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Abstract

Background: In 2015, the largest outbreak of Middle East respiratory syndrome coronavirus (MERS-CoV) infection
outside the Middle East occurred in South Korea. We summarized the epidemiological, clinical, and laboratory
findings of the first Korean case of MERS-CoV and analyzed whole-genome sequences of MERS-CoV derived from

the patient.

Case presentation: A 68-year-old man developed fever and myalgia 7 days after returning to Korea, following a
10-day trip to the Middle East. Before diagnosis, he visited 4 hospitals, potentially resulting in secondary transmission

to 28 patients. On admission to the National Medical Center (day 9, post-onset of clinical illness), he presented with
drowsiness, hypoxia, and multiple patchy infiltrations on the chest radiograph. He was intubated (day 12) because of
progressive acute respiratory distress syndrome (ARDS) and INF-a2a and ribavirin treatment was commenced. The
treatment course was prolonged by superimposed ventilator associated pneumonia. MERS-CoV PCR results converted
to negative from day 47 and the patient was discharged (day 137), following rehabilitation therapy. The complete
genome sequence obtained from a sputum sample (taken on day 11) showed the highest sequence similarity (99.59%)
with the virus from an outbreak in Riyadh, Saudi Arabia, in February 2015.

Conclusions: The first case of MERS-CoV infection had high transmissibility and was associated with a severe clinical
course. The patient made a successful recovery after early treatment with antiviral agents and adequate supportive
care. This first case in South Korea became a super-spreader because of improper infection control measures, rather

than variations of the virus.

Keywords: Middle East respiratory syndrome Coronavirus, Genetic analysis, Complete genome, Index case, Korea

Background

The largest outbreak of Middle East respiratory syn-
drome coronavirus (MERS-CoV) outside the Middle
East occurred in South Korea in May 2015: the first con-
firmed case of a patient who recently visited endemic
areas. Over the following 2 months, 186 cases were con-
firmed, including 36 deaths [1].
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Of 24 imported cases of MERS in countries outside
the Middle East, only 4 cases involved at least one sec-
ondary transmission event and 4 transmitted cases, ex-
cluding South Korea [2, 3]. It is important to evaluate
the cause of this significant outbreak in South Korea,
and whether the clinical features of the first patient were
different from those in patients in other countries.

The National Medical Center (NMC), Seoul, Korea,
was designated as the primary MERS response center
(MERS Countermeasure Headquarters) and treated pa-
tients with MERS, including the first patient. We report
the clinical course and laboratory findings of the first
case of MERS-CoV in South Korea to understand the
unexpected spread of the outbreak. Unlike previous
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papers focused on epidemiology [4], we focused on de-
tailed clinical progress and genetic analysis that have not
been previously published.

Case presentation

Sources of data

History of potential exposure to MERS-CoV was elicited
by direct interview with the patient and his/her family
members. Clinical and laboratory findings were obtained
from the medical records.

Genome sequencing

RNA samples extracted from a sputum sample from the
index patient on day 11 (May 22, 2015) were reverse
transcribed to cDNA followed by PCR with MERS-CoV-
specific primer pairs with overlaps. Amplicons were
pooled for library preparation, and next generation se-
quencing was performed using the MiSeq sequencing
system. The genomic sequences of the virus were assem-
bled using CLC genomic workbench 8.0.1, and the ob-
tained 29,995-bp whole genome sequence was registered
in GenBank as MERS-CoV/KOR/KNIH/001_05_2015
(accession no. KT326819).

Phylogenetic construction and ORF comparison

All previously published 93 MERS-CoV complete gen-
ome sequences and the Korean index case were aligned
using MUSCLE v3.8.31. Phylogenetic analyses were per-
formed using RAxML v8.1.21 (1000 bootstrap repli-
cates), with the GTR model of nucleotide substitution
and y-distributed rates among sites. From the phylogen-
etic tree, 8 representative sequences, including each
lineage and year, were selected for further analysis. The
amino acid sequence identity of 10 open reading frames
(ORF) between index sequence and 8 reference se-
quences of MERS-CoV was determined using BLAST.
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Each 10 ORF sequence was aligned using the MUSCLE
program and all amino acid changes for each ORF se-
quences were analyzed. A root-to-tip regression analysis
was performed with Path-O-Gen software to investigate
the temporal signal in the data (http://tree.bio.ed.ac.uk/
software/pathogen/). Phylogeny without a molecular
clock was inferred from the maximum likelihood
method implemented in RAXML, and then analyzed in
Path-O-Gen with the dated tips.

Clinical history

A 68-year-old Korean man developed fever and myalgia
on May 11, 2015 (DO0) in Korea. He visited a local clinic
(A) in Pyeongtaek, Gyeonggi province on D1, 3 and 4.
Laboratory results on D3 were within normal ranges, ex-
cept for mild lymphopenia (Table 1). He was prescribed
ribostamycin, acetaminophen, afloqualone, rebamipide,
and streptokinase; however, the fever and myalgia per-
sisted. On May 15 (D4), he developed a nonproductive
cough. He was hospitalized in a private general hospital
(B) in Pyeongtaek, Gyeonggi province between 15 and
17 May. Chest radiographs and computed tomography
of the chest (D4) showed a diffuse ground-glass opacity
and consolidation in the central portion of the right
upper lobe of the lung (Fig. 1a and b).

Ceftriaxone and amikacin were administered intraven-
ously for 3 days; however, symptoms did not improve.
The patient was discharged on May 17 (D6) and
attended the emergency department (ED) of a university
hospital (D) in Seoul, via another clinic (C), in Pyeong-
taek. Owing to overcrowding, he was discharged from
the ED after radiography and blood tests were per-
formed, and returned the following day. On D7, oxygen
saturation (O,Sat) was 91% on room air, although the
patient did not complain of dyspnea. He was placed on
1 L/min of oxygen (O,) via a nasal cannula and

Table 1 Laboratory data for the first case of Korean Middle East Respiratory Syndrome coronavirus outbreak

Normal range D3 D4 D5 D7 D8 D9 D11 D12 D13 D14 D15 D17 D19
Hemoglobin (g/dL) 13.0~17.0 139 135 12.6 14.5 133 13.7 12.1 109 10.7 12.1 11.9 10.5 9.9
WBC (cells /uL) 4000 ~ 10,000 3900 2710 2500 3330 3220 3400 3100 4000 7500 8300 9100 6500 8100
Neutrophils (%) 50 ~ 75 69 684 564 733 755 804 778 795 89 87 886 772 778
Lymphocytes (%) 20 ~ 44 24 235 368 213 186 14.5 15.1 116 5 6 56 12.3 19
Platelet count (103 cells /uL) 130 ~ 400 m 98 139 140 160 168 142 114 56 81 122 162
BUN (mg/dL) 5~20 1.1 10.5 83 1.1 9 9 8 8 12 14 19 31
Creatinine (mg/dL) 05~12 1.1 0.94 098 094 1 08 0.7 0.9 0.7 0.7 0.7 0.8
AST (U/L) 0~ 40 41 44 56 164 141 176 146 87 54 34 31 56 93
ALT (U/L) 0~45 28 30 35 90 82 97 102 75 57 39 33 34 60
Albumin (g/dL) 33~52 34 25 2 1.7 1.7 15 14 19 2.1
Total bilirubin (mg/dL) 02~12 037 1.1 0.7 1.1 12 14 1.8 42 34 32 2.2
C-reactive protein (mg/dL) 0~30 726 726 792 9.1 823 139 9.54

Abbreviations: D day, WBC White blood cell count, BUN blood urea nitrogen, AST aspartate aminotransferase, ALT alanine aminotransferase


http://tree.bio.ed.ac.uk/software/pathogen
http://tree.bio.ed.ac.uk/software/pathogen

Lee et al. BMC Infectious Diseases (2017) 17:498

Page 3 of 10

Fig. 1 Imaging changes in the first case of Korean MERS-CoV infection outbreak. Panel a and b (May 15, 2015) shows diffuse ground-glass opacity
infiltration and consolidation in central portion of right upper lung lobe. Panel c-g (May 16-20, 2015) shows aggravation of the multiple patchy
pulmonary infiltration in right lung and left middle lung field. Panel h and i (July 3, 2015) show peribronchial infiltration and collapse consolidation of
the right upper lobe and pleural effusion in right. Panel j and k (June 15, 2016) show that infiltrations in both lungs are generally improved compared
to previous findings but fibrosis and distorted bronchial thickening remain in right upper lobe

prescribed ceftriaxone and azithromycin for community-
acquired pneumonia, as well as oseltamivir, for possible
influenza, and admitted to the medical floor of the hos-
pital (D). Chest radiographs (D5-9) showed increasing
bilateral multifocal pneumonic consolidation (Fig. 1c-g).
The multiplex PCR results of a nasopharyngeal swab
taken on D7 were negative for adenovirus, influenza
virus (A/B), parainfluenza virus (1/2/3), respiratory syn-
cytial virus (A/B), human metapneumovirus, human
rhinovirus (A/B/C), coronavirus (229E/OC43/NL63),
and bocavirus. Microbiological tests were also negative
for anti-Mycoplasma pneumoniae antibodies, and urine
antigen tests were negative for pneumococcus and Le-
gionella pneumophila (D7). Blood and sputum cultures
were negative (D7). On D8, sputum samples were tested
for MERS-CoV and a positive result was confirmed the
following day. The patient was transferred to NMC on
May 20 (D9).

Medical history

The patient had 10-year and 5-year histories of hyper-
tension and dyslipidemia, respectively. He had no history
of diabetes mellitus, pulmonary tuberculosis, or allergies.
His medications included irbesartan, atorvastatin, and

aspirin. He was a 50 pack-year smoker, and drank alco-
hol rarely.

Exposure history
The patient was a businessman living in South Korea
and occasionally visiting the Middle East on business.
On April 24, 2015, he flew from South Korea to Bahrain,
via Doha, Qatar. He stayed in Bahrain until May 3, 2015,
except for two single-day business trips to the United
Arab Emirates and to Saudi Arabia. He runs a business
in Bahrain, providing greenhouse systems for profes-
sional growers. During his stay he was the sole occupier
of a second floor apartment in a five-story building, with
two native households residing on each floor. The build-
ing was a 15-min drive from the worksite. There was no
elevator in the building and he never met the neighbors.
He went to work in his own car and did not use public
transportation. In Bahrain, he supervised business in the
field, attended meetings, and met many buyers from
nearby countries. He did not encounter any ill persons
and there were no camels or bats in proximity of the
greenhouse.

On April 29, he visited Abu Dhabi for meetings with
buyers. On May 1, he went to Saudi Arabia for a
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greenhouse construction site inspection. He moved to
the outskirts of Riyadh by private car and was in contact
with ~50 greenhouse workers for ~4 h. He never visited
any location other than Riyadh while staying in Saudi
Arabia.

On May 4, he returned to South Korea from Bahrain,
via Doha.

During his stay in the Middle East, he did not have
any contact with unwell persons and did not visit any
hospitals. He also denied physical contact with or con-
sumption of camels or camel products, directly or indir-
ectly via other persons.

Transmission history [4-8]

Twenty-eight secondary cases have been traced back to
the primary case (Fig. 2), of which, 5 involved death due
to MERS and 23 discharges from hospital following suc-
cessful treatment. The first patient did not undergo
nebulizer treatment. He circulated within the same ward
and in the area surrounding the hospital. He did not
visit other rooms/wards.

Clinical course
On admission to NMC on May 20 (D9), the patient re-
ported a fever, chills, generalized myalgia, malaise,
cough, and dyspnea. His body mass index was 27.68 kg/
m®. He appeared drowsy and confused and O,Sat was
94% on 2 L/min of O, via nasal cannulae.

Laboratory data on admission revealed lymphopenia,
elevated liver function tests, hypoalbuminemia, and
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elevated inflammatory markers (Table 1). Chest radiog-
raphy showed multiple bilateral patchy pulmonary infil-
tration (Fig. 1g).

The patient was initially placed on 3 L/min of O, via
nasal cannulae; however, his O, requirement increased
to 5 L/min (D10). He was intubated (D12) for progres-
sive hypoxia and ARDS. Bronchoscopy performed imme-
diately after intubation showed no endobronchial lesion
and a slightly brownish secretion from the anterior seg-
mental bronchus of the right upper lobe.

Pegylated interferon-a2b 180 mcg once (D9), and oral
ribavirin (D9-16; 2000 mg loading dose, 600 mg q 8 h
for 3 days, and 400 mg q 8 h for 4 days) were prescribed.
Intravenous ceftriaxone and azithromycin were contin-
ued until D10 and escalated to vancomycin and merope-
nem on D11, because of clinical aggravation. Fever
persisted for 14 days (D0-13), with a maximum
temperature of 39.6 °C on D12, and then subsided from
D14 (Fig. 3).

The patient developed a fever again (D20) and a max-
imum temperature of 39.5 °C persisted until D27. C-
reactive protein levels decreased to 3.5 mg/dl on D24,
but increased to 15.7 mg/dl on D28, with aggravation of
leukocytosis and purulent secretions. Ventilator associ-
ated pneumonia was suspected. Tigecycline was added
(D30) and meropenem was replaced by intravenous co-
listin (D32), as Acinetobacter baumannii, resistant to
meropenem, was detected on endotracheal aspiration
performed on D27, 33, 34, and 35. Bronchoscopy (D30)
showed a large amount of purulent secretions occluding
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the right middle and lower lobar bronchi. Bronchoscopic
toileting was performed daily (D30-39). On D32, trache-
ostomy was performed, and the patient was weaned off
the ventilator on D37. The fever subsided on D38. MERS-
CoV PCR results were inconsistently positive until D44
and then converted to negative for over three consecutive
days (D47, 50, 51). On D53, the patient no longer required
O, (O,Sat of 98-100% on room air). He was discharged
on September 25 (D137) after sacral sore treatment and
rehabilitation therapy. Nine months later, follow-up pul-
monary function tests and a chest CT scan (Fig. 1k)
showed marked improvement: FVC 4.89 L (104% pre-
dicted); FEV 1 3.84 L (119% predicted); FEV 1/FVC 79%;
and diffusing capacity of the lung for carbon monoxide
(DLCO) 14.2 mL/min/mmHg (65% predicted).

Infection control procedures

The patient wore a surgical mask during transfers. Med-
ical staff wearing personal protective equipment accom-
panied him to NMC. He entered hospital through an
emergency door with a separate hallway, using an emer-
gency elevator. He was admitted to an isolated ward into
a negative-pressure room with airborne and contact pre-
cautions. He received all treatment, including ventilator
care, bronchoscopic treatment, and tracheostomy, in the
same negative-pressure room, before being released
from quarantine.

MERS-CoV genome analysis

The genome of the index case (KT326819) consisted of
29,995 nucleotides with a ploy(A) tail and 10 ORFs were
predicted. The nucleotide sequence identity by pairwise

comparisons using the 93 complete genome sequences
from the NCBI and the public site was in the range of
97.75-99.59%. The MERS-CoV of the index case produced
the best similarity (99.59%) with the virus from an
outbreak in Riyadh, Saudi Arabia, in February 2015
(Riyadh_ KKUH_0780_20150225) included in lineage 5. In
amino acid sequences comparisons, Riyadh_ KKUH_0780_
20150225 also show high identities through 10 ORFs
(99.1-100.0%) (Table 2). They encoded five identical pro-
teins (ORF3, E, M, N and ORF8b). When compared with 8
representative strains, most ORFs showed high identities
(over 99.0%) and the E gene was identical to each strain.
ORF3 was the most variable gene with identities of 96.1—
100.0%. The S gene encoding the spike protein which in-
teracts with the host receptor was identical, ranging from
99.8 to 99.9%.

In phylogenetic analysis, the Korean strain was clus-
tered in the lineage 5 of locally spreading 2015 Riyadh
strains, but distinguished from Riyadh with a bootstrap
value of 99 (Fig. 4). This result could be owing to the
fact that the 2015 Riyadh strains, including Riyadh K-
KUH_0780_20150225, were the closest relatives and
may be the origin of the Korean strains.

To identify the genetic features separated from the 2015
Riyadh strains, we analyzed amino acid changes between
the Korean index genome and 8 isolates in representative
lineage. We found 104 amino acid alteration sites. Com-
pared to the EMC/2012 strain, the Korean index case
showed 42 amino acid differences, whereas the closest
Riyadh_KKUH_0780_20150225 strain showed 13 amino
acid inconsistencies (Fig. 5). When we examined the 93
reference whole genomes, we found previously unreported
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Table 2 Percentage identity between ORFs of the Korean strain and human MERS-CoV representative strains at the amino acid level

Lineage Strain ORFlab S ORF3 ~ ORF4a  ORF4b  ORF5 E M N ORF8b
Outgroup EMC/2012 99.6 99.9 96.1 99.1 99.6 100.0 100.0 99.1 99.8 99.1
Lineage 1 England-Qatar/2012 99.8 99.8 98.1 100.0 100.0 100.0 100.0 99.1 99.3 100.0
MERS — CoV — Jeddah — human -1 99.7 999 952 99.1 99.6 1000 1000 995 1000 99.1
Lineage 2 Al-Hasa_1_2013 99.8 99.9 97.1 99.1 100.0 100.0 100.0 99.1 100.0 100.0
Abu-Dhabi_UAE_8 2014 99.7 998 981 99.1 100.0 98.7 1000 991 99.8 -
Lineage 3 Riyadh_2014KSA_683/KSA/2014 99.6 999 981 100.0 99.2 1000 1000 995 99.5 100.0
Lineage 4  Jeddah_C7770/KSA/2014-04-07 99.8 99.9 98.1 100.0 100.0 100.0 100.0 99.1 99.5 97.3
Lineage 5  Riyadh_KKUH_0780_20150225 99.9 999 1000  99.1 99.2 99.6 1000 1000 1000 1000

amino acid changing alteration sites, in the ORFlab
(D977G, G6896S) and the receptor-binding domain
(RBD) of S gene (I529T). In addition to these nonsynon-
ymous alterations, 8 unique synonymous alteration sites
were identified in the ORFlab (T7154, C9956T, C10994T,
T11927C, C18790A), S (T24632C, C24722T) and ORF3
(C25714T) gene.

We showed that genomic change occurs in the MERS-
CoV Korean strains. We further examined whether these
evolution rates exhibit spatial and temporal patterns dur-
ing outbreaks. We plotted root-to-tip distances of the iso-
lates against geographic location and isolation time (Fig.
6). The root-to-tip method measures rates over the entire
history of a lineage, and is suitable for comparing evolu-
tion rates to long-term sequence traits. We observed a
strong and statistically significant phylogeographic correl-
ation between mutation rate and isolation date, recogniz-
ing the tendency that the root-to-tip distances through
time were increased. For example, the isolates in the
2013-2014 year of MERS-CoV displaying shorter root-to-
tip distances were in closer proximity to EMC/2012 than
the 2015 Korean and Thailand isolates. The regression line
showing this tendency was marked as a dotted line and
the previously reported sequences were closely fitted to
line (R2 = 0.86). The y values of the 2015 Korean strains
and closest Riyadh strains of KSA were slightly higher
than the regression line, meaning that these strains had
changed faster than the average strains. However, the dis-
tances from the regression line were on the range of other
past MERS-CoV strains. This suggested that the rate of
evolution or adaptation of the Korean strains to the host
were not the considerably different and MERS-CoV had
undergone gradual change. The Korean MERS-CoVs
showed some genetic differences compared to previous
strains. To explain the meaning of each nucleotide change
and the influence on viral transmissibility or disease sever-
ity, further studies are required.

Discussion
Like previous MERS outbreaks, the MERS-CoV infec-
tion in Korea was hospital acquired transmission.

However, the overwhelming extent arouse suspicion that
there might be a distant feature at the molecular, genet-
ical, clinical, and epidemiological level. It is postulated
that the first case in South Korea transmitted MERS-
CoV to 28 secondary cases [4—8]. There have been no
reports of such a significant outbreak in countries out-
side the Middle East experiencing importation of MERS-
CoV [3]. In the 2013 outbreak in Saudi Arabia, one pa-
tient transmitted MERS-CoV to seven other persons,
raising concerns about a potential super-spreader [9]. In
the Korean outbreak, 5 patients, including the first case,
were reported to be super-spreaders, transmitting the
virus to 153 out of 186 MERS patients [1]. What makes
certain hosts become super-spreaders remains unclear.
Host, pathogen, and environmental factors may be im-
plicated in the MERS outbreak [10]. In the first case,
prolonged duration of exposure before diagnosis and
proper isolation and frequent inter-hospital transfer may
have contributed to the super-spreading event. Higher
pathogen shedding may also have contributed to the
spread because the patient developed severe pneumonia
and the severe cough and high viral load could facilitate
infection transmission. Additionally, nosocomial trans-
mission by healthcare workers or environmental factors,
such as inadequate ventilation, could be responsible.
Kim, et al. reported that the MERS-CoV was confirmed
by RT-PCR of viral cultures of air samples and environ-
mental surface swabs from hospital B, suggesting the
possibility of contact and airborne transmission [11]. In
line with previous results, MERS-CoV contamination of
environmental surfaces [12] and virus persistence in the
air surrounding the infected camels or humans, persisted
for at least 24 h [12, 13].

The possibility of increased strain virulence was raised
in the Korean outbreak; however, there was no evidence
of viral mutation capable of modifying the mode of trans-
mission or virulence until now [14—17]. Firstly, the identi-
fied Korean strains showed no specific evidence of viral
adaptation to change infectivity or transmissibility. The
2015 Riyadh strains, which are a recombinant from the
EMC_2012 strain and Jeddah-1_2013, were suggested as
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Fig. 4 The maximum likelihood tree was estimated in RAXML from the 94 MERS-CoV genome dataset. Values on branches are bootstrap values
from the nucleotide. Only bootstrap values 270% are shown as percentages on the basis of 1000 replicates. The black dot indicates the index
case. The star spot indicates the closest strain among complete genome sequences. Branch lengths are proportional to the number of substitutions
per site (see scale bar). The highlighted red squares indicate the representative sequence used in the further sequence analysis. The camel MERS-CoV

sequences are labeled with a camel icon

the ancestor of Korean strains [18]. Several variation sites,
particularly in spike proteins, have been identified but
these variations including 15297, firstly found in Korean
index patient, showed that the affinity for the host recep-
tor was reduced, resulting in reduced entry efficiency [16].
Furthermore, during infection in patients or in transmis-
sion chains, no evidence of adaptive changes and of rapid
changes in the evolutionary rate was found [15].

Here, the complete genome of the index case was
newly reported and analyzed. The index patient stated
that he had not contacted symptomatic persons, camels,
or bats in the course of his business trip to Riyadh, on
May 1. However, a phylogenetic tree strongly suggested
that the MERS-CoV was transmitted from the circulat-
ing Riyadh strains.

Many patients were infected with MERS-CoV in hos-
pitals A, B, and C, although no confirmed secondary
cases of infection occurred in hospital D while the index
patient remained in ED for 2 days, for 4 and 5 h, re-
spectively, before placement into isolation [19]. This dif-
ference may be explained by various factors, such as
patient behavior and symptoms or degree of contact ex-
posure. Many secondary cases occurred in hospital D, at
a later stage; however, these resulted from transmission
by another patient [19].

The patient manifested the most prevalent MERS
symptoms: fever (98%), chills (87%), and cough (72—

83%) but no gastrointestinal tract symptoms, generally ob-
served in over 20% of MERS patients. Laboratory data
were comparable to those of other MERS patients, includ-
ing lymphopenia, elevated liver enzymes, and inflamma-
tory markers. Transient progression of thrombocytopenia
from D12 appeared to be caused by interferon and ribavi-
rin [20, 21]. Pneumonia progressed rapidly and ventilator
support was required. Studies have shown that the clinical
features of MERS are similar to those of SARS; however,
MERS progresses to respiratory failure much more rap-
idly. Specifically, the fatality rate of MERS is much higher
and is likely to be associated with older age and comorbid-
ities [22].

In the absence of approved specific therapy, clinical
management of MERS largely depends on supportive
care and prevention of complications. Our patient also
received supportive care, such as O, therapy, mechan-
ical ventilation, inotropic support, and antimicrobial
therapy. Although there is no proven effective antiviral
therapy against MERS-CoV, in vitro data suggest that
combined use of interferon and ribavirin reduces dis-
ease severity in a rhesus macaque model of MERS
[23]. In a retrospective study of 20 patients with
MERS, ribavirin and interferon-a2a improved 14-day
and 28-day survival by 70 and 28%, respectively, com-
pared to an untreated group [24]. However, another
study found that there were no survivors among 5
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Fig. 5 Phylogenetic tree and sequence alterations. The left panel shows the phylogenetic relation of eight sequences selected from each lineage
which were constructed using the maximum likelihood method in MEGA6 with the following settings: GTR + I. The branches with different colors
show their lineages depicted in Fig. 4. Each strain name is linked to the branch with a dotted line. The number in parentheses is the alteration
count in each strain compared to the Korea index strain. The right panel shows non-synonymous (NS) single-nucleotide differences (vertical col-
ored bars) between the Korean index genome and the representative genomes available. Mutation information is displayed as follows: change in
ORF1ab (red), change in S protein (orange), change in ORF3 (yellow), change in ORF4a (green), change in ORF4b (blue), change in ORF5 (navy),
change in M (purple), change in N (dark green) and change in ORF8b (sky). The asterisk indicates unique alterations in the Korean index strain
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Fig. 6 Root-to-tip genetic divergence plotted against the sampling date. The genetic distances from the root were calculated on the maximum
likelihood phylogeny. Each y-axis value represents the genetic distance from the tip to the root, and the x-axis value represents the corresponding
sampling date of the tip. The points and regression dotted line shown were obtained from the ML tree presented in Fig. 4. The R” value is indicated
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patients with MERS receiving a combination therapy
of interferon-a2b and ribavirin. The median time from
admission to therapy for these patients was 19 (range,
10-22) days, suggesting that late administration of
antiviral therapy may have contributed to the poor
outcome [25]. Therefore, timing antiviral therapy may
be critical. In our patient, antiviral therapy was initi-
ated on admission.

Duration of treatment of the index case was more
prolonged because of the development of secondary
bacterial pneumonia. Multidrug-resistant pathogens,
such as multidrug-resistant A. baumannii, were persist-
ently isolated from D27. Previous studies have also re-
ported nosocomial bacterial infections in patients with
MERS receiving invasive mechanical ventilation, in-
cluding infection with Klebsiella pneumoniae, Staphylo-
coccus aureus, and Acinetobacter species [26—28]. High
prevalence rates, reaching 65%, of nosocomial pneumo-
nia during ARDS have been observed, [29, 30]. It is un-
clear whether patients with ARDS are more susceptible
to pneumonia or have more risk factors [31]. Consider-
ing the infection risk, tracheostomy could not have
been performed earlier in our case, resulting in pro-
longed mechanical ventilation.

Despite the severe clinical course, our patient made a
full recovery. Follow-up pulmonary function tests nor-
mal, except for a slightly decreased DLCO. Studies
examining lung function outcome and longer-term
consequences and sequels of MERS survivors have not
been reported until recently; therefore, further follow-
up is needed.

Conclusions

In summary, the first case of MERS-CoV infection had
high transmissibility and a severe clinical course, al-
though the patient made a successful recovery. Special-
ized intensive care may be critical in the treatment of
MERS, because patients often progress to ARDS requir-
ing ventilatory support. Unlike MERS cases imported
from other countries, our first case became a super-
spreader because of the social practices in Korea, rather
than variations of the virus. The Korean health care sys-
tem is vulnerable to hospital-acquired infection and
proper infection control measures are needed to prevent
MERS-CoV transmission in the healthcare setting.

Abbreviations

ED: Emergency department; MERS-CoV: Middle East respiratory syndrome
coronavirus; NMC: National Medical Center; O,: Oxygen; ORF: Open reading
frames

Acknowledgements
Not applicable.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Authors’ contributions

Conceptualization: JYL, Y-JK, GYK, J-SJ, EHC. Data collection and analysis: JYL,
Y-JK, D-WK, IJ, YK, M-RY, GYK, J-SJ. Investigation: JYL, Y-JK, EHC, D-WK, 1J, YK,
MRY, SSK, GYK, J-SJ. Methodology: JYL, Y-JK, EHC, D-WK, M-RY, SSK, GYK, J-SJ.
Supervision: JYL, Y-JK, GYK, J-SJ, EHC. Writing - original draft: JYL, Y-JK. Writing
- review & editing: JYL, Y-JK, EHC. All authors read and approved the final
manuscript.



Lee et al. BMC Infectious Diseases (2017) 17:498

Ethics approval and consent to participate

This study was a retrospective analysis that involved a single subject and was
exempt from institutional review board approval. (Name of the ethics
committee: the National Medical Center Institutional Review Board) Written
informed consent for publication was obtained from the participant.

Consent for publication
Written informed consent was obtained from the patient for publication of
this case report and any accompanying images.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Division of Pulmonary and Critical Care Medicine, Department of Internal
Medicine, National Medical Center, Seoul 04564, Republic of Korea. ’Korea
Centers for Disease Control and Prevention, Cheongju 28159, Republic of
Korea. *Division of Pediatric Allergy & Pulmonology, Department of
Pediatrics, Chungnam National University School of Medicine, Chungnam
National University Hospital, Daejeon 35015, Republic of Korea. *Center for
Infectious Diseases, National Medical Center, Seoul 04564, Republic of Korea.

Received: 12 January 2017 Accepted: 29 June 2017
Published online: 14 July 2017

References

1. Korea Centers for Disease C, Prevention. Middle East respiratory syndrome
Coronavirus outbreak in the Republic of Korea, 2015. Osong Public Health
Res Perspect. 2015,6(4):269-78.

2. World Health Organization: Emergencies preparedness, response:
Coronavirus infections. Disease outbreak news. http://www.who.int/csr/don/
archive/disease/coronavirus_infections/en/ 2016. Accessed 8 Jan 2017.

3. Nishiura H, Miyamatsu Y, Chowell G, Saitoh M: Assessing the risk of
observing multiple generations of Middle East respiratory syndrome (MERS)
cases given an imported case. Euro Surveill 2015, 20(27).

4. Park YS, Lee C, Kim KM, Kim SW, Lee KJ, Ahn J, Ki M. The first case of the
2015 Korean Middle East respiratory syndrome outbreak. Epidemiol Health.
2015;37:22015049.

5. Park HY, Lee EJ, Ryu YW, Kim Y, Kim H, Lee H, Yi SJ. Epidemiological
investigation of MERS-CoV spread in a single hospital in South Korea, may
to June 2015. Euro Surveill. 2015;20(25):1-6.

6. Cowling BJ, Park M, Fang VJ, Wu P, Leung GM, Wu JT. Preliminary
epidemiological assessment of MERS-CoV outbreak in South Korea, may to
June 2015. Euro Surveill. 2015;20(25):7-13.

7. Ki M. 2015 MERS outbreak in Korea: hospital-to-hospital transmission.
Epidemiol Health. 2015;37:¢2015033.

8. Kim KM, Ki M, Cho SI, Sung M, Hong JK, Cheong HK, Kim JH, Lee SE, Lee C,
Lee KJ, et al. Epidemiologic features of the first MERS outbreak in Korea:
focus on Pyeongtaek St. Mary's hospital. Epidemiol Health. 2015;37:
€2015041.

9. Assiri A, McGeer A, Perl TM, Price CS, Al Rabeeah AA, Cummings DA,
Alabdullatif ZN, Assad M, Almulhim A, Makhdoom H, et al. Hospital outbreak
of Middle East respiratory syndrome coronavirus. N Engl J Med. 2013;369(5):
407-16.

10.  Stein RA. Super-spreaders in infectious diseases. Int J Infect Dis. 2011;15(8):
e510-3.

11, Kim SH, Chang SY, Sung M, Park JH, Bin Kim H, Lee H, Choi JP, Choi WS,
Min JY. Extensive viable Middle East respiratory syndrome (MERS)
Coronavirus contamination in air and surrounding environment in MERS
isolation wards. Clin Infect Dis. 2016:63(3):363-9.

12. Bin SY, Heo JY, Song MS, Lee J, Kim EH, Park SJ, Kwon HI, Kim SM, Kim Y1, Si
YJ, et al. Environmental contamination and viral shedding in MERS patients
during MERS-CoV outbreak in South Korea. Clin Infect Dis. 2016,62(6):755-60.

13.  Azhar El, Hashem AM, El-Kafrawy SA, Sohrab SS, Aburizaiza AS, Farraj SA,
Hassan AM, Al-Saeed MS, Jamjoom GA, Madani TA. Detection of the Middle
East respiratory syndrome coronavirus genome in an air sample originating
from a camel barn owned by an infected patient. MBio. 2014;5(4).e01450-14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Page 10 of 10

Kim YJ, Cho YJ, Kim DW, Yang JS, Kim H, Park S, Han YW, Yun MR, Lee HS,
Kim AR et al: Complete Genome Sequence of Middle East Respiratory
Syndrome Coronavirus KOR/KNIH/002_05_2015, Isolated in South Korea.
Genome Announc 2015, 3(4).

Seong MW, Kim SY, Corman VM, Kim TS, Cho SI, Kim MJ, Lee SJ, Lee JS, Seo
SH, Ahn JS, et al. Microevolution of outbreak-associated Middle East
respiratory syndrome Coronavirus, South Korea, 2015. Emerg Infect Dis.
2016;22(2):327-30.

KimY, Cheon S, Min CK, Sohn KM, Kang YJ, Cha YJ, Kang JI, Han SK, Ha NY,
Kim G, et al. Spread of mutant Middle East respiratory syndrome
Coronavirus with reduced affinity to human CD26 during the South Korean
outbreak. MBio. 2016;7(2):e00019.

Kim DW, Kim YJ, Park SH, Yun MR, Yang JS, Kang HJ, Han YW, Lee HS, Kim
HM, Kim H, et al. Variations in spike glycoprotein Gene of MERS-CoV, South
Korea, 2015. Emerg Infect Dis. 2016;22(1):100-4.

Kim JI, Kim YJ, Lemey P, Lee |, Park S, Bae JY, Kim D, Kim H, Jang SI, Yang JS,
et al. The recent ancestry of Middle East respiratory syndrome coronavirus
in Korea has been shaped by recombination. Sci Rep. 2016;6:18825.

Cho SY, Kang JM, Ha YE, Park GE, Lee JY, Ko JH, Lee JY, Kim JM, Kang Cl, Jo
1J, et al. MERS-CoV outbreak following a single patient exposure in an
emergency room in South Korea: an epidemiological outbreak study.
Lancet. 2016,388(10048):994-1001.

Gara N, Ghany MG. What the infectious disease physician needs to know
about pegylated interferon and ribavirin. Clin Infect Dis. 2013;56(11):1629-36.
Kowdley KV. Hematologic side effects of interferon and ribavirin therapy. J
Clin Gastroenterol. 2005;39(1 Suppl):S3-8.

Hui DS, Memish ZA, Zumla A. Severe acute respiratory syndrome vs. the
Middle East respiratory syndrome. Curr Opin Pulm Med. 2014;20(3):233-41.
Falzarano D, de Wit E, Rasmussen AL, Feldmann F, Okumura A, Scott DP,
Brining D, Bushmaker T, Martellaro C, Baseler L, et al. Treatment with
interferon-alpha2b and ribavirin improves outcome in MERS-CoV-infected
rhesus macaques. Nat Med. 2013;19(10):1313-7.

Omrani AS, Saad MM, Baig K, Bahloul A, Abdul-Matin M, Alaidaroos AY,
Almakhlafi GA, Albarrak MM, Memish ZA, Albarrak AM. Ribavirin and
interferon alfa-2a for severe Middle East respiratory syndrome coronavirus
infection: a retrospective cohort study. Lancet Infect Dis. 2014;14(11):1090-5.
Al-Tawfig JA, Momattin H, Dib J, Memish ZA. Ribavirin and interferon
therapy in patients infected with the Middle East respiratory syndrome
coronavirus: an observational study. Int J Infect Dis. 2014;20:42-6.

Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA.
Isolation of a novel coronavirus from a man with pneumonia in Saudi
Arabia. N Engl J Med. 2012;367(19):1814-20.

Who Mers-Cov Research G: State of Knowledge and Data Gaps of Middle
East Respiratory Syndrome Coronavirus (MERS-CoV) in Humans. Plos Curr
2013, 5.

Drosten C, Seilmaier M, Corman VM, Hartmann W, Scheible G, Sack S,
Guggemos W, Kallies R, Muth D, Junglen S, et al. Clinical features and
virological analysis of a case of Middle East respiratory syndrome
coronavirus infection. Lancet Infect Dis. 2013;13(9):745-51.

Markowicz P, Wolff M, Djedaini K, Cohen Y, Chastre J, Delclaux C, Merrer J,
Herman B, Veber B, Fontaine A, et al. Multicenter prospective study of
ventilator-associated pneumonia during acute respiratory distress syndrome.
Incidence, prognosis, and risk factors. ARDS study group. Am J Respir Crit
Care Med. 2000;161(6):1942-8.

Delclaux C, Roupie E, Blot F, Brochard L, Lemaire F, Brun-Buisson C. Lower
respiratory tract colonization and infection during severe acute respiratory
distress syndrome: incidence and diagnosis. Am J Respir Crit Care Med.
1997;156(4 Pt 1):1092-8.

Bauer TT, Ewig S, Rodloff AC, Muller EE. Acute respiratory distress syndrome
and pneumonia: a comprehensive review of clinical data. Clin Infect Dis.
2006;43(6):748-56.

Choi JW, Kim KH, Cho YM, Kim SH. Current epidemiological situation of
Middle East respiratory syndrome coronavirus clusters and implications for
public health response in South Korea. J Korean Med Assoc. 2015;58(6):487.


http://www.who.int/csr/don/archive/disease/coronavirus_infections/en/
http://www.who.int/csr/don/archive/disease/coronavirus_infections/en/

	Abstract
	Background
	Case presentation
	Conclusions

	Background
	Case presentation
	Sources of data
	Genome sequencing
	Phylogenetic construction and ORF comparison
	Clinical history
	Medical history
	Exposure history
	Transmission history [4–8]
	Clinical course
	Infection control procedures
	MERS-CoV genome analysis

	Discussion
	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

