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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic exposure of domestic animals, as well as wildlife, can result in zoonotic transmission events with
One Health known and unknown pathogens including sarbecoviruses. During the COVID-19 pandemic, SARS-CoV-2 in-
SARS'Cf’V'z fections in animals, most likely resulting from spill-over from humans, have been documented worldwide.
:::;e Ocséf/irus However, only limited information is available for Africa. The anthropozoonotic transmission from humans to
Serology animals, followed by further inter- and intraspecies propagation may contribute to viral evolution, and thereby
Nigeria subsequently alter the epidemiological patterns of transmission. To shed light on the possible role of domestic

animals and wildlife in the ecology and epidemiology of sarbecoviruses in Nigeria, and to analyze the possible
circulation of other, undiscovered, but potentially zoonotic sarbecoviruses in animals, we tested 504 serum
samples from dogs, rabbits, bats, and pangolins collected between December 2020 and April 2022. The samples
were analyzed using an indirect multi-species enzyme-linked immunosorbent assay (ELISA) based on the re-
ceptor binding domain (RBD) of SARS-CoV and SARS-CoV -2, respectively. ELISA reactive sera were further
analyzed by highly specific virus neutralization test and indirect immunofluorescence assay for confirmation of
the presence of antibodies. In this study, we found SARS-CoV reactive antibodies in 16 (11.5%) dogs, 7 (2.97%)
rabbits, 2 (7.7%) pangolins and SARS-CoV-2 reactive antibodies in 20 (13.4%) dogs, 6 (2.5%) rabbits and 2
(7.7%) pangolins, respectively. Interestingly, 2 (2.3%) bat samples were positive only for SARS-CoV RBD reactive
antibodies. These serological findings of SARS-CoV and/or SARS-CoV-2 infections in both domestic animals and
wildlife indicates exposure to sarbecoviruses and requires further One Health-oriented research on the potential
reservoir role that different species might play in the ecology and epidemiology of coronaviruses at the human-
animal interface.

1. Introduction Lagos who had contact with the index case. Thereafter, the number of

cases increased exponentially in successive waves [3]. Despite an in-

The COVID-19 pandemic, caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), resulted in the deaths of more than
six million people worldwide [1]. In Nigeria, the first confirmed human
case of COVID-19 was announced on February 27, 2020, when a foreign
national arriving via Lagos Airport in Nigeria tested positive for the virus
[2]. The second case was a Nigerian citizen transiting from Milan to

crease in the incidence figures in the second wave, the case fatality rate
during the second wave declined, and most confirmed cases were
asymptomatic, hence the chances of inapparent transmission to humans
and possibly their animals increased and many cases probably went
undetected [4,5]. In mid-2021, a seroprevalence study using a SARS-
CoV-2 specific Enzyme Linked ImmunoSorbent Assay (ELISA) detected
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antibodies in almost 80% of the human serum samples [6], indicating a
much higher level of circulation of the virus than estimated by the daily
case counts published by the Nigerian Center for Disease Control
(NCDQ).

Even though the exact origin of SARS-CoV-2 is yet unclear, a zoo-
notic origin is widely assumed. The virus closest relatives were found in
bats of the genus Rhinolophus in China [7] and Laos [8], suggesting the
spill-over of its progenitor to humans, possibly either directly or via an
intermediate host. In fact, phylogenetic and molecular clock analyses
suggest that today's Alpha- and Betacoronavirus emerged from the host
order Chiroptera [9]. Various species of the genus Betacoronavirus are
meanwhile well adapted to their particular host species, but may
sometimes also cross species barriers. Examples include human coro-
navirus OC43 (HCoV-0OC43) in cattle and humans [10], Rabbit coro-
navirus HKU14 (RbCoV-HKU14) in rabbits [11], canine respiratory
coronavirus (CRCoV) in dogs [12] or Middle East respiratory syndrome-
related (MERS) coronavirus in dromedary camels [13]. The subgenus
Sarbecovirus within the Betacoronavirus genus is thought to be one of the
youngest subgenera, from which the most recently emerged species
Severe Acute Respiratory Syndrome coronavirus (SARS-CoV) and SARS-
CoV-2 jumped somehow from their original bat host to humans [14]. In
both events, intermediate hosts are thought to have enabled this jump,
serving as incubators and propagators for the further evolution and
adaptation of the virus to new host species [15,16].

Generally, zoonotic animal-to-human and human-to-animal spill-
over events that contribute to the emergence of diseases are complex to
follow and are therefore rarely studied. Hence, the link between specific
interactions and spillover risk is poorly understood. In 2002, the emer-
gence of SARS-CoV in Southern China from wildlife then spread through
human-to-human transmission and subsequent spread to 31 other
countries, has been associated with contact and interaction with inter-
mediate hosts at the live animal markets [17]. Evidently, SARS-CoV has
a zoonotic origin and horseshoe bats seem to be its natural reservoir
[18], but it has also been detected in palm civets (Paguma larvata) and
raccoon dogs (Nyctereutes procyonoides) as possible intermediate hosts
[19]. Whereas the SARS pandemic was rapidly brought under control
and was declared over only nine months after its onset, the global spread
of SARS-CoV-2 among the human population led to further adaptation
and evolution of the virus [20]. Facilitated by close human-animal-
environment interactions, anthropozoonotic transmissions have also
been reported worldwide [21], giving the virus opportunities to estab-
lish in further host species, potentially establishing a new reservoir. The
most prominent example is the co-circulation of the Alpha, Delta,
Gamma and Omicron variants of SARS-CoV-2 within the white-tailed
deer population in North America [22,23]. Apart from these wild un-
gulates, transmission to different carnivore species were reported
globally, among others to ferrets, cats and dogs due to their close
interaction with humans [24]. No significant onward transmission of the
virus and establishment within these new host species could be detected
[25]. Fortunately, livestock animals like pigs, chickens and goats [26]
are not efficiently susceptible under experimental conditions [27].
Nevertheless, there is documentation of occasional spillover to animals
like cattle [28].

In experimental challenge experiments, rabbits were also shown to
be susceptible to SARS-CoV-2 and to excrete infectious virus particles via
the upper respiratory tract [29], potentially leading to circulation in
farms. Natural infections were retrospectively confirmed by serological
investigations in France [30].

In general, there is limited information on SAR-CoV-2 spillover
events from humans to animals in Africa and particularly Nigeria [31].
Here, rapid population growth, changes in land use and urbanization are
some of the most important drivers for the zoonotic transmission of
pathogens in both directions. Wild animals probably highly susceptible
to sarbecoviruses, such as bats and pangolins [32], share their habitat
with humans, or are hunted and sold at live animal markets. Dogs are
kept as companion animals in many households or are abundant in peri-
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urban and rural settings as feral or stray animals. In the livestock sector,
rabbits play an important role in backyard farming, where they are often
kept in small, crowded pens that provide the opportunity for pathogens
to circulate in the population.

In this study, we attempted to investigate the level of antibodies
reactive against SARS-CoV-2 and related SARS-CoV in wildlife, com-
panion animals and farmed animals in Nigeria, namely bats of the
migratory species Eidolon helvum, pangolins of the species Phataginus
tricuspis, companion and feral dogs as well as rabbits kept on farms in
Nigeria.

2. Methods
2.1. Ethical statement

This study was approved by the Animal Use and Care Committee,
National Veterinary Research Institute (NVRI), Vom, Nigeria (NVRI/
AEC/03/118/22).

2.2. Sampling

Sampling was conducted at different time periods between
September 2020 to April 2022 (see Fig. 1). A total of 504 individual
blood samples of mammals were collected in different federal states in
Nigeria (see Fig. 2) and transported to the NVRI, for processing. In
February/March 2022 as part of pest control measures to reduce bat
roosts on the campus of the Federal College of Agriculture in Akure,
Ondo State, convenience samples from 87 straw-coloured fruit bats
(Eidolon helvum) were collected by puncture of the aortic ventricle
shortly after death. In addition, convenience blood samples of 26 pan-
golins (Phataginus tricuspis) rescued between February and April 2022
from Lagos live animal market and transferred to a pangolin sanctuary
were obtained by puncture of the tail vein. In Plateau State, blood from
95 feral dogs (local breed of dogs, commonly seen on the streets and
dump sites feeding on various food sources, while returning to the
owners on a regularly basis) from Jos South and 54 companion dogs
attending the Veterinary Teaching Hospital in Jos were collected from
June to September 2021 and in April 2022, respectively. The non-
heparinized blood samples were centrifuged (Eppendorf AG centrifuge
5427) at 1200 xg at 4 °C for 10 min and the sera were collected. In order
to adhere to biosecurity measures and to eliminate contamination, the
sera were subsequently heat-inactivated at 56 °C for 2 h in a water bath
(Certomat ® WR, B. Braun Biotech International) before being stored at
-20 °C until the laboratory analyses were performed. Additionally, 242
archived rabbit sera collected during rabbit hemorrhagic disease (RHD)
outbreak in a cross-sectional survey in 19 federal states from September
to December 2020, were retrieved.

2.3. SARS-CoV and -2 antibody detection by RBD ELISA

An indirect multi-species enzyme-linked immunosorbent assay
(ELISA) based on the receptor- binding domain (RBD) of SARS-CoV-2
[33] was employed to screen the serum samples on the potential pres-
ence of SARS-CoV-2 antibodies. In a similar manner, ELISA was also
performed on the same serum samples to screen them for the potential
presence of SARS-CoV [34] reactive antibodies as the ELISA is valid for
several species because of the multi-specie conjugate used. Briefly, re-
action wells of Nunc Immuno Maxisorp flat bottom plates were coated
with 100 ng/well SARS-CoV-2 or SARS-CoV RBD respectively in 0.1 M
carbonate buffer while the control-wells were filled with 100 pl/well
0.1 M carbonate, incubated overnight at 4 °C and washed thrice with
200 pl wash buffer (Tris-buffered saline (TBS)/ 0.05% Tween 20). The
plates were blocked with 100 pl/well 5% skim milk in phosphate-
buffered saline (PBS), incubated at 37 °C for 1 h and washed 3 times
with 200 pl wash buffer. After washing, serum (50 pl/well) diluted 1:100
in wash buffer was added, incubated at 37 °C for 1 h and washed 3x
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Fig. 1. Periods of sample collection, aligned with the daily new confirmed cases per million people in Nigeria as reported on ourworldindata.com [46]; highlighted in
orange, is the time period of the rabbit sampling; highlighted in blue, the periods of sampling of dogs; and highlighted in green, the period of sampling of Eidolon

helvum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Map of Nigeria, indicating the federal states in which sampling took place by species (colors), and where at least one of the investigated sera yielded in a
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with 200 pl wash buffer. Then, 50 pl/well of multi-species conjugate
(diluted 1:80 in wash buffer) were added, incubated at room tempera-
ture for 1 h and washed 3x with 200 pl wash buffer. TetraMe-
thylBenzidine (TMB) (100 pl/well) were added and incubated in the
dark at room temperature for 10 min and the reactions were immedi-
ately stopped by the addition of 1 M sulfuric acid/stop solution (100 pul/
well). The optical density (OD) of each sample in the plates were
measured at 450 nm wavelength on a Tecan-Microplate Reader Infinit
200 pro. The absorbance was calculated as the OD values obtained from
the protein-coated wells minus the OD values measured for the uncoated
control wells for individual samples. Serum samples with OD values of
>0.3 were determined as positive, while serum samples with OD values
of 0.2-0.3 were considered borderline and serum samples with OD
values of <0.2 were regarded as negative [33]. To further confirm the
ELISA-positive samples, they were subsequently tested by indirect
immunofluorescence assay (ilFA) and a virus neutralization test (VNT).

2.4. Indirect inmunofluorescence assay

Vero76 (CCLV-RIE 0228) cells were seeded on a 96 well plate format
and infected with 102> TCIDso/ml of either SARS-CoV, BavPatl (D614G
SARS-CoV-2 variant) or SARS-CoV-2 Omicron BA.2. After 24 h plates
were fixed with 4% Paraformaldehyde (PFA) and permeabilized with
triton X-100. Finally, cells were washed with PBS and the serum samples
were applied in 1:100 and 1:500 dilutions. After 1 h incubation, cells
were washed and the secondary FITC-labeled antibody respective of the
species was applied (bat 1:100, dog 1:100, rabbit 1:1000). Due to the
lack of a pangolin reactive secondary antibodies, these sera were not
applied in iIFA. Following another 1 h incubation the immunofluores-
cence readout was done using a fluorescence microscope (Nicon Eclipse
Ti with cool LED pE 300 lite laser 1).

2.5. Virus neutralization test (VNT)

To detect SARS-CoV or SARS-CoV-2 antibodies that are capable of
neutralizing virus replication, the ELISA positive sera were subjected to
VNT in VeroE6 (CCLV-RIE 0929) cells. Briefly, the positive serum
samples were pre-diluted 1:16 with Dulbecco's modified Eagle's medium
(DMEM) in a 96-well plate. Next, 100 pl of the pre-diluted sera were
transferred into three wells of a new 96-well plate, representing three
technical replicates. A two-fold dilution was conducted by serially
transferring 50 pl of the serum in 50 ul DMEM, leaving 50 pl of sera
dilution in each well up to 1:4096 dilutions. Subsequently, 50 pl of
SARS-CoV or the respective SARS-CoV-2 (BavPatl or omicron BA.2)
virus dilution (100 TCIDsp/well) was added to each well and incubated
at 37° C for 1 h. Lastly, 100 pl VeroE6 cells in DMEM with 1% penicillin/
streptomycin supplementation was added to each well and incubated at
37° C, 5% CO; for 72 h. After the incubation period, the cells were
evaluated by using an inverted light microscope (Motic AE20) to assess
specific cytopathic effect (CPE). A serum dilution was considered as
neutralizing if there was no specific CPE detectable. The virus titre (100
TCIDsp used for each well) was confirmed by virus back titration in
triplicate; positive and negative control serum samples were included.

Table 1
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3. Results

A total of 504 serum samples (87 bats, 149 dogs (companion and
feral), 26 pangolins and 242 rabbits) were initially screened for the
presence of SARS-CoV-2 antibodies by the SARS-CoV-2 RBD ELISA as
described. Subsequently, 497 out of the same 504 samples had sufficient
volume and quality left to continue with a screening for the presence of
SARS-CoV antibodies (Table 1).

We detected SARS-CoV-2 RBD reactive sera by ELISA with OD values
higher than 0.3 in none of the sera of the companion dogs but 17
(17.9%) of the feral dogs, in 7 (2.9%) of the rabbits, and 2 (7.7%)
pangolins. All sera from fruit bats were negative for SARS-CoV-2 reac-
tive antibodies. In the SARS-CoV ELISA, again no companion dog, but 15
(15.8%) of the feral dogs reacted positive, further on 7 (2.97%) rabbits,
2 (7.7%) pangolins and 2 (2.3%) bat samples showed reactivity with the
RBD. Nine of the sera (six dogs, two rabbits, one pangolin) reacted
positive in both the SARS-CoV and the SARS-CoV-2 ELISA (Fig. 3).

All samples that reacted positive in the SARS-CoV-2 RBD-based
ELISA (n = 28) and within the borderline range (n = 12) were subse-
quently tested by iIFA and most (n = 35) also by VNT against the SARS-
CoV-2 ancestral strain (BavPatl) and the Omicron strain (BA.2), as
displayed in Fig. 4. Two dog sera reacted by immune fluorescence
against BavPatl SARS-CoV-2. From all 35 samples analyzed in the SARS-
CoV-2 VNT, one pangolin serum tested positive against SARS-CoV-2
ancestral strain BavPatl with 32 neutralizing dose 100 (ND100). The
selected samples (n = 43) that reacted positive in the SARS-CoV RBD-
based ELISA were further subjected to VNT and iIFA using the SARS-CoV
virus. None of the tested sera had neutralizing antibody titres to SARS-
CoV, by testing pre-dilutions between 1:16-1:128. Nevertheless, six
dog sera and five rabbit sera reacted specifically with SARS-CoV at 1:100
dilutions in the immune fluorescence test (Fig. 4).

© SARS-CoV RBD ELISA
©- SARS-CoV-2 RBD ELISA
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Fig. 3. Results of the indirect multi-species ELISA of SARS-CoV and SARS-CoV-
2 per species and individuum. Results of the individual sera for each of the tests
are connected with a thin grey line. OD values of 0.2 to 0.3 (grey horizontal
bar) are regarded as borderline, values >0.3 are interpreted as positive.

SARS-CoV and SARS-CoV-2 receptor-binding domain (RBD) ELISA results of animals tested within this study.

Animals sampled SARS-CoV-2 ELISA

SARS-CoV ELISA Positive in both assays

Total Positive Borderline Total Positive Borderline
Straw-coloured fruit bats (Eidolon helvum) 87 0 0 87 2 1 0
Companion dogs (Canis lupus familiaris) 54 0 0 54 0 0 0
Feral dogs (Basenji) (Canis lupus familiaris) 95 17 8 95 15 6 6
Tree pangolins (Phataginus tricuspis) 26 2 2 26 2 1 1
Rabbits (Oryctolagus cuniculus) 242 7 1 235 7 9 2
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Fig. 4. Results of ELISA, iIFA and VNT to SARS-CoV and SARS-CoV-2 in comparison. Each line represents the serum of one individual, ordered by species. Colors
show the reactiveness of the sera in each test (columns). White space means that the respective serum was not analyzed in the specific test.

4. Discussion

To understand the ecology and epidemiology of potentially zoonotic
pathogens in Nigeria and elsewhere, focused One Health monitoring of
possible animal reservoirs in addition to those animals that may have
been exposed are important steps in pandemic preparedness [35]. In the
present study, SARS-CoV-2 RBD ELISA reactive sera were found in feral
dogs, rabbits, and two pangolins. In the SARS-CoV RBD ELISA, the same
was observed. In addition, two (2.3%) bat samples were ELISA-positive.
Notably, some of these ELISA-positive samples (three sera from bats,
eleven sera from feral dogs and four sera from rabbits) also exhibited
positive results in the ilFA to SARS-CoV showing further confirmation.
One of the two SARS-CoV-2 ELISA-positive pangolin samples had a
neutralizing antibody titre of 32. To our knowledge, this is the first
research in Nigeria documenting the detection of SARS-CoV and SARS-
CoV-2 reactive antibodies in pangolins and farmed rabbits [36]. The
positive reactions with the RBD of two known zoonotic sarbecoviruses in
the ELISA indicate circulating antibodies against this subgenus of
betacoronaviruses within the animal species investigated. With VNT and
ilFA, further confirmation of the specificity of the antibodies detected
was intended. However, the majority of sera showed neither

neutralizing antibodies nor antibodies reacting with the virus in the
ilFA, pointing towards an immunoreaction of the animals against a
possibly related sarbecovirus.

Three out of the 26 pangolin samples were positive by RBD ELISA for
SARS-CoV or SARS-CoV-2, indicating possible exposure to circulating
sarbecoviruses. In the case of SARS-CoV-2, neutralizing antibody to the
ancestral strain was only detected in one pangolin. The animal may have
been exposed to SARS-CoV-2 possibly through various sources including
the hunter, at the market when kept together with other animal species,
or by the people handling it at the animal rescue center. Pangolins have
been shown to host a variety of coronaviruses [37,38], making them a
potential reservoir species in the transmission cycle and in the emer-
gence of zoonotic coronaviruses. However, the ability of the individual
to develop neutralizing antibodies indicates an effective immuno-
reaction of the animal to eliminate the virus, preconditions unlikely
leading to the formation of a potential reservoir in this case. But this
coincidental finding underlines the risk of transmission of zoonotic
pathogens between humans and wildlife in both directions when inter-
action occurs.

Almost 3% of the rabbit samples collected from farms within the first
peak of COVID-19 (September to December 2020) showed reactivity
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against the RBD of SARS-CoV-2, but could not be confirmed in either
ilFA or VNT. A similar ELISA-based study by Fritz et al. [30] observed a
seroprevalence between 0.7% and 1.4%, which is comparable to our
results. ELISA-positive animals were found in farms of four out of the 19
different federal states in Nigeria (Akwa Ibom, Ekiti, Plateau, and Yobe).
Interestingly, >2% of the rabbit sera originating from the states Akwa
Ibom, Benue, Ekiti, Kaduna and Rivers reacted with the RBD of SARS-
CoV, two individual sera from two different states (Akwa Ibom and
Ekiti) even in both assays. As none of the ELISA results were confirmed
in ilFA or VNT, and positive sera were not evenly distributed over all
geographic locations as seen in Fig. 2, this may indicate the circulation
of a related but yet unknown sarbecovirus. Cross-reactivity with other
betacoronaviruses cannot be entirely excluded, but previous in-
vestigations showed a high specificity for SARS-CoV-2 of the here used
assay against BCoV and FCoV [33,39,40]. Moreover, Evans et al. [41]
showed that seropositivity against the SARS-CoV-2 RBD followed by
VNT is a valuable way to get an impression of serology against several
sarbecoviruses.

In feral dogs, SARS-CoV and SARS-CoV-2 specific antibodies were
detected in 20 and 16 of the 95 analyzed sera, respectively, whereas no
ELISA-reactive sera were seen in companion dogs. None of the ELISA-
positive sera were able to neutralize the respective virus though, but
the sera of two feral dogs were reactive to the ancestral SARS-CoV-2 in
the iIFA. The discrepancy between samples collected from companion
dogs that are kept as household pet and free-ranging feral dogs sampled
in villages and peri-urban centres may be explained by the different risk
of exposure. Pet dogs in Nigeria rarely leave their home compound, and
contact with other dogs, humans or any other animals is fairly restricted
to their household members. Feral dogs on the opposite due to their
increased range of motion and their behavior may come in contact with
many different people and their waste, as well as other animals, which
may play a role in the spread of coronavirus [42].

In contrast, out of the 87 straw coloured fruit bat sera tested, none
showed reactivity with the RBD of SARS-CoV-2, but two were SARS-CoV
reactive. Though the closest relative of SARS-CoV described in Nigeria
was a SARS-CoV-like virus in a leaf-nosed bat (Hipposideros commersoni)
named Zaria bat coronavirus (ZBCoV) [43], detected in gastrointestinal
tissue obtained from bats roosting in bat caves that were frequently
entered by humans. In another pre-COVID-19 study, in six of 79 fecal
samples of E. helvum collected from an urban colony in south-west
Nigeria, sequences of the RNA-dependent RNA polymerase (RdRp)
coding region of a betacoronavirus clustering in lineage D were obtained
[44]. While bats are intensively studied for coronaviruses and are
believed to be the ancestral host of many alphacoronaviruses and
betacoronaviruses [45], higher diversity has been found in insectivorous
species than in fruit bats, suggesting that insects and other species may
also be the source of infection [46]. Thus, the likelihood of coronavirus
diversity in other species may be underestimated and underreported
[47,48].

Of particular interest is the simultaneous detection of antibodies to
the RBD of both SARS-CoV and SARS-CoV-2 (7.7%) in two rabbits, six
feral dogs and one pangolin investigated within this study. Whereas
antibodies reacting with only the RBD of SARS-CoV-2 may point to an
exposure of the animals to this virus, the unexpectedly large proportion
of sera of especially feral dogs suggests the circulation of one or more
probably yet unknown sarbecoviruses. Since sarbecoviruses have been
shown to cross-react with one another [41,49], could it be that an as-yet
unidentified coronavirus (sarbecovirus) is circulating in Nigeria? Sera of
humans infected with endemic human coronaviruses like OC43, 229E
and NL63 failed to recognize the RBD of SARS-CoV-2 [50]. Even though
the ELISA used in our study as well as the majority of ELISAs established
as rapid serological diagnostic tools for humans were shown to be spe-
cific for SARS-CoV-2, they were often only tested against pre-pandemic
sera from humans or animals from countries in the Global North and it
would worthwhile to investigate human samples. To what extent these
diagnostics serve the same purpose in countries of Sub-Saharan Africa
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was to our knowledge never investigated, but would be highly inter-
esting, as our results suggest the cross-reactivity with antibodies of other
circulating sarbecoviruses in animals. The sampling period bias and the
convenience sample approach adopted in this study may constitute a
limitation. Notwithstanding, this study has demonstrated the immuno-
logical response to the receptor binding domain of both SARS-CoV and
SARS-CoV-2 or likely a close relative in some wild and domestic animals
in Nigeria, suggesting the exposure to these agents or to related sarbe-
coviruses. There are also reports about the presence of SARS-CoV and
SARS-CoV-2 cross-reactive antibodies in different deer species, also
indicating an unknown circulating sarbecovirus [28]. Further research
regarding molecular detection and virus isolation from animals and
potentially humans is needed to obtain insights into the epidemiology
and abundance of sarbecoviruses in Nigeria. Such in-depth data will
better explain the risk of cross-infection, viral evolution and genetic
changes that may affect pandemic prevention and preparedness.
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