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Abstract

The Middle East Respiratory Syndrome coronavirus (MERS-CoV) remains a highly signifi-
cant threat to global public health. Dromedary camels are the zoonotic source of human
infection. All cases of zoonotic Middle East Respiratory Syndrome (MERS) have occurred
in Middle Eastern countries despite MERS-CoV infection of camels being widespread in
Africa. This disparity in the geographic burden of the disease may be due to genomic
differences between MERS-CoV circulating in Middle Eastern countries (clades A and B)
versus those infecting camels in Africa (clade C), although the precise genetic determinants
of virulence remain to be elucidated. The objective of the studies reported here was to
evaluate differences in the magnitude of virus shedding and in transmissibility of clades
A/B and C viruses using alpacas as a surrogate for dromedary camels. We found that
two of three African-origin, clade C strains of MERS-CoV induced very reduced levels of
virus shedding and were transmitted inefficiently to contact control animals as compared
to one other clade C virus and representative viruses from clade A and B. Lower virus
titers in the nasopharynx may be associated with lower zoonotic transmission and human
disease severity and may explain the observed epidemiology of MERS-CoV in Africa where
zoonotic disease appears rare. These results add to our understanding of the transmission
of different lineages of MERS CoV in camelids and zoonotic transmission.
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1. Introduction

The Middle East Respiratory Syndrome (MERS) results from infection with a be-
tacoronavirus (MERS-CoV) that was first reported in 2012 following its isolation from
a 60-year-old Saudi man who died of severe respiratory disease [1]. Since then, more than
2600 laboratory-confirmed cases of MERS have been reported to the World Health Organi-
zation [2]. A large majority of these cases originated from the Arabian Peninsula, although
cases have been reported from at least 27 other countries, most frequently associated with
travelers outside the Middle East [2]. MERS is a zoonotic disease, and MERS-CoV may
have evolved from a bat virus [3], but the critical epidemiologic feature of the disease is
that dromedary camels serve as the source of zoonotic disease and amplifying host for the
virus [4-9]. Infected camels show no or very mild clinical signs of disease, but can shed
high quantities of virus in nasal secretions, and contact with infected camels appears to be
the major source of infection for humans. Serologic testing of archived camel sera makes it
clear that MERS-CoV infection of dromedaries has occurred in the Middle East and Africa
since at least 1992 and likely earlier [10,11].
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A large majority of the world’s dromedary population resides in Africa, and several
studies have documented the presence of MERS-CoV in dromedaries from multiple African
countries either by detection of virus or viral RNA, or through serologic testing [10-19].
Interestingly, zoonotic MERS disease in humans in Africa has not been reported, although
antibodies to the virus in humans, especially those having close contact with camels,
have been reported [19-22]. The disparity in the incidence of human disease between the
Middle East and Africa may be due to virus genotype. Currently, three clades of MERS-CoV
have been defined [15]. The original 2012 isolate of MERS-CoV is a representative of clade A,
which apparently no longer circulates. Clade B viruses are dominant in camels and humans
from Middle Eastern countries, while clade C viruses are found exclusively in Africa.
The replication capacity of several representatives of these clades has been compared in
cultured human respiratory cells (Calu-3), ex vivo cultures of human respiratory tract and
the lungs of human dipeptidyl peptidase-4 (DPP4) transgenic mice, and the clade C viruses
replicated to a significantly lower extent than clade A and B viruses in these experimental
systems [23,24].

A comparison of virus replication competence, virus shedding, and transmission
of different virus lineages in the camelid host would enhance our understanding of the
epizootiology and zoonotic potential of these viruses. Experimental infection of camels with
MERS-CoV has been performed by multiple groups [25-27], but it is expensive, dangerous
to personnel, requires specialized BSL3 facilities, and only a limited number of viruses
can be compared. Previously, we established an alpaca model for MERS-CoV infection
that is considered a viable alternative for evaluating pathogenesis and transmission and
is considerably more amenable to experimental studies than the use of camels [28]. This
alpaca model was exploited for the current studies to compare the pathogenesis of infection
and transmissibility of clade A and B viruses with three African-origin clade C viruses.

2. Materials and Methods
2.1. Animals

A total of 23 alpacas, aged 3 to 8 years of age, were purchased from a private source in
Colorado, USA, and assigned non-randomly to treatment groups to minimize disparity
in age among groups. The animals were housed in a large animal ABSL3 facility for at
least one week prior to inoculation with MERS-CoV and fed a diet of alfalfa hay supple-
mented with mixed grain. During the acclimatization period, each alpaca was implanted
subcutaneously with a thermally sensitive microchip (LifeChip, Destron-Fearing, DFW
Airport, TX, USA) for identification and monitoring body temperature.

2.2. Viruses

The four viruses were provided by co-author MP, and their genetic sequences have
been described previously [23,24]. Each of the virus stocks received was passaged one
additional time in Vero E6 cells to generate the working stocks that were used for animal
inoculation. Virus characteristics are described in Table 1.
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Table 1. Characteristics of viruses used to inoculate alpacas.

Virus Description Clade Passage History*  Abbreviation Origin
MG923471/camel/Burkina_Faso/CIRAD-HKU?785/2015 C P4 BF 785 Burkina Faso
MG923475/camel /Nigeria/NV1657 /2016 C P5 Nig 1657 Nigeria
MG923469/camel /Morocco/CIRAD-HKU213 /2015 C p7 Mor 213 Morocco
KJ650295 /camel /Saudi_Arabia/KFU-HKU13 /2013 B P5 AHI13 Saudi Arabia
JX869059 /human/EMC /2012 A P5 EMC Saudi Arabia

* Total number of cell culture passages for virus stocks inoculated into alpacas.

2.3. Virus Titration and Antibody Assays

Procedures used for titrating the virus and determining neutralizing antibodies were
the same as described previously [28]. The virus was titrated to confirm the inoculation
dose and to determine the magnitude of virus shedding based on nasal swab samples.
In all cases, a standard double overlay plaque assay on Vero E6 cells was used. Samples
were serially 10-fold diluted in BA1 medium (Tris-buffered minimal essential medium
supplemented with 1% bovine serum albumin) containing 5% fetal bovine serum (FBS),
50 ng/mL gentamicin, 100 units/mL penicillin G, 25 pg/mL streptomycin and 2.5 pg/mL
amphotericin B. Confluent monolayers of Vero E6 cells grown in 6 well plates were inocu-
lated with 0.1 mL/well of the virus dilutions, incubated for 45 min and overlaid with 2 mL
of phenol red-free minimal essential medium containing glutamine, 2.5% fetal bovine,
antibiotics as above, and 0.5% agarose. Two days after inoculation, the plates received
another identical 2 mL overlay containing 0.005% neutral red. Plaques were counted 1 and
2 days after the second overlay. Virus titers were expressed as plaque-forming units (PFU)
per ml. The limit of detection (LOD) for nasal swab virus titrations was 10 PFU/swab.

Neutralizing antibody titers were determined by plaque reduction neutralization test,
using 80% reduction as the threshold for positivity (PRNT80). Sera were heat-inactivated
for 30 min at 56C and serial two-fold dilutions beginning at 1:5 in BA1 medium were mixed
with an equal volume of BA1 containing approximately 180 PFU of the EMC strain of
MERS-CoV. After incubation for 60 min, 0.1 mL volumes of the virus-serum mixtures were
inoculated onto confluent monolayers of Vero E6 cells as described above for plaque assay.

2.4. Study 1

Four groups of two alpacas were infected with four isolates of MERS-CoV: BF 785,
Nig 1657, Mor 213, and SA AH13 by instillation into each animal a total volume of 1 mL
containing a target dose of 5 logyg PFU, for a total dose of 5.3 logjy PFU; the pairs of
alpacas inoculated with each virus were housed in separate rooms. The alpacas were lightly
sedated with xylazine 5-10 min prior to inoculation and their heads elevated vertically
during and for approximately 30 s following inoculation. The day of virus inoculation
was designated as day 0. Two days following MERS-CoV inoculation, two naive alpacas
were introduced into each room with the two virus-inoculated animals as contact con-
trols to assess transmission. Nasal swabs were collected from the inoculated alpacas on
days 1 to 5 and from contact animals on days 3 to 7. These samples were collected by
insertion of a polyester-tipped swab approximately 7-8 cm into each nasal cavity, rotating
several times, and breaking the tip off into 1 mL of BA1 medium containing 5% FBS; these
samples were frozen to —80 °C until they were assayed for infectious virus. Each of the
swabs was assayed independently without pooling. Blood was collected into evacuated
tubes on days —2 and 28, and sera were stored for antibody assay. Body temperature was
recorded once daily beginning immediately prior to inoculation and extending through
day 7. Animals were humanely euthanized on days 28 or 31.
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2.5. Study 2

Study 2 was conducted to partially replicate the results from Study 1 with regard to
two of the African-origin MERS-CoV and to evaluate a clade B virus. Seven alpacas were
available for Study 2. Three pairs of alpacas were infected with each of three MERS-CoV
(Mor 213, Nig 1657, and AH13) as described for Study 1. In the case of the two alpacas
infected with AH13, an additional naive alpaca was introduced into their room 2 days after
virus inoculation to assess contact transmissibility of that virus. Clinical observations and
sampling to obtain nasal swab specimens for virus assays were the same as in Study 1.
Serologic responses were not evaluated.

3. Results
3.1. Study 1

Clinical signs of disease, including overt nasal discharge and even mild fever, were
not observed in any of the inoculated or contact control animals during the entire course of
the study. Alpacas inoculated with the EMC (clade A) and BF 785 (clade C) viruses shed
high quantities of virus nasally starting one day post-challenge and efficiently transmitted
infection to the two co-housed contact controls. Nasal virus shedding from the contact
controls was first observed 2 to 4 days after their introduction. In contrast, alpacas chal-
lenged with the other two clade C viruses (Mor 213 and Nig 1657) showed relatively low
virus shedding and, with the exception of one low-titer sample that could have been from
contact contamination rather than true virus replication, transmission to contact controls
was not observed.

Virus titers from nasal swabs, representing nasal shedding from both inoculate and
contact animals, are depicted in Figure 1.
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Figure 1. Experiment 1: Nasal virus shedding in alpacas inoculated with each of 4 strains of
MERS-CoV (Inoculated) or exposed to virus by co-housing with inoculated animals (Contact). Titers
for duplicate swabs collected on each day are shown. Samples were assayed from animals inoculated
with MERS-CoV on days 1 to 5 and from contact controls on days 3 to 7.

All the inoculated and contact control alpacas developed a robust neutralizing anti-
body response by 28 days after virus challenge. This was despite the lack of detectable
virus shedding among the contact control animals in the Mor 213 and Nig 1657 rooms,
indicating that even though they failed to shed, some virus replication likely occurred
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and stimulated an immune response. A summary of peak virus shedding, efficiency of
transmission, and serologic responses is presented in Table 2.

Table 2. Experiment 1: Summary of virus shedding in inoculated and contact control animals,
transmission to contacts, and seroconversion. Peak virus shedding is the highest titer detected in
swabs collected on days 1 to 5 for inoculated animals and on days 3 to 7 for the contact control animals.

Virus Exposure Route Peak(}hrlll(s; f);lgc;dmg Transmission to ~ Day 28 80% Neutralization Titer (PRNT80)
08 Contacts Alpacal Alpaca 2
BF 785 Inoculation 49 5 of2 >320 >320
o
BF 785 5.1 160 >320
Mor 213 Inoculation 4.6 0of2 >320 160
o
Mor 213 Not detected >320 160
Nig 1657 Inoculation 2.4 160 80
1(?) of2
Nig 1657 1.3 40 160
EMC Inoculation 5.6 >320 160
20f2
EMC 4.7 160 >320

3.2. Study 2

The objective of Study 2 was to replicate infection of alpacas with two of the MERS-
CoV strains used in Study 1 (Mor 213 and Nig 1657) and to evaluate the course of infection
and transmissibility of a clade B virus strain (AH13). The two animals that were inoculated
with Mor 213 and Nig 1657 displayed levels of nasal virus shedding very similar to those
found in Study 1. Both alpacas inoculated with the AH13 virus shed high quantities of
virus, but not until 5 days after virus inoculation, which was distinctly later than that
observed in Study 1 for animals inoculated with BF 785 and EMC viruses. Interestingly, the
contact control alpaca that was introduced into the room with the two AH13-inoculated
animals began shedding virus at essentially the same time as the two animals directly

inoculated with that virus. Virus titers from nasal swabs collected for Study 2 are shown in
Figure 2.
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Figure 2. Experiment 2: Nasal virus shedding in alpacas inoculated with each of 3 strains of MERS-
CoV (Inoculated) or exposed to virus by co-housing with inoculated animals (Contact, AH13 only).
Titers for duplicate swabs collected on each day are shown.
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4. Discussion and Conclusions

MERS-CoV, like its betacoronavirus cousins SARS-CoV and SARS-CoV-2, is among
the ten high-priority pathogens designed by the World Health Organization based on
their epidemic potential and insufficient countermeasures [29]. Unlike other zoonotic
pathogens currently causing global concern (e.g., influenza A H5N1), MERS-CoV has
sometimes caused outbreaks in Saudi Arabia and the Republic of Korea within humans
with 34 cycles of human-to-human transmission affecting over 150 individuals before
containment was finally established [30,31]. However, coronaviruses readily mutate by
both mutation and recombination [32], and a major concern is that MERS-CoV will evolve
to facilitate efficient transmission among humans. Human adaptive mutations associated
with zoonotic transmission of clade B MERS-CoV have been reported [33], and diverse
genomic deletions and insertions have been observed in MERS-CoV in Africa [34]. Indeed,
the distinct differences in zoonotic transmission potential from camels to humans of clade
A/B versus C MERS-CoV could be a harbinger of future evolution of this pathogen as
a pandemic threat. Similarly, if the clade B MERS-CoV with known zoonotic potential
and apparently more efficient transmission between camelids were to be introduced into
Africa, it is likely to outcompete existing clade C viruses with major adverse public health
consequences. It is therefore important to obtain a more comprehensive understanding of
the biologic properties of genetically divergent MERS-CoV.

Replication kinetics and susceptibility of representatives of MERS-CoV from different
clades have been reported previously [23,24]. The key observation from these studies is
that clade C viruses from West and East Africa were replication-impaired compared to
clade A and B MERS-CoV when assessed in cultured human cells, ex vivo explants of
human lung, and in the lungs of transgenic mice expressing the human DPP4 virus receptor.
There are a substantial number of differences in the genomes of these different variants,
and it is not clear which are the critical determinants of replication fitness. Using reverse
genetic approaches to address this question, both ORF4b (an interferon antagonist) [23]
and the spike protein gene [24] have been proposed to explain the lower replication
competence of African clade C viruses compared to clades A and B viruses from Saudi
Arabia, but in both studies, the authors suggested that multiple genes are almost certainly
involved and a comprehensive understanding of differences in replication competence
among clades remains to be established. Importantly, all three clades of MERS-CoV appear
antigenically equivalent with regard to neutralization by antibodies, a feature that simplifies
serosurveillance in both humans and camels.

In addition to defining how viruses from different clades interact with human cells,
it is also important to understand pathogenesis and transmissibility in their reservoir
host. As described earlier, it is logistically difficult to do such studies in camels, but
alpacas appear to be a valid surrogate for such studies. Experimental infection of alpacas
with MERS-CoV and demonstration of virus shedding have been reported previously from
multiple groups [28,35,36]. Additionally, serological evidence for susceptibility of alpacas to
infection with MERS-CoV in natural settings has been reported for animals from Qatar [37]
and Israel [38]. More recently, alpacas were used to show that infection with a clade B
MERS-CoV (Jordan-1/2015) resulted in higher levels of shedding, higher burdens of viral
RNA in respiratory tissues, and, by immunohistochemistry, a greater density of infected
nasal epithelial cells compared to infection with the clade A EMC strain of MERS-CoV [38].

The objective of the current study was to assess differences in virus shedding and
transmissibility between three African-origin clade C viruses and representatives from
clades A and B using a natural host model for MERS-CoV infection. As expected, we found
that infection with clade A (EMC) or clade B (AH13) MERS-CoV resulted in high-level
shedding and efficient transmission to contact controls. Infection of alpacas with the BMF



Viruses 2025, 17, 1524

7 of 9

References

785 clade C virus also led to high-level shedding and transmission to both contact controls.
The two other clade C viruses—Mor 213 and Nig 1657—were tested twice for shedding.
In both studies, infection Mor 213 virus resulted in moderate nasal shedding, while nasal
shedding was minimal following inoculation with Nig 1657 virus. Transmission of both
Mor 213 and Nig 1657 to controls introduced days after inoculation was tested in Study 1
and was not observed to occur. When these in vivo results are compared to in vitro studies,
the only discordance is seen with BF 785: in alpacas, that virus appeared to replicate and
be transmitted similarly to EMC and AH13, but was replication-restricted when tested in
human cells, ex vivo human lung, and transgenic mice expressing the human MERS-CoV
receptor [23,24]. Two of the three African clade C viruses tested were clearly less competent
in vivo in inducing virus shedding and transmission between camelids. Lower MERS-CoV
titers in camelid nasopharynx may be associated with lower zoonotic transmission and
less human disease severity, and may explain the observed epidemiology of MERS-CoV in
Africa, where zoonotic disease appears rare.

A key limitation of the studies presented here was the small number of animals tested
and the limited number of viruses evaluated, which precluded valid statistical comparisons.
As stated above, the genetic determinants of virulence for clade A/B versus clade C MERS-
CoV are poorly defined and likely multifactorial. Considering the large genetic diversity of
African strains of MERS-CoV, it would clearly be of value to extend these studies to further
delineate differences in pathogenesis using a host relevant to natural zoonotic transmission
and a larger battery of MERS-CoV isolates.

Author Contributions: Conceptualization, R.A.B.; validation, R.A.B., A H., A.B. and A.W,; resources,
M.P. and R.A.B.; data curation, R.A.B.; writing—original draft preparation, R.A.B.; writing—review
and editing, A.H., A.B., AW. and M.P;; supervision, R.A.B. and A.H.; project administration, R.A.B.
and A.H.; funding acquisition, R.A.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded through departmental funds from the Department of Biomedical
Sciences, Colorado State University.

Institutional Review Board Statement: The animal study protocol was approved by the Colorado
State University Institutional Animal Care and Use Committee (protocol number 4286, approved
9 March 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; key data have also been included in the article in graphical form. Further inquiries can be
directed to the corresponding author.

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

Abbreviations

The following abbreviations are used in this manuscript:

DPP4 dipeptidyl peptidase-4

MERS Middle East Respiratory Syndrome

MERS-CoV  Middle East Respiratory Syndrome coronavirus
PFU Plaque-forming units

1.  Zaki, AM.; van Boheemenm, S.; Bestebroer, T.M.; Osterhaus, A.D.M.E.; Fouchier, R.A.M. Isolation of a novel coronavirus from a
man with pneumonia in Saudi Arabia. N. Eng. |. Med. 2012, 367, 1814-1820. [CrossRef]


https://doi.org/10.1056/NEJMoa1211721

Viruses 2025, 17, 1524 80f9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

WHO. Middle East Respiratory Syndrome Coronavirus (MERS-CoV) Dashboard. Available online: https://data.who.int/
dashboards/mers/cases (accessed on 12 October 2025).

Han, HJ.; Yu, H.; Yu, X.]J. Evidence for zoonotic origins of Middle East respiratory syndrome coronavirus. J. Gen. Virol. 2016, 97,
274-280. [CrossRef]

Alagaili, A.N.; Briese, T.; Mishra, N.; Kapoor, V.; Sameroff, S.C.; de Wit, E.; Munster, V.J.; Hensley, L.E.; Zalmout, L.S.; Kapoor, A.;
et al. Middle East Respiratory Syndrome Coronavirus Infection in Dromedary Camels in Saudi Arabia. mBio 2014, 5, e€00884-14.
[CrossRef]

Azhar, EI; Hashem, A.M.; El-Kafrawy, S.A.; Sohrab, S.S.; Aburizaiza, A.S.; Farraj, S.A.; Hassan, A.M.; Al-Saeed, M.S.; Jamjoom,
G.A.; Madani, T.A. Detection of the Middle East Respiratory Syndrome Coronavirus Genome in an Air Sample Originating from
a Camel Barn Owned by an Infected Patient. mBio 2014, 5, e01450-14. [CrossRef] [PubMed]

Chu, D.K; Poon, L.L.; Gomaa, M.M.; Shehata, M.M.; Perera, R.A.; Abu Zeid, D.; El Rifay, A.S.; Siu, L.Y.; Guan, Y.; Webby, R.].;
et al. MERS coronaviruses in dromedary camels, Egypt. Emerg. Infect. Dis. 2014, 20, 1049-1053. [CrossRef] [PubMed]
Haagmans, B.L.; Al Dhahiry, S.H.; Reusken, C.B.; Raj, V.S.; Galiano, M.; Myers, R.; Godeke, G.J.; Jonges, M.; Farag, E.; Diab, A,;
et al. Middle East respiratory syndrome coronavirus in dromedary camels: An outbreak investigation. Lancet Infect. Dis. 2014, 14,
140-145. [CrossRef]

Hemida, M.G.; Chu, D.K; Poon, L.L.; Perera, R.A.; Alhammadi, M.A.; Ng, H.Y.; Siu, L.Y,; Guan, Y.; Alnaeem, A.; Peiris, M. MERS
Coronavirus in Dromedary Camel Herd, Saudi Arabia. Emerg. Infect. Dis. 2014, 20, 1231-1234. [CrossRef]

Raj, V.S.; Farag, E.A.; Reusken, C.B.; Lamers, M.M.; Pas, S.D.; Voermans, J.; Smits, S.L.; Osterhaus, A.D.; Al-Mawlawi, N.;
Al-Romaihi, H.E.; et al. Isolation of MERS coronavirus from a dromedary camel, Qatar, 2014. Emerg. Infect. Dis. 2014, 20,
1339-1342. [CrossRef]

Corman, V.M,; Jores, J.; Meyer, B.; Younan, M.; Liljander, A.; Said, M.Y.; Gluecks, L; Lattwein, E.; Bosch, B.-J.; Drexler, ].E; et al.
Antibodies against MERS coronavirus in dromedary camels, Kenya, 1992-2013. Emerg. Infect. Dis. 2014, 20, 1319-1322. [CrossRef]
Miiller, M.A.; Corman, V.M.; Jores, J.; Meyer, B.; Younan, M.; Liljander, A.; Bosch, B.J.; Lattwein, E.; Hilali, M.; Musa, B.E.; et al.
MERS coronavirus neutralizing antibodies in camels, Eastern Africa, 1983-1997. Emerg. Infect. Dis. 2014, 20, 2093-2095. [CrossRef]
[PubMed]

Reusken, C.B.; Messadi, L.; Feyisa, A.; Ularamu, H.; Godeke, G.J.; Danmarwa, A.; Dawo, E; Jemli, M.; Melaku, S.; Shamaki, D.;
et al. Geographic distribution of MERS coronavirus among dromedary camels, Africa. Emerg. Infect. Dis. 2014, 20, 1370-1374.
[CrossRef]

Deem, S.L.; Fevre, EM.; Kinnaird, M.; Browne, A.S.; Muloi, D.; Godeke, G.J.; Koopmans, M.; Reusken, C.B. Serological Evidence
of MERS-CoV Antibodies in Dromedary Camels (Camelus dromedarius) in Laikipia County, Kenya. PLoS ONE 2015, 10, e0140125.
[CrossRef]

Miguel, E.; Chevalier, V.; Ayelet, G.; Bencheikh, M.N.B.; Boussini, H.; Chu, D.K.; El Berbri, I.; Fassi-Fihri, O.; Faye, B.; Fekadu,
G.; et al. Risk factors for MERS coronavirus infection in dromedary camels in Burkina Faso, Ethiopia, and Morocco, 2015.
Eurosurveillance 2017, 22, 30498. [CrossRef] [PubMed]

Kiambi, S.; Corman, V.M.; Sitawa, R.; Githinji, ].; Ngoci, ].; Ozomata, A.S.; Gardner, E.; von Dobschuetz, S.; Morzaria, S.; Kimutai,
J.; et al. Detection of distinct MERS-Coronavirus strains in dromedary camels from Kenya, 2017. Emerg. Microbes Infect. 2018, 7,
195. [CrossRef]

Ommeh, S.; Zhang, W.; Zohaib, A.; Chen, J.; Zhang, H.; Hu, B.; Ge, X.Y,; Yang, X.L.; Masika, M.; Obanda, V.; et al. Genetic
evidence of Middle East Respiratory syndrome coronavirus (MERS-Cov) and widespread seroprevalence among camels in Kenya.
Virol. Sin. 2018, 33, 484-492. [CrossRef]

Farag, E.; Sikkema, R.S.; Mohamedani, A.A.; de Bruin, E.; Munnink, B.B.O.; Chandler, F.; Kohl, R.; van der Linden, A.; Okba,
N.M.A; Haagmans, B.L.; et al. MERS-CoV in Camels but Not Camel Handlers, Sudan, 2015 and 2017. Emerg. Infect. Dis. 2019, 25,
2333-2335. [CrossRef] [PubMed]

Munyua, PM.; Ngere, I.; Hunsperger, E.; Kochi, A.; Amoth, P.; Mwasi, L.; Tong, S.; Mwatondo, A.; Thornburg, N.; Widdowson,
M.A; et al. Low-Level Middle East Respiratory Syndrome Coronavirus among Camel Handlers, Kenya, 2019. Emerg. Infect. Dis.
2021, 27, 1201-1205. [CrossRef] [PubMed]

Ogoti, B.M.; Riitho, V.; Wildemann, J.; Mutono, N.; Tesch, ].; Rodon, J.; Harichandran, K.; Emanuel, J.; Moncke-Buchner, E.; Kiambi,
S.; et al. Biphasic MERS-CoV Incidence in Nomadic Dromedaries with Putative Transmission to Humans, Kenya, 2022-2023.
Emerg. Infect. Dis. 2024, 30, 581-585. [CrossRef]

Liljander, A.; Meyer, B.; Jores, J.; Miiller, M.A.; Lattwein, E.; Njeru, L; Bett, B.; Drosten, C.; Corman, V.M. MERS-CoV Antibodies
in Humans, Africa, 2013-2014. Emerg. Infect. Dis. 2016, 22, 1086-1089. [CrossRef]

Perlman, S.; Zumla, A. MERS-CoV in Africa-an enigma with relevance to COVID-19. Lancet Infect. Dis. 2021, 21, 303-305.
[CrossRef]


https://data.who.int/dashboards/mers/cases
https://data.who.int/dashboards/mers/cases
https://doi.org/10.1099/jgv.0.000342
https://doi.org/10.1128/mBio.00884-14
https://doi.org/10.1128/mBio.01450-14
https://www.ncbi.nlm.nih.gov/pubmed/25053787
https://doi.org/10.3201/eid2006.140299
https://www.ncbi.nlm.nih.gov/pubmed/24856660
https://doi.org/10.1016/S1473-3099(13)70690-X
https://doi.org/10.3201/eid2007.140571
https://doi.org/10.3201/eid2008.140663
https://doi.org/10.3201/eid2008.140596
https://doi.org/10.3201/eid2012.141026
https://www.ncbi.nlm.nih.gov/pubmed/25425139
https://doi.org/10.3201/eid2008.140590
https://doi.org/10.1371/journal.pone.0140125
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30498
https://www.ncbi.nlm.nih.gov/pubmed/28382915
https://doi.org/10.1038/s41426-018-0193-z
https://doi.org/10.1007/s12250-018-0076-4
https://doi.org/10.3201/eid2512.190882
https://www.ncbi.nlm.nih.gov/pubmed/31742534
https://doi.org/10.3201/eid2704.204458
https://www.ncbi.nlm.nih.gov/pubmed/33754992
https://doi.org/10.3201/eid3003.231488
https://doi.org/10.3201/eid2206.160064
https://doi.org/10.1016/S1473-3099(20)30578-8

Viruses 2025, 17, 1524 90f9

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Karani, A.; Ombok, C.; Situma, S.; Breiman, R.; Mureithi, M.; Jaoko, W.; Njenga, M.K.; Ngere, I. Low-Level Zoonotic Transmission
of Clade C MERS-CoV in Africa: Insights from Scoping Review and Cohort Studies in Hospital and Community Settings. Viruses
2025, 17, 125. [CrossRef] [PubMed]

Chu, D.K.W.; Hui, K.PY,; Perera, R A.P.M.; Miguel, E.; Niemeyer, D.; Zhao, J.; Channappanavar, R.; Dudas, G.; Oladipo, J.O.;
Traoré, A.; et al. MERS coronaviruses from camels in Africa exhibit region-dependent genetic diversity. Proc. Natl. Acad. Sci. USA
2018, 115, 3144-3149. [CrossRef]

Zhou, Z.; Hui, K.PY,; So, RTY, Lv, H.; Perera, R APM.; Chu, D.K.W.; Gelaye, E.; Oyas, H.; Njagi, O.; Abayneh, T.; et al.
Phenotypic and genetic characterization of MERS coronaviruses from Africa to understand their zoonotic potential. Proc. Natl.
Acad. Sci. USA 2021, 118, €2103984118. [CrossRef]

Adney, D.R.; van Doremalen, N.; Brown, V.R.; Bushmaker, T.; Scott, D.; de Wit, E.; Bowen, R.A.; Munster, V.J. Replication and
shedding of MERS-CoV in upper respiratory tract of inoculated dromedary camels. Emerg. Infect. Dis. 2014, 20, 1999-2005.
[CrossRef] [PubMed]

Haagmans, B.L.; Brand, ] M.A.V.D.; Raj, V.S.; Volz, A.; Wohlsein, P.; Smits, S.L.; Schipper, D.; Bestebroer, TM.; Okba, N.; Fux, R,;
et al. An orthopoxvirus-based vaccine reduces virus excretion after MERS-CoV infection in dromedary camels. Science 2016, 351,
77-81. [CrossRef] [PubMed]

Haverkamp, A.K.; Lehmbecker, A.; Spitzbarth, I.; Widagdo, W.; Haagmans, B.L.; Segalés, J.; Vergara-Alert, J.; Bensaid, A;
Brand, ] M.A.V.D.; Osterhaus, A.D.M.E; et al. Experimental infection of dromedaries with Middle East respiratory syndrome-
Coronavirus is accompanied by massive ciliary loss and depletion of the cell surface receptor dipeptidyl peptidase 4. Sci. Rep.
2018, 8, 9778. [CrossRef]

Adney, D.R,; Bielefeldt-Ohmann, H.; Hartwig, A.E.; Bowen, R.A. Experimental infection and transmission of MERS-CoV in
alpacas (Vicugna pacos). Emerg. Infect. Dis. 2016, 22, 1031-1037. [CrossRef]

WHO. Prioritizing Diseases for Research and Development in Emergency Contexts. Available online: https://www.who.int/
activities/ prioritizing-diseases-for-research-and-development-in-emergency-contexts (accessed on 12 October 2025).

Perlman, S.; McCray, P.B., Jr. Person-to-person spread of the MERS coronavirus—An evolving picture. N. Eng. . Med. 2013, 369,
466-467. [CrossRef]

Oh, M.D. The Korean Middle East respiratory syndrome coronavirus outbreak and our responsibility to the global scientific
community. Infect. Chemother. 2016, 48, 145-146. [CrossRef]

Amoutzias, G.D.; Nikolaidis, M.; Tryfonopoulou, E.; Chlichlia, K.; Markoulatos, P.; Oliver, S.G. The remarkable evolutionary
plasticity of coronaviruses by mutation and recombination: Insights for the COVID-19 pandemic and the future evolutionary
paths of SARS-CoV-2. Viruses 2022, 14, 78. [CrossRef]

Zhou, Z.; Ali, A.; Walelign, E.; Demissie, G.E,; El Masry, I.; Abayneh, T.; Getachew, B.; Krishnan, P; Ng, D.YM.; Gardner, E.; et al.
Genetic diversity and molecular epidemiology of Middle East Respiratory Syndrome coronavirus in dromedaries in Ethiopia,
2017-2020. Emerg. Microbes Infect. 2023, 12, €2164218. [CrossRef] [PubMed]

So, RTY.; Chu, D.K.W,; Hui, K.PY.; Mok, C.K.P.; Shum, M.H.H.; Sanyal, S.; Nicholls, ].M.; Ho, ].C.W.; Cheung, M.-c.; Ng, K.-c.;
et al. Amino acid substitution L232F in non-structural protein 6 identified as a possible human-adaptive mutation in clade B
MERS coronaviruses. J. Virol. 2023, 97, €0136923. [CrossRef] [PubMed]

Crameri, G.; Durr, PA,; Klein, R.; Foord, A.; Yu, M.; Riddell, S.; Haining, J.; Johnson, D.; Hemida, M.G.; Barr, J.; et al. Experimental
infection and response to rechallenge of alpacas with Middle East respiratory syndrome coronavirus. Emerg. Infect. Dis. 2016, 22,
1071-1074. [CrossRef] [PubMed]

Te, N.; Rodon, J.; Pérez, M.; Segalés, J.; Vergara-Alert, J.; Bensaid, A. Enhanced replication fitness of MERS-CoV clade B over clade
A strains in camelids explains the dominance of clade B strains in the Arabian Peninsula. Emerg. Microbes Infect. 2022, 11, 260-274.
[CrossRef]

Reusken, C.B.; Schilp, C.; Raj, V.S.; De Bruin, E.; Kohl, R.H.; Farag, E.A.; Haagmans, B.L.; Al-Romaihi, H.; Le Grange, F.; Bosch,
B.J.; et al. MERS-CoV Infection of alpaca in a region where MERS-CoV is endemic. Emerg. Infect. Dis. 2016, 22, 129-131. [CrossRef]
David, D.; Rotenberg, D.; Khinich, E.; Erster, O.; Bardenstein, S.; van Straten, M.; Okba, N.M.A.; Raj, S.V.; Haagmans, B.L.;
Miculitzki, M.; et al. Middle East respiratory syndrome coronavirus specific antibodies in naturally exposed Israeli llamas, alpacas
and camels. One Health 2018, 5, 65-68. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/v17010125
https://www.ncbi.nlm.nih.gov/pubmed/39861917
https://doi.org/10.1073/pnas.1718769115
https://doi.org/10.1073/pnas.2103984118
https://doi.org/10.3201/eid2012.141280
https://www.ncbi.nlm.nih.gov/pubmed/25418529
https://doi.org/10.1126/science.aad1283
https://www.ncbi.nlm.nih.gov/pubmed/26678878
https://doi.org/10.1038/s41598-018-28109-2
https://doi.org/10.3201/2206.160192
https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts
https://www.who.int/activities/prioritizing-diseases-for-research-and-development-in-emergency-contexts
https://doi.org/10.1056/NEJMe1308724
https://doi.org/10.3947/ic.2016.48.2.145
https://doi.org/10.3390/v14010078
https://doi.org/10.1080/22221751.2022.2164218
https://www.ncbi.nlm.nih.gov/pubmed/36620913
https://doi.org/10.1128/jvi.01369-23
https://www.ncbi.nlm.nih.gov/pubmed/38038429
https://doi.org/10.3201/eid2206.160007
https://www.ncbi.nlm.nih.gov/pubmed/27070733
https://doi.org/10.1080/22221751.2021.2019559
https://doi.org/10.3201/eid2206.152113
https://doi.org/10.1016/j.onehlt.2018.05.002

	Introduction 
	Materials and Methods 
	Animals 
	Viruses 
	Virus Titration and Antibody Assays 
	Study 1 
	Study 2 

	Results 
	Study 1 
	Study 2 

	Discussion and Conclusions 
	References

