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bstract

ackground: The spike glycoprotein (S) gene of the severe acute respiratory syndrome-associated coronavirus (SARS-CoV) has been useful
n analyzing the molecular epidemiology of the 2003 SARS outbreaks.
bjectives: To characterize complete SARS-CoV S-gene sequences from Hong Kong.
tudy design: Fifty-six SARS-CoV S-gene sequences, obtained from patients who presented with SARS to the Prince of Wales Hospital
uring March–May 2003, were analysed using a maximum likelihood (ML) approach, together with 138 other (both human and animal)
-gene sequences downloaded from GenBank.
esults: The maximum-likelihood (ML) trees showed little evolution occurring within these 56 sequences. Analysis with the other sequences,
howed three distinct SARS clusters, closely correlated to previously defined early, middle and late phases of the 2003 international SARS
utbreaks. In addition, two new single nucleotide variations (SNVs), T21615A and T21901A, were discovered, not previously reported
lsewhere.
onclusions: The ML approach to the reconstruction of tree phylogenies is known to be superior to the more popular, less computationally

nd time-demanding neighbour-joining (NJ) approach. The ML analysis in this study confirms the previously reported SARS epidemiology
nalysed mostly using the NJ approach. The two new SNVs reported here are most likely due to the tissue-culture passaging of the clinical
amples.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the severe acute respiratory syndrome (SARS)
pidemic of 2003 around the world, many researchers
ave attempted to determine the natural reservoir of the
ARS-associated coronavirus (SARS-CoV). Studies on the
ossible animal source of SARS-CoV have mainly focused
n the Himalyan palm civet (Paguma larvata), though other

nimals (e.g. the raccoon dog, Nyctereutes procyonoides)
ave been shown to carry coronaviruses closely related to the
ARS-CoV. Of note, these related animal coronaviruses pos-
ess a 29 base-pair sequence (position 27,869–27,897) in the
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The ML trees in Figs. 1 and 2 were both constructed using
a Kimura three-parameters model of base substitution with
unequal base frequencies, a proportion of invariant sites and

Table 1
Types of specimens used for S-gene sequencing

Specimen type No. of specimens
tested

Clinical
sample (CS)

Tissue culture
isolate (TC)

Respiratorya 44 4 40
Stool 5 5 0
Urine 2 2 0
0 J.W. Tang et al. / Journal of

utative open reading frame (ORF) 11 (Marra et al., 2003),
hat is absent in most human SARS-CoV isolates (Guan et
l., 2003; Song et al., 2005). A more recent study on SARS-
oV-like coronaviruses from palm civets and raccoon dogs

rom various live markets in China identified a series of sin-
le nucleotide variations (SNVs) in the SARS-CoV spike (S)
lycoprotein gene (Kan et al., 2005). The authors suggested
hat these SNVs marked the transmission of SARS-CoV-like
iruses from these animals into humans during various
hases of the SARS epidemic. Most recently, SARS-like
oV have been found in bats though the S-gene homology
ith SARS-CoV is low, around 80%, and it is still uncertain

s to whether this is the true natural reservoir for SARS-CoV
Lau et al., 2005; Li et al., 2005; Poon et al., 2005a,b).

Guan et al. (2004) described the genetic variation of
he first 2149 bp of the S-gene, mainly focusing on the
1 (amino) region. This study compared local SARS-CoV
1 gene sequences collected from 137 Hong Kong SARS
atients from February to April 2003, with 27 other sequences
hen available from GenBank, using neighbour-joining (NJ)
hylogenetic analysis. The authors concluded that the inter-
ational SARS epidemics were caused by closely related
ARS-CoVs. However, some strains isolated from Hong
ong in the early phase of epidemic, were distinct from

he international outbreak strain, and may have represented
ransitory strains of SARS-CoV (Chim et al., 2004). Fur-
hermore, analysis of SARS-CoV strains subsequently iso-
ated from China suggested that this virus may have been
irculating there, unidentified, for some time before the
nternational epidemic occurred (Chinese SARS Molecu-
ar Epidemiology Consortium, CSMEC, 2004; Zhao et al.,
004).

In order to further characterize the evolution of SARS-
oV, S-gene sequences of isolates from patients in Hong
ong were analysed using a maximum likelihood (ML)
ethod, and any new SNVs documented.

. Materials and methods

.1. Patients, sample collection and processing

Patients with laboratory-confirmed SARS-CoV infection
dmitted to the New Territories East Cluster Hospitals in
ong Kong were included (Chan et al., 2004). For each
atient, a stored original clinical sample (CS), or its pri-
ary isolate from tissue culture (TC) when the original

ample has been exhausted, was retrieved for this study. The
ucleotide sequence of the whole S-gene was obtained by
irect sequencing. Briefly, the extracted RNA was amplified
ith two sets of overlapping primers using SuperscriptTM

II One-Step RT-PCR System with Platinum Taq DNA poly-

erase (Invitrogen, Life Technology, Carlsbad, CA). Purified
CR products were sequenced using six internal sequencing
rimers using BigDye® Terminator v3.1 Cycle Sequencing
it (Applied Biosystems, Foster City, CA). Their sequences

T

T
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ere edited and aligned using the Seqscape v2.1.1 software
Applied Biosystems, Foster City, CA).

All 56 Hong Kong S-gene sequences obtained in this study
ere deposited on the National Center for Biotechnology

nformation Genome Database (GenBank, accession num-
ers: DQ412574–DQ412629).

.2. SARS-CoV S-gene phylogenetic analysis

The S-gene sequences were aligned using the Clustal X’s
ultiple alignment algorithm, then manually checked and

dited using Bioedit v7.0.4.1 (Tippmann, 2004). After align-
ent and editing, the total length of the S-gene sequences
as 3759 bp. A maximum likelihood (ML) tree were then

onstructed using the program PAUP* v4.0b10 (Swofford,
001) under an optimum model of evolution as selected by
he program Modeltest v3.7 (Posada and Crandall, 1998). The
obustness of the trees’ topology was statistically assessed by
ootstrap analysis, with a minimum of 1000 rounds of repli-
ation. To put these 56 CUHK S-gene sequences in context,
38 other S-gene sequences were downloaded from the Gen-
ank and these 194 S-gene sequences were drawn, using the

ame methods above. Both trees were rooted against a civet
at sequence (CIV007, AY572034), and plotted using NJPlot
Perrière and Gouy, 1996).

. Results

.1. Patients, sample collection and processing

A total of 56 SARS patients were included in this study
mean age 54.8, S.D. 21.9 years, 21 males). These patients
ll became ill during March–May 2003. Samples for analysis
ere collected after a mean of 5.9 (S.D. 4.8) days after illness
nset. Table 1 shows the specimen type and numbers used in
his study, 11 were original clinical samples (CS) and 45 were
rimary tissue culture isolates (TC).

.2. SARS-CoV S-gene phylogenetic analysis
issueb 5 0 5

otal 56 11 45
a Includes nasopharyngeal aspirate, throat and nasal swabs.
b Includes four lung and one terminal ileum biopsy samples.
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Fig. 1. Maximum likelihood phylogram of the SARS-CoV S-gene from 56 Hong Kong patients. Note: Constructed under a Kimura three-parameters with
unequal base frequencies (K81uf) model of evolution with invariable (I) sites and a gamma (G) distributed rate of substitution (i.e. K81uf + I + G), as selected
by Modeltest (v3.7) under the Akaike Information Criteria (AIC), using a nearest-neighbor interchange (NNI) heuristic search strategy in PAUP*. The dates
in the sample names are dates of fever onset for that patient. The scale for the branch lengths is indicated (number of nucleotide substitutions per site). There
were no branches with bootstrap values >70. GenBank accession numbers for the 56 S-gene sequences: DQ412574–DQ412629. CUHK: Chinese University
of Hong Kong; TC: tissue cultured isolate; CS: clinical sample; NP: nasopharyngeal aspirate; UR: urine; NS: nasal swab; SP: sputum; ST: stool; TS: throat
swab; RS: rectal swab; TG: throat gargle; TI: terminal ileal biopsy; RL: right lung biopsy; L: lung biopsy.
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Fig. 2. Maximum likelihood phylogram of the SARS-CoV S-gene from 56 Hong Kong samples and 138 downloaded S-gene sequences from GenBank. Note:
Constructed under a Kimura three-parameters with unequal base frequencies (K81uf) model of evolution with invariable (I) sites and a gamma (G) distributed
rate of substitution (i.e. K81uf + I + G), as selected by Modeltest (v3.7) under the Akaike Information Criteria (AIC), using a nearest-neighbor interchange
(NNI) heuristic search strategy in PAUP*. The dates in the Hong Kong sample names are dates of fever onset for that patient, from whom the sample was taken.
The scale for the branch lengths is indicated (number of nucleotide substitutions per site). The boxes highlight branches containing samples showing significant
differences in their S-gene sequences from the rest of the group. Cluster 1: ‘mainland’ (solid-line box); cluster 2: ‘Guangdong’ (long-dashed line box); cluster 3:
‘worldwide’ (short-dotted line box). CUHK: Chinese University of Hong Kong; TC: tissue cultured isolate; CS: clinical sample; NP: nasopharyngeal aspirate;
UR: urine; NS: nasal swab; SP: sputum; ST: stool; TS: throat swab; RS: rectal swab; TG: throat gargle; TI: terminal ileal biopsy; RL: right lung biopsy; L: lung
biopsy. The names of the downloaded sequences from GenBank have been retained as far as possible, though some truncation has been applied in some cases.
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Fig. 2. (Continued ).
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Table 2
Single nucleotide variations (SNVs) present in the 56 CUHK SARS-CoV S-gene sequences

SNV position Base change Amino acid change Total no. of samples
with SNV (%)

No. of CS samples
containing SNV (%)

No. of TC samples
containing SNV (%)

21,615 T to A Tyrosine to stop 21 (37.5) 2 (9.5) 19 (90.5)
2 18 (32.1
2 56 (100
2 17 (30.4
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1,901 T to A Phenylalanine to isoleucine
3,220 G to T Alanine to serine
5,114 C to T Alanine to valine

gamma-distributed site substitution rate (K81uf + I + G), as
elected by Modeltest under Akaike Information Criteria,
sing a nearest-neighbor interchange heuristic search strat-
gy in PAUP*.

Fig. 1 shows the S-gene sequences obtained from the 56
ong Kong patients, rooted against CIV007. The dates in the

ample names are dates of fever onset for that patient. Despite
he apparent multiple branching topology, there are no sig-
ificant branches (all bootstrap values < 70). The homology
f these CUHK 56 S-gene sequences was 99–100%

Fig. 2 shows the position of these 56 sequences within
he other 138 S-gene sequences downloaded from Gen-
ank. Only bootstrap values > 70 are shown. Three dis-

inct clusters can be seen, the sequences of which have
een characterized and discussed elsewhere (CSMEC,
004; Kan et al., 2005; Lan et al., 2005; Song et al.,
005; Wang et al., 2005; Yeh et al., 2004). All the
UHK S-gene sequence lie within cluster 3 ‘worldwide’,

ogether with other S-gene sequences from Hong Kong
CUHK-W1, AY278554; CUHK-AG01, AY345986; CUHK-
G02, AY345987; CUHK-AG03, AY345988; CUHK-Su10,
Y282752; HKU-39849, AY278491).

When aligned and compared with the TOR-2 reference
train (AY274119), four single nucleotide variations (SNVs)
ere found in a large proportion of the CUHK S-gene

equences, as shown in Table 2.

. Discussion

Since the end of the 2003 SARS epidemic, SARS-CoV has
nly reappeared a few times, sporadically, and only affecting
few people (WHO, 2003; Lim et al., 2004; WHO, 2004a,b).
o further SARS epidemics have been identified. There-

ore, the 56 samples analysed in this study, collected over
3-month period during the SARS epidemic in Hong Kong

March–June 2003), represent one of the longest continuous
eriods over which SARS-CoV has been investigated for any
iral mutation and evolution within a human population.

As shown in Fig. 1, these 56 CUHK sequences are all
ery similar, lying in Fig. 2’s cluster 3 ‘worldwide’ S-gene
equences. The pattern in Fig. 2 shows that SARS-CoV
-gene sequences isolated from some Guangdong patients

nd animals from Beijing and Guangdong cluster together
cluster 1 ‘mainland’). This correlates well with the early
hase of the SARS epidemic, as has been defined previously
CSMEC, 2004; Song et al., 2005). Next, there is a transi-

T
t

S

) 0 (0) 18 (100)
) 11 (100) 45 (100)
) 7 (63.6) 10 (22.2)

ional region seen, most likely to represent the spread of the
ARS epidemic within Guangdong, and then out to Beijing
nd Hong Kong, then the rest of the world (cluster 2 ‘Guang-
ong’). This corresponds well with the late-early and middle
hase of the SARS epidemic (CSMEC, 2004; Ruan et al.,
003; Song et al., 2005). Finally, the S-gene sequences from
his study together with those obtained from outside Hong
ong and China (cluster 3 ‘worldwide’), are representative
f the middle-to-late phase of the SARS epidemics (CSMEC,
004).

It has been well established for almost 20 years that the
L approach is more accurate for reconstructing tree phy-

ogenies, though the NJ approach is still widely used as it
s much less demanding in terms of computational power
nd time (Hillis et al., 1994; Huelsenbeck and Hillis, 1993;
age and Holmes, 1998; Saitou, 1988; Saitou and Imanishi,
989). Therefore, it is reassuring that this more complex and
emanding ML approach, using optimal models of evolution
s described here, with these complete S-gene sequences,
ndependently supports previous NJ analysis of the epidemi-
logy of the 2003 SARS outbreaks (e.g. the Kimura two-
arameter distance method used by the CSMEC, 2004, Fig.
). Due to the availability of more data, Fig. 2 contains more
equences spread over a longer time-frame, and the clusters
ppear more clearly defined, than the similar figure presented
y the CSMEC (2004, Fig. 6).

It is possible that using tissue cultured (TC) isolates for S-
ene sequence analysis may have introduced some new muta-
ions, not otherwise present in the original clinical samples
CS). Poon et al. (2005a,b) reported non-synonymous muta-
ions occurring in the S, membrane and ORF 8a protein cod-
ng genes, during the passaging of SARS-CoV through non-
uman primate cell lines (FRhK4 and Vero E6). Within the
-gene region they found mutations at positions (with respect

o the TOR-2): C23412T, A23473G, C23518T, C23632T,
24864T, and A24978G. Tong et al. (2004) also reported two

issue-culture (Vero E6)-associated mutations (with reference
o the SARS-CoV Urbani strain): T21938C and T24872C. In
his study, we did not find any of these previously reported

utations, however, there were mutations found mainly in
he TC samples (T21615A and T21901A) that have not been
reviously reported elsewhere. These are most likely to be
issue-culture associated mutations. It is interesting that the

21615A mutation results in a stop codon, yet still manages

o produce a viable virus in tissue culture.
Several studies have documented various SNVs in the

ARS-CoV genome, with some even proposing them as the
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asis for a genotypic classification (Poon et al., 2005a,b; Ruan
t al., 2003; Tsui et al., 2003; Wang et al., 2005; Yeh et al.,
004). In this study, the SNV G23220T that was found in all
f the patients (56/56, 100%) has been reported elsewhere
Yeh et al., 2004), though the functional significance of this
s presently uncertain. The 100% prevalence of this SNV in
hese samples strongly suggests that a non-TOR-2-like strain
f SARS-CoV has infected these Hong Kong patients, rather
han this being an example of natural selection or of SARS-
oV behaving as a quasispecies.

The second, less frequently found SNV (C25114T)
resent in 17/56 (30.4%) of these S-gene sequences
as also been found in four sequences from Guang-
ong (GUAN LC2, AY394999; GUAN LC3, AY395000;
UAN LC4, AY395001; GUAN LC5, AY395002, but not

n GUAN LC1, AY394998), of which GUAN LC3 and
UAN LC5 have been previously reported by Wang et al.

2005). The 17 CUHK S-gene sequences containing this
olymorphism all occur in samples collected towards the
nd of the SARS outbreaks in Hong Kong (from 4 April to
1 May 2003). Unfortunately, we do not know on what date
he GUAN LC2/LC3/LC4/LC5 samples were taken (they are
npublished sequences that were submitted to GenBank on
9 September 2003), and it is therefore difficult to ascertain
hether this SNV represents ongoing host-adaptive evolu-

ion. All of these 56 CUHK samples came from patients
dmitted to Hong Kong’s New Territories East hospital
luster during this period. The 17/56 patients carrying this
25114T mutation may have acquired their virus via a chain
f contacts infected with this particular virus, or this muta-
ion occurred in all of these viruses independently, perhaps
n response to some common, unknown selection pressure.
herefore, without a more accurate epidemic history for this
articular virus, it is hard to say whether this is a founder
ffect or natural selection acting upon the virus towards the
nd of the Hong Kong 2003 SARS outbreaks.

In summary, the analysis of 56 complete SARS-CoV S-
ene sequences from Hong Kong in this study using ML
nalysis confirms the previous epidemiology of SARS-CoV
btained using mostly NJ analysis. It also describes two new
NVs that are most likely to be associated with the tissue-
ulture passage of SARS-CoV.
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