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Coronaviruses are pathogens of pandemic potential. Middle East
respiratory syndrome coronavirus (MERS-CoV) causes a zoonotic
respiratory disease of global public health concern, and dromedary
camels are the only proven source of zoonotic infection. More than
70% of MERS-CoV–infected dromedaries are found in East, North,
and West Africa, but zoonotic MERS disease is only reported from
the Arabian Peninsula. We compared viral replication competence
of clade A and B viruses from the Arabian Peninsula with geneti-
cally diverse clade C viruses found in East (Egypt, Kenya, and Ethio-
pia), North (Morocco), and West (Nigeria and Burkina Faso) Africa.
Viruses from Africa had lower replication competence in ex vivo
cultures of the human lung and in lungs of experimentally infected
human-DPP4 (hDPP4) knockin mice. We used lentivirus pseudo-
types expressing MERS-CoV spike from Saudi Arabian clade A pro-
totype strain (EMC) or African clade C1.1 viruses and demonstrated
that clade C1.1 spike was associated with reduced virus entry into
the respiratory epithelial cell line Calu-3. Isogenic EMC viruses with
spike protein from EMC or clade C1.1 generated by reverse genet-
ics showed that the clade C1.1 spike was associated with reduced
virus replication competence in Calu-3 cells in vitro, in ex vivo hu-
man bronchus, and in lungs of hDPP4 knockin mice in vivo. These
findings may explain why zoonotic MERS disease has not been
reported from Africa so far, despite exposure to and infection
with MERS-CoV.

MERS-CoV | coronaviruses | Africa | phenotype | characterization

Coronaviruses cross species barriers to cause zoonotic and
pandemic diseases. While COVID-19 is the most recent ex-

ample of this (1, 2), seasonal human coronaviruses 229E and
OC43 crossed to humans from camelids and bovids in the last few
centuries and are now endemic in the human population (3, 4).
SARS emerged from bats to spread worldwide in 2003 (5, 6).
Middle East respiratory syndrome coronavirus (MERS-CoV), first
recognized in 2012, is a zoonotic respiratory disease of global
public health concern, and dromedary camels are the source of
zoonotic infection (7, 8). While many zoonotic MERS infections
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The absence of zoonotic MERS-CoV in Africa in spite of an
abundance of MERS-CoV–infected dromedaries has remained
an enigma. We demonstrate that geographically and geneti-
cally distinct viruses from Africa have low replication compe-
tence in the human lung, providing a possible explanation for
the absence of severe MERS disease in Africa. The findings
suggest that MERS-CoV now entrenched in the Arabian Pen-
insula has acquired increased pathogenic potential for humans.
We demonstrate that the spike protein contributes to this
phenotypic difference. If pathogenic clade B viruses from the
Arabian Peninsula are introduced into Africa, they are likely to
become dominant, as they have in the Arabian Peninsula, and
to be associated with adverse health impacts in Africa and in-
creased pandemic threat.
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have been sporadic, some have led to large outbreaks of human-
to-human transmission involving over 100 individuals (9, 10).
MERS-CoV was identified by the World Health Organization as an
emerging infectious disease of greatest concern for global public
health and one for which development of countermeasures is
urgently needed (11). The virus is enzootic in dromedary camels
in the Arabian Peninsula and the Middle East where zoonotic
disease has been reported, but also in East, North, and West
Africa, where over 70% of MERS-CoV–infected dromedaries
are found (12, 13). So far, however, zoonotic MERS disease has
not been detected in Africa and the reason for this is unclear.
The prevalence of MERS-CoV infection in dromedaries in
Africa is as high as that seen in the Arabian Peninsula (12, 13)
and the human exposure to infected dromedaries is also sub-
stantial (14). Serologic evidence of human MERS-CoV infection
in Africa, though detectable, is less common than that observed
in the Arabian Peninsula (15–17).
Phylogenetically, three clades A, B, and C, of MERS-CoVs are

recognized (18, 19). The earliest MERS-CoV virus detected in
Saudi Arabia (human/EMC/2012) (EMC) designated as clade A
is no longer is detectable in humans or in dromedaries. Clade B
viruses emerged to become dominant in dromedaries in the
Arabian Peninsula, spilling over to cause sporadic zoonotic dis-
ease, sometimes leading to clusters of transmission between
humans. Viruses detected in camels in East (Egypt, Ethiopia,
Sudan, Djibouti, and Kenya), North (Morocco), and West
(Nigeria and Burkina Faso) Africa all belonged to different sub-
lineages of clade C (18, 19). Preliminary studies comparing the
replication competence of human (clade A) and camel (clade B)
MERS-CoV from Saudi Arabia with a clade C virus from Burkina
Faso, West Africa, showed that the West African viruses had
lower replication competence in Calu-3 cells, in ex vivo cultures of
human bronchus and lung, and in lungs of hDPP4-transduced
mice (18). These West African clade C1.1 viruses had deletions
in ORF4b that may contribute to the reduced virus replication
competence. It was not known whether viruses from other regions
of Africa, such as East Africa, where ORF4b deletions are not
always found, also share this phenotype of reduced replication in
human respiratory cells. Importantly, the highest density of
dromedary camels in the world is found in East Africa, which is
also the source of export of camels into the Arabian Peninsula.
Thus, a more extensive and systematic phenotypic comparison of
MERS-CoV from different sublineages and regions of Africa
(especially East Africa) with viruses from the Arabian Peninsula is
urgently needed. Furthermore, the viral genetic determinants of
these phenotypic differences need to be explored.
Here we compare MERS-CoV from West, North, and East

Africa with those from the Arabian Peninsula and demonstrate
that viruses from Africa had lower replication competence in the
human bronchus and lung epithelium and mouse lung. We
provide evidence suggesting that the spike protein may be one of
the factors contributing to this low-replication phenotype.

Result
Clade C MERS-CoV from West, North, and East Africa Shows a Lower
Replication Phenotype in Ex Vivo Cultures of Human Lung Compared
with Clade A and B Viruses from the Arabian Peninsula. The MERS-
CoVs investigated in this study are listed in SI Appendix, Table
S1 and their phylogenetic relationships are shown in Fig. 1. All
virus sequences were derived from virus RNA extracted from the
original swab specimen. Some clade C viruses have diverse de-
letions in ORF3 and ORF4b (indicated in Fig. 1 and SI Ap-
pendix, Table S2). The virus from Egypt (C270) had no deletions,
while the viruses from Ethiopia (CAC9690) and Kenya
(CAC10200) characterized in this study had no deletion in ORF4
but had a 12-nucleotide deletion in ORF3. Except for the pro-
totype human virus EMC, all camel viruses used in this study
were isolated from swab specimens from dromedary camels in

our laboratory in Vero cells using the same methods as previ-
ously described (18). The cell culture isolates were genetically
sequenced as previously described (20) and any amino acid
changes in the culture isolate compared with the virus sequence in
the original swab specimen are shown in SI Appendix, Table S3.
We first compared the replication competence of these viruses

in ex vivo cultures of human bronchial and lung tissues (Fig. 2
and SI Appendix, Fig. S1). All viruses were tested in lung tissues
from each donor and with multiple biological replicates being
carried out using different tissue donors. In human bronchus and
lung, both human/EMC/2012 (EMC) (clade A) and camel/Al-
Hasa-KFU-HKU13/2013 (AH13) (clade B) viruses from Saudi
Arabia exhibited significantly higher replication compared with
clade C1.1 viruses isolated from Burkina Faso (camel/Burkina
Faso/CIRAD-HKU785/2015) (BF785), clade C2 viruses from
Ethiopia (camel/Ethiopia/HKU-CAC9690/2019) (CAC9690) and
Kenya (camel/Kenya/HKU-CAC10200/2020) (CAC10200) (Fig.
2), clade C1.1 viruses from Nigeria (camel/Nigeria/NV1657/2016)
(Nig1657) and Morocco (camel/Morocco/CIRAD-HKU213/2015)
(Mor213), and a clade 1.2 virus isolated in Egypt (camel/Egypt/
NRCE-HKU270/2013) (C270) (SI Appendix, Fig. S1). The im-
munohistochemical staining of the ex vivo cultures showed that
the cell tropism of the different viruses for bronchial and lung
tissues were comparable with each other (SI Appendix, Fig. S2 A
and B). The difference in replication kinetics observed in ex vivo
cultures of human lung was recapitulated in Calu-3 cells, a cell line
of a human respiratory epithelial origin derived from lung ade-
nocarcinoma (SI Appendix, Fig. S3).

Clade C MERS-CoV from West, North, and East Africa Shows a Lower
Replication Phenotype in the Lung of Human-DPP4 Knockin Mice.
Previous studies have shown that wild-type MERS-CoV can
replicate efficiently in the lung of hDPP4 knockin mice but that
these mice do not show evidence of overt disease or weight loss
(21). We compared replication kinetics of the clade A, B, and C
MERS-CoVs in lungs of hDPP4 knockin mice following intra-
nasal infection. As expected, there were no signs of overt clinical
illness in mice infected by different clades of MERS-CoV. How-
ever, we found that clade C2 viruses from Kenya camel/Kenya/
CAC10200/2020 (CAC10200) and Ethiopia camel/Ethiopia/
CAC9690/Ethiopia/2000 (CAC9690) had lower levels of replica-
tion than clade A EMC and clade B AH13 viruses at day 3
postinfection (Fig. 3 A and B).
At day 3 postinfection, the level of virus replication in the lung

of the mice infected by EMC (clade A) and AH13 (clade B) from
Saudi Arabia were significantly higher (around 100-fold) than
those infected by the three African clade C MERS-CoV isolates
(Fig. 3A). At day 5 postinfection, only clade C2 CAC10200 virus
had lung titers that remained significantly lower than the clade A
and B viruses (Fig. 3B). Similarly, in a separate experiment, the
viruses isolated from clades A (EMC) and B (AH13) from Saudi
Arabia showed significantly higher (around 100-fold) levels of
replication in mouse lungs when compared with the clade C1.1
viruses BF785, Nig1657, and Mor213 or a clade C1.2 virus C270
from Egypt (Fig. 3C). At day 5 postinfection, we did not find a
statistically significant difference of virus replication titers among
the viruses of clades A, B, and C (P < 0.05); however, half of the
mice (6 of 12) infected by the clade C viruses showed unde-
tectable levels of virus titer in their lungs (1/3 BF785, 3/3
Nig1657, 1/3 Mor213, and 1/3 C270) while all mice infected with
clade A or B viruses had virus titers of >3 log10 tissue culture
infectious dose (TCID)50/mL (Fig. 3D). BF785 virus served as an
African virus control between the two experiments and provided
comparable data in both sets of experiments.

Role of MERS-CoV Spike Protein in Phenotype Differences. Corona-
virus spike protein determines the efficiency of virus attach-
ment and entry into the cell and is thus a crucial determinant of

2 of 8 | PNAS Zhou et al.
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interspecies transmission, cell tropism, and pathogenesis (22–24).
Analysis of the spike protein sequences showed several amino acid
differences between the clade C isolates of MERS-CoVs com-
pared with clade A/B (SI Appendix, Table S4). To examine
whether these amino acid substitutions on the spike were a de-
terminant of differences in replication competence between clades
C and A, we generated lentiviruses pseudotyped with spike from
EMC (clade A), BF785 (clade C1.1), or Nig1657 (clade C1.1). The
two clade C1.1 viruses had lower virus entry into the human re-
spiratory epithelial cell line Calu-3 (Fig. 4A)
Next, we used reverse genetics to generate a recombinant

EMC MERS-CoV (clade A) that carries the spike of EMC or
BF785 (clade C1.1). We compared replication kinetics of a re-
verse genetically derived EMC/2012 virus (rgEMC/2012) with a
reverse genetically derived EMC/2012 with the spike protein of
BF785 (rgBF785-S) in Calu-3 cells. The rgBF785-S replicated

significantly lower at 24 and 48 h postinfection compared with
the isogenic rgEMC/2012 virus with the EMC spike (rgEMC/
2012) in Calu-3 cells (Fig. 4B) and ex vivo cultures of human
bronchus (SI Appendix, Fig. S4). Human DPP4 knockin mice
were infected intranasally with comparable doses of the two
viruses rgBF785-S and rgEMC/2012. At 1 and 3 d postinfection,
viral titers in the lungs were 10-fold lower in mice infected by the
rgBF785-S compared with those infected by the rgEMC/2012
(Fig. 4C).
Because the spike pseudotype virus experiments suggested

that virus spike of clade C1.1 contributed to reduced virus entry,
we compared virus entry and infection rates of cells with the
recombinant rgBF785-S virus and the isogenic control rgEMC/
2012 in Calu-3 cells. Calu-3 cells were infected by the recombinant
viruses at a multiplicity of infection (MOI) of 5 and stained by
monoclonal antibody against the nucleoprotein at 16 h postinfection

Clade B

Clade C

Clade A

C1.2

C3

C1.1

C2

0.001

Camel

Human

Host

MN541222/camel/Sudan/B7-26-5/2016

MN541226/camel/Sudan/MAK36/2016

MF318503/camel/Egypt/NC3978/2016

MK967708/camel/Egypt/AHRI-FAO-1/2018

MG923476/camel/Nigeria/NV1989/2016

MK564475/camel/MERS/Amibara/126/2017
MK564474/camel/MERS/Amibara/118/2017

MG923469/camel/Morocco/CIRAD-HKU213/2015

MF318504/camel/Egypt/NC3986/2016

MG923468/camel/Ethiopia/AAU-EPHI-HKU4458/2017

MN541210/camel/Djibou /SPC00441/2017

MG923472/camel/Nigeria/NS004/2015

MN541214/camel/Djibou /SPC00382/2017

MG923471/camel/Burkina_Faso/CIRAD-HKU785/2015
MG923470/camel/Burkina_Faso/CIRAD-HKU434/2015

MN541220/camel/Sudan/MAK5/2016

KU740200/camel/Egypt/NRCE-NC163/2014

MN541242/camel/Djibou /SPC00269/2017

MG923473/camel/Burkina_Faso/CIRAD-HKU697/2015

MN541278/camel/Sudan/SPC00535/2017

MH734115/camel/Kenya/C1272/2018
MK357908/camel/Kenya/011-DAB-C8-F-1/2017
MN541215/camel/Sudan/SPC00743/2017

camel/Kenya/HKU-CAC10200/2020

MN541239/camel/Djibou /SPC00398/2017

MG923466/camel/Ethiopia/AAU-EPHI-HKU4412/2017

KJ477102/camel/Egypt/NRCE-HKU205/2013

MG923475/camel/Nigeria/NV1657/2016

KJ477103/camel/Egypt/NRCE-HKU270/2013

MG923474/camel/Nigeria/NV1405/2016

MN541206/camel/Sudan/SPC00256/2017

camel/Ethiopia/HKU-CAC9690/2019

MN403101/camel/Saudi_Arabia/31-Cam-Jed/2019

KX108943/camel/UAE/D998-15/2015

KT368853/camel/Saudi_Arabia/S100/2014

KT806046/human/Saudi_Arabia/Hufuf-11002/2015
MG912596/human/Saudi_Arabia/7373/2017

KX108937/camel/UAE/D1164-1-14/2014

KX108938/camel/UAE/D2597-2-14/2014

KY581687/human/UAE/11/2013

KT806044/human/Saudi_Arabia/C20843/2015
KT368878/camel/Saudi_Arabia/Ry79/2015

KT368824/camel/Saudi_Arabia/F13A/2014

KU242423/camel/UAE/D511-14/2014

KJ556336/human/Saudi_Arabia/1/2013

MG757593/human/Saudi_Arabia/Riyadh-KSA-002D1N/2015

KT806048/human/Saudi_Arabia/Khobar-6736/2015

KT368880/camel/Saudi_Arabia/Taif-T3/2015

JX869059/human/EMC/2012
KJ650098/camel/Qatar/2/2014

KC776174/human/Jordan/N3/2012

MH013216/human/Saudi_Arabia/HCoV-EMC/2015

KF600620/human/Saudi_Arabia/Bisha-1/2012
KC164505/human/United_Kingdom/England-1/2012

KF600630/human/Saudi_Arabia/Buraidah-1/2013

KJ650295/camel/Saudi_Arabia/KFU-HKU13/2013
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Fig. 1. Phylogenetic relationships of the clade A, B, and C MERS-CoVs used in the investigation. Full genome sequences of human MERS-CoV strain (EMC) and
camel MERS-CoV strains (AH13, C270, Mor213, BF785, and Nig1657) used in the investigation marked with asterisks are shown to illustrate clade designations
and phylogenetic relationships. The tree was constructed by the maximum likelihood method using PhyML. Scale bar indicates the pairwise nucleotide
substitutions per site. Taxa labeled with blue and red represent MERS-CoV sequences from human and camels, respectively. ORF3 and ORF4b deletions in the
virus genomes are indicated as green and purple boxes, respectively, and more details of the individual deletions are shown in SI Appendix, Table S2. The virus
clade designations are denoted.
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to quantitate the number of cells infected in the first cycle of virus
replication. Compared with the rgEMC/2012, the number of cells
infected by rgBF785-S was reduced by 49.2% (Fig. 4D) (SI Ap-
pendix, Fig. S5). We found that there was no visible immunostaining
at 8 h after infection, confirming that we were detecting the first
cycle of virus infection at 16 h postinfection.
The fusogenicity of spike protein was then examined as pre-

viously described by transfecting plasmids encoding spike gene of
EMC or BF785 in Huh-7 cells (25). The capacity of cell–cell
fusion induced by these two S proteins was similar, with similar
size of syncytia (Fig. 4E and SI Appendix, Fig. S6). Taken together,
these results indicate that the differences in the spike protein of
EMC and BF785 do not lie in their fusogenic properties, but is
determined at the initial step of virus attachment and entry.

Discussion
We had previously demonstrated that clade C.1.1 MERS-CoV
from West Africa had reduced virus replication competence in
human respiratory cells and ex vivo cultures of human lung com-
pared with clade A or B viruses from Saudi Arabia (18). However,
in order to explain the apparent lack of zoonotic MERS disease in
Africa, it was essential that this work be extended to geographically
and phylogenetically diverse Clade C viruses from other parts of
Africa, especially East Africa which has the highest density of
dromedary camels in the world. We now demonstrate that clade
C1.1, C1.2, and clade C2 viruses all have lower replication com-
petence in ex vivo cultures of the human lung and in lungs of
hDPP4 knockin mice in comparison with clade A and B viruses
found in the Arabian Peninsula.
There is serological evidence that humans are getting infected

with MERS-CoV in Africa although seroprevalence appears to
be lower than that observed in the Arabian Peninsula (15). It is
notable that our recent work on T cell responses to MERS-CoV in
Nigeria (West Africa) demonstrated much higher prevalence (30%)
of infection in camel-exposed populations than demonstrated by

antibody prevalence (26). It is known that humans with asymp-
tomatic or mild MERS-CoV infections fail to make detectable
antibody responses (27, 28). Thus, MERS-CoV seroprevalence may
greatly underestimate the extent of mild or asymptomatic infection
taking place in Africa. Taken together with the data from the
present study showing lower viral replication competence in the
lung, it is plausible that African viruses are infecting humans and
eliciting T cell responses but are unable to cause clinical disease
because of the lower replication competence in the lung. These
African viruses may be less able to elicit neutralizing antibody be-
cause of the asymptomatic or mildly symptomatic nature of the
infection. If repeated unsuspected zoonotic transmission of MERS-
CoV continues to take place in Africa, given the much larger
number of MERS-CoV–infected dromedaries in Africa, the possi-
bility of the virus adapting to efficient transmission between humans
is probably more likely in Africa than in the Arabian Peninsula
where MERS control efforts have been focused hitherto.
Next, it was important to investigate the viral genetic deter-

minants that influence the difference in phenotype between
clade C viruses in Africa and clade A or B viruses associated with
pathogenicity in humans in the Arabian Peninsula. Our present
investigation showed that the spike gene is one viral determinant
leading to the lower replication competence of African isolates
in human respiratory epithelial cells. We used lentiviruses pseu-
dotyped with spike of clade A (Saudi Arabia) or clade C1.1 (West
Africa) viruses to demonstrate that the clade C1.1 spike is asso-
ciated with reduced virus entry into Calu-3 cells. We next used
reverse genetics to create an EMC virus carrying the spike of
BF785 (rgBF785-S) as well as the isogenic virus carrying the EMC
spike (rgEMC-S). The rgEMC-S virus had significantly higher
replication competence in in vitro, ex vivo human, and in vivo
mouse experimental models. Our phenotypic characterization of
the rgBF785-S and rgEMC-S viruses suggests that the differences
between these viruses are determined at the level of virus entry but
not at the stage of virus fusion.

Fig. 2. Comparison of virus replication kinetics in ex vivo cultures of human bronchial and lung tissues. Viral replication kinetics of African viruses BF785
(clade C1.1), CAC9690 (clade C2), and CAC10200 (clade C2) are compared with EMC (clade A) and AH13 (clade B). The bar chart shows the virus titers (TCID50)
of culture supernatants at 1, 24, 48, and 72 h postinfection in ex vivo cultures of human bronchus and lung tissues infected with each virus with 106 TCID50.
Data are shown as mean and SD of viral titers from three independent tissue donors. The horizontal dotted line denotes the limit of detection of virus TCID50

assay. Statistical significance was determined by two-way ANOVA. Analysis of the 24- to 72-h data are shown on the AUC chart for the bronchus and lung
tissues of each virus, and statistical analysis was done using one-way ANOVA. Bonferroni’s comparisons were performed. Statistical significance is indicated as
follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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The spike protein of African virus BF785 and Nig1657 differ
from prototype EMC virus in amino acid residues in the receptor
binding domain, but none of them in the receptor binding in-
terface (SI Appendix, Table S4). Amino acid differences V26A
and H194Y common to both BF785 and Nig1657 were found at
the spike N-terminal domain, which is responsible for binding to
sialic acid and is believed to facilitate virus attachment and entry.
Amino acid substitution S856Y in the S2 subunit was common to
both BF785 and Nig1675, which may potentially affect the fusion
efficiency. The role of individual amino acid substitutions or
combinations on the observed phenotype deserves further study.
It is important to note that amino acid substitutions in other

parts of the genome may also contribute to the phenotypic dif-
ferences observed. Alignment of the genomes of the viruses stud-
ied identifies a number of amino acid substitutions that are unique
to the six African viruses studied. With reference to the EMC virus
genome, these correspond to ORF1ab amino acid positions
N581Y (nsp2), L654F (nsp2), K1066E (nsp3), L1585F (nsp3),
I1911T (nsp3), S2000I (nsp3), A2333V (nsp3), F2481C (nsp3),
I2639L (nsp3), I2676T (nsp3), and T5546M (nsp13) (Dataset S1).
Additionally, Q12H in orf5 also distinguishes the African viruses
from the Saudi Arabian viruses EMC and AH13. Factors con-
tributing to the low replication phenotype of African MERS-CoV
is likely to be multifactorial, and further studies are needed
to completely map the viral genetic determinants of this low
replication phenotype.

It is known that naturally occurring deletions in ORF4b, which
were found in BF875 virus, may also contribute to a modest
reduction in virus replication competence (18). However, such
ORF4b deletions were not observed in viruses from East Africa,
which also appear to have reduced viral replication competence
in human and mouse lung, suggesting that ORF4b deletion is
unlikely to be the only determinant of this phenotype.
While our findings suggest that clade C viruses in Africa have

lower replication competence in the human lung, possibly explain-
ing the absence of zoonotic MERS in Africa, it is important that
more intensive investigations in humans with exposure to drom-
edary camels in Africa are carried out to look for evidence of
human infection and disease. Our previous studies in Nigeria
suggest that serological responses are less sensitive than the T cell
responses as an indicator for detecting the extent of MERS-CoV
infection in humans (26). Such studies need to be confirmed and
extended. Studies need to be carried out of people with influenza-
like illness (ILI) and severe acute respiratory infections (SARIs) in
areas of Africa where interactions between dromedaries and hu-
mans are common to confirm the contention that clinically overt
MERS is indeed rare. Since the current perception is that MERS
disease does not occur in Africa, MERS-CoV is not usually tested
for in patients with ILI or SARIs.
It is noted that these clinical outcomes may have multifactorial

determinants. While we have shown that a lack of exposure is
unlikely to be a major determinant of this apparent difference in
clinical outcome (14), it is possible that hitherto unexplored
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Fig. 3. Comparison of virus replication kinetics in the lung of hDPP4 knockin mice infected by different MERS-CoVs from Saudi Arabia, Burkina Faso,
Ethiopia, Kenya, Nigeria, Morocco, and Egypt. Five (A and B) or three (C and D) mice per group (6 to 10 wk old, female) were infected intranasally with 104

PFU of the respective MERS-CoV strains. Virus titers in the lungs were measured at day 3 (A and C) and 5 (B and D) postinfection. Titers are expressed as TCID50

per milliliter of tissue homogenate. MERS-CoV titers in the lung of mice infected with viruses from Burkina Faso BF785 (clade C1.1), Kenya CAC10200 (clade
C2), Ethiopia CAC9600 (clade C2), or Saudi Arabia EMC (clade A) and AH13 (clade B) were compared at day 3 (A) or day 5 (B) postinfection. MERS-CoV strains
from Burkina Faso BF785, Nigeria Nig1657 (clade C1.1), Egypt C270 (clade C1.2), and two viruses from Saudi Arabia EMC (clade A) and AH13 (clade B) were
compared at day 3 (C) or 5 (D) postinfection. Means and SE of means are shown. Statistical significance was determined by comparing the results of EMC with
each of the other viruses using Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. MERS-CoV spike gene contributes to lower replication competence in clade C MERS-CoVs. (A) Effect of S protein substitutions of BF785 and Nig1657
on cell entry in Calu-3 cells. Calu-3 cells were infected with 2.5 and 5 ng p24 of pseudoparticles carrying S of EMC/2012, BF785, Nig1657, or empty vector. At
66 h postinfection, cells were lysed and cell entry was measured by luciferase activity. Means and SD of representative experiments were presented. Each
experiment was repeated six times. (B) Calu-3 cells were infected at a MOI of 0.01 of rgEMC/2012 and rgBF785-S. Culture supernatants were collected at 1, 24,
48, and 72 h postinfection. Virus titers of the supernatants were determined by the TCID50 assay. Means and SEM of three independent experiments (n = 3)
are shown. (C) Human DPP4 knockin mice were infected intranasally with 104 PFU of the recombinant viruses. Virus titers in the lungs of mice at 1, 3, and 5 d
postinfection were measured by the TCID50 assay. The virus titers at each time point represent the mean (SE) from four mice. (D) Calu-3 cells were infected
with the rgEMC/2012 and rgBF785-S at a MOI of 5 for 16 h. At 16 h postinfection, the cells were fixed and immunolabeled for nucleoprotein in green and
stained for nuclei (DAPI) in blue. Percentages of infected cells were counted. Results are shown as percentages of relative infection (means ± SD) compared
with rgEMC/2012 from three independent experiments (n = 3). (E) Huh-7 cells were transfected with plasmids to express S proteins of MERS-CoV BF785 or
EMC/2012. After 20 h postinfection, the cells were fixed and immunolabeled for S proteins in green, and nuclei were stained with DAPI (blue). Nine syncytia
were randomly selected for examination from three independent experiments (n = 3) and syncytial sizes quantified using Metamorph software. The size of
the syncytia are shown as average values of the nuclei/syncytium ratio. Error bars indicate SD. Statistical significance was determined by Student’s t test and
virus titers were log10 transformed in analysis. **P < 0.01; ***P < 0.001.
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human genetic differences may also play an independent or
complementing role in viral phenotypic differences.
In summary, our study demonstrates that a genetically diverse

range of clade C MERS-CoV from Africa has lower viral repli-
cation competence in human and mouse lungs and that this
phenotype is contributed to by the virus spike protein, at least in
clade C1.1 virus strains. Given that MERS-CoV is most genetically
diverse in Africa and the known trade movements of dromedaries
from the Horn of Africa to the Arabian Peninsula (20), it is likely
that the pathogenic clade A and B MERS-CoV in the Arabian
Peninsula emerged from MERS-CoV in Africa, possibly in recent
decades. It has been shown that clade B MERS-CoV now estab-
lished in the Arabian Peninsula appears to have a fitness advan-
tage in dromedary populations in the Arabian Peninsula, because
repeated introduction of clade C viruses to Saudi Arabia have not
resulted in the establishment of these lineages in the Arabian
Peninsula (19). It is possible that some of these genetic changes
that produced increased fitness for dromedaries fortuitously fa-
cilitated increased replication competence in the human lung and
pathogenicity in humans. If these pathogenic clade B viruses were
to be introduced into dromedary camels in Africa, they may well
become dominant in dromedaries in that continent, with major
adverse consequences for human health. Since the trade move-
ments are almost uniformly into the Arabian Peninsula rather
than out of it (19, 20), this risk may not be high at present, but it is
important to be aware of it and mitigate such an eventuality. Al-
ternatively, MERS-CoVs in Africa may independently acquire
amino acid substitutions in the spike that may confer increased
pathogenicity for humans. Either scenario would lead to major
adverse health impacts in Africa and be associated with pandemic
threat. The findings thus highlight the need for enhanced MERS-
CoV surveillance in dromedaries and humans in Africa and for
measures to avoid introduction of clade B viruses from the Ara-
bian Peninsula to Africa.

Materials and Methods
Virus. Viruses used in this study, virus abbreviations, host and country of
origin, sampling date, clade designation, and GenBank accession numbers are
listed in SI Appendix, Table S1. MERS-CoV human/EMC/2012 (clade A) (EMC)
was the prototype MERS-CoV, kindly provided by Ron Fouchier, Erasmus MC,
Rotterdam, The Netherlands (7). The specimen collection details and genetic
characterization of the camel viruses from Burkina Faso (BF785) (clade C1.1),
Nigeria (Nig1657) (clade C1.1), Morocco (MOR213) (clade C1.1), Egypt (C270)
(clade C1.2), and Saudi Arabia (AH13) have been previously reported (18,
29). The viruses from Kenya, camel/Kenya/CAC10200/2020 (clade C2) and
Ethiopia, camel/Ethiopia/CAC9690/2020 (clade C2) were detected and iso-
lated as part of this study. All the dromedary camel viruses used in this study
were isolated in our laboratory in Vero cells (ATCC CCL-81) and were pas-
saged, aliquoted, and stored at −80 °C until used.

Ex Vivo Cultures of Human Bronchus and Lung Tissues. The method for pre-
paring ex vivo human bronchus and lung tissue was reported in detail in our
previous study (29) using F12K culture medium (Thermo Fisher) with 100
units/mL penicillin and 1 mg/mL streptomycin (Life Technologies). Informed
consent was obtained from patients undergoing surgical resection of lung
tissue at Queen Mary Hospital as part of routine clinical care for the use of
fragments of fresh human bronchus and lung, surplus to diagnostic re-
quirements, for the purpose of research. This study was approved by the
Institutional Review Board of The University of Hong Kong/Hospital Au-
thority Hong Kong West Cluster (UW-13-104 and UW-20-862). Tissues from
each donor were tested in duplicate and data from three donors were used
as biological replicates. Bronchial and lung tissues cultured ex vivo were
infected with MERS-CoVs by incubating 1 mL of each virus at a titer of 106

TCID50/mL at 37 °C for 1 h. The tissues were then washed three times with
phosphate budffered saline (PBS) (Thermo Fisher), replenished with the cell
culture medium Dulbecco’s minimum essential medium (DMEM) (Thermo
Fisher), and incubated for 72 h in 5% CO2 at 37 °C. Uninfected tissue frag-
ments incubated with DMEM served as negative controls. Culture super-
natants from the infected tissues were collected at 1, 24, 48, and 72 h
postinfection and titrated in parallel for infectious virus using TCID50 assays
in Vero cells. The virus titers at 24, 48, and 72 h were used to derive an area

under the curve (AUC) as a composite measure of the replication compe-
tence of each virus (30). At 72 h postinfection, ex vivo tissue fragments were
fixed in 10% formalin and processed for immunohistochemistry to detect
MERS-CoV antigen expression (see ref. 29 for detailed methods).

Experimental Infection of hDPP4 Knockin Mice. The hDPP4 knockin mouse
model was generated by humanizing exons 10 to 12 of the mouse DPP4 locus
(the region of the hDPP4 molecule that is crucial for MERS-CoV receptor
binding) (21). Specific pathogen-free hDPP4 knockin mice in a B6 back-
ground were obtained from Stanley Perlman, Department of Microbiology
and Immunology, University of Iowa, Iowa City, IA and maintained in the
Laboratory Animal Unit at The University of Hong Kong. The experiments
were conducted in the biosafety level 3 (BSL3) facility at The University of
Hong Kong. The study protocol was carried out in strict accordance with
recommendations and approved by the Committee on the Use of Live Ani-
mals in Teaching and Research of The University of Hong Kong (CULATR
4534-17). The hDPP4 mice aged 6 to 10 wk were lightly anesthetized with
ketamine and infected intranasally with 104 plaque-forming units (PFU) of
each MERS-CoV subtype in 25 μL PBS. Three mice from each group were
killed at 1, 3, and 5 d postinfection, respectively. Virus titers in the lungs
were determined by the TCID50 assays in Vero cells.

Generation of MERS-CoV Spike Virus Pseuotyped Lentiviruses and Pseudotype
Assays for Virus Entry. We used the method described by us previously to
generate lentivirus pseudotypes expressing a mammalian codon-optimized
EMC/2012 spike (GenBank: AFS88936.1) pcDNA3.1(+) (31). Multi site–directed
mutagenesis (Agilent) was used to introduce the substitutions to mimic the S
protein of BF785 (GenBank: AVN89344.1) (V26A, A89S, H194Y, T424I, S856Y,
and A1158S) and Nig1657 (GenBank: AVN89387.1) (V26A, H167Y, H194Y,
L495F, L588F, S856Y, A1158L, and L1200F). Sanger sequencing was performed
to verify the mutated sites.

HIV/MERS spike pseudoparticles containing S protein of EMC/2012, BF785,
and Nig1657 were generated as reported previously (31). pNL Luc E- R- vector
encoding the luciferase reporter gene and pcDNA-S plasmids (EMC/2012,
BF785, and Nig1657) or an empty vector were cotransfected in 293T cells
using TransIT-LT1 transfection reagent (Mirus). After 48 h, supernatants
were harvested and concentrated and pseudoparticles were quantified us-
ing HIV p24 viral protein by p24 antigen ELISA kit (ZeptoMetrix) to quanti-
tate the HIV core of the psudotyped viruses. Pseudoparticles of 50 μL with
2.5 ng and 5 ng p24 were used to infect Calu-3 cells (1 × 104 cells/well in
96-well cell plates) and incubated for 18 h. One hundred microliters of
complete cell growth medium was added and cells were incubated for an
additional 48 h. Cells were then lysed by adding lysis buffer and luciferase
substrate (Promega). Luciferase activity was measured using the Microbeta
Luminometer (PerkinElmer).

Generation of Recombinant Wild-Type and Mutant MERS-CoVs. A MERS-CoV
infectious bacterial artificial chromosome (BAC) clone of EMC/2012 was used
as a template. To generate a chimeric plasmid encoding the sequence of
EMC/2012 carrying the full spike gene of BF785, the Gibson assembly tech-
nique was used (32). A linearized vector was first generated by removing the
spike gene in the EMC/2012 plasmid using restriction enzymes, Swal and Pacl
(NEB). The BF785 spike gene was generated by chemical synthesis (Sangon
Biotech) and amplified by PCR with primers containing overlapping se-
quence of the linearized vector (MERS-BF-spike-forward: AAAACGACGGCC-
AGTATTTAAATGAGTTCG, MERS-BF-spike-reverse: GACCATGATTACGCCTTA-
ATTAACTGAGTA). The PCR product was then cloned into the linearized
vector using a Gibson assembly cloning kit (NEB) to generate the mutant
construct. EMC/2012 and its mutant constructs were transfected in BHK21
(ATCC CCL-10) cells individually using Lipofectamine 2000 (Thermo Fisher).
At 6 h posttransfection, cells were trypsinized and reseeded in Huh-7 cells.
Supernatants were collected at 48 h posttransfection and the viruses were
further propagated only once in Huh-7 cells. The recombinant EMC/2012 and
the mutant were verified, followed by plaque purification and genetic
characterization using next generation sequencing (as detailed in ref. 18).

Virus Replication in Calu-3 Cells. Experiments for the comparison of viral
replication kinetics in Calu-3 cells (ATCC HTB55) were performed as previ-
ously described (18). A total of 1.5 × 105 Calu-3 cells per well were seeded in
24-well tissue culture plates (TPP Techno Plastic Products) and infected with
rgEMC/2012 and rgBF785-S with MOI = 0.01. Aliquots of supernatant was
collected at 1, 24, 48, and 72 h postinfection and titrated by TCID50 using
Vero cells. For immunofluorescence staining, the Calu-3 cells were infected
with the recombinant MERS-CoVs at MOI of 5. The cells were fixed with 4%
paraformaldehyde (PFA) (Biotium) at 16 h postinfection, permeabilized with
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0.3% Triton X-100 (Sigma-Aldrich), and immunolabeled using primary
polyclonal antibody against MERS-CoV nucleoprotein (Abbiotec) and sec-
ondary Alexa Fluor 488-conjugated goat anti-rabbit antibody (Thermo
Fisher). Nuclei were stained by DAPI (Thermo Fisher). Images were acquired
by a Zeiss LSM710 inverted confocal microscope (Carl Zeiss) with a 10× ob-
jective. The percentage of infected cells was analyzed using the cell scoring
function on the Metamorph software (Molecular Devices).

Cell–Cell Fusion Assay. A total of 1.25 × 105 Huh-7 cells were first seeded on
coverslips in 24-well plates (TPP Techno Plastic Products) for 24 h. Plasmids
encoded with the spike of EMC/2012, BF785, or an empty vector were
transfected in the cells using TransIT-LT1 transfection reagent (Mirus) (25).
At 20 h posttransfection, the cells were fixed with 4% PFA, permeabilized
with 0.3% Triton X-100, and immunolabeled using primary polyclonal an-
tibody against MERS-CoV spike protein (SinoBiological) and secondary Alexa
Fluor 488-conjugated goat anti-rabbit antibody (Thermo Fisher). Nuclei were
stained using DAPI. Images were acquired by a Zeiss LSM710 inverted con-
focal microscope with a 20× objective. Cell scoring function in Metamorph
software was used to quantify syncytia formation by calculating nuclei/
syncytium.

Phylogenetic Analysis. Representative and complete MERS-CoV genome se-
quences from predesignated clades (A, B, and C) were downloaded from
GenBank and aligned by MAFFT. The phylogenetic tree was generated using
the maximum likelihood method (PhyML) (18).

Statistical Analysis. Student’s t test and one-way and two-way ANOVA with
Bonferroni’s comparison were used to compare difference of mean values

among groups of continuous variables. Statistical analyses were done with
GraphPad Prism version 8.

Data Availability. All study data are included in the article and/or supporting
information.
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