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Abstract

Single nucleotide polymorphisms (SNPs) are an abundant form of genome variation, distinguished from rare variations by a
requirement for the least abundant allele to have a frequency of 1% or more. A wide range of genetics disciplines stand to benefit
greatly from the study and use of SNPs. The recent surge of interest in SNPs stems from, and continues to depend upon, the
merging and coincident maturation of several research areas, i.e. (1) large-scale genome analysis and related technologies, (ii) bio-
informatics and computing, (iii) genetic analysis of simple and complex disease states, and (iv) global human population genetics.
These fields will now be propelled forward, often into uncharted territories, by ongoing discovery efforts that promise to yield
hundreds of thousands of human SNPs in the next few years. Major questions are now being asked, experimentally, theoretically
and ethically, about the most effective ways to unlock the full potential of the upcoming SNP revolution. © 1999 Published by

Elsevier Science B.V. All rights reserved.
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1. Introduction

The Human Genome Project (HGP) is progressing
rapidly, with over one million partial cDNA sequences
and approximately 10% of a ‘reference’ genomic
sequence now in public databases. With this advance
has come an appreciation of the need to also study
naturally occurring sequence variations, i.e. to under-
stand human DNA polymorphism, about 90% of which
is single nucleotide polymorphism (SNP) (Collins et al.,
1998). Significant efforts towards large-scale characteri-
sation of human SNPs have been initiated in the last
year or so, a somewhat late stage given that almost two
decades ago the original incarnation of SNPs [as restric-
tion fragment length polymorphisms (RFLPs)] clearly
indicated the existence of widespread subtle genome
variation. Now, the renewed and extensive interest in
genome polymorphism signifies a development in human
genetics research that will have a major impact upon
population genetics, drug development, forensics, cancer

* Present address: Center for Genomics Research, Karolinska
Institute, Doktorsringen 2P, 171 77 Stockholm, Sweden.
Tel.: +46-18-4714151; Fax: +46-18-526849.

E-mail address. tony.brookes@medgen.uu.se (A. Brookes)

and genetic disease research. One consequence of all
this activity is that the acronym ‘SNP’ (pronounced ‘S’
‘N’ ‘P’ or ‘SNiP’) has appeared in many diverse articles
and reviews, leading many to ponder “what are SNPs
and why all the fuss?”’. This review is an attempt to
answer these questions.

We can start with a working definition — SNPs are
single base pair positions in genomic DNA at which
different sequence alternatives (alleles) exist in normal
individuals in some population(s), wherein the least
frequent allele has an abundance of 1% or greater. Thus,
single base insertion/deletion variants (indels) would not
formally be considered to be SNPs. In principle, SNPs
could be bi-, tri-, or tetra-allelic polymorphisms.
However, in humans, tri-allelic and tetra-allelic SNPs
are rare almost to the point of non-existence, and so
SNPs are sometimes simply referred to as bi-allelic
markers (or di-allelic to be etymologically correct). This
is somewhat misleading because SNPs are only a subset
of all possible bi-allelic polymorphisms (e.g. indels,
multiple base variations).

In practice, the term SNP is typically used more
loosely than required by the above definition. Single
base variants in cDNAs (cSNPs) are usually classed as
SNPs since most of these will reflect underlying genomic
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DNA variants. This, however, ignores the possibility
that they may be the result of RNA editing. Genomic
DNA indels involving single or multiple bases are com-
monly discovered in SNP search efforts and so can
become deposited in SNP lists and databases. In a
similar way, such data-sets also contain SNP variants
of less than 1% allele frequency. Complications with the
above definition also exist. Specifically, some people
might not want to consider disease predisposing single
base variants to be SNPs — but the above definition
would encompass such things as recessively acting, low
penetrance dominant, quantitative trait loci, or risk
associated alleles, since all of these will occur in some
normal (non-diseased) individuals. Also the ‘some pop-
ulation’ component of the definition is limited by practi-
cal challenges of attaining and surveying representative
global population samples. Consequently, claims of non-
polymorphic sequences should always be accompanied
by statements of the actual populations and the numbers
of chromosomes tested. Overall, it is therefore apparent
that the term ‘SNP’ is being widely and imprecisely used
as a catch-all label for many different types of subtle
sequence variation. To maintain clarity within this
review, I shall restrict myself to the SNP definition given
above. I shall also use the term polymorphism consis-
tently and correctly to refer to the set of alleles at a
locus, rather than to any one allele alone.

2. SNP basics

Bi-allelic SNPs comprise four distinct types. Using
the abbreviation X<Y (X;<Y,) to represent allelic
nucleotides X and Y of an SNP on one DNA strand,
with their base pairing nucleotides X; and Y, of the
second strand shown in parentheses, then the four SNP
alternatives include one transition C<T (G<A) and
three transversions C<>A (G<T), C<G (G<C), and
T<A (A<T). This four-way classification is valid if
one considers each DNA strand to be equivalent, so
C<T (G<-A) is an identical ‘mirror image’ or sequence
complement of G<A (C<T). However, in certain
situations, such as the analysis of DNA replication or
transcription, the two DNA strands must be distin-
guished. In these cases, two of the four SNP types [C<T
(G<A) and C<A (G<T)] must each be separated into
two SNP subtypes, yielding a total of six fully distinct
alternatives. The frequencies of the four basic SNP types
in the human are not equal, with most SNPs (about
2/3) involving the C<T (G<-A) variety, while the other
three types occur at similar levels to each other to
comprise the remainder. The higher level of C<T
(G<=A) SNPs is probably partly related to
5-methylcytosine deamination reactions that are known
to occur frequently, particularly at CpG dinucleotides
(Holliday and Grigg, 1993). For this reason, just as

with the known spectrum of sequence variants that
underlie disease (Krawczak et al., 1998), the abundance
of C<T (G<A) SNPs in particular will perhaps be
higher in the gene and C+ G rich isochores, though this
is yet to be confirmed.

The typical frequency with which one observes single
base differences in genomic DNA from two equivalent
chromosomes is of the order of 1/1000bp (Li and
Sadler, 1991; Wang et al., 1998; Lai et al.,, 199S;
Nickerson et al., 1998; Harding et al., 1997; Taillon-
Miller et al., 1998). Many, but not all of these, will be
polymorphisms for which the least abundant allele is
present at or above 1% frequency in the tested popula-
tion, the level required for designation as an SNP.
Alleles of lower frequency will be examples from a sea
of ‘rare variants’ in the population, each of which will
be represented by only a small number of (or individual )
chromosomes. The rate of nucleotide difference between
two randomly chosen chromosomes is an index termed
nucleotide diversity (Nei and Li, 1979). Simplistically
speaking, the 1/1000 figure means that there is an
average 0.1% chance of any base being heterozygous in
an individual. Of course, by screening more individuals
(more chromosomes), more base differences can be
found, but the nucleotide diversity index remains
unchanged. Within coding exons the nucleotide diversity
is some four-fold lower, with about half resulting in
non-synonymous codon changes (Li and Sadler, 1991;
Nickerson et al., 1998). Genome-wide there are region
specific differences in SNP density that are at least as
great as 100-fold. For example, nucleotide diversity in
some regions is way below 0.1% (Nachman et al., 1998),
whilst some peculiar non-coding HLA regions show
nucleotide diversity levels of 5-10% (Guillaudeux et al.,
1998; Horton et al., 1998 ). Overall then, these numbers
add up to several million single base differences between
any two individuals and something like 100000 amino
acid differences between their proteomes. When this is
compared to the only 10-fold greater degree of difference
that exists between human and chimpanzee genomes,
the enormous functional relevance of so many SNPs
becomes strikingly apparent.

To understand present day SNPs more fully, it helps
to consider them in an evolutionary context relative to
the time of divergence of humans and chimpanzees (~ 5
million years ago) (Kumar and Hedges, 1998; Takahata,
1995), and the time at which modern humans are
believed to have spread globally from a common
ancestral population in Africa (0.1-0.2 million years
ago) (Stoneking, 1997, Hammer and Zegura, 1996).
Although genomic DNA sequence variations are created
continuously at a rate of some 100 new single base
changes per individual (Kondrashov, 1995; Crow, 1995)
(typically to then be eliminated by drift or remain for a
period as rare variations), most present day human
SNPs (i.e. with 1% minimum allele frequencies) origi-
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nated long after speciation but before the emergence of
different populations (Mountain et al., 1992). Also, one
needs to consider the low rate (about 108 changes per
nucleotide per generation) and essentially random nature
of base changing events (Crow, 1995; Li et al., 1996),
which together make single-base alleles very stable.
Thus, few of the SNP alleles that were present when
humans emerged from Africa will have yet become fixed
(reached 0% or 100%). The consequence of all this is
that human SNPs are generally not shared with our
primate cousins, but most (~85%) are common to all
human populations (with differing allele frequencies)
with only 15% or so being population ‘private’
(Barbujani et al., 1997). Hence it is often stated that
the majority of human genome variance is represented
within rather than between populations.

3. SNP discovery and scoring

Significant efforts towards large-scale SNP discovery
have now begun, in what started as something of a
hectic race between industry and academia. Both camps
appreciate the functional importance and practical uti-
lity of SNPs, and whilst the former is keen to secure
intellectual property protection on them, the latter would
generally like them to be available to all as a research
tool. With so many SNPs out there to be gathered and
no real indication as to which will be the most useful
(with the possible exceptions of ¢cSNPs and promoter
region SNPs), one wonders why there has been so much
frantic competition. Fortunately, there are now some
encouraging signs of mutually beneficial partnerships
aimed at jointly discovered and shared SNP data-sets,
a move that logically couples the upstream funding and
discovery potential of industry to the downstream
broad-range functional research activities of academia.

As of April 1999, there were some 7000 SNPs in the
public domain, about half of which were cSNPs. But
this number is increasing rapidly. Some large-scale dis-
covery endeavors set for completion within the next two
to three years include: (i) a US National Institutes of
Health funded program (http://www.nhgri.nih.gov/
About_NHGRI/Der/variat.htm;  Marshall, 1997)
expected to yield over 50000 SNPs (cDNA and geno-
mic); (ii) a private effort by Genset towards 60000
genomic SNPs, for public release once intellectually
protected (Marshall, 1997); (iii) some 30 000 SNPs from
overlapping genomic clones sequenced by academia
(Taillon-Miller et al., 1998), plus many-fold more once
private shotgun sequence data becomes available
(Venter et al., 1998); (iv) in silico extraction of cSNPs
from multiply redundant cDNA sequences in the dbEST
division of Genbank and other similar databases (per-
haps 10000 ¢cSNPs) (Gu et al., 1998; Picoult-Newberg
et al., 1999; Buetow et al., 1999); (v) a joint

academic/drug industry venture called The SNP
Consortium (TSC) committing $45 million over two
years to find 300000 SNPs and map half of these
(Marshall, 1999); and (vi) proprietary efforts by various
companies that together might yield many hundred
thousand genomic and cDNA SNPs. In all, it is therefore
reasonable to expect many hundred thousand SNPs to
enter the public domain in just a few years, with still
more residing in private databases. However, one major
missing component in all of this is a generally agreed,
high utility, and readily accessible series of global pop-
ulation sample DNAs within which allele frequencies
can be determined. A first step towards such a resource
is being made by the National Human Genome Research
Institute and others (http://www.nhgri.nih.gov:80/Grant_
info/Funding/RFA /discover_polymorphisms.html; Collins
et al., 1998), but there are some serious concerns regard-
ing the practical value of these samples which, for ethical
reasons, are being stripped of all population descriptors.

Ready access to the rapidly growing mass of SNP
data is a prerequisite to its effective utilisation. To this
end, public SNP databases are being constructed. There
are, of course, a range of generic and locus specific
disease mutation databases that carry some SNP data
(given the uncertain distinction between disease predis-
posing single base variants and SNP alleles), and a
number of individual discovery efforts offer access to
their own data via dedicated Web pages (http://www-
genome.wi.mit.edu/SNP/human/index.html; http://www.
ibc.wustl.edu/SNP/; http://www.chlc.org/cgap/nature_
genetics_snps.html). However, to date there exist only
two major public databases that attempt to provide a
comprehensive summary of human SNPs. One is dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/), an archival data-
base designed to provide full details of discovered geno-
mic and cDNA SNPs from any species, including
methods of assay and discovery, and flanking sequence
PCR conditions. The second is the Human Genic
Bi-Allelic Sequences (HGBASE) database (Sarkar et al.,
1998; http://hgbase.interactiva.de/) which focuses upon
the relationship between SNPs and gene function.
HGBASE therefore provides details of human gene
related (promoter, exonic and intronic) SNPs, and will
in time provide details of facile scoring assays and
information on gene expression and disease relation-
ships. It is anticipated that within a decade most non-
synonymous human c¢SNPs will be compiled within
HGBASE. The databases dbSNP and HGBASE are
both freely available to the public, and will mutually
exchange SNP data at regular intervals to fully benefit
the research community.

SNP detection and scoring methods are many and
various (Landegren et al., 1998). A thorough account
of these is beyond the scope of this review, but a few
general words might be useful. The two recurrent themes
in the various assay designs are elegant simplicity (as
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typified by Dynamic Allele Specific Hybridisation)
(Howell et al., 1999) and advanced technology (e.g.
micro-fabricated hybridisation arrays) (Hacia et al.,
1998), two things that need not be mutually exclusive.
Currently, most procedures involve target sequence PCR
amplification, a costly and time-consuming burden that
limits possibilities for scale-up and automation. This is
equally true for the much acclaimed miniature hybridisa-
tion array (DNA-chip) concept. Removal of the PCR
step would be highly desirable, and this may be possible
with some of the newest assay concepts (Nilsson et al.,
1997; Lizardi et al., 1998; Lyamichev et al., 1999).
Genomic level scoring of cSNPs presents another major
hurdle, and one that is perhaps not widely recognised.
The key problem is the possible existence (usually
unknown) of processed pseudogenes that are highly
similar in sequence to the target gene, but devoid of
introns. Since exon—intron structures are presently
unknown for many target genes, it can be impossible to
reliably design assays that will not also, or even solely,
interrogate the processed pseudogene(s). Personal
experience suggests this may be an obstacle for as many
as 20% of all cCSNP assays. Furthermore, even knowing
the detailed structure of a target gene does not necessar-
ily enable one to design around the problem, since
assays for SNPs within large exons may be impossible
to construct in such a way as to exploit intronic (true
gene specific) sequences. Finally, most current scoring
assays involve allele discrimination via, or secondary to,
matched and mismatched base pair detection at the SNP
locus. The most stable mismatched base pair in such
assays is G:T, which is almost as stable as its A:T
counterpart (Ikuta et al., 1987). Ironically, it is precisely
this mismatch that one needs to distinguish in order to
score the most abundant of the four SNP types, [C<T
(G=A).

4. Population genetics and linkage disequilibrium

Population genetics is the study of the genetic com-
position and inter-relationships between populations.
The major research tool it uses is DNA polymorphism.
Unfortunately, population genetics and human molecu-
lar genetics have in some ways been running along
parallel research paths, with much population genetics
effort over the last few decades being directed towards
non-human organisms. With the new SNP era, these
fields are beginning to interact far more closely.
Population genetics researchers will be able to exploit
appropriate sets of SNP markers which, due to their
abundance, stability and ease of scoring, will allow them
to undertake far more detailed and rapid human genome
studies than were previously possible. And the great
wealth of accumulated population genetics understand-
ing can be incorporated into human molecular genetics

studies in order to best exploit SNPs for effective analysis
of genotype—phenotype relationships.

To appreciate the role of SNPs in population genetics
one must be familiar with the concept of linkage disequi-
librium (LD), the principles of which are shown in
Fig. 1. Most SNPs in modern humans probably arose
by single base modifying events that took place within
single DNA molecules (chromosomes) a long time ago.
A single newly created allele, at its time of origin, would
have been surrounded by a series of alleles at other
polymorphic loci. Thus, at the instance of creation, a
unique grouping of alleles (a haplotype) was established.
As (and if ) the surrounding chromosomal region became
replicated in the next few generations, the haplotype
would probably remain intact. In this situation, complete
LD would be said to exist between the new allele and
each of the nearby polymorphisms — meaning that the
new allele would be 100% predictive of the alleles present
at these nearby polymorphic sites. Thus, the existence
of LD enables an allele of one polymorphic marker to
be used as a surrogate for a specific allele of another.

Unfortunately, LD is not stable over long time
periods. With successive generations the level of LD
between two markers will typically decrease. This is due
to meiotic recombination events (that may be non-
randomly distributed with enrichment at ‘hotspots’)
which, by exchanging polymorphism carrying portions
of sister chromosomes, will tend to shuffle alleles at
different loci along the DNA. More closely positioned
loci are less prone to this effect as recombination events
are simply less likely to occur between them. Similarly,
gene conversion events may also change the pattern of
LD. Through these effects, LD will be lost with time.
Other forces, however, can act to create or preserve LD.
Specifically, random drift of haplotype frequencies may
occur, thereby increasing LD. This is most likely to
occur in smaller populations of stable size (Slatkin,
1994; Laan and Pédidbo, 1997). Also, the action of natural
selection against or for certain sequences would concom-
itantly drive alleles of adjacent loci (that were in prior
LD) to much higher or lower frequencies, thus raising
the total LD in that particular genomic region
(Terwilliger et al., 1998).

LD is thus a complex phenomenon, and one which
is of great interest to population geneticists. Its regional
distribution will reflect not only the biological processes
mentioned above, but also population specific demo-
graphic history, such as bottlenecks, admixture, inbreed-
ing, migration, immigration, and assortative mating
(Terwilliger et al., 1998). Analysis of all this in humans
was previously confounded by the lack of a suitably
dense series of readily scorable polymorphic markers
that would enable comparison of chromosome portions
with sufficient resolution. Now, the expectation is that
this can be remedied by the use of SNPs. These very
stable and abundant markers, including both global and
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Fig. 1. Creation and loss of linkage disequilibrium. An ancestral chromosomal fragment is shown giving details for two separate base pair positions.
Unless both positions are polymorphic the concept of LD does not apply. Event 1 involves a change [ T<>C (A<>G)] of the first base pair to create
one SNP and a new (second) haplotype that is assumed to increase to an appreciable frequency in the population. Then, event 2 changes [A<G
(T<>C)] the other base pair to create the second SNP and yet another (third) haplotype that also increases to an appreciable frequency. The choice
of which haplotype to show modified by the second event is arbitrary, but rarely will both be altered. At this stage complete LD exists between
the two SNP positions — thus, a “T” at the first position is always accompanied by an ‘A’ at the second position, and a ‘G’ at the second position
likewise by a ‘C’ at the first. Event 3 represents subsequent meiotic recombination (and/or gene conversion) activity through which the fourth
possible haplotype is formed and LD is lost. Many factors affect the degree to which event 3 goes to completion.

population specific examples, are poised to facilitate a
rapid advance of this important field.

5. Complex phenotypes and genome variation

The myriad of human phenotype variations one might
wish to study are likely to be caused by genetic and
non-genetic (environmental) factors, as well as by an
interplay between the two and even a sprinkling of
chance events. Clearly, many clinical phenotypes do
seem to have a considerable genetic component. The
underlying genetic factors of relevance will be encoded
in the spectrum of genomic variation that is primarily
SNPs. Thus, risks of major common diseases such as
cancer, cardiovascular disease, mental illness, auto-
immune states, and diabetes, are expected to be heavily
influenced by the patterns of SNPs one possesses in
certain key susceptibility genes yet to be identified. The
same reasoning can be applied to gene based inter-
individual variations in drug responses, a research area
termed pharmacogenomics that is of great interest to
the pharmaceutical industry. In many cases, genetic
epidemiology data from twin, adoption, and family
studies strongly support the above ideas with high
numerical indices (heritability values) of the degree of
total genetic contribution to disease causation in present
day environments. For example, 74% of the risk of
suffering Late Onset Alzheimer’s Disease is estimated to
be genetic (Gatz et al., 1997), and the heritability figures
for Attention Deficit Hyperactivity Disorder and Autism
are even higher (Folstein and Rutter, 1977; Stevenson,
1992).

For practical purposes, a somewhat artificial distinc-
tion can be made between sequence variants that
strongly predispose to disease [e.g. Cystic Fibrosis gene

defects (Rommens et al., 1989; Kerem et al., 1989)],
and SNP alleles. Whereas the former can be considered
to cause disease (with variable penetrance), the latter
are imagined to merely modify risk. Clearly, this is really
only a matter of degree, and the truth is that the two
alternatives are opposite ends of a spectrum. But the
point here is that single disease related SNP alleles alone
are neither necessary nor sufficient to cause illness.
Instead, it is probably the combined effect of a collection
of SNP alleles in sets of key genes, plus environmental
factors, that together determine whether an individual
suffers some disease. Hence the term ‘complex disease’
is often used to describe these scenarios. The level of
this complexity could potentially be enormous. For
example, the number of interacting key genes could be
a few, a few tens, or even a few hundred (oligogenic to
polygenic). There could be many different predisposing
risk alleles in these genes (allelic heterogeneity). Different
or overlapping sets of genes could be important in
different affected individuals (locus heterogeneity).
Interactions between the genes could be additive, syner-
gistic, or epistatic. Resulting pathologies could be quan-
titative rather than all-or-nothing traits, with thresholds
determining clinical manifestation. And layered upon
all this is the effect of the environment, and interactions
therewith.

Attempts to understand the genetic basis of disease
have previously tackled simpler single gene disorders.
Here, the strategy of positional cloning (Collins, 1992),
anchored typically upon initial linkage findings (meiotic
mapping) to localise the mutant locus, has been very
successful. In complex disorders there are sometimes
rarer and usually more severe versions of the illness that
are due to single gene defects. These provide a great
way into the genetic etiology of the disease via traditional
linkage analysis, for example in Alzheimer’s Disease
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(Goate et al., 1991; Sherrington et al., 1995; Levy-Lahad
et al.,, 1995; Rogaev et al., 1995). However, when
attempts have been made to use linkage mapping on
the more complex disease forms, practical problems
such as late onset of illness, lack of sufficient large
informative families, or uncertain diagnoses, can severely
impede progress. Worst still, for some common diseases
it may be impossible to successfully apply linkage analy-
sis due to the existence of too much multi-locus etiology,
i.e. no single locus contributing enough of the disease
causation in affected individuals for it to stand out in
any human meiotic mapping study of practical scale.
For these reasons, many laboratories are now directing
considerable attention, and appropriately cautious certi-
tude, towards an alternative strategy known as associa-
tion analysis.

6. SNP based association studies

If a factor contributes an increased risk for disease
occurrence, then that factor should be found at higher
frequency in individuals with that disease compared to
non-diseased controls, i.e. associated with the pheno-
type. A non-genetic example would be smoking which
is associated with lung cancer (Vial, 1986), and a good
genetic example would be the €4 allele of the apolipo-
protein E gene (4POFE4) which is associated with
Alzheimer’s Disease (Strittmatter and Roses, 1995). In
common diseases that are due to high frequency, low
risk (< 10-fold) alleles, an association signal from a
disease locus allele can be far greater than any produced
by a linkage analysis (Greenberg, 1993; Hodge, 1994;
Risch and Merikangas, 1996). For example, being
homozygous compared to being a non-carrier for the €4
allele of the APOE gene is genetically associated with
an approximately 10-fold increased risk for AD
(Strittmatter and Roses, 1995), but family linkage
studies with this locus do not produce convincing signals
(Liu et al., 1996). The process of performing an associa-
tion study involves simply determining the frequency of
a test factor (e.g. an SNP allele) in many patients and
age and race matched controls. The validity of this test
will then depend critically upon an appropriate selection
of these patients and controls. Population case-control
studies are somewhat vulnerable to inappropriate
patient-to-control matching (population stratification),
and family based alternatives have been suggested. These
include the Haplotype Relative Risk method (Khoury,
1994) (employing non-transmitted parental alleles as
controls), and the Transmission Disequilibrium Test
(Spielman et al., 1993) (comparing allele transmission
rates from a heterozygous parent).

Ultimately, studies into disease genetics are trying to
determine precisely which genomic sequence variants
alter function and so have a ‘pathogenic effect’. To find

examples of such variants that are relevant to many
individuals one could develop assays for all human
SNPs and score these in large sets of patients plus
matched non-diseased controls for all the complex phe-
notypes one wished to understand. However, present
day costs and logistical problems aside, there are two
reasons why this experiment might be problematic. First,
the architectural complexity of a complex disease may,
in many cases, be so elaborate (entail too many different,
interacting and weak risk factors) that no genuine strong
signals would exist to be detected. This concern is
actually quite a disturbing ‘big unknown’ that may truly
apply in some situations (Terwilliger and Weiss, 1998).
However, the relatively small number of non-synony-
mous cSNPs that exist per gene (Wang et al., 1998; Lai
et al., 1998; Nickerson et al., 1998; Harding et al., 1997;
http://hgbase.interactiva.de/), compared to the wide
spectrum of observed disease predisposing alleles for
some disease loci (Krawczak et al.,, 1998), probably
indicates that allelic heterogeneity may not be a limiting
factor in so many cases. Indeed, one might reasonably
expect that, contrary to the situation for Mendelian type
disease variants, the weakly deleterious and perhaps late
age effects of presumed cSNP alleles with pathogenic
influence would allow some to be tolerated by natural
selection and thus drift to high frequencies — and it is
precisely these variants that we can hope to detect by
association analysis. The second problem with compre-
hensive SNP association analysis would be that since
each marker investigated would be essentially an inde-
pendent test, screening millions of markers would lead
to thousands of confounding chance (false) associations
at any reasonable significance threshold, obscuring any
real signals. This problem, however, can be minimised
by thoughtful experimental design (see Fig. 2).

One way to perform association studies more effec-
tively is to limit, by careful pre-selection, which SNPs
are tested for pathogenic effect. The basis of the selection
might be to focus upon biologically defined candidate
genes, genes suggested by differential display experi-
ments, or positional candidates from prior linkage inves-
tigations. Employing SNPs that are more likely to have
functional consequences, such as non-synonymous
cSNPs and promoter variants, is obviously sensible. For
example, in our research (neurodegenerative disorders)
we are using association analysis to investigate 250
component genes from four candidate pathways, and
our reasonable goal is to extend this to all human cSNPs
as these are discovered in future years. Studies of this
type worldwide are now yielding many statistically posi-
tive associations. To determine which of these represent
true or false signals will require numerous independent
replication studies and a pro-active willingness by jour-
nals to also publish negative association data. Requiring
multiple replications of positive signals will then become
an effective way to sequentially filter out the many false
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Fig. 2. Strategies for association analysis. A pathogenic allele (D) and its non-pathogenic counterpart (N) are shown in a disease predisposing
gene. An exonic variant is given by way of example, but disease predisposing changes in control and other regions could also be imagined. In
direct association analysis, one tests polymorphisms that are candidates for the pathogenic sequence itself, e.g. cSNPs that involve non-synonymous
codon changes. In LD based association analysis, one tests random SNP alleles distributed over a large genomic region and relies upon the existence
of sufficient LD between one or more of the tested markers and the pathogenic sequence. Logically, positive signals from direct association analysis
could equally be due to pathogenic sequences in LD with, but distinct from, the tested variant.

associations that we will have to accept when using any
reasonable (i.e. not excessively stringent) significance
level threshold.

An alternative way to improve association study
design is to try to exploit linkage disequilibrium around
pathogenic alleles. In principle, when strong LD is
present between an SNP marker and an unknown
(typically nearby) pathogenic allele, then both may show
a similar association with the disease. One can exploit
this by using a series of random SNPs (or other polymor-
phic sequences) to scan the vicinity of each marker for
association signals that would indicate some DNA
sequence nearby was having a pathogenic effect. In fact,
this inference (that some other sequence nearby was
pathogenic) should logically be applied to any and all
positive associations, even those based upon non-synon-
ymous ¢cSNPs or similar. But in LD based association
studies, the explicit idea is to employ a panel of random
polymorphic markers and depend upon there being
sufficient LD between those located near the target
pathogenic locus and the pathogenic variant itself. This
can be very effective in isolated and recently expanded
populations, where founder risk alleles (in founder
haplotypes) may have become abundant (Houwen et al.,
1994; Friedman et al., 1995; Laan and Pddbo, 1998).
But for other populations, to depend upon LD is a bold
thing to do, since current evidence indicates that LD

tends to be far from predictable, evenly distributed or
strong at anything over a few thousand base pairs (Clark
et al., 1998; Kidd et al., 1998 ; Tishkoff et al., 1996;
Tishkoff et al., 1998; Harding et al., 1997; Laan and
Piadbo, 1997). Nevertheless, the idea of using up to
100 000 or so well mapped SNP markers (still merely an
average of one per gene!) from around the genome for
comprehensive LD based association studies is being
considered (Lai et al., 1998; Risch and Merikangas,
1996). For this to possibly work, very carefully selected
test populations with homogeneous disease etiology and
high intrinsic LD will need to be employed (Terwilliger
et al., 1998; Terwilliger and Weiss, 1998), and evolution-
ary relationships between haplotypes considered (Sing
et al., 1992; Templeton, 1996). More reasonably, the
above scanning principle may be applied to home in on
disease genes that are initially localised to chromosomal
regions by family linkage analysis. Several reports show
that this approach has very real potential, at least in
some populations (Kerem et al., 1989; Puffenberger
et al., 1994; Hastbacka et al., 1994; Lehesjoki et al.,
1993; Kestila et al., 1994; Sulisalo et al., 1994; Jorde
et al., 1994).

In the long term, the real potential of association
studies may depend principally upon the nature of LD
in modern human populations. Limited detailed analysis
of small chromosomal regions so far indicates that the
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very different private histories of individual SNPs causes
LD to vary greatly for different marker pairs in any one
physically linked group (Harding et al., 1997; Clark
et al., 1998). Indications are that small, old, stable
populations have more intrinsic LD than recently
expanded populations and so the former might be the
preferred study group of the two (Terwilliger et al.,
1998). However, due to founder effects, the latter will
often contain high frequency representations of what
would normally be low frequency disease alleles (and
haplotypes) in other populations. The optimal choice
would therefore come down to the ‘big unknown’ of the
true level of complexity of complex disecases. What is
already clear and will hopefully be taken on board by
all in the field, is that: (i) test populations from which
cases and controls are taken should be as homogenous,
well defined and characterised as possible; (ii) studies
that can combine linkage and association analyses are
by far the most powerful; (iii) negative associations with
any one or a few markers cannot be taken to exclude
nearby sequences as risk loci; and (iv) the vicinity of
the strongest of a series of positively associated markers
does not necessarily define or even localise the patho-
genic sequence.

7. Conclusions

An SNP revolution has begun which promises to
challenge and stimulate DNA technologists, population
geneticists, and molecular genetics researchers alike, and
should bring them closer together than ever before. The
field is new and important, with the consequence that
much money is being spent with some very different
ideas about what are the best initial experiments to
perform. Industry is a major player, but joining forces
with academia could be the most effective way to reach
their goals, as well as to avoid the wasting of effort on
proprietary and secret but false associations. Major
activities today concern SNP discovery. It is perhaps a
matter for concern that in most cases the SNPs being
discovered comprise random higher frequency (old)
alleles with global representations. These will tend to
have low levels of LD with surrounding sequences and
so may not be ideal for LD based association studies.
Designing ways to collect younger, population specific
SNPs might be more productive, and indeed, population
geneticists might also be better served by placing more
emphasis upon such SNPs. Assembling many thousands
of SNPs has to be a current priority, but assembling a
large white elephant (if that is what the current efforts
amount to) might not be the best way to start. Careful
thought and continued flexibility in discovery programs
are therefore essential, and certainly an increased empha-
sis upon cSNPs and promoter SNPs would be welcomed.
The characterisation of human SNPs and their role in

phenotypic determination represents a truly milestone
project, for while human beings are clearly much more
than just ‘bags of DNA’, perhaps on the individual level
we are little more than ‘sacks of SNPs’.
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