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SUPPLEMENT ARTICLE

Seroepidemiological Prevalence of Multiple
Species of Filoviruses in Fruit Bats (Eidolon
helvum) Migrating in Africa

Hirohito Ogawa,"? Hiroko Miyamoto,® Eri Nakayama,® Reiko Yoshida,® Ichiro Nakamura,?® Hirofumi Sawa,>”*

Akihiro Ishii," Yuka Thomas,"? Emiko Nakagawa,"? Keita Matsuno,>® Masahiro Kajihara,® Junki Maruyama,’®
Naganori Nao,® Mieko Muramatsu,® Makoto Kuroda,® Edgar Simulundu,? Katendi Changula,>™ Bernard Hang'ombe 3"
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Fruit bats are suspected to be a natural reservoir of filoviruses, including Ebola and Marburg viruses. Using an
enzyme-linked immunosorbent assay based on the viral glycoprotein antigens, we detected filovirus-specific im-
munoglobulin G antibodies in 71 of 748 serum samples collected from migratory fruit bats (Eidolon helvum) in
Zambia during 2006-2013. Although antibodies to African filoviruses (eg, Zaire ebolavirus) were most preva-
lent, some serum samples showed distinct specificity for Reston ebolavirus, which that has thus far been found
only in Asia. Interestingly, the transition of filovirus species causing outbreaks in Central and West Africa dur-
ing 2005-2014 seemed to be synchronized with the change of the serologically dominant virus species in these
bats. These data suggest the introduction of multiple species of filoviruses in the migratory bat population and
point to the need for continued surveillance of filovirus infection of wild animals in sub-Saharan Africa, includ-
ing hitherto nonendemic countries.

Keywords. Ebola virus; Marburg virus; filovirus; specific antibody; fruit bat; Zambia.

Ebola and Marburg viruses belonging to the family =~ some species of fruit bats are suspected to be the natural
Filoviridae cause severe hemorrhagic fever in humans reservoir of Ebola and Marburg viruses [6-8].

and nonhuman primates. Whereas the genus Marburg-
virus consists of a single species, Marburg marburgvi-
rus, 5 distinct species are known in the genus Ebolavirus:
Zaire ebolavirus, Sudan ebolavirus, Tai Forest ebolavi-
rus, Bundibugyo ebolavirus, and Reston ebolavirus [1].
Findings of previous studies have suggested that these
filoviruses infect several species of animals, such as
fruit bats, dogs, duikers, and pigs [2-5]. In particular,
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Based on virus isolation and nucleotide sequence
analyses, the cave-dwelling Egyptian fruit bat (Rouset-
tus aegyptiacus) was identified as a source of a Marburg
virus disease outbreak in Uganda in 2007 [6, 8]. By
contrast, infectious Ebola viruses have never been
isolated from any fruit bat species, though small
amounts of viral RNA fragments (Z. ebolavirus) and
virus-specific antibodies were detected in some fruit
bat species (Hypsignathus monstrosus, Epomops fran-
queti, and Myonycteris torquata) captured around
endemic areas during the 2001-2003 Ebola virus dis-
ease outbreak in Gabon and the Democratic Republic
of the Congo (DRC) [4, 7].

The filovirus genomes encode at least 7 structural
proteins. Of these, the viral surface glycoprotein (GP)
is responsible for receptor binding and fusion of the
viral envelope with host cell membranes [9, 10] and is
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therefore the main target of neutralizing antibodies. Most anti-
bodies induced against filovirus GPs recognize epitopes in the
variable regions of the protein [11]. Nakayama et al [11] have
established elsewhere an enzyme-linked immunosorbent assay
(ELISA) using GP antigens, which enable us to detect filovirus
species-specific antibodies, and have shown that GPs of all
known species of filoviruses are serologically distinguishable,
mirroring the phylogenetic relationship among filovirus species.

Zambia has borders with the DRC, Zimbabwe, and Angola,
all of which have suffered outbreaks of Ebola or Marburg virus
disease, whereas there has been no report of filovirus infection
so far in any animal species, including humans, in Zambia. How-
ever, considering its geographic position, Zambia seems to be a
high-risk country that could suffer an incursion of filovirus in-
fection. Moreover, Zambia and the surrounding countries, such
as the DRC and Angola, probably share the large common eco-
system providing habitats for various wild animals, including
nonhuman primates and fruit bats, both of which are known
to be susceptible to filovirus infection [4, 6, 8].

In the present study, we focused on migratory fruit bats
(E. helvum), which are commonly found in Africa [12] and
could likely be infected with Ebola virus, as suggested by a previ-
ous study initially demonstrating Ebola virus-specific antibodies
in this bat species [13]. We carried out a serological survey to de-
tect filovirus-specific antibodies using GP antigens of all known
virus species of the genera Ebolavirus and Marburgvirus.

MATERIALS AND METHODS

Animals and Serum Samples

A total of 748 serum samples were collected from wild healthy
straw-colored fruit bats (E. helvum; 263 male, 485 female)
[12] caught in Central Province and Copperbelt Province in
Zambia from December 2006 to December 2013 (Supplemen-
tary Table 1). Captured bats were euthanized with diethyl ether,
and blood and tissue samples were collected for antibody detec-
tion and reverse-transcription polymerase chain reaction (RT-
PCR) assays, respectively. Dissection and tissue processing were
carried out in a biosafety level 3 containment facility at the
Hokudai Center for Zoonosis Control in Zambia, belonging
to the University of Zambia. All these activities were performed
under the research project “Molecular and Serological Surveil-
lance of Viral Zoonoses in Zambia,” approved by the Zambia
Wildlife Authority of the Republic of Zambia (Act No. 12 of
1998).

ELISA Protocol

Filovirus GP-based ELISA was performed as described elsewhere
[11]. Briefly, His-tagged soluble recombinant GPs of strains
Mayinga (Zaire), Boniface (Sudan), Cote d’Ivoire (Tai Forest), Bun-
dibugyo (Bundibugyo), Pennsylvania (Reston), and Angola (Ango-
la), representing the filovirus species Z. ebolavirus, S. ebolavirus, Tai

Forest ebolavirus, B. ebolavirus, R. ebolavirus, and M. marburgvi-
rus, respectively, were purified from the supernatants of human
embryonic kidney 293T cells transfected with pCAGGS ex-
pressing each GP using the Ni-NTA Purification System (Life
Technologies). ELISA plates (Nunc MaxiSorp) were coated
with the GP antigens (100 ng of GP; 50 pL per well) or control
antigens (fetal calf serum-derived proteins nonspecifically
bound to the nickel beads), followed by blocking with 3%
skim milk (150 pL per well). Serum samples diluted at 1:100
or 4-fold serially diluted from 1:100 were added and incubated
for 1 hour at room temperature. The bound antibodies were vi-
sualized with a goat anti-bat immunoglobulin (Ig) G heavy- and
light-chain antibody conjugated with horseradish peroxidase
(Bethyl Laboratories) and 3,3',5,5'-tetramethylbenzidine
(Sigma-Aldrich). The reaction was stopped by adding 1N sulfu-
ric acid, and the optical density (OD) at 450 nm was measured.
To offset the nonspecific antibody reaction, the OD value of the
control antigen was subtracted from that of each sample. Assays
were conducted in duplicate or triplicate, and means were used
for further data analyses.

Western Blotting

Serum samples were analyzed by Western blotting, as described
elsewhere [14]. To generate viruslike particles, 293T cells were
transfected with plasmids encoding filovirus (Zaire, Sudan,
Tai Forest, Bundibugyo, Reston, and Angola) GP, viral nucleo-
protein, and matrix protein (VP40) genes. At 48 hours after
transfection, these particles were recovered from the pellets
after centrifugation at 28 000g and 4°C for 1.5 hours through
a 25% sucrose cushion. Supernatants from 293T cells transfect-
ed with an empty vector, pCAGGS, were used as a negative con-
trol. Viruslike particles were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis under nonreducing
conditions on 5-20% SuperSep gel (Wako) and blotted on a
polyvinylidene difluoride membrane (Millipore). Bat serum
samples diluted at 1:100 were used as primary antibodies,
followed by detection with goat anti-bat IgG heavy- and light-
chain antibody conjugated with horseradish peroxidase (Beth-
yl). Mouse monoclonal antibodies ZGP42/3.7 to Ebola virus
GPs and AGP127-8 to Marburg virus GP were used as positive
control antibodies, followed by detection with goat anti-mouse
IgG heavy- and light-chain antibody conjugated with horserad-
ish peroxidase (Jackson ImmunoResearch) [14]. The bound an-
tibodies were visualized with Western Lightning Plus-Enhanced
Chemiluminescence (PerkinElmer) and detected with an Im-
ageQuant LAS 4000 imaging system (GE Healthcare).

RT-PCR Protocol

RT-PCR assay was performed as described elsewhere [15].
Briefly, total RNA was extracted from 140 pL of 10% (wt/vol)
homogenates of spleens and/or livers from individual fruit
bats (367 bats captured in 2010-2013) with a QIAamp Viral
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RNA Mini Kit (Qiagen) according to the manufacturer’s in-
structions. One-step RT-PCR targeting the filovirus nucleopro-
tein gene was carried out using a Qiagen OneStep RT-PCR kit
(Qiagen), according to the manufacturer’s instructions. The
filovirus-specific universal primers FiloNP-Fm, FiloNP-Rm,
FiloNP-Fe, and FiloNP-Re were used [15]. The 1-step RT-
PCR program consisted of reverse transcription at 50°C for 30
minutes and initial PCR activation at 95°C for 15 minutes, fol-
lowed by 50 cycles of denaturation at 94°C for 15 seconds,
annealing at 53°C for 30 seconds, extension at 72°C for 30 sec-
onds, and final extension at 72°C for 7 minutes.

Statistical Analysis

All OD values obtained by GP-based ELISA (748 bats for 6 GP
antigens) were analyzed concurrently. Smirnov-Grubbs rejec-
tion tests were employed as described elsewhere [14]. Briefly,
the highest OD value was first picked up, and the T value
(TODhighest = IODhighest - ODmean1-4488|/ODSD1—4488» where SD
indicates standard deviation) was calculated for its statistical
significance based on the critical values given by the Smirnov-
Grubbs test (n =4488; T'=4.23, P <.05). If it was considered an
outlier, the T value for the second highest OD value was then
similarly tested without the highest one (Topand highest =
IODan highest — ODmean1-4487|/ ODgp-4437). These steps were re-
peated until the T value fell below the level of statistical signifi-
cance (P<.05).

RESULTS

Screening of Filovirus-Specific 1gG Antibodies by ELISA

Fruit bat serum samples were screened for IgG antibodies specific
to the known species of filoviruses (Figure 1), and the OD values
obtained by GP-based ELISA were analyzed statistically as de-
scribed in “Materials and Methods” section. Because there were
no control serum samples either positive or negative for filovirus
antibodies in this fruit bat species, it was not possible to set the
cutoff value for the OD based on such control populations. In-
stead, to determine statistical significance of each OD value, we
employed the Smirnov-Grubbs rejection test, which is widely
used to detect significantly higher or lower values (ie, outliers)
that do not belong to the population consisting of all other values
in the data set. Based on the distribution of the samples (Supple-
mentary Figure 1), we detected statistical outliers and reasonably
assumed that the big peak represented the negative sample pop-
ulation and that the outliers (P < .05) with significantly higher OD
values did not belong to the negative group. Thus, these statistical
outlier samples were considered positive.

Filovirus Species Specificity of Serum IgG Antibodies Detected
in Fruit Bats

ELISA-positive samples were analyzed for species specificity
among filoviruses by comparing the OD values for each GP

antigen. Representative data are shown in Figure 2. We found
that the majority of the positive samples showed exclusive spe-
cificity for one of the antigens. Antibodies to African filoviruses
were predominant (ie, Zaire, Sudan, Tai Forest, Bundibugyo, or
Angola), but some of the positive samples showed distinct reac-
tivity to the antigen derived from Reston virus, which has thus
far been found only in Asia (ie, the Philippines and China)
[3, 16]. Specificities of representative samples positive for each
antigen were confirmed by Western blotting (Figure 3). Al-
though 6 of the positive samples showed cross-reactivity to mul-
tiple virus species (eg, ZFB10-19 and ZFB09-35), there was little
cross-reactivity across the genus (ie, Ebolavirus vs Marburgvi-
rus), consistent with previous findings [11, 14].

Filovirus-specific IgG antibodies were detected continuously
in this fruit bat species in Zambia during the years 2006-2013
(Table 1). In total, 2.5% (19 of 748), 2.5% (19 of 748), 1.2% (9 of
748), 1.1% (8 of 748), and 1.2% (9 of 748) of the serum samples
showed the highest reactivity to Zaire, Sudan, Tai Forest,
Bundibugyo, and Reston virus antigens, respectively. Overall,
8.6% (Ebola) and 0.9% (Marburg) of the samples were found
to be IgG positive for filovirus GP antigens (Table 2). End
point antibody titers of positive samples ranged between
1:100 and 1:6400 (Supplementary Table 2). No significant dif-
ference was found in the overall positivity between sexes (data
not shown). Filovirus RNA genomes were not detected in
spleens and livers of the bats captured in 2010-2013 (data not
shown).

Tracing the History of Outhreaks of Filovirus Diseases and
Serologically Dominant Filovirus Species in Bats

Since 2000, outbreaks of Ebola virus diseases caused by several
virus species have been reported (Supplementary Table 3) [17,
18]. We compared the filovirus species that caused outbreaks in
Central and West Africa and virus species for which specific an-
tibodies were predominantly detected in the corresponding
years (Figure 4). Ebola virus (species Z. ebolavirus) frequently
appeared in the 2000s, but there were no reported outbreaks
due to this virus species between 2009 and 2013. Interestingly,
antibodies specific for Z. ebolavirus were predominantly detect-
ed in the bats until 2010, but none of the samples collected in
2011 and 2012 were positive for this species. Antibodies specific
for Z. ebolavirus were then detected again in bats collected in
2013.

In contrast, epidemics caused by Sudan virus (species
S. ebolavirus), which were seen only twice in the 2000s, oc-
curred through 3 independent introductions into humans in
2011-2012. Correspondingly, while the presence of the Sudan
virus-specific antibody in bats was comparatively minor until
2008, the antibody positivity to Sudan virus increased and be-
came dominant in 2010. Bundibugyo virus (species B. ebolavi-
rus), which was first found in 2007, caused an outbreak again in
2012, and the antibody positivity to Bundibugyo virus, which
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Figure 1.  Immunoglobulin (Ig) G antibodies detected in the serum samples collected from Eidolon helvum in Zambia. Serum samples were tested (1:100
dilution) for IgG antibodies specific to Zaire, Sudan, Tai Forest, Bundibugyo, and Reston viruses and Angola Marburg virus by glycoprotein-based enzyme-
linked immunosorbent assay. All optical density (OD) values were subjected to the Smirov—Grubbs rejection test to discriminate the positive (ie, signifi-
cantly higher 0D values) from the negative population {Supplementary Figure 1).
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Figure 2. Filovirus species specificity of immunoglobulin (lg) G antibodies in glycoprotein (GP)-based enzyme-linked immunosorbent assay (ELISA).
Serum samples diluted at 1:100 were tested for IgG antibodies reacting with GP antigens in ELISA. Optical density (OD) values obtained for all filovirus
antigen were compared. Four representative data are shown for each filovirus antigen. Sample identification numbers are shown on the horizontal axis.

was minor in 2006-2007, became prevalent in 2008 and 2011, a
finding that seemed to be synchronized with 2 outbreaks caused
by this virus in 2007-2008 and 2012. Taken together, the trend
of the emerging filovirus species causing outbreaks in Central
and West Africa seemed parallel to the proportion of seroposi-
tivity to each filovirus species in fruit bats tested in this study.

DISCUSSION

Although fruit bats have been suspected to play some roles in
the ecology of filoviruses [7, 8, 19], it is still elusive whether
fruit bats act as reservoirs continuously maintaining the virus
in nature. Although multiple strains of Marburg viruses were
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