37 ◦C, the plates were fixed in 80% chilled acetone
for 20 min, and stained with FITC-labelled anti-rabies polyclonal antibody (Fujirebio Diagnostics,
Malvern, PA, USA). Fluorescent foci present in cells infected with LBV were visualized at 488 nm using
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a fluorescence UV microscope. The lack of accurately-titred control sera meant that all neutralizing
antibody levels were expressed as D50 values. The D50 for each sample is the dilution endpoint at which
50% of the wells showed the presence of virus. D50 values were calculated using the Spearman-Karber
method. A serological cut-off was assigned according to neutralization of control sera and a back
titration of input virus.

2.5.3. Detection of LBV RNA Using Molecular Methods

Total RNA was extracted from brain tissue samples using Trizol (Invitrogen) following the
manufacturer’s protocol. A pan-lyssavirus SYBR Green real-time (q) RT-PCR [18] and a pan-lyssavirus
conventional hemi-nested-RT-PCR [19] were used to determine the presence or absence of viral RNA.

3. Statistical Analysis

The chi-squared test was used to investigate if there were significant differences in seroprevalence
according to the age, sex and roost location of bats.

4. Results

4.1. LBV Seroprevalence

Samples taken and data regarding age, sex and serology are detailed in Table 1. A total of
304 bat sera were collected and tested for LBV neutralization antibodies during the sampling periods
described. Of the 304 sera tested, 44.7% (n = 136) were considered seropositive (Table 1; Figure 2).
This comprised 213 from the 37-Military Hospital in Accra and 91 from the Tanoboase roost site,
with 236 adults, 36 sub-adults, 22 juveniles and 10 bats of undetermined age (morphometric data not
recorded); 210 males, 84 females and 10 of undetermined sex being tested across the two sites (Table 1).
Seroprevalences were high during the three years of sampling (2012—46.8%, n = 62; 2013—42.7%,
n = 164; 2014—47.4% n = 78). Of those bats that tested serologically positive, 45.2% were known
to be male (n = 95/210) while 61.9% were identified as female (n = 52/84). Results from samples
collected from bats of undetermined sex or age were not included in the statistical analyses. There
was no significant difference in the different age groups that tested positive (p-value = 0.78) (Table 2).
Seroprevalence in adult bats (0.46, n = 236) was slightly higher than in the sub-adult and juvenile bats
combined (0.43, n = 58).

Table 2. Seroprevalence in wild-caught bats by age.

Total Sampled Total Positive (% Positive)

Adult 136 109 (80.15%)
Juvenile 58 25 (43.10%)

Total 294 134 (45.57%)

In June 2013, two nursing E. helvum dams (ID: 900 and ID: 905) were caught with their pups (ID: 901
and 904, respectively) at the 37-Military Hospital roost site. All four animals were apparently healthy
with a good body condition and no outward signs of disease. Following serological assessment, the
two mothers were both seronegative with a D50 of 5.20. In contrast, both pups were seropositive with
detectable anti-LBV neutralizing antibody D50 of 46.77 and 81.00 for animals 901 and 904, respectively.

Overall, there was no statistically significant difference in seroprevalence between the two sites
(Table 1). At 37-Military Hospital, 44.1% (n = 94/213) were seropositive (Figure 2a) compared to 46.1%
(n = 42/91) of bats at Tanoboase (Figure 2b) (chi-square test = 0.04; odds ratio (OR) = 1.085; relative
risk (RR) = 1.046; p = 0.84).

To assess potential seasonal variation, an evaluation of seropositivity between the two sites
was made for each sampling time. From the total sample set obtained for the two sites, there
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was no statistical significance in the seasonal difference in seroprevalence between the dry season
(December–March) and the rainy season (April–November) (p = 0.83) (Table 3).

Table 3. Proportion of seroprevalence in wild-caught bats by season.

Positive (+ve) Negative (−ve) Total Tested

Dry Season 29 (21%) 33 (20%) 62 (20%)
Rainy Season 107 (79%) 135 (80%) 242 (80%)

Totals 136 (45%) 168 (55%) 304
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Figure 2. Serological profiles of straw-colored fruit bats sampled at (a) Tanoboase in the Brong-Ahafo
region and (b) at 37-Military Hospital, Greater Accra. Open symbols represent male bats, closed
symbols represent female bats; half-filled symbols represent bats of undetermined sex. Smaller symbols
represent juvenile or sub-adult bats. The D50 value considered the cut-off for positivity is indicated by
a dashed line.

4.2. Necropsy Findings in E. helvum Bats

Forty-six bats were examined post-mortem, of which 38 bats had been collected from the
37-Military Hospital roost and eight bats collected from Tanoboase. Thirty-three bats were found dead,
while 13 bats were found moribund and were euthanized, following clinical assessment, on welfare
grounds (Table 4). Most moribund bats (n = 11) had traumatic injuries of unknown origin. All brain
samples were negative for lyssavirus antigen and RNA using FAT and the RT-PCRs, respectively.
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Table 4. Necropsy findings in dead/moribund E. helvum bats. All bats found sick were terminated
humanely and blood taken as described.

Bat ID Location Date Found Condition Comments

A1 37-Hospital 20/01/2013 Found dead N.A.D. *
A2 37-Hospital 20/02/2013 Found dead N.A.D.
A3 37-Hospital 20/02/2013 Found dead N.A.D.
A4 37-Hospital 20/02/2013 Found dead N.A.D.
A6 37-Hospital 28/10/2013 Found dead Very enlarged spleen
A5 Accra Ridge 29/09/2013 Found dead Found dead

A12 37-Hospital 27/11/2013 Found sick Paralysed
A13 37-Hospital 27/11/2013 Found dead Fractured right arm
A7 37-Hospital 07/12/2013 Found sick Paralysis
A8 37-Hospital 07/12/2013 Found sick Paralysis
A9 37-Hospital 07/12/2013 Found dead Abscess on neck

A10 37-Hospital 10/12/2013 Found dead N.A.D.
A11 37-Hospital 08/12/2013 Found dead Fractured forearm
A14 37-Hospital 11/12/2013 Found dead Fractured forearm
A15 37-Hospital 11/12/2013 Found dead Severe intestinal, abdominal haemorrhages
A16 37-Hospital 11/12/2013 Found dead Fractured head
A17 37-Hospital 13/12/2013 Found sick Paralysis
A18 37-Hospital 13/12/2013 Found dead N.A.D.
A19 37-Hospital 13/12/2013 Found dead Punctured wing
A22 37-Hospital 22/12/2013 Found sick Paralysis, severe haemorrhages on head
A23 37-Hospital 22/12/2013 Found dead N.A.D.
A24 37-Hospital 22/12/2013 Found dead N.A.D.
A20 37-Hospital 03/01/2014 Found dead N.A.D.
A21 37-Hospital 03/01/2014 Found dead Emaciated carcass
A25 37-Hospital 22/01/2014 Found dead Fractured forearm
A26 37-Hospital 22/01/2014 Found dead Decomposed carcass
A27 37-Hospital 22/01/2014 Found dead N.A.D.
A28 37-Hospital 29/01/2014 Found dead N.A.D.
A29 37-Hospital 05/02/2014 Found dead N.A.D.
A30 37-Hospital 12/03/2014 Found dead N.A.D.
A31 37-Hospital 12/03/2014 Found dead N.A.D.
A32 37-Hospital 12/03/2014 Found dead N.A.D.
A33 37-Hospital 12/03/2014 Found dead N.A.D.
A34 37-Hospital 12/03/2014 Found dead N.A.D.
A35 37-Hospital 12/03/2014 Found dead N.A.D.
A36 37-Hospital 06/04/2014 Found sick Paralysis, emaciated
A37 37-Hospital 06/04/2014 Found sick Paralysis
A38 Achimota 09/07/2014 Found dead N.A.D.
T1 Tanoboase 22/01/2013 Found dead N.A.D.
T2 Tanoboase 22/01/2013 Found sick Fractured forearm
T3 Tanoboase 22/01/2013 Found sick Fractured forearm
T4 Tanoboase 23/01/2013 Found dead Multiple body injury
T5 Tanoboase 23/01/2013 Found sick Fractured forearm
T6 Tanoboase 07/03/2013 Found sick Weak
T7 Tanoboase 07/03/2013 Found sick Multiple body injury
T8 Tanoboase 07/03/2013 Found sick Weak

* N.A.D.—no abnormality detected

5. Discussion

A total of 304 bat sera was collected and tested for LBV neutralizing antibodies from 2012
to 2014. Of the 304 sera tested, 136 tested positive (seroprevalence: 44.7%) (Table 1; Figure 2).
Seroprevalences were high during each of the three sampling years (2012—46.8%, n = 62; 2013—42.7%,
n = 164; 2014—47.4% n = 78). These results, taken together with similar LBV serology results
reported previously [2], demonstrate the long-term endemic circulation of LBV in the Ghanaian
E. helvum population. Previous studies have reported serological evidence of exposure to LBV in
different E. helvum populations, including in Nigeria (14–44% seropositivity; n = 140), Ghana (37%
seropositivity; n = 66), and Kenya (40–67% seropositivity; n = 102) [15,17,18]. This is the first time a
previously-described seropositive population has been re-tested several years later and has been shown
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to maintain a similar level of seroprevalence. The mechanism of maintenance for lyssaviruses in bat
species with very high roost numbers and population densities is largely undefined, although several
variables including population size, contact rates, species susceptibility, immunological competence,
and roost structure may all contribute to virus maintenance via an as-yet-undefined mechanism [8,20].

The size of populations involved within the roosts studied and the movement between defined
roosts and other roosting sites that remain undefined during migratory periods may influence virus
exposure and hence seropositivity. There was no difference in seroprevalence between the two field
sites when assessing data comparing sex and age of sampled bats. However, this species is migratory
and individuals may travel long distances to feed [21] perhaps enabling interaction between E. helvum
populations and possibly also those of other bat species.

Of the 294 sera from wild-caught bats tested of known age class, 134 (45.5%) were serologically
positive for LBV neutralizing antibodies. There was no significant difference in the seroprevalence
detected between the different age groups tested. The slightly higher proportion of seropositive
adult bats (0.46) over juvenile bats (0.43) are similar to levels reported in studies addressing
serological positivity to RABV in hoary bats (Lasiurus cinereus) [22,23]. The observation of two
serologically-positive pups from dams that were serologically negative is unexplained. Maternal
antibody transfer is unlikely in the absence of detectable circulating antibodies in the dams. Whilst
both dams were seronegative, it is possible that their neutralizing antibodies were below the detection
limits of the test applied. The pups might also have acquired the antibodies from other seropositive
mothers (through allosuckling) or survived infection and thus acquired immunity.

The effect of migration and coloniality on infection dynamics is not known. Reduced migration
and population connectivity has been suggested as a mechanism that could increase the amplitude
of seasonal outbreaks and increase the probability for spillover of pathogens to other species, such
as human beings [24]. The absence of any seasonal difference in LBV seroprevalence was surprising
as increased interactions between bats, and hence an increase in pathogen transmission, might be
expected during the dry season in Ghana, when there are increased numbers and an increased
population density at the roosting sites. It is possible, though, that the bats have similar aggregation
and colonial roosting behaviors during migration as observed during the dry season in Ghana. If so,
this would account for the lack of variation in seroprevalence observed in this study.

The current understanding of lyssavirus serological positivity within bat populations is poor.
Persistence of neutralizing antibodies to lyssaviruses for longer than 12 months has been described
previously [25,26]. The long duration of antibodies detected in bats may reflect repeated exposure and
may explain the elimination of notable seasonal serological fluctuation in wild-caught bats. Such bats
will also influence the epidemiology of an outbreak in the population. From such a small sample set,
however, strong conclusions cannot be made and there is a need for a more extensive study to assess
serodynamics in bat populations.

The distribution of LBV lineages across Africa is diverse (reviewed in [8]). In Ghana, only
serological evidence of LBV has been previously reported, and then only using neutralization assays
with lineage B LBV as the test virus [2,15]. The data generated here were also based on using LBV
B as the test virus for neutralization. Future studies might benefit from assessment against all four
lineages of LBV as well as against other lyssavirus for the potential detection of cross-neutralizing
antibodies. Indeed, interpreting serological responses to lyssaviruses is problematic due to the potential
for exposure, and serological responses to, undiscovered virus(es). It is possible that further related
lyssaviruses exist, confusing the interpretation of these serological outputs. Nevertheless, numerous
bats demonstrated significant neutralizing antibody titres against the test virus. This must indicate
prior exposure to an LBV or to an antigenically-related lyssavirus.

Where higher titres are seen, it may indicate repeated exposure to antigenically-similar viruses
that drive an anamnestic response. A multiple exposure infection study with rabies virus in bats [26]
demonstrated that repeated infection may confer significant immunological memory and reduced
susceptibility to RABV infection. It is, therefore, unknown if high seroprevalence is driven by exposure



Trop. Med. Infect. Dis. 2017, 2, 25 9 of 11

to sub-lethal doses of LBV via routes other than biting, such as from aerosol, grooming or food sharing.
The significance of lyssavirus seropositivity in bat populations currently remains undefined.

In an attempt to detect live virus in bats at each study site, diseased and dead bats were assessed
for the presence of virus antigen and nucleic acid in brain material. Clinical signs observed in moribund
bats included paralyses, ataxia, weakness, vocalization and self-urination. The inability to detect LBV
antigen or RNA in the brain samples of moribund or dead bats supports previous findings [27]
that the infection prevalence of lyssavirus in gregarious colonial bat species is usually less than 1%
of the population. The assays used for molecular detection of viral RNA in the present study are
pan-lyssavirus in design and have been assessed to ensure that they are able to detect all lyssaviruses
described to date. Many of the necropsied bats were found with evidence of trauma and might have
been injured via intra-specific aggression, predators or human hunters; E. helvum is widely hunted
in Ghana [28]. Many bats, however, had no evidence indicating possible cause of illness or death.
A much larger sample size of dead or moribund bats may improve the chances of detecting infection
with LBV or a related lyssavirus. A similar study in Ghana with a much higher sample size (n = 567)
succeeded in isolating LBV in one E. helvum bat [29].

6. Conclusions

A high prevalence of antibodies against Lagos bat virus (LBV) in E. helvum and other bat species
was previously demonstrated in Ghana [15,30]. Further follow-up studies confirmed the endemicity
of LBV in E. helvum in Ghana [2]. The current study reports continued high antibody prevalence
levels that support earlier findings. The high seroprevalence of LBV reported previously and in this
study in apparently healthy E. helvum colonies provides evidence of long-term maintenance and
circulation of LBV in this bat population. Demonstrating the maintenance of antibody titres within
bat populations is important as it indicates that individual bats are being re-exposed to virus, which
in turn suggests that bats are shedding virus and are exposing conspecifics. Whilst this perhaps is
not surprising, demonstrating what appears to be a stable level of seroprevalence in a population
is important. The mechanisms of transmission of bat lyssaviruses remain ill-defined but minimally,
the data presented here reiterate that virus continues to circulate within the bat population, which is
important in our understanding of the relationship between bats and lyssaviruses.

Ongoing studies have indicated the occurrence of close interactions between chiropteran, domestic
animal, and human populations. Current methods used to confirm rabies virus infection in people
and terrestrial carnivores are unable to differentiate between different lyssavirus species. As human
consumption of bats is practiced in many parts of Ghana [30], the potential for human infection with
LBV exists and the invariably fatal outcome of lyssavirus infection poses questions as to the risk
from bat populations. Importantly, existing rabies vaccines do not fully protect against some African
non-rabies lyssaviruses including LBV, Mokola virus, Shimoni bat lyssavirus, Ikoma lyssavirus and
West Caucasian bat virus [31–35]; therefore an understanding of the potential risk of transmission
of these viruses to human populations is required. The results presented here are of relevance
to public health, although further information is required on LBV infection dynamics within bat
populations, potential spillover mechanisms, and bat population dynamics, to further define the risk
of human infection.

Acknowledgments: This work was funded by European Union FP7-funded project ANTIGONE (Anticipating the
Global Onset of Novel Epidemics) project number 278978.A.R.F., A.C.B. and D.S. were financially supported by the
UK Department for Environment, Food and Rural Affairs (Defra), Scottish Government and Welsh Government by
grant SV3500, SE0426 and SE0431. A.A.C. was supported by a Royal Society Wolfson Research Merit award. A.R.F.,
A.A.C. and J.L.N.W. also acknowledge support from The Research and Policy for Infectious Disease Dynamics
program of the Science and Technology Directorate, Department of Homeland Security, Fogarty International
Center, National Institutes of Health, USA. We thank the staff of the Veterinary Services and Wildlife Division of
the Forestry Commission of Ghana for assistance with the sampling of bats in the field.

Author Contributions: R.D.S.-I., J.L.N.W., Y.N.-B., A.A.C., A.R.F. conceived and designed the experiment; R.D.S.-I.,
K.A.-M., M.Y.Z., S.R. provided field data; R.D.S.-I., A.C.B., D.S., A.R.F. performed laboratory experiment and



Trop. Med. Infect. Dis. 2017, 2, 25 10 of 11

analysed data; A.A.C., J.L.N.W., A.C.B., A.R.F., Y.N.-B. revised the manuscript and provided intellectual content;
R.D.S.-I. wrote draft and revised the manuscript. All authors have sighted and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Daszak, P.; Cunningham, A.A.; Hyatt, A.D. Anthropogenic environmental change and the emergence of
infectious diseases in wildlife. Acta Trop. 2001, 78, 103–116. [CrossRef]

2. Hayman, D.T.; Fooks, A.R.; Rowcliffe, J.M.; McCrea, R.; Restif, O.; Baker, K.S.; Horton, D.L.; Suu-Ire, R.D.;
Cunningham, A.A.; Wood, J.L.N. Endemic Lagos bat virus infection in Eidolon helvum. Epidemiol. Infect. 2012,
140, 2163–2171. [CrossRef] [PubMed]

3. Jones, K.E.; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global trends in
emerging infectious diseases. Nat. Biotechnol. 2008, 451, 990–994. [CrossRef] [PubMed]

4. Calisher, C.H.; Childs, J.E.; Field, H.E.; Holmes, K.V.; Schountz, T. Bats: Important reservoir hosts of emerging
viruses. Clin. Microbiol. Rev. 2006, 19, 531–545. [CrossRef] [PubMed]

5. Taylor, D.A.R.; Kankam, B.O.; Wagner, M.R. The role of fruit bat, Eidolon helvum, in seed dispersal, survival,
and germination in Milicia excelsa, a threatened West African hardwood. In Research Advances in Restoration of
Iroko as a Commercial Species in West Africa; Cobbinah, J.R., Wagner, M.R., Eds.; Forestry Research Institute of
Ghana (FORIG): Kumasi, Ghana, 2000; pp. 29–39.

6. Luis, A.D.; Hayman, D.T.; O’Shea, T.J.; Cryan, P.M.; Gilbert, A.T.; Pulliam, J.R.; Mills, J.N.; Timonin, M.E.;
Willis, C.K.; Cunningham, A.A.; et al. A comparison of bats and rodents as reservoirs of zoonotic viruses:
Are bats special? Proc. Biol. Sci. 2013, 280, 20122753. [CrossRef] [PubMed]

7. Fooks, A.R.; Banyard, A.C.; Horton, D.L.; Johnson, N.; McElhinney, L.M.; Jackson, A.C. Current status of
rabies and prospects for elimination. Lancet 2014, 384, 1389–1399. [CrossRef]

8. Banyard, A.C.; Hayman, D.; Johnson, N.; McElhinney, L.; Fooks, A.R. Bats and lyssaviruses. Adv. Virus Res.
2011, 79, 239–289. [PubMed]

9. Banyard, A.C.; Fooks, A.R. The impact of novel lyssavirus discovery. Microbiol. Aust. 2017, 38, 18–21.
[CrossRef]

10. Badrane, H.; Tordo, N. Host switching in lyssavirus history from the Chiroptera to the Carnivora orders.
J. Virol. 2001, 75, 8096–8104. [CrossRef] [PubMed]

11. Markotter, W.; Kuzmin, I.; Rupprecht, C.E.; Randles, J.; Sabeta, C.T.; Wandeler, A.I.; Nel, L.H. Isolation of
Lagos bat virus from water mongoose. Emerg. Infect. Dis. 2006, 12, 1913–1918. [CrossRef] [PubMed]

12. Foggin, C.M. Atypical rabies virus in cats and a dog in Zimbabwe. Vet. Rec. 1982, 110, 338. [CrossRef]
[PubMed]

13. Mebatsion, T.; Cox, J.H.; Frost, J.W. Isolation and characterization of 115 street rabies virus isolates from
Ethiopia by using monoclonal antibodies: identification of 2 isolates as Mokola and Lagos bat viruses.
J. Infect. Dis. 1992, 166, 972–977. [CrossRef] [PubMed]

14. King, A.; Crick, J. Rabies-related viruses. In Rabies; Campbell, J.B., Charlton, K.M., Eds.; Kluwer Academic
Publishers: Boston, MA, USA, 1988; pp. 177–200.

15. Hayman, D.T.; Fooks, A.R.; Horton, D.; Suu-Ire, R.; Breed, A.C.; Cunningham, A.A.; Wood, J.L. Antibodies
against Lagos bat virus in megachiroptera from West Africa. Emerg. Infect. Dis. 2008, 14, 926–928. [CrossRef]
[PubMed]

16. Dean, D.J.; Abelseth, M.K. Laboratory techniques in rabies: The fluorescent antibody test. Monogr. Ser. World
Health Organ. 1973, 23, 73–84.

17. Boulger, L.R.; Porterfield, J.S. Isolation of a virus from Nigerian fruit bats. Trans. R. Soc. Trop. Med. Hyg. 1958,
52, 421–424. [CrossRef]

18. Hayman, D.T.; Johnson, N.; Horton, D.L.; Hedge, J.; Wakeley, P.R.; Banyard, A.C.; Zhang, S.; Alhassan, A.;
Fooks, A.R. Evolutionary history of rabies in Ghana. PLoS Negl. Trop. Dis. 2011, 5, e1001. [CrossRef]
[PubMed]

19. Heaton, P.R.; McElhinney, L.M.; Lowings, J.P. Detection and identification of rabies and rabies-related viruses
using rapid-cycle PCR. J. Virol. Methods 1999, 81, 63–69. [CrossRef]

http://dx.doi.org/10.1016/S0001-706X(00)00179-0
http://dx.doi.org/10.1017/S0950268812000167
http://www.ncbi.nlm.nih.gov/pubmed/22370126
http://dx.doi.org/10.1038/nature06536
http://www.ncbi.nlm.nih.gov/pubmed/18288193
http://dx.doi.org/10.1128/CMR.00017-06
http://www.ncbi.nlm.nih.gov/pubmed/16847084
http://dx.doi.org/10.1098/rspb.2012.2753
http://www.ncbi.nlm.nih.gov/pubmed/23378666
http://dx.doi.org/10.1016/S0140-6736(13)62707-5
http://www.ncbi.nlm.nih.gov/pubmed/21601050
http://dx.doi.org/10.1071/MA17006
http://dx.doi.org/10.1128/JVI.75.17.8096-8104.2001
http://www.ncbi.nlm.nih.gov/pubmed/11483755
http://dx.doi.org/10.3201/eid1212.060514
http://www.ncbi.nlm.nih.gov/pubmed/17326944
http://dx.doi.org/10.1136/vr.110.14.338
http://www.ncbi.nlm.nih.gov/pubmed/7043888
http://dx.doi.org/10.1093/infdis/166.5.972
http://www.ncbi.nlm.nih.gov/pubmed/1402044
http://dx.doi.org/10.3201/eid1406.071421
http://www.ncbi.nlm.nih.gov/pubmed/18507903
http://dx.doi.org/10.1016/0035-9203(58)90127-5
http://dx.doi.org/10.1371/journal.pntd.0001001
http://www.ncbi.nlm.nih.gov/pubmed/21483707
http://dx.doi.org/10.1016/S0166-0934(99)00060-9


Trop. Med. Infect. Dis. 2017, 2, 25 11 of 11

20. Kuzmin, I.V.; Niezgoda, M.; Franka, R.; Agwanda, B.; Markotter, W.; Beagley, J.C.; Urazova, O.Y.;
Breiman, R.F.; Rupprecht, C.E. Lagos bat virus in Kenya. J. Clin. Microbiol. 2008, 46, 1451–1461. [CrossRef]
[PubMed]

21. Fahr, J.; Abedi-Lartey, M.; Esch, T.; Machwitz, M.; Suu-Ire, R.; Wikelski, M.; Dechmann, D.K.N. Pronounced
seasonal changes in the movement ecology of a highly gregarious central-place forager, the African
straw-coloured fruit bat (Eidolon helvum). PLoS ONE 2015, 10, e0138985. [CrossRef] [PubMed]

22. O’Shea, T.J.; Shankar, V.; Bowen, R.A.; Rupprecht, C.E.; Wimsatt, J.H. Do bats acquire immunity to rabies?
Evidence from the field. Bat Res. News 2003, 44, 161.

23. Bowen, R.A.; O’Shea, T.J.; Shankar, V.; Neubaum, M.A.; Neubaum, D.J.; Rupprecht, C. Prevalence of
neutralizing antibodies to rabies virus in serum of seven species of insectivorous bats from Colorado and
New Mexico. J. Wildl. Dis. 2013, 49, 367–374. [CrossRef] [PubMed]

24. Hayman, D.T.S.; Bowen, A.R.; Cryan, P.M.; McCracken, G.F.; O’Shea, T.J.; Peel, A.J.; Gilbert, A.; Webb, C.T.;
Wood, J.L.N. Ecology of zoonotic infectious diseases in bats: Current knowledge and future directions.
Zoonoses Public Health 2013, 60, 2–21. [CrossRef] [PubMed]

25. Amengual, B.; Bourhy, H.; Lopez-Roig, M.; Serra-Cobo, J. Temporal dynamics of European bat lyssavirus
type 1 and survival of Myotis myotis bats in natural colonies. PLoS ONE 2007, 2, e566. [CrossRef] [PubMed]

26. Turmelle, A.S.; Jackson, F.R.; Green, D.; McCracken, G.F.; Rupprecht, C.E. Host immunity to repeated rabies
virus infection in big brown bats. J. Gen. Virol. 2010, 91, 2360–2366. [CrossRef] [PubMed]

27. Steece, R.; Altenbach, J.S. Prevalence of rabies specific antibodies in the Mexican free-tailed bat (Tadarida
brasiliensis mexicana) at Lava Cave, New Mexico. J. Wildl. Dis. 1989, 25, 490–496. [CrossRef] [PubMed]

28. Kamins, A.O.; Rowcliffe, J.M.; Ntiamoa-Baidu, Y.; Cunningham, A.A.; Wood, J.L.N.; Restif, O. Characteristics
and risk perceptions of Ghanaians potentially exposed to bat-borne zoonoses through bushmeat. Ecohealth
2015, 12, 104–120. [CrossRef] [PubMed]

29. Freuling, C.M.; Binger, T.; Beer, M.; Adu-Sarkodie, Y.; Schatz, J.; Fischer, M.; Hanke, D.; Hoffmann, B.;
Hoper, D.; Mettenleiter, T.C.; et al. Lagos bat virus transmission in an Eidolon helvum bat colony, Ghana.
Virus Res. 2015, 210, 42–45. [CrossRef] [PubMed]

30. Hayman, D.T.; Emmerich, P.; Yu, M.; Wang, L.F.; Suu-Ire, R.; Fooks, A.R.; Cunningham, A.A.; Wood, J.L.
Long-term survival of an urban fruit bat seropositive for Ebola and Lagos bat viruses. PLoS ONE 2010, 5,
e11978. [CrossRef] [PubMed]

31. Evans, J.S.; Horton, D.L.; Easton, A.J.; Fooks, A.R.; Banyard, A.C. Rabies virus vaccines: Is there a need for a
pan-lyssavirus vaccine? Vaccine 2012, 30, 7447–7454. [CrossRef] [PubMed]

32. Badrane, H.; Bahloul, C.; Perrin, P.; Tordo, N. Evidence of two Lyssavirus phylogroups with distinct
pathogenicity and immunogenicity. J. Virol. 2001, 75, 3268–3276. [CrossRef] [PubMed]

33. Hanlon, C.A.; Kuzmin, I.V.; Blanton, J.D.; Weldon, W.C.; Manangan, J.S.; Rupprecht, C.E. Efficacy of rabies
biologics against new lyssaviruses from Eurasia. Virus Res. 2005, 111, 44–54. [CrossRef] [PubMed]

34. Horton, D.L.; Banyard, A.C.; Marston, D.A.; Wise, E.; Selden, D.; Nunez, A.; Hicks, D.; Lembo, T.;
Cleaveland, S.; Peel, A.J.; et al. Antigenic and genetic characterization of a divergent African virus,
Ikoma lyssavirus. J. Gen. Virol. 2014, 95, 1025–1032. [CrossRef] [PubMed]

35. Nolden, T.; Banyard, A.C.; Finke, S.; Fooks, A.R.; Hanke, D.; Hoper, D.; Horton, D.L.; Mettenleiter, T.C.;
Muller, T.; Teifke, J.P.; et al. Comparative studies on the genetic, antigenic and pathogenic characteristics of
Bokeloh bat lyssavirus. J. Gen. Virol. 2014, 95, 1647–1653. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JCM.00016-08
http://www.ncbi.nlm.nih.gov/pubmed/18305130
http://dx.doi.org/10.1371/journal.pone.0138985
http://www.ncbi.nlm.nih.gov/pubmed/26465139
http://dx.doi.org/10.7589/2012-05-124
http://www.ncbi.nlm.nih.gov/pubmed/23568912
http://dx.doi.org/10.1111/zph.12000
http://www.ncbi.nlm.nih.gov/pubmed/22958281
http://dx.doi.org/10.1371/journal.pone.0000566
http://www.ncbi.nlm.nih.gov/pubmed/17593965
http://dx.doi.org/10.1099/vir.0.020073-0
http://www.ncbi.nlm.nih.gov/pubmed/20519458
http://dx.doi.org/10.7589/0090-3558-25.4.490
http://www.ncbi.nlm.nih.gov/pubmed/2681843
http://dx.doi.org/10.1007/s10393-014-0977-0
http://www.ncbi.nlm.nih.gov/pubmed/25266774
http://dx.doi.org/10.1016/j.virusres.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/26191622
http://dx.doi.org/10.1371/journal.pone.0011978
http://www.ncbi.nlm.nih.gov/pubmed/20694141
http://dx.doi.org/10.1016/j.vaccine.2012.10.015
http://www.ncbi.nlm.nih.gov/pubmed/23084854
http://dx.doi.org/10.1128/JVI.75.7.3268-3276.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238853
http://dx.doi.org/10.1016/j.virusres.2005.03.009
http://www.ncbi.nlm.nih.gov/pubmed/15896401
http://dx.doi.org/10.1099/vir.0.061952-0
http://www.ncbi.nlm.nih.gov/pubmed/24496827
http://dx.doi.org/10.1099/vir.0.065953-0
http://www.ncbi.nlm.nih.gov/pubmed/24828330
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Ethics Statement 
	Study Sites 
	Study Design 
	Collection and Examination of Dead Bats 
	Laboratory Investigations 
	Antigen Detection Using the Fluorescent Antibody Test (FAT) 
	Detection of LBV-Neutralizing Antibodies (mFAVN) 
	Detection of LBV RNA Using Molecular Methods 


	Statistical Analysis 
	Results 
	LBV Seroprevalence 
	Necropsy Findings in E. helvum Bats 

	Discussion 
	Conclusions 

