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the tumor tissue. Targets include the DNA
mutations that appear as normal colon tis-
sue progresses toward adenoma and then
CRC (4). Stool (5, 6) or blood samples
from the patient can be screened for DNA
mutations derived from tumor tissue.
Proteomics-based assays presumably de-
tect protein-based tumor products, allow-
ing discrimination between persons with
and without cancer (7).

Two dramatically different approaches
to biomarker discovery are currently being
pursued, and it is not yet clear whether ei-
ther (or both) will result in practical clini-
cal tests. Cui et al. use a hypothesis-driven
approach in which a molecule like IGF2,
thought to be involved in the biology of
cancer, provides the target for which a
marker is developed. Hypothesis-driven re-
search assesses plausibly important candi-
date genes or proteins, one by one.
Successful discovery or development is
likely to involve assembling a panel of
multiple markers when individual markers
cannot provide the sensitivity and speci-
ficity needed (6). Development of any indi-
vidual marker may require that substantial
technical challenges are overcome (5). In
concept, the step by step approach, build-
ing on what is known about cancer biology,
is very logical and appealing. 

A very different approach termed “dis-
covery-based research” (8) has become

possible and popular, because of the avail-
ability of high-throughput techniques that
allow simultaneous assessment of tens of
thousands of genes or proteins. With this
approach, there is no need to identify tar-
gets a priori. Huge portions of the genome
may be screened simultaneously, for ex-
ample, with RNA expression microarrays
that can be used to predict a prognosis of
cancer (9). Or the entire proteome of
serum may be scanned by mass spec-
troscopy to discriminate among persons
with and without cancer (7). Products of
discovery-based research include compli-
cated patterns of gene expression and mass
spectroscopy peaks. These patterns may be
used to identify new candidate genes or
proteins, which then can be assessed indi-
vidually with conventional techniques
(10). Alternatively, in a new approach to
biomarker discovery, the patterns them-
selves may be used as the test—for exam-
ple, “expression signatures” (9) or algo-
rithm-interpreted proteomics patterns
(7)—without needing to understand pre-
cisely which genes or proteins account for
the pattern. This kind of “black box” re-
search may eventually provide robust and
useful results, but the products of this ap-
proach must be validated in a manner that
is absolutely fastidious, in order to avoid
problems of overfitting, confounding, and
bias (11).

The field of biomarker research is much
more promising today than it was 30 years
ago because current knowledge about the
molecular biology of cancer provides so
many potential targets. Further, powerful
tools such as the polymerase chain reac-
tion, microarrays, and mass spectroscopy
can screen multiple targets simultaneously.
However, the complexity of data generated
by these methods is as frustrating and fas-
cinating as the examination of fractals,
which look similarly complex at high and
low resolution. Simply because we can
look at larger numbers of smaller phenom-
ena does not mean that insights will auto-
matically arise. The journey to discover
useful biomarkers will require imaginative
exploration, fastidious validation, and
some good luck (12).

References
1. H. Cui et al., Science 299, 1753 (2003).
2. M. Verma, S. Srivastava, Lancet Oncol. 3, 755 (2002).
3. C. A. Lang, D. F. Ransohoff, in Prevention and Early

Detection of Colorectal Cancer: Principles and
Practice, G. Young, B. Levin, P. Rozen, Eds. (Saunders,
London, 1996), pp. 155–170.

4. B. Vogelstein et al., N. Engl. J. Med. 319, 525 (1988).
5. G. Traverso et al., N. Engl. J. Med. 346, 311 (2002).
6. D.A.Ahlquist et al., Gastroenterology 119, 1219 (2000).
7. E. F. Petricoin et al., Lancet 359, 572 (2002).
8. R. L. Stears et al., Nature Med. 9, 140 (2003).
9. M. J. van de Vijver et al., N. Engl. J. Med. 347, 1999

(2002).
10. S. Markowitz et al., Int. J. Biol. Markers 17, S43 (2002).
11. R. Simon et al., J. Natl. Cancer Inst. 95, 14 (2003).
12. D. F. Ransohoff, J. Clin. Epidemiol. 55, 1178 (2002).

I
nfectious diseases are a major driving
force in host-pathogen coevolution. In
host populations, the constant barrage of

attack by different parasite species, each
with a range of genotypes, drives the genet-
ic diversity of the host. The reason is that
genetic variation (polymorphism) in the
host that confers resistance against para-
sites reduces the probability that a parasite
can infect the next susceptible host encoun-
tered. The maintenance of variation in par-
asite populations has been more difficult to
explain. Most theoretical models assume
that virulence does not become fixed be-
cause it incurs a cost in terms of fitness, yet
the existence, nature, and size of such costs
and their relationship to the population
structure of the host remain controversial.

On page 1735 of this issue, Thrall and
Burdon (1) report variation in populations of

wild flax (Linum marginale). They show that
increased virulence of a parasite of wild flax,
the rust fungus (Melampsora lini), is associ-
ated with reduced spore production, a clear
fitness cost. Virulent isolates of rust fungus
were found more frequently growing in high-
ly resistant populations of wild flax, and, in-
triguingly, showed reduced reproductive fit-
ness. Meanwhile, avirulent forms of the par-
asite dominated susceptible wild flax popula-
tions and often exhibited greater reproductive
fitness. (When applied to plant pathogens,
“virulence” means their ability to cause dis-
ease in a host plant of a specific genotype.
“Aggressiveness” would be the term equiva-
lent to “virulence” as used in medical and
veterinary pathology to describe quantitative
variation in pathogenicity.) The trade-off be-
tween parasite virulence and reproduction
may help to maintain a diverse array of re-
sistance genes in the host plant population.
Thrall and Burdon present the clearest evi-
dence to date for a trade-off between viru-
lence and fitness in wild plant populations.

The gene-for-gene relationship, which
operates in many host plant–parasite inter-
actions (2), is an attractive model for ex-
plaining the coevolution of the host plant
and parasite. In the gene-for-gene model,
each parasite virulence gene is matched by
a host plant gene for resistance to the para-
site. In many cases, the differences be-
tween resistant and susceptible responses
of plants to parasites are very distinct and
highly specific to the genotypes of host
and parasite. In contrast, most disease re-
sistance genes detected in humans have
relatively small quantitative effects that re-
duce but do not eliminate the risk of a per-
son becoming infected; no matching gene
pairs have yet been found in human hosts
and any of our many parasites (3).

A major challenge for theoretical biolo-
gists has been to account for maintenance
of polymorphism in gene-for-gene sys-
tems. Until recently, most theories postu-
lated allele-for-allele models in which a se-
ries of alleles at one locus in the host match
a similar multi-allelic locus in the parasite.
Here, there is an obvious trade-off because
the presence of one resistance allele ex-
cludes the possibility of any other allele at
the same locus on the same chromosome.
However, this system is not biologically re-
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