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Abstract: The seroprevalence to orthoebolaviruses was studied in 9594 bats (5972 frugivorous and
3622 insectivorous) from Cameroon, the Democratic Republic of Congo (DRC) and Guinea, with
a Luminex-based serological assay including recombinant antigens of four orthoebolavirus species.
Seroprevalence is expressed as a range according to different cut-off calculations. Between 6.1% and
18.9% bat samples reacted with at least one orthoebolavirus antigen; the highest reactivity was seen
with Glycoprotein (GP) antigens. Seroprevalence varied per species and was higher in frugivorous
than insectivorous bats; 9.1–27.5% versus 1.3–4.6%, respectively. Seroprevalence in male (13.5%) and
female (14.4%) bats was only slightly different and was higher in adults (14.9%) versus juveniles
(9.4%) (p < 0.001). Moreover, seroprevalence was highest in subadults (45.4%) when compared to
mature adults (19.2%), (p < 0.001). Our data suggest orthoebolavirus circulation is highest in young
bats. More long-term studies are needed to identify birthing pulses for the different bat species in
diverse geographic regions and to increase the chances of detecting viral RNA in order to document
the genetic diversity of filoviruses in bats and their pathogenic potential for humans. Frugivorous
bats seem more likely to be reservoirs of orthoebolaviruses, but the role of insectivorous bats has also
to be further examined.
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1. Introduction

Since the first recognized Ebolavirus disease (EVD) outbreaks in 1976 in the Demo-
cratic Republic of Congo (DRC) and Sudan, more than 35 outbreaks have been reported in
Africa [1]. However, their frequency and impact has increased over the last decades as illus-
trated by the recent outbreaks in West Africa (December 2013 to March 2016) and in eastern
DRC (August 2018 to June 2020) where thousands of individuals became infected over large
geographic areas [1]. This is in contrast with the majority of previous EVD outbreaks that
were in remote areas and remained geographically restricted. Today, all outbreaks have
occurred in Africa and are caused by different viruses from the Orthoebolavirus genus. To
remove the ambiguity between the genus Ebolavirus and the virus name Ebola virus (EBOV)
for the previously called Ebola Zaire virus, the genus has been renamed Orthoebolavirus
by the Filoviridae study group of the International Committee on Taxonomy of Viruses
(ICTV) [2]. The Ebola virus (EBOV) is responsible for the majority of outbreaks in Central
Africa and the large West African epidemic. Sudan virus (SUDV) and Bundibugyo virus
(BDBV) have been reported in outbreaks in eastern Africa (Sudan, Uganda, eastern DRC)
and Tai Forest virus (TAFV) is documented only in a single case in Ivory Coast [1,2].

From the large epidemics, we have learned that certain EVD outbreaks can be linked
to individuals who recovered from the disease, even more than 5 years after infection [3,4].
Nevertheless, the majority of EVD outbreaks are most likely the result of independent
spillover events from wildlife to humans. More than 45 years after the first descriptions of
EVD outbreaks, the animal reservoir still remains elusive, but bats are considered as the
most likely reservoir species. Multiple surveys of bats in West, Central and East Africa
showed the presence of antibodies to orthoebolaviruses in at least eight frugivorous species
and one insectivorous genus (Mops sp.) [5–10]. Despite large efforts from multiple groups,
only a single study demonstrated the presence of viral RNA from Ebola virus (EBOV)
in a handful of bats from three frugivorous bat species (Epomops franqueti, Hypsignathus
monstrosus and Myonycteris torquata) during EVD outbreaks in Gabon and the Republic of
Congo [11]. Ebola virus RNA has also been identified in apes in Gabon and the Republic
of Congo, but the high mortality among ape populations indicate that they are not a
reservoir but rather an intermediate animal host species [12–14]. Among other filoviruses,
the role of bats as potential reservoir host species is well established. For example, a
large diversity of orthomarburgviruses (MARV) have been amplified and sequenced from
Rousettus aegyptiacus bats from different geographic regions [15–19]. Viral RNA from
Bombali virus (BOMV) has been detected in insectivorous bats (Mops condylurus and
Chaerephon pumilus) in East, Central and West Africa [20–22] and other filoviruses have
been described in bats from Europe and Asia, like Lloviu virus and Reston virus (RESTV),
respectively [23–26].

The low number of bats in which viral RNA was detected can be partially explained
by the fact that orthoebolaviruses are most likely cleared from their hosts and can only
be detected for a limited time period. Bats are infected with a wide diversity of potential
pathogenic RNA viruses for humans [27] and seasonal variations in infection and immuno-
logical status have also been documented for other viral infections like henipaviruses,
lyssaviruses, and coronaviruses in bats [5,28–32]. Temporal dynamics in viral shedding
and seroprevalence have also been shown for Marburg virus [33]. We recently showed
temporal variation of seroprevalence for orthoebolaviruses in a colony of Eidolon helvum
bats in Yaoundé, the capital city of Cameroon [34]. Here, we extend and build further
on our previous studies on antibodies to orthoebolaviruses in more than 9500 bats from
Cameroon, DRC and Guinea, three countries with high potential for the emergence of
orthoebolaviruses [35]. We explore the factors associated with the presence of antibodies to
orthoebolaviruses.
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2. Materials and Methods
2.1. Collection Sites

Between November 2015 and September 2020, samples were collected from free-
ranging frugivorous and insectivorous bats in Cameroon, Guinea and the Democratic
Republic of Congo (DRC). Bats were captured as previously described using mist nets of
different mesh sizes or harp traps in roosting and foraging sites [9,34,36]. Nets or harp
traps were set up before sunset and checked regularly for presence of bats. Venipuncture
was performed on the propatagial or brachial vein and blood was subsequently dropped
on Whatman 903 filter paper (GE Healthcare, Feasterville-Trevose, PA, USA) as previously
described [9,34,36]. Samples were then air-dried and preserved individually as dried blood
spots (DBS) in plastic bags containing silica desiccant and stored in hermetic boxes. Sample
storage in the field was at ambient temperature for max 2–3 weeks and samples were then
transferred to the central laboratory in each country to store them at −20 ◦C until analysis.
After sampling, captured bats were released immediately. For each bat, morphological data
were recorded (measurements of the body, the forearm, the tail, and the metacarpus of the
third finger; weight; color) as well as sex, age class, and visual species identification. As
described previously, the age of bats was classified according to their morphology and
the development of their genitalia [34]. Late pregnancy and lactation in females were
determined by palpation of the abdomen and the mammary glands and nipples [34]. The
study was conducted in compliance with the national ethics committee from the DRC
(ESP/CE/009/2020), Guinea (approval reference 074/CNERS/15, 26 November 2015) and
Cameroon (N◦2018/09/1090/CE/CNERSH/SP).

2.2. Screening for Orthoebolavirus Antibodies

Dried blood spots (DBS) were tested with a Luminex-based serological assay adapted
for bats as previously described [9,34,36,37]. The assay included 10 commercially avail-
able recombinant orthoebolavirus proteins, glycoprotein (GP), nucleoprotein (NP) and
viral protein 40 (VP40) from 4 different Orthoebolavirus species: EBOV, previously called
Zaire (NP, amino acids [aa] 488 to 739, variant Mayinga 1976; VP40, aa 31 to 326, variant
Kissidougou-Makona 2014; GP-k, aa 1 to 650, variant Kissidougou-Makona 2014; GP-m, aa
1 to 650, variant Mayinga 1976); SUDV, Sudan (NP, aa 361-738, variant Gulu; GP, aa 1 to 637,
variant Uganda 2000; and VP40, aa 31 to 326, variant Gulu); BDBV, Bundibugyo (GP, aa 1
to 501, variant Uganda 2007; VP40, aa 31 to 326, variant Uganda 2007) and RESTV, Reston
(GP, aa 1 to 650). Recombinant proteins were produced in insect cells and purchased from
Sinobiologicals (Beijing, China) except for REST GP (IBT, Gaithersburg, MD). We first recon-
stituted blood from DBS as previously described [9,34,36,37] in 200 µL of incubation buffer.
One hundred µL of sample, corresponding to the equivalent of a final plasma dilution
of 1/2000, was incubated with 50 µL of magnetic beads coated with recombinant protein
(2 µg protein/1.25 × 106 beads) in 96-well flat-bottom chimney plates (Greiner bio one,
Frickenhausen, Germany) on a plate shaker at 400 rpm for 16 h at 4 ◦C in the dark. After
washing, 0.1 µg/mL of goat anti-bat biotin-labeled IgG (Euromedex, Souffelweyersheim,
France) was added to each well and incubated for 30 min at 400 rpm at room temperature.
After washing, we added 50 µL of 4 µg/mL streptavidin-R-phycoerythrin (Fisher Scien-
tific/Life Technologies, Illkirch, France) per well and incubated for 10 min at 400 rpm at
room temperature. Reactions were read with BioPlex-200 (BioRad, Marnes-la-Coquette,
France) or MagPix (Luminex, Austin, TX, USA). At least 50 events were read for each
bead set, and results were expressed as median fluorescence intensity (MFI) per 50 beads.
Samples that showed positive signals were repeated in order to validate the results.

In the absence of well-characterized positive and/or negative control samples, the
proportion of samples reactive for each antigen were calculated with previously defined
stringent and non-stringent cut-off values [9,34,36]. First, we used the general formula
based on the MFI values of negative control samples from European zoos, mean of the
145 negative samples plus 4× standard deviation as described by De Nys and colleagues [9],
as a non-stringent condition. Negative control samples were from captive-born insectiv-
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orous bat species in Europe (Carollia perspicillata, n = 103; Pteropus giganteus, n = 19; and
R. aegyptiacus, n = 23) [9]. Secondly, we used the mean of cut-offs of three previously
described statistical methods used in the absence of well-documented positive controls;
i.e., change point analysis and fitted univariate binomial and exponential distributions at a
0.001 risk for error, as a stringent condition [34,36]. These cut-offs were described and calcu-
lated on a total of 8741 bats from Guinea, DRC and Cameroon, included in this study [36].
A sample was considered reactive with an antigen if the MFI value was above the cut-off.
Analyses were performed with R version 4.3.0 software (https://www.r-project.org/, last
accessed on 28 April 2023).

2.3. Molecular Confirmation of Bat Species

For a subset of samples, species identification recorded in the field was molecularly
confirmed using the corresponding DBS sample as in our previous studies on viruses in
bats [9,34,36]. At least one sample per sampling date, capture method and morphologic de-
scription at each site was confirmed. An 800 bp fragment of the mitochondrial cytochrome
b (CytB) region was amplified using previously described primers, Cytb-L14724 (forward)
and Cytb-H15506 (reverse) [38]. To increase PCR specificity for certain bat species, the
forward primer was replaced by a newly designed forward primer Cytb-L1 5′-ATG ACC
AAC ATC CGA AAA TCN CAC-3′ or Cytb-L2 5′-ATY TCY TCM TGA TGA AAY TTY
GGM TC-3′ [36]. For samples that could not be readily amplified and/or sequenced in
the CytB region, species identification was confirmed by amplifying a 386-bp mitochon-
drial DNA fragment of the 12S rRNA gene with primers 12S-L1091 and 12S-H1478 [39].
PCR products were directly sequenced with a BigDye Terminator version 3.1 sequenc-
ing kit (Life Technologies, Courtaboeuf, France) on an Applied Biosystems 3500 Genetic
Analyzer (Thermo Fisher Scientific, Foster City, CA, USA). Sequences from both strands
were reconstituted using the SeqMan Pro tool from the package DNAStar v17.0.2 (Laser-
gene, Madison, WI, USA). Sequences were uploaded in the NCBI BLAST web interface
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 31 March 2023) to identify the most
similar bat species. For sequences with no or low similarity (<97%) hits with species in
Genbank, a phylogenetic tree was constructed using maximum likelihood methods imple-
mented in PhyML with reference sequences in order to obtain genus identification [40].
Species identification was extrapolated for the remaining samples by combining molecular
and field data. For certain insectivorous bats, especially from Molossidae, Rhinolophidae,
Hipposideridae and Nycteridae families, identification was only possible at the genus level,
mostly due to the lack of reference sequences in Genbank. For Epomophorus gambiensis
and Micropteropus pusillus, species discrimination cannot be performed using only CytB
sequences, and morphologic details on forearm and weight measurements were also used
to discriminate the species, as previously described [36,41].

2.4. Statistical Analysis to Study Factors Associated with Seropositivity

All analyses were performed on Rstudio software version 2023.03.0+386. In order to
have a synthetic overview of the data, calculations of raw seroprevalences and serological
reactivity were carried out with the “binconf” function of the “Hmisc” package, specifying
the “Wilson” method to obtain the seroprevalences and the 95% confidence intervals. The
significance is obtained by a Fisher exact test using the “fisher.test” function, p-value < 0.05
was considered as significant. Secondly, we developed generalized linear mixed models
(GLMM) with the “glmer” function from the “lme4” package. The aim is to test the
influence of different factors on the probability of a bat presenting antibodies directed
against GP Sudan. The reactivity to GP Sudan was analyzed as a binomial distribution. The
explanatory variables are Species, Age, Country and Field session. These last two variables
enabled the integration of a spatiotemporal effect in the model, to take into account the
grouped samples collected on the same site and during the same sampling session. The
final model chosen is the one with the lowest Akaike Information Criterion (AIC). Here,
it is the model with the Species and Age variables as fixed effects and the Field session

https://www.r-project.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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variable nested in the Country variable as a random effect. Odds ratios and 95% confidence
intervals for each variable were obtained from the model.

3. Results
3.1. Bat Species and Sample Sites

Overall, we analyzed blood samples from 9594 bats sampled between November
2015 and September 2020 in 31 different sites; 4886 samples in nine sites in Cameroon,
1764 samples in eight sites in the Democratic Republic of Congo and 2944 samples in
14 sites in Guinea (Figure 1). In total, 5972 frugivorous bats of at least eight different
species and 3622 insectivorous bats of at least five different species were analyzed. For
3271 (34.1%) samples, species identification in the field was confirmed by sequence analysis.
For some insectivorous bat families (Miniopteridae, Molossidae, Nycteridae, Rhinolophi-
dae, Hipposideridae), identification was only possible at the genus level. For Molossidae
bats, we could not always distinguish between Mops and Chaerephon genera, most likely
because of the lack of sequences in GenBank, and we grouped both genera in the analysis
(Table 1). Overall, 5767 samples have been reported in previous studies; i.e., surveys con-
ducted between 2015 and 2017 between EVD outbreaks [9], surveys during EVD outbreaks
in 2018 in DRC [36] and a one-year monitoring of an Eidolon helvum colony in Yaoundé,
Cameroon [34]. The current study therefore adds new serological data on samples from
3827 bats, representing 39.9% of the total number of samples described in this study.
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Figure 1. Collection sites from Guinea (1, Conakry; 2, Forecariah; 3, Kindia; 4, Mamou; 5, Kissidougou;
6, Guéckedou; 7, Macenta; 8, Nzérekoré; 9, Boffa; 10, Boke; 11, Koundara; 12, Mali; 13, Siguiri and
14, Kankan), Cameroon (15, Campo; 16, Bipindi; 17, Boumnyebel; 18, Yaoundé; 19, Mbalmayo; 20,
Northern Periphery Dja; 21, Djoum; 22, Mambele and 23, Tibati) and Democratic Republic of Congo
(24, Boma; 25, Kimpese; 26, Zongo; 27, Kikwit; 28, Bikoro; 29, Boende; 30, Komanda and 31, Beni).
The map is adapted from Pigott et al. [35]; areas closer to dark red are estimated at highest risk for
orthoebolavirus spillover events, and areas in light yellow are least at risk.

Among the 5972 frugivorous bats, Eidolon helvum (n = 1652; 27.7%), Rousettus aegyp-
tiacus (n = 1140; 19.1%) and Epomops sp. (n = 1076; 18.02%) bats predominate, followed
by Epomophorus sp. (n = 614; 10.3%), Hypsignathus monstrosus (n = 572; 9.6%), Myonycteris
torquata. (n = 397; 6.6%), Micropteropus pusillus (n = 256; 4.3%), Lissonycteris angolensis
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(n = 186; 3.1%) and representatives of diverse other frugivorous species (n = 79; 1.3%;
Casinycteris sp. (n = 18), Megaloglossus woermanni (n = 55), Nanonycteris sp. (n = 3) and
Scotonycteris sp. (n = 3)) (Table 1). Two Epomops species were studied, i.e., E. franqueti in
Cameroon and DRC (n = 1055), and E. buetticoffi (n = 21) in Guinea. Similarly, two Epomopho-
rus species were included, related to their geographic range in Africa, i.e., E. gambianus in
Guinea, Cameroon and western DRC (n = 348) and E. labiatus (n = 266) in eastern DRC.
The 3622 insectivorous bats are largely dominated by Hipposideros species (43.9%) and bats
from the Molossidae family (n = 1428; 39.4%; Mops and Chaerephon species) followed by
Miniopterus sp. (n = 264; 7.3%), Rhinolophus sp. (n = 154; 4.3%), Nycteris sp. (2.4%) and rep-
resentatives of diverse other insectivorous species (2.7%; Coleura afra (n = 6), Glauconycteris
sp. (n = 8), Kerivoula sp. (n = 1), Myotis sp. (n = 4), Neoromicia sp. (n = 26), Scotophilus sp.
(n = 45) and Taphozous mauritianus (n = 7) (Table 1).

Table 1. Number of different bat genera/species tested in each country (Guinea, Cameroon and DRC).

Guinea Cameroon DRC Total

Frugivorous bats
Pteropodidae

Eidolon helvum 178 1020 454 1652
Epomophorus sp. a 406 19 189 614
Epomops sp. b 21 846 209 1076
Hypsignathus monstrosus 18 542 12 572
Lissonycteris angolensis 35 96 55 186
Micropteropus pusillus 21 32 203 256
Myonycteris torquata 1 294 102 397
Rousettus aegyptiacus 551 584 5 1140

Other frugivorous species c 3 44 32 79
Subtotal 1234 3477 1261 5972

Insectivorous bats
Molossidae

Chaerephon/Mops d 1039 368 21 1428
Hipposideridae

Hipposideros sp. d 435 925 231 1591
Miniopteridae

Miniopterus sp. d 46 9 209 264
Nycteridae

Nycteris sp. d 79 7 2 88
Rhinolophidae

Rhinolophus sp. d 74 71 9 154
Other insectivorous species e 37 29 31 97
Subtotal 1710 1409 503 3622

Total 2944 4886 1764 9594
a Two Epomophorus species were observed, E. gambianus in Guinea, Cameroon and western DRC and E. labiatus
in eastern DRC. b Two Epomops species were observed, E. franqueti in Cameroon and DRC and E. buettikoferi in
Guinea. c Other frugivorous species; Casinycteris sp. (n = 18), Megaloglossus woermani (n = 55), Nanonycteris sp.
(n = 3) and Scotonycteris sp. (n = 3). d Identification at species level was not possible for a significant proportion of
samples tested and were therefore grouped at the genus level. In the Molossidae family, differentiation between
Chaerephon and Mops species was often not possible and they were analyzed together. e Other insectivorous
species; Coleura afra (n = 6), Glauconycteris sp. (n = 8), Kerivoula sp. (n = 1), Myotis sp. (n = 4), Neoromicia sp. (n = 26),
Scotophilus sp. (n = 45) and Taphozous mauritianus (n = 7).

Overall, 5080 (52.9%) bats were female, 4408 (45.9%) were male and for 106 (1.1%)
sex was not recorded. The majority of bats were adults (n = 7873; 82.1%), 1186 (12.4%)
were juveniles and for 535 (5.6%) information on age was not available. Only in Cameroon,
the differentiation between adults and subadults was performed with 2959 (67.2%) adults,
438 (9.9%) subadults and 1007 (22.9%) juveniles for the 4404 bats for which age was recorded.
Overall, late gestation or lactation was reported for 344 and 408 adult females, respectively.
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3.2. Antibodies against Different Orthoebolavirus Antigens

Because of the absence of well-documented positive and negative samples from bats,
we used stringent and less-stringent approaches to calculate the number and percentage of
reactive samples, and, as in our previous reports, prevalence is thus expressed as a range
(Table 2, Figure 2). The number of samples reacting with at least one antigen was 1810
(18.9%) by the less stringent cut-off (mean + 4SD) and 590 (6.1%) with the stringent cut-off.
The highest reactivity was observed with GP antigens, especially for GP SUDV ranging
between 2.0% and 14.0%, according to stringent or less-stringent cut-off, respectively
(Table 2), followed by GP EBOV-k (2.1–10.6%), GP BDBV (1.5–9.1%), GP EBOV-m (1.9–5.8%)
and only low reactivity and at lower MFIs was observed with GP RESTV (0.8–0.4%). The
presence of antibodies to orthoebolavirus antigens varied per species and was higher in
frugivorous than in insectivorous bats; 9.1–27.5% versus 1.3–4.6%, respectively. Antibodies
to at least one antigen were observed in the eight predominant frugivorous species tested,
with the highest reactivity seen in Eidolon helvum (14.1–48.1%) and Rousettus aegyptiacus
(14.1–35.5%). In the three species in which EBOV RNA has been previously reported in
Gabon and the Republic of Congo, antibodies were observed at variable levels, 12.4–30.6%
for Hypsignathus monstrosus, 3.1–13.1% for Myonycteris torquata, and 2.2–5.8% for Epomops
species. Antibodies were detected in Epomops franqueti and E. buettikoferi and in Epomophorus
gambianus and E. labiatus. Among insectivorous species, antibody detection was highest in
the Chaerephon/Mops and Miniopterus species, 1.8–7.5% and 4.5–12.1%, respectively.
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Significantly less samples had antibodies to two or more antigens from the same
Orthoebolavirus species (Table 3), i.e.; 0.2–1.4% for EBOV, 0.3–2.0% for SUDV and 0.0–0.1 for
BDBV. The highest percentages were observed in Eidolon helvum and Rousettus aegyptiacus.
In the other species, no or only sporadic cases were observed according to the stringency
of cut-off values used. On the other hand, simultaneous reactivity to the same antigen
from different Orthoebolavirus species was frequent, suggesting cross-reactivity between
Orthoebolavirus species especially for GP proteins; 1.88–10.7% of blood samples were reactive
to glycoprotein (GP) from more than two Orthoebolavirus species. Antibodies to VP-40 and
NP of at least two Orthoebolavirus species were seen in 0.23–0.82% and 0.01–0.19% samples,
respectively.
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Table 2. Number and percentage of samples reactive for each orthoebolavirus antigen used, expressed as a range from values obtained with stringent and less
stringent cut-off values.

Genus/Species N Tested NP EBOV GP EBOV-k GP-EBOV-m VP-EBOV NP SUDV GP SUDV VP SUDV GP BDBV VP BDBV GP RESTV Total

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Frugivorous bats
Pteropodidae

Eidolon helvum 1652 20–61
(1.2–3.7)

130–552
(7.9–33.4) 99–298 (6–18) 5–38

(0.3–2.3)
18–45

(1.1–2.7)
125–722

(7.6–43.7)
32–96

(1.9–5.8)
63–460

(3.8–27.8) 0–3 (0–0.2) 9–6 (0.5–0.4) 233–795
(14.1–48.1)

Epomophorus sp. a 614 1–6 (0.2–1) 2–25
(0.3–4.1) 2–14 (0.3–2.3) 1–2 (0.2–0.3) 1–3 (0.2–0.5) 2–49 (0.3–8) 6–13 (1–2.1) 3–25

(0.5–4.1) 0–0 (0–0) 0–0 (0–0) 18–74
(2.9–12.1)

Epomops sp. b 1076 5–7 (0.5–0.7) 1–7 (0.1–0.7) 2–4 (0.2–0.4) 4–14
(0.4–1.3) 7–8 (0.7–0.7) 0–21 (0–2) 6–12

(0.6–1.1) 1–8 (0.1–0.7) 1–3 (0.1–0.3) 1–0 (0.1–0) 24–62
(2.2–5.8)

Hypsignathus monstrosus 572 2–7 (0.3–1.2) 13–91
(2.3–15.9)

27–65
(4.7–11.4)

5–10
(0.9–1.7)

7–15
(1.2–2.6)

24–145
(4.2–25.3)

3–12
(0.5–2.1)

20–95
(3.5–16.6) 4–6 (0.7–1) 32–19

(5.6–3.3)
71–175

(12.4–30.6)

Lissonycteris angolensis 186 0–4 (0–2.2) 5–31
(2.7–16.7)

9–21
(4.8–11.3) 0–4 (0–2.2) 2–4 (1.1–2.2) 3–27

(1.6–14.5) 2–4 (1.1–2.2) 11–32
(5.9–17.2) 0–0 (0–0) 2–0 (1.1–0) 17–51

(9.1–27.4)

Micropteropus pusillus 256 2–2 (0.8–0.8) 2–13
(0.8–5.1) 1–7 (0.4–2.7) 0–0 (0–0) 2–4 (0.8–1.6) 1–16

(0.4–6.3) 2–5 (0.8–2) 1–7 (0.4–2.7) 0–0 (0–0) 0–0 (0–0) 8–29
(3.1–11.3)

Myonycteris torquata 397 0–1 (0–0.3) 4–20 (1–5) 2–12 (0.5–3) 0–5 (0–1.3) 3–7 (0.8–1.8) 1–29
(0.3–7.3) 3–7 (0.8–1.8) 1–16 (0.3–4) 1–1 (0.3–0.3) 0–0 (0–0) 12–52

(3–13.1)

Rousettus aegyptiacus 1140 14–54
(1.2–4.7)

36–189
(3.2–16.6)

36–93
(3.2–8.2)

32–90
(2.8–7.9)

43–71
(3.8–6.2)

32–261
(2.8–22.9)

41–92
(3.6–8.1)

31–162
(2.7–14.2)

9–18
(0.8–1.6)

20–10
(1.8–0.9)

160–405
(14–35.5)

Other frugivorous species c 79 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–1.3) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–1.3)

Subtotal 5972 44–142
(0.7–2.4)

193–928
(3.2–15.5)

178–514
(3–8.6)

47–163
(0.8–2.7)

83–158
(1.4–2.6)

188–1270
(3.1–21.3)

95–241
(1.6–4)

131–805
(2.2–13.5)

15–31
(0.3–0.5)

64–35
(1.1–0.6)

543–1644
(9.1–27.5)

Insectivorous bats
Molossidae

Chaerephon/Mops d 1428 4–15
(0.3–1.1)

9–70
(0.6–4.9) 7–32 (0.5–2.2) 3–9 (0.2–0.6) 1–6 (0.1–0.4) 1–54

(0.1–3.8)
5–12

(0.4–0.8)
7–51

(0.5–3.6) 1–1 (0.1–0.1) 10–2
(0.7–0.1)

26–107
(1.8–7.5)

Hipposideridae

Hipposideros sp. d 1591 0–0 (0–0) 1–7 (0.1–0.4) 0–3 (0–0.2) 1–2 (0.1–0.1) 3–7 (0.2–0.4) 0–8 (0–0.5) 2–3 (0.1–0.2) 0–7 (0–0.4) 0–0 (0–0) 1–0 (0.1–0) 6–21
(0.4–1.3)

Miniopteridae

Miniopterus sp. d 264 1–1 (0.4–0.4) 1–11
(0.4–4.2) 1–5 (0.4–1.9) 6–11

(2.3–4.2) 1–4 (0.4–1.5) 0–7 (0–2.7) 3–7 (1.1–2.7) 1–9 (0.4–3.4) 0–1 (0–0.4) 3–1 (1.1–0.4) 12–32
(4.5–12.1)

Nycteridae

Nycteris sp. d 88 0–0 (0–0) 0–0 (0–0) 0–1 (0–1.1) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 1–1
(1.1–1.1)
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Table 2. Cont.

Genus/Species N Tested NP EBOV GP EBOV-k GP-EBOV-m VP-EBOV NP SUDV GP SUDV VP SUDV GP BDBV VP BDBV GP RESTV Total

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Rhinolophidae

Rhinolophus sp. d 154 0–1 (0–0.6) 0–0 (0–0) 0–0 (0–0) 1–1 (0.6–0.6) 0–0 (0–0) 0–0 (0–0) 2–3 (1.3–1.9) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 2–4
(1.3–2.6)

Other insectivorous species e 97 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–1) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–1)

Subtotal 3622 5–17
(0.1–0.5)

11–88
(0.3–2.4) 8–41 (0.2–1.1) 11–24

(0.3–0.7)
5–17

(0.1–0.5) 1–69 (0–1.9) 12–25
(0.3–0.7)

8–67
(0.2–1.8) 1–2 (0–0.1) 14–3

(0.4–0.1)
47–166

(1.3–4.6)

Total 9594 49–159
(0.5–1.7)

204–1016
(2.1–10.6)

186–555
(1.9–5.8)

58–187
(0.6–1.9)

88–175
(0.9–1.8)

189–1339
(2–14)

107–266
(1.1–2.8)

139–872
(1.4–9.1)

16–33
(0.2–0.3)

78–38
(0.8–0.4)

590–1810
(6.1–18.9)

a Two Epomophorus species were observed, E. gambianus in Guinea, Cameroon and western DRC and E. labiatus in eastern DRC. b Two Epomops species were observed, E. franqueti
in Cameroon and DRC and E. buettikoferi in Guinea. c Other frugivorous species; Casinycteris sp. (n = 18), Megaloglossus woermani (n = 55), Nanonycteris sp. (n = 3) and Scotonycteris
sp. (n = 3). d Identification at species level was not possible for a significant proportion of samples tested and were therefore grouped at the genus level. In the Molossidae family,
differentiation between Chaerephon and Mops species was often not possible and they were analyzed together. e Other insectivorous species; Coleura afra (n = 6), Glauconycteris sp.(n = 8),
Kerivoula sp. (n = 1), Myotis sp. (n = 4), Neoromicia sp. (n = 26), Scotophilus sp. (n = 45) and Taphozous mauritianus (n = 7).

Table 3. Number and percentage of samples reactive to at least two orthoebolavirus antigens from the same Orthoebolavirus species, expressed as a range from values
obtained with stringent and less stringent cut-off values.

Genus/Species N Tested NP + GP
EBOV

NP + VP
EBOV

GP + VP
EBOV

NP + GP +
VP EBOV

Total
EBOV *

NP + GP
SUDV

NP + VP
SUDV

GP + VP
SUDV

NP + GP +
VP SUDV

Total
SUDV*

GP + VP
BDBV Total **

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Frugivorous bats
Pteropodidae

Eidolon helvum 1652 3–28
(0.2–1.7)

1–2
(0.1–0.1)

0–18
(0–1.1) 0–6 (0–0.4) 4–54

(0.2–3.3)
1–22

(0.1–1.3) 0–0 (0–0) 9–72
(0.5–4.4) 0–3 (0–0.2) 10–97

(0.6–5.9) 0–2 (0–0.1) 13–128
(0.8–7.7)

Epomophorus sp. a 614 0–1 (0–0.2) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–0.2) 0–2 (0–0.3) 0–0 (0–0) 0–2 (0–0.3) 0–0 (0–0.2) 0–4 (0–0.7) 0–0 (0–0.1) 0–5
(0–0.8)

Epomops sp. b 1076 0–0 (0–0) 0–0 (0–0) 0–1 (0–0.1) 0–0 (0–0) 0–1 (0–0.1) 0–0 (0–0) 2–2
(0.2–0.2) 0–0 (0–0) 0–0 (0–0.2) 2–2

(0.2–0.2) 0–0 (0–0.1) 2–3
(0.2–0.3)

Hypsignathus monstrosus 572 1–4
(0.2–0.7) 0–0 (0–0) 0–2 (0–0.3) 0–0 (0–0) 1–6 (0.2–1) 0–8 (0–1.4) 0–0 (0–0) 0–6 (0–1) 0–0 (0–0.2) 0–14

(0–2.4) 0–0 (0–0.1) 1–20
(0.2–3.5)

Lissonycteris angolensis 186 0–2 (0–1.1) 0–0 (0–0) 0–1 (0–0.5) 0–0 (0–0) 0–3 (0–1.6) 0–0 (0–0) 0–0 (0–0) 0–1 (0–0.5) 0–0 (0–0) 0–1 (0–0.5) 0–0 (0–0.1) 0–4
(0–2.2)

Micropteropus pusillus 256 0–0 (0–0) 0–0 (0–0) 0– (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–0.4) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0.2) 0–1 (0–0.4) 0–0 (0–0.1) 0–1
(0–0.4)
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Table 3. Cont.

Genus/Species N Tested NP + GP
EBOV

NP + VP
EBOV

GP + VP
EBOV

NP + GP +
VP EBOV

Total
EBOV *

NP + GP
SUDV

NP + VP
SUDV

GP + VP
SUDV

NP + GP +
VP SUDV

Total
SUDV*

GP + VP
BDBV Total **

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

Myonycteris torquata 397 0–0 (0–0) 0–0 (0–0) 0–1 (0–0.3) 0–0 (0–0) 0–1 (0–0.3) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0.2) 0–0 (0–0) 0–0 (0–0.1) 0–1
(0–0.3)

Rousettus aegyptiacus 1140 1–13
(0.1–1.1)

2–5
(0.2–0.4)

6–30
(0.5–2.6)

0–14
(0–1.2)

9–62
(0.8–5.4)

2–16
(0.2–1.4)

5–11
(0.4–1)

6–28
(0.5–2.5)

1–14
(0.1–1.2)

14–69
(1.2–6.1) 0–9 (0–0.8) 20–103

(1.8–9)
Other frugivorous species c 79 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0)

Subtotal 5972 5–48
(0.1–0.8)

3–7
(0.1–0.1)

6–53
(0.1–0.9)

0–20
(0–0.3)

14–128
(0.2–2.1)

3–49
(0.1–0.8)

7–13
(0.1–0.2)

15–109
(0.3–1.8)

1–17
(0–0.3)

26–188
(0.4–3.1)

0–11
(0–0.2)

36–265
(0.6–4.4)

Insectivorous bats
Molossidae

Chaerephon/Mops d 1428 1–4
(0.1–0.3)

2–1
(0.1–0.1)

1–2
(0.1–0.1) 0–1 (0–0.1) 4–8

(0.3–0.6) 0–2 (0–0.1) 0–0 (0–0) 0–3 (0–0.2) 0–0 (0–0) 0–5 (0–0.4) 0–0 (0–0) 4–12
(0.3–0.8)

Hipposideridae

Hipposideros sp. d 1591 0–0 (0–0) 0–0 (0–0) 1–1
(0.1–0.1) 0–0 (0–0) 1–1

(0.1–0.1) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–1 (0–0.1) 0–1 (0–0.1) 0–0 (0–0) 1–1
(0.1–0.1)

Miniopteridae

Miniopterus sp. d 264 0–0 (0–0) 1–1
(0.4–0.4) 0–1 (0–0.4) 0–0 (0–0) 1–2

(0.4–0.8) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 1–3
(0.4–1.1)

Nycteridae
Nycteris sp. d 88 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0)
Rhinolophidae
Rhinolophus sp. d 154 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0)
Other insectivorous species e 97 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0) 0–0 (0–0)

Subtotal 3622 1–4 (0–0.1) 3–2
(0.1–0.1)

2–4
(0.1–0.1) 0–1 (0–0) 6–11

(0.2–0.3) 0–2 (0–0.1) 0–0 (0–0) 0–3 (0–0.1) 0–1 (0–0) 0–6 (0–0.2) 0–0 (0–0) 6–16
(0.2–0.4)

Total 9594 6–52
(0.1–0.5)

6–9
(0.1–0.1)

8–57
(0.1–0.6)

0–21
(0–0.2)

20–139
(0.2–1.4)

3–51
(0–0.5)

7–13
(0.1–0.1)

15–112
(0.2–1.2)

1–18
(0–0.2)

26–194
(0.3–2)

0–11
(0–0.1)

46–281
(0.5–2.9)

* corresponds to the sum of the number of samples positive for at least 2 different antigens from the same Orthoebolavirus species. ** corresponds to the number of samples positive for at
least 2 different antigens from the same lineage and also for 2 different antigens from another lineage (for example if a sample is positive for NP + GP EBOV and VP+ GP SUDV then it is
only counted once in the total). a Two Epomophorus species were observed, E. gambianus in Guinea, Cameroon and western DRC and E. labiatus in eastern DRC. b Two Epomops species
were observed, E. franqueti in Cameroon and DRC and E. buettikoferi in Guinea. c Other frugivorous species; Casinycteris sp. (n = 18), Megaloglossus woermani (n = 55), Nanonycteris sp.
(n = 3) and Scotonycteris sp. (n = 3). d Identification at species level was not possible for a significant proportion of samples tested and were therefore grouped at the genus level. In the
Molossidae family, differentiation between Chaerephon and Mops species was often not possible and they were analyzed together. e Other insectivorous species; Coleura afra (n = 6),
Glauconycteris sp. (n = 8), Kerivoula sp. (n = 1), Myotis sp. (n = 4), Neoromicia sp. (n = 26), Scotophilus sp. (n = 45) and Taphozous mauritianus (n = 7).
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3.3. Factors Associated with Antibodies to Orthoebolaviruses

Because the highest reactivity was observed with GP SUDV, all further analyses
on risk factors were performed for antibodies against this antigen for less stringent cut-
offs. When significant differences were observed, they were also checked for stringent
cut-off conditions. Seropositivity in females (730/5080; 14.4%) was slightly higher than
in male (595/4408; 13.5%) bats (Fisher test: p < 0.22; Glmm: OR = 0.86 (CI 0.75–0.99),
p < 0.03 for less-stringent cut-off and OR = 0.84 (CI 0.62–1.16, p = 0.3 for stringent cut-
off) (Figure 3, Supplementary Table S1). Overall, juvenile bats were less likely to have
antibodies as compared to adult bats, 9.4% (112/1186) versus 14.9% (1175/7873) (Fisher test:
p < 0.0001; Glmm: OR = 0.36 (CI 0.28–0.45), p < 0.001) (Figure 4, Supplementary Table S2).
The difference was observed for all bat species combined and remained significant at
the individual species level for Eidolon helvum (Fisher test: p < 0.001) and Hypsignathus
monstrosus (Fisher test: p < 0.0001) bats, for which high numbers of juvenile bats were
collected. Only in Epomophorus species, an opposite trend was seen, but this can be related
to the low number of juvenile samples. The same overall trend was observed with stringent
cut-offs, but remained only significant for Eidolon helvum (Fisher test: p < 0.0005) but the
trend was generally conserved at species level when sufficient samples were available for
both age categories.
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and adults) for the different bat species in Guinea, Cameroon and DRC. Symbols (*) represent
significant differences (Fisher test) between juveniles/adults with p-value < 0.0001 for Eidolon helvum,
Hypsignathus monstrosus and the total.

In Cameroon, adult bats were also classified as subadults and mature adults. These
data show that seroprevalence is lowest in juveniles (10.5%, 106/1007), highest in subadults
(45.4%, 199/438) and subsequently decreases in mature adults (19.2%, 569/2959) (Figure 5,
Supplementary Table S3). The differences are significant for all species combined, and for
both stringent (Fisher test: p < 0.0001 for juveniles versus subadults, and subadults versus
adults; Glmm: respectively, OR = 0.23 (CI 0.16–0.33) and 0.6 (CI 0.45–0.8), p < 0.001) and
non-stringent cut-off values (see legend of Figure 5 for Fisher test; Glmm: respectively,
OR = 0.27 (CI 0.14–0.5) and 0.26 (CI 0.16–0.41), p < 0.001). At the species level, the differences
are significant for Eidolon helvum and Rousettus aegyptiacus bats for which high numbers
for each age category are available, and also for both stringent (Fisher test: p < 0.01 for all
age categories of E. helvum and for juveniles and subadult R. aegytiacus) and non-stringent
cut-offs (Fisher test: p < 0.01 for all age categories of E. helvum and for juvenile versus
subadults and subadult versus adult R. aegyptiacus). For the other species, differences
were not significant, most likely because sample numbers were too limited for certain
age categories.
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Figure 5. Percentage of samples reactive to GP SUDV (less stringent cut-off) and age (juveniles,
subadults and adults) for the different bat species in Cameroon. Symbols (*) represent significant
differences (Fisher test) between juveniles/subadults, juveniles/adults and subadults/adults for
Eidolon helvum (p < 0.001); between juveniles/adults (p < 0.0001) for Hypsignathus monstrosus; between
juveniles/adults (p = 0.01) for Myonycteris torquata; between juveniles/subadults (p < 0.001) and
juveniles/adults (p = 0.002) for Rousettus aegyptiacus; between subadults/adults (p = 0.001) for
Hipposideros sp.; and between juveniles/subadults, subadults/adults and juveniles/adults (p < 0.001)
for the total species.

For a total of 2794 female bats, gestation status was noted. We observed an overall
trend for lower seropositivity in gestating females (8.4%, 29/344) versus non-gestating
females (11.3%, 276/2450) (Figure 6a, Supplementary Table S4,) but the difference was not
significant. Impact of gestation seems to vary according to species, for example, lower
seroprevalence in gestating bats was observed for Hypsignathus monstrosus and Lissonycteris
angolensis, the opposite was observed for Eidolon helvum and Micropteropus pusillus bats, and
no difference was observed for Rousettus aegyptiacus. For the other species, insufficient sam-
ple numbers of gestating bats have been collected. For 3808 female bats with information
on lactation status, no overall significant trend was seen, i.e., 14.7% (60/408) of lactating
bats had antibodies versus 13.6% (462/3400) of non-lactating (Figure 6b, Supplementary
Table S5). As for pregnancy, different trends were seen at the species level, for example,
seroprevalence was lower in lactating bats for Eidolon helvum, Hypsignathus monstrosus,
Lissonycteris angolensis and Myonycteris torquata. Overall, the data on reproductive stage
need to be taken with caution, given the limited sample numbers per species.
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4. Discussion

Comparison of orthoebolavirus seroprevalence in bats is difficult among different
studies, because various antigens are used among assays and different methods are used to
define cut-off values for seropositivity in the absence of well-characterized positive and
negative control samples to validate assays. Here, we analyzed the presence of antibodies
to different antigens from four Orthoebolavirus species in more than 9500 bats representing
at least 8 frugivorous and 5 insectivorous bat species in Africa using the same methods.
The samples have been collected over a 5-year period using the same techniques in the
field, but more importantly also for antibody detection which thus allows comparisons
per species and for factors that could be associated with presence of anti-orthoebolavirus
antibodies. The bats were sampled in countries with known orthoebolavirus outbreaks
(DRC and Guinea) or at risk for outbreaks (Cameroon) [35]. Compared to our previous
studies, we analyzed more than 3800 new samples and increased significantly the numbers
for insectivorous Molossidae bats (Mops and Chaerephon species) and for several frugivorous
species like Epomops franqueti, Hypsignathus monstrosus and Myonycteris torquata, in which
viral RNA of EBOV, responsible for the majority of EVD outbreaks in humans, has been
identified [11]. We also tested more Rousettus aegyptiacus bats, known to be hosts for other
filoviruses [16,18]. Overall, we confirm that antibodies are more frequently observed in
frugivorous bats [9]. Among the eight frugivorous bat species with antibodies, the highest
rates were seen in Eidolon helvum, Rousettus aegyptiacus and Hypsignathus monstrosus bats.
We also observed antibodies, at lower but not negligible levels, in insectivorous bats from
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the Molossidae family (Mops/Chaerephon) and Miniopterus species. Among the three bat
species in which EBOV RNA has been detected [11], only in Hypsignathus monstrosus high
antibody levels were observed; Myonycteris torquata and Epomops franqueti species had
lower seroprevalence rates.

We observed high proportions of bat samples that simultaneously reacted with GP
antigens from more than one Orthoebolavirus species, suggesting cross-reactivity. Cross-
reactivity was high among orthoebolaviruses that circulate in Africa and low reactivity
was seen with the Reston Virus from Asia. Thus, this virus variant seems not to circulate
in Africa. The same multiplex assay was used on plasma samples from humans who
recovered from Ebola virus disease with EBOV in Guinea, and high rates of cross reac-
tivity were observed among GP proteins from EBOV, SUDV and BDBV [42]. A study
using convalescent sera from bats that have been experimentally infected with different
Orthoebolavirus species also observed high cross-reactivity with another antibody assay [43].
Given the high cross-reactivity of antibodies to GP proteins, it can thus not be excluded
that the observed antibodies correspond to cross-reactivity with other not-yet-identified
orthoebolaviruses that circulate in bats. For example, the recent description of Bombali
virus in Molosidae bats in Africa, as well as the presence of other filoviruses in bats from
Asia, Europe and Africa, suggest that the genetic diversity of filoviruses in African bats
can be high and is most likely underreported [16–18,20–26]. Moreover, not all filoviruses
are pathogenic to humans, for example, Bombali and Reston orthoebolaviruses have not
been documented in humans [44,45]. This could be the case for viruses that circulate in
bat species in which high seroprevalence is seen, like Eidolon helvum. This bat species is
widespread across Africa, where they live in large urban colonies and feed in fruit trees
close to human habitats. Moreover, they are consumed as bushmeat in many regions,
including in cities. Direct and indirect interactions between humans and Eidolon helvum
bats are thus frequent and one could thus expect higher numbers of outbreaks, which is
currently not the case. Nevertheless, false positive reactivity with other pathogens cannot
be excluded. Many other studies, using different antibody assays and in other geographic
areas, also showed the presence of antibodies to orthoebolaviruses in Eidolon helvum and
in other bat species, even in regions where no outbreaks have been reported like Asia,
Australia or the Caribbean Islands, suggesting that orthoebolaviruses or related viruses
circulate in bats and could have a potential role in the ecology of orthoebolaviruses that are
responsible for EVD outbreaks in humans [5–10,46–50].

We observed significant lower positivity rates in juvenile bats. Moreover, more in
detailed analysis in Cameroon, where adult bats were also classified in subadult and
mature adults, highest prevalence was observed in subadults and rates decreased subse-
quently in adults but remained higher than in juveniles. Thus, these observations extend
our previous findings in an Eidolon helvum colony in Yaoundé to other bat species like
Rousettus aegyptiacus and others [34]. Bats most likely become infected at the transition
from the juvenile to the subadult stage. Viral shedding can thus be highest when this age
category is highly present in bat colonies. Overall, this is also observed for other viruses
in bats like Marburg, Hendraviruses, Coronaviruses, etc. [28,29,31–33,51]. Therefore, a
close monitoring of bat ecology and population structure at a local scale is of paramount
importance for understanding the dynamics of these viruses. We observed an overall,
but not significant, trend for lower seroprevalence in pregnant bats and no difference for
lactation. In contrast, Pourrut and colleagues observed higher prevalence in pregnant bats,
but this could probably be explained by different species or sample numbers tested [6].

Our study, on more than 9500 bats, confirms clearly that age structure and reproductive
phenology can play a role in filovirus infections in bats and corroborate the observations
from mathematical models that reported a correlation between bat birthing and disease
outbreaks [52,53]. Currently, no data are available on how orthoebolaviruses are transmitted
within bat populations and how they are maintained in bat colonies. Moreover, data on
experimentally infected bats are limited to the inoculation of only Rousettus aegyptiacus
bats and these studies were not conclusive on the role of this bat species as a reservoir
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species for orthoebolaviruses, despite the presence of antibodies [54]. In humans, the main
routes of viral transmission are direct contacts with infected body fluids from symptomatic
or deceased patients, but viral relapse in EVD survivors can also be at the origin of new
outbreaks [3,4]. The reasons for viral reactivation remain currently unknown, but could be
related to decrease in antibody levels. Therefore, it can be possible that viral reactivation
also occurs in bat populations and as such maintains viral circulation. Nevertheless, the
immunological system of bats is different from humans and more studies are needed on
viral circulation in bat populations.

Whereas it seems that frugivorous bats are more likely to be reservoirs of orthoe-
bolaviruses, the role of insectivorous bats has also to be further examined, especially for
Molossidae and Miniopterus bats. Orthoebolavirus fragments have potentially been detected
in Miniopterus bats [55], although this needs to be confirmed. Mathematical models also
suggest a role for Molosidae bats [53]. A recent study showed repeated establishment of
persistent EBOV infections in primary cells from M. condylurus which might reflect the
intrinsic ability that orthoebolaviruses may persist and be permanently maintained in this
bat species [56]. In addition, analysis of M. condylurus genomic DNA samples revealed
the presence of an Ebola virus nucleoprotein (NP)-derived pseudogene inserted in its
genome and viral replication was observed in two species of Molosidae bats that were
experimentally inoculated with EBOV [57,58].

Today, orthoebolaviruses are a significant public health problem because of the in-
creasing number of outbreaks, the increasing number of infected individuals, the wide
geographic spread of certain outbreaks and the high mortality rates despite availability of
treatment and vaccine strategies. Overall, our data suggest that spill-over events are most
likely to occur from young bats and that contact with these colonies should be avoided
during the period of the year with highest presence of juveniles and young subadults bats
to reduce the risk of spill-over events. Thus, not only more long-term studies are needed
on colonies of bat species in which antibodies have been detected but these studies should
also be performed in different geographic regions because for some species, birthing pulses
vary according to latitudes and seasons [59].

Multidisciplinary studies on virological and ecological aspects combined with those on
frequency and modes of contacts between humans and the different bat species, potentially
harboring orthoebolaviruses, need to be conducted to consider all the different factors that
play a role in spill-over events. From the above observations, it is also clear that when
seroprevalence is compared in bats from different studies, differences can be related to
different assays used but can also be due to population structure, which makes it even
more challenging to compare data among different studies. Bats are increasingly hunted
for consumption and exposure to infected organs is a more efficient transmission route
than exposure to bat body fluids (saliva, urine, feces) [60–63]. It is also important to obtain
more sequences from filoviruses in bats from Africa and to characterize them in more detail
to evaluate their potential to infect human cells. These latter studies should most likely be
completed at periods of the year when young bats are highly present in the bat colonies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15091927/s1, Table S1: seroprevalence of IgG antibodies to GP
SUDV (less stringent cut-off) according to sex for the different bat species in Guinea, Cameroon and
DRC. Table S2: seroprevalence of IgG antibodies to GP SUDV (less stringent cut-off) for juveniles and
adults (subadults and mature adults) for the different bat species in Guinea, Cameroon and DRC.
Table S3: seroprevalence of IgG antibodies to GP SUDV (less stringent cut-off) for juveniles, subadults
and adults for the different bat species in Cameroon. Table S4: seroprevalence of IgG antibodies to
GP SUDV (less stringent cut-off) for gestating and non-gestating adult female bats for the different
bat species in Guinea, Cameroon and DRC; Table S5: seroprevalence of IgG antibodies to GP SUDV
(less stringent cut-off) for lactating and non-lactating adult female bats for the different bat species in
Guinea, Cameroon and DRC.
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