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Middle East respiratory syndrome (MERS) is an emerging respiratory disease caused by 
the MERS coronavirus (MERS-CoV). MERS has been endemic to Saudi Arabia since 
2012. The reservoir of MERS-CoV is the dromedary camel, suggesting that MERS is 
primarily a zoonotic disease. MERS-CoV is common in dromedaries throughout the Middle 
East, North Africa, and East Africa as evidenced by neutralizing antibodies against MERS-
CoV; however, human cases have remained limited to the Middle East. To better understand 
the cause of this difference, the virological properties of African camel MERS-CoV were 
analyzed based on the spike (S) protein in Ethiopia. Nasal swabs were collected from 258 
young dromedaries (≤ 2 years old) in the Afar region of Ethiopia, of which 39 were positive 
for MERS-CoV, as confirmed by genetic tests. All positive tests were exclusive to the 
Amibara woreda region. Using next-generation sequencing, two full-length genomes of 
Amibara isolates were successfully decoded; both isolates belonged to the C2 clade 
based on phylogenetic analysis of full-length and S protein sequences. Recombinant 
EMC isolates of MERS-CoV, in which the S protein is replaced with those of  
Amibara isolates, were then generated to test the roles of these proteins in viral properties. 
Amibara S recombinants replicated more slowly in cultured cells than in EMC S 
recombinants. In neutralizing assays, Amibara S recombinants were neutralized by lower 
concentrations of sera from both Ethiopian dromedaries and EMC isolate (wild-type)-
immunized mouse sera, relative to the EMC S recombinants, indicating that viruses coated 
in the Amibara S protein were easier to neutralize than the EMC S protein. Neutralization 
experiments performed using S1/S2 chimeric recombinants of the EMC and Amibara S 
proteins showed that the neutralization profile was dependent on the S1 region of the S 
protein. These results suggest that the slower viral replication and the ease of neutralization 
seen in the Ethiopian MERS-CoV are due to strain-specific differences in the S protein 
and may account for the absence of human MERS-CoV cases in Ethiopia.
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INTRODUCTION

Middle East respiratory syndrome (MERS) is an emerging 
respiratory disease caused by the MERS coronavirus (MERS-
CoV), which has been endemic to Saudi Arabia since 2012 
(Danielsson et  al., 2012; Zaki et  al., 2012; Assiri et  al., 2013; 
De Groot et  al., 2013; Azhar et  al., 2014). As of May 22, 
2019, there have been 2,428 confirmed cases in 27 countries, 
resulting in 838 deaths [The World Health Organization 
(WHO), Middle East respiratory syndrome coronavirus (MERS-
CoV), https://www.who.int/emergencies/mers-cov/en/]. The 
dromedary camel is the primary reservoir of MERS-CoV, 
with evidence of circulating virus in camels in Saudi Arabia 
since at least 1992 (Hemida et  al., 2013; Kupferschmidt, 
2013; Alagaili et  al., 2014; Azhar et  al., 2014; Haagmans 
et  al., 2014). MERS-CoV is transmitted to humans through 
close contact with dromedaries, suggesting that MERS is a 
zoonotic disease (Azhar et  al., 2014). The seropositive rate 
in dromedary camels is quite high in the Middle East and 
in Northern and Eastern African countries (Hemida et  al., 
2014; Muller et  al., 2014; Miguel et  al., 2017; Fukushi et  al., 
2018; Harcourt et  al., 2018), with lower rates seen outside 
of these regions, ranging from 30 to 50% in Tunisia to only 
4.1 to 13% in the Canary Islands (Reusken et  al., 2014; 
Gutierrez et al., 2015). Furthermore, dromedaries in Australia 
and Japan have been shown to be free of MERS-CoV infection 
(Hemida et  al., 2014; Shirato et  al., 2015).

Despite widespread seropositivity for MERS-CoV reported 
in dromedaries throughout the Middle East, North Africa, 
and East Africa, human MERS cases have been observed 
only in the Middle East, with no human cases reported in 
Africa to date. In a test of patient exposure, Liljander et  al. 
(2016) reported two cases of seropositivity among 1,122 
specimens tested in 2013 to 2014  in Kenya. However, this 
seropositivity rate among patients in Kenya (0.18%) was similar 
to that observed in Saudi Arabia (0.15%; Muller et  al., 2015), 
suggesting similar rates of exposure between populations. 
Differences in access to public health facilities between the 
regions have been proposed as a possible explanation for this 
wide disparity in MERS-CoV cases (Liljander et  al., 2016), 
but a definitive cause remains unclear. Although underreporting 
may account for some differences in reporting rates, 
we  hypothesized that virological differences between African 
and Middle Eastern MERS-CoV strains may play a role in 
human MERS-CoV infection. To test this hypothesis, 
we analyzed the viral properties of African MERS-CoV obtained 
from nasal specimens of young dromedaries (≤2  years old) 
in the Afar region of Ethiopia, paying special attention to 
the spike (S) protein.

MATERIALS AND METHODS

Cells and Virus
Vero (CCL-81) cells were obtained from the American Tissue 
Culture Collection (ATCC) and cultured in Dulbecco’s modified 
Eagle medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) 
supplemented with 5% fetal calf serum (5% FCS-DMEM). Vero/
TMPRSS2 cells constitutively expressing type II transmembrane 
serine protease (TMPRSS2; Shirogane et  al., 2008), which 
enhances cell entry and fusion formation of MERS-CoV (Gierer 
et  al., 2013; Shirato et  al., 2013), were maintained in 5% 
FCS-DMEM containing 1  mg/ml of G418 (Enzo Biochem, 
New  York, NY, USA). BHK cells, obtained from the Health 
Science Research Resources Bank (HSRRB; Osaka, Japan), were 
maintained in 10% FCS-MEM. Calu-3 cells maintained in our 
institute were cultured in 10% FCS-DMEM. The MERS-CoV 
EMC isolate was kindly provided by Ron A. M. Fouchier, 
Erasmus Medical Center, Rotterdam, the Netherlands. MERS-CoV 
was propagated and titrated using Vero/TMPRSS2 cells as 
described previously (Shirato et  al., 2013). Viral titer was 
expressed as plaque forming units (PFU). All MERS-CoVs, 
including recombinants, were handled in a BSL-3 laboratory 
under the approval of the Committee on Biorisk Management 
at the National Institute of Infectious Diseases.

Specimen Collection in Ethiopia
Sera were collected from dromedaries in the Afar region of 
Ethiopia in March and August 2013 (Fukushi et  al., 2018). A 
total of 184 dromedaries were sampled, including 153 females 
and 23 males, with a median age of 6  years; the age and sex 
of 8 of the animals were unknown. Nasal swabs were collected 
from dromedaries ≤2  years of age from four locations (Awash, 
Amibara, Gewane, and Semera) in the Afar region in August 
2017. Specimens were collected from dromedaries using Sterile 
Omni Swabs (GE Healthcare, Chicago, IL, USA) wetted with 
distilled water. After sampling, the swabs were immediately 
spotted onto an FTA Classic Card with a color indicator (GE 
Healthcare) at each local point and stored in Multi-Barrier 
Pouches (GE Healthcare) containing Desiccant Packets 
(GE Healthcare) until used for RNA extraction.

Detection of Middle East Respiratory 
Syndrome Coronavirus RNA
Spots on the FTA card were punched four times using  
the Harris Uni-Core Punch (6  mm; GE Healthcare). The 
punched cards were then resuspended in AVE buffer from 
the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany), 
and total RNA was isolated according to the manufacturer’s 
instructions. MERS-CoV RNA was detected using two  
QProbe RT-LAMP assays targeting the nucleocapsid (N)  
and open reading frame (ORF) 1a (Shirato et  al., 2018b) and 
two Corman’s real-time RT-PCR assays (upE and ORF1a; 
Corman et al., 2012a,b). According to the WHO case definition, 
detection of at least two distinct genomic targets is required 
for a positive diagnosis [WHO, GAR, Revised interim case 
definition for reporting to WHO – Middle East respiratory 

Abbreviations: BAC, Bacterial artificial chromosome; CoV, Coronavirus; DMEM, 
Dulbecco’s Modified Eagle’s Medium; EMC, Erasmus Medical Center; HCoV, Human 
coronavirus; MEM, Minimum essential medium; MERS, Middle East Respiratory 
Syndrome; ORF, Open reading frame; PBS, Phosphate-buffered saline; PFU, Plaque 
forming unit; RBD, Receptor binding domain; RT-LAMP, Reverse transcription-
loop-mediated isothermal amplification; RT-PCR, Reverse transcription polymerase 
chain reaction; TMPRSS2, Transmembrane protease, serine 2; TPB, Tryptose 
phosphate broth; upE, Upstream E.
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syndrome coronavirus (MERS-CoV), updated on July 3,  
2013, http://www.who.int/csr/disease/coronavirus_infections/
case_definition/en/index.html]. The regions targeted by the four 
primer sets included in the Corman’s assays and QProbe 
RT-LAMP assays were different, and their positions in EMC 
isolates were as follows: upE (27,458–27,502), Corman’s ORF1a 
(11,197–11,252), N (28,848–29,061), and LAMP ORF1a 
(1,572–1,753; Supplementary Figure S1). Therefore, a positive 
result in at least two of these four tests fulfilled the WHO 
criteria, and these specimens were considered positive for 
MERS-CoV. In this study, two QProbe RT-LAMP assays were 
performed as the first screening test because they can detect 
Ethiopian MERS-CoV RNA within 30  min, using lyophilized 
reagent and a battery-driven portable tube scanner (ESEQuant 
TS2; Qiagen) without a large real-time RT-PCR instrument. 
Specimens that showed positivity on both QProbe RT-LAMP 
assays were considered positive for MERS-CoV. After RT-LAMP 
screening, specimens positive for either N or ORF1a were 
retested by real-time RT-PCR targeting upE and ORF1a in 
equipped laboratory. Specimens that were positive on at least 
one of the Corman’s assays were also considered positive for 
MERS-CoV, because these specimens had positive detection 
of more than two different genetic targets.

For the QProbe RT-LAMP assays, all required regents were 
prepared in 12-well tube strips (Ina Optika, Osaka, Japan) 
and then lyophilized. These were supplied by Eiken Chemical 
Co. Ltd. (Tokyo, Japan). Two QProbe RT-LAMP primer sets 
were prepared in separate wells, and 10  μL extracted RNA 
were diluted in 40  μl Ambion Nuclease-Free Water (Thermo 
Fisher Scientific, Waltham, MA, USA), after which half of 
the mixture (25  μl) was transferred to a well containing the 
dried reagent. The specimens were then immediately evaluated 
using the ESEQuant TS2 tube scanner (Qiagen). The two 
Corman’s real-time RT-PCR assays (targeting upE and ORF1a) 
(Corman et al., 2012a,b) were performed using the QuantiTect 
Probe RT-PCR Kit (Qiagen) and LightCycler 96 instrument 
(Roche, Basel, Switzerland).

Sequencing Analysis
The nearly complete genome of Ethiopian MERS-CoV was 
analyzed by RNA sequencing. Extracted viral RNA was reverse 
transcribed and tagged with index adaptors using the NEBNext 
Ultra II RNA Library Prep Kit for Illumina (New England 
Biolabs, Ipswich, MA, USA) according to the manufacturer’s 
instructions. The resulting cDNA libraries were verified by gel 
electrophoresis and quantified using a Quantus Fluorometer 
(Promega, Madison, WI, USA). Indexed libraries were then 
pooled and sequenced (150-bp paired-end reads) using the 
MiSeq (Illumina Inc., San Diego, CA, USA) and HiSeq X Ten 
systems (Illumina Inc.; operated by GENEWIZ, South Plainfield, 
NJ, USA). Sequence reads were trimmed and mapped to the 
EMC isolate (GenBank accession no. JX869059) reference 
genome using CLC Genomic Workbench 9.0.1 software (CLC 
bio, Aarhus, Denmark) with the default settings, except for 
trimming (Q  ≥  20 and read length  ≥  75  bp). Finally, two 
full-length genome sequences were obtained and deposited into 

GenBank (accession nos. MK564474, camel/MERS/
Amibara/118/2017; MK564475, camel/MERS/Amibara/126/2017). 
Phylogenetic analysis was performed using MEGA software 
(ver. 7.0.26; Kumar et  al., 2016) with the maximum likelihood 
method bootstrap test.

Generation of Recombinant Middle East 
Respiratory Syndrome Coronavirus
All gene recombination experiments were performed under 
the approval of the Committee for Experiments using 
Recombinant DNA and Pathogens, National Institute of 
Infectious Diseases (No. 28–24, as of November 21, 2016) 
with confirmation of the Research Promotion Bureau, Ministry 
of Education, Culture, Sports, Science, and Technology in 
Japan (No. 640, as of November 4, 2016). Recombinant MERS-
CoVs were generated by a bacterial artificial chromosome 
(BAC) clone carrying the full-length infectious genome of 
the EMC isolate (designated as pBAC-MERS-wt), as described 
previously (Terada et  al., 2017; Matsuyama et  al., 2018) with 
modifications. The S protein sequences of the Amibara isolates 
were synthesized in two fragments by GeneArt Gene Synthesis 
(Thermo Fisher Scientific) and then inserted into the pKS336 
vector (Saijo et  al., 2002) using the In-Fusion HD Cloning 
Kit (Takara Bio, Shiga, Japan). Plasmids containing the chimeric 
S proteins replaced between the EMC and Amibara S sequences 
at the first furin site (amino acid positions 748–751  in the 
S protein, see Supplementary Figure S2), which marks the 
boundary of the S1 and S2 regions, were constructed. The 
S protein sequence on pBAC-MERS-wt was replaced using 
a Red/ET recombination system Counter-Selection BAC 
Modification Kit (Gene Bridges, Heidelberg, Germany). BHK 
cells were grown in a single well of a six-well plate in 10% 
FCS-MEM and transfected with 3  μg of BAC plasmid with 
Lipofectamine 3,000 (Thermo Fisher Scientific). After 
transfection, Vero/TMPRSS2 cells were detached from a single 
well of a six-well plate using Cell Dissociation Solution 
Non-Enzymatic 1× (Sigma-Aldrich), resuspended in fresh 
medium, and added to transfected BHK cells. The co-culture 
was then incubated at 37°C until cell fusions formed. After 
fusion, the supernatants were collected and propagated once 
using Vero/TMPRSS2 cells and stored as a working stock 
at  −80°C.

Infectivity Assays
To evaluate viral growth, cells were cultured in a 96-well  
plate and infected with 100 PFU of each virus. After 90  min 
of adsorption, the cells were washed twice with PBS, and  
100  μl of DMEM containing 10% Tryptose Phosphate Broth  
(TPB; Sigma-Aldrich) was added. At the indicated time points, 
the supernatants were collected and titrated using Vero/TMPRSS2 
cells as described previously (Shirato et al., 2013). Briefly, Vero/
TMPRSS2 cells were formed in 96-well plate, and serially 
diluted supernatants were inoculated onto the cells. After 90 min 
of adsorption, cells were washed with PBS twice and then 
incubated in 10%TPB-DMEM for 24 h at 37°C. After incubation, 
cells were fixed with 10% formalin solution (Wako Pure  
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Chemical Industries, Ltd., Osaka, Japan) under ultraviolet light.  
The fixed cells were then stained with crystal violet, and the 
number of cell fusions was counted under a microscope. For 
analysis of viral entry, 104 PFU of virus was applied to Vero 
or Vero/TMPRSS2 cells in a 96-well plate and incubated at 
37°C. After virus inoculation, cellular RNA was collected once 
per hour using a CellAMP Direct RNA Prep Kit (Takara Bio) 
for 6  h. The cells were then lysed in 50  μl processing buffer, 
from which 30  μl lysate was mixed with 120  μl distilled water, 
and 5  μl aliquots of diluted RNA were used for real-time 
RT-PCR. The viruses were detected indirectly by measuring 
subgenomic mRNA7 using TaqMan Fast Virus 1-Step Master 
Mix (Thermo Fisher Scientific) with the following primers and 
probes: forward primer, 5′-CTCGTTCTCTTGCAGAACTTTG-3′; 
reverse primer, 5′-GTGTTGGGTAAGCCCAGTGT-3′; probe, 
FAM-5′-GCACCTCGTGCTGTTTCCTTTGCC-3′-BHQ. The 
copy number was calculated based on the standard curve 
generated by real-time RT-PCR using the synthesized control 
RNA for mRNA7 and was expressed as copies/well.

Neutralization Assays
For the neutralization assay, sera obtained from dromedaries 
as described above were used along with mice immunized 
with an EMS isolate (wild type) (Iwata-Yoshikawa et al., 2019). 
The neutralization assay for MERS-CoV was performed using 
Vero/TMPRSS2 cells as described (Shirato et  al., 2015) with 
minor modifications. Serially diluted sera were mixed with 
50–100 PFU of targeted viruses in 10% TPB-DMEM and 
incubated at room temperature for 45  min. The mixture was 
applied to Vero/TMPRSS2 cells in a 96-well plate, incubated 
for 24  h at 37°C, and then fixed with 10% formalin solution 
(Wako Pure Chemical Industries) under ultraviolet light. The 
fixed cells were then stained with crystal violet, and the number 
of cell fusions was counted under a microscope. Non-serum 
samples were used as a negative control. The serum dilution 
that showed 80% neutralization relative to the negative control 
was considered the antibody titer. Specimens showing 
neutralization at more than 20-fold dilution relative to the 
negative control were considered positive for MERS-CoV 
infection. A dot plot graph was drawn using KaleidaGraph 
ver. 4.5 (Synergy Software, Mt. Penn, PA, USA).

Statistical Analysis
The unpaired t test (Student, 1908; Welch, 1947) was used to 
assess the statistical significance of differences between  
groups. In all analyses, p  <  0.05 was taken to indicate 
statistical significance.

RESULTS

Middle East Respiratory Syndrome 
Coronavirus Prevalence in Afar, Ethiopia
MERS-CoV is highly prevalent in North and East Africa (Hemida 
et  al., 2014; Muller et  al., 2014; Miguel et  al., 2017); with 
>85% of dromedaries exhibiting seropositivity for MERS-CoV 

in Ethiopia. Using previously collected sera from dromedaries 
in the Afar region of Ethiopia (Fukushi et  al., 2018), we  first 
evaluated seropositivity for MERS-CoV in these animals by 
neutralizing assays using a wild-type EMC isolate (Figure 1). 
A total of 184 sera were tested, of which 179 (97.2%) were 
confirmed to be  positive for MERS-CoV with an average titer 
of 430.0, consistent with the study by Miguel et  al. (2017) 
(Figure 1A). When stratified by age, 94% (48 of 51) of dromedaries 
≤4  years of age tested positive for MERS-CoV, consistent with 
previous results (Wernery et  al., 2015), with almost half of the 
samples tested exhibiting antibody titers >640 (Figures 1B,C). 
The titers in dromedaries ≥5  years of age tended to be  higher 
than those seen in younger animals (average titer, 247.3 vs. 
519.4, respectively, p  <  0.05; Figure 1D). Taken together, these 
reports strongly support the notion that MERS-CoV is endemic 
in Ethiopian dromedaries.

In the report of Wernery et  al. (2015), only dromedaries 
≤4  years of age tested positive for viral isolates or viral RNA, 
with the highest levels observed in animals ≤1 year old, despite 
higher seropositive rates in older animals. Based on these 
observations, we  collected nasal specimens from dromedaries 
≤2  years of age. In total, 258 specimens were collected, with 
most specimens (244) coming from animals ≤1  year old. 
MERS-CoV RNA was detected using genetic diagnostic methods. 
As shown in Table 1, 35 specimens were confirmed positive 
for MERS-CoV by only RT-LAMP assays (N and ORF1a). As 
17 specimens were positive for a single gene in the RT-LAMP 
assays, they were further analyzed by real-time RT-PCR assays 
(upE and ORF1a), which revealed four additional positive 
specimens, for a final positivity rate of 15.1% (39 of 258 
specimens) for MERS-CoV. These results were similar to those 
of the Ethiopian MERS study reported by Miguel et  al. (2017), 
with all positive specimens detected in Amibara in the 
Afar region.

Sequence Analysis of Ethiopian Middle 
East Respiratory Syndrome Coronavirus
As Japan is one of foot and mouth disease (FMD) free 
countries, the import of live camel materials from Ethiopia 
is prohibited. Therefore, FTA Classic Cards were used in this 
study to fix the specimens immediately at each pastoral farm 
in Ethiopia. RNA extraction from the specimens was performed 
in Addis Ababa, Ethiopia, and then sequencing analysis was 
performed in Japan. Therefore, the RNAs were fragmented 
and could not be used for PCR amplification for next generation 
sequencing analysis as described by Cotten et  al. (2013). To 
determine the genomic sequences in these specimens, RNA 
sequencing was performed. Among the 39 positive specimens, 
12 were readily detected at early time points by RT-LAMP, 
suggesting high viral titers. Of these 12 specimens, nearly 
full-length genome sequences were detected in two specimens 
using MiSeq. These two specimens were then subjected to 
HiSeq analysis to increase the accuracy and reliability of the 
sequences. Finally, two independent genome sequences were 
obtained and designated camel/MERS/Amibara/118/2017 
(MK564474) and camel/MERS/Amibara/126/2017 (MK564475). 
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Phylogenetic analyses performed using full-length sequences 
showed that the Amibara isolates clustered alongside clade 
C isolates, with further sub-clustering into C2 alongside other 
Ethiopian isolates (Figure 2A). Chu et  al. reported that West 
African MERS-CoV harbored a >360 nucleotide deletion in 
ORF4b relative to the EMC isolate (Chu et  al., 2018). By 

contrast, the Amibara isolates had only two amino acids 
deleted from the 3′ end of ORF4b instead of the large deletion. 
Despite this evidence of amino acid deletions, these changes 
were not predicted to affect the function of ORF4b, suggesting 
similar activity to those in other East African MERS-CoV 
isolates (Kiambi et al., 2018). Furthermore, phylogenetic analysis 

A

B

C

D

E

FIGURE 1 | Neutralization assay using sera from Ethiopian dromedaries. (A) Sera were collected in the Afar region of Ethiopia in March and August 2013.  
The neutralization assay was performed using Vero/TMPRSS2 cells. Specimens showing reactivity at >20 dilutions were considered as positive. n = 184.  
(B–E) Neutralization data are shown for each age group: (B), ≤1 year old (n = 11); (C), 2–4 years old (n = 40); (D), ≥5 years old (n = 125); (E), age unknown (n = 8).

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Shirato et al. Virological Difference of Ethiopian MERS-CoV

Frontiers in Microbiology | www.frontiersin.org 6 June 2019 | Volume 10 | Article 1326

performed using the spike (S) protein, an important protein 
involved in viral infection and neutralization, also showed 
similar clustering between isolates, suggesting that genomic 
attributes of East African MERS-CoV are present in the 
S protein (Figure 2B).

Infectivity of Middle East Respiratory 
Syndrome Coronavirus Recombinants 
Expressing the Amibara S Protein
The S protein of coronavirus shows a variety of biological functions. 
S1 binds to its receptor, whereas S2 is responsible for fusion 
activity (Sturman et  al., 1985; Spaan et  al., 1988; Kubo et  al., 
1993). The S protein also harbors most of the neutralizing antibody 
epitopes and is associated with pathogenicity (Spaan et  al., 1988; 
Takase-Yoden et al., 1991; Kubo et al., 1993; Holmes and Compton, 
1995). Variations in the S protein are therefore thought to directly 
influence important biological characteristics of the virus, such 
as pathogenicity and antigenicity. To evaluate the roles of these 
proteins in the Amibara isolates, recombinant MERS-CoVs were 
generated using a BAC vector system (Terada et al., 2017; Matsuyama 
et  al., 2018) in which the S protein sequence of the EMC isolate 
was replaced with those of the Amibara isolates and designated 
as 118S and 126S (Figure 3A). The replication rates of the Amibara 
S recombinants were 2 logs lower than that of EMC in Vero 
cells until 3 days post-infection (Figure 3B). By contrast, TMPRSS2 
was shown to enhance viral entry and replication of MERS-CoV 
(Gierer et  al., 2013; Shirato et  al., 2013), although the peak titers 
of the recombinants in Vero/TMPRSS2 cells were similar, with 
a slight delay in replication in the Amibara S recombinants at 
1-day post-infection (Figure 3C).

Calu-3 is an immortalized human airway epithelial cell  
line expressing TMPRSS2 at high levels, which is commonly 
used for studies of respiratory pathogens due to its ability to 
mimic human airway tissue. Like Vero/TMPRSS2 cells, Calu-3 
cells exhibited similar final viral titer peaks, although the Amibara 
S recombinants replicated more slowly than the EMC S 
recombinant (Figure 3D). These results showed that the S protein 
of Ethiopian MERS-CoV is associated with slower viral replication.

Next, viral entry was determined for EMC S and Amibara S 
(118S) recombinants by measuring subgenomic mRNA 
(Figure  4). In Vero/TMPRSS2 cells, the level of viral entry 
was identical between EMC S and 118S recombinants up to 
4 h post-inoculation, after which they the level became slightly 
higher in the EMC S recombinant (Figure 4A). By contrast, 

quantification of viral entry revealed lower levels in the 118S 
recombinant after 2  h post-inoculation in Vero cells than the 
EMS S recombinant (Figure 4B). These observations suggested 
that the difference in viral replication may be  attributed to 
slight differences in viral entry.

Neutralization of Recombinant Middle East 
Respiratory Syndrome Coronavirus 
Expressing the Amibara S Protein
As described above, S protein is the primary target of neutralizing 
antibodies. To test strain-specific differences in antibody 
responses, neutralization assays examining reactivity to the 
Amibara S recombinants were performed using sera obtained 
from the Ethiopian dromedaries described in Figure 1 (Figure 5). 
Sera from six different animals were used (titers ranged from 
320 to 10,240), with differences in reactivity calculated relative 
to the EMC isolate. As expected, the neutralizing titer of the 
EMC S recombinant was similar to that of the EMC isolate 
(wild type). By contrast, the neutralizing titers of Amibara S 
recombinants were two- to fourfold higher dilutions in all 
sera, meaning that the Amibara S recombinants were effectively 
neutralized using significantly lower antibody levels than needed 
for the EMC recombinant.

Although the collection dates were different, the sera used 
in these assays were obtained from the same area (the Afar 
region of Ethiopia) as the Amibara isolates. In addition, 
camels exported from Ethiopia to the Middle East generally 
do not return to Ethiopia (Faye, 2014; Eshetu and Abraham, 
2016), and it is unlikely that camels carrying Middle Eastern 
MERS-CoV would affect the serology in Ethiopia. In addition, 
though yearly changes of Ethiopian MERS-CoV are unknown 
due to the shortage of genomic sequence database, in the 
neighboring country Kenya, the amino acid sequences of 
S1 region are identical among isolates in 2017 to 2018 
(GenBank accession nos. MK357908-9 and MH734114-5, 
data not shown). This raises the possibility of antigenical 
stability in same geographical area in East Africa. Therefore, 
we  believe that there was little divergence between sera 
collected in 2013 and those collected in 2017  in Ethiopia, 
and that the immune response to MERS-CoV in dromedaries 
in Afar is likely more closely related to the Amibara isolates 
than the EMC isolates. Thus, we  suspected that there may 
be differences in antigenicity between the EMC and Amibara S 
proteins. Therefore, we performed a second neutralizing assay 
in mice using sera derived from mice inoculated with the 
EMC isolate (Iwata-Yoshikawa et  al., 2019; Figure 6). Sera 
from five mice were used for evaluation. In contrast to our 
initial suspicions, the neutralization assay showed similar 
kinetics to those presented in Figure 4, i.e., the Amibara 
S recombinant strains were effectively neutralized using lower 
antibody concentrations than those used in the EMC S 
recombinant, even in EMC-immunized mouse sera. Thus, 
although the S protein sequence of 2017’ Amibara isolates 
might be  different from that in 2013, when the camel  
sera had collected, regardless of it, the neutralizing profile 
among Amibara and EMC S proteins was clearly different. 

TABLE 1 | MERS-CoV detection by RT-LAMP assays and subsequent real-time 
RT-PCR assays.

Both 
positive

Either 
positive

Both 
negative

Total

RT-LAMP (N, ORF1a) 35 17 206 258
Both or either positive

RT-PCR (upE, ORF1a) 4

Positive Negative Total

Total 39 219 258
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These results suggested that the antigenicities of EMC and 
Amibara S proteins are not different, but the Amibara S 
protein was more readily neutralized by MERS-CoV-antibodies 
than was the EMC S protein.

Next, we  assessed the contribution of the S protein to 
neutralization kinetics. The number of differing amino acid 
between the EMC and Amibara S proteins was 10 for 118S 
and 11 for 126S (Supplementary Figure S2), with most 
differences present in the S1 region. Therefore, recombinant 
virus strains expressing the chimeric S protein were generated 
by interchanging the S1 and S2 regions in EMC and Amibara S 

(118) proteins. Replacements were performed at the first furin 
site, which marks the junction between the S1 and S2 regions, 
yielding recombinants harboring chimeric S proteins (designated 
EMC/118 and 118/EMC). Neutralization assays were then 
performed using dromedary sera as described above (Figure 7). 
The results showed that the neutralizing kinetics depended 
primarily on the S1 region. The neutralization titers for EMC 
and EMC/118S were significantly lower than those for 118 
EMC and 118 S. These observations indicated that the difference 
in neutralization profiles between the EMC and Amibara 
S proteins was dependent on the S1 region.

A

B

FIGURE 2 | Phylogenetic analysis was performed using MEGA7 software, representing the results of (A) full-length and (B) spike protein sequences.  
The phylogenetic trees were constructed using the maximum likelihood method with a bootstrap test.
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DISCUSSION

This study was performed to identify viral-specific differences 
in MERS-CoV isolates that could account for the absence of 

human infections in Africa, despite the similar prevalence of 
MERS-CoV in East and North African dromedaries. The 
S protein of Ethiopian MERS-CoV isolates was shown to confer 
slow viral replication in cells and was more easily neutralized 

A

B

C

D

FIGURE 3 | Viral replication of MERS-CoV recombinants expressing the Amibara isolate S protein. (A) Recombinants were recovered from BAC vector systems 
based on the sequence of the EMC isolate (JX869059), replacing the S protein sequence with those of Amibara S proteins. (B–D) Viral replication kinetics were 
determined using (B) Vero, (C) Vero/TMPRSS2, and (D) Calu-3 cells. One hundred PFU of virus were inoculated onto cells. The cells were then adsorbed, washed 
twice with PBS, and incubated in 10% TPB-DMEM. At 0, 1, 2, and 3 days post-inoculation, and supernatants were collected and virus titers were determined by a 
plaque assay using Vero/TMPRSS2 cells. Titer is expressed as PFU/well. n = 4; *p < 0.05; **p < 0.01.
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in response to antibodies, relative to the EMC isolate. These 
findings suggest that differences in viral replication, and the 
neutralizing properties of EMC and Ethiopian MERS-CoV 
isolates may explain the marked discrepancy in human cases 
between regions. The results of this and other studies showed 
the Ethiopian dromedaries were highly infected with MERS-CoV 
(Miguel et  al., 2017). The current state of human MERS-CoV 
infections in Ethiopia is unclear due to a lack of adequate 
surveillance studies, but the reported seropositive rate in humans 

in the neighboring country Kenya is 0.18%, providing a baseline 
for assessing viral exposure (Liljander et  al., 2016).

The viral replication rates and ease of neutralization were 
different between the Amibara and EMC S recombinants, suggesting 
that Ethiopian MERS-CoV may be  less virulent in humans due 
to the accumulation of these small differences. Dromedaries  
are commonly exported from Ethiopia to the Middle East for 
meat, milk production, and other purposes and are consumed 
at the final destination (Faye, 2014; Eshetu and Abraham, 2016). 

A B

FIGURE 4 | Viral entry assay. The levels of viral entry into (A) Vero/TMRPSS2 and (B) Vero cells were determined by measuring subgenomic mRNA by real-time 
RT-PCR assay. Ten thousand PFU of virus were inoculated onto cells in 10% TPB-DMEM, and the cells were incubated for 0 to 6 h post inoculation. Cellular RNA 
was then extracted using a CellAmp Direct RNA Prep Kit and used as a template for real-time RT-PCR. Copy number was calculated using standard curves drawn 
based on copy numbers of synthesized control RNA template, and is presented as copies/well. n = 4; *p < 0.05; **p < 0.01.

FIGURE 5 | Neutralization using sera obtained from dromedaries. Sera from six dromedaries were used. Approximately 50–100 PFU of virus were mixed with 
serially diluted sera and incubated for 45 min at room temperature. After incubation, the mixture was inoculated onto Vero/TMPRSS2 cells followed by incubation in 
10% TPB-DMEM for 1 day. The cells were then fixed with 10% formaldehyde and stained with crystal violet, and the cell fusions were counted under a microscope. 
Neutralization titer was defined as 80% neutralization relative to non-serum control. n = 4; *p < 0.05; **p < 0.01.
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Although some exported dromedaries may harbor Ethiopian 
MERS-CoV variants, these Ethiopian strains may be  likely to 
be  overtaken by Middle Eastern strains similar to the EMC 
strain due to variations that confer lower replication rates and 
higher immune clearance rates. The unidirectional nature of 
dromedary trade and the nature of region-specific MERS-CoV 
variants likely may explain why human MERS-CoV cases have 
remained restricted to the Middle East.

One of the most important findings of this study was that 
the virological differences between Ethiopian and EMC isolates 
were based on the S protein. The coronaviral S protein is strongly 
associated with viral pathogenicity (Spaan et al., 1988). Following 
infection, the viral S protein is cleaved by host-derived proteases 
into two subunits: S1, which is responsible for receptor binding 
and neutralization, and S2, which is responsible for fusion 
activity (Sturman et  al., 1985; Spaan et  al., 1988; Kubo et  al., 
1993). The numbers of amino acid differences between the 
EMC and Amibara S proteins are 10 for 118S and 11 for 126S 
(Supplementary Figure  S2), with most differences localized to 
the S1 region. The receptor binding domain (RBD) is also 
found in the S1 region between amino acids 367 and 606 
(Chen et  al., 2013; Lu et  al., 2013; Mou et  al., 2013; Wang 
et  al., 2013). The results presented here show that Amibara S 
is more susceptible to antibody neutralization than the EMC 
S protein. The majority of neutralizing antibodies work by 
binding to the RBD, serving as a competitive inhibitor of the 
MERS-CoV receptor dipeptidyl peptidase 4 (DPP4; Li et al., 2015; 
Yu et  al., 2015; Chen et  al., 2017; Wang et  al., 2018), or by 

inducing conformational changes in the S protein (Zhang et al., 
2018). The amino acid differences in the RBD of EMC and 
Amibara S proteins are S390F, A597V, and P515L (only in 
126S). Although these residues are not in direct contact with 
DPP4 (Wang et  al., 2013; Zhang et  al., 2018), substitutions in 
these regions may affect antibody binding affinity.

In contrast to the S1 region, the S2 region affects viral 
entry following cleavage by host proteases or those of co-infected 
bacteria (Matsuyama et  al., 2005; Ami et  al., 2008; Kawase 
et al., 2009, 2012; Shirato et al., 2013). For CoVs, the S protein 
is thought to be  cleaved into S1 and S2 at around the first 
furin site (Heald-Sargent and Gallagher, 2012), although some 
CoVs lack furin cleavage sites. There are three amino acid 
differences in the S2 regions of the EMC and Amibara S 
proteins. The A851E substitution occurs upstream of the second 
furin site, the S2′ site, which is located immediately upstream 
of a putative fusion peptide of coronaviral spike protein (Madu 
et  al., 2009). Cleavage at this position leads to important 
conformational changes (Park et  al., 2016; Matsuyama et  al., 
2018). Therefore, this mutation may result in differences in 
viral entry between EMC and Amibara S recombinants. However, 
we  reported previously that although the protease sensitivity 
of the human coronavirus (HCoV)-229E S protein was different 
between a cell-adapted laboratory strain and clinical isolates, 
this difference was no longer apparent after replacing two 
amino acids in the S2 region (Shirato et  al., 2017). Similarly, 
differences in macrophage infectivity between feline enteric 
coronavirus (FECV, nonsusceptible) and feline infectious 

FIGURE 6 | Neutralization using sera obtained from mice immunized with the EMC isolate. The mouse sera used were generated as part of a previous study 
(Iwata-Yoshikawa et al., 2019). Briefly, transgenic mice (C57BL/6 background) expressing human DPP4 were inoculated with the EMC isolate intranasally. After 5 or 
7 days post inoculation, sera were collected under anesthesia. Five samples showing a high neutralization titer against the EMC isolate were used. The neutralization 
assay was performed as described in Figure 5. n = 4; *p < 0.05; **p < 0.01.
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peritoneal virus (FIPV, susceptible) disappeared after introducing 
five amino acid substitutions (Shirato et  al., 2018a). Taken 
together, a single mutation or a combination of mutations 
found in the S protein suggest clear differences associated 
with viral infectivity and other virulence traits. More work 
remains to be  done to elucidate the underlying causes of 
S protein-derived pathogenicity in the Amibara isolate using 
a recombinant MERS-CoV strain.

In this study, we  focused on the MERS-CoV S protein as 
a determinant of viral pathogenicity, although Chu et  al. 
suggested the possible involvement of the ORF4b gene in lower 
replication of West African MERS-CoV (Chu et  al., 2018). 
Although West African MERS-CoVs lacks the ORF4b gene, 
the absence of this gene resulted in higher type I  and III 
interferon responses in Calu-3 cells, suggesting its potential 
contribution to lower viral replication (Chu et  al., 2018). 

FIGURE 7 | Neutralizing of recombinant MERS-CoV expressing chimeric S protein. Recombinant viruses expressing portions of the Amibara and EMC S protein, 
fused at the S1/S2 junction were used. Recombinant viruses were generated using a BAC vector system, as described in Figure 3. The neutralization assay was 
performed as described in Figure 5. n = 6; *p < 0.05; **p < 0.01.
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Differences in the public health infrastructure between Middle 
Eastern and African countries have often been cited as the 
main cause of regional deviation in MERS cases. However, in 
addition to the report by Chu et al. (2018), this study provided 
evidence of regional differences in MERS-CoVs, in which 
Ethiopian MERS-CoV strains exhibited lower replication rates 
and greater susceptibility to neutralizing antibodies than the 
EMC isolate. In addition, a previous genetic analysis of Middle 
Eastern isolates revealed an amino acid mutation at position 
1,020 of the S protein, with strong selection for this variant 
in human MERS cases since its first appearance in 2012 (Cotten 
et al., 2014). This suggests a pathogenic transition of MERS-CoV 
during human outbreaks in the Middle East. Taken together, 
these observations suggest that not only the differences in 
public health infrastructure but also virological differences 
between MERS-CoV may affect regional differences in 
MERS cases.

Taken together, the data presented here represent the first 
demonstration of virological differences between Ethiopian 
MERS-CoV and EMC isolates driven by changes in the S protein. 
Further studies will be  necessary to fully elucidate the 
pathogenicity of African MERS-CoV isolates.

DATA AVAILABILITY

All datasets generated for this study are included in the 
manuscript and/or the Supplementary Files.

ETHICS STATEMENT

This study used mice specimens obtained previous work  
(J. Virol. 2019. 93(6). pii: e01818–18). The specimens were 
collected under ethical approval as follows: Experiments using 
recombinant DNA and pathogens were approved by the 
Committee for Experiments using Recombinant DNA and 
Pathogens at the National Institute of Infectious Diseases, Tokyo, 
Japan. All animal experiments were approved by the Animal 
Care and Use Committee of the National Institute of Infectious 

Diseases and were conducted in accordance with institutional 
guidelines for the Care and Use of Animals. All animals were 
housed in a Japan Health Sciences Foundation-certified facility.

AUTHOR CONTRIBUTIONS

All authors participated in the planning of the project. KS, 
SM, TT, and HS collected specimens in Ethiopia. KS and NN 
performed next generation sequencing analysis. KS, KK, and 
WK constructed and generated MERS recombinants. KS and 
MK performed viral infectivity experiments. KS, MK, and NI-Y 
performed neutralization experiments. SM led the project. KS 
wrote the manuscript. All authors read and approved the 
final manuscript.

FUNDING

This work was supported by a Grant-in-Aid for Scientific 
Research (B: 17H04642) from the Japan Society for the Promotion 
of Science.

ACKNOWLEDGMENTS

We would like to thank Dr. Ron A. M. Fouchier, Erasmus 
Medical Center, Rotterdam, The Netherlands for providing the 
MERS-CoV EMC isolate. We  would also like to thank Ms. 
Zahara Endris, Mr. Yimer Gubena, and Mr. Mekonnen Ali 
for their contributions as field veterinarians; our driver Mr. 
Birhanu Ayalew; and the pastoralists of Awash, Gewane, Amibara, 
and Semera for specimen collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.01326/
full#supplementary-material

 

REFERENCES

Alagaili, A. N., Briese, T., Mishra, N., Kapoor, V., Sameroff, S. C., Burbelo, P. D., 
et  al. (2014). Middle East respiratory syndrome coronavirus infection in 
dromedary camels in Saudi Arabia. MBio 5, e00884–e00814. doi: 10.1128/
mBio.00884-14

Ami, Y., Nagata, N., Shirato, K., Watanabe, R., Iwata, N., Nakagaki, K., et  al. 
(2008). Co-infection of respiratory bacterium with severe acute respiratory 
syndrome coronavirus induces an exacerbated pneumonia in mice. Microbiol. 
Immunol. 52, 118–127. doi: 10.1111/j.1348-0421.2008.00011.x

Assiri, A., Mcgeer, A., Perl, T. M., Price, C. S., Al Rabeeah, A. A., Cummings, D. A., 
et  al. (2013). Hospital outbreak of Middle East respiratory syndrome 
coronavirus. N. Engl. J. Med. 369, 407–416. doi: 10.1056/NEJMoa1306742

Azhar, E. I., El-Kafrawy, S. A., Farraj, S. A., Hassan, A. M., Al-Saeed, M. S., 
Hashem, A. M., et  al. (2014). Evidence for camel-to-human transmission 
of MERS coronavirus. N. Engl. J. Med. 370, 2499–2505. doi: 10.1056/
NEJMoa1401505

Chen, Y., Lu, S., Jia, H., Deng, Y., Zhou, J., Huang, B., et  al. (2017). A novel 
neutralizing monoclonal antibody targeting the N-terminal domain of the 
MERS-CoV spike protein. Emerg. Microbes Infect. 6:e37. doi: 10.1038/emi.2017.18

Chen, Y., Rajashankar, K. R., Yang, Y., Agnihothram, S. S., Liu, C., Lin, Y. L., 
et  al. (2013). Crystal structure of the receptor-binding domain from  
newly emerged Middle East respiratory syndrome coronavirus. J. Virol. 87, 
10777–10783. doi: 10.1128/JVI.01756-13

Chu, D. K. W., Hui, K. P. Y., Perera, R., Miguel, E., Niemeyer, D., Zhao, J., 
et  al. (2018). MERS coronaviruses from camels in Africa exhibit region-
dependent genetic diversity. Proc. Natl. Acad. Sci. U. S. A. 115, 3144–3149. 
doi: 10.1073/pnas.1718769115

Corman, V., Eckerle, I., Bleicker, T., Zaki, A., Landt, O., Eschbach-Bludau, M., 
et  al. (2012a). Detection of a novel human coronavirus by real-time reverse-
transcription polymerase chain reaction. Euro Surveill. 17:20285. doi: 10.2807/
ese.17.39.20285-en

Corman, V. M., Muller, M. A., Costabel, U., Timm, J., Binger, T., Meyer, B., 
et al. (2012b). Assays for laboratory confirmation of novel human coronavirus 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01326/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01326/full#supplementary-material
https://doi.org/10.1128/mBio.00884-14
https://doi.org/10.1128/mBio.00884-14
https://doi.org/10.1111/j.1348-0421.2008.00011.x
https://doi.org/10.1056/NEJMoa1306742
https://doi.org/10.1056/NEJMoa1401505
https://doi.org/10.1056/NEJMoa1401505
https://doi.org/10.1038/emi.2017.18
https://doi.org/10.1128/JVI.01756-13
https://doi.org/10.1073/pnas.1718769115
https://doi.org/10.2807/ese.17.39.20285-en
https://doi.org/10.2807/ese.17.39.20285-en


Shirato et al. Virological Difference of Ethiopian MERS-CoV

Frontiers in Microbiology | www.frontiersin.org 13 June 2019 | Volume 10 | Article 1326

(hCoV-EMC) infections. Euro Surveill. 17:20334. doi: 10.2807/ese.17.49. 
20334-en

Cotten, M., Lam, T. T., Watson, S. J., Palser, A. L., Petrova, V., Grant, P., et  al. 
(2013). Full-genome deep sequencing and phylogenetic analysis of novel 
human betacoronavirus. Emerg. Infect. Dis. 19, 736–742. doi: 10.3201/
eid1905.130057

Cotten, M., Watson, S. J., Zumla, A. I., Makhdoom, H. Q., Palser, A. L.,  
Ong, S. H., et  al. (2014). Spread, circulation, and evolution of the Middle 
East respiratory syndrome coronavirus. MBio 5, e01062–e01013. doi: 10.1128/
mBio.01062-13

Danielsson, N.On Behalf of the ECDC Internal Response Team, and Catchpole, M. 
(2012). Novel coronavirus associated with severe respiratory disease: case 
definition and public health measures. Euro Surveill. 17:20282. doi: 10.2807/
ese.17.39.20282-en

De Groot, R. J., Baker, S. C., Baric, R. S., Brown, C. S., Drosten, C., Enjuanes, L., 
et  al. (2013). Middle East respiratory syndrome coronavirus (MERS-CoV): 
announcement of the coronavirus study group. J. Virol. 87, 7790–7792. doi: 
10.1128/JVI.01244-13

Eshetu, E., and Abraham, Z. (2016). Review on live animal and meat export 
marketing system in Ethiopia: challenges and opportunities. J. Sci. Innov. 
Res. 5, 59–64. doi: 10.31254/jsir

Faye, B. (2014). The camel today: assets and potentials. Anthropozoologica 49, 
167–176. doi: 10.5252/az2014n2a01

Fukushi, S., Fukuma, A., Kurosu, T., Watanabe, S., Shimojima, M., Shirato, K., 
et  al. (2018). Characterization of novel monoclonal antibodies against the 
MERS-coronavirus spike protein and their application in species-independent 
antibody detection by competitive ELISA. J. Virol. Methods 251, 22–29. doi: 
10.1016/j.jviromet.2017.10.008

Gierer, S., Bertram, S., Kaup, F., Wrensch, F., Heurich, A., Kramer-Kuhl, A., 
et  al. (2013). The spike protein of the emerging betacoronavirus EMC uses 
a novel coronavirus receptor for entry, can be  activated by TMPRSS2, and 
is targeted by neutralizing antibodies. J. Virol. 87, 5502–5511. doi: 10.1128/
JVI.00128-13

Gutierrez, C., Tejedor-Junco, M. T., Gonzalez, M., Lattwein, E., and Renneker, S. 
(2015). Presence of antibodies but no evidence for circulation of MERS-
CoV in dromedaries on the Canary Islands, 2015. Euro Surveill. 20, pii: 
30019. doi: 10.2807/1560-7917.ES.2015.20.37.30019

Haagmans, B. L., Al Dhahiry, S. H., Reusken, C. B., Raj, V. S., Galiano, M., 
Myers, R., et  al. (2014). Middle East respiratory syndrome coronavirus in 
dromedary camels: an outbreak investigation. Lancet Infect. Dis. 14, 140–145. 
doi: 10.1016/S1473-3099(13)70690-X

Harcourt, J. L., Rudoler, N., Tamin, A., Leshem, E., Rasis, M., Giladi, M., 
et al. (2018). The prevalence of Middle East respiratory syndrome coronavirus 
(MERS-CoV) antibodies in dromedary camels in Israel. Zoonoses Public 
Health. 65, 749–754. doi: 10.1111/zph.12482

Heald-Sargent, T., and Gallagher, T. (2012). Ready, set, fuse! The coronavirus 
spike protein and acquisition of fusion competence. Viruses 4, 557–580. 
doi: 10.3390/v4040557

Hemida, M. G., Perera, R. A., Al Jassim, R. A., Kayali, G., Siu, L. Y., Wang, P., 
et al. (2014). Seroepidemiology of Middle East respiratory syndrome (MERS) 
coronavirus in Saudi Arabia (1993) and Australia (2014) and characterisation 
of assay specificity. Euro Surveill. 19, pii: 20828. doi: 10.2807/1560-7917.
ES2014.19.23.20828

Hemida, M. G., Perera, R. A., Wang, P., Alhammadi, M. A., Siu, L. Y., Li, M., 
et  al. (2013). Middle East respiratory syndrome (MERS) coronavirus 
seroprevalence in domestic livestock in Saudi Arabia, 2010 to 2013. Euro 
Surveill. 18:20659. doi: 10.2807/1560-7917.ES2013.18.50.20659

Holmes, K. V., and Compton, S. R. (1995). “Coronavirus receptors” in The 
Coronaviridae. ed. S. G. Siddell (New York: Plenum Press), 55–71.

Iwata-Yoshikawa, N., Okamura, T., Shimizu, Y., Kotani, O., Sato, H., Sekimukai, H., 
et  al. (2019). Acute respiratory infection in human dipeptidyl peptidase 
4-transgenic mice infected with Middle East respiratory syndrome coronavirus. 
J. Virol. 93, pii: e01818-18. doi: 10.1128/JVI.01818-18

Kawase, M., Shirato, K., Matsuyama, S., and Taguchi, F. (2009). Protease-mediated 
entry via the endosome of human coronavirus 229E. J. Virol. 83, 712–721. 
doi: 10.1128/JVI.01933-08

Kawase, M., Shirato, K., Van Der Hoek, L., Taguchi, F., and Matsuyama, S. 
(2012). Simultaneous treatment of human bronchial epithelial cells with 

serine and cysteine protease inhibitors prevents severe acute respiratory 
syndrome coronavirus entry. J. Virol. 86, 6537–6545. doi: 10.1128/JVI.00094-12

Kiambi, S., Corman, V. M., Sitawa, R., Githinji, J., Ngoci, J., Ozomata, A. S., 
et  al. (2018). Detection of distinct MERS-coronavirus strains in dromedary 
camels from Kenya, 2017. Emerg. Microbes Infect. 7:195. doi: 10.1038/
s41426-018-0193-z

Kubo, H., Takase-Yoden, S., and Taguchi, F. (1993). Neutralization and fusion 
inhibition activities of monoclonal antibodies specific for the S1 subunit of 
the spike protein of neurovirulent murine coronavirus JHMV c1-2 variant. 
J. Gen. Virol. 74, 1421–1425. doi: 10.1099/0022-1317-74-7-1421

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary 
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33,  
1870–1874. doi: 10.1093/molbev/msw054

Kupferschmidt, K. (2013). Emerging diseases. Researchers scramble to understand 
camel connection to MERS. Science 341:702. doi: 10.1126/science.341.6147.702

Li, Y., Wan, Y., Liu, P., Zhao, J., Lu, G., Qi, J., et  al. (2015). A humanized 
neutralizing antibody against MERS-CoV targeting the receptor-binding 
domain of the spike protein. Cell Res. 25, 1237–1249. doi: 10.1038/
cr.2015.113

Liljander, A., Meyer, B., Jores, J., Muller, M. A., Lattwein, E., Njeru, I., et  al. 
(2016). MERS-CoV antibodies in humans, Africa, 2013–2014. Emerg. Infect. 
Dis. 22, 1086–1089. doi: 10.3201/eid2206.160064

Lu, G., Hu, Y., Wang, Q., Qi, J., Gao, F., Li, Y., et  al. (2013). Molecular basis 
of binding between novel human coronavirus MERS-CoV and its receptor 
CD26. Nature 500, 227–231. doi: 10.1038/nature12328

Madu, I. G., Roth, S. L., Belouzard, S., and Whittaker, G. R. (2009). Characterization 
of a highly conserved domain within the severe acute respiratory syndrome 
coronavirus spike protein S2 domain with characteristics of a viral fusion 
peptide. J. Virol. 83, 7411–7421. doi: 10.1128/JVI.00079-09

Matsuyama, S., Shirato, K., Kawase, M., Terada, Y., Kawachi, K., Fukushi, S., 
et  al. (2018). Middle East respiratory syndrome coronavirus spike protein 
is not activated directly by cellular furin during viral entry into target cells. 
J. Virol. 92, pii: e00683-18. doi: 10.1128/JVI.00683-18

Matsuyama, S., Ujike, M., Morikawa, S., Tashiro, M., and Taguchi, F. (2005). 
Protease-mediated enhancement of severe acute respiratory syndrome 
coronavirus infection. Proc. Natl. Acad. Sci. U. S. A. 102, 12543–12547. doi: 
10.1073/pnas.0503203102

Miguel, E., Chevalier, V., Ayelet, G., Ben Bencheikh, M. N., Boussini, H.,  
Chu, D. K., et  al. (2017). Risk factors for MERS coronavirus infection in 
dromedary camels in Burkina Faso, Ethiopia, and Morocco, 2015. Euro 
Surveill. 22, pii: 30498. doi: 10.2807/1560-7917.ES.2017.22.13.30498

Mou, H., Raj, V. S., Van Kuppeveld, F. J., Rottier, P. J., Haagmans, B. L., and 
Bosch, B. J. (2013). The receptor binding domain of the new Middle East 
respiratory syndrome coronavirus maps to a 231-residue region in the spike 
protein that efficiently elicits neutralizing antibodies. J. Virol. 87, 9379–9383. 
doi: 10.1128/JVI.01277-13

Muller, M. A., Corman, V. M., Jores, J., Meyer, B., Younan, M., Liljander, A., 
et  al. (2014). MERS coronavirus neutralizing antibodies in camels, eastern 
Africa, 1983-1997. Emerg. Infect. Dis. 20, 2093–2095. doi: 10.3201/
eid2012.141026

Muller, M. A., Meyer, B., Corman, V. M., Al-Masri, M., Turkestani, A., Ritz, D., 
et  al. (2015). Presence of Middle East respiratory syndrome coronavirus 
antibodies in Saudi Arabia: a nationwide, cross-sectional, serological study. 
Lancet Infect. Dis. 15, 559–564. doi: 10.1016/S1473-3099(15)70090-3

Park, J. E., Li, K., Barlan, A., Fehr, A. R., Perlman, S., Mccray, P. B. Jr., et  al. 
(2016). Proteolytic processing of Middle East respiratory syndrome coronavirus 
spikes expands virus tropism. Proc. Natl. Acad. Sci. USA 113, 12262–12267. 
doi: 10.1073/pnas.1608147113

Reusken, C., Messadi, L., Feyisa, A., Ularamu, H., Godeke, G., Danmarwa, A., 
et al. (2014). Geographic distribution of MERS coronavirus among dromedary 
camels, Africa. Emerg. Infect. Dis. 20, 1370–1374. doi: 10.3201/eid2008.140590

Saijo, M., Qing, T., Niikura, M., Maeda, A., Ikegami, T., Sakai, K., et  al. (2002). 
Immunofluorescence technique using HeLa cells expressing recombinant 
nucleoprotein for detection of immunoglobulin G antibodies to Crimean-
Congo hemorrhagic fever virus. J. Clin. Microbiol. 40, 372–375. doi: 10.1128/
JCM.40.2.372-375.2002

Shirato, K., Azumano, A., Nakao, T., Hagihara, D., Ishida, M., Tamai, K., et  al. 
(2015). Middle East respiratory syndrome coronavirus infection not found 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.2807/ese.17.49.20334-en
https://doi.org/10.2807/ese.17.49.20334-en
https://doi.org/10.3201/eid1905.130057
https://doi.org/10.3201/eid1905.130057
https://doi.org/10.1128/mBio.01062-13
https://doi.org/10.1128/mBio.01062-13
https://doi.org/10.2807/ese.17.39.20282-en
https://doi.org/10.2807/ese.17.39.20282-en
https://doi.org/10.1128/JVI.01244-13
https://doi.org/10.31254/jsir
https://doi.org/10.5252/az2014n2a01
https://doi.org/10.1016/j.jviromet.2017.10.008
https://doi.org/10.1128/JVI.00128-13
https://doi.org/10.1128/JVI.00128-13
https://doi.org/10.2807/1560-7917.ES.2015.20.37.30019
https://doi.org/10.1016/S1473-3099(13)70690-X
https://doi.org/10.1111/zph.12482
https://doi.org/10.3390/v4040557
https://doi.org/10.2807/1560-7917.ES2014.19.23.20828
https://doi.org/10.2807/1560-7917.ES2014.19.23.20828
https://doi.org/10.2807/1560-7917.ES2013.18.50.20659
https://doi.org/10.1128/JVI.01818-18
https://doi.org/10.1128/JVI.01933-08
https://doi.org/10.1128/JVI.00094-12
https://doi.org/10.1038/s41426-018-0193-z
https://doi.org/10.1038/s41426-018-0193-z
https://doi.org/10.1099/0022-1317-74-7-1421
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1126/science.341.6147.702
https://doi.org/10.1038/cr.2015.113
https://doi.org/10.1038/cr.2015.113
https://doi.org/10.3201/eid2206.160064
https://doi.org/10.1038/nature12328
https://doi.org/10.1128/JVI.00079-09
https://doi.org/10.1128/JVI.00683-18
https://doi.org/10.1073/pnas.0503203102
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30498
https://doi.org/10.1128/JVI.01277-13
https://doi.org/10.3201/eid2012.141026
https://doi.org/10.3201/eid2012.141026
https://doi.org/10.1016/S1473-3099(15)70090-3
https://doi.org/10.1073/pnas.1608147113
https://doi.org/10.3201/eid2008.140590
https://doi.org/10.1128/JCM.40.2.372-375.2002
https://doi.org/10.1128/JCM.40.2.372-375.2002


Shirato et al. Virological Difference of Ethiopian MERS-CoV

Frontiers in Microbiology | www.frontiersin.org 14 June 2019 | Volume 10 | Article 1326

in camels in Japan. Jpn. J. Infect. Dis. 68, 256–258. doi: 10.7883/yoken.
JJID.2015.094

Shirato, K., Chang, H. W., and Rottier, P. J. M. (2018a). Differential susceptibility 
of macrophages to serotype II feline coronaviruses correlates with differences 
in the viral spike protein. Virus Res. 255, 14–23. doi: 10.1016/j.virusres. 
2018.06.010

Shirato, K., Kanou, K., Kawase, M., and Matsuyama, S. (2017). Clinical isolates 
of human coronavirus 229E bypass the endosome for cell entry. J. Virol. 
91, pii: e01387-16. doi: 10.1128/JVI.01387-16

Shirato, K., Kawase, M., and Matsuyama, S. (2013). Middle East respiratory 
syndrome coronavirus infection mediated by the transmembrane serine 
protease TMPRSS2. J. Virol. 87, 12552–12561. doi: 10.1128/JVI.01890-13

Shirato, K., Semba, S., El-Kafrawy, S. A., Hassan, A. M., Tolah, A. M., Takayama, I., 
et al. (2018b). Development of fluorescent reverse transcription loop-mediated 
isothermal amplification (RT-LAMP) using quenching probes for the detection 
of the Middle East respiratory syndrome coronavirus. J. Virol. Methods 258, 
41–48. doi: 10.1016/j.jviromet.2018.05.006

Shirogane, Y., Takeda, M., Iwasaki, M., Ishiguro, N., Takeuchi, H., Nakatsu, Y., 
et  al. (2008). Efficient multiplication of human metapneumovirus in Vero 
cells expressing the transmembrane serine protease TMPRSS2. J. Virol. 82, 
8942–8946. doi: 10.1128/JVI.00676-08

Spaan, W., Cavanagh, D., and Horzinek, M. C. (1988). Coronaviruses: structure 
and genome expression. J. Gen. Virol. 69, 2939–2952. doi: 10.1099/0022- 
1317-69-12-2939

Student (1908). The probable error of a mean. Biometrika 6, 1–25. doi: 10.1093/
biomet/6.1.1

Sturman, L. S., Ricard, C. S., and Holmes, K. V. (1985). Proteolytic cleavage 
of the E2 glycoprotein of murine coronavirus: activation of cell-fusing activity 
of virions by trypsin and separation of two different 90K cleavage fragments. 
J. Virol. 56, 904–911.

Takase-Yoden, S., Kikuchi, T., Siddell, S. G., and Taguchi, F. (1991). Localization 
of major neutralizing epitopes on the S1 polypeptide of the murine coronavirus 
peplomer glycoprotein. Virus Res. 18, 99–107. doi: 10.1016/0168-1702(91) 
90011-J

Terada, Y., Kawachi, K., Matsuura, Y., and Kamitani, W. (2017). MERS coronavirus 
nsp1 participates in an efficient propagation through a specific interaction 
with viral RNA. Virology 511, 95–105. doi: 10.1016/j.virol.2017.08.026

Wang, L., Shi, W., Chappell, J. D., Joyce, M. G., Zhang, Y., Kanekiyo, M., et  al. 
(2018). Importance of neutralizing monoclonal antibodies targeting multiple 
antigenic sites on MERS-CoV spike to avoid neutralization escape. J. Virol. 
92, pii: 202002-17. doi: 10.1128/JVI.02002-17

Wang, N., Shi, X., Jiang, L., Zhang, S., Wang, D., Tong, P., et  al. (2013). 
Structure of MERS-CoV spike receptor-binding domain complexed with 
human receptor DPP4. Cell Res. 23, 986–993. doi: 10.1038/cr.2013.92

Welch, B. L. (1947). The generalisation of student’s problems when several 
different population variances are involved. Biometrika 34, 28–35. doi: 10.1093/
biomet/34.1-2.28

Wernery, U., Corman, V. M., Wong, E. Y., Tsang, A. K., Muth, D., Lau, S. K., 
et  al. (2015). Acute Middle East respiratory syndrome coronavirus infection 
in livestock dromedaries, Dubai, 2014. Emerg. Infect. Dis. 21, 1019–1022. 
doi: 10.3201/eid2106.150038

Yu, X., Zhang, S., Jiang, L., Cui, Y., Li, D., Wang, D., et  al. (2015). Structural 
basis for the neutralization of MERS-CoV by a human monoclonal antibody 
MERS-27. Sci. Rep. 5:13133. doi: 10.1038/srep13133

Zaki, A. M., Van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D., and 
Fouchier, R. A. (2012). Isolation of a novel coronavirus from a man with 
pneumonia in Saudi Arabia. N. Engl. J. Med. 367, 1814–1820. doi: 10.1056/
NEJMoa1211721

Zhang, S., Zhou, P., Wang, P., Li, Y., Jiang, L., Jia, W., et  al. (2018). Structural 
definition of a unique neutralization epitope on the receptor-binding domain 
of MERS-CoV spike glycoprotein. Cell Rep. 24, 441–452. doi: 10.1016/j.
celrep.2018.06.041

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Shirato, Melaku, Kawachi, Nao, Iwata-Yoshikawa, Kawase, Kamitani, 
Matsuyama, Tessema and Sentsui. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and 
the copyright owner(s) are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.7883/yoken.JJID.2015.094
https://doi.org/10.7883/yoken.JJID.2015.094
https://doi.org/10.1016/j.virusres.2018.06.010
https://doi.org/10.1016/j.virusres.2018.06.010
https://doi.org/10.1128/JVI.01387-16
https://doi.org/10.1128/JVI.01890-13
https://doi.org/10.1016/j.jviromet.2018.05.006
https://doi.org/10.1128/JVI.00676-08
https://doi.org/10.1099/0022-1317-69-12-2939
https://doi.org/10.1099/0022-1317-69-12-2939
https://doi.org/10.1093/biomet/6.1.1
https://doi.org/10.1093/biomet/6.1.1
https://doi.org/10.1016/0168-1702(91)90011-J
https://doi.org/10.1016/0168-1702(91)90011-J
https://doi.org/10.1016/j.virol.2017.08.026
https://doi.org/10.1128/JVI.02002-17
https://doi.org/10.1038/cr.2013.92
https://doi.org/10.1093/biomet/34.1-2.28
https://doi.org/10.1093/biomet/34.1-2.28
https://doi.org/10.3201/eid2106.150038
https://doi.org/10.1038/srep13133
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1056/NEJMoa1211721
https://doi.org/10.1016/j.celrep.2018.06.041
https://doi.org/10.1016/j.celrep.2018.06.041
http://creativecommons.org/licenses/by/4.0/

	Middle East Respiratory Syndrome Coronavirus in Dromedaries in Ethiopia Is Antigenically Different From the Middle East Isolate EMC
	Introduction
	Materials and Methods
	Cells and Virus
	Specimen Collection in Ethiopia
	Detection of Middle East Respiratory Syndrome Coronavirus RNA
	Sequencing Analysis
	Generation of Recombinant Middle East Respiratory Syndrome Coronavirus
	Infectivity Assays
	Neutralization Assays
	Statistical Analysis

	Results
	Middle East Respiratory Syndrome Coronavirus Prevalence in Afar, Ethiopia
	Sequence Analysis of Ethiopian Middle East Respiratory Syndrome Coronavirus
	Infectivity of Middle East Respiratory Syndrome Coronavirus Recombinants Expressing the Amibara S Protein
	Neutralization of Recombinant Middle East Respiratory Syndrome Coronavirus Expressing the Amibara S Protein

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions

	References

