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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) causes severe
acute respiratory disease in humans. MERS-CoV strains from early epidemic clade A
and contemporary epidemic clade B have not been phenotypically characterized to
compare their abilities to infect cells and mice. We isolated the clade B MERS-CoV
ChinaGD01 strain from a patient infected during the South Korean MERS outbreak in
2015 and compared the phylogenetics and pathogenicity of MERS-CoV EMC/2012
(clade A) and ChinaGD01 (clade B) in vitro and in vivo. Genome alignment analysis
showed that most clade-specific mutations occurred in the orf1ab gene, including
mutations that were predicted to be potential glycosylation sites. Minor differences
in viral growth but no significant differences in plaque size or sensitivity to beta in-
terferon (IFN-�) were detected between these two viruses in vitro. ChinaGD01 virus
infection induced more weight loss and inflammatory cytokine production in hu-
man DPP4-transduced mice. Viral titers were higher in the lungs of ChinaGD01-
infected mice than with EMC/2012 infection. Decreased virus-specific CD4� and
CD8� T cell numbers were detected in the lungs of ChinaGD01-infected mice. In
conclusion, MERS-CoV evolution induced changes to reshape its pathogenicity
and virulence in vitro and in vivo and to evade adaptive immune response to
hinder viral clearance.

IMPORTANCE MERS-CoV is an important emerging pathogen and causes severe re-
spiratory infection in humans. MERS-CoV strains from early epidemic clade A and
contemporary epidemic clade B have not been phenotypically characterized to com-
pare their abilities to infect cells and mice. In this study, we showed that a clade B
virus ChinaGD01 strain caused more severe disease in mice, with delayed viral clear-
ance, increased inflammatory cytokines, and decreased antiviral T cell responses,
than the early clade A virus EMC/2012. Given the differences in pathogenicity of dif-
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ferent clades of MERS-CoV, periodic assessment of currently circulating MERS-CoV is
needed to monitor potential severity of zoonotic disease.

KEYWORDS MERS-CoV, T cell response, pathogenicity, phylogenetics, virulence

Middle East respiratory syndrome coronavirus (MERS-CoV) is a newly emerging
pathogen that causing zoonotic disease on the Arabian Peninsula and which may

be transmitted by travelers to other parts of the world (1). MERS-CoV infection results
in severe pneumonia and a high mortality rate in humans. At the end of January 2020,
there were 2,519 cases with 866 deaths (34.3% mortality) reported to the World Health
Organization (WHO). Epidemiological studies indicated that dromedary camels are the
source of human infection (2, 3), although bats could be a natural reservoir (4, 5). While
clusters of human-to-human transmission have occurred within health care facilities,
MERS-CoV does not appear to transmit efficiently between humans in the community
(6). Human dipeptidyl peptidase 4 (hDPP4; also known as CD26) was identified as the
functional receptor for MERS-CoV (7, 8) and is primarily expressed in the lower respi-
ratory tract in humans, which could be a possible reason for limited human-to-human
transmission (9, 10). So far there are no specific treatments or vaccines available for
MERS (11, 12).

Despite intensive studies over the past several years, the pathogenesis of MERS-CoV
infection is not well understood. Recent autopsy and histopathological studies revealed
that there was diffuse alveolar damage, necrotizing pneumonia, and acute renal injury
in MERS-CoV-infected patients and that viral particles were localized in the pneumo-
cytes, epithelial syncytial cells, and pulmonary macrophages in the lung and renal
proximal tubular epithelial cells in the kidney (13, 14). In 2015, a traveler returning from
the Middle East initiated a MERS-CoV outbreak in South Korea which resulted in 186
confirmed cases and 36 deaths (15). One of the patients who got infected in South
Korea travelled to China and was cared for in China (16). Another new case of MERS was
imported into South Korea in September 2018, indicating that long-term and contin-
uous preparedness was required for MERS prevention and control worldwide (17).

Viral evolution can increase or decrease pathogen virulence depending on the
environment, virus, and host (18). Thirteen MERS-CoV strains were isolated during
the 2015 South Korean outbreak, and 11 of them possessed a point mutation in the
receptor-binding domain (RBD) of spike (S) protein (I529T), resulting in reduced affinity
to the hDPP4 molecule (19). In addition, the virus strains circulating in South Korea
showed strain-specific genetic variations, having 8 novel nucleotide substitutions that
were unique to the South Korea lineage and shared nucleotide substitution T258C,
located in spike, with some viruses from Saudi Arabia detected earlier in 2015 (20). The
occurrence of spontaneous or induced mutations in the viral genome could alter their
pathogenicity and virulence (21). However, few studies were performed to address
the difference in pathogenicity and virulence of different MERS-CoV strains. Clade A
MERS-CoV has been replaced by clade B in both camels and humans on the Arabian
Peninsula, and contemporary zoonotic MERS is mainly caused by clade B viruses (22).
However, the differences in pathogenicity and virulence in vitro and in vivo between
viruses from these two clades are largely unknown.

In this study, we have characterized the MERS-CoV isolate from the first imported
MERS-CoV ChinaGD01 (clade B) strain in China and compared its pathogenicity and
virulence with those of prototype virus EMC/2012 (clade A) in vitro and in vivo. Mice
infected with the ChinaGD01 strain showed higher viral load and more inflammatory
cytokine production and fewer virus-specific CD4� and CD8� T cells in the lungs,
indicating that virus evolution changed the pathogenicity and increased virulence in
vivo.

RESULTS
Isolation and identification of the MERS-CoV ChinaGD01 strain. In 2015, a

43-year-old man acquired MERS in South Korean and then traveled to Guangdong,
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China. The patient had the first imported MERS case in China and was quarantined
quickly, and nasopharyngeal swabs, sputum, and serum for diagnostic purposes were
collected. The patient survived with timely treatment, as previously report (16). The
specimens were subjected to virus isolation in Huh 7 cells as described in Materials and
Methods. Cells inoculated were blindly passaged for three times until the cytopathic
effects (CPE) were obvious. Viral replication in the cells was then confirmed by nested
reverse transcription-PCR (RT-PCR) (23) and immunofluorescence assay (IFA). Nested
RT-PCR for 200- to �300-bp fragments in the RNA-dependent RNA polymerase (RdRp)
and N genes were both positive for MERS-CoV as shown in Fig. 1A. IFAs were performed
using serum obtained from the same MERS patient. Cells infected with culture super-
natant from the above-described procedures were strongly positive for MERS-CoV
proteins by immunofluorescence with convalescent-phase serum from the patient but
not with serum from a healthy donor control (Fig. 1B). The whole-genome sequence
was obtained using next-generation sequencing (NGS) and showed that the isolated
virus was closely related to MERS-CoV (Fig. 1C). The genome of the ChinaGD01 strain
was obtained by NGS as described previously (24), and virus isolation from clinical
specimens was accomplished in this study. MERS-CoV ChinaGD01 was thus successfully
isolated from the patient’s respiratory tract specimens and this virus was further plaque
purified twice in Vero 81 cells before being used in the experiments described below.
Fewer than five passages of the ChinaGD01 and EMC/2012 strains were used in this
study. The orf3, orf4a, orf4b, and orf5 genes were sequenced in case of mutation (25),
and no mutations, including deletion or insertion, were detected.

Phylogenetic and glycosylation analysis of ChinaGD01 and EMC/2012 se-
quences. A phylogenetic tree was constructed using all available MERS-CoV complete

FIG 1 Identification of the isolated MERS-CoV ChinaGD01 strain. (A) Nested RT-PCR targeting the MERS-CoV RdRp and N genes was
performed using primers recommended by the WHO. (B) Vero 81 cells were inoculated with virus-containing culture supernatant
for 24 h, and sera from the MERS patient and a healthy donor (negative control) were used to detect viral proteins. (C) NGS of
nucleic acid extracted from cell culture described above; clean data were mapped to the ChinaGD01 complete genome sequence
with 100% coverage.
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genome sequences (Fig. 2A). There are three distinct clades of MERS-CoV, including
clade A, clade B, and clade C. The early MERS cases were in clade A clusters, including
the prototype EMC/2012, which was responsible for the early outbreaks of MERS.
Recently, nearly all MERS-CoVs isolated from ongoing outbreaks belonged to clade B.
Viruses in clade C were found only in Africa (26) and were phylogenetically distinct from
contemporary viruses from the Arabian Peninsula (clades A and B). Comparison of all
coding sequences and single amino acid polymorphism (SAP) analysis were performed
using representative virus strains to identify clade-specific amino acid mutations. As
summarized in Fig. 2B, most clade-specific mutations were identified in the orf1ab gene
and, to a lesser extent, in the spike (S) and orf5 genes. Comparison of MERS-CoV
ChinaGD01 and MERS-CoV EMC/2012 showed 46 unique amino acid substitutions; 34
of them were distributed in the orf1ab gene, 1 was in the spike gene (Q1020R), and the
other mutations were scattered in M, N, and accessory protein genes (orf3, orf4a, orf4b,
and orf8b) (Fig. 3A). As expected, hot spots for nonsynonymous substitutions of
MERS-CoV were primarily located in the regions that encoded viral proteins with lower
levels of functional constraint; also, larger genes were more susceptible to mutations
than smaller genes (27).

Glycosylation contributes to viral protein stability and functions, and also possible
targets for neutralizing antibodies (28–30). Recently, the Veesler group showed that
there was a large number and combinatorial diversity of N-linked glycans covering the
surface of MERS-CoV and SARS-CoV S, which represented a challenge for antigen
recognition by the immune system (31). Glycosylation site prediction analysis showed
that indeed some mutations occurred within potential glycosylation sites in the orf1ab
and orf4b genes, which may affect viral protein functions and MERS-CoV pathogenicity
(Fig. 3B). Six glycosylation sites in orf1ab are predicted as O glycosylated for ChinaGD01,
which were absent in EMC/2012 strain (Fig. 3B). One O-linked glycosylation site in
orf4b was predicted in EMC/2012 but not in ChinaGD01. Two different potential
N-glycosylation sites (amino acids [aa] 726 and 1094) were also present in the orf1ab
genes of ChinaGD01 and EMC/2012 (Fig. 3C). Based on the analysis described above,
more potential O-glycosylation sites existed within ChinaGD01. Their roles in virus
infection and immune responses need to be further studied.

Kinetics of ChinaGD01 replication and sensitivity to type I interferon (IFN). To

investigate the growth kinetics and virulence of different MERS-CoV strains in vitro, Vero
81 cells were infected with ChinaGD01 or EMC/2012 which was rescued from a bacterial
artificial chromosome (BAC) clone reverting all cell culture-adapted mutations at a
multiplicity of infection (MOI) of 0.1 or 0.01. As shown in Fig. 4A, no difference in
replication was observed at the high MOI, whereas ChinaGD01 replicated slightly to a
higher level at an early time point (6 to 8 h postinfection [p.i.]) at an MOI of 0.01,
although this difference disappeared at later time points. This suggests that ChinaGD01
could replicate faster at early stages of the replication cycle. Next, viral-plaque mor-
phology was compared in Vero 81 cells. There was no difference in plaque shape or size
(Fig. 4B and C). The diameters of plaques formed by EMC/2012 and ChinaGD01 both
ranged from 1.5 to 2 mm. Plaques were also picked and were used to determine viral
titer per plaque. There were about 5 � 104 PFU of infectious viral particles per plaque
for both strains (Fig. 4D).

Type I interferon is a critical component of the antiviral innate immune response. It
elicits an antiviral state in infected cells and contributes to early virus control (32). Due
to accumulated mutations, different viral strains could possess differential sensitivities
to interferon treatment. Sensitivity of EMC/2012 and ChinaGD01 to IFN-� was evaluated
in Vero 81 cells and Huh 7 cells. Cells were pretreated with the desired dose of IFN-�
for 24 h and were then infected with EMC/2012 or ChinaGD01 at an MOI of 0.1 and
cultured for another 24 h. Viral titers in the supernatant were measured. As shown in
Fig. 4E, EMC/2012 and ChinaGD01 were equally sensitive to IFN-� treatment, and no
significant difference in the effect on viral replication was observed for the viruses.
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FIG 2 Phylogenetic analysis of ChinaGD01 and EMC/2012. (A) Phylogenetic relationship analysis and single amino acid comparison among different MERS-CoV
clades based on all complete genomes available were performed. The complete genomes of 458 strains of MERS-CoV in GenBank were analyzed using the
maximum-likelihood method implemented in PhyML. Numbers at the nodes represent bootstrap support. Twenty-five representative MERS-CoV genomes are
highlighted with red dots (A); these were used for single amino acid difference comparison among clades (B). Corresponding amino acid mutations are
presented on the right side, and the locations of amino acid substitutions are indicated.

Comparison of MERS-CoV Strains in Clade A and Clade B Journal of Virology

August 2020 Volume 94 Issue 15 e00861-20 jvi.asm.org 5

https://jvi.asm.org


Overall, these results suggested that ChinaGD01 virus did not evolve new mechanisms
to evade the innate immune response.

Increased pathogenicity in ChinaGD01-infected mice. To determine if clade B
virus ChinaGD01 had different pathogenicity in vivo, a well-defined MERS mouse model
was used (33). Mice were transduced with a recombinant, nonreplicating adenovirus
expressing the hDPP4 receptor for MERS-CoV. Five days after transduction, mice were
intranasally infected with 1 � 105 PFU of EMC/2012 or ChinaGD01. Weight changes
were monitored daily. Virus titers in the lungs were measured at day 5 p.i. As shown in
Fig. 5A and B, both wild-type (WT) and IFNAR�/� mice showed significantly more
weight loss after ChinaGD01 infection. Both strains replicated efficiently in the lungs of
infected mice (Fig. 5C). However, WT mice that had an intact immune system, but not
IFNAR�/� mice, showed delayed viral clearance after ChinaGD01 infection, suggesting
that ChinaGD01 replicated to higher levels and was more virulent in vivo (Fig. 5C).

MERS-CoV has circulated in human populations for more than 6 years. A critical
question is whether antibodies raised from different MERS-CoV strain infections are
cross protective. To address this question, plaque reduction neutralization tests (PRNT)

FIG 3 Genome comparison. (A) Three clades, A, B, and C, are circulating in the world, and most of the clade-specific mutations were found in the orf1ab, S,
and orf5 genes. (B) O-linked glycosylation comparison analysis of all MERS-CoV coding genes using the NetOGlyc 4.0 server. (C) N-linked glycosylation
comparison analysis of all MERS-CoV coding genes using the NetNglyc 1.0 server.
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were performed using sera harvested from mice infected with EMC/2012 or ChinaGD01
15 days p.i. As shown in Fig. 5D, mice infected with both strains produced high titers
of neutralizing antibodies. Antibodies raised from the different viral strain infections
could comparably cross neutralize each other (Fig. 5D), suggesting that there was no
antigenic difference between the viruses.

To compare cytokine and chemokine production in EMC/2012- and ChinaGD01-
infected lungs, a panel of 39 cytokine, chemokine, and transcription factor genes
associated (Fig. 5E) with the proinflammatory response, anti-inflammatory response,
apoptosis, and the interferon pathway were evaluated at day 3 p.i. and 5 p.i. by
quantitative RT-PCR (qRT-PCR). As shown in Fig. 5E and F, genes, such as the IRF3, IRF5,
and interleukin 15 (IL-15) genes, which are related to innate and inflammation immune
responses were upregulated in ChinaGD01-infected mice at day 5 p.i. compared to
EMC/2012-infected mice, but not at day 3 p.i. (data not shown). Lungs were removed
at day 3 p.i., fixed in zinc formalin, and embedded in paraffin. Sections were stained
with hematoxylin and eosin. Perivascular and peribronchial lymphoid cell infiltration
and interstitial pneumonia in both ChinaGD01- and EMC/2012-infected mice were
observed (Fig. 5G). All the results indicated that ChinaGD01 infection induces more
robust inflammation in the lungs, which could contribute to the more severe patho-
logical changes described above (Fig. 5A and B).

ChinaGD01 infection did not induce robust virus-specific T cell responses in
mice. Antiviral T cell responses are responsible for virus clearance (34, 35). We also

FIG 4 Kinetics of ChinaGD01 replication and sensitivity to type I interferon in vitro. (A) Vero 81 cells were infected with different
MERS-CoV strains at an MOI of 0.1 or 0.01, supernatant was harvested at the indicated time points, and viral titers were determined
by plaque assay. Student’s t test was used to analyze differences in mean values between groups. All results are expressed as
means � standard errors of the means (SEM). A P value of �0.05 was considered to be statistically significant (*, P � 0.05; **,
P � 0.01). (B) Plaque morphology in Vero 81 cells at day 3 p.i. (C) Plaque size comparison and plaque diameter. NS, not significant.
(D) Comparison of infectious viral particle per plaque. Plaques were picked from MERS-CoV-infected Vero 81 cells. Viral titers were
determined. (E) Vero 81 and Huh 7 cells in triplicate were treated with the indicated concentrations of human IFN-� 24 h prior to
being infected with MERS-CoV ChinaGD01 or EMC/2012 at an MOI of 0.1. Cells were then incubated for another 24 h in the
presence of the same concentration of IFN-�, supernatants were harvested, and virus titers were determined by plaque assay in
Vero 81 cells. Data are representative of those from two independent experiments.
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FIG 5 Increased pathogenicity in ChinaGD01-infected mice. (A and B) Weight loss in Ad5-hDPP4-transduced WT C57BL/6 mice (A)
and IFNAR�/� C57BL/6 mice (B) infected intranasally with 105 PFU of MERS-CoV ChinaGD01 or EMC/2012. (C) Lungs were harvested
at days 3 and 5 p.i. Virus titers were determined by plaque assay. Student’s t test was used to analyze differences in mean values
between groups. All results are expressed as means � standard errors of the means (SEM). A P value of �0.05 was considered to
be statistically significant (*, P � 0.05; **, P � 0.01). (D) Two-way antigenic cross-PRNT assay between ChinaGD01 and EMC/2012
was performed using sera harvested from mice challenged with different MERS-CoVs 15 days p.i. (E and F) A total of 39 cytokines,
chemokines, transcription factors, and two housekeeping genes (hypoxanthine phosphoribosyltransferase [HPRT] and beta-actin)
were selected for qRT-PCR. Representative genes are shown. (G) Histopathological damage. Lungs from B6 mice were removed at
the indicated time points 3 p.i., fixed in zinc formalin, and embedded in paraffin. Sections were stained with hematoxylin and eosin
(20�).
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found that T cells are required for MERS-CoV clearance from infected lungs (36).
Development of robust and functional MERS-CoV-specific T cells is important to clear
MERS-CoV and reduce pathological damage induced by viral replication. Bronchoal-
veolar lavage fluid (BALF) from ChinaGD01- or EMC/2012-infected mice was harvested
at day 7 p.i. Virus-specific T cells in BALF were stimulated with a CD4 epitope peptide
(N98 [unpublished data]) or a CD8 T cell epitope peptide (S1165) for MERS-CoV
(described previously) in the presence of brefeldin A (BFA) (33). The CD4 and CD8
epitopes used in this study were conserved in MERS-CoV, with 100% identity between
EMC/2012 and ChinaGD01 strains. IFN-� and tumor necrosis factor (TNF) productions
were measured by intracellular cytokine staining (ICS). As shown in Fig. 6A and B,
anti-MERS-CoV CD4� and CD8� T cell responses were generated in mice infected with
both strains. These T cells were multifunctional, as they were able to produce more
than one cytokine, such as IFN-� and TNF, upon stimulation. However, after ChinaGD01
infection, there were significantly lower virus-specific T cell responses in the lung than
in EMC/2012-infected mice (Fig. 6C and D), suggesting that ChinaGD01 and EMC/2012
differentially regulated antiviral T cell responses. Considering the increased weight loss,
increased virus replication, and decreased T cell response in ChinaGD01-infected mice,
the clade B ChinaGD01 stain exhibited enhanced pathogenicity of MERS-CoV and was
more virulent than early epidemic clade A virus.

DISCUSSION

In this study, we isolated the first imported MERS-CoV ChinaGD01 strain in Guang-
dong, China. Genetic, virological, and immunological comparisons between MERS-CoV
early epidemic clade A strain EMC/2012 and ChinaGD01 showed changes in genomic
evolution and related enhancement in pathogenicity and virulence in vivo.

FIG 6 ChinaGD01 infection did not induce robust virus-specific T cell responses in mice. BALFs from ChinaGD01 or
EMC/2012 infected mice were harvested at day 7 p.i. Virus-specific T cells were stimulated with T cell epitope
peptides. IFN-� and TNF productions were measured by intracellular cytokine staining. Representative flow plots
for virus-specific CD4� and CD8� T cells are shown (A and B). Frequencies of IFN-�� CD4� or CD8� T cells are
shown (C and D). Data are representative of those from two independent experiments.
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Genomic comparison analysis between clade A and clade B viruses showed that
clade-specific mutations are mainly located in regions (orf1ab) with a lower level of
functional constraint. Nonsynonymous mutations rarely occurred in the spike protein,
which has receptor binding and contains dominant antigenic sites. Unexpectedly, quite
a few mutations in orf1ab and orf4b are predicted to be potential O-glycosylated or
N-glycosylated sites in the ChinaGD01 strain. It is well known that glycosylation is
involved in maintaining protein conformation, contributes to a protein’s biological
activity, and is a major target for neutralizing antibodies (31). Glycosylation and its
potential impact on pathogenic mechanisms were lacking. Further studies are required
to address the roles of these additional glycosylation sites in clade B virus replication
and pathogenicity.

MERS-CoV was found to evade and inhibit the host innate immune response
(37–39). Several groups determined that MERS-CoV accessory proteins were antago-
nists to innate immune response and played critical roles in MERS pathogenesis (40).
orf4a and orf4b were demonstrated to block the roles of interferon-related genes (ISG),
such as RIG-I, MDA5, and PKR (37, 39, 41, 42). Little is known regarding whether viruses
from different clades of MERS-CoV exhibit differential sensitivity to IFN treatment (26).
In the current study, ChinaGD01 and EMC/2012 were found to be equally sensitive to
high-dose and low-dose IFN-� treatment in vitro, indicating that type I interferon
treatment of patients infected with different strains of MERS-CoV was still an important
way to control virus infection (43). Although there was no difference in IFN sensitivity
observed, clade B virus infection did induce higher expression of inflammation-related
molecules in the lungs of infected animals, such as IRF3, IRF5, and IL-15. IRF3 and IRF5
are members of the interferon regulatory factor family, which mediate type I IFN
production in response to viral infections (44). IL-15 is a cytokine with a broad range of
biological functions in many diverse cell types, including T cells, NK cells, dendritic cells
(DC), macrophages, and even granulocytes (45). In addition to promoting T cell
proliferation, it also plays a major role in the development of inflammation in viral
infection settings, as reviewed previously (46). Higher expression levels of these mol-
ecules in ChinaGD01-infected mice could be associated with dysregulated innate
immune responses and increased pathological damage, as determined by increased
weight loss (Fig. 5A and B).

In addition, MERS-CoV ChinaGD01 infection led to decreased virus-specific T cell
responses in mice, which could be responsible for delayed virus clearance and in-
creased weight loss. Our previous study showed that T cells are required for SARS-CoV
clearance (47) in mice, and MERS-CoV-specific T cell responses in patients were also
correlated with disease severity and outcomes. Patients with higher CD8� T cell
responses tended to have mild diseases (48). Mutations in the ChinaGD01 genome
could potentially dysregulate innate and inflammatory responses, which, in turn, inhibit
T cell responses as we published previously (36, 49–52), which requires further studies.

In summary, MERS-CoV strains from early epidemic clade A and contemporary
epidemic clade B have significant genetic and phenotypic differences. Clade B virus
ChinaGD01 also caused more severe disease in mice with delayed virus clearance,
increased inflammatory cytokines, and decreased antiviral T cell responses compared to
the early clade A virus EMC/2012. Although the differences described in this report in
virulence and pathogenicity between MERS-CoV ChinaGD01 and EMC/2012 were mod-
est, frequent epidemiological and phylogenetic studies are required to monitor the
virulence and disease severity of contemporary MERS-CoVs. Such studies may inform
risk assessment of ongoing MERS-CoV evolution.

MATERIALS AND METHODS
Specimens, mice, and cells. Nasopharyngeal swabs, sputum, and serum were collected from an

imported MERS case from South Korea (53) and stored in – 80°C in June 2015. Healthy donor serum was
collected from Guangzhou Blood Center as a negative control. IFNAR�/� mice were purchased from the
Jackson Laboratory (ME), and WT C57BL/6 mice were purchased from Vital River Laboratories Co., Ltd.
(Beijing, China). All of the mice were housed in a specific-pathogen-free animal care facility at Guangzhou
Medical University. All studies described here were approved by the Research Ethics Committee and
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Institutional Animal Care and Use Committee of Guangzhou Medical University. Huh 7 cells were
purchased from Creative Biolabs, and Vero 81 (CCL-81) cells were obtained from the ATCC. All work with
MERS-CoV was conducted in the joint biosafety level 3 laboratory of Guangdong Inspection and
Quarantine Technology Center, Guangzhou Custom.

Isolation and identification of the MERS-CoV ChinaGD01 strain. Specimens from the MERS
patient were inoculated into Huh 7 cells in the presence of ampicillin (1,000 U/ml), streptomycin (1,000
U/ml), gentamicin (10 �g/ml), and amphotericin B (0.25 �g/ml) and cultured at 37°C, and supernatants
were harvested and passaged to new Vero 81 cells every 3 days until cytopathic effects (CPE) were
obvious. The presence of MERS-CoV in the culture was identified and confirmed by RT-PCR and indirect
immunofluorescence (IFA), followed by next-generation whole-genome sequencing. For RT-PCR, viral
RNA was extracted from infected cells using a QIAamp viral RNA minikit (Qiagen, Hilden, Germany) and
the MERS-CoV genome was amplified by using specific primer sets as recommended by the WHO. For
IFA, Vero 81 cells were grown on coverslips overnight and then infected by the supernatant from
viral-isolation culture; 24 h later, viral proteins were detected using the MERS patient’s serum, followed
by Alexa Fluor 488-labeled goat anti-human IgG (Jackson, West Grove, PA). Serum from a healthy donor
served as a negative control. 4=,6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining. Finally,
to obtain the full genome sequence, next-generation sequencing (NGS) was conducted using a
BGISEQ-500 sequencing instrument and the NGS data were aligned to the MERS-CoV ChinaGD01
sequence (accession number KT006149.2) in GenBank. ChinaGD01 was plaque purified twice in Vero
81 cells before use.

Rescue of MERS-CoV EMC/2012 from a BAC infectious clone. A BAC clone carrying the MERS-CoV
EMC/2012 infectious cDNA was kindly provided by Luis Enjuanes. EMC/2012 virus was rescued by
transfection of Vero 81 cells with pBAC-EMC/2012 plasmid as previously described, and virus was plaque
purified in Vero 81 cells twice before use (54).

Phylogenetic analysis and single amino acid polymorphism analysis. To determine the evolu-
tionary relationship between MERS-CoV clade A and clade B, all available MERS-CoV (Table S1) complete
genomes and phylogenetic analyses of MERS-CoV whole genomes were collected and separate genes
were also analyzed using the PhyML program (55) with the GTR model. Single amino acid polymorphism
(SAP) were identified and analyzed between clade A and clade B to find clade-specific SAPs which could
potentially associate with pathogenicity changes.

Glycosylation analyses of viral proteins. The NetNglyc 1.0 server (56) was used to predict
N-glycosylation sites using artificial neural networks. The NetOglyc server (57) was used to produce
neural-network predictions of mucin type GalNAc O-glycosylation sites in mammalian proteins.

Sensitivity to type I interferon. Vero 81 cells in triplicate were treated with the desired concen-
trations of human IFN-� (Sino Biological, Inc., Beijing, China) 24 h prior to being infected with MERS-CoV
at an MOI of 0.1. Cells were then incubated for another 24 h in the presence of the same concentration
of IFN-�. Supernatants were harvested, and virus titers were determined by plaque assay.

Ad5-hDPP4 transduction and infection of mice. Mice were sensitized to MERS-CoV infection after
prior transduction with adenovirus 5 expressing human DPP4 (Ad5-hDPP4) as previously described (33).
Briefly, mice were transduced with Ad5-hDPP4 5 days before intranasal challenge with 1 � 105 PFU of
MERS-CoV. Lungs were removed into phosphate-buffered saline (PBS) at days 5 p.i. and homogenized.
Virus titers of clarified supernatants were assayed in Vero 81 cells and expressed as PFU per gram of
tissue.

Plaque reduction neutralization test. Two weeks following MERS-CoV infection of the hDPP4-
transduced mice, serum samples were harvested, 10-fold serially diluted in Dulbecco’s modified Eagle
medium (DMEM), and mixed 1:1 with 100 PFU of MERS-CoV. After 1 h of incubation at 37°C, the mixture
was added to Vero 81 cells for an additional 1 h to permit absorption. Cells were then overlaid with 1.2%
agarose (containing 2% fetal bovine serum [FBS] and DMEM). After further incubation for 3 days, agarose
plugs were removed for collection of virus. The remaining plaques were visualized by 0.1% crystal violet
staining.

RT-qPCR analysis. RNA was extracted from infected lungs using TRIzol (Invitrogen, Carlsbad, CA) and
used as a template for cDNA synthesis. A set of 39 cytokines, chemokines, and transcription factors was
selected for qRT-PCR analysis. qRT-PCR was performed using a previously described set of primers (58).

Preparation of cells from BALF and ICS. Mice were infected with MERS-CoV and sacrificed at the
desired time points. Bronchoalveolar lavage fluid (BALF) was acquired by inflating lungs with 1 ml of
complete RPMI 1640 medium via cannulation of the trachea followed by lavage four times. Cells in the
BALF were collected by centrifugation. For intracellular cytokine staining (ICS), cells from BALF were
cultured in 96-well dishes at 37°C for 5 to 6 h in the presence of 1 to 5 �M peptide (GL Biochem Inc.,
Shanghai, China), brefeldin A (BFA; BD Biosciences, San Jose, CA), and antigen-presenting cells (CHB3
cells). Cells were then labeled for cell surface markers, fixed and permeabilized with Cytofix/Cytoperm
solution (BD Biosciences), and labeled with anti-intracellular cytokine antibodies. All antibodies were
purchased from BD Biosciences, eBioScience, or BioLegend (San Diego, CA). In addition, the CD4 epitope
(nucleocapsid protein epitope N98-112; residues 98 to 112) and CD8 epitope (spike protein epitope
S1165-1173; residues 1165 to 1173) used in this study were conserved in MERS-CoV, with 100% identity
between EMC/2012 and ChinaGD01.

Statistical analysis. Student’s t test was used to analyze differences in mean values between groups.
All results are expressed as means � standard errors of the means (SEM). P values of �0.05 were
considered statistically significant.
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