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Abstarct

The Ebola virus (EBOV) and Marburg virus (MARV) have been in circulation in Africa for
several decades and are the cause of numerous outbreaks. There has been very little
research on the role of domestic animals in their transmission to humans, but studies
have only been conducted in dogs and pigs where relatively high levels of IgG was
detected. These levels suggest that ruminants, which have not been studied, should also
be investigated. This study aims at evaluating the circulation of MARV and EBOV in dogs,
sheep and goats and to assess their exposure to these two viruses. Between November
2018 and March 2023, a total of 448 domestic animal sera or plasma samples, including
128 dogs, 222 goats and 98 sheep, were analyzed by serological and molecular meth-
ods. The Luminex technique was employed for the detection of IgG antibodies against
EBOV NP, GP, MARV GP and VP40, while EBOV specific and pan-filovirus polymerase
chain reaction amplification was used for molecular analysis. All samples tested neg-
ative for EBOV and MARV RNA. However, our results showed that 2/128 (1.5%) dogs,
1/222 (0.4%) goats and 3/98 (3.1%) sheep displayed NP and GP anti-EBQOV antibodies.
In addition, 2/128 (1.5%) dogs displayed GP and VP40 anti-MARV antibodies, while

no antibodies were detected in goats and sheep. Over all, these results suggest that
dogs and small ruminants are naturally exposed to EBOV and MARYV. In the absence of
clinically sick individuals, the presence of IgG-positive animals suggests various sources
of exposure, such as contaminated fruits with the urine and saliva of bats or dead bats
fallen on the ground ate by dogs. These contaminated substrates are both consumed by
both dogs and small ruminants. The findings provide new insights into the circulation and
exposure of EBOV and MARYV in domestic animals, emphasising their potential use as
sentinels. Furthermore, they prompt significant considerations regarding the potential risk
to humans in this region.
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Introduction

Viruses in the family Filoviridae (commonly named filoviruses) cause deadly outbreaks of
hemorrhagic fevers. Since their discovery, around 40 outbreaks have already been reported,
most of them in West and Central Africa, where they have resulted in a large number of cases
and deaths in both humans and non-human primates [1,2]. Filoviruses are divided into 8
genera, notably Cuevavirus, Dianlovirus, Orthoebolavirus, Orthomarburgvirus, Oblavirus,
Striavirus, Tapjovirus and Thamnovirus [3], the Orthoebolavirus genus comprises 6 species:
Orthoebolavirus bombaliense (Bombali virus (BOMV)), Orthoebolavirus bundibugyoense
(Bundibugyo virus (BDBV)), Orthoebolavirus restonense (Reston virus (RESTV)), Orthoebola-
virus sudanense (Sudan virus (SUDV)), Orthoebolavirus taiense (Tai Forest virus (TAFV)) and
Orthoebolavirus zairense (Ebola virus (EBOV)) [3]. The genus Orthomarburgvirus consists of
a single species known as Orthomarburgvirus marburgense and two distinct viruses Marburg
virus (MARV) and Ravn virus (RAVV). The spillover events occurred when humans came
into contact with natural hosts or secondary amplifier animals, usually through handling

dead animals, mainly chimpanzees and gorillas [4,5]. Based on several results obtained from
serological and molecular studies, the fruit bat Rousettus aegyptiacus has been described as
reservoir host of MARV [6-8]. For EBOV, the reservoir host is suspected but needs to be

fully characterized. Based on extensive serological studies, several fruit bats species, including
Hypsignathus monstrosus, Epomops franqueti, Myonycteris torquata, are potential Ebola virus
reservoirs [4,9,10]. However, RNA detection remains scarce, with only one study identifying
it in these three frugivorous bat species [9]. Domestic animals, including pets and livestock,
probably by coming into contacts with EBOV/MARYV natural hosts, have been suspected to
act as bridges for viral transmission between wildlife and human, mainly hunters [11]. Indeed,
several serological evidence of Ebola virus infection of domestic animals (dogs and pigs)

has been shown in African countries- hit by outbreaks since 2005. First, specific antibodies
against EBOV have already been detected via ELISA in dogs, collected in 2004, living within
the 2001- 2002 outbreak area in northeastern Gabon [12]. Seven of 79 (8.9%) samples from
Libreville and Port Gentil the two largest cities, 15 of 99 (15.2%) samples from Mekambo, and
40 of 159 (25.2%) samples from villages in the Ebola outbreak area had detectable EBOV-IgG,
compared to only two of 102 (2%) samples from France. Among dogs from villages with both
infected animal carcasses and human cases, seroprevalence rise to 31.8% [13]. Second, in Libe-
ria, microsphere-based multiplex immunoassay revealed that 47 of 64 (73%) dogs were poten-
tially exposed to filoviruses. Specifically, 53.1% of the samples showed antibodies binding to
EBOV-VP40, 26.6% reacted to EBOV-NP, 17.2% to EBOV-GP and 23.4% to MARV-GP [14].
The same observation was further made in Sierra Leone, where 12/300 (4%) of dogs tested
were also positive by serum or plasma neutralization test, highlighting the hypothesis of natu-
ral infection of dogs by EBOV [15]. In Ghana, a country with no known Ebola Virus Disease
(EVD) outbreak, 1/139 (0.7%) pig serum or plasma samples reacted against EBOV-GP [16]. In
Guinea, 19/308 (6.2%) pig serum or plasma samples collected in the Conakry area sero-
reacted to EBOV-NP by ELISA in 2019 [17]. The most recent study was carried out in Guinea
in 2024, on 888 pig serum or plasma samples collected during 2017 and 2019, screened by
ELISA and Luminex against EBOV-NP. A total of 223 (25.11%) samples were ELISA-positive
and confirmed in luminex [18]. However, similar studies have never been carried out on other
animals, such as small ruminants including goats and sheep, while they can be found in large
numbers in every village, straying and living very closely to the villagers. In order to confirm
and determine whether dogs and small ruminants (goats and sheep) are naturally exposed

to EBOV and MARYV during non-epidemic periods. Serological and molecular studies were
carried on of these animals in villages in north-east Gabon, in a region affected by Ebola
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outbreaks between 2001 and 2002 and where MARV-positive bats have been frequently
observed [4,19].

Materials and methods
Declaration of ethics

To carry out the sampling campaign, we obtained authorization to capture and collect animals
from the Ministry of Water and Forests, in charge of the environment and sustainable devel-
opment (Authorization No. 0247 MEFCEDD/SG/DGFAP). All applicable international and
national guidelines for the care of pets were followed. The animals did not suffer, die or expe-
rience trauma. They were simply put to sleep for a limited time with ketamine and we waited
for the animal to wake up each time, with the consent of the owners.

Study areas

This study was carried out in the department of Zadié, province of Ogooué-Ivindo in
northeastern Gabon, mainly comprised of primary tropical forest, in 15 villages near the
town of Mekambo, capital city of the department of Zadié, where epidemics and epizootics
of EVD, were confirmed between 2001 and 2002 [20]. Collections were carried in villages
located along two main roads emanating from Mekambo: Mekambo-Mazingo (route #1) and
Mekambo-Ekata (route #2) (Figs 1 and 2).
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Fig 1. Location sources of outbreaks (2001-2002) and serology positive dogs in Gabon 2005. Reprinted from [13],
under a CC BY license, with permission from Eric M. Leroy, original copyright 2024.11.21. Stars indicate the location
of serology positive dogs MARV 2024. Triangles indicate the location of serology positive dogs EBOV 2024. The vil-
lages where serology dogs of EBOV in 2005 were observed are indicate by <D>. The villages where both human cases
and serology dogs of EBOV in 2005 were observed are indicate by <H/D>. The villages where human cases, infected
animal carcass and serology positive dogs observed are indicate by <H/A/D).

https://doi.org/10.1371/journal.pone.0314801.9001
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Fig 2. Location sources of outbreaks (2001-2002) and serology positive dogs in Gabon 2005. Reprinted from [13],
under a CC BY license, with permission from Eric M. Leroy, original copyright 2024.11.21. Stars indicate the location
of serology positive small ruminants EBOV 2024. The villages where serology dogs of EBOV in 2005 were observed
are indicate by <D>. The villages where both human cases and serology dogs of EBOV in 2005 were observed are
indicate by <H/D>. The villages where.

https://doi.org/10.1371/journal.pone.0314801.9002

Sampling and data collection

A total 448 were tested, including 153 dogs, 283 goats and 149 sheep, livestock (goats and
sheep) and dogs were sampled between November 2018 and March 2023 along route #1 and
route #2 (Figs 1 and 2). There is no available information on livestock population of this
region. Domestic animals were selected based on the willingness of the livestock owners to
participate in the study. The number of sheep and goats sampled relied on the livestock own-
ers’ availability and their ability to restrain their animals for blood collection.

Data on species, sex, period of sampling and age (or sexual maturity stage) were collected using
a standard questionnaire submitted to each animal owner. Sheep and goats were classified as young
or adult according to the criterion of sexual maturity: young (under 3 years old) and adult (aged
>3 years) using both morphological characters observed by the veterinarians and information pro-
vided by animal owners. All the dogs in our study were born after 2002. For each domestic animal,
blood was collected in 4-ml EDTA BD vacutainer tubes (BD-Plymouth, UK) or Vacuette® dry
tube (Greiner Bio-One, UK) upon jugular venipuncture and preserved in a cooler box until trans-
port to the laboratory at the Mekambo health center. After centrifugation on site, serum or plasma
was stored in liquid nitrogen before transported to CIRMF (Centre Interdisciplinaire de Recherches
Meédicales de Franceville) laboratory for storage at —80°C.

Extraction and detection of RNA from EBOV and filoviruses

All samples were tested for the presence of the genome of the EBOV specifically and filo-
viruses in general, using a RT-PCR method. Briefly, RNA was extracted using the Qiamp

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0314801 March 5, 2025 4/12



https://doi.org/10.1371/journal.pone.0314801.g002

PLOS ONE

IgG detection of Ebola and Marburg viruses in dogs and small ruminants in Gabon outbreak areas

viral RNA mini kit (Qiagen, Germany) at CIRMF’s virology laboratory and followed by

a EBOV specific quantitative real-time PCR (qPCR) and by filovirus nested reverse tran-
scription PCR (nRT-PCR). For qPCR, complementary DNA (cDNA) was first synthesized
from total RNA using the High Capacity Reverse Transcription Kit (Applied Biosystems,
France). The cDNA was then used with probe and primers for specific detection of EBOV
using the Tagman Fast Advanced Master Mix Kit (Table 1) (Applied Biosystems, France).
The filovirus nRT-PCR was conducted using two pairs of degenerate primers aimed at a
298bp fragment of the L gene [9]. For the search of filoviruses the first round he first round
was performed with the Superscript IIT one-step RT-PCR utilizing the Platinum Taq kit
(Life Technologies, France), following the manufacturer’s guidelines. The reactions were
prepared with a mixture of 10nM of each primer (Filo A and Filo B) and 5 pL of RNA, in a
final volume of 25 pL. The second round was carried out with the Platinum Taq DNA poly-
merase kit (Life Technologies, France), which included 10nM of primers (Filo C and Filo D)
and 2 uL of the first-round product in a final volume of 50 puL. A positive control was also
included [21].

All serum or plasma from Gabonese animals was inactivated at 56°C for one hour and sent
to MIVEGEC. (Maladies Infectieuses et Vecteurs: Ecologie, Génétique, Evolution et Controle)
Unit at the Institut de Recherche pour le Développement (IRD) in Montpellier, France, for
serological analysis.

Detection of anti-EBOV and anti-MARYV antibodies in domestic animals

EBOV and MARYV specific IgG antibodies were detected from goats, dogs and sheep sera
using a luminex-based serological test adapted to each species. For EBOV, two commer-
cially available proteins (NP and GP) were used for the serological test as previously
described [22]. Briefly, the GP was derived from the Zaire strain, Boende-Lokolia (LGC
Native Antigen, United Kingdom) and the NP, recombinant Ebola virus (Zaire strain)
expressed and purified from E. coli (LGC Native Antigen, United Kingdom). For the
MARYV we used the following recombinant proteins: GP from the Angolan source (IBT
Bioservices, USA) and VP40 expressed and purified from E. coli (IBT Bioservices, USA) as
in the previous study [14].

Recombinant protein coupling to microspheres

The four proteins were covalently coupled to distincts microspheres (Magplex Microsphere,
Luminex Corp, Austin, TX, USA). Briefly, 2 ug of each protein of interest were coupled to
distinct MagPlex microsphere sets using the BioPlex amine coupling kit (BIO-RAD) as rec-
ommended by the manufacturer, another Magplex microspheres set were also coupled to BSA
as an internal control.

Table 1. Primers and probes that are used for the detection of the EBOV and filoviruses.

Virus Primers and probes Sequences 5’ to 3’
EBOV EBOZNPCONF1862 AGCTACGGCGAATACCAGAGTT
EBOZNPCONR1943 CGTCCTCGTCTAGATCGAATAGG
EBOZNPCONP1885 6FAM-CTCGGAAAACGGCATGAATGCACC-BHQ1
Filoviruses Filo A TATMGRAATTTTTCYTTYTCATT
Filo B ATGTGGTGGGYTATAAWARTCACTRACAT
Filo C GCWAAAGCMTTYCCWAGYAAYATGATGG
Filo D ATAAWARTCACTRACATGCATATAACA

https://doi.org/10.1371/journal.pone.0314801.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0314801 March 5, 2025 5/12



https://doi.org/10.1371/journal.pone.0314801.t001

PLOS ONE

IgG detection of Ebola and Marburg viruses in dogs and small ruminants in Gabon outbreak areas

Microsphere-based multiplex immunoassay (MIA). EBOV: The microsphere-based
multiplex immunoassay was an adapted protocol from a previous study [22]. Briefly, 50 uL
of serum or plasma (1/400) diluted in assay buffer (PBS-1% BSA-0.05% Tween 20) were
incubated with coupled microspheres for 30 min under agitation at 700 rpm in the dark
at 27 °C. After washing, 50 pL of biotin IgG-labelled specific secondary antibody (Jackson
Immuno-Research Europe Ltd., Cambridge, UK) at a 4 ug/ml in assay buffer was incubated
with the microspheres for 30 minutes under agitation at 700 rpm in the dark at 27 °C. After
the second wash, the microspheres were incubated for 10 min in the dark at 700 rpm with 50
wl of Streptavidin-R-Phycoerythrin (Thermo Fisher Scientific, France) at a 4 ug/ml in assay
buffer. After a final wash cycle, 100 pl of assay buffer were added to the microspheres and
measurements were carried out using the Luminex 200 instrument (Luminex Corp, Austin,
TX, USA).

MARYV: The microsphere-based multiplex immunoassay was an adapted protocol from a
previous study [22]. Briefly, 50 uL of sera (1/400) in assay buffer (PBS-1% BSA-0.05% Tween
20) were incubated with coupled microspheres for 30 min under agitation at 700 rpm in the
dark at 27 °C. After washing, 50 uL (4 ug/ml) of specific secondary antibody R-phycoerythrin
(R-PE) conjugated to the rabbit anti-sheep IgG (H+L) F(ab’) fragment for sheep (Jackson
Immuno-Research Europe Ltd, Cambridge, UK), for goats, the specific secondary antibody
R-phycoerythrin (R-PE) conjugated to the donkey anti-goat IgG (H +L) F(ab’) fragment was
used, and for dogs, the biotinylated protein A mixed with biotinylated protein G (4 ug/mL
each) (Thermo Fisher Scientific, France) was used, 30 min under agitation at 700 rpm in the
dark at 27 °C. After the second wash, the microspheres were incubated for 10 min in the dark
at 700 rpm with 50 ul of Streptavidin-R-Phycoerythrin (Thermo Fisher Scientific, France) at
a 4 ug/ml in assay buffer, step only for dogs. After a final wash cycle, 100 pl of assay buffer
were added to the microspheres and measurements were carried out using the Luminex 200
instrument (Luminex Corp, Austin, TX, USA). At least 100 events were read for each bead set
and binding events were displayed as median fluorescence intensities (MFI).

For each species studied, a panel of 200 dogs from France and 40 sheep from Libreville
(an area expected to be free of EBOV and MARV epidemics) in Gabon, were used as nega-
tive controls. The positivity threshold was calculated using the following formula: the mean
of the negative controls plus 3 times the standard deviation (mean + 3sd). The MIA test was
considered positives when MFI was above the cut-off. The cut-oft values for EBOV GP, NP
proteins for were 368 and 3200, respectively, for dogs, and 850 and 7700 for small ruminants
(Figs 3 and 4). For MARY, the cut-off values for GP and VP40 proteins were 650 and 2200
for dogs and 1384 and 1530 for small ruminants (Fig 5). We assessed the specificity of MIA
for each protein according to EBOV and MARV. For EBOV, 7/200 dogs from the negative
controls group in France had an MFI above the cut-off for GP, resulting in a specificity of
96.5%, and 4/200 dogs were positive for NP, giving a specificity of 98%. For small ruminants,
the specificity was 100% specific for both proteins. For MARYV, 2/200 dogs were positive for
GP, giving a specificity 99%, and 1/200 dogs were positive for VP40, giving a specificity 99.5%.
In small ruminants, 1/40 had an MFI above the cut-off for GP, giving a specificity of 97.5%,
while all were negative for VP40. For each virus, if we apply a strict criterion to consider a
sample as positive, it must be positive for both proteins tested. In other words, for EBOV, the
sample must be positive for both GP and NP, and for MARY, it must be positive for both GP
and VP40. Applying this criterion, all but one dogs (99,5%) from the negative control group
were consider negative for both EBOV and MARYV. For small ruminants, all animals from the
control group (100%) were consider negative. We have therefore chosen to apply this strict
positivity criterion to all our sample. The graphs presented were produced using R software
version 4.2.1.
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Fig 3. IgG responses to recombinant GP and NP proteins of the Ebola virus in dogs tested with the luminex
technique. Cut-off were represented by the horizontal dotted line for each protein.

https://doi.org/10.1371/journal.pone.0314801.9003

Results

Detection of EBOV by RT-PCR and qPCR and antibodies detection in
domestic animals

All 448 samples were tested negative for EBOV and filoviruses by RT-PCR and qPCR.

A total of 448 sera (128 dogs, 222 goats and 98 sheep) from domestic animals were
analyzed using the luminex technology for the detection of IgG specifically targeting the
GP and NP proteins for the EBOV and GP and VP40 for the MARV. Regarding anti-EBOV
IgG, 2 out of 128 dogs (1.5%) and 4 out of 320 small ruminants (1.9%) were positive; specif-
ically, 1 out of 222 goats (0.4%) and 3 out of 98 sheep (3.1%) tested positive (Table 2). For
anti-MARV IgG, 2 out of 128 dogs (1.5%) were positive, while no small ruminants showed
positive results (Table 2). The positive animals came not only from former EVD outbreaks
(Ntolo, Imbong and Grand Etoumbi) (Figs 1 and 2), but also from villages where no cases
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https://doi.org/10.1371/journal.pone.0314801.9004

of Ebola had been observed during epidemics that occurred in Gabon (Mazingo, Ibéa and
Malassa) (Figs 1 and 2).

Discussion

Unlike previous studies, which were conducted soon after an outbreak with a high probabil-
ity of close contact between domestic animals and infected humans or animal carcasses, our
study takes place to between 16 and 21 years after the last known epidemic in Gabon. More-
over, we tested for serological and molecular markers in several domestic animals that had
never been in contact with patients from the last 2001-2002 outbreak.

Serological testing revealed a seroprevalence of 2/128 (1.5%) for EBOV-IgG and 2/128
(1.5%) for MARV-IgG and 4/320 (1.9%) for EBOV-IgG in dogs and small ruminants
respectively living both in the 2001 to 2002 Ebola outbreak area and in the area where
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Table 2. Serological status (IgG) of MARV and EBOV in domestic animals sampled in the Zadié¢ department between 2018 and 2023.

Spe- Tested Positive EBOV with Positive EBOV with Positive MARYV with Positive MARV with
cies two proteins (%) one protein (%) two proteins (%) one protein (%)
Dogs 128 2 (1.5) 17 (13.2) 2(1.5) 19 (14.8)

Goats 222 1(0.4) 5(2.2) 0 0

Sheep 98 3(3.1) 20 (20.4) 0 0

Total 448 6(1.3) 42 (9.3) 2(0.4) 19 (4.2)

https://doi.org/10.1371/journal.pone.0314801.t002

several bats were found PCR positive for MARV [9,10,19] (Table 2). The desired positivity
criteria (2 positive proteins) greatly reduced the likelihood of cross-reactivity. These sero-
prevalences are lower than those found in several other studies conducted in Gabon, Libe-
ria, Ghana and Guinea, which were carried out less than three years after Ebola outbreaks
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[12-15]. The difference between the results of these studies and ours can be explained by
the length of time between the last epidemic and the sampling of animals from the villages.
The prevalence observed in the other studies mainly included animals that had potentially
been in contact with patients throughout the outbreak periods, which probably explains

the high exposure rates recorded in these studies. In contrast, our study was conducted
between 16 and 21 years after the last epidemic, which de facto excludes animals exposed

to the virus with sick persons during the epidemic. In fact, the dogs in our study are not the
same as those that lived during the last EBOV epidemic or those involved in the Alléla study
conducted in 2005 [13], The same applies to small ruminants, which have a life expectancy
of no more than 12 years. Additionally, in these regions far from large cities, small rumi-
nants are primarily utilized for livestock purposes, particularly for sale during weddings and
burial ceremonies or for the consumption of animal protein. This practice further reduces
their presence in these villages compared to their average lifespan. Therefore, identifying
positive small ruminants is equivalent to demonstrating recent exposure to the reservoir(s)
or intermediary(s) of EBOV or MARV. For small ruminants (goats and sheep), the primary
hypothesis for this natural exposition is likely related to fruits contaminated by bat saliva.
Fruit bats, from species suspected to be EBOV reservoirs, are abundant in the villages where
the sampling was conducted. These bats roost in large numbers on trees and consume fruits,
especially within and around villages. As a result, partially eaten fruits (such as mangoes
and safou), along with fiber and seed remnants, are often found on the ground beneath

the trees. Goats and sheep, which graze freely in these villages, consume the fruit remnants
they find on the ground. Thus, it is possible that EBOV antigenic stimulation or aborted
infection could occur when these animals eat fruits contaminated with bat saliva, which
may contain infectious virus, or inactivated virus. Our hypotheses are supported by several
studies that have demonstrated the presence of viruses in the saliva or salivary gland of
wild-caught or experimentally infected bats, in particular MARY, rabies virus and Rio Bravo
virus (RBV) [23-25]. Moreover, a recent study has demonstrated the persistence of MARV
in eaten fruit discarded by experimentally infected Egyptian bats [26]. In addition to this
last hypothesis, dogs may have been exposed to the virus when eating dead animals (bats

or intermediary animal species such as great apes) found on the ground in villages or in the
forest during hunting. They could also have been expose within or near villages, indeed it

is known that they eat small dead animals found near villages, as well as the internal organs
of wild animals hunted and slaughtered by villagers [27]. Finally, the least likely hypothe-
sis, but one that should not be ruled out, is based on potential direct or indirect exposure

to asymptomatic or paucisymptomatic human who, for reasons as yet unknown, may not
develop any alarming symptoms but may have shed the virus through secretions such as
saliva, sweat or urine [28,29]. Although our positivity criteria favor a significant reduction
in cross-reactions, it should be noted that we that we cannot definitively state that there is
no possibility of cross-reactions. Furthermore, in the absence of genetic material, or other
confirmation techniques such as seroneutralisation, we cannot exclude the circulation of a
virus closely related to EBOV or MARYV in this region.

Our study highlights the value of assessing exposure in domestic animals with different
dietary and behavioral habits than dogs. This approach could help identify potential routes of
virus exposure. In future studies, it would be interesting to investigate exposure through con-
taminated fruit. Finally, this study suggests that small ruminants could also serve as sentinels
for monitoring the circulation of these viruses in a region where dog access is difficult or poses
a health risk. Although we cannot exclude the possibility of an unknown filovirus circulating,
these results collectively suggest that, nearly 20 years after the last human epidemic in this
region, EBOV and MARYV are still present in the region’s wildlife. This study underscores the
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importance of better understanding the natural cycle of filoviruses to more effectively antici-
pate, prevent, and combat future outbreaks.
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