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The severe acute respiratory syndrome (SARS) epidemic in 2003 has led to a

boost in interests in the study of coronaviruses in both humans and animals.

Apart from SARS coronavirus (SARS-CoV), human coronavirus 0C43

(HCoV-OC43), human coronavirus 229E (HCoV-229E), coronavirus HKU1

(CoV-HKU) and human coronavirus NL63 (HCoV-NL63) are associated with

human respiratory tract infections. As a result of the unique mechanism of viral

replication, coronaviruses have a high frequency of recombination. In a previous

study on CoV-HKU1, natural recombination events were identified in the

generation of a novel genotype. However, it is not known if such recombination

events are also found in other human coronaviruses. Previous studies have

identified the presence of two genotypes of contemporary HCoV-0C43 strains.
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In this study, 23 HCoV-OC43 strains identified from nasopharyngeal aspirates

(NPAs) of patients with respiratory tract infections from 2004-2006 were subject

to complete RNA-dependent RNA polymerase (RdRp), spike (S) and

nucleocapsid (N) gene sequencing and analysis. Phylogenetic analysis of the

three genes of the 23 strains and those of strains with sequences available

showed the presence of three clusters, one including ATCC and Paris isolates

(clade A), and the other two corresponding to the two previously identified

genotypes (clades B and C). In the S and N genes, five of the 23 strains belonged

to clade B while 18 belonged to clade C. In the RdRp gene, the five strains that

belonged to clade B in their S and N genes were also clustered to form clade B,

while 17 strains belonged to clade C. However, the RdRp sequence of one

(HK04-12 from year 2004) of the strains of clade C in its S and N gene and that

of the BE04 strain were not clustered with other clade C strains, but fell into the

cluster formed by the clade B strains, which is in line with results obtained from

multiple alignment revealing that the two unusual strains displayed high

nucleotide similarity to clade B in their RdRp genes, but to clade C in their S and

N genes. The results suggested the presence of two genotypes of HCoV-0C43 in

Hong Kong, with at least one strain potentially belonging to an additional

genotype probably arising from recombination between strains from clade B and



C, a situation similar to that reported for CoV-HKU1 . Further studies on the

complete genome sequences of more HCoV-0C43 strains, especially the

unusual strains are required to localize the potential sites of recombination.
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Chapter 1: Introduction

1.1 Features of coronavirus

1.1.1 Classification

Coronavirus belongs to the family Coronaviridae, under the order

Nidovirales. Before the SARS epidemics in 2002-2003, coronavirus was

somehow neglected in human medicine. Coronavirus infect a variety of hosts,

including mouse, feline, human, canine, bird porcine and bat. It causes mild to

serious and sometimes fatal respiratory, enteric, cardiovascular and neurologic

diseases. Based on the genetic and serological characterization, coronavirus can

be classified into three groups. Group 1 contains human coronavirus 229E

(HCoV-229E), human coronavirus NL63 (HCoV-NL63), porcine epidemic

diarrhea virus (PEDV), porcine transmissible gastroenteritis virus (TGEV), feline

infectious peritonitis (FIPV) and bat coronavirus HKU2 (Bat-CoV HKU2).

Group 2 contains human coronavirus 0C43 (HCoV-OC43), bovine coronavirus

(BCoV), coronavirus HKU1 (CoV-HKU1), murine hepatitis virus (MHV),

porcine hemagglutinating encephalomyelitis virus (PHEV), rat



sialodacryoadenitis virus (SDAV), canine respiratory coronavirus (CRCoV), bat

coronavirus: HKU4, HKU5 and HKU9 (Bat-CoV HKU4, 5, and 9). Group 3

contains turkey coronavirus (TCoV) and avian infectious bronchitis virus (IBV)

(1, 2, 3, 4). For the SARS coronavirus, it does not closely resemble to any of

these 3 groups. Previous studies suggested that, SARS-CoV represent an early

split-off from group 2 lineage (5).

1.1.2 Genome organization

Coronavirus is an enveloped virus with positive-sense single-stranded RNA

genome. The genome size of coronavirus can be up to 31kb which is the largest

known among all RNA viruses (6). The order of the gene encoding the viral

RNA-dependent RNA-polymerase (RdRp) and the four common structure

proteins: spike (S), envelope (E), membrane (M) and nucleocapsid (N) is

arranged as RdRp-S-E-M-N. The genome of coronavirus also included few

additional open reading frames (ORFs) that encode non-structural protein that

with unknown function.
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1.1.3 Morphology and structure

Coronavirus was first recognized as a distinct virus group in negative

stained preparation. Its morphology is like a crown under electron microscope.

The virion of coronavirus is spherical enveloped particles with 100-200nm in

diameter. Inside the envelope, there is a helical nucleocapsid core structure

including the viral RNA and N phosphoprotein. Two type of spikes (S and HE)

line outside the virion. S protein is present in all coronaviruses while the HE

protein is present in group 2 coronavirus only. M protein is a component in both

internal core structure and the envelope. Small amount of E proteins are present

in the envelope.

1.1.4 Epidemiology and clinical features

Coronavirus shows marked species specificity and strong tissue tropism.

They usually infect via respiratory or gut tract. Even the same coronavirus

species, different isolates show different tropisms for respiratory and gut tract.

The tropism is determined by the S protein and the type of receptors. The

prevalence of coronavirus may have been underestimated because of lacking
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sensitivity diagnostic methods and the fastidious nature of viral growth.

Epidemiological and volunteer inoculation studies found that coronavirus was

associated with variety of respiratory illnesses but only with low pathogenicity

except SARS-CoV. They cause upper respiratory infection with infrequent cases

of pneumonia asthma exacerbations in children as well as chronic bronchitis in

adults and elderly (7, 8).

4



1.2 Coronavirus HKU1 (CoV-HKU1)

1.2.1 Discovery of CoV-HKU1

Coronavirus HKU1 was first discovered from a 71-year-old man with

pneumonia in Hong Kong who had just returned from Shenzhen, China in

January 2005. This virus was also detected in United States, Australia and France

shortly afterwards (9, 10, 11). In order to examine the epidemiology and clinical

spectrum of illness of CoV-HKU1, prospective studies have been carried out in

Hong Kong since the SARS epidemic in 2003.

The genome of CoV-HKU1 found in the index patient is a

29,926-nucleotide, polyadenylated RNA. The genome organization is same as

other coronaviruses. Sequence analysis showed that CoV-HKU1 has G+C

content of 32%, which is the lowest among all known coronaviruses. The

replicase la and lb ORF occupy 21.5kb of the genome. The pol gene encoded

protein with 928 amino acid has about 90% identity compare with other group 2

coronaviruses. In silico analysis of ORF 1 ab revealed a unique putative cleavage

site of coronavirus HKU1 3C-Like protease (12).
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1.2.2 Clinical features and pathogenesis

Previous study by Lau et al revealed the prevalence of CoV-HKU1 in acute

respiratory tract infection is 0.3% in 2005 (1). Upper respiratory infection was

the most common case of CoV-HKU1 infection, although pneumonia, acute

bronchiolitis and asthmatic exacerbation also occurred. CoV-HKU1 accounts for

2.4% of community-acquired pneumonia with 2 genotypes in another study (13).

Similar to other human coronavirus infections, cases of CoV-HKU1 associated

pneumonia occurred during winter and spring. In contrast to HCoV-NL63, most

patients with CoV-HKU1-associated pneumonia were old (80% were 65 years

old) and had major underlying diseases, especially those of the respiratory and

cardiovascular system. Compared with SARS-CoV pneumonia, CoV-HKU1

associated pneumonia had relatively mild symptoms that were localized to the

respiratory tract and were hospitalized only briefly. Lau's study also showed a

high incidence of febrile seizures (50%) is associated with CoV-HKU1 infection,

which was significantly higher than other viral respiratory infections (14).
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1.2.3 Natural recombination leading to the generation of a different

genotype of CoV-HKU1

In previous study on phylogeny of the RNA-dependent RNA polymerase

(RdRp), spike (S) and nucleocapsid (N) genes of nine isolates of CoV-HKU1

recovered from patients with pneumonia, it was discovered that the sequences of

the S and N genes fell into two distinct genotypes, with seven strains belonging

to genotype A and two belonging to genotype B. On the other hand, for the RdRp

gene, one of the two genotype B strains by the S and N sequences (from

patient 8) was clustered with the other seven genotype A strains (13).

Furthermore, the same phenomenon was also observed in their subsequent

prospective study on CoV-HKU1 associated respiratory tract infections (14).

Based on these observations, it was suspected that there is an additional

CoV-HKU1 genotype which has arisen from recombination between genotypes A

and B of CoV-HKU1 . Subsequently, complete genome sequencing of 22 strains

of CoV-HKU1 obtained from nasopharyngeal aspirates of patients with

respiratory tract infections showed that the 22 CoV-HKU1 strains fell into three

clusters (genotype A, 13 strains; genotype B, three strains and genotype C, six

strains) (2). However, different phylogenetic relationships among the three
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clusters were observed in different regions of their genomes. Bootscan analysis

showed possible recombination between genotypes B and C from nucleotide

positions 11500 to 13000, corresponding to the nsp6/nsp7 junction, giving rise to

genotype A; and between genotypes A and B from nucleotide positions 21500 to

22500, corresponding to the nsp16/HE junction, giving rise to genotype C.

Multiple alignments further narrowed the sites of cross-over to a 143-bp region

between nucleotide positions 11750 and 11892, and a 29-bp region between

nucleotide positions 21502 and 21530. This was the first evidence for natural

recombination in coronavirus associated with human infection. The results also

suggested that analysis of a single gene is not sufficient for genotyping of

CoV-HKU1, but would require amplification and sequencing of at least two gene

loci, one from nspl 0 to nsp16 (e.g RdRp or helicase) and another from HE to N

(e.g spike or N)
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1.3 Human coronavirus 0C43 (HCoV-OC43)

1.3.1 Discovery of HCoV-OC43

Human coronavirus 0C43 belongs to group 2 coronaviruses. It was first

isolated in 1967 from volunteers at the Common Cold Unit in United Kingdom,

it was initially propagated on ciliated human embryonic tracheal and nasal organ

cultures (OC). HCoV-0C43 is responsible for around 10% - 30% of all common

colds with the infections occurring mainly in winter (1, 14). The HCoV-0C43

virion is composed of 4 major structural proteins: spike (S), membrane (M),

haemagglutinin-esterase (HE) and Nucleocapsid (N) protein. The N protein binds

to the virion RNA to form the nucleocapsid of virion, S and M proteins are

synthesized in the endoplasmic reticulum (ER). The integral M protein interacts

with viral nucleocapsid and believed for the determination the site of virus

budding. The S protein mediated binding of virons to host cell receptor (15, 16).

During virion maturation and intracellular transport, S protein will be cleaved by

host cell proteases to yield S1 (N-terminal half) and S2 (C-terminal half) subunits

(17).
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1.3.2 Clinical features and pathogenesis

HCoV-OC43 is mainly associated with upper respiratory tract disease, and

causes up to 30% of common cold. Infection is often mild or sometimes

sub-clinical. The major pathogenesis of HCoV is direct cytolysis of infected cells

as a result of viral replication. Since HCoV can cause disease in re-infection soon

after primary infection, it cannot be excluded that humoral antibody or some

other component of the immune response has some role in causing or

aggravating acute disease. They have the potential to cause disease by

immunopathological mechanisms which already given of CNS disease in mice,

rats and cats (18).

1.3.3 Complete genome sequence of HCoV-0C43

The first HCoV-0C43 complete genome sequence was published in 2004.

The whole genome consist of 30,738 nucleotides with 36.8% G+C content.

Interestingly, it shows more than 93% identity on nucleotide and more than 91%

identity on protein to BCoV in all ORFs and was suggested that BCoV might

have jumped the species barrier and became able to infect humans in around

10



1890, as a result emergence of new type of human coronavirus (HCoV-OC43)

(1).

1.3.4 Genotype of HCoV-0C43

It is well known that all RNA virus have very high mutation rates. The

average nucleotide base miss-incorporation rates are of the order of 10-4 to 10.5

(19). However, in 2004, a research team in France reported their clinical isolate

of 0C43 in 2001 designated Paris (AY585229) to show only 6 nucleotide

differences leading to 1 amino acid change in S gene and 1 in N gene when

compared with laboratory strain from ATCC (NC005147) which was isolated 34

years ago. Their results suggested that the genome of HCoV-0C43 is very stable

which was unusual for an RNA virus (20). In 2005, a research group from

Belgium reported very different findings. They determined the complete genome

sequence of two contemporary human coronavirus 0C43 strains which were

detected in 2003 (BE03) and 2004 (BE04) respectively. The two genomes were

found to possess 193 (0.63%) nucleotide differences. They have also determined

the complete S gene sequences on other three BE03 strains from year 2003 and

two BEO4 strains from year 2004. According to phylogenetic analysis, three
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distinct clusters were identified: (I) a cluster containing all ATCC strains and the

Paris isolate, (II) a cluster containing all HCoV-OC43 BE03 strains from year

2003 and (III) a cluster containing all HCoV-OC43 BE04 strains from year 2004.

Based on their findings, they suggested that two genetically distinct human

coronavirus strains have circulated in Belgium in 2003 and 2004 respectively

(21).
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1.3 Scope of study

The present study aims to investigate for the presence of different

genotypes among HCoV-OC43 strains in Hong Kong and to identify potential

recombination events that could lead to the generation of novel genotypes, a

situation analogous to that observed for CoV-HKU1 . Twenty-three HCoV-0C43

strains identified from nasopharyngeal aspirates (NPAs) of patients with

respiratory tract infections from 2004-2006 were subject to RT-PCR and

sequencing of their complete RNA-dependent RNA polymerase (RdRp), spike (S)

and nucleocapsid (N) genes. The RdRp gene is the gene encoding for the enzyme

polymerase essential for replication. It is the most conserved region in the entire

coronavirus genome. This gene is mainly used for primer design for the detection

of virus. S gene is the largest structural gene which codes for the spike protein

for the attachment of virus to host cell surface receptor. This gene is the most

variable region and is commonly used for serological study. N gene is the second

largest structural gene encoding for the nucleocapsid protein which is a

component of the helical nucleocapsid and is thought to bind to the viral

genomic RNA. It is relatively conserved among the four major structural

proteins. In this study, all the three genes were used based on their function and

13



genetic structure. Multiple alignments and phylogenetic analysis were also

performed.
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Chapter 2: Materials and methods

2.1 Human coronavirus 0C43 strains

All 23 HCoV-0C43 strains were detected from the nasopharyngeal aspirates

(NPAs) of patients with respiratory tract infections in Hong Kong in 15-month

(November 2004 - January 2006) (Table 1) (12, 13, 14).

2.2 RNA extraction

Viral RNA was extracted from NPAs using QIAamp Viral RNA Mini Kit

(QIAgen, Hilden, Germany) within 10 hours upon receipt of specimens. 560 gl

of prepared buffer AVL containing carrier RNA was pipetted into a 1.5 ml

microcentrifuge tube. 140 g1 of sample NPA was added and mixed by pluse

vortexing for 15s. The mixture was incubated at room temperature for 10mins

and mixing during incubation period. 560 gl of absolute ethanol was then added

to the sample and mixed by pulse vortexing for 15s. 630 gl of the reaction

mixture was added to the QIAamp spin column and centrifuge at 6000 x g for

l min. the filtrate was discarded and this step was repeated until all the samples
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had applied to the column. After that, 500 1,tl of AW1 wash buffer was added and

centrifuge at 6000 x g for 1 min. the filtrate was discarded and 500 pl of AW2

wash buffer was added and centrifuge at 16100 xg for 3 mins. Discard the filtrate

and 60 111 of elution buffer AVE was added. The sample was incubated at room

temperature for 1 min. and centrifuged at 6000 xg for 1 min. the eluted RNA

(template for RT-PCR) was collected and stored immediately at -70C until use.

2.3 Reverse transcription

Reverse transcription was performed using random hexamers and the

SuperScript III kit (Invitrogen, San Diego, CA, USA) each reaction mixture

contained 2 [il 5x FS buffer, 0.5 pl DTT, 0.025 gl random hexamers (50 ng/[1l),

0.5 [1l dNTP, 0.975 Al DEPC treated water, 0.5 gl SuperScript III and 5.5 !al

RNA. The reaction mixture was incubated at 20C for 10 mins and then 50C for

50mins. After that, the reaction was inactivated by heating at 94C for 3 mins.

The cDNA (template for PCR) was stored immediately at -20C until use.
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2.4 PCR for the complete RdRp, S and N genes of HCoV-0C43

strains

Polymerase chain reaction was performed using iProof High Fidelity DNA

polymerase (Bio-Rad, CA, USA) each reaction mixture contained 5 gl Buffer,

0.5 gl dNTP, 1.25 g1 forward primer (Table 2), 1.25 1.l reverse primer (Table 1),

15.75 g1 DEPC treated water, 0.25 1.1.l iProof DNA polymerase and 1 ill template.

The mixtures were amplified in 40 cycles of 98C for 30s, 98C for l0s min and

55C for 30s, and a final extension at 72C for 10 min. The amplified products

were detected by agarose gel electrophoresis.

2.5 DNA sequencing

The PCR products were gel purified using the QIAquick gel extraction kit

(QIAgen, Hilden, Germany). Both strands of all PCR products were sequenced

twice with an ABI Prism 3700 DNA Analyzer (Applied Biosystems, Foster City,

CA, USA), using the PCR primers.
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2.6 Sequence analysis

The nucleotide and the deduced amino acid sequences of the RdRp, S and N

genes were manually edited to produce final sequence and compared to those of

ATCC, Paris, BE03 and BE04 strains. Phylogenetic tree construction was

performed using neighbor-joining method with ClusterX v.1.81. The

corresponding nucleotide sequences of CoV-HKU1 (GenBank accession no.

AY597011) were used as outgroups.
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Chapter 3: Results

3.1 Sequencing of the complete RdRp, S and N genes

The complete RdRp, S and N genes of HCoV-0C43 from the 23 NPAs were

amplified and sequenced. The sequences were compared to those of HCoV-0C43

strain with sequences available in GenBank. The nucleotide substitutions among

the different strains in RdRp, S and N genes are shown in Fig. 1, 2 and 3

respectively. Phylogenetic trees are shown in Fig. 4.

3.2 Phylogenetic analysis of S genes

Analysis of the S genes showed that five of the 23 sequences possessed high

nucleotide identities (99.1-99.5%) to BE03 strains while the other 18 sequences

possessed high nucleotide identities (99.8-99.9%) to BE04 strains. Phylogenetic

analysis showed the existence of three clusters of sequences, all with high

bootstrap values of 1000. One cluster (clade A) was formed by the two ATCC

strains and the Paris strain. Five (HK04-14, HK04-20, HK04-21, HK04-23 and

HK04-32 from year 2004) of the 23 sequences formed a cluster (clade B) with
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BE03 strains; while the other 18 sequences (from years 2004, 2005 and 2006)

formed another cluster with BE04 strains (clade C). Multiple alignments revealed

that there were 239 nucleotide substitutions among the S genes of the different

HCoV-0C43 strains.

3.3 Phylogenetic analysis of N genes

Phylogenetic analysis of the N genes of the 23 strains showed similar results

to that of the S genes. The N sequences of the five strains from year 2004 that

belonged to clade B in their S genes possessed 99.3-99.8% nucleotide identities

to that of the BE03 strain, forming a cluster (clade B) upon phylogenetic analysis.

The other 18 sequences possessed 99.6-99.8% nucleotide identities to that of

strain BE04, forming another cluster (clade C), while the ATCC and Paris strains

belonged to a separate cluster (clade A). Multiple alignments revealed that there

were 34 nucleotide substitutions among the N genes of the different HCoV-0C43

strains.
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3.4 Phylogenetic analysis ofRdRp genes

For the RdRp gene, the 23 sequences possessed 99.6% to 99.9%

nucleotide identity to those of strains BE04 and BE03 from Belgium.

Phylogenetic analysis showed the existence of three clusters of sequences, all

with high bootstrap values of 800. One cluster was formed by two ATCC

strains and the Paris strain. The five strains that belonged to clade B in their S

and N genes were also clustered with the BE03 strain. The nucleotide sequences

of 17 of the 18 strains that belonged to clade C in their S and N genes were also

clustered together. However, the sequence of one (HK04-12 from year 2004) of

the strains of clade C in its S and N gene and that of the BE04 strain were not

clustered with other clade C strains, but fell into the cluster formed by the clade

B strains. Multiple alignments revealed that there were 34 nucleotide

substitutions among the RdRp genes of the different HCoV-0C43 strains.

3.5 Comparison ofunusual strains

Comparison of the sequences of the HK04-12 strain and BE04 strain with

those of other strains in the three clades by multiple alignment revealed that the
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two unusual strains displayed high nucleotide similarity to clade B in their

RdRp genes, but to clade C in their S and N genes, which is in line with results

obtained by phylogenetic analysis. For RdRp genes, the HK04-12 strain and

BE04 strain possessed identical nucleotide sequences to those of clade B strains,

but 13 and 3 nucleotide substitutions when compared to those of clade C strains

respectively. For S genes, the HK04-12 strain and BE04 strain possessed 2 and 0

nucleotide differences to those of clade C strains, but 92 and 99 nucleotide

substitutions when compared to those of clade B strains respectively. For N, the

HK04-12 strain and BE04 strain possessed identical nucleotide sequences to

those of clade C strains, but 5 and 8 nucleotide substitutions when compared to

those of clade B strains respectively.
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Chapter 4: Discussion

Coronaviruses are unique in having high frequency of homologous RNA

recombination, as a result of random template switching during RNA replication,

thought to be mediated by a copy-choice mechanism (22, 23, 24, 25, 26, 27).

In feline coronavirus (FCoV), it has been documented that FCoV type II strains

originated from a double recombination between FCoV type I and canine

coronavirus, and the site of recombination has been pinpointed to a region of

about 50 nucleotides in the M gene by multiple alignment (28). As for

recombination between different strains of MHV, in vitro studies have shown

variations in both sites and rates of recombination, with the S gene having a

frequency three fold that of the polymerase gene (26, 29).

A previous study on nine strains of CoV-HKU1 from patients with

pneumonia, has identified two distinct genotypes of CoV-HKU1 upon S and N

gene sequence analysis, with seven strains belonging to genotype A and two

belonging to genotype B (13). However, one of the two genotype B strains by

the S and N sequences (from patient 8) was clustered with the other seven

genotype A strains. Furthermore, the same phenomenon was also observed in
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CoV-HKU1 strains detected from our subsequent prospective study on

CoV-HKU1 associated respiratory tract infections (14). Based on these

observations, an additional CoV-HKU1 genotype was suspected to have arisen

from recombination between genotypes A and B of CoV-HKU1 . In their

subsequent study on 22 genomes of CoV-HKU1, they documented for the first

time evidence for natural recombination in coronavirus associated with human

infection (E). Major recombination was detected among the three CoV-HKU1

genotypes, with the generation of genotype C from recombination between

genotypes A and B. Using phylogenetic analysis, bootscan analysis and multiple

alignments of the nucleotide sequences, the site of major recombination was

localized to a stretch of 29 nucleotides in nspl6, just upstream to the stop codon

of ORF l ab. In addition to this recombination site in nsp16, another potential

recombination was identified at the end of nsp6 between genotypes B and C,

giving rise to genotype A. The study also revealed potential recombination events

that might have occurred in ORF 1 ab upstream to nsp5.

It has been well known that recombination is an important mechanism for

the generation and evolution of virus genotypes (30, 31, 32). In the present study,

it was shown that there were at least three distinct clusters of HCoV-0C43 upon

S and N gene analysis. One cluster, clade A, was formed by the ATCC and Paris
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strains. Another cluster, clade B, was formed by five 2004 strains and the BE03

strains; while the third, clade C, was formed by 18 strains from years 2004-2006

and the BE04 strains. Although RdRp gene analysis also revealed the presence of

three clusters, one (HK04-12) of the clade C strains by S and N gene and the

BE04 strain were not clustered with clade C, but fell into the cluster formed by

the BE03 and clade B strains by S and N gene. The results suggested the

presence of at least three genotypes of HCoV-0C43, with strains potentially

belonging to an additional genotype probably arising from recombination

between strains from clade B and C, a situation similar to that reported for

CoV-HKU1 . Further studies on the complete genome sequences of these

HCoV-0C43 strains are required to confirm this suspicion and localize the

potential sites of recombination. Analysis of more HCoV-0C43 strains from

other countries will also reveal the relative prevalence of the different genotypes

in different localities and the presence of additional genotypes arising from other

recombination events.

From the results of the present study, no association was observed between

the genotypes and clinical characteristics of the patients. However, similar to

results from the previous study from Belgium, the different genotypes of
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HCoV-0C43 appeared to exhibit different temporal patterns. In the Belgium

study, based on S gene analysis, they showed the presence of three phylogenetic

clusters, the ATCC cluster and two clusters containing four 2003 (BE03) strains

and three 2004 (BE04) strains respectively. In the present study, five of our 2004

strains were clustered with their BE03 strains forming clade B while 18 strains

from year 2004-2006 were clustered with their BE04 strains forming clade C

upon S and N gene analysis. This suggests that new genotypes of HCoV-0C43

have evolved over time, which could have been the result of immune selection,

with the ATCC related strains being the most ancient and BE04 related strains the

most recently evolved genotype detected so far. Therefore, it is expected that new

genotypes of HCoV-0C43 will be observed in the future, including those that

could have arisen from recombination.

Natural recombination in coronaviruses associated with human infection

may have clinical, laboratory and epidemiology implication. A previous study on

CoV-HKU1 proved that this phenomenon occurred which generated a new

genotype. The generation of novel coronavirus genotypes by recombination,

analogous to reassortment in influenza virus, may allow the virus to escape

immune protection, enhance pathogenicity or overcome inter-species barrier. As
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for the labpratory implication, the diagnosis of human coronavirus is mainly

done by RT-PCR. However, the sensitivity of this technique depends on the

choice of primers. If recombination takes place at the site where original primers

are designed, the primers may not be able to anneal and therefore may give false

negative RT-PCR results. The implication of recombination events suggested that

amplification and sequencing of a single gene is not sufficient to define the

genotype. It would require amplification and sequencing of at least two gene loci

on opposite side of the recombination site. Determining the genotypes of

coronavirus is important for better understanding of its epidemiology.

Continuous studies are warranted to detect new genotypes and better

understand the molecular evolution of HCoV-0C43 and other human

coronaviruses. The data and results from previous studies on CoV-HKU1 also

suggested that amplification and sequencing of a single gene may not be

sufficient to define the genotypes of HCoV-0C43 and CoV-HKU1 (and probably

other coronaviruses) as recombination events are not uncommon between the

different genotypes. Instead, amplification and sequencing of at least two gene

loci, probably one from ORF l ab e.g RdRp or helicase) and one from HE to N

(e.g S or N), should be performed.
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Table 1 Clinical characteristics of the 23 patients with HCoV-0C43 infections

Month / Strain Sex Age Diagnosis Clade

Year

Nov / 2004 HK04-11 F 9 Upper respiratory infection C

Nov / 2004 HK04-12 M 35m Upper respiratory infection C
b

Upper respiratory infection, C
Nov / 2004 HK04-13 F 1

febrile convulsion

Upper respiratory infection, B
Nov / 2004 HK04-14 M 24m

febrile convulsion

Nov / 2004 HK04-16 M 36 Pneumonia C

Nov / 2004 HK04-18 F 82 COAD exacerbation C

Nov / 2004 HK04-19 M 8m NAa C

Nov / 2004 HK04-20 F 24d Upper respiratory infection B

Upper respiratory infection, B
Nov / 2004 HK04-21 F 5

pneumonia

Upper respiratory infection, C
Nov / 2004 HK04-22 M 1

febrile convulsion

Nov / 2004 HK04-23 M 2 Upper respiratory infection B

Upper respiratory infection, C
Nov / 2004 HK04-24 M 85

urinary tract infection

Nov / 2004 HK04-25 M lm viral infection C

Nov / 2004 HK04-26 M 76 Upper respiratory infection C

Nov / 2004 HK04-27 M 85 NAa C

Dec / 2004 HK04-28 F 32 Upper respiratory infection C

Dec / 2004 HK04-30 M 72 Upper respiratory infection C

Dec / 2004 HK04-31 M 1 Pneumonia C

Dec / 2004 HK04-32 F 46 Pneumonia B

Dec / 2004 HK04-33 M 68 COAD exacerbation C

Upper respiratory infection, C
Jan / 2005 HK05-01 M l lm

NSAID induced angioedema

Dec / 2005 HK05-02 M 88 Pneumonia C

Jan / 2006 HK06-01 F 84 Upper respiratory infection C

aNA, not available

bStrain HCoV-0C43-HK04-12 belongs to clade C upon S and N gene analysis,
but to clade B upon RdRp gene analysis
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Table 2 Primers used for sequencing of HCoV-0C43 complete RdRp, S and N

genes

Primer Primer direction, sequence (5' - 3') Gene target

name

LPW 1114 Forward, CYGTTTGTATATATTGCCGC RdRp

LPW 1118 Reverse, TGATTATCAAGTGTTAAAAC RdRp

LPW 5188 Forward, GCCCCTAGTTAGCGCTACTGAGTT RdRp

LPW 3709 Reverse, ACTTAGGATAATCCCAACCCAT RdRp

LPW 3064 Forward, CTGGGATGATATGTTACGCCG RdRp

LPW 2579 Reverse, GTGTGTTGTGAACARAAYTCRTG RdRp

LPW 3064 Forward, CTGGGATGATATGTTACGCCG RdRp

LPW 2579 Reverse, GTGTG I'TGTGAACARAAYTCRTG RdRp

LPW 1223 Forward, TAAGTGCCTTTCAACAGGT RdRp

LPW 1127 Reverse, KGCCTTTTGCGTTTCTGC RdRp

LPW 1162 Forward, CCYRTTTGTRTGTATGATCC S

LPW 1166 Reverse, YGCATAAAAAGTACCACC S

LPW 1261 Forward, CTRCTATARYTATAGGTAGT S

LPW 2094 Reverse, GCCCAAATTACCCAATTGTAGG S

LPW 2095 Forward, TGATGCTGCTAAGATATATGG S

LPW 2098 Reverse, ATTCCGARATAGCAATGCTGG S

LPW 1839 Forward, ATCTTTTGTATGATTCTAATGG S

LPW 1178 Reverse, GACACCAAGMCCATTAAT S

LPW 1177 Forward, CWGCAGGTGTRCCATTTT S

LPW 1183 Reverse, CCACAYTTCTTRAAACAAC S

LPW 1275 Forward, TRAAATGGCCTTGGTATGT S

LPW 1189 Reverse, TKWMWAGGAACTCTACAATA S

LPW 6547 Forward, CTTCAAAGAACTATGGCATT S

LPW 6548 Reverse, GACTGCAAATAGCCCAAATT S

LPW 1192 Forward, AACCCMGAAACAAACAAC N

LPW 1045 Reverse, GCAAGAATGGGGAACTGTGG N

LPW 1195 Forward, GAGAGGCCCTAATCAGAA N

LPW 1198 Reverse, TYAACTTCATTCATTTACTA N
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Figure 2 Mutations among different strains in S gene

Nucleotide positions

Crs
C *zt 00 m *zi* kr) r 00 0, Ir--- 00 ',1 C,

Clade / Strain *.0 * t*-* oo oo oo

A G A C A C T/- A/- G/- T/- T/- A - - T G A C C

B G C T A/- C/- T/- A G T C T/G A/C A G G T A G C T T A G Cfr T

C T C T A C T/- A G G C T A/C A G G T A G C T T/C A G C T

HCoV-0C43-HK04-12 T C T A C T A G G C T A A G G T A G C T T A G C T

HCoV-0C43-BE04-AY903460 T C T A C T A G G C T A A G G T A G C T T A G C T

Nucleotide positions

*.0 s*O 00 C7, 'Tt
Clade / Strain 00 00 ,r) *.0 *er V)(1 *t 71- ye, k*r)

A A T T C T G T A C T CGC A CGCCGT/GA C A T C

B A/CTT/AC/AT/CC A C A AC/TC T T GG/AT CGG TC/TT T A

C A T T CCC A C A ACC T T GG T CG/AG T T TTlCA

HCoV-OC43-HK04-12 AC T CCC A C A ACC T T GG T T GG T T T T A

HCoV-0C43-BE04-AY903460 A T T CCC A C A A CC T T GG T CGG T 1 1 T A
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Figure 3 Mutations among different strains in N gene
Nucleotide positions

-
*ct- V)

Clade/Strain v.) 71- kr) r 00

A T C AT/CCC GC GGCC A G T C T T A C T GGG

B G T CCCCGC/TGG/ACC/TA G TC/TT T AC/TT A GG

T/A/
C G T A C C/T C/T G/A C A G C/T C A/C G/A T/C C T/C A/G C C A G/T A

C

HCoV-0C43-HK04-12 G T A CCC GC A GCC A G q C T T A CC A G A

HCoV-0C43-BE04-AY903460 G T A CCCGC A GCC A GCCCC A CC A G A

Nucleotide positions

-kr) t *-q
Clade / Strain es1

A CC T A T A GG A

B C/TC/TCG T A G T A

C CCCG T/C A/G G/T T T

HCoV-0C43-HK04-12 CCCG T A G T T

HCoV-0C43-BE04-AY903460 CCCG T GG T T

The nucleotide positions correspond to those ofstrain HCoV-0C43-ATCC (AY39177
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I 0 01 I 01)2 n n9I 1

RdRp
HCoV-0C43-KK06- 0 1

S
HCoV-0C43-BK04-30 HCoV-OC43-HK05-02

HCoV-0C43-HK05-0 1 HCoV-0C43-HK04 -22
N HCoV-0C43-IK04-25-

HCoV-0C43-HK 04-33 HCoV-0C43-EK04 -28
HCoV-0C43-HK04-31 HCoV-0C43-HK04 -22

HCoV-OC43-1{K04-31 HCoV-C43-BK 04-27 HCoV-0C43-HK04 - 1 1
HCoV-OC43-BK04-30 HCoV-0C43-HK04 13 HCoV-0C43-HK04 18- -
HCoV-0C43-IIK 04-28 HCoV-0C43-HK04 - 19 HCoV-0C43-HK04- 16
HCoV-0C43-HK 04-25 HCoV-0C43-HK05-02 HCoV-0C4 31]K04- 13
HCoV-0C43-HK 04- 19 HCoV-0C43-HK04- 1 1 HCoV-0C43-HK04 -24
HCoV-0C43-HK04- 18 C HCoV-0C43-IIK06- 0 1

HCoV-0C43-HK04-33 C HCoV-0C43-HK04-31
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Figure 4 Phylogenetic trees of complete RdRp, S and N genes. The trees were constructed by the neighbor-joining method using Jukes-Cantor
correction and bootstrap values calculated from 1,000 trees. 2,783, 4,086 and 1,347 nucleotide positions in RdRp, S and N respectively, were

included in the analysis. HCoV-OC43-HK04-12 and HCoV-0C43-BE04-AY903460 belong to clade C upon S and N gene analysis, but to

clade B upon RdRp gene analysis
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