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Koch’s postulates
fulfilled for SARS virus

Severe acute respiratory syndrome
(SARS) has recently emerged as a new
human disease, resulting globally in

435 deaths from 6,234 probable cases (as of
3 May 2003). Here we provide proof from
experimental infection of cynomolgus
macaques (Macaca fascicularis) that the
newly discovered SARS-associated corona-
virus (SCV) is the aetiological agent of this 
disease. Our understanding of the aetiology
of SARS will expedite the development 
of diagnostic tests, antiviral therapies and 
vaccines, and may allow a more concise case
definition for this emerging disease.

According to Koch’s postulates, as modi-
fied by Rivers for viral diseases, six criteria
are required to establish a virus as the cause
of a disease1. The first three criteria — isola-
tion of virus from diseased hosts, cultivation
in host cells, and proof of filterability —
have been met for SCV by several groups2–5.
Moreover, of 96 individuals complying with

the World Health Organization’s definition
of SARS6 in Hong Kong, 86 (90%) yielded
laboratory evidence of SCV infection. 

We have tested for the three remaining
criteria: production of comparable disease 
in the original host species or a related one,
re-isolation of the virus, and detection of 
a specific immune response to the virus. We
inoculated two macaques with Vero-cell-
cultured SCV isolated from a fatal SARS 
case, and monitored their clinical signs, 
virus excretion and antibody response. The
animals were killed six days post-inoculation
(d.p.i.), and we then carried out gross and
histopathological examinations of them.

Both SCV-inoculated macaques became
lethargic from 3 d.p.i. onwards and developed
a temporary skin rash, and one suffered respi-
ratory distress from 4 d.p.i. onwards. The
macaques excreted virus from the nose and
throat at 2–6 d.p.i., as shown by polymerase
chain reaction with reverse transcription 
(RT-PCR) and by virus isolation (see supp-
lementary information). The isolated virus
was identical to that inoculated, as shown by
negative-contrast electron microscopy (Fig.
1a) and RT-PCR analysis. Seroconversion to

SCV, as determined by indirect immuno-
fluorescence assay using infected Vero cells,
was demonstrated in two other SCV-infected
macaques at 16 d.p.i.. The virus was also iso-
lated from the faeces of one of these animals
(see supplementary information).

At gross necropsy, one macaque had 
severe multifocal pulmonary consolidation,
and SCV infection was detected in lung 
tissue by RT-PCR and virus isolation. 
Histologically, both macaques had interstitial
pneumonia of differing severity. The one with
gross lesions had diffuse alveolar damage,
marked by necrosis of alveolar and bronchio-
lar epithelium and flooding of alveolar lumina
with proteinaceous fluid, admixed with fibrin,
erythrocytes, alveolar macrophages and neu-
trophils (Fig. 1b). Occasional multinucleated
cells (syncytia) were present in the lumen of
bronchioles and alveoli (Fig. 1c). These lesions
are indistinguishable from those in biopsied
lung tissue and in autopsy material from
SARS patients5, including the presence of 
syncytia in alveolar lumina4.

SCV thus fulfils all of Koch’s postulates 
as the primary aetiological agent of SARS.
This does not exclude the possibility that
other pathogens, including human meta-
pneumovirus (hMPV) and Chlamydia pneu-
moniae, may have exacerbated the disease in
some SARS patients. However, these were not
present in SCV-inoculated macaques (results
not shown), were not found consistently in
SARS patients, and do not usually cause the
lesions associated with SARS. Moreover,
lesions in macaques infected experimentally
with hMPV isolated from a non-SARS 
individual7 were limited to mild suppurative
rhinitis and minimal erosion in conducting
airways, and disease was not exacerbated in
two SCV-infected macaques subsequently
inoculated with hMPV (results not shown). 
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Figure 1 SARS-associated coronavirus and associated lesions

in macaque lungs. a, Virus particles re-isolated from nasal

swabs of infected macaques display typical coronavirus 

morphology. b, Diffuse alveolar damage in the lung; alveoli 

are flooded with highly proteinaceous fluid (arrowhead) that

stains dark pink. c, Several syncytia (arrowheads) are present in

the lumen of a bronchiole and surrounding alveoli. Original

magnifications: a, 2200,000; b, 2150; c, 2100.
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