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Severe acute respiratory syn-
drome (SARS) is a life-threat-
ening form of pneumonia
that is characterized by fever,
chills, myalgia, dry cough,
and progressing lung infil-
trates (Nicholls et al., 2003;
Peiris et al., 2003a). In a
substantial number of pa-
tients, diarrhea develops in
the course of infection. The
disease-associated hypox-

emia often requires mechanical ventilation. Both
the high mortality rate associated with the disease
and the ease of transmission by aerosols (and likely
also the fecal-oral route) requires extreme infection-
control measures to prevent further spread of the
disease. Within only few weeks (February-April
2003), SARS spread from its likely origin in Guang
Dong Province, China, to as much as 32 countries.
Like in many other infectious diseases, the rapid
spread was facilitated by the mobility of contem-
porary society (including air-travel) and densely
populated urban areas. As of June 11, the World
Health Organization (WHO) reported 8435 cases
with 789deaths. In contrast to the initial phase of the
outbreak in which there was a serious danger of a
worldwide pandemic, there is now cautious opti-
mism that the outbreak may be contained. Without
doubt, this is the result of heroic public health efforts
to reduce transmission, particularly in the most
affected countries, such as China and Singapore.
However, even though the numbers of new SARS
cases have dropped substantially over the past three
weeks, there is no reason for complacency or
negligence.
The ongoing epidemic is only the latest in a long

list of emerging viral diseases, which all teach us
lessons. The current epidemic, however, is unprece-
dented in several respects. Thus, thanks to the
advances in molecular diagnostics and the joint
efforts of an extraordinary network of 13 labora-
tories coordinatedby theWHO, the identification of

the causative agent of SARS, a novel coronavirus
designated SARS coronavirus (SARS-CoV), was
achieved within only two weeks (Drosten et al.,
2003; Ksiazek et al., 2003; Peiris et al., 2003b).
Again two weeks later, the genomes of two SARS-
CoV isolates, Toronto-2 and Urbani, had been
completely sequenced (Marra et al., 2003; Rota
et al., 2003) and, to date, many other SARS-CoV
sequences have been deposited with public databa-
ses. Cell culture-grown SARS-CoV was subsequent-
ly shown to cause lower respiratory tract disease in
monkeys, fulfilling Koch's postulates and providing
strong evidence for the novel coronavirus being the
cause of SARS (Fouchier et al., 2003).
Because of the large phylogenetic distance to

previously knowncoronaviruses, SARS-CoVcannot
easily be assigned to any of the established corona-
virus groups, and recombination between known
coronaviruses could be excluded as a possible source
of SARS-CoV. It rather seems likely that the ancestor
of SARS-CoV is an animal coronavirus. Consistent
with this hypothesis, Yuen and colleagues recently
isolated a coronavirus frommasked palm civets sold
in a market in Guangdong (Enserink, 2003). Apart
from a 29-nucleotide insertion converting two small
ORFs in the 3�-region of the SARS-CoV genome to
one continuous ORF, the civet virus was almost
identical to SARS-CoV.More samples are needed to
answer the question of whether or not civets are the
true origin of the human virus or just got the virus
from yet another species, for example by food.
Interestingly, there is one human isolate, GZ01, that
also carries the 29 extra nucleotides (Ruan et al.,
2003). The patient from which this virus was
isolated may have been an early SARS case, and it
is possible that the deletion found in all other isolates
is a result of adaptation of the ancestral virus to
humans.
Despite considerable progress in recent years, the

molecular characterization of the coronavirus life
cycle is still at a relatively early stage. This is mainly
due to the unparalleled size of the coronavirus RNA
genome which, until recently, has made the devel-
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opment of reverse genetics systems a major chal-
lenge. Coronaviruses feature an (among RNA viru-
ses) unparalleled complexity in the regulation of
their gene expression and they encode a series of
(mainly uncharacterized) enzymes not found in
other virus families. It can be anticipated that our
general understanding of the unique features of
coronavirus replicationwill benefit from the numer-
ous ongoing studies on the biology of SARS-CoV.
Only few weeks after the outbreak, the concerted

global efforts have resulted in the identification of
first coronavirus enzyme inhibitors (Anand et al.,
2003; Xiong et al., 2003) that are hoped to be useful
for the development of anti-SARS drugs. In the
future, coronavirus-specific antivirals might also be
used to treat common colds in humans and severe
animal coronavirus infections, such as feline infec-
tious peritonitis, a fatal disease of cats for which no
safe vaccine or therapy is available. Obviously, there
is also an urgent need to develop SARS-CoV
vaccines, and corresponding efforts are already
well underway. In this respect, it should be noted
that sequence analysis of multiple SARS-CoV iso-
lates revealed a remarkable genetic conservation of
SARS-CoV since the outbreak was first documented
in February, indicating that the development of
vaccines is feasible (Ruan et al., 2003). However,
there is also a number of potential problems that
might complicate the development of vaccines, such
as the lack of protective immunity in some corona-
virus infections, persistent infection and antibody-
mediated enhancement. It remains to be investigated
towhich extent these issues also apply to SARS-CoV
or even contribute to the high mortality rate
associated with SARS. In fact, evidence is now
accumulating that, later in infection, lung damage
may be caused primarily by the host immune
response rather than uncontrolled viral replication
(Peiris et al., 2003a). The direction of SARS research
is now increasingly changing from identification and
sequence analysis to other topics, such as the origin
of SARS-CoV, routes of transmission, mechanisms
of virulence, viral gene expression (Thiel et al.,
2003), and development of vaccines and antivirals.
The period of grace until the next major outbreak
will hopefully provide answers to the most urgent
questions, which may then allow to combat SARS
successfully.

�	�	�	�
	�

Anand, K., Ziebuhr, J., Wadhwani, P., Mesters, J. R.,
Hilgenfeld, R.: Coronavirus main proteinase (3CLpro)

structure: basis for design of anti-SARS drugs. Science
300, 1763 ± 1767 (2003).

Drosten, C., Gunther, S., Preiser, W., van der Werf, S.,
Brodt, H. R., Becker, S., Rabenau, H., Panning, M.,
Kolesnikova, L., Fouchier, R. A., Berger, A., Bur-
guiere, A. M., Cinatl, J., Eickmann, M., Escriou, N.,
Grywna, K., Kramme, S., Manuguerra, J. C., Muller,
S., Rickerts, V., Sturmer, M., Vieth, S., Klenk, H. D.,
Osterhaus, A. D., Schmitz, H., Doerr, H. W.: Identi-
fication of a novel coronavirus in patients with severe
acute respiratory syndrome. N. Engl. J. Med. 348,
1967 ± 1976 (2003).

Enserink, M.: Infectious diseases. Clues to the animal
origins of SARS. Science 300, 1351 (2003).

Fouchier, R. A., Kuiken, T., Schutten, M., van Ameron-
gen, G., van Doornum, G. J., van den Hoogen, B. G.,
Peiris, M., Lim, W., Stohr, K., Osterhaus, A. D.:
Aetiology: Koch's postulates fulfilled for SARS virus.
Nature 423, 240 (2003).

Ksiazek, T. G., Erdman, D., Goldsmith, C. S., Zaki,
S. R., Peret, T., Emery, S., Tong, S., Urbani, C.,
Comer, J. A., Lim, W., Rollin, P. E., Dowell, S. F.,
Ling, A. E., Humphrey, C. D., Shieh, W. J., Guarner,
J., Paddock, C. D., Rota, P., Fields, B., DeRisi, J.,
Yang, J. Y., Cox, N., Hughes, J. M., LeDuc, J. W.,
Bellini, W. J., Anderson, L. J.: SARS Working Group:
A novel coronavirus associated with severe acute
respiratory syndrome. N. Engl. J. Med. 348, 1953 ±
1966 (2003).

Marra, M. A., Jones, S. J., Astell, C. R., Holt, R. A.,
Brooks-Wilson, A., Butterfield, Y. S., Khattra, J.,
Asano, J. K., Barber, S. A., Chan, S. Y., Cloutier, A.,
Coughlin, S. M., Freeman, D., Girn, N., Griffith,
O. L., Leach, S. R., Mayo, M., McDonald, H., Mon-
tgomery, S. B., Pandoh, P. K., Petrescu, A. S., Robert-
son, A. G., Schein, J. E., Siddiqui, A., Smailus, D. E.,
Stott, J. M., Yang, G. S., Plummer, F., Andonov, A.,
Artsob, H., Bastien, N., Bernard, K., Booth, T. F.,
Bowness, D., Czub, M., Drebot, M., Fernando, L.,
Flick, R., Garbutt, M., Gray, M., Grolla, A., Jones, S.,
Feldmann, H., Meyers, A., Kabani, A., Li, Y., Nor-
mand, S., Stroher, U., Tipples, G. A., Tyler, S., Vogrig,
R., Ward, D., Watson, B., Brunham, R. C., Krajden,
M., Petric, M., Skowronski, D. M., Upton, C., Roper,
R. L.: The genome sequence of the SARS-associated
coronavirus. Science 300, 1399 ±1404 (2003).

Nicholls, J. M., Poon, L. L., Lee, K. C., Ng, W. F., Lai,
S. T., Leung, C. Y., Chu, C. M., Hui, P. K., Mak,
K. L., Lim, W., Yan, K. W., Chan, K. H., Tsang,
N. C., Guan, Y., Yuen, K. Y., Peiris, J. S.: Lung
pathology of fatal severe acute respiratory syndrome.
Lancet 361, 1773 ± 1778 (2003).

Peiris, J. S., Chu, C. M., Cheng, V. C., Chan, K. S.,
Hung, I. F., Poon, L. L., Law, K. I., Tang, B. S., Hon,
T. Y., Chan, C. S., Chan, K. H., Ng, J. S., Zheng,
B. J., Ng, W. L., Lai, R. W., Guan, Y., Yuen, K. Y.:
HKU/UCH SARS Study Group: Clinical progression
and viral load in a community outbreak of corona-
virus-associated SARS pneumonia: a prospective
study. Lancet 361, 1767 ± 1772 (2003a).

230



Peiris, J. S., Lai, S. T., Poon, L. L., Guan, Y., Yam, L. Y.,
Lim, W., Nicholls, J., Yee, W. K., Yan, W. W.,
Cheung, M. T., Cheng, V. C., Chan, K. H., Tsang,
D. N., Yung, R. W., Ng, T. K., Yuen, K. Y.: SARS
study group: Coronavirus as a possible cause of severe
acute respiratory syndrome. Lancet 361, 1319 ± 1325
(2003b).

Rota, P. A., Oberste, M. S., Monroe, S. S., Nix, W. A.,
Campagnoli, R., Icenogle, J. P., Penaranda, S., Bank-
amp, B., Maher, K., Chen, M. H., Tong, S., Tamin,
A., Lowe, L., Frace, M., DeRisi, J. L., Chen, Q.,
Wang, D., Erdman, D. D., Peret, T. C., Burns, C.,
Ksiazek, T. G., Rollin, P. E., Sanchez, A., Liffick, S.,
Holloway, B., Limor, J., McCaustland, K., Olsen-
Rasmussen, M., Fouchier, R., Gunther, S., Osterhaus,
A. D., Drosten, C., Pallansch, M. A., Anderson, L. J.,
Bellini, W. J.: Characterization of a novel coronavirus
associated with severe acute respiratory syndrome.
Science 300, 1394 ± 1399 (2003).

Ruan, Y. J., Wei, C. L., Ee, A. L., Vega, V. B., Thoreau,
H., Su, S. T., Chia, J. M., Ng, P., Chiu, K. P., Lim, L.,
Zhang, T., Peng, C. K., Lin, E. O., Lee, N. M., Yee,
S. L., Ng, L. F., Chee, R. E., Stanton, L. W., Long,
P. M., Liu, E. T.: Comparative full-length genome
sequence analysis of 14 SARS coronavirus isolates and

common mutations associated with putative origins
of infection. Lancet 361, 1779 ± 1785 (2003).

Thiel, V., Ivanov, K. A., Putics, A., Hertzig, T., Schelle,
B., Bayer, S., Weissbrich, B., Snijder, E. J., Rabenau,
H., Doerr, H. W., Gorbalenya, A. E., Ziebuhr, J.:
Mechanisms and enzymes involved in SARS corona-
virus genome expression. J. Gen. Virol., in press
(published online 19 June 2003, DOI: 10.1099/
vir.0.19424-0) http://www.sgm.ac.uk/JGVDirect/19424/
19424ft.htm

Xiong, B., Gui, C. S., Xu, X. Y., Luo, C., Chen, J., Luo,
H. B., Chen, L. L., Li, G. W., Sun, T., Yu, C. Y., Yue,
L. D., Duan, W. H., Shen, J. K., Qin, L., Shi, T. L., Li,
Y. X., Chen, K. X., Luo, X. M., Shen, X., Shen, J. H.,
Jiang, H. L.: A 3D model of SARS-CoV 3CL protei-
nase and its inhibitors design by virtual screening.
Acta Pharmacol. Sin. 24, 497 ± 504 (2003).

John Ziebuhr
Institute of Virology and Immunology
University of W¸rzburg
Versbacher Str. 7
D-97078 W¸rzburg
Germany

231


