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cation and scoring of individual variations 
in DNA and have led to a large increase in 
the number of available polymorphisms 
and, therefore, to a renewed interest in asso- 
ciation methods (4,8). 

The set of common variations in DNA 
sequence in the estimated 80,000 human 
genes is finite, albeit large. If association 
studies could be extended to include a sys- 
tematic search through the entire list of 

Genetic factors contribute to virtually every strategy can be applied (2). Only a small common variants in the human genome, 
human disease, conferring susceptibility or fraction, usually less than lo%, of the oc- the strategy should in theory reveal the 
resistance, or influencing interaction with currence of a common disease can be ac- identity of the gene or genes underlying 
environmental factors. Much research in counted for in this way. (ii) Genetic studies any phenotype not due to a rare allele. 
both the public and private sectors is driven in isolated human populations, which char- Until recently, obtaining such a data set 
by the expectation that understanding the acteristically harbor reduced genetic vari- has been assumed to be many years off and 
genetic contribution to disease will revolu- ation and consequently reduced genetic probably not achievable until after the 
tionize diagnosis, treatment, and prevention. complexity of the disease trait. In such completion of the first reference human 
Understanding the role played by genetic populations, a chromosomal segment sequence (which is anticipated by the year 
factors in disease is also expected to increase shared by affected individuals can often be 2005). Three recent developments, how- 
understanding of the nongenetic, environ- identified, and the genes within this shared ever, have indicated that the time is now 
mental contributions. segment can then be analyzed as disease right to begin the systematic cataloging of 

The genetic maps, physical maps, and gene candidates (3). However, except for human sequence variation. 
technologies for gene identification that cases in which these two approaches have First, recent quantitative analyses of the 
have emerged from the Human Genome been used, there have been no published power expected from whole-genome link- 
Project (HGP) have already had a signifi- successes in identification of genes underly- age studies versus whole-genome associa- 
cant effect on the research com- tion studies suggest that the asso- 
munity's ability to discover genes ciation studies should be particu- 
underlying Mendelian disorders. Po- larly efficient for identification of 
sitional cloning (1 ), in which a dis- genes with relatively common vari- 
ease gene is identified by virtue of its ants that confer a modest or small 
location in the genome rather than effect on disease risk-precisely the 
by using knowledge of its biochemi- type of gene expected in most com- 
cal function, was successfully ap- p l e ~  disorders (6). This increased 
plied in the search for human genes analytical power translates into a 
for the first time in 1986. By 1990, vast reduction in the number of 
when the HGP began, only a handful DNA samples needed to identify a 
of additional successes had accrued. gene that contributes to a particu- 
By 1997, however, close to 100 dis- Wholegenome association studies. (Upper panel) The direct lar disease. Furthermore, tradi- 
ease loci have been identified with study detects an increased Prevalence (association) of a Par- tional pedigree linkage studies can- 
this strategy. ticular functional variant (*) in affected individuals within the not be based on families with one 

coding region of a candidate gene. (Lower panel) The indirect This dramatic progress has en- study depends on linkage disequilibrium and detects an in- affected member; with association 
'ouraged efforts to the same creased prevalence of a particular characteristic set (+) of SNP studies, this is ~ossible. 
strategy to the study of genes under- alleles in affected individuals. A second impetus is the develop- 
lying common disorders whose in- ment of improved methods for the 
heritance is much more complex, including ing polygenic diseases by a pure positional discovery and genotyping of single-nucle- 
diabetes, hypertension, asthma, common cloning approach. The successful identifi- otide polymorphisms (SNPs). Past methods 
cancers, and the major neuropsychiatric cation of the multiple genes underlying for SNP discovery have depended primarily 
diseases. Not surprisingly, progress in ana- complex human diseases is likely to be on gel-based sequencing of DNA from sev- 
lyzing complex genetic disorders has been much more difficult than some had origi- eral individuals and have therefore been 
more modest. What success there has been nally envisaged. relatively slow and expensive. Recent novel 
has basically come from one of two ap- This experience has rekindled interest in approaches to assessing DNA sequence dif- 
proaches: (i) Identification of a subpheno- the strategy of association studies on candi- ferences between individuals offer consider- 
type (such as younger age at onset of dis- date genes (4-6). Associationstudies do not able promise for reducing the cost and in- 
ease) in pedigrees in which the disease be- involve analysis of large family pedigrees creasing the rate at which large numbers of 
haves in a near-Mendelian fashion and in but compare the prevalence of a particular SNPs can be discovered. We anticipate that 
which, therefore, the positional cloning genetic marker, or set of markers, in affected it should be possible to generate SNPs in 

and unaffected individuals (7). A greater several thousand genes per year at a roughly 
prevalence of a marker in affected individu- estimated cost between $100 and $1000 per 

F. S. Collins and M. S. Guyer are at the National Hu- als is considered evidence ofassociation be- man Genome Research Institute, National Institutes SNP. These rates and costs can be expected 
of Health, Bethesda, MD 20892-2152, USA, collins tween the disease phenotype and the to drop substantially as technologies for 
e-mail: fc23aOnih.gov. Guyer e-mail: mg25m@nih.gov. marker. Early association studies were lim- high-throughput SNP discovery mature. 
A. Chakravarti is in the Department Of Genetics, Cen- ited by the modest number of polymor- Several promising methods for the semi- or 
ter for Human Genetics, Case Western Reserve 
university, cleveland, OH 44106, USA, E-mail: phisms available. More recent technologi- fully automated discovery or scoring (or 
axc39@po.cwru.edu cal developments have enabled the identifi- both) of SNPs in very large numbers are 

SCIENCE VOL. 278 28 NOVEMBER 1997 www.sciencemag.org 



also being developed, including minise- 
quencing strategies (9), multiplex reverse 
dot blots ( l o ) ,  DNA chips ( I l ) ,  and the 
Taqblan approach (1 2 ) .  

Third, because they are potentially such 
valuable research tools, SNPs need to be 
made freely available as quickly as possible, 
so that the widest possible array of research- 
ers in the wublic and urivate sectors can 
begin to use them immediately. Although it 
mav seem odd that common variation in the 
huAan genome could be claimed as intel- 
lectual property, some patent experts con- 
sider SNPs (particularly those found in pro- 
tein-coding re+ions, or cSNPs) to have suf- 
ficient definii~g features of novelty, utility, 
and non-obviousness to be uatentable. If 
SNP development continues without guid- 
ance or public funding support, substantial 
numbers of SNPs and cSNPs could be gen- 
erated in private collections. Although 
some of these private collections may be 
"publicly available," a tangled web of re- 
strictive intellectual property attachments 
might well arise, inhibiting many research- 
ers from using these powerful tools. For ran- 
domly chosen SNPs, the concern is some- 
what less, as there should be several million 
of these in the genome, and there is thus no 
immediate danger of having them all dis- 
covered privately; nonetheless, even these 
are not an infinite set. About the estimated 
200,000 cSNPs, which lie in coding regions, 
the concern is much greater. - 

There are two different yet complernen- 
tary ways to perform whole-genome associa- 
tion studies. The most direct is to catalog 
and test directlv all of the common func- 
tional variants (see the figure, upper panel). 
There should be relatively few in each gene; 
theoretical argulnents and limited observa- 
tions suggest that, in a species as young as 
the human, only two or three variants in 
any coding sequence will be frequent 
(-10% or greater) (4) .  Horvever, not all of 
the functional variants will be in the coding " 
regions. Furthermore, fi~ll-length sequence 
is currentlv only available for a small frac- , , 
tion of human genes (perhaps 5000), so this 
approach will not be broadly applicable for 
some time. 

A second approach, which should be 
pursued in parallel, involves the use of a 
very dense map of SNPs arrayed across 
both coding and noncoding regions. A 
dense panel of SNPs from such a map can 
be tested in affected individuals and in 
controls to identify associations that nar- 
rowly locate the neighborhood of a suscep- 
tibility or resistance gene (see the figure, 
lower panel). This strategy is based on the 
hypothesis that each sequence variant that 
causes disease must have arisen in a par- 
ticular individual at some time in the past, 
so the specific array of polymorphisms 

(haplotype) in the neighborhood of the 
altered gene in that individual must be in- 
herited in all of his or her descendants. 
The presence of a recognizable ancestral 
haplotype therefore becomes an indicator 
of the disease-associated polymorphism. The 
size of this region (in which the genetic 
markers are said to be in "linkage dis- 
equilibrium") will vary with the age of the 
variant. Comparing the DNA sequences on 
two chromosomes in the vicinity of a vari- 
ant that is 1000 to 10,000 generations old, 
which is roughly the age of the human 
population, the size of the chrornosornal re- 
gion shared by the two chromosomes and 
defining the ancestral haplotype will on 
averaee be as small as 10 to 100 kb. This is " 
well belor17 the resolution of current genetlc 
maps, which IS why a map of m ~ ~ c h  hlgher 
marker density is necessary. 

Considering the above arguments and the 
exciting possibility of rapid acceleration of 
our understanding of the most common hu- 
man diseases, the National Advisory Coun- 
cil on Human Genome Research recently 
concluded that immediate action to de- 
velop a catalog of human sequence varia- 
tion is warranted (13). Because this new 
opportunity is likely to require substantial 
resources, a col1sortium among institutes 
at the National Institutes of Health and 
other federal research agencies should be u 

assembled to fund the effort to discover 
SNPs and cSNPs and to place them in pub- 
lic databases (such as GenBank or GDB) 
without restrictions on their use. The Na- 
tional Institute of Environmental Health 
Sciences has already announced its inten- 
tion to fund the idei1tification of common 
variants in a number of genes involved in " 

gene-environment interactions (14), and 
this same strategy of identifying a list of 
high-priority candidates for cSNP determi- 
nation might usefully be adopted by other 
agencies and organkations. 

Participation by the private sector in 
this public effort would be particularly de- 
sirable. There are several recent examoles 
of such public-private partnerships in ge- 
nome research, including the Washington 
University-Merck & Co. collaboration to 
generate several hundred thousand human 
expressed sequence tags (ESTs) (15),  the 
col1tribution made by Sandoi Pharmaceu- 
ticals to the human gene mapping efforts of 
the Whitehead Institute and Stanford 
University Genome Centers ( 1  6 ) ,  and the 
Washington University-Horvard Hughes 
Medical Institute partnership for genera- 
tion of mouse ESTs ( 1  7).  

Further imnrovements in the technolo- 
gies for the discovery and detection of 
SNPs should also be immediately and ag- 
gressively pursued. Two goals should be 
targeted simultaneously: ( i)  the develop- 

ment of a dense map of at least 100,000 
SNPs and (ii) the identification of com- 
mon cSNPs in as many genes as possible. 
Although not initially an exhaustive list, 
these cSNPs will be of immediate biologi- 
cal use and importance. Both of these pro- 
posed resources will be a hoon to investiga- 
tors engaged in the genetic dissection of 
complex biological phenomena. 
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