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Abstract

Background: The ongoing transmission of the Middle East respiratory syndrome coronavirus (MERS-CoV) in the Mid-
dle East and its expansion to other regions are raising concerns of a potential pandemic. An in-depth analysis about
both population and molecular epidemiology of this pathogen is needed.

Methods: MERS cases reported globally as of June 2020 were collected mainly from World Health Organization
official reports, supplemented by other reliable sources. Determinants for case fatality and spatial diffusion of MERS
were assessed with Logistic regressions and Cox proportional hazard models, respectively. Phylogenetic and phylo-
geographic analyses were performed to examine the evolution and migration history of MERS-CoV.

Results: A total of 2562 confirmed MERS cases with 150 case clusters were reported with a case fatality rate of 32.7%
(95% CI: 30.9-34.6%). Saudi Arabia accounted for 83.6% of the cases. Age of > 65 years old, underlying conditions

and > 5 days delay in diagnosis were independent risk factors for death. However, a history of animal contact was
associated with a higher risk (adjusted OR=2.97, 95% CI: 1.10-7.98) among female cases < 65 years but with a lower
risk (adjusted OR=0.31,95% Cl: 0.18-0.51) among male cases > 65 years old. Diffusion of the disease was fastest from
its origin in Saudi Arabia to the east, and was primarily driven by the transportation network. The most recent sub-
clade C5.1 (since 2013) was associated with non-synonymous mutations and a higher mortality rate. Phylogeographic
analyses pointed to Riyadh of Saudi Arabia and Abu Dhabi of the United Arab Emirates as the hubs for both local and
international spread of MERS-CoV.

Conclusions: MERS-CoV remains primarily locally transmitted in the Middle East, with opportunistic exportation to
other continents and a potential of causing transmission clusters of human cases. Animal contact is associated with
a higher risk of death, but the association differs by age and sex. Transportation network is the leading driver for the
spatial diffusion of the disease. These findings how this pathogen spread are helpful for targeting public health sur-
veillance and interventions to control endemics and to prevent a potential pandemic.
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Background

Middle East respiratory syndrome (MERS) is a respira-
tory infectious disease first discovered in the Kingdom
of Saudi Arabia in September 2012 [1]. The disease is
caused by the Middle East respiratory syndrome coro-
navirus (MERS-CoV) which can be highly pathogenic in
humans. Individuals infected with MERS-CoV may expe-
rience none, mild or severe respiratory illnesses or even
death. As of 30 May 2020, a total of 27 countries in the
Middle East, North Africa, Europe, Northeast Asia, and
North America have reported 2562 laboratory-confirmed
MERS cases and 881 associated deaths, according to the
World Health Organization (WHO) [2]. The vast major-
ity of MERS cases were reported by the Saudi Arabia, fol-
lowed by Republic of Korea [2]. Frequent travelers and
worshippers from and to the Middle East have raised the
concern about a global pandemic, given the lack of effec-
tive treatment and vaccine [3]. In February 2018, WHO
formally incorporated MERS into the Research and
Development Blueprint (the R&D Blueprint) to promote
research in this area [4].

Current epidemiological studies suggest that human-
to-human transmission of MERS-CoV is inefficient, and
the primary infection mode is via direct/indirect con-
tact with dromedary camels, although other mammals
may also serve as the reservoir [5-10]. On the other
hand, human clusters of MERS have been continuously
observed in healthcare and household settings, espe-
cially among people with chronic conditions or com-
promised immunity [11, 12]. Several studies explored
risk factors for the transmission of MERS-CoV at the
individual level in specific countries and found that
infection risk was mainly driven by recent exposure to
dromedary or its raw products, chronic conditions, or
close contact with other MERS patients [11, 13-16].
However, very few studies have systematically analyzed
spatial diffusion of the virus at the population level and
associated risk factors. In addition, while it has been
shown that chronic condition and male sex are highly
predictive of fatal outcomes [17], no study has exam-
ined potential interactions among key predictors for
death, e.g., demographic characteristics and animal
contact. Some of these predictors are correlated, e.g.,
males tend to have much more frequent contact with
dromedary. Consequently, it is necessary to condition
on one predictor when evaluating the effect of another.

In the midst of the pandemic of severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), it is

crucial to understand the epidemiological characteris-
tics and evolutionary history for MERS-CoV as the two
coronaviruses are genetically related. The possibility of
recombination between the two viruses if co-infection
of the same host occurs cannot be totally ruled out,
as their host species do overlap, e.g., humans and bats
[18]. Thus far, phylogenetic and phylogeographic analy-
ses focusing on MERS-CoV have been either outdated
or restricted to small data sets [9, 10, 19-21]. In addi-
tion, some evolutionary characteristics of MERS-CoV
such as which genes are subject to positive selection,
need to be closely monitored.

By assembling MERS surveillance and contact trac-
ing data up to June of 2020 from public health agen-
cies and peer-reviewed literature, we summarized the
epidemiological features and spatiotemporal spread of
MERS around the globe. We investigated risk factors
for fatality and how their effects could be modified by
each other. In addition, we assessed the roles of a vari-
ety of environmental, socioeconomic, and biological
factors in the spatial diffusion of MERS-CoV. Using
publicly available MERS-CoV full-genome sequences,
we further assessed the evolution and migration history
of the virus. Piecing these results together, we aim to
provide an up-to-date picture about both population
and molecular epidemiology of this pathogen.

Method
Data collection and management
We assembled three datasets: (1) a list of individual
human cases worldwide with demographic, expo-
sure and clinical information, (2) eco-geographic and
socioeconomic characteristics (referred to as socioen-
vironmental variables hereinafter) at the appropri-
ate administrative level in the Middle East (county for
Saudi Arabia and province for the other countries), and
(3) full-genome sequences of MERS-CoV worldwide.
Data on confirmed MERS cases were collected from
official reports of WHO, the Food and Agriculture
Organization (FAO) of the United Nations, and the
health departments of affected countries, which were
cross-validated with and supplemented by data from
websites and literatures. Search medical subject head-
ings (MeSH) terms used were “Middle East Respira-
tory Syndrome Coronavirus/MERS-CoV/HCoV-EMC”
or “Middle East respiratory syndrome/Middle Eastern
Respiratory Syndrome/MERS”.
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All the cases had been confirmed following a stand-
ard WHO technical guidance (https://www.who.int/csr/
disease/coronavirus_infections/case_definition/en/). A
valid record of MERS case must include the basic demo-
graphic information (gender, age, reporting country,
city of residence, being healthcare worker or not, base-
line chronic conditions), dates of critical events (such as
symptom onset, first hospitalization, laboratory confir-
mation), and exposure information (whether exposed to
animal or its raw production, or exposed to confirmed
MERS patients). Cases without any individual informa-
tion, duplicated records and no-confirmed cases were
removed. Each confirmed case was geo-referenced and
mapped according to the finest address available using
GIS technologies. Thematic maps of cumulative numbers
of confirmed MERS cases and clusters were created using
ArcGIS 10.5 (Esri Inc, Redlands, CA, USA).

The following socioenvironmental variables poten-
tially related to the transmission of MERS were collected:
population density, camel density, monthly meteorologi-
cal data, elevation, land cover, economic development
level, transportation, locations of hospitals. Full-genome
sequences (>30 000 bp) of MERS-CoV up to June of
2020, together with isolation year, host type and loca-
tion, were retrieved from GenBank. Protein and the
coding sequences (CDS) sequences of these MERS-CoV
sequences were derived. All the data sources (Additional
file 1: Table S1) involved in this study were introduced in
detail in the Additional file 1: Additional Appendix.

Descriptive analysis

MERS-affected countries were grouped into four cat-
egories of transmission type: (i) zoonotic transmission
plus human-to-human transmission, (ii) zoonotic trans-
mission without human-to-human transmission, (iii)
imported infection plus human-to-human transmission,
and (iv) imported infection without human-to-human
transmission (Additional file 1: Table S2). Existence
of zoonotic transmission was determined by reported
endemic circulation with frequent zoonotic introduction.
A case cluster is defined as a group of two or more epi-
demiologically linked cases, where epidemiological link
refers to close contact as indicated by the source database
or literature. For example, the WHO database provides
the ID number of the source case for some cases. By this
definition, all cases in the outbreak in Republic of Korea
can be traced to the same imported case and are there-
fore considered a single case cluster [13]. Demographic
characteristics were compared between country catego-
ries and between case types using the Kruskal-Wallis test
for continuous variables and the y’ test for categorical
variables.
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Analysis of risk factors for cases fatality

Logistic regression was performed to explore risk fac-
tors associated with the survival outcome of MERS
cases. All MERS cases with reliable survival outcome
and contact information (before symptom onset)
were included in the analysis. The following potential
risk factors were included in the analysis: age group
(> 65 years old vs <65 years old), sex (male vs female),
region (Middle East vs other), occupation (health-
care worker vs other), underlying chronic conditions
including diabetes mellitus, renal failure, chronic res-
piratory and circulatory diseases and compromised
immune systems (yes, no, unknown), animal contact
(yes, no, unknown), time from disease onset to confir-
mation (OTC, >5 days vs <5 days), and reporting year
(2012-2014, 2015-2016, 2017-2020). Among vari-
ables with missing values, OTC were imputed using
R package “mice”. But missing values of underlying
condition and animal contact were treated into a cat-
egory of unknown, for imputation efficiency is not high
for variables with a missing rate over 30%, Backward
elimination was used to a parsimonious model (thresh-
old P-value=0.05). Two-way interactions among age
group, sex and animal contact were considered based
on the amount of data per category of each factor.

Spatiotemporal diffusion

We limited the spatiotemporal diffusion analysis to the
Middle East Region, the main endemic region of MERS.
Opportunistic long-distance exportations of MERS cases,
e.g., to Europe and Republic of Korea, were not consid-
ered. The spatial unit used in this study is the second-level
administrative unit, e.g., province, for most countries.
Provinces of Saudi Arabia are much larger than those of
neighboring countries. To make spatial units comparable
between countries, we use the third-level administrative
area (county) as the spatial unit for Saudi Arabia. Finally,
a total of 283 administrative units were included in the
spatiotemporal diffusion analysis.

We obtained 34 socioenvironmental variables from
various data sources (Additional file 1: Table S3). Camel
density was available only at the national level in many
countries. Considering the role of camel as a MERS-CoV
reservoir, we imputed missing values of camel density
using the R package “mice”. To account for uncertain-
ties in these missing values, we generated 100 imputed
sets of camel density and averaged all analyses related to
camel density over these imputation sets. To reduce col-
linearity among these variables, we screened pairwise
correlations. If two variables have an absolute Pearson
correlation higher than 0.65, the one with a higher aver-
age correlation with all other variables was excluded.
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A Cox proportional hazard model was used to assess
which socioenvironmental variables were associated with
the reporting time (since September 2012) of the first
MERS case in each space unit. A spatial trend contour
plot was developed to visualize the spatial diffusion of the
disease. The time between adjacent contours was fixed
at 200 days, and a wider gap between adjacent contours
indicates a faster spatial diffusion. All descriptive and
diffusion analyses were performed using the R software
version 3.6.2 (R Foundation for Statistical Computing,
Vienna, Austria). A two-sided P-value <0.05 was consid-
ered statistically significant.

Phylogenetic and phylogeographic analyses

The whole-genome sequences were analyzed using
toolkits provided by the Nextstrain framework [22].
Sequences were aligned using MAFFT v7.407 [23], and
the alignment was trimmed to a reference genome (Gen-
Bank accession ID: NC_019843.3). A phylogenetic tree
was built using a maximum likelihood approach imple-
mented in IQ-Tree v1.6.10 [24]. For the phylogeographic
analysis, TreeTime was used to infer the divergence time,
discrete traits of the ancestral nodes (location and host),
and geographic transmission history across the tree [25].
To detect sites under positive selection among CDS of
protein genes, for each gene, the original open reading
frame (ORF) sequences were first aligned using MAFFT
and CDS were aligned using PAL2NAL v14 under the
guidance for protein alignment [26]. CodeML in PAML
v4.9 as part of the ETE 3 package (v 3.1.1) was used to
detect positive selection sites by branch-site test [27, 28].
To balance the sample size of each host species, human
and camel sequences were randomly down-sampled to
five sequences per host species. After smoothing mor-
tality rate and incidence rate over space and time, we
matched these smoothed rates with tree tips (MERS-CoV
sequences) by specimen collection year and location to
assess potential association of phylogeny with mortality
and incidence rates.

Results

Epidemiological features of MERS cases

From September 2012 to June 2020, a total of 2562 lab-
oratory-confirmed MERS cases were reported. After
excluding 112 cases with incomplete data, 2450 con-
firmed MERS cases, together with 150 derived case clus-
ters, were included in subsequent analyses (Table 1). The
median age was 53 years old (IQR: 38-65), and 69.4%
of cases were male. Healthcare workers accounted for
13.7% (335/2450) of the total patients. The median time
from disease onset to diagnosis was 5 days (IQR: 3-8).
Death occurred in 802 patients, leading to a case fatal-
ity rate (CRF) of 32.7% (95% CI: 30.9-34.6%). Among the
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1453 patients with known exposure history, 356 (24.0%)
reported animal contact. Zoonotic infections (i.e., coun-
tries in transmission categories i and ii) only occurred
in the Middle East, although cases with animal contact
had also been imported into Europe and Southeast Asia
(Fig. 1). Among countries with locally infected patients,
the proportion of cases with animal contact exceeded
50% in Qatar, followed by 15-29% in Oman, United Arab
Emirates (UAE), and Saudi Arabia (Fig. 1).

Saudi Arabia, Republic of Korea and UAE together
reported the vast majority of the cases and case clusters
(Additional file 1: Table S2 and Figure S1-S2). Patients
from the three countries shared similar age and sex dis-
tributions, but Saudi Arabia had the highest CFR (35.1%),
probably due to a higher proportion of underlying condi-
tions (Table 1). Republic of Korea had the highest propor-
tion (>99%) of hospital infections and the shortest time
(median=4 days) from disease onset to diagnosis, yet its
CFR (18.8%) is comparable to that of UAE (16.1%). UAE
had the highest proportion of asymptomatic infections
and the longest survival time among fatal cases (Table 1).

Cases with animal contact were older, more likely to be
male, and more likely to have underlying conditions and
a longer delay from disease onset to diagnosis, in com-
parison to cases without (Additional file 1: Table S4).
These characteristics of cases with animal contact could
partially explain their significantly higher CFR (35.1%
vs 24.3%, P<0.001) than those without animal contact
(Additional file 1: Table S4). However, among fatal cases,
those with animal contact had a slightly longer sur-
vival time than those without (median=11.5 vs 9 days,
P<0.001). Cases with only patient contact were more
likely to be health-care workers and more likely to be
asymptomatic (Additional file 1: Table S4). The propor-
tion of cases with animal contact was increasing from
2012 to 2018 and seemed to stabilize thereafter. Epidem-
ics peaked mostly between April and September (Addi-
tional file 1: Figure S3). In contrast, cases with animal
contact were more likely to occur from January to March.
Seasonality differed slightly between countries, e.g.,
peaks of zoonotic infections in UAE were also observed
in May. The peak of the global epidemic in June of 2015
was due to the opportunistic outbreak in Republic of
Korea, which does not necessarily reflect seasonality in
the endemic setting.

Determinants for case fatality

All the eight individual-level factors (age group, sex,
living in the Middle East, healthcare worker, underly-
ing conditions, animal contact history before onset,
delay from disease onset to diagnosis and onset year)
were significantly associated with mortality in the uni-
variate analysis, with age and underlying condition as
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Table 1 Baseline demographic and clinical characteristics of confirmed Middle East respiratory syndrome cases reported between

September 2012 and June 2020

Number (%) of cases

Total Saudi Arabia Korea United Arab Emirates Others
Number of confirmed cases 2450 2048 186 93 123
Annual incidence (/107) 045 94.34 471 14.07 0.023
Female 751(30.7) 626 (30.6) 75 (40.3) 20(21.5) 30 (24.4)
Age, years (median, IQR) 53 (38-65) 53 (38-65) 55 (42-66) 43 (33-59) 52 (38-65)
Number of case cluster 150 123 1 11 15
Number of deaths (CFR, %) 802 (32.7) 718 (35.1) 35(18.8) 15(16.1) 34 (27.6)
Contact history
Animals 356 (14.5) 310(15.1) 0 16(17.2) 30 (24.4)
Patients 1097 (44.8) 820 (40.1) 184 (98.9) 47 (50.5) 46 (37.4)
Unknown 997 (40.7) 918 (44.8) 2(1.1) 30(32.3) 47 (38.2)
Occupation
Healthcare worker 335(13.7) 265 (12.9) 30(16.1) 26 (28.0) 14 (11.4)
Others 2115 (86.3) 1783 (87.1) 156 (83.9) 67 (72.0) 109 (88.6)
Exposure site
Hospital 724 (29.6) 496 (24.2) 185 (99.5) 21(226) 22(17.9)
Household 120 (4.9 93 (4.5) 0 11(11.8) 16 (13.0)
Others 1606 (65.5) 1459 (71.3) 1(0.5) 61 (65.6) 85 (69.1)
Asymptomatic infection 201 (8.2) 173 (8.5) 0 19 (20.4) 9(7.3)
Underlying condition 1272 (51.9) 1156 (56.5) 20(10.8) 38 (40.9) 58 (47.2)
Time from disease onset to diagno- 5 (3-8) 5(3-8) 4 (2-8) 8(6-14) 8(5-13.5)
sis, days (median, IQR)
Time from disease onset to death, 11 (7-17) 10 (6-16) 12 (9-16) 21.5(18-27) 16 (11-20)
days (median, IQR)
Year of occurrence
2012 9(04) 5(0.2) 0 0 4(3.3)
2013 169 (6.9) 137 (6.7) 0 12(12.9) 20 (16.3)
2014 652 (26.6) 560 (27.3) 0 59(63.3) 33(26.8)
2015 680 (27.8) 457 (22.3) 185 (99.5) 7(7.5) 31(25.2)
2016 254 (10.4) 242 (11.8) 0 3(3.2) 9(7.3)
2017 250(10.2) 237(11.6) 0 7(7.5) 6 (4.9)
2018 150 (6.1) 145 (7.1) 1(0.5) 1(1.2) 3(24)
2019 226 (9.2) 208 (10.2) 0 2(22) 16 (13.0)
2020 60 (2.4) 57 (2.8) 0 2(2.2) 1(0.8)

IQR, interquartile range; CFR, case fatality rate

the leading factors with OR>5 (Table 2). We identified
a multivariate model containing all eight main effects,
as well as two-way interactions among age group, sex
and animal contact. After controlling for other fac-
tors, underlying condition was associated with 3.5-
fold increase in the risk (OR=3.5, 95% CI. 2.5-4.89),
whereas being a healthcare worker was protective
(OR=0.33,95% CI: 0.21-0.54). OTC > 5 days increased
the risk by 31% (95% CI: 5-63%). Compared to 2012—
2014, the risk of death was higher during 2015-2016
(OR=1.63, 95% CI: 1.27-2.09) but lower during 2017-
2019 (OR=0.70, 95% CI: 0.53-0.92).

Odds ratios with regard to each of age group, sex
and animal contact while controlling for the other two
are shown in Additional file 1: Table S5-S7. The older
age group (>65 years) was associated with a higher
risk of death in general, with significant ORs ranging
1.64-10.52 for all combinations of sex and animal con-
tact history (Additional file 1: Table S5). However, the
age effect was more prominent among patients without
animal contact. Among patients without animal con-
tact, the adjusted OR were 5.65 (95% CI: 3.75-8.50) for
males and 10.52 (95% CI: 6.46—17.11) for females, com-
pared to 1.64 (95% CI: 1.03-2.62) for males and 3.06
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Fig. 1 Distribution of human MERS cases in the world a, in the Middle East b and in Europe ¢ during 2012-2020. Countries were colored
according to the dominant transmission type: (i) zoonotic transmission plus human-to-human transmission, (ii) zoonotic transmission without
human-to-human transmission, (iii) imported infection plus human-to-human transmission, and (iv) imported infection without human-to-human

(95% CI: 1.59-5.86) for females among those with ani-
mal contact. From these estimates, it is also clear that the
age effect was more prominent among female patients
compared to male patients. Sex did not affect the risk
of death significantly, although males tended to have
higher risk among the younger age group without animal
contact (adjusted OR=2.34, 95% CI: 1.57-3.49, Addi-
tional file 1: Table S6). A history of animal contact was
associated with a higher risk (adjusted OR=2.97, 95%
CI: 1.10-7.98) among female cases <65 years but with a
lower risk (adjusted OR=0.31, 95% CI: 0.18-0.51) among
male cases > 65 years old (Additional file 1: Table S7). The

model-estimated effects of age group, sex, and underly-
ing conditions on CFR are in line with the observed CFRs
stratified by each of these variables (Additional file 1: Fig-
ure S4). The CFR decreased gradually since 2015.

Geographic expansion

After the screening of correlations, 20 out of the 34 soci-
oenvironmental variables (Additional file 1: Table S3)
remained for further analysis: population density, eleva-
tion, camel density, 8 variables regarding land covers
(cropland, forest, shrubland, grassland, wetland, bare-
land, waterbody, urban), 6 ecoclimatic variables (biol,
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Table 2 Logistic regression analyses of potential risk factors for mortality among Middle East respiratory syndrome cases, September

2012-June 2020

Outcome (n) Univariable Multivariable
Death/Total CFR(95%Cl) OR 95%Cl* P-value* Adjusted OR 95% CI* P-value*
Age group >65years  392/654 599 (58.0-61.9) 506 4.18-6.12 <0.001 10.52 6.46-17.11  <0.001
<65years 410/1796 22.8(21.2-245) 1.0 - - 1.00 - -
Sex Male 604/1699 356(33.7-37.5) 154 127-186 <0001 234 1.57-349 <0.001
Female 198/751 264 (24.6-28.1) 1.0 - -— 1.00 - -
Region Middle East  761/2236 34.0(321-36.0) 218 1.53-3.09 <0001  3.09 1.97-4.84 <0.001
Other 41/214 19.2(13.9-244) 1.00 - - 1.00 - -
Healthcare worker Yes 22/335 6.6(3.9-9.2) 0.12 0.08-0.19 <0.001 0.33 0.21-0.54 <0.001
No 780/2115 369(34.8-389) 1.00 - - 1.00 - -
Underlying condition Yes 587/1272 46.2 (434-489) 6.29 4.62-855 <0.001 3.50 2.50-4.89 <0.001
No 53/442 120(9.0-15.0) 1.00 - - 1.00 - -
Unknown 162/736 22.0(19.0-25.0) 207 148-290 <0.001 1.92 1.31-2.81 0.001
Animal Contact Yes 125/356 35.1(30.2-40.1) 168 130-2.18 <0.001 297 1.10-7.98 0.031
No 267/1097 243(21.8-269) 1.00 - - 1.00 - -
Unknown  410/997 1(38.1-442) 217 180-262 <0.001 241 1.54-3.77 <0.001
orC® >5 days 331/679 488 (45.0-52.5) 1 1.11-1.62 0003 131 1.05-1.63 0.019
<5days 289/773 374 (34.0-40.8) 1 - - 1.00 - -
Year 2012-2014  256/830 30.8 (27.7-34.0) 1 - - 1.00 - -
2015-2016 353/934 37.8(34.7-409) 1 1.12-1.66 0.002 1.63 1.27-2.09 <0.001
2017-2019 193/686 .1(24.8-31.5) 088 0.70-1.10 0.25 0.70 0.53-0.92 0.010
Age group * Sex 0.54 0.33-0.87 0.012
Age group * Animal contact (with vs without) 0.29 0.16-0.53 <0.001
Age group * Animal contact (unknown vs 045 0.28-0.72 0.001
without)
Sex * Animal contact (with vs without) 0.36 0.13-0.97 0.043
Sex * Animal contact (unknown vs without) 0.58 0.36-0.94 0.028

CFR case fatality rate, OR odds ratio, Cl confidence Interval, OTC Time from disease onset to confirmation

§OTC have missing values. Description (column 2-5) are based on non-missing values. But logistic analysis were based on data after interpolation

*Means that there must be no corresponding results for being the control groups

bio2, bio3, bio4, bio5, biol2), transportation (railway,
main road) and number of hospitals.

The first case was reported in Bisha, central-west Saudi
Arabia in September 2012. The disease spread more rap-
idly towards the east (UAE and Oman) than towards
other directions (Fig. 2a). The diffusion appears to be
acerating in recent years. At the second administrative
level, 12 of the 14 eco-geographic variables were asso-
ciated with the spread of MERS in the univariable Cox
regressions (Table 3). In the multivariate analysis, posi-
tive associations with the disease diffusion were found
for seven factors, and the top three drivers are intersec-
tion with main roads [adjusted hazard ratio (HR) =15.45,
95% CI: 2.11-113.26, P=0.007], intersection with rail-
ways (adjusted HR=2.33, 95% CI:1.37-3.97, P=0.002)
and elevation (adjusted HR=2.40, 95% CI: 1.47-3.91,
P<0.001). A higher coverage of cropland seemed to have
impeded the disease diffusion (adjusted HR=0.51, 95%

CIL 0.27-0.95, P=0.034). We overlaid the land cover-
age and transportation networks with the spatiotempo-
ral distribution of the first reported cases in each space
unit (Fig. 2b). In the Arabian Peninsula, intersection with
major roads and railroads was clearly associated with
earlier invasion.

Phylogeny and phylogeographic analysis

of whole-genome sequences

In total, 499 MERS-CoV full-genome sequences were
obtained from GenBank, including 251 sequences from
human patients, 237 from camel, seven from bat, three
from hedgehog, and one from Lama glama (llama). These
sequences were collected between 2011 and 2019 from
15 countries, and 90.0% of them were from Middle East.
IQ-Tree selected the GTR and FreeRate with ten catego-
ries as the best substitution model for these sequences.
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Table 3 Survival analyses on the time to the first reported Middle East respiratory syndrome case in each space unit, September

2012-June 2020

Predictors Univariable Multivariable
Hazard ratio 95% ClI P-value Hazard ratio 95% ClI P-value
Population density(10/km?) 1.00 0.99-1.00 044
Camel density (1 0/km?) 174 1.35-2.23 <0.001
Elevation (km) 0.99 0.66-1.46 094 240 147-391 <0.001
Meteorological variable
BIO1 1.58 1.48-1.68 <0.001 1.38 1.25-1.52 <0.001
BIO2 197 1.74-2.23 <0.001 1.28 1.12-1.46 <0.001
BIO3 1.04 1.01-1.07 0.012
BIO4 1.003 1.002-1.005 <0.001
BIOS 136 1.30-1.43 <0.001
BIO12 0.78 0.74-0.83 <0.001
Percentages of land cover (10%)
Cropland 027 0.14-0.49 <0.001 0.51 0.27-0.95 0.034
Shrubland 0.20 0.07-0.58 0.003
Bare land 1.49 1.39-1.59 <0.001 113 1.03-1.25 0.014
Intersect with railway 376 2.35-6.01 <0.001 233 1.37-3.97 0.002
Intersect with main road 59.53 8.27-428.25 <0.001 1545 2.11-113.26 0.007
Number of hospitals (10) 1.28 1.15-1.37 <0.001 1.19 1.04-144 0.010

BIOT annual average temperature, BIO2 average diurnal range of temperature, BIO3 isothermality, BIO4 temperature seasonality, BIO5 max temperature of warmest

month, BIO12 Annual precipitation

Turkey and Iran are excluded in this analysis. Space unit is the third-level administrative area (county) in Saudi Arabia and the second-level administrative area

elsewhere

Phylogeny

An initial analysis showed that sequences from bat and
hedgehog form a separate clade distant from the main
clade of sequences from humans, camels and Lama
glama (Additional file 1: Figure S5a), confirming that
camel is the major zoonotic reservoir of MERS-CoV for
spillover to human. We excluded the ten sequences from
bat and hedgehog from subsequent analyses. The main
clade of human, camel and llama strains, named clade
C, contains five subclades numbered C1-C5, with C5
being the largest subclade with 398 sequences (Fig. 3,
Additional file 1: Figure S5b). Overall, sequences from
human and camel mixed throughout the whole tree,
indicating multiple introduction events from camel to
human. Nevertheless, the human and camel sequences
sampled after 2016 in our database were genetically
distant from each other. The root ancestor of clade C,
dated back to January 2007 (confidence interval: April
2006—September 2008), was 49.3% likely from camel
and 50.7% likely from human. The case mortality rates
differed between clades in the phylogenetic tree. C5
was associated with a higher mortality rate than other
clades (a difference of 1% in CFR, P-value=2.0 x 1074,
Fig. 3). A sub-clade of C5, C5.1, showed an even higher
mortality rate than clades C1-C4 (a difference of

4% in CFR, P-value<2.2x 107!, Compared to sub-
clades C1-C4, we found non-synonymous mutations
in regions encoding the ORF3 protein (P86L) and the
NS4B protein (M6T) among the C5.1 sequences as
well as in regions encoding the 1AB protein (S6737N),
the NS4A protein (P106S), and the Membrane protein
(V69I) among other C5 sequences.

Phylogeographic dynamics

The spatiotemporal transmission pattern of clade C was
characterized by intense local migration within the Mid-
dle East and occasional long distance exportation (Movie
1; Additional file 1: Figure S6). The top three most likely
locations of the inferred root ancestor were Riyadh of
Saudi Arabia, the Nile Delta region and Jordan with pos-
terior probabilities of 31%, 17% and 12%, respectively.
Riyadh appeared to be the major source exporting infec-
tions both locally and internationally. It was estimated
with 99% posterior probability as the location of common
ancestral node for subclades C3, C4, and C5 which cover
97.5% of the collected sequences. Early exportation of the
virus to Egypt and Jordan likely occurred before 2010.
The circulation of MERS-CoV among dromedary cam-
els in East Africa possibly started before 2010. The model
inferred migration of the virus from Egypt to Ethiopia
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during 2011-2013 and subsequently to Kenya during
2014-2017, partly supported by a serological study con-
ducted in Egypt in 2013 that found both domestic drom-
edary camels and those imported from Ethiopia were
seropositive [29]. Intense migration of the virus from
Riyadh towards local cities in Saudi Arabia, Abu Dhabi in
UAE and Europe started during 2011-2012. Abu Dhabi
soon joined Riyadh as the second hub exporting the
virus to other Middle East cities as well as to Europe. The
opportunistic exportation events from the Middle East to
the United States in 2014 and to East Asia in 2015 were
correctly captured by the model.

Positive selection

To identify key genetic sites affecting the transmissi-
bility of MERS-CoV from animals to human, we per-
formed positive selection analysis on the collected
sequences. Based on the phylogenetic tree, we focused
on two branches with potentially high selection pressure
(Additional file 1: Figure S5a), the branch separating the
hedgehog-related clade from the clades among bat, camel
and human (branch A), and the one separating the bat-
related sequences from clade C among camel and human
(branch B). We tested whether specific sites underwent
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positive selection along branches A or B using the
branch-site test model implemented in the codeML pro-
gram of the PAML package. For branch A, we identified
three proteins (NS3, 1AB polyprotein and nucleopro-
tein) and 59 sites in the 1AB polyprotein under positive
selection (Additional file 1: Table S8). For branch B, we
identified two different proteins (ORF8b and spike gly-
coprotein) and eight sites in the spike glycoprotein under
positive selection. Three of the eight spike glycoprotein
sites, 77:Y, 486:H and 636:Q have not been previously
reported. No positive selection was detected in the spike
glycoprotein for branch A.

Discussion

Combining updated case data, genetic data and relevant
socioenvironmental data, we provided an in-depth analy-
sis of the epidemiology of MERS and genetic evolution of
MERS-CoV in the most affected regions. Countries in the
Middle East, particularly the Saudi Arabia, continue to be
the epicenter of MERS, with frequent animal-to-human
spillovers in the region and sporadic exportation of
human cases to other continents. Patients > 65 years old
or with underlying conditions had a significantly higher
risk of death. The effect of animal contact on the risk of

Nextstrain. https://nextstrain.org/community/wgshi/merse
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Fig. 3 Phylogeny of 489 MERS-CoV whole-genome sequences and potential association of subclades with case fatality. a Time-resolved phylogeny.
The colors indicate host states of tree tips or inferred host states of the internal nodes. Case fatality rate b and incidence rate ¢ were associated
with the sequences according to their sampling date and location. Movie 1. Spatiotemporal migration dynamics of clade C of MERS-CoV using
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death depends on both age and sex. Transportation net-
work was the leading driver for the spatial diffusion of the
disease.

We identified marked differences in demographic and
clinical features of cases between the two transmission
modes, human-to-human vs animal-to-human, e.g.,
cases with animal contact tended to be older, more likely
to be male and symptomatic, and more likely to have
underlying conditions and longer delay of diagnosis. The
two modes also differ in seasonality. Animal-to-human
transmission events occurred mainly between January
and March, and human-to-human transmission peaks
subsequently from April to June [24]. This temporal order
reflects the importance of blocking animal-to-human
spillover in early spring. Preventive measures such as
educational campaigns and advocating personal protec-
tion equipment among workers of camel farms and trad-
ing posts can be used to reduce zoonotic infection in the
high-risk season.

Risk factors for case fatality in our analyses includes the
elderly (>65 years old), male sex, Middle Eastern resi-
dents, underlying diseases, and animal exposure, which
are in line with previous findings [31]. Our analyses fur-
ther revealed that the dependence of the risk of fatal-
ity on animal contact history varied by age group and
sex. animal contact history was a risk factor for death
in female patients<65 years old but was protective in
male patients > 65 years old. This observation could be
explained by the possibility that, in the Middle East, long-
term exposure to dromedary camels has built immunity
in older males, and opportunistic exposure of fully sus-
ceptible females, especially those younger than 65 years,
could be more lethal. This possibility is partly supported
by the higher seroprevalence in older males than other
age and sex groups [32]. Special attention should be paid
and timely treatment should be provided to young female
and old male patients upon admission or diagnosis to
prevent severe adverse outcomes.

We found the road and railway traffic network played
an important role in the rapid regional dispersion of
MERS. While the virus has not gained efficient human-
to-human transmissibility, the frequent domestic and
international migrations of infected humans and animals
within the Middle East and between the Middle East and
the rest of the world are imposing a sustained risk of viral
adaption to human immune system, similar to SARS-
CoV-2. The outbreak involving 186 cases and 36 deaths
in the Republic of Korea highlighted this threat [13]. Sur-
veillance and screening of infected travelers at transpor-
tation hubs such as international airports, are needed,
especially in areas with frequent travelers from and to the
epidemic areas. Avoiding congestion of dromedary herds
at watering sites and during their transportation is likely
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an effective control measure to reduce the circulation of
the virus in its natural animal reservoir and thereby to
reduce the chance of spillover to humans. Vaccination
of dromedary camels could be a better option depending
on the development progress and availability of effective
vaccines [33].

Our phylogenetic analysis estimated that the inferred
root ancestor was 49.3% likely from camel and 50.7%
likely from human, different from another study that
reported camel to be the sole possible host of ancestral
root [20]. This gap might result from the differences in
model structures and assumptions as well as in sequence
samples. In a sensitivity analysis, we down-sampled
sequences after 2014 and estimated camel to be the host
of root ancestor with a posterior probability of 99.4%,
suggesting existing sequences may not represent the true
spatiotemporal distribution of the underlying viral popu-
lation and hence may lead to biased and unstable estima-
tion. Likewise, we also caution the interpretation of the
potential association of clade C5 with a higher mortality
rate, which needs to be verified in the future.

Our phylogeographic analysis revealed the dissemina-
tion history of MERS-CoV both within the Middle East
and from the peninsula to other continents. The spati-
otemporal transmission pattern of clade C was basically
consistent with the spatiotemporal distribution of cases
at the individual level and early diffusion at the popula-
tion level. The fact that Abu Dhabi of UAE became the
second hub for international exportation of the virus is
highly alarming, indicating the necessity of screening
MERS-CoV-infected travelers at international airports.
However, there still exists inconsistency between some
fine details of model-estimated migration trajectories
and epidemiological data. For example, the patient who
traveled from Saudi Arabia to Chicago was shown by the
model as coming from UAE, and the first exportation to
East Asia was misplaced at Southern China instead of
Republic of Korea [34, 35]. However, such inconsistency
in fine details does not alter the big picture of intense
local migration in the Middle East and early circulation
in the northern and eastern Africa. Future phylogeo-
graphic analysis should incorporate prior epidemiologi-
cal information if such methodology becomes available.

We identified eight amino acid positions in the spike
glycoprotein potentially associated with positive selec-
tion, three of which are novel sites. The spike glycopro-
tein is known to mediate viral entry and affect the host
range of MERS-CoV and had been previously reported to
be under positive selection [36]. The novel sites found in
this study may provide research directions for potential
targets for development of antivirals and vaccines against
MERS-CoV [37].
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A few limitations of the study are worth mentioning.
First, the passive surveillance systems of MERS in most
countries only capture patients who sought medical
care, while patients with subclinical or asymptomatic
infections are usually missed. This surveillance bias
may affect our assessment of the relationship between
animal contact history and asymptomatic infection.
Second, not all relevant risk drivers or confound-
ers were considered in our diffusion analysis and the
regression model for case fatality due to lack of data,
e.g., the density of dromedary camels and the num-
ber of healthcare facilities. Finally, the potential sam-
pling bias in the whole-genome sequences could have
affected the phylogenetic, phylogeographic and positive
selection analyses, which may not be fully addressable
by down-sampling.

Conclusions

Despite its current incompetence for human-to-human
transmission, MERS-CoV has successfully expanded
its enzootic range throughout the Middle East, North
and East Africa, and West and Southwest Asia, and
imposing imminent pandemic threat through genetic
mutation or recombination with other human coro-
naviruses, especially given the widespread of SARS-
CoV-2. Active surveillance of adapting mutants among
human patients and animal reservoir, as well as screen-
ing of infected travelers at transportation hubs such as
international airports, are urgently needed. While the
rapid development of SARS-CoV-2 vaccines shed lights
on how to advance MERS-CoV vaccine candidates,
nonpharmaceutical interventions and animal vaccines
should be planned ahead to delay or block the adaption
of MERS-CoV at the source.
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