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The genome organization and expression strategy of 
severe acute respiratory syndrome coronavirus (SARS- 
CoV) have been described extensively[1 10]. As a 
structural glycoprotein on the virion surface, the spike 
protein is responsible for binding to host cellular receptors 
and for the fusion between the viral envelope and the cel-
lular membrane. It also induces neutralizing antibodies in 
the host and mediates cellular immunity[11]. Previous 
studies suggested that amino acid replacements in the 
spike protein could dramatically alter the pathogenesis and 
virulence of some coronaviruses[11]. It is therefore reason-
able to test the hypothesis that radical amino acid re-
placements in the spike protein, favored by environmental 
selective pressure during the process of SARS-CoV inter-
specific transmission[10], might make this pathogen adapt 
to a new host. In this study, we investigated a total of 108 
complete sequences of the SARS-CoV S gene from Gen-
Bank (until March 23, 2004). After omission of those 
records containing frame-shift mutations or low quality 
sequences, e.g. ZJ01, and selection of one sequence for 
identical records, an alignment of 42 sequences was 
obtained using the program Clustal-X[13]. Then, we recon-
structed the most recent common ancestor (MRCA) se-
quences of the SARS-CoV S gene and detected the adap-
tive evoluti

The phylogenetic tree of the SARS-CoV S gene was 
generated using the neighbor-joining (NJ) method[14], im-

plemented in the MEGA2 Package[15] with the Kimura 
two-parameter distance[16]. In this tree, the viral isolates 
can be classified into two clusters. One cluster consists of 
the animal isolates obtained in 2003, and the other cluster 
comprises all the human isolates during the epidemic from 
2002 to 2003. However, the human GD03T0013 isolate 
was placed between the two clusters, consistent with an-
other recent study[17]. The internal branch linking the two 
clusters represented the interspecific transmission of 
SARS-CoV, and the two nodes connected by this branch 
represented the two clusters’ respective MRCAs. It is 
useful to reconstruct the MRCA sequences and compare 
them with each other. On the one hand, the comparison 
between the two inferred MRCA sequences allows us to 
detect the trends of changes in amino acid properties of 
the spike protein during the interspecific transmission. On 
the other hand, it can be synthesized via site-directed 
mutagenesis technology to express their respective protein 
products, especially about the affinity with human cellular 
receptor ACE2[18 20]. Using the codon-based substitution 
model[21] and the maximum likelihood (ML) method[22] 

with the assumption of an independent nonsynonymous/ 
synonymous ratio for each branch, we reconstructed an 
ancestral gene sequence at each node of the phylogenetic 
tree. The computation was conducted using the CODEML 
program implemented in the PAML 3.14 package[23]. The 
overall accuracy of the inferred sequences ranged from 
0.95 to 1.00. The comparison between the two MRCA 
sequences revealed that there are 13 nonsynonymous sub-
stitutions but no synonymous substitution (Table 1). Inter-
estingly, the 13 nonsynonymous substitutions were nested 
in the 28 nonsynonymous substitutions found by compari-
son among 66 complete sequences in a recent study[17], in-
dicating that our inferred MRCA sequences were reliable 
and could effectively narrow our focus on nonsynony-
mous substitutions potentially involved in adaptive evolu-
tion. Among the 13 corresponding amino acid replace-
ments, eight were found in the S1 region and five in the 
S2 region of the spike protein[16 18]. In particular, three 
amino acid replacements (sites 360, 479 and 487) were 
located in the receptor-binding region[18,19]. 

To evaluate the influences of environmental selective 
pressure on the amino acid properties of the spike protein, 
both the �2 goodness-of-fit (GF) test and the Z test[24] im-
plemented in the program TreeSAAP[25] were employed to 
detect the trends of changes in 31 biochemical and struc-
tural amino acid properties for the 13 nonsynonymous 
substitutions. In the GF test, according to the change 
magnitude of a specific property, nonsynonymous substi-
tutions were equally divided into two categories, i.e. con-
servative (weak changes in this property) and radical 
(strong changes in this property). Based on the codon 
composition of gene, the expected substitution frequencies 
of the two categories were calculated with the assumption 
of completely random amino acid replacement, i.e.  
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Table 1  Site differences between the two MRCAs in DNA and amino acid sequences* 

 DNA sequences   Amino acid sequences  

Site MRCAa MRCAh Site MRCAa MRCAh 

681 A C 227 Lys Asn

782 A C 261 Lys Thr

931 G A 311 Gly Arg 

1079 C T 360** Ser Phe

1437 A T 479** Lys Asn

1460 G C 487** Ser Thr

1819 C T 607 Pro Ser

1994 C T 665 Ser Leu

2102 T C 701 Leu Ser

2227 G A 743 Ala Thr

2261 T C 754 Val Ala

2680 G A 894 Ala Thr

3487 G A 1163 Glu Lys

* MRCAa represents the most recent common ancestor of the animal isolates, and MRCAh represents the most recent common ancestor of the 
human isolates; ** The site is located in the receptor-binding region. 
 
assuming selective neutrality. The expected substitution 
number of each category was also calculated when the 
total number of nonsynonymous substitutions was known 
by sequence comparison. The observed distribution of 
property change magnitude was then compared with the 
expected distribution using a �2 GF test with the degree of 
freedom equal to one. A GF score more than 3.84 (��= 
0.05) indicated a significant difference between expected 
and observed distributions and the presence of selective 
effect. In the Z test, the ratio of observed substitution 
number to all possible substitution number in each cate-
gory and related standard error were calculated, and then a 
standard Z test was employed to compare the two ratios. 
The ratio of radical category was expected to be higher 
than that of conservative category under the assumption of 
selection effect. A Z score more than 1.645 (��= 0.05) sug-
gested the radical change of a specific property favored by 
natural selection, and vice versa. The two tests of the 13 
nonsynonymous substitutions revealed selection pressure 
favoring radical change in four properties: bulkiness, 
chromatographic index, solvent accessible reduction ratio, 
and turn tendencies. Our study, however, did not find any 
selection effect on the other 27 properties. Furthermore, it 
showed the simultaneous amino acid replacements in three 
sites: 360 (located in the receptor-binding region), 665 and 
701. These sites led to the excess of observed radical sub-
stitution number over corresponding expectation under the 
assumption of selective neutrality, indicative of potentially 
important roles they played in the adaptive evolution of 
the spike protein. This finding might be helpful for better 
understanding of the adaptation mechanism of SARS-CoV 
and for a basis for the development of anti-SARS drugs 
and vaccines. 
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