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ABSTRACT
The MERS-CoV isolated during the 2015 nosocomial outbreak in Korea showed distinctive differences in mortality and
transmission patterns compared to the prototype MERS-CoV EMC strain belonging to clade A. We established a BAC-
based reverse genetics system for a Korean isolate of MERS-CoV KNIH002 in the clade B phylogenetically far from the
EMC strain, and generated a recombinant MERS-CoV expressing red fluorescent protein. The virus rescued from the
infectious clone and KNIH002 strain displayed growth attenuation compared to the EMC strain. Consecutive passages
of the rescued virus rapidly generated various ORF5 variants, highlighting its genetic instability and calling for
caution in the use of repeatedly passaged virus in pathogenesis studies and for evaluation of control measures
against MERS-CoV. The infectious clone for the KNIH002 in contemporary epidemic clade B would be useful for better
understanding of a functional link between molecular evolution and pathophysiology of MERS-CoV by comparative
studies with EMC strain.
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Introduction

A decade after the outbreak of severe acute respiratory
syndrome coronavirus (SARS-CoV) in 2002, another
highly pathogenic human CoV Middle East respirat-
ory syndrome (MERS) CoV emerged in two different
cities in the Arabian Peninsula region, Zarqa, Jordan
in April 2012 [1] and Jeddah, Saudi Arabia in June
2012 [2]. Since the first reported case of MERS and
the epidemics are still ongoing [3]. As of January
2020, there were a total of 2,519 laboratory-confirmed
cases of MERS-CoV with 866 casualties in 27
countries (case-fatality rate: 34.4%) [4,5].

Besides the majority of cases reported in Saudi Ara-
bia, the largest outbreak outside of the Arabian Penin-
sula occurred in May 2015 in South Korea [6–8]. The
outbreak in South Korea was distinctive in clinical,
pathological, and epidemiological aspects compared
with the Saudi Arabian epidemic. For a half year,
MERS-CoV infected 186 individuals and caused 38
deaths [9]. Such a substantially lower fatality (∼
20%) as compared with very early cases of MERS-
CoV infection in Saudi Arabia in 2012–2013 [10]

might be attributed to differences in virulence and/
or transmissibility between Korean isolates and earlier
isolates of MERS-CoV, including the EMC strain
(EMC/2012) identified by the Erasmus Medical Center
in Amsterdam, Netherlands [2].

The outbreak in South Korea was developed mainly
via nosocomial transmission in which a single patient
from Saudi Arabia initiated human-to-human spread
throughout 17 hospitals [6,7]. The wide-spreading
via interhuman transmission was mainly caused by
three super-spreading events (via the index patient,
Patient #1, and two other super-spreaders, Patient
#14 and Patient #16 [6]; see also Figure 1A). By con-
trast, during a similar human-to-human transmission
within a health care facility in Saudi Arabia [10], the
virus did not show this atypical wide interhuman
spreading profile, according to the basic reproduction
number (R0) estimated by Bayesian analysis [11]. It
has been suspected that pathogen-derived factors
might account for such a unique spreading profile of
the virus during the 2015 outbreak in South Korea
[6,7]. In fact, previous studies proposed, albeit
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controversial, potential roles of spike (S) protein var-
iants in wide interhuman MERS-CoV spreadings in
Korea [12–14]. Nevertheless, it is yet unknown
which viral genetic variations prompted consecutive
human-to-human transmissions (at least 5 rounds of
transmissions) during the 2015 outbreak.

Reverse genetics systems for RNA viruses provide
great tools for functional analysis of viral genes and
development of antivirals and vaccines [15]. The

currently available systems established by different
methodologies were all for the MERS-CoV EMC strain
(JX869059) [16–18], which is the prototype clade A
strain isolated in 2012 [2]. The clade A is currently com-
posed of less than 10 isolates including another human
isolate from Jordan (Jordan-N3/2012) and a few strains
isolated fromdromedaries [19]. TheMERS-CoVKorean
isolate KNIH002 (KT029139) and all other strains iso-
lated from humans during the 2015 outbreak in South

Figure 1. Construction of a full-length cDNA clone of a MERS-CoV Korean isolate. (A) Transmission routes and the origin of the
MERS-CoV isolate used for the construction of an infectious cDNA clone in this study. The index patient (Patient #1) acquired the
virus from an unknown source during his visit to the Middle East in 2015. Patient #1 spread the virus via nosocomial routes and
also transmitted the virus to his spouse (Patient #2) in a household setting. A sputum sample from Patient #2 was inoculated onto
Vero E6 cells, and viruses were passaged three times prior to sequencing analysis of the viral genome (KT029139). The purified
virus (KNIH002 strain) was further passaged three times in Huh7 cells at the Korea Research Institute of Chemical Technology
(Daejeon, Korea). Total RNA extracted from culture supernatants was then used to construct a full-length cDNA clone of the
MERS-CoV Korean isolate. (B) Schematic illustration of the full-length cDNA clone of KNIH002. The cassette vector pBAC-MERS-
CoV/YKC-5′-3′ carries a CMV promoter fused to the cDNA representing the first 811-nt of the genome, a multiple cloning site
(MCS), and the cDNA of the last 950-nt (nt 29,159–30,108) of the genome followed by poly(dA)28, HDV ribozyme (Rz), and bovine
growth hormone transcription termination and polyadenylation signal (BGH). The four unique restriction enzyme sites within MCS
were used for the assembly of cDNA fragments (M-CoV-1, M-CoV-2, M-CoV-3, and M-CoV-4). Three nonsynonymous mutations
incorporated in the resulting full-length clone (pBAC-MERS-CoV/YKC) are shown in red below the genome.
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Korea belong to the contemporary epidemic clade B that
is is phylogenetically far from the clade Awhere the pro-
totype MERS-CoV EMC strain belongs to [2,8,19].

In the present study, we established a bacterial
artificial chromosome (BAC)-based reverse genetics
system for the MERS-CoV KNIH002 strain to better
understand a functional link between molecular evol-
ution and pathophysiology of MERS-CoV by com-
parative studies with the EMC strain. Using the
recombinant virus recovered from the infectious
cDNA clone, we compared the growth kinetics of
the rescued virus with its parental strain and EMC
strain. We also provide evidence of genetic instability
of ORF5, frequently encountered during serial pas-
sages of MERS-CoV in vitro. The results from our
analysis of the infectious clone recapitulate rapid mol-
ecular evolution of MERS-CoV in laboratory settings
as well as its natural reservoirs, highlighting the
importance of the use of a low-passage virus strain
or a virus stock rescued from an infections clone to
minimize the effect of nonidentified variants.

Materials and methods

Cell culture and virus infection

Baby hamster kidney cells (BHK-21), human hepatocel-
lular carcinoma Huh7 cells, and African green monkey
kidney-derived Vero E6 cells were cultivated in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with10%fetal bovine serum(FBS), 100 U/mlofpenicillin
and 100 µg/ml streptomycin at 37°C in 5% CO2. All cell
lines were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA). The EMC
strain was kindly provided by Bart Haagmans (Depart-
ment of Viroscience, Erasmus Medical Center, Rotter-
dam, the Netherlands). The KNIH002 strain of MERS-
CoV was received from the Korea Centers for Disease
Control & Prevention (KCDC). The KNIH002 viral
stock was propagated in Vero E6 cells grown in minimal
essential medium (MEM) containing 2% FBS. Recombi-
nant MERS-CoVs recovered from infectious cDNA
clones were propagated in Huh7 cells grown in DMEM
containing10%FBS.For virus infection, cellswere seeded
in T25 flasks, cultured overnight, and then infected with
viruses at anMOI of 0.001 by incubating at 37°C for 1 h.
After washing, the infected cells were maintained in a
complete medium supplemented with 2% FBS for the
indicated periods as specified infigure legends. All exper-
iments with MERS-CoVs were conducted within a bio-
safety level 3 (BSL3) facility at the KCDC.

MERS-CoV cDNA synthesis and sequencing
analysis

Total RNA was extracted from the culture supernatant
of MERS-CoV/KNIH002-infected cells using TRIzol

LS reagent (Invitrogen, Carlsbad, CA, USA). cDNA
was synthesized using the SuperScript III First-Strand
Synthesis System (Invitrogen) and PCR-amplified
using specific primer sets (Table 1). The resulting
PCR products were gel-purified using the QIAEX II
gel extraction kit (Qiagen, Valencia, CA, USA) and
cloned into pMW119 (Nippon Gene, Tokyo, Japan).
Following sequencing of cDNA clones, overlapping
sequences were assembled and compared with refer-
ence sequences using the AlignX program (Vector
NTI Advance 10, Invitrogen). When indicated,
specific regions of the viral genome (1.5–2.5 kb)
were RT–PCR-amplified and cloned into pCR2.1-
TOPO vector (Thermo Fisher Scientific, Waltham,
MA, USA) to analyse cell culture-adapted mutations.
When required, cDNAs containing a detrimental del-
etion or a point mutation were repaired using the
QuikChange II XL site-directed mutagenesis kit (Agi-
lent Technologies, Santa Clara, CA, USA).

Construction of a full-length cDNA clone of
MERS-CoV

A full-length cDNA clone of MERS-CoV Korean iso-
late was constructed according to the protocol
described previously [16,20]. The backbone cassette
vector pBAC-MERS-CoV/YKC-5′-3′ was generated
using the SARS-CoV subgenomic replicon pSARS-
REP-Feo [21] by assembling the cDNA M-CoV-B1
(representing the 5′-end region of MERS-CoV) and
the chemically synthesized DNA fragment M-CoV-
B2 (Bioneer, Daejeon, South Korea) using the In-
Fusion HD Cloning Kit (Takara Bio, Tokyo, Japan).
The M-CoV-B2 was composed of a multiple-cloning
site (MCS containing BamHI, StuI, PvuI, and SacII
sites) and the 950-bp long 3′-terminal sequences
representing the nt 29,159–30,108 of viral genome
plus a 28-bp long poly(A) tail and hepatitis delta
virus (HDV) ribozyme. Based on the sequence of
MERS-CoV KNIH002 (KT029139) [8], four selected
restriction enzymes, BamHI (nt 807), StuI (nt 9,072),
PvuI (nt 18,776 and 25,760), and SacII (nt 29,157)
were used for the assembly of cDNA fragments. A
single nt change G7622C was made in nonstructural
protein 3 (nsp3) gene to eliminate a StuI restriction
site in the M-CoV-1 cDNA fragment. This

Table 1. Primers used to generate MERS-CoV cDNA fragments
cDNA fragments Primers Sequence (5′-3′)

M-CoV-B1 M-CoV-B1 1F GATTTAAGTGAATAGCTTGGCTATC
M-CoV-B1 811R GGATCCGCCTCAAAATCGTC

M-CoV-1 M-CoV-1 791F GGACGATTTTGAGGCGGATCC
M-CoV-1 9084R GAACATGAGGCCTCATCTGACTG

M-CoV-2 M-CoV-2 9065F TCAGATGAGGCCTCATGTTCGTTAC
M-CoV-2 18784R GCAATAACGATCGTGATTAGTAGCAAG

M-CoV-3 M-CoV-3 18765F CTAATCACGATCGTTATTGCTCTG
M-CoV-3 25767R GACTCACGATCGACAGAAACTG

M-CoV-4 M-CoV-4 25748F GTTTCTGTCGATCGTGAGTCTAC
M-CoV-4 29176R GATGGACCTGGAGAAGTGCC
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substitution was also used as a genetic marker of the
resulting full-length cDNA clone.

Then the four overlapping cDNA fragments
flanked by the selected restriction sites (M-CoV-1 to
M-CoV-4) were sequentially cloned into the MCS of
pBAC-MERS-CoV/YKC-5′-3′ to generate pBAC-
MERS-CoV/YKC, a full-length cDNA clone of the
Korean isolate of MERS-CoV KNIH002. The genetic
integrity of the final full-length cDNA clone was ver-
ified by sequencing. All the works using cDNAs of
MERS-CoV were approved by KCDC (16-RDM-010)
and by the Institutional Biosafety Committee at Yon-
sei University (Permit No: IBC-A-201605-117-02).

Construction of a recombinant MERS-CoV cDNA
clone expressing RFP

The pMW119-M-CoV-4 containing the M-CoV-4
cDNAdescribedabovewasPCR-amplifiedusing the for-
ward primer M-CoV-4 27512 F (5′-TAAG-
CAGCTCTGCGCTACTATGG-3′) and the reverse
primer M-CoV-4 26842 R (5′-CATAGTTCGT-
TAAAATCCTGGATGATG-3′) to generate a linearized
cassette vector. The RFP gene was PCR-amplified using
ptdTomato-N1 plasmid (Takara Bio) as a template and
the forward primer tdT 26825F (5′-GGATTTTAAC-
GAACTATGGTGAGCAAGGGCGAGGAGG-3′) and
the reverse primer tdT 27529R (5′-GTAGCGC-
AGAGCTGCTTACTTGTACAGCTCGTCCATGCC-
3′). After gel purification, the RFP gene was cloned into
the cassette vector using the In-Fusion HD Cloning Kit
(Takara Bio). The resulting cDNA fragment carrying
RFP gene, M-CoV-4-RFP, was then inserted into PvuI/
SacII-digested pBAC-MERS-CoV/YKC to construct
pBAC-MERS-CoV/YKC-RFP.

Rescue of recombinant viruses from infectious
cDNA clones

Recombinant MERS-CoVs were recovered as pre-
viously described [16,20]. Briefly, 5 × 105 BHK-21
cells plated on a 6-well plate the day before transfec-
tion were cultivated in the absence of antibiotics over-
night and were transfected with 5 µg of pBAC-MERS-
CoV/YKC or pBAC-MERS-CoV/YKC-RFP pre-incu-
bated with 12 µl of Lipofectamine 2000 transfection
reagent (Invitrogen). Following incubation for 6 h,
cells were then washed and detached by trypsin treat-
ment, and resuspended cells were plated over conflu-
ent Huh7 monolayers grown in a T25 flask. The co-
culture was incubated until clear signs of cytopathic
effects (CPE) were observed, and the supernatant
was harvested by clearing cell debris by centrifugation
to obtain P0 viral stock. The P0 was passaged on fresh
cells to generate P1, which was used in infection
experiments unless otherwise specified.

Plaque assay

Viral titre was determined by plaque-forming assay as
previously reported [22]. Briefly, Vero E6 cells were
seeded in a 6-well plate, cultured overnight, and
infected with 10-fold serially diluted virus samples in
a serum-free medium for 1 h with gentle rocking
every 15 min. After washing with PBS, cells were over-
laid with DMEM containing 1% low-melting agarose
(Sigma-Aldrich, St. Louis, MO, USA), 2% FBS,
100 U/ml of penicillin, and 100 µg/ml streptomycin.
After incubation for 3–4 days until clear plaques
were observed, cells were fixed with 10% formal-
dehyde and stained with 1% crystal violet solution.

Real-time reverse-transcription quantitative
PCR (RT-qPCR)

Total RNA was extracted using TRIzol Reagent (Invi-
trogen) according to the manufacturer’s instructions.
The MERS-CoV subgenomic RNA (sgRNA) copy
number was determined as previously described
[16,23] with minor modifications. Briefly, total RNA
(500 ng) was subjected to cDNA synthesis using
ImProm-II Reverse Transcriptase (Promega, Madi-
son, WI, USA). Real-time RT-qPCR was carried out
in triplicate using iQ Supermix (Bio-Rad, Hercules,
CA, USA) and a set of primers [a forward primer
M-CoV_sgRNA-N_28F (5′-ACTTCCCCTCGTTCT
CTTGCAG-3′), a reverse primer M-CoV_sgRNA-
N_28732_R (5′- GTAAGAGGGACTTTCCCGTGTT
G-3′), and a TaqMan probe M-CoV_sgRNA-rtP
(5′-FAM- CACGAGCTGCACCAAATAACACTGT
CTC-3′-BHQ)] on a Bio-Rad CFX real-time PCR
detection system (Bio-Rad). Standard RNA was pre-
pared by in vitro transcription using a T7 promoter--
fused DNA template representing nt 1–67 plus nt
28,545–28,746 [leader sequence plus the transcrip-
tional regulatory sequence (TRS) of sgRNA8 encod-
ing the viral capsid protein N].

Immunoblotting

Virus-infected cells were resuspended in RIPA buffer
(Sigma-Aldrich) supplemented with an EDTA-free
protease inhibitor cocktail (Roche Diagnostics, Man-
nheim, Germany) and incubated on ice for 20 min
to completely inactivate viruses. Cleared cell lysates
were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and the proteins were trans-
ferred to the polyvinylidene difluoride membrane (GE
Healthcare Life Sciences, Piscataway, NJ, USA). Fol-
lowing blocking with 5% bovine serum albumin, the
blots were probed with an appropriate set of primary
and secondary antibodies. Antibodies were obtained
as follows: rabbit polyclonal anti-S (40069-T52;
1:1,000 dilution) and anti-N antibody (100211-RP02;
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1:1,000 dilution) from Sino Biological Inc. (Beijing,
China), and mouse monoclonal anti-α-tubulin anti-
body (DM1A; 1:5,000 dilution) from Calbiochem (La
Jolla, CA, USA). Proteins were visualized using
enhanced chemiluminescence.

Northern blotting

Total RNA extracted from the infected cells was
denatured in a denaturing RNA loading buffer by
incubation at 65°C for 5 min prior to gel electrophor-
esis on a 0.7% denaturing agarose gel. Following visu-
alization of RNAs by ethidium bromide (EtBr)
staining, the separated RNAs were transferred to a
positively charged nylon membrane (Roche) via capil-
lary action overnight and crosslinked by UV light. The
membrane was then prehybridized using ULTRAhyb
Ultrasensitive Hybridization Buffer (Thermo Fisher
Scientific). DNA probe corresponding to the MERS-
CoV genome ranging from nt 29,161–30,055 was
radiolabeled with [α-32P]dCTP using the Rediprime
II DNA labelling system (GE Healthcare Life
Sciences). Hybridization of the DNA probe was car-
ried out at 42°C in a hybridization buffer for 24 h.
Membranes were washed and subjected to image
analysis using an Amersham Typhoon 5 Biomolecular
Imager (GE Healthcare Life Sciences).

Fluorescence microscopy

Cells grown on a Lab-Tek 4-well chamber slide (Nunc,
Roskilde, Denmark) were infected with MERS-CoV
YKC-RFP at an MOI of 0.001. Two days later, cells
were washed and fixed with 4% paraformaldehyde
(Sigma-Aldrich). Fluorescence images were obtained
using a confocal laser scanning microscope (Zeiss
LSM 510 META, Carl Zeiss, Oberkochen, Germany).

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 6 (GraphPad Prism Software Inc., La Jolla,
CA, USA). Differences in means were analysed using
a two-tailed, unpaired Student’s t-test. Unless other-
wise specified, quantitative results were presented as
mean ± standard deviation (SD) of at least three inde-
pendent experiments. A P value of less than 0.05 was
considered statistically significant.

Results

Construction of a full-length cDNA clone of a
MERS-CoV Korean isolate

The full-length clone constructed in this study was
generated using viral RNA obtained from the MERS-
CoV KNIH002 strain (KOR/KNIH/002_05_2015:

KT029139) [8]. This strain belonging to the contem-
porary epidemic clade B was isolated from the spouse
(Patient #2) of the index patient (Patient #1) during
the 2015 MERS outbreak in South Korea. The virus
was passaged thrice in Vero E6 cells for virus isolation
and stock preparation, and the purified virus was
further propagated in Huh7 cells to obtain viral
RNA used for cDNA synthesis (Figure 1A).

Initially, we prepared five overlapping cDNA frag-
ments, namely M-CoV-B1, M-CoV-1, M-CoV-2, M-
CoV-3, and M-CoV-4, which represent the nucleo-
tides (nt) 1–811, 791–9,084, 9,065–18,784, 18,765–
25,767, and 25,748–29,176 of MERS-CoV genome,
respectively, by RT–PCR using sets of primers listed
in Table 1. These fragments were cloned into a low
copy number vector, pMW119, for sequencing analy-
sis. For assembly of these cDNAs, one StuI site in the
BAC plasmid was removed by site-directed mutagen-
esis. Similarly, one StuI site in the M-CoV-1 fragment
(nt 791–9,084) was also removed by incorporating a
G7622C substitution [resulting in no amino acid (aa)
change], which also serves as a signature marker of
the final infectious clone (Figure 1B).

Sequencing of the resulting cloned cDNAs ident-
ified 9 nucleotide changes (one 2-nt deletion and 8
point mutations) compared with the genome sequence
of KNIH002. To ensure that these were not artificially
introduced during the cloning process, we additionally
analysed 6 independent cDNA clones (1.5∼2.5 kb in
size) covering these mutations (Table 2). Interestingly,
we found a 2-nt deletion at nt 26,886–26,887 or nt
26,887–26,888 (due to the three consecutive T residues
at nt 26,886–26,888, hereafter arbitrarily assigned to nt
26,886–26,887) in 2 out of 6 clones analysed. This del-
etion causes a frameshift that would produce, if any, a
22 aa-long peptide by introducing a premature stop
codon. The G29097 T nt substitution at the nucleo-
capsid N-coding gene was also observed repeatedly
albeit at a low frequency (1 out of 6 clones). These
two changes were corrected in the cDNA clones
according to the sequence of KNIH002. The remain-
ing 8 point mutations (five silent mutations
G19075A, T23303C, C24383 T, T25968A, and
T26109C) and three nonsynonymous mutations
[C6286 T, C11061 T, and T26109C, resulting in
A2003V and P3595S substitutions in nonstructural
protein 3 (Nsp3) and Nsp6 proteins encoded by
ORF1a/b, and an M6 T substitution in ORF4b] were
consistently found in all of the clones analysed. We
thus incorporated these cell culture-adaptive
mutations into the full-length clone.

The sequence edited, overlapping cDNA fragments
(M-CoV-1, M-CoV-2, M-CoV-3, and M-CoV-4) were
sequentially assembled into a cassette plasmid pBAC-
MERS-CoV/YKC-5′-3′ constructed as described in the
Methods section. The assembled pBAC-MERS-CoV/
YKC (Yonsei and KCDC) was sequenced to ensure
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that no additional mutations were introduced during
the cloning steps. The full-length YKC clone had
three amino acid changes (A2003V in Nsp3, P3595S
in Nsp6, and M6 T in ORF4b) compared with its par-
ental strain KNIH002.

Infectivity of the rescued recombinant MERS-
CoV YKC

Using the full-length cDNA cloned in a BAC plasmid,
P0 (passage #0) YKC virus was rescued by plating
pBAC-MERS-CoV/YKC-transfected BHK-21 cells
over Huh7 monolayers grown to confluence, as pre-
viously described [20]. Infection of Huh7 with YKC
P0 resulted in cell rounding and syncytia formation at
2 days post-infection (dpi), indicatives of CPE induced
by MERS-CoV infection (Figure 2A). Expression of
viral capsid (N) and spike (S) proteins was verified by
immunoblotting analysis of lysates of YKC P0-infected
Huh7 cells (Figure 2B). Furthermore, full-length viral
genomic RNA (gRNA), as well as seven different
sgRNAs, were detected by Northern blotting analysis
of total RNA extracted from the infected cells (Figure
2C). In addition, we verified viral sgRNA synthesis by
detecting the TRS correctly fused to the N protein-cod-
ing gene through sequencing analysis of the 5′-end
region of capsid protein (N)-coding sgRNA8 (Figure
2D). Lastly, the G7622C genetic marker signifying
YKC identitywas confirmed by sequencing of the corre-
sponding region that was RT–PCR amplified from viral
RNA extracted from the YKC P0 (Figure 3E).

Moreover, the YKC P1 (passage #1 of YKC P0) pro-
pagated efficiently inVero E6 cells. Viral structural pro-
teins (N and S as well as its processed forms) were
detected as early as 12 hpi and their expression levels
increased gradually up to day 3 (Figure 2F). Altogether,
these data indicate that the recombinant virus (YKC
strain) rescued from the established full-length clone
of the Korean isolate KNIH002 strain was infectious.

A recombinant YKC derivative expressing red
fluorescent protein

Reporter-expressing infectious MERS-CoV is a valu-
able tool for antiviral drug discovery and for analysis
of in vivo trafficking of MERS-CoV. We constructed
a recombinant YKC derivative expressing the red
fluorescent protein (RFP) tdTomato. Frequent occur-
rence of ORF5 deletion variants in KNIH002 (Table 2)
and previous studies [16,17] suggested the non-essen-
tial function of this accessory protein in viral propa-
gation in vitro. We replaced the ORF5 with the
tdTomato RFP gene to generate pBAC-MERS-CoV/
YKC-RFP (Figure 3A). The red fluorescence signal
from tdTomato was detected at 2 dpi of Vero E6
cells with the recovered recombinant virus. Further,
we confirmed the expression of sgRNA5-RFP tran-
scripts bearing the TRS correctly fused to the RFP-
coding gene by sequencing analysis of the 5′-end
region of this mRNA.

The rescued, RFP-expressing virus (YKC-RFP; P1)
displayed growth kinetics similar to that of YKC (P1)
in Vero E6 cells (Figure 3B). They expressed similar
levels of N and S proteins during the course of infec-
tion (Figure 3C), suggesting that deletion of ORF5
had little effect on either upstream (S) or downstream
(N) sgRNA expression. Our results were in part con-
sistent with previous studies showing that the ORF5
is dispensable for viral propagation, as demonstrated
with EMC strain-based infectious cDNA clones lack-
ing the ORF5 gene [16,17]. However, the recombinant
virus did not show retarded growth compared with the
parental virus YKC, which was in contrast to the
results of a previous study in which replacement of
ORF5 with the RFP gene was shown to be associated
with a substantial reduction in replication. This discre-
pancy might be due to difference in reporter gene
expression levels or was caused by genetic variaions
between EMC and YKC strains.

Table 2. Summary of sequence analysis of the 4 cDNA clones used for construction of a full-length cDNA clone of KNIH002
(KT029139).
Open reading frame Genomic position of nucleotide Nucleotide change Amino acid change (position)a Frequencyb Incorporated in YKCc

ORF1a/b 6286 C → T Ala → Val (2003) 3/3 Yes
11061 C → T Pro → Ser (3595) 6/6 Yes
19075 G → A SM (6266) 6/6 Yes

S 23303 T → C SM (616) 6/6 Yes
24383 C → T SM (976) 6/6 Yes

ORF4a 25968 T → A SM (39) 6/6 Yes
26109d T → C SM (86) 6/6 Yes

ORF4b 26109d T → C Met → Thr (6) 6/6 Yes
ORF5 26886–26887 TT → -e V16SPAFHRI → V16SCISSH22•

f 2/6 Nog

N 29097 G → T Val → Leu (178) 1/6 Nog

aBoth synonymous (silent; SM) and nonsynonymous mutations are shown.
bNumber of clones containing indicated mutations among 6 independent clones analysed.
cThe GenBank number of the YKC clone: MT361640.
dThe nt 26,109 is in the overlapping region of ORF4a and ORF4b (+1 frameshifted ORF). Consequently, the “T→ A” change at nt 26,109 results in a silent
mutation at the ORF4a and a nonsynonymous substitution at the ORF4b.

eA deletion mutation at nt 26,886–26,887 was observed, where the two nt “TT” was deleted in 2 out of 6 clones analysed.
fA deletion of 2 nts (TT) at nt 26,886–26,887 leads to −2 frameshift resulting in early termination by introducing a stop codon (•).
gMutations with low frequency as well as those that lead to nonsense mutations were changed to the sequence in wild-type virus by site-directed
mutagenesis.
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Of note, the ORF5-deleted recombinant virus used
in the previous study was constructed in the backbone
of an infectious cDNA clone of EMC strain (P9) [17].

Comparison of growth kinetics of the clade B
MERS-CoV Korean strain and the clade A EMC
strain

The nucleotide identity between the prototype MERS-
CoV EMC strain (clade A) and the Korean isolate

KNIH002 (clade B) was as high as 99.57% (29,978 nt
identical among 30,108 nt in total). Nevertheless,
there were 44 amino acid changes derived from 130
nucleotide differences between these two strains
(Figure 4A). As a first step to unravel the molecular
mechanisms behind pathophysiological differences
between these two strains, we compared the growth
kinetics of EMC (unknown passage number) and
KNIH002 (P5) along with its derivative YKC (P1) in
Vero E6 cells. As shown in Figure 4B, among them,

Figure 2. Infectivity and replication competence of the recombinant MERS-CoV YKC rescued from the full-length cDNA clone of
KNIH002. (A) The cytopathic effect induced by YKC P0 on Huh7 cells. (B) Immunoblotting analysis for the indicated viral structural
proteins 2 days after infection of Huh7 cells with the P0 virus. α-tubulin was used as a loading control. (C) Northern blotting for
detection of viral genome and subgenomic mRNAs at 2 dpi using a radiolabeled probe specific to ∼1 kb 3′-end region of the
MERS-CoV genome. Visualization of 28S and 18S rRNA by ethidium bromide staining of total RNA separated by denaturing agarose
gel electrophoresis (right panel). (D) Nucleotide sequence of the sgRNA encoding N protein (sgRNA8-N). The target gene was RT-
PCR amplified using total RNA recovered from P0 YKC-infected Huh7 cells at 2 dpi. Shown in the enlarged chromatogram is the
transcriptional regulatory sequence (TRS) flanked by the leader sequence and capsid protein (N)-coding gene. (E) The signature
sequence (G7622C in ORF1a) of the infectious cDNA clone, verified by sequencing analysis of the corresponding region. (F) Vero E6
cells infected with MERS-CoV YKC at an MOI of 0.001 were subjected to immunoblotting analysis for the viral capsid protein N and
the spike protein S (along with its two major cleaved forms). SFL, full-length S protein. Shown on the right of immunoblot is an
illustration depicting proteolytic cleavage sites (S1/S2 and S2′) in S protein and its cleaved fragments, with their predicted mol-
ecular masses. SP, signal peptide; RBD, receptor-binding domain; RBM, receptor-binding motif; FP, fusion peptide; HR1 and HR2,
heptad repeat 1 and 2; TM, transmembrane; CP, cytoplasmic tail. A single asterisk indicates a non-specific band, and a double
asterisk indicates degraded forms of S protein. α-tubulin was used as a loading control.
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the EMC strain yielded a significantly higher infec-
tious virus titre than the Korean isolate KNIH002
and its derivative clone YKC. EMC reached the pla-
teau titre of 4 ×107 PFU/ml at 48 hpi while
KNIH002 and YKC strains grew slowly, reaching a
peak titre of approximately 106 PFU/ml at 72 hpi.
Interestingly, the growth of the YKC strain was further
attenuated compared to its parental strain. The
KNIH002 strain yielded approximately 0.3-log10
higher viral titres than YKC at 72 hpi and more sub-
stantially elevated titres in the earlier period of
infection.

This growth attenuation feature of YKC was more
straightforwardly evidenced by reduced expressions
of N and S proteins at 60 hpi compared to the EMC
strain, and their expression levels were further
decreased in cells infected with YKC compared to
KNIH002 (Figure 4C). Moreover, the highest
sgRNA8-N titre of the EMC strain was > 1-log10
higher than that of KNIH002 or YKC (Figure 4D).
In consistency with these overall attenuated growth
characteristics of KNIH002 and YKC, EMC infection
formed the largest plaques, with an area of 16.9 ± 4.3
mm2 at 3 dpi (Figure 4E). Further, the plaque size of
YKC was significantly reduced (approximately 60%)
compared with that of KNIH002 (P = 0.0051 by two-
tailed, unpaired t-test).

Rapid emergence of diverse ORF5 variants
during serial passages of MERS-CoV

During sequencing analysis of the cDNAs we prepared
for generation of a full-length cDNA clone of
KNIH002 strain, we found various ORF5 deletion var-
iants in the P6 KNIH002 stock (Figure 5A and see
details in Table 2). Taking advantage of the full-length

clone of KNIH002, we addressed the question of how
rapidly and frequently ORF5 variants can emerge in
vitro in the absence of the selection pressure of host
immune responses. After a single-step growth follow-
ing pBAC-MERS-CoV/YKC transfection into BHK21
and subsequent co-culture with Huh7 cells, we found
only a single point mutation at nt 27,020 (resulting in a
C61G aa substitution) in the ORF5 of YKC (P0) with a
frequency of 3 out of 6 clones (Figure 5B).

To our surprise, we found diverse ORF5 variants
accumulating after three consecutive passages of
YKC P0 in Vero E6 cells, which do not produce type
I interferon (IFN) due to a genetic deletion of type I
IFN genes [24] and low endogenous level of IFN regu-
latory factor 3 (IRF-3), a transcription factor required
for IFN induction [25]. Of six independent ORF5
cDNA clones, we could detect only one clone remain-
ing unchanged (P3_#1). The single point mutation
causing a C61G substitution, which was detected in
P0, was persistently carried over in P3. This nonsy-
nonymous mutation was observed with the same fre-
quency of 3 out of 6 in variants bearing either a
deletion or an insertion mutation. Deletions of various
lengths were detected in the TRS [7-nt (nt 26,829–
26,835) deletion in P3_#3; expected to produce no
ORF5 sgRNA since sgRNA synthesis would be abol-
ished due to the absence of TRS] and in coding
sequence [16-nt (nt 26,857–26,872) deletion in
P3_#4; 6-nt (nt 27,186–27,191) deletion in P3_#5].
An insertional mutation harbouring an 11-nt-long
sequence complementary to the Spike protein-coding
gene (nt 23,554–23,564) was observed in one variant
(P3_#6).

Our results show how rapidly viral quasispecies
with diverse mutations in ORF5 could be generated
due to the intrinsic error-prone nature of viral RNA

Figure 3. Analysis of the infectivity of the tdTomato RFP-expressing recombinant YKC, YKC-RFP. (A) A schematic illustration of the
MERS-CoV YKC-RFP in which the ORF5 gene in YKC was replaced with tdTomato gene (top panel). Nucleotide sequence of the 5′-
end region of the viral mRNA encoding the RFP (middle panel). TRS, transcriptional regulatory sequence. Fluorescence microscopic
images of YKC-RFP (P2)-infected Vero E6 cells at 2 dpi (bottom panel). Scale bar, 100 µm. (B and C) Infectious virus titres and viral
protein levels in Vero E6 cells infected with YKC (P1) or YKC-RFP (P1) at an MOI of 0.001. The results are the mean ± SD of two
independent experiments with two replicates.
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polymerase and possibly through imprecise RNA
recombination events during serial passages of
MERS-CoV.

Discussion

In this study, we established a BAC-based reverse gen-
etics system for a Korean isolate of MERS-CoV,
KNIH002 strain. The first full-length infectious clone
YKC for the clade B isolate would be useful for the
investigation of pathogenesis and virus-host inter-
actions through a comparative study with infectious
clones of the clade A EMC strain, which displayed
pathophysiologically distinctive features compared
with MERS-CoV isolates from Korea [10,11,26].
During the analysis of the infectivity of recombinant
virus rescued from the full-length cDNA clone, we
found that growth attenuation in cell culture was a dis-
tinctive phenotypic difference between KNIH002 (as
well as YKC) and EMC strains. The retarded growth
of KNIH002 must be genetically linked to the 44 aa
changes in various regions of the viral genome,
which individually or together would affect either
virus entry, replication competence, and/or ability to
evade innate immune responses.

The receptor-binding domain (RBD) of S protein
was shown to have multiple aa sequence differences
between EMC strain and various MERS-CoV strains

isolated from patients during the outbreak in South
Korea [27]. In the RBD, there was only one aa differ-
ence V530L between EMC and KNIH002 strains,
while two other changes, S137R and Q1020R were
localized at sites other than the RBD of S protein (aa
367–606). Importantly, these mutations did not
affect the processing of S protein (Figure 4C).
KNIH002 and YKC carrying these mutations pro-
duced significantly reduced levels of infectious viruses
and viral structural proteins (S and N proteins) at early
time points of infection (12 and 24 hpi) (Figure 4B and
C). These findings raised the possibility that the
mutations in the S protein of KNIH002 and YKC, par-
ticularly the ones introducing the positively charged
Arg residue at the sites outside the RBD, might influ-
ence viral entry possibly through altering its affinity
toward the viral receptor dipeptidyl peptidase 4
(DPP4). A previous study showed that the two
mutations D510G and I529 T in the RBD led to
weaker binding of S protein to DPP4 and conse-
quently hindered virus entry when an entry assay
was carried out using pseudotyped viruses [12].
These unique mutations detected in some, but not
all, of the Korean isolates were not present in
KNIH002 and YKC.

The viral Nsps encoded by the ORF1a/b of MERS-
CoV are considered to be essential for viral genome
replication [28]. Among them, the Nsp3 had the

Figure 4. Growth attenuation features of KNIH002 and YKC. (A) The 44 amino acid differences within various ORFs between EMC
and KNIH002 strains. (B–E) Infectious virus titre was determined at the indicated time points following infection of Vero E6 cells
with MERS-CoV EMC, KNIH002, or YKC at an MOI of 0.001. The results are the mean ± SD of two independent experiments with two
replicates (B). Immunoblotting for N and S proteins at 24 and 60 hpi. (C). Copy number of N protein-coding viral sgRNA (sgRNA8-N)
determined by RT-qPCR at 60 hpi (D). The average and range of two technical replicates is shown. Plaque size was measured at
4 dpi of Vero E6 cells (EMC, n = 23, KNIH002, n = 23; YKC, n = 18). Shown under the scatter plots are representative plaque mor-
phologies with mean diameters ± SD (mm) of plaques (E). The asterisk in (C) indicates a nonspecific band. In (B and E), red and
blue asterisks indicate the comparison of the EMC strain with KNIH002 and with YKC strains respectively; black asterisks indicate
the comparison between KNIH002 and YKC strains. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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greatest number of mutations resulting in 14 aa differ-
ences between EMC and KNIH002 strains. By con-
trast, the Nsp12 viral RNA-dependent RNA
polymerase essential for viral replication [29] was
well conserved in both strains. These biased mutation
profiles suggested that the mutations were unlikely
introduced at random positions during synthesis and
amplification of viral cDNAs. Besides its papain-like
protease activity, Nsp3 plays a key role in viral replica-
tion by acting as a scaffold protein interacting with
other viral Nsps and/or host proteins and acts as an
antagonist of IFN responses [30]. The finding of 14
aa substitutions scattered across different domains of
this multifunctional protein opens gates for further
research regarding the influence of these genetic vari-
ations on viral growth.

The coronavirus accessory ORF proteins, which are
least conserved in the CoV family, appear to be dis-
pensable for replication while their deletions resulted
in attenuation of MERS-CoV growth in vitro and in

mice [21,31]. Although a fewer number of aa differ-
ences was found in the ORF3 accessory protein, the
percentage of differences normalized to protein mol-
ecular mass was higher in ORF3 than in Nsp3. Its
function is still unknown. As such, the impact of
mutations on ORF3 remains to be characterized.
The two other accessory proteins, ORF4b and ORF5
are known to act as IFN antagonists [32]. Further
the structural protein M (membrane protein), which
is proposed to be involved in virus assembly through
its interaction with the viral capsid protein N, is also
known to antagonize IFN action [32]. Thus, dysregu-
lation of the function of these IFN antagonists by
mutations would influence viral growth. The two sub-
stitutions V69I and F123I in the M protein may
account for the difference in growth rate between
EMC and KNIH002 strains. Previous studies with
EMC ORF4b revealed that it prevents NF-κB-
mediated innate immune response [33] and RNase L
activation induced by type I IFN [34]. It would be of

Figure 5. Genetic instability of the ORF5 of MERS-CoV. (A) Various ORF5 deletion variants in KNIH002 (P6). (B) Identification and
localization of mutations emerged following three consecutive passages (P3) of the YKC P0 rescued from the infectious cDNA
clone of the KNIH002 strain. A total of 6 clones were analysed for the detection of variants. del, deletion; ins, insertion.
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interest to investigate if these functions of ORF4b
protein are influenced by mutations found in
KNIH002 and YKC strains. Taken together, variations
in Nsps, accessory ORF proteins, and even in the
structural proteins (S, M, and N) would play together
in establishing phenotypic differences between EMC
and KNIH002 strains, for example, not only in growth
but also in terms of immune evasion capacity, trans-
missibility, and pathogenicity.

Further, it is worth pointing out that the growth of
YKC was further attenuated in comparison to its par-
ental strain by acquiring three additional aa changes
(A2003V in Nsp3, P3595S in Nsp6, and M6 T in
ORF4b) introduced during consecutive passages of
KNIH002. Since S protein sequence was conserved
between KNIH002 and YKC strains, it is plausible to
speculate that the aa changes in Nsps, individually or
together with the M6 T substitution in the ORF4b,
account for the reduced growth of YKC. Further, the
additional five nucleotide changes, which lead to
synonymous mutations (G19075A, T23303C,
C24383 T, T25968A, and T26109C), may also contrib-
ute to the slower growth of YKC, as these nucleotide
changes even within the ORFs might alter RNA con-
formations to dysregulate viral gene expression and/
or replication.

Sequencing analysis of clinical samples, which were
not cultivated in vitro, identified various deletions var-
iants. For instance, various mutants detected in naso-
pharyngeal swab specimens collected from a Korean
patient travelling to China in late May 2015 had del-
etions at the junction of ORF5 and E genes, resulting
in the fusion between the ORF5 and E proteins or a
deletion at the C-terminus of ORF5 [35]. An earlier
study also identified deletions in ORF3 and ORF4a
genes in clinical samples collected during the outbreak
in Riyadh in 2015 [36]. The effect of these deletions in
accessory ORFs of MERS-CoV and the molecular
mechanism of biogenesis of these defective accessory
ORF genes are unknown. Recently, more diverse del-
etion variants were detected in the clade B MERS-CoV
isolates collected from patients in Saudi Arabia in 2015
[37]. The authors found deletions in the 5′-UTR, Nsp2
(in ORF1a), and ORF3. While deletions in the 5′-UTR
and ORF1a resulted in reduced viral RNA titres in cul-
ture media, the effect of deletion in ORF3 has not yet
been addressed. Our observations of ORF5 deletion
variants are reminiscent of these previous findings.
We found that the ORF5 of MERS-CoV undergoes
rapid mutations including even insertion and deletion
(Figure 5). During sequence analysis of KNIH002
cDNA clones, we repeatedly detected an ORF5 variant
with a 2-nt-deletion that would produce a prematurely
terminated 22-aa long peptide, although it was not a
predominant one (Table 2).

More importantly, following passages of the recom-
binant virus rescued from the YKC clone, we could

detect diverse ORF5 variants including truncated
ORF5 variants, which can produce 107-aa long and
222-aa long ORF5 proteins through premature ter-
mination caused by internal insertion and deletion,
respectively. Notably, an ORF5-deleted mutant virus
generated by engineering an infectious clone of EMC
strain remained infectious [16,17]. Our results also
showed that the replacement of ORF5 with RFP had
little effect on the growth of YKC-RFP. Whilst these
results support the non-essential role of ORF5 in
viral propagation in vitro, it is worth investigating
whether there are any functional roles of deletion var-
iants of ORF5 protein. Further studies are required to
gain some insights into how these highly metastable
genes of MERS-CoV have evolved and will change
in non-human networks, and play roles in the adap-
tation of MERS-CoV in different hosts. Viral patho-
genesis and fitness in host cells are likely to be
influenced by genetic variations in viral genome and
consequently the quasispecies dynamics of MERS-
CoV. As exemplified by the rapid emergence of
ORF5 variants following three consecutive passages
of YKC P0 viral stock, quasispecies are likely to be pre-
sent in viral stocks as clinical specimens had to be pas-
saged multiple times for virus purification by plaque-
forming assay or a limited-dilution procedure and for
amplification of purified virus. Our results call for cau-
tion in the uses of viral stocks harbouring unidentified
variants in pathogenesis studies.

Our study had several limitations because original
virus stocks of EMC and KNIH002 strains used for
comparative growth kinetic study have been passaged
multiple times in vitro following isolation from
patients and sequencing analysis. The reference
sequences of KNIH002 and EMC are for the P3 and
P6 stocks, respectively. For growth kinetic compari-
son, we used KNIH002 P5 and EMC with an unknown
passage number (likely multiple more passages after
sequencing analysis using a P6 stock) [2]. Thus, the
reference sequences of these viruses and the sequences
of the major population of the viral stocks used in this
study are likely to have variations. Additionally, the
lack of viral sequences for clinical samples limits our
ability to differentiate the contribution of culture-
adapted mutations in conferring phenotypic differ-
ences between the EMC and KNIH002 strains. In
this regard, the infectious cDNA clones now available
for both clade A and clade B strains of MERS-CoV will
enable us to investigate systemically how viral patho-
genesis and transmissibility of MERS-CoV are
influenced by the genetic drifts we observed between
the two representative MERS-CoV strains.

One of the practical implications of the infectious
clone established in this study is to use it as a backbone
for the development of live attenuated vaccines by
taking advantage of the growth attenuated feature of
the recombinant virus YKC. This phenotype is
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supposed to be inherited relatively stably as it is
genetically connected to 130 nucleotide changes lead-
ing to 44 amino acid substitutions. An earlier proof-
of-concept study indeed demonstrated the potential
use of a growth attenuated Nsp16 mutant carrying a
single aa change (D130A) in the active site of viral
2′O-methyltransferase [22]. Additionally, the recom-
binant MERS-CoV expressing RFP (YKC-RFP) will
facilitate high-throughput screening of antiviral
drugs and in vivo tracking of MERS-CoV through
imaging analysis.

Conclusion

In summary, our study demonstrates a remarkable
difference in growth kinetics between two representa-
tive MERS-CoV strains isolated during the outbreaks
in Saudi Arabia in 2002 and South Korea in 2015.
We provide experimental evidence of the genetic
instability of MERS-CoV ORF5 using the infectious
cDNA clone we established for the clade B MERS-
CoV Korean isolate KNIH002. As exemplified by
ORF5 variants, viral quasispecies, which would be
unavoidably produced during serial passages of virus
samples, should be taken into considerations when
investigating the pathogenesis and evaluating the
efficacy of control measures such as neutralizing anti-
bodies and antiviral agents against MERS-CoV. Use of
a low-passage virus rescued from infectious cDNA
clones now available for MERS-CoV isolates in clades
A and B is the option to avoid the potential interfer-
ence from viral quasispecies produced due to low
fidelity of MERS-CoV Nsp12 RdRp and by aberrant
RNA recombination events.
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