
International Journal of Infectious Diseases 131 (2023) 87–94 

Contents lists available at ScienceDirect 

International Journal of Infectious Diseases 

journal homepage: www.elsevier.com/locate/ijid 

Middle East respiratory syndrome coronavirus—a 10-year (2012-2022) 

global analysis of human and camel infections, genomic sequences, 

lineages, and geographical origins 

Esam I. Azhar 1 , # , ∗, Thirumalaisamy P. Velavan 

2 , # , Ikrormi Rungsung 

2 , Tieble Traore 

3 , 
David S. Hui 4 , Brian McCloskey 

5 , Sherif A. El-Kafrawy 

1 , # , Alimuddin Zumla 

6 , 7 , # 

1 Special Infectious Agents Unit Biosafety Level-3, King Fahd Medical Research Center and Department of Medical Laboratory Sciences, Faculty of Applied 

Medical Sciences, King Abdulaziz University, Jeddah, Saudi Arabia 
2 Institute of Tropical Medicine, University of Tübingen, Tübingen, Germany; Vietnamese-German Center for Medical Research, Hanoi, Vietnam 

3 Emergency Preparedness and Response Program, World Health Organization Regional Office for Africa, Dakar Hub, Senegal 
4 Department of Medicine and Therapeutics, Stanley Ho Centre for Emerging Infectious Diseases, The Chinese University of Hong Kong, Hong Kong, China 
5 Global Health Program, Chatham House, Royal Institute of International Affairs, London, United Kingdom 

6 Division of Infection and Immunity, Centre for Clinical Microbiology, University College London, London, United Kingdom 

7 National Institute for Health and Care Research Biomedical Research Centre, University College London Hospitals National Health Service Foundation Trust, 

London, United Kingdom 

a r t i c l e i n f o 

Article history: 

Received 6 March 2023 

Revised 19 March 2023 

Accepted 22 March 2023 

Keywords: 

MERS-CoV 

Genetic diversity 

S-gene 

Phylogenetic analysis 

Zoonotic reservoir 

MERS 

a b s t r a c t 

Objectives: The World Health Organization priority zoonotic pathogen Middle East respiratory syndrome 

(MERS) coronavirus (CoV) has a high case fatality rate in humans and circulates in camels worldwide. 

Methods: We performed a global analysis of human and camel MERS-CoV infections, epidemiology, ge- 

nomic sequences, clades, lineages, and geographical origins for the period January 1, 2012 to August 3, 

2022. MERS-CoV Surface gene sequences (4061 bp) were extracted from GenBank, and a phylogenetic 

maximum likelihood tree was constructed. 

Results: As of August 2022, 2591 human MERS cases from 26 countries were reported to the World 

Health Organization (Saudi Arabia, 2184 cases, including 813 deaths [case fatality rate: 37.2%]) Although 

declining in numbers, MERS cases continue to be reported from the Middle East. A total of 728 MERS-CoV 

genomes were identified (the largest numbers were from Saudi Arabia [222: human = 146, camels = 76] 

and the United Arab Emirates [176: human = 21, camels = 155]). A total of 501 ‘S’-gene sequences were 

used for phylogenetic tree construction (camels [n = 264], humans [n = 226], bats [n = 8], other [n = 3]). 

Three MERS-CoV clades were identified: clade B, which is the largest, followed by clade A and clade C. 

Of the 462 clade B lineages, lineage 5 was predominant (n = 177). 

Conclusion: MERS-CoV remains a threat to global health security. MERS-CoV variants continue circulating 

in humans and camels. The recombination rates indicate co-infections with different MERS-CoV lineages. 

Proactive surveillance of MERS-CoV infections and variants of concern in camels and humans worldwide, 

and development of a MERS vaccine, are essential for epidemic preparedness. 

© 2023 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Three novel coronaviruses (CoVs) have emerged over the past 

wo decades, causing lethal diseases in humans: SARS-CoV-1 [1 , 2] , 
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iddle East respiratory syndrome coronavirus (MERS-CoV) [3–7] , 

nd more recently, SARS-CoV-2 [8 , 9] . In 2002, SARS-CoV-1 jumped 

pecies from civet cats to humans and rapidly spread by human-to- 

uman transmission across continents, causing 8098 cases and 774 

eaths (9.6% case fatality rate [CFR]) [1 , 2] . It disappeared within 18

onths, and no human cases of SARS-CoV-1 infection have been 

ecorded since January 2004 [1] . 

SARS-CoV-2 was first reported in December 2019 from Wuhan, 

ubei province in China [8 , 9] and subsequently spread worldwide, 
us Diseases. This is an open access article under the CC BY-NC-ND license 
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ausing the unprecedented pandemic of COVID-19, with a CFR of 

.1% [9] . The emergence of genetic variants of concern (VOCs) in 

ARS-CoV-2 has generated serious dialogue regarding the evolution 

f new genotypes, transmissibility, and response to vaccines [9] . 

MERS-CoV was first detected in the clinical samples of a patient 

ith pneumonia who died in a Jeddah hospital in Saudi Arabia 

n 2012 [3] . Since then, over 2500 cases of laboratory-confirmed 

ERS cases have been reported from 27 countries, with a high CFR 

f up to 35% [4–6] . MERS-CoV has been identified in dromedary 

amels in the Middle East, Africa, and South Asia [4 , 5] . Exposure

o dromedaries is recognized as a risk factor for primary human 

ERS cases [4–7] . 

The recombination in CoVs is of great evolutionary importance 

ince it is associated with expansion in host range, transmissibil- 

ty, global spread changes in pathogenicity and host response [10] . 

lthough MERS-CoV is associated with a high mortality rate and 

t remains on the World Health Organization (WHO) blueprint list 

f priority pathogens, the scientific and political attention on it 

as been eclipsed by the unprecedented SARS-CoV-2 (COVID-19) 

andemic. As with SARS-COV-2 [9] , new MERS-CoV lineages and 

ariants with more or less efficient transmission capabilities may 

merge over time. The large, unexpected MERS-CoV outbreak in 

outh Korea in 2015 highlighted the epidemic potential of MERS- 

oV [10–13] . 

MERS-CoV continues to circulate in camels and humans, re- 

aining a threat to global health security [ 4–6 , 14–24 ]. The infor-

ation on the evolution of MERS-CoV lineages, clades and new 

ariants in humans and animals remains scanty and major knowl- 

dge gaps remain. Thus, similar to the collective global efforts 

t genomic sequencing and surveillance of SARS-CoV-2 variants 

9] , increasing surveillance, genomic sequencing, and monitoring 

f MERS-CoV circulation in camels and humans are equally impor- 

ant. We performed a 10-year (2012-2022) analysis of MERS-CoV 

nfections, epidemiology, sequences, lineages, clades, animal host, 

nd geographical origins. 

ethods 

We searched the WHO, WHO Regional Office for the Eastern 

editerranean, United Nations Food and Agriculture Organization, 

nited States Centers for Disease Control and Prevention, Pub- 

ic Health England (United Kingdom), World Organization for An- 

mal Health, European Centre for Disease Prevention and Control, 

he Saudi Ministry of Health MERS portal, Program for Monitor- 

ng Emerging Diseases, and the National Center for Biotechnology 

nformation (NCBI) database websites for English language publica- 

ions related to MERS-CoV for the period of January 1, 2011 to Au- 

ust 3, 2022. We used the search terms “Middle East Respiratory 

yndrome” OR “MERS-CoV” in combination with the terms “Coro- 

avirus”, OR “Genomes” OR “Sequences”, OR “Epidemiology”, OR 

Aetiology”, OR “Dromedaries”, OR “Camels”, OR “Bats”, OR “Trans- 

ission”, OR “Virology” OR “Diagnosis” OR “Nosocomial” OR “Hos- 

ital”. 

We extracted the MERS-CoV genomic sequences deposited in 

he NCBI database across the world. The NCBI accession number, 

escription of the genome, country and animal host origin, and 

ate of collection and entry were noted. The sequences were stored 

s FASTA files in .txt format on normal Windows personal com- 

uter. The sequences of 501 of 728 ‘S’-gene sequences (4061 bp) 

ere extracted. The ‘S’-gene has two subunits, S1 and S2. The S1 

ubunit consists of an N-terminal domain (NTD) and a C-terminal 

omain (CTD), which is a receptor-binding domain responsible for 

inding the host receptor dipeptidyl peptidase 4 [16] . In addition 

o loop, fusion peptide, transmembrane I, and cytoplasmic (CP) do- 

ain, the S2 subunit consists mainly of two conserved domains, 
88 
eptad repeat 1 and heptad repeat 2 (HR2), which mediate the en- 

ry of MERS-CoV into the host cells. 

Extracted ‘S’-gene sequences (Supplementary Table 1) were 

ligned with the Multiple Sequence Alignment Tool, using the 

USCLE program Molecular Evolutionary Genetics Analysis X 

MEGAx, Ver.11.0, Pennsylvania State University, PA, USA). The best 

ucleotide substitution model was determined using general time 

eversible model general time reversible + G + I. The phylogenetic 

aximum likelihood tree was reconstructed using the phylogenetic 

stimation using maximum likelihood (PhyML Ver 3.0, Montpellier, 

rance) for 10 0 0 bootstrap pseudoreplicates with a discreet gamma 

istribution rate of five parameters. The rooted tree was annotated 

ith the Tree of Life tool (iTOL Ver 6.6, European Molecular Biol- 

gy Laboratory, Heidelberg, Germany). 

esults 

ERS cases 

Since April 2012 up to August 3, 2022, a total of 2591 

aboratory-confirmed human MERS cases were reported to the 

HO. The majority of the cases were from Saudi Arabia, with 2184 

ases and 813 related deaths (CFR: 37.2%) ( Figure 1 ). 

ERS-CoV ‘S’-gene sequences 

The sequences we extracted from GenBank were deposited from 

audi Arabia (222, human = 146, camels = 76), the United Arab 

mirates (UAE) (176, human = 21, camels = 155), Jordan (n = 38), 

outh Korea (n = 22), Nigeria (n = 9), Qatar (n = 5), Ethiopia 

n = 4), Egypt (n = 3), Burkina Faso (n = 3), Oman (n = 2),

nd Morocco (n = 1). The sample origin was either from humans 

n = 226) or dromedary camels (n = 264). They belonged to clades 

 (nine sequences), B (460 sequences), or C (five sequences), and 

6 sequences were of an unclassified clade. Clade C entirely in- 

luded the sequences from dromedary camels, whereas clade A in- 

luded sequences from humans (n = 7) and camels (n = 2), clade 

 included sequences from humans (n = 219) and camels (n = 241), 

nd the unclassified clade included entirely dromedary sequences 

 Figure 2 , Figure 3 , Table 1 ). 

The clade distribution over the years showed that in 2012, only 

lade A (100%) was identified, then clade A (10%) declined in 2013, 

nd the other clade B (80%) and an unclassified clade (10%) started 

o emerge. Clade B dominated in the years 2014 (98.7%), 2015 

97.4%), 2016 (86%), 2017 (95.3%), 2018 (93.3%), and 2019 (83.3%). 

mong 462 clade B lineages, lineage 5 (n = 177, 38.3%) was pre- 

ominant, followed by lineage 4 (n = 65, 14.1%), lineage 7 (n = 53, 

1.5%), lineage 2 (n = 51, 11.03%), lineage 3 (n = 28, 6.1%), and 

ineage 6 (n = 7, 1.5%), whereas 81 (17.5%) were unclassifiable. Lin- 

age 1 was not identified ( Figure 3 ). 

utations in MERS-CoV S1-NTD and CTD 

Three distinct mutations in the S1-NTD Val30Phe (n = 26, 

9.2%), Ser32Pro (n = 44, 49.4%), Thr105Ile (n = 19, 21.3%) were 

bserved only in the camel population. The mutation Ser143Ala 

n = 12) is specific for humans ( Table 1 ; Supplementary Table 

; Figure 4 a). Of those observed in camels, NTD Val30Phe and 

er32Pro are characteristic of clade B (lineages 2,4,6,7) and were 

ocumented only in UAE 2014-2015, whereas Thr105Ile is charac- 

eristic of clade B (lineage 5) and were only detected in Jordan 

n 2016. Another nonsynonymous mutation in the NTD Val30Ala 

n = 5) is characteristic of clade C, which has been observed in 

amels from Egypt and Ethiopia. The Ser143Ala observed only in 

umans are distinct for clade B (Lineage 4) and were documented 

nly in Saudi Arabia in 2017. 
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Figure 1. Middle East respiratory syndrome cases reported to the World Health Organization. 

Epi, epidemiology. 

Figure 2. Distribution of different lineages and clades from sequences analyzed for the S-gene. 
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Three distinct mutations in the S1-CTD Ser485Thr (n = 53) 

s predominantly found in camels, Phe499Ser (n = 22) is pre- 

ominantly found in humans, and Ile568Thr (n = 17) is found 

n humans and camels ( Table 1 ; Figure 4 b). Ser485Thr ob- 

erved in camels is characteristic of clade B (lineages 4, 7) 

nd was documented only in UAE 2015. Phe499Ser is charac- 

eristic of clade B (lineages 4, 5) was observed only in Saudi 

rabia (2015-2017). The Ile568Thr is characteristic of clade B 

n humans (lineages 4, 5) and clade A in camels (2017). The 

le568Thr was documented in humans in South Korea (2015) and 

ater in Saudi Arabia in humans and camels (2017) ( Table 1 , 

igure 4 b). 
89 
The mutations Ser143Ala, Phe499Ser, Leu795Phe, and 

ln883Arg were only identified in MERS-CoV from humans 

mainly from Saudi Arabia). Ile568Thr was identified in both 

ERS-CoV from humans Korea (n = 16) and Saudi Arabia (n = 1) 

nd in MERS-CoV from camels Saudi Arabia (n = 1). The rest of 

he mutations were detected only in MERS-CoV from dromedary 

amels. 

A study from Kenya [17] showed a homogeneous pool 

f unique mutations, namely Ap177Tyr, Ser32Pro, His215Tyr, 

er416Phe, Leu476Phe, Pro673Arg, Gln1070Arg, and Ala1218Ser that 

ere only identified in Kenya and one sequence from Ethiopia. 

hey were lacking the other dromedary-specific mutations from 
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Figure 3. Reconstructed maximum likelihood phylogenetic tree from Middle East respiratory syndrome CoV S-gene sequences using PhyML 3.3 with GTR + G + I nucleotide 

substitution model. 

Table 1 

Middle East respiratory syndrome CoV variants by year of reporting, country, host, clade, and lineage. 

Function Region Mutation Host Clade Lineage Country Year Country Region Mutation Host Year 

S1 NTD Val30Ala Camels C - Egypt 2014 Kenya NTD Val30Ala Camels 2019 

Ethiopia 2017-2019 Ap177Tyr Camels 2019 

Val30Phe Camels B 2,4,6,7 UAE 2014 Ser32Pro Camels 2019 

Ser32Pro Camels B 2,4,6,7 UAE 2014-2015 His215Tyr Camels 2019 

Thr105Ile Camels B 5 Jordan 2016 

Ser143Ala Humans B 4 Saudi Arabia 2017 

CTD/RBD Ser485Thr Camels B 4.7 UAE 2015 CTD/RBD Ser416Phe Camels 2019 

Phe499Ser Humans B 4 Saudi Arabia 2015-2017 Leu476Phe Camels 2019 

Ile568Thr Camels A - Saudi Arabia 2017 Pro673Arg Camels 2019 

Humans B 4 Saudi Arabia 2017 

Humans B 5 South Korea 2015 

S2 Loop Pro758Ser Camels B 5,6,7 UAE 2014-2015 Loop Ala1218Ser Camels 2019 

Leu795Phe Humans B 4 Saudi Arabia 2017-2018 

Gln883Arg Humans B 4 Saudi Arabia 2014- 

2015 UAE 

USA 

Jordan 

HR2 Gly1276Ser Camels B 3.4 Saudi Arabia 2014-2015 HR1 Gln1070Arg Camels 2019 

Cytoplasmic Cys1387Phe Camels B 5 Saudi Arabia 2014-2015 

CTD, C-terminal domain; HR, heptad repeat; NTD, N-terminal domain; RBD, receptor-binding domain. 
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he Arabian Peninsula, namely Val30Phe, Ser32Pro, Thr105Ile, 

er143Ala, Ser485Thr, Phe499Ser, Ile568Thr, Pro758Ser, Leu795Phe, 

ln883Arg, Gly1276Ser, and Cys1387Phe nor the human mutations 

dentified elsewhere. 

utations in the S2-loop and -heptad repeat 2 

Five variants known so far in the S2 subunit ( Figure 4 c, d) are

ro758Ser (n = 50), Leu795Phe (n = 20), Gln883Arg (n = 14), 

ly1276Ser (n = 23), and Cys1387Phe (n = 18), and all these 

ariants belong to clade B. Pro758Ser, Leu795Phe, and Gln883Arg 
90
elong to the S2 loop, whereas Gly1276Ser and Cys1387Phe be- 

ong to the S2-HR2 and CP regions, respectively. Pro758Ser is only 

bserved in camels (lineages 5, 6, and 7) and is representative 

f the UAE cluster (2014-2015), whereas the Leu795Phe observed 

n humans (lineage 4) is representative of the Saudi Arabia clus- 

er (2017-2018). The Gln883Arg is observed in humans (lineage 4) 

nd the sequence variants are representative of Saudi Arabia, the 

AE, the United States, and Jordan (2014-2015). The S2-HR2 vari- 

nt Gly1276Ser is observed in camels (lineages 3, 4) in Saudi Arabia 

2014-2015). The S2-CP variant Cys1387Phe is distinctive in camels 

lineage 5) in Saudi Arabia (2014-2015). 
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Figure 4. Amino acids alignment view of (a) the S1-NTD region, (b) the S1-CTD region, (c) the S2-loop region and (d) the S2-HR2-CP region of the S-gene showing the 

amino acid substitutions. 

CP, cytoplasmic; CTD, C-terminal domain; HR, heptad repeat; NTD, N-terminal domain. 
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ERS-CoV Amino acids substitutions in camels in Kenya 

The Val30Ala in the S1-NTD region is the only variant similar 

o the clade A camels of Egypt and Ethiopia. There are eight addi- 

ional variants unique to the camels documented in Kenya in 2019: 

wo variants in the S1-NTD (Asp177Tyr, His215Tyr), four from the 

1 CTD region (Ser416Phe, Leu476Phe, Ala649Val, Pro673Arg), one 

rom the S2 HR2 (Cln1070Arg), and r one from the loop region 

Ala1218Se). 

iscussion 

The past 3 years of the COVID-19 pandemic have distracted 

lobal scientific and political attention from other infectious 

athogens with epidemic potential. MERS-CoV remains on the 

HO blueprint priority pathogens list for research and develop- 

ent [5 , 6] , although no effective human or camel MERS vaccines 

ave yet been developed. Whilst there have been a plethora of ge- 

omic studies on SARS-CoV-2 [8 , 9 , 25] , there have been compar-

tively few reports of MERS-CoV genomic analyses from humans 

nd camels ever since the first discovery of MERS-CoV in 2012 

s a lethal human zoonosis [3 , 5–7 , 12–24 , 26–28 ]. The emergence

ver time of several SARS-CoV-2 VOCs [9] with increased trans- 

issibility have emphasized the importance of continued real-time 
91 
urveillance and genomic analyses to detect the VOCs associated 

ith epidemic potential. This will also allow effect of new domi- 

ant VOCs on effectiveness of COVID-19 vaccine effectiveness over 

ime. We discuss findings and implications from our 10-year global 

nalysis of human and camel MERS-CoV infections, epidemiology, 

enomic sequences, clades, lineages, and geographical origins for 

he period January 1, 2012 to August 3, 2022. 

ERS-CoV epidemiology 

MERS-CoV was first reported in Saudi Arabia in April 2012 [3 , 4] .

s of February 1, 2023, a total of 2604 laboratory-confirmed cases 

f MERS have been reported worldwide in 27 countries, with 936 

ssociated deaths (CFR of 35%) [5] . This represents 13 additional 

uman MERS cases since August 3, 2022, the end of our study pe- 

iod. The majority of human MERS cases have been reported from 

he Middle East, particularly Saudi Arabia, reporting 2184 cases and 

13 related deaths (CFR: 37.2%). In Europe, eight countries have 

eported confirmed MERS cases, all with direct or indirect con- 

ections to the Middle East [5 , 6 , 13 , 26] . The epidemic potential of

ERS-CoV was illustrated by the largest outbreak outside the Ara- 

ian Peninsula, which occurred in South Korea in May 2015, aris- 

ng from a returning traveler, resulting in 186 cases, including 38 

eaths [11 , 12] . A total of 83% of transmission events were due to
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ve superspreaders, and 44% of the 186 MERS cases were the pa- 

ients who had been exposed to nosocomial transmission at 16 

ospitals [11–13] . The South Korean government had quarantined 

6,993 individuals for 14 days to control the outbreak. 

Although there were numerous clinical reports on human MERS 

ases and human-to-human transmission before 2015 [ 4–13 , 26] , 

eports of new MERS cases to the WHO appear to be declining. 

igure 1 shows the number of cases of laboratory-confirmed hu- 

an MERS reported from April 2012 to August 2022. This may be 

ue to the result of enhanced surveillance, heightened public, and 

amel owner awareness of MERS-CoV; strengthened capacities to 

etect cases early and contain hospital outbreaks; improved in- 

ection prevention and control measures (re-enforced during the 

OVID-19 pandemic); reducing human-to-human and camel-to- 

uman transmission; more comprehensive investigations of cases 

t the time of detection; and effective communication about MERS 

o camel owners and public. Despite the reducing numbers of 

ases, it is important to note that human MERS cases continue 

o be reported sporadically, a decade after its first discovery as a 

ew lethal human pathogen. Between January 1, 2022 and August 

, 2022, three MERS-CoV cases from Qatar, including one death, 

nd one from Oman have been reported to the WHO [5 , 6] . All four

ases were primary cases, having reported contact with camels. 

ERS-CoV also continues to circulate in camels in the Arabian 

eninsula and Africa [20–24] . 

ERS-CoV in camels 

Epidemiological and virological studies indicate that dromedary 

amels are the most likely source of human MERS-CoV infections 

5 , 7 , 19 , 21 , 24] . The ancestral origin of MERS-CoV remains to be de-

ned. In an analysis of different virus genomes, it is believed that 

ERS-CoV may have originated in bats and later transmitted to 

amels at some point over the centuries. However, the length of 

ime MERS-CoV has been enzootic in dromedaries remains to be 

etermined. MERS-CoV is sporadically transmitted from camels to 

umans. MERS-CoV has been identified in dromedary camels in 

everal countries in the Middle East, Africa, and South Asia. The 

xact source and mechanism of primary MERS-CoV transmission to 

umans remain unknown. Dromedaries harbor several MERS-CoV 

ineages, which may serve as a reservoir [14] from which humans 

poradically become infected through spillover zoonotic transmis- 

ion [5 , 6 , 26] . The secondary and tertiary human-to-human trans- 

ission of MERS-CoV is well established, particularly during out- 

reaks within health care and household settings [5 , 11–13 ]. 

ERS-CoV genomic diversity 

Genome analysis is useful for understanding the recombinant 

vents during outbreaks caused by one or more viral lineages. 

ome of these recombination events could lead to new viral lin- 

ages that have fitness advantages in terms of transmission pat- 

erns, replicative fitness, and infectivity. Epidemiological fitness is 

he ability of a virus to sustain itself in the environment, be it 

 serotype, a clade, a lineage, or a variant. We were able to ex- 

ract 501 Surface gene (S-gene) sequences (around 4061 bp) from 

28 deposited MERS-CoV sequences. The analyses of the MERS- 

oV sequences by us and others have identified three major MERS- 

oV clades: clades A, B, and C [14 , 15 , 17–24 ]. The MERS-CoVs from

he Arabian Peninsula are classified as either clade A or clade B, 

hereas all MERS-CoVs from African dromedary camels are clas- 

ified as clade C viruses. In the Arabian Peninsula, there are six 

hylogenetic lineages of clade B strains circulating in both humans 

nd dromedary camels. Lineage 5, also termed novel recombinant 

lade novel recombinant clade for the novel recombinant due to 

he presumed recombination between lineage 3 and 4, resulted in 
92 
he formation of a circulating recombinant lineage clade during or 

efore the year 2014 in dromedary camels. Since 2015, lineage 5 

eems to have replaced all other MERS-CoV strains detected before 

015. Although MERS-CoV exhibits genomic diversity depending on 

he geographical region, all known MERS-CoVs are > 99% identical 

t the nucleotide level [22] . Lineages are temporal relationships be- 

ween ancestors and descendants, whereas clades are mono-, poly- 

 or para-phyletic groups of representatives of lineages that exist at 

 given time. Camels harbor several lineages, which likely serve as 

eservoirs and intermediate hosts for the transmission of the virus 

o humans [21–24] . 

ERS-CoV co-infections and recombination events 

With respect to MERS-CoV genomic architecture, the frequently 

bserved break points occur at the junction between the ORF1b/S- 

ene. As observed in the SARS-CoV-2 genomes, in MERS-CoV, the 

ubstitutions in the S-gene were the major drivers of the fitness 

dvantage [24] . Recombination events occur in the evolution and 

ransmission of CoVs, including MERS-CoV, so positive selection 

ites in the spike protein of MERS-CoV in camels may have en- 

bled spillover infection of humans [10 , 17 , 20] . For instance, MERS- 

oV lineage 5 is reported to have evolved as a result of the recom- 

ination of lineages 3 and 4, with the genomic regions (ORF1ab 

nd S-gene) originating from lineage 4 and the rest of the genome 

equence representing lineage 3 [23] . The recombination rates in 

he MERS-CoV genome indicate a large number of MERS-CoV co- 

nfections in some hosts. The S-gene appears to have had a strong 

ositive selection when MERS-CoV was transmitted from its natu- 

al host (camels) to humans because six of the nine positive selec- 

ion sites discovered in the spike protein are in its receptor-binding 

omain (Ser485Thr, Ser416Phe, Leu476Phe, Phe499Ser, Ile568Thr, 

er416Phe, Leu476Phe, Pro673Arg), that is in direct contact with 

ost cells [25] . 

ERS-CoV Clades and lineages 

Of three polyphyletic MERS-CoV clades, clades A and C are 

xtinct and are now considered noncirculating strains [17 , 22 , 26] . 

lade B has evolved further, with multiple viral lineages found in 

umans and dromedary camels. In 2016, clade B was described 

ith five lineages [23] and in 2017, with seven lineages [22] . Lin- 

age 1 was described in 2013 in Saudi Arabian and Qatari patients 

27] . Lineage 2 represents the cluster of cases reported during the 

014 outbreak in the UAE [27] , whereas lineage 3 has been found 

oth in humans and camels throughout the Middle East, switching 

ack and forth [27] . Similarly, lineage 4 represents a case cluster 

rom the Hajj pilgrimage (the outbreak in Jeddah) in spring 2014 

nd was subsequently observed in Riyadh, Al-Kharj, and Madinah 

19] . Interestingly, MERS-CoV lineage 5 evolved as a result of re- 

ombination of lineages 3 and 4 and was the source of major out- 

reaks in 2016 not only in Saudi Arabia but also to a greater ex- 

ent in South Korea [23] . Lineage 5 was described to have higher 

eplicative fitness and be more resistant to interferon pretreatment 

han others [28] . Lineage 6 is described as unique to the camel 

opulations and has not yet been described in humans [22] . Lin- 

age 7 has also been described mainly in dromedary camels; how- 

ver, in 2015, a patient was reported from Germany who carried 

ineage 7 and had acquired the disease in the UAE [22] . 

In-depth genomic analyses of MERS-CoV over time is necessary 

or understanding MERS-CoV evolution and spread in dromedaries 

nd the adaptation, evolution, and spread during the spillover into 

umans with associated outbreaks. MERS-CoV has been shown to 

e closely related to the bat beta CoVs HKU4 and HKU5 [10] . Ge-

omic studies of MERS-CoV from dromedary camels have been re- 

tricted in geographical coverage, and most reports are from the 
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[  
rabian Peninsula or Africa [5 , 10 , 14 , 15 , 17–19 , 21 , 22 , 29] . The phy-

ogeographical analyses suggest that the current distribution of 

ERS-CoV clades in camels is not predominantly shaped by the 

ransregional exchange. It appears that despite the steady import 

f camels from Africa infected with MERS-CoV clade C viruses, the 

frican lineages do not appear to have established themselves in 

audi Arabian camels. An analysis of 238 MERS-CoV full genomes 

rom dromedary camel MERS-CoV isolates from within Saudi Ara- 

ia and those from camels imported from Africa [15 , 20 , 21 , 26]

howed that the Saudi Arabian MERS-CoV strains were phylogenet- 

cally distant from the African MERS-CoV clades. Thus, the Saudi 

rabian camel MERS-CoV strains appear to maintain endemic sta- 

us without the introduction of additional lineages. Introducing the 

ERS-CoV clade B strains to Africa through infected camels must 

e avoided because these strains might outcompete the African 

ERS-CoV clade C strains and pose a greater zoonotic and pan- 

emic threat in Africa. 

The MERS-CoV recombination rates indicate co-infections with 

ifferent MERS-CoV lineages and adaptive potential in camels. 

ajor knowledge gaps [30] exist on MERS-CoV epidemiology, 

revalence, transmission dynamics, exact source, and mode(s) 

f transmission. More comprehensive controlled serological and 

enotypic cohort, cross-sectional, and follow-up studies of MERS- 

oV in camels and exposed human populations may provide clues 

s to whether MERS-CoV subclinical or asymptomatic infections 

re ongoing locally or in other geographical regions. Future studies 

o understand the transmission dynamics, genomic evolution, 

nd disease causation in humans will require global collaborative 

fforts to enable geographically wider and larger sampling studies. 

s with SARS-CoV [25] , proactive, continuous surveillance and ge- 

omic analyses of MERS-CoV infections, including VOCs in camels 

nd humans in geographically diverse regions, remain important 

o identify any changes in endemic and epidemic transmission 

otential. 

Our study focused on the S region of the viral genome. Other 

enomic regions need to be investigated. ORF 4 is reported to have 

everal deletion patterns in dromedaries from Africa. These are 

ot found in dromedaries from the Arabian Peninsula. The role of 

hese deletions on transmissibility needs to be further investigated 

o explain the lack of outbreaks in humans in Africa, despite the 

idespread presence of MERS-CoV in dromedary camels. 

onclusion 

MERS-CoV remains a threat to global health security. Although 

he numbers of human MERS cases have declined over the past 

 years, new MERS-CoV variants continue to circulate in camels 

nd humans. The recombination rates indicate co-infections with 

ifferent MERS-CoV lineages and adaptive potential in camels. 

roactive surveillance of MERS-CoV infections and VOCs in camels 

nd humans worldwide, and development of a human MERS vac- 

ine is essential for epidemic preparedness. MERS-CoV remains 

 WHO priority pathogen and further research and investments 

re required to understand the MERS-CoV evolution and circula- 

ion in dromedary camels and limit spillover infections to humans. 

eightened vigilance and surveillance should be in place in lieu of 

he huge camel MERS-CoV reservoir. 
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