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Severe acute respiratory syndrome–associated coronavirus (SARS-CoV) emerged, in November 2002, as a novel
agent causing severe respiratory illness. To study sequence variation in the SARS-CoV genome, we determined
the nucleic acid sequence of the S and N genes directly from clinical specimens from 10 patients—1 specimen
with no matched SARS-CoV isolate, from 2 patients; multiple specimens from 3 patients; and matched clinical-
specimen/cell-culture–isolate pairs from 6 patients. We identified 3 nucleotide substitutions that were most
likely due to natural variation and 2 substitutions that arose after cell-culture passage of the virus. These data
demonstrate the overall stability of the S and N genes of SARS-CoV over 3 months during which a minimum
of 4 generations for transmission events occurred. These findings are a part of the expanding investigation
of the evolution of how this virus adapts to a new host.

Severe acute respiratory syndrome (SARS) likely emerged

in Guangdong Province, China, late in 2002 and sub-

sequently spread to many other countries. Shortly after

SARS and its potential for global transmission were rec-

ognized by the World Health Organization (WHO) in

March 2003, the etiology of SARS was identified as a

previously unknown coronavirus (CoV), SARS-CoV. The

complete genome sequences of 2 viral isolates were soon

determined, and, since then, many isolates have been

sequenced completely or partially. The sequences show

a genomic organization typical of a coronavirus. The 5′

two-thirds of the genome encodes a series of proteases
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and the replicase proteins, and the 3′ one-third encodes

the spike (S), envelope (E), membrane (M), and nu-

cleocapsid (N) structural proteins, plus several other

open reading frames (ORFs) of unknown function. The

S and N proteins are considered to be the most important

targets for the humoral and cellular immune responses

to SARS-CoV [1, 2].

The available sequence information shows limited

genetic change in this virus but does document the

specific changes that may be useful for understanding

the source and the transmission patterns of SARS-CoV

[3, 4]. One uncertainty about interpretation of these

data is the possibility that virus isolation in cell culture

selects for some of the observed changes [5]. In the

present report, we describe (1) a strategy for direct

sequencing of the S and N genes from clinical speci-

mens and (2) the sequence data on primary clinical

specimens and/or matched cell-culture isolates from 10

patients. Our data provide both additional information

on the genetic stability of SARS-CoV and evidence for

the existence of nucleotide mutations associated with

cell-culture passage of the virus.
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Table 1. Epidemiologic data and outcomes for 10 patients with severe acute respiratory syndrome.

Patient Site of exposure Site of diagnosis Date of onset Outcome
Linkage

to Hotel M

S1 (Urbani) Hanoi, Vietnam (Same as site of exposure) 11 March 2003 Fatal Present
S2 Toronto, Canada (Same as site of exposure) 28 February 2003 Fatal Present
S3 Hong Kong, China Vietnam 26 February 2003 Fatal Present
S4 Hanoi, Vietnam (Same as site of exposure) 5 March 2003 Not fatal Present
S5 Hanoi, Vietnam (Same as site of exposure) 4 March 2003 Not fatal Present
S6 Hanoi, Vietnam (Same as site of exposure) 6 April 2003 Not fatal Present
S7 Hong Kong, China United States 8 March 2003 Not fatal Absent
S8 Toronto, Canada United States 3 April 2003 Not fatal Present
S9 Toronto, Canada United States 24 May 2003 Not fatal Present
S10 Guangdong, China Taiwan 10 March 2003 Not fatal Absent

PATIENTS, MATERIALS, AND METHODS

Case descriptions. Clinical specimens and epidemiologic data

used in the present study were obtained as part of the emer-

gency public health response to the outbreak of SARS; therefore,

Federal regulations for human-subject research did not apply,

and approval by the Institutional Review Board was not re-

quired. The clinical specimens used in this study (table 1) were

from 10 case patients meeting the case definition for probable

SARS [6] and having laboratory-confirmed SARS-CoV infec-

tion [7, 8]. Most of the cases occurred outside mainland China,

but many were linked directly or indirectly, through multiple

chains of transmission, to a single ill traveler from Guangdong

Province, China, who exposed multiple guests at Hotel M in

Hong Kong in late February 2003 [9]. The resulting cluster of

infections initiated the global spread of SARS. Patient S3 was

the Hotel M contact who transmitted the infection to Vietnam.

Patient S1 was likely infected through close contact with patient

S3 or other early cases of SARS in Vietnam [10]. All other

patients in Vietnam (S4–S6) [11], the patient from Canada (S2)

[12], and 2 patients from the United States (S8 [13] and S9

[14]) were infected through chains of transmission originating

from the Hotel M cluster. Two cases in the present study are

not known to be directly linked to the Hotel M cluster: patient

S7 developed symptoms after returning home to the United

States after a trip to Hong Kong but without known exposure

to Hotel M [15], and patient S10 was a secondary contact, in

Taiwan, of a traveler to Guangdong, China, who was diagnosed

with SARS and who transmitted the illness after returning to

Taiwan [16].

RNA extraction. Clinical specimens included nasal- and

throat-swab, sputum, stool, and tissue specimens. Stool spec-

imens and organ tissues were homogenized and clarified as

described elsewhere [17, 18]. A 100-mL aliquot of each specimen

was added to vials containing 900 mL of NucliSens lysis buffer

(BioMérieux). Stool samples were prepared as 10% clarified

suspensions in Tris-HCl buffer before extraction of total nucleic

acid for reverse transcriptase–polymerase chain reaction (RT-

PCR) testing. The extraction procedures were performed by

the automated NucliSens extraction system (BioMérieux), ac-

cording to the manufacturer’s instructions, and nucleic acid

was recovered in a final volume of 50 mL.

One-step RT-PCR and sequence analysis. To determine

the S and N gene sequences, overlapping RT-PCR products

were generated by use of a SuperScript One Step RT-PCR kit

(Invitrogen). Eight overlapping RT-PCR amplicons with an av-

erage size of ∼500 bp covered the S gene ORF (3768 bp),

whereas 2 RT-PCR products with an average size of ∼700 bp

covered the N gene ORF (1269 bp). The RT-PCR reactions

were set up according to the manufacturer’s instructions, with

each 50 mL of RT-PCR reaction mixture containing 5 mL of

extracted nucleic acid sample, 1� Reaction Mix, 2 mmol of

MgSO4/L, 0.2 mg of sense primer, 0.2 mg of antisense primer,

20 U of RNase inhibitor, and 1 mL of SSII/Platinum Taq Mix.

Reverse transcription was performed at 50�C for 30 min, fol-

lowed by a 5-min denaturation at 94�C. This was followed by

40 cycles of amplification, each consisting of denaturation at

94�C for 30 s, annealing at 55�C for 30 s, and extension at 72�C

for 1 min. Amplification was concluded with a single final

extension at 72�C for 7 min. Amplification products were vi-

sualized on 2% agarose gels containing 0.5 mg of ethidium

bromide/mL and were purified by use of a QIAquickPCR pu-

rification kit (Qiagen). The 8 RT-PCR products for the S gene

were sequenced, in both directions, by use of the same 16 RT-

PCR primers, and the 2 RT-PCR products for the N gene were

sequenced, in both directions, by use of 7 different sequencing

primers. Automated sequencing was performed by use of a

BigDye Terminator v3.1 Cycle Sequencing Kit, on an ABI

PRISM 3100 automated sequencer (Applied Biosystems). Se-

quences were assembled and analyzed by Sequencher software

(Gene Code). The sequence of the Urbani strain (GenBank

accession number AY278741) of SARS-CoV was used as a ref-

erence for all sequence comparisons.

Viral culture. Clinical specimens from each patient were

inoculated and cultured on Vero E6 cells, as described elsewhere

[18]. The SARS-CoV was identified by cytopathic effect and was

confirmed by electronic microscopy (EM) and SARS-CoV–spe-
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Table 2. Coding-sequence variations in severe acute respiratory syndrome (SARS) co-
ronavirus S and N genes, in 10 patients.

Patient, sample type

Nucleotide position in open reading frame
(amino acid change)a

S gene
N gene,
2934721938 22570 23445 24872

S1 (Urbani)
Isolate T T A C (syn) A
Throat swab T

S2
Right middle lung T
Right upper lung T

S3
Isolate C (syn) T
Left upper lung T
Right upper lung T
Lymph node T
Kidney T

S4
Isolate T G (NrD)
Throat wash T G (NrD)

S5
Isolate T
Throat wash T

S6
Isolate T
Swab (oropharyngealb) T

S7
Isolate G (IrV) T
Sputum G (IrV) T

S8, stool
14 Days after onset of SARS C (FrS) T
18 Days after onset of SARS C (FrS) T
21 Days after onset of SARS C (FrS) T
26 Days after onset of SARS C (FrS) T

S9, stool 21 days after onset of SARS T
S10, sputum T

a Nucleotide positions are based on the Urbani, reference sequence, which is the sequence in the cell-
culture isolate of the SARS coronavirus in patient S1. Only nucleotides differing from those of this reference
sequence are shown (nonsynonymous changes, if any, in the encoded amino acid are in parentheses). syn,
synonymous.

b In viral-transport media.

cific RT-PCR [18]. To prepare a virus stock for use as an inac-

tivated vaccine, SARS-CoV was isolated from a clinical specimen

from patient S7 and was passed 2 times on “Good Manufacture

Procedure”–grade Vero cells (batch FA139414, passage 141; cour-

tesy of Aventis Pasteur). The sequence of the entire genome of

this viral isolate was determined by the approach described else-

where by Rota et al. (GenBank accession number AY714217) [2].

RESULTS

Sequence variations. The clinical specimens from the 10 pa-

tients included 1 specimen with no matched SARS-CoV isolate,

from 2 patients (S9 and S10); multiple specimens from 3 patients

(S2, S3, and S8), and matched specimen/isolate pairs from 6

patients (S1 and S3–S7). The S and N gene sequences of clinical

specimens from these 10 patients were compared with those of

the original isolate from patient S1 (Urbani), whose sequence

had been generated previously and was used as the reference

sequence for the present study (table 2). Specimens from all 10

patients showed the same 3768-nt ORF encoding the 1255-aa S

protein, as well as the 1269-nt ORF encoding the 422-aa N

protein, indicating an absence of frameshifts, insertions, and de-

letions in these ORFs. There were only 5 nucleotide positions

that differed relative to the previously published Urbani sequence;

3 of these sequence variations arose independently, as true mu-

tations, in 3 patients (mutation 29347-G in patient S4, mutation

23445-G in patient S7, and mutation 22570-C in patient S8),

and 2 were sequence variations that were present in 2 cultured

isolates (mutation 21938-C in the isolate from patient S3 and

mutation 24872-C in the isolate from patient S1 [Urbani]) but

not in the matched clinical specimens. Of the 3 true substitutions,

2 were observed in specimen/isolate pairs (patients S4 and S7)

and 1 was observed in multiple clinical specimens (patient S8).
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Table 3. Genome-sequence variations in severe acute respi-
ratory syndrome–coronavirus in patient S7.

Gene, nucleotide
position

Nucleotide

Amino acid change
S1 (Urbani),

isolate
S7,

isolate

Replicase 1a
7919 T C VrA

Replicase 1b
16622 T C None
18974 A G None
19064 G A None

S protein
23445 A G IrV
24872 C T None

M protein
26857 C T PrS

The 2 cell culture–related changes were noted in isolates from

patients S1 (Urbani) and S3. The sequence derived from the

isolate from patient S1 had a C at nucleotide position 24872,

whereas the matched clinical specimen had a T at this position;

all other published SARS-CoV sequences had a T at this position,

suggesting that a TrC transition was selected during isolation

or cell-culture passage of the virus. The sequence derived from

the isolate from patient S3 had a C at nucleotide position 21938,

and multiple clinical specimens from patient S3 had a T at that

position; again, because all other published sequences have a T

at this position, it is likely that the C at nucleotide position 21938

in the isolate from patient S3 was selected during isolation or

cell-culture passage of the virus.

The 3 nucleotide substitutions found in patients S4, S7, and

S8 are all transitions and are nonsynonymous. The ArG change

at nucleotide position 29347 in the N gene from patient S4

leads to a predicted nonconserved amino acid change from

asparagine (N) to aspartic acid (D). The TrC change at nu-

cleotide position 22570 in the S gene from patient S8 leads to

a predicted amino acid change, from phenylalanine (F) to serine

(S). The ArG change at nucleotide position 23445 in the S gene

from patient S7 also leads to a predicted amino acid change,

from isoleucine (I) to valine (V). Because all 3 changes were

present either in 2 or more clinical specimens or in matched

specimen/isolate pairs, these changes probably reflect the genetic

characteristic of the infecting virus. The 2 cell culture–related

changes were synonymous.

Sequence comparisons of SARS-CoV in multiple samples

from a single patient. In patient S8, serial stool samples were

collected on days 14, 18, 21, and 26 after the onset of SARS.

Identical S and N gene sequences were observed in these tem-

porally distinct stool specimens, and, compared with the ref-

erence Urbani strain, all showed the same nonsynonymous

nucleotide substitution, T22570C (mentioned above).

We also compared S and N gene sequences of different tissue

specimens collected, at autopsy, from the same individual. Spec-

imens for this evaluation were from the right middle and right

upper lung of patient S2 and from the left upper and right

middle lung, kidney, and lymph node of patient S3. The S and

N gene sequences at these different anatomical sites were iden-

tical, in both patients.

Sequence of the complete genome of the isolate from patient

S7. Analysis of the complete genomic sequence of the isolate

from patient S7 underscores the genetic stability of SARS-CoV.

In addition to the 2 nucleotide variations already described in

the S gene, only 5 additional nucleotide substitutions, includ-

ing 2 nonsynonymous substitutions, were detected in the re-

mainder of the genome; 1 of them occurred in the predicted

M protein, and the other 4 occurred in the predicted poly-

merase gene (table 3).

DISCUSSION

We compared S and N gene sequences of SARS-CoV–positive

specimens obtained from 10 patients during 3 months at the

height of the 2002–2003 global SARS outbreak and found that

the SARS-CoV S and N genes were very stable during this

period. Comparison of patients S3 and S9 illustrates this most

clearly. Patient S3 represents the starting point for multiple

transmission chains emanating from the Hotel M cluster [9].

Although many details of these transmission events remain

uncertain, ∼3 months and at least 4 generations of transmission

separate the SARS-CoV infection of patient S3 from that of

patient S9, an American visitor to Canada [14]. Despite the

time interval and these discrete transmission events, we detected

no variation between the SARS-CoV S and N gene sequences

of clinical specimens from these 2 patients. We also evaluated

SARS-CoV S and N gene genetic stability during the course of

infection in a single person, by comparing viral genomes from

4 serial stool specimens obtained, between days 14 and 26 after

the onset of SARS, from patient S8, and we found the sequences

to be invariant. Finally, we compared sequences amplified from

lung, lymph node, and kidney tissues obtained at autopsy of

patient S3, the index patient of the Hotel M cluster, and again

found no variation in the S and N gene sequences of the SARS-

CoV present in these different tissues.

In all the SARS-CoV S and N genes evaluated, we identified

only 3 mutations (2 in the S gene and 1 in the N gene) likely

to be present in the viruses infecting 3 different patients. The

viruses present in the other 6 patients had S and N gene se-

quences identical to those of the earliest specimen—that is, that

from patient S3. We also identified 2 substitutions in the S gene

that were likely to have arisen as a result of cell-culture passage

of the virus. The cell culture–related changes underscore the

need, when one is analyzing sequence data from isolates, to

consider the potential effect of cell-culture changes; for ex-

ample, 14 SARS-CoV genome sequences based solely on cell-
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culture isolates have been reported to include a total of 127

nucleotide-sequence variations; variations at 4 loci appeared to

be phylogenetically significant, and some of them were cell

culture–related changes [3].

There are several limitations in the present study. First, as is

the case with respect to other RNA viruses, it is likely that SARS-

CoV in humans is represented by a quasi species and that the

sequences that we obtained reflect the average sequence in a

specimen and may not represent the full spectrum of variants

replicating in an individual; however, our data suggest that in-

dividual variants are not prominent, because we did not see, at

any loci, sequence ambiguity that would suggest the presence of

significant heterogeneity. The second limitation is that the spec-

imens studied were from only 10 patients and were only from

a period of 3 months. Furthermore, because we limited our

analysis to the S and N gene sequences (i.e., only 5037 nt), it is

possible that different patterns of variation may be observed in

other regions of the SARS-CoV genome [3]; however, both the

conservation in the complete genomic sequence of the isolate

from S7 and other published data argue against this. Last, the 3

apparent mutations that we identified were not seen in the other

patients in the present study or in sequences published elsewhere,

and therefore their significance remains unknown.

Genes that code for proteins that are likely to interact with

the host immune response (i.e., S and N proteins) presumably

show changes resulting from immunologic selective pressure;

however, the data from the present study suggest that the SARS-

CoV S and N genes were relatively stable during a 3-month

period of the outbreak. These data are consistent with the con-

clusion by The Chinese SARS Molecular Epidemiology Con-

sortium—that is, that the SARS-CoV genome was stable during

the late epidemic phase, with emergence of a predominant

genotype [4]. Low rates of variation have also been reported

for other human coronaviruses (e.g., 229E) [19], whereas still

other coronaviruses have been found to have greater variation

and higher rates of mutation. If SARS-CoV recurs, it will be

important to continue to monitor its clinical, epidemiologic,

and genetic patterns, for changes that might be associated with

improvements in its ability to infect and replicate in humans

and for changes that might present new challenges to the con-

trol of it.
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