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The initial high expectations concerning the use of
population isolates for mapping complex disease genes
are now in danger of being eroded. Although clearly
advantageous, this approach does not guarantee success.
Furthermore, isolates vary in their history, genetic back-
ground and shared environment. Different populations
warrant different study designs — especially for complex
traits. Some of the pros and cons for the use of different
populations are summarized in BOX 1 and are further 
discussed below.With the exception of MENDELIAN VARIANTS

of complex diseases, such as Hirschsprung disease in the
Amish or nonsyndromic hearing loss in Bedouins1–3,
population isolates have yielded few cloned genes and
recently their benefits have been challenged.

Of course, mapping in large outbred populations has
been just as disappointing. Many loci for common dis-
eases have been mapped, but few have been pinned
down to narrow chromosomal intervals. Several of the
mapped loci are statistical ghosts that appear in some
studies and disappear in others. There are several possi-
ble reasons for these inconsistencies: genetic hetero-
geneity, both at the allelic and locus levels; insufficient
sample size; imperfect statistical analysis; diagnostic and
genotyping errors; and pooling of diverse phenotypes
into the same diagnostic classes.

Once mapping is accomplished, positional cloning
of genes for common diseases is certainly much harder
than for rare Mendelian diseases. Nonetheless, to para-

phrase the English mathematician Littlewood, it is too
early to be prematurely pessimistic4. New genetic
information and laboratory tools on the horizon will
reinvigorate our mapping efforts in the twenty-first
century. Our chances of success will be improved by a
detailed catalogue of the entire human genome, high-
throughput low-cost genotyping and microarray
chips, hundreds of thousands of single nucleotide
polymorphisms (SNPs), and by steady advances in
basic biology, computing and statistics. Although we
focus here on the utility of population isolates, we
touch on these larger issues because they so strongly
affect study designs and the analysis of collected data.

Features of isolated populations
Given the current size of the world’s population, the
human genome is less diverse than might be expected.
This observation is explained in part by two phenomena
— the recent divergence of humans from other primates
and the relatively small size of the human population
over most of its history. In prehistoric times, the human
population expanded in size as it migrated into new ter-
ritory. The early waves of migration of anatomically
modern humans out of Africa about 100,000 years ago5

almost certainly involved small groups; the resulting
genetic bottlenecks account for the low genetic diversity
of the rest of the world compared with Africa6. From
50,000 to 30,000 years ago, mankind began migrating
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alleles. Common marker alleles and common haplo-
types are seldom totally lost from an isolate unless the
initial number of founders is very small9,12,13.

The importance of demographic history. Population iso-
lates can have strikingly different demographic histories.
Unfortunately, for most isolates we lack reliable informa-
tion on their initial genetic makeup, their total number
of founders, and the extent and duration of their isola-
tion. Only a handful of isolates, such as Iceland, northern
Sweden or Finland, have easily accessible genealogical
records.We can roughly infer the extent of a population’s
isolation by its trademark genetic diseases. Older isolates
tend to have fewer such diseases because selection has
had a longer time to operate. More systematic analysis of
DNA variation between and within populations is clear-
ly needed6. Such research, which is in its infancy, is a stat-
ed goal of the Human Genome Project.

Some population isolates have proved more valuable
than others in genetic studies14,15. Isolates such as the
Lapps of Scandinavia (Saami-populations) and the
Basques of southern Europe are well established
(200–400 generations old) and demographically stable12.
Because of their small size and paucity of recessive dis-
eases, these groups have been largely ignored by geneti-
cists. Of more value in mapping rare diseases are the
Finns, Amish, Sardinians and Bedouins. These isolates
also show a high frequency of certain Mendelian disor-
ders and many disease genes have been identified in
them. For studies of complex traits, geneticists have tend-
ed to target younger population isolates (10–20 genera-
tions old) that originated from a small number of
founders and underwent rapid population expansion.
Examples are certain populations in eastern Finland,
Costa Rica, Quebec, Newfoundland and some regions of
Holland. Recessive disease genes have been mapped using
study samples of only 5–10 affected individuals and wide-
ly spread markers16,17. The hope is that the reduced genet-
ic diversity found in these isolates will simplify the study
of complex traits. Even if the same genes come into play, it
would be reasonable to expect fewer alleles and recogniz-
able HAPLOTYPE SIGNATURES among the affected individuals
in young population isolates.

Environmental and cultural features. Population iso-
lates offer other advantages in addition to reduced
genetic complexity. The people in most isolates share
a common environment and culture. Differences in
diet, exercise, sanitary conditions and exposure to
infectious diseases are minimized. A common lan-
guage and religion usually promote social cohesion.
Therefore, researchers studying groups such as specif-
ic Bedouin tribes or the Amish avoid some of the
environmental noise surrounding complex diseases,
which are determined by a combination of nature and
nurture. Small isolated populations also offer unusual
opportunities for the standardization of diagnostic
and phenotypic criteria, which increases diagnostic
reliability. One example is Finland, where five medical
schools with shared academic traditions train all the
clinicians in the country.

into new regions, such as the Americas and Australia.
The bottleneck in the American migration manifests
itself in the limited genetic diversity of South American
Indians. A third wave of migration and growth occurred
about 10,000 years ago with the spread of agriculture
after the last glacial period.

Genetic consequences of a bottleneck. Population isolates
show significantly less genetic diversity than humanity as
a whole on the basis of analyses of both chromosomal
and mitochondrial DNA7,8. By definition, all population
isolates start with a small group of founders. Many iso-
lates experience bottlenecks alternating with periods of
rapid growth. Famine, war, environmental disruption
and infectious disease epidemics can all create POPULATION

BOTTLENECKS9–11. The demographic history of Finland
illustrates the formation of both a middle-aged popula-
tion and several young population isolates within one
geographical region (BOX 2). As an isolate rebounds from
a crash, it experiences more inbreeding and GENETIC DRIFT.
The longer the rebound takes, the more opportunity
there is for genetic drift. Immigration counteracts the
effects of isolation, and can restore diversity quickly if it
occurs before the isolate expands markedly in size.
Compared with immigration, mutation increases diver-
sity on a much slower timescale.

Genetic drift has a profound effect on the genotypic
makeup of a population isolate. Recessive disease alleles
and neutral alleles are both subject to genetic drift in an
isolate. Some disease alleles are lost through drift, and
some are pushed to much higher frequencies. Every
population isolate consequently has its own special set
of recessive diseases. In contrast to recessive alleles,
dominant disease alleles are weeded out more quickly
unless they involve negligible reduction in fitness (for
example, late onset). For this reason, dominant disease
alleles tend to be more uniformly distributed across the
world. Drift affects rare marker alleles and rare haplo-
types in much the same way as it does recessive disease

Box 1 | Isolated versus outbred populations

Benefits of population isolates

• Higher prevalence for some diseases

• More inbreeding and the opportunity to map
recessive genes

• More uniform genetic background

• Good genealogical records

• Easier to standardize phenotype definitions

• Wider intervals of linkage disequilibrium

• Closer to Hardy–Weinberg equilibrium

• Less migration and more intact families

• More uniform environment

Benefits of outbred populations

• More affected people

• More opportunity for replication

• Markers more polymorphic

• Genes mapped pertinent to more of humanity

POPULATION BOTTLENECK 

A marked reduction in
population size followed by 
the survival and expansion of
a small random sample of the
original population.

GENETIC DRIFT

The random fluctuation in
allele frequencies as genes are
transmitted from one
generation to the next.

HAPLOTYPE SIGNATURE

The haplotype surrounding a
particular disease susceptibility
allele. The haplotype signature
can be identified among the
affected individuals of an
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In addition to these advantages, national population
registries are available for certain isolated populations.
In countries such as Iceland, Finland, Denmark and
Sweden, registries have been maintained over several
centuries; the registries record births, deaths, marriages
and migrations of individuals, and are of enormous
value for the reconstruction of large pedigrees. The
Nordic countries have also established cohorts for spe-
cific groups, such as twins. These cohorts contain an
enormous amount of phenotypic information system-
atically collected over decades by well-trained epidemi-
ologists. The free, high-quality health-care systems in
Scandinavian countries result in high response rates
(over 75%) to questionnaires, eager participation in epi-
demiological studies and a favourable attitude towards
genetic research. The state-funded health-care systems
also produce standardized, high-quality patient histories
that contain valuable longitudinal information about
disease processes. The most extensive example of the
systematic use of population history, genealogical
records and nationwide health-care registries in genetic
research is the deCode project in Iceland (BOX 3).

Simple diseases versus complex diseases
Population isolates have been used with great success in
identifying single-gene defects caused by rare alleles.
The qualitative phenotypes typically encountered can
be diagnosed reliably and unanimously by skilled clini-
cians. One of the standard Mendelian patterns of inher-
itance (autosomal recessive, autosomal dominant or X-
linked) applies and penetrance is usually complete. Any
disease having these features is an ideal target for linkage
analysis, whether it is conducted in an isolate or in a
large outbred population. However, the haplotype sig-
natures found in disease chromosomes of affected indi-
viduals of a population isolate offer a shortcut for dis-
ease gene mapping (BOX 4). Monitoring just a few
distantly related affected individuals can sometimes
greatly narrow the chromosomal interval containing the
disease locus16,17. Whether isolates will provide a similar
shortcut for complex disease genes remains to be seen.
The outcome will depend strongly on the number and
character of these genes.

Complex traits do not conform to Mendelian trans-
mission patterns and are less clear-cut diagnostically.
Only rare pedigrees have several affected individuals.
Multiple genes of varying influence presumably influ-
ence most complex traits, but two extreme models can
help focus our thinking. For example, we can imagine
that common alleles at a handful of loci interact to cause
a disease. Alternatively, rare alleles at numerous loci can
each single-handedly cause the disease. The interaction
model and the genetic heterogeneity model are not the
only plausible hypotheses, but it is clear that population
isolates are likely to be more valuable in the latter
model. Isolates offer an opportunity to limit the num-
ber of rare disease alleles.

In practice, most successes in mapping complex dis-
ease loci in population isolates have depended on large
pedigrees with proven or predicted genealogical ties
between affected individuals. Linkage analysis with such

Box 2 | Finnish population history 

The demographic history
of Finland is typical of
many isolates. A small
number of original
founders, subsequent
isolation, rapid expansion
and major bottlenecks
have allowed genetic drift
to mould the gene pool.
The vast majority of
Finns descend from 
two immigration waves
occurring about 4,000
and 2,000 years ago8.
The earlier wave involved

eastern Uralic speakers, and the later wave, Indo-European speakers from the south.
Both Y-chromosomal haplotypes and mitochondrial sequences show the low genetic
diversity among Finns compared with other European populations and confirm the
long-standing isolation of Finland. The size of the founding population(s) is unknown,
but as late as the twelfth century, the population of Finland was only about 50,000, as
shown in the top figure. It reached 400,000 by the mid-seventeenth century, only to
experience the great famine of 1696–1698, where one third of the population perished.
Since then, the Finnish population has grown relatively rapidly from 250,000 at the
beginning of the eighteenth century to its present figure of 5,100,000.

Starting in the sixteenth century, during the reign of the Swedish King Gustavus of
Vasa (1523–1560), internal migrations created regional subisolates (as shown in the
bottom figure). The population spread from the early settlement region on the
southern and western coastline towards the east and north. The subisolates in the late
settlement region were established for the most part by groups of farmers originating
from a small area of South Savo in southeastern Finland. They moved to the central,
then western, and finally northern parts of the country, clearing the land by fire.
Within a century, the inhabited land area of Finland doubled. Until the Second World

War, many of these northeastern
settlements grew rapidly without
further immigration to supplement
the descendants of their 40–60
founding families66. The reign 
of Gustavus of Vasa also saw the
establishment of a national system 
of population records, an important
resource for later genetic studies of
Finns. Using these records, many
deceased individuals can be traced 
to common ancestors, especially 
in the subisolates of the late 
settlement region.

Finland’s demographic history 
has led to a unique catalogue of
genetic diseases. Around 30, mostly
recessive diseases, are highly enriched
in Finland. Other diseases, such as
phenylketonuria and cystic fibrosis,
are almost non-existent. Molecular
studies have exposed one major
mutation (78–98% alleles) in most
Finnish Mendelian diseases and 
have revealed long genetic intervals 
of linkage disequilibrium (LD) 
flanking the disease gene14, with the 
length of the LD interval reflecting 
the age of the mutation.
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full quantification, subdivision of patient populations
by qualitative clinical criteria can be extremely helpful in
minimizing genetic heterogeneity. The benefits of good
statistical treatment and careful dissection of disease
phenotypes can be seen in the identification of type II
diabetes loci on chromosomes 1q and 11q in Pima
Indians. The significance for the 11q linkage increased
when disease phenotypes were adjusted for obesity20.

Haplotype mapping is often used as a follow-up to
linkage analysis for locus restriction in isolated popula-
tions, but it is more successful with monogenic recessive
diseases than it is with monogenic dominant diseases.An
affected person almost always possesses a chromosome
segment surrounding the disease locus that is identical by
descent to similar segments in other affected individuals
in the population. This makes it trivial to construct the
common ancestral haplotype. For a dominant disease,
the situation can be quite different.Any dominant disease
mutation starts a clan of affected carriers. If the dominant
disease is subject to strong selection, then the clan goes
extinct in a few generations. Subsequent affected individ-
uals arise from new mutations. This leaves little opportu-
nity for the rearrangement of localized haplotype signa-
tures by recombination. For example, in Finland, Marfan
syndrome is caused by distinct mutations showing differ-
ent haplotype signatures. For dominant diseases with
negligible effects on fitness, such as Huntington disease
and breast cancer associated with mutations in BRCA1
and BRCA2, haplotype mapping has a much better
chance of success. Fortunately, complex diseases tend to
afflict the old and so have limited effects on fitness.
Therefore, under the genetic heterogeneity hypothesis for
such a disease, many large pedigrees with dominant
transmission will exist. In population isolates, such pedi-
grees can be identified and are more likely to be affected
by a single mutation. If multiple disease genes are segre-
gating in an isolate, then regional subisolates can be inves-
tigated for disease clusters.

Of course, this is the most optimistic hypothesis.
When multiple disease genes segregate, it is harder to
discern a single haplotype signature, and it becomes
necessary to resort to statistical measures of association
or TRANSMISSION DISTORTION. If a disease allele is old, its
haplotype signature will be short. For this reason, hap-
lotype signatures tend to be shorter in older outbred
populations than in young population isolates. Short
haplotype signatures can be compensated for by
increasing the density of the marker map. Under the
genetic heterogeneity model, the number of involved
alleles will be large. Under the genetic interaction
model, the involved alleles are apt to be old. With inter-
mediate models, we potentially face both problems.

The creation of the Single Nucleotide Polymorphism
(SNP) Consortium and the discovery of tens of thou-
sands of intragenic SNPs have provided a tremendous
boost to complex disease genetics21. These markers pro-
vide a set of gene-specific tags that can be typed by
robots and scored more reliably than tandem-repeat-
markers. The density of SNPs needed for linkage dise-
quilibrium mapping is a matter of debate. In outbred
populations, the most pessimistic view is that one SNP

unusual pedigrees has exposed rare disease genes for
nonpolypotic colon cancer and familial combined
hyperlipidaemia in Finnish families, for Hirschsprung
disease in Mennonites, and for nonsyndromic hearing
loss in Bedouins1–3,18,19. Some of the complex disease loci
identified in various population isolates are summarized
in TABLE 1. (For an extended version of this Table, see
supplementary information online.) Genome scans
based on strategies to monitor intrafamilial association
and linkage disequilibrium in population isolates have
so far been less successful and/or less frequently applied
than linkage analysis.

Unfortunately, many complex diseases are simple
affected-versus-normal dichotomies at the clinical level.
Rigorous quantification of intermediate disease states or
disease liability is desirable because it increases the
information available for mapping studies. Some dis-
eases, such as lipid disorders, offer better opportunities
for quantification than other diseases, such as psychi-
atric disorders. Nonetheless, most attempts to refine dis-
ease phenotypes will be well worth the effort. Short of

Box 3 | The Icelandic experiment 

The deCODE project,
founded in 1996, uses 
the genetically isolated
population of Iceland and,
perhaps more
importantly, the extensive
Icelandic genealogical
database. Patients with 
a particular disease are
clustered into large
extended families,
sometimes comprising
hundreds of individuals
over more than ten
generations.

Iceland was founded in
the ninth and tenth centuries by a limited number of settlers from Norway, Ireland and
Scotland. Because the country has experienced little immigration over the past eleven
centuries, most of the 275,000 living Icelanders are descendants of these original settlers.
Y-chromosomal haplotypes suggest that 20–25% of Icelandic founding males were of
Gaelic origin and 75–80% of Scandinavian origin67. A tradition of recording family trees
has left a truly unique resource for tracking the heredity of many diseases over hundreds
of years. The genealogy of most Icelanders can be traced back over 1,000 years.

On 22 January 2000, deCODE received a 12-year licence from the Icelandic Ministry 
of Health to build and operate an Icelandic Health Sector Database (IHD) incorporating
anonymous patient records from Iceland’s national health-care system. IHD contains
information on most of Iceland’s population; only 7% of the population has opted out.
The licence also permits deCODE to cross-reference the IHD data with the genealogical
registers and genotyping data obtained from sampled Icelanders. To capitalize on this,
deCODE has established a high-throughput genotyping enterprise in Reykjavik, which
is rapidly producing large amounts of genetic information from sampled individuals.
In addition to its value in mapping of complex disease genes, this cohort should
facilitate studies of gene–environment interactions, correlation of genetic background
with disease progression and variability in treatment response. Iceland’s action in
providing exclusive access to health-care information to a single private company has
generated considerable debate, both in Iceland itself and in the wider genetics
community. A special target of criticism has been the presumption that citizens consent
to inclusion in the study unless they actively opt out.

(Bartholomew Press Ltd. Reproduced with permission from Harper 
Collins Publishers.)

TRANSMISSION DISTORTION

Over or under transmission 
of certain alleles to 
affected individuals.
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Statistical strategies in isolated populations
Regardless of whether they are applied to population iso-
lates or large outbred populations, statistical methods for
gene mapping fall into several well-defined categories.
For the coarse mapping of Mendelian traits, linkage
analysis has proved remarkably successful15. Linkage
analysis evaluates the recombination events occurring
within a sample of pedigrees under a precise model of
disease inheritance. The evidence in favour of linkage is
summarized by the lod (logarithm of the odds) score
plotted against the recombination fraction separating
the disease locus and a nearby marker locus. The posi-
tion where this curve peaks is usually taken as an esti-
mate of the recombination fraction between the two loci.

With common diseases, the situation is less
favourable to linkage analysis. The required genetic
model at the trait locus is almost always unclear, and
genetic heterogeneity quickly erodes lod scores28. Some
statistical geneticists recommend conducting linkage
analysis assuming a monogenic disease model with
reduced penetrance29. The extremes of dominant and
recessive inheritance are thought to cover most practical
cases. More intellectually satisfying are nonparametric
allele-sharing methods; these avoid explicit assumptions
about disease transmission30,31. If the affected people
within a collection of pedigrees or sibships show an
unusual propensity to share marker alleles in a particu-
lar chromosomal region, then that region is likely to
harbour a disease gene. The power of parametric versus
nonparametric methods depends strongly on how the
disease in question is actually inherited. Although simu-
lation studies indicate that parametric methods may
possess greater power than nonparametric methods, the
space of possible disease models is enormous and little
explored by simulations32. This question is intertwined
with the debate over population isolates because isolates
limit genetic heterogeneity.

Association studies can be divided into case-control
studies and familial tests of transmission distortion. In
the case of an anonymous marker, association is the
byproduct of linkage disequilibrium. By contrast, the alle-
les at a candidate locus may directly influence the risk of
disease. In a genetically homogeneous population, case-
control studies are the method of choice and involve
straightforward comparison of allele or haplotype fre-
quencies in random samples of cases and controls33.
When POPULATION STRATIFICATION is an issue, as it usually is
in the United States, association studies rely heavily on the
transmission-disequilibrium test (TDT)34,35. The simplest
version of the TDT uses a CONTINGENCY TABLE with columns
corresponding to alleles and rows corresponding to
parental genes transmitted or not transmitted to affected
children. Whether one or more alleles are preferentially
transmitted to the affected children is evaluated given the
marker genotypes of the parents.

Although the TDT was originally recommended for
independent trios of both parents and an affected child,
versions of the TDT exist for sibships and even pedi-
grees36–40. With parametric versions, such as the GAMETE

COMPETITION MODEL, it should be possible to combine
case-control data and familial transmission data into a

in every 3 kb will be necessary22, but more optimistic
figures, such as one SNP in every 100 kb21,23, have also
been proposed. The current evidence of great variation
of linkage disequilibrium across the human genome
needs to be extended6,24. Whatever the outcome of the
genome-wide search for linkage disequilibrium, it is
clear that SNPs will vastly improve ASSOCIATION TESTING

and the resolution of haplotype mapping. But there is
an important hurdle to overcome — harvesting the full
potential of SNPs requires a more efficient, more flexi-
ble and cheaper method of SNP genotyping.

As part of the debate surrounding SNPs, recent
research has indicated that linkage disequilibrium in
random chromosomes of population isolates such as
Finland (about 2,000 years old) and Sardinia (about
10,000 years old) may only be slightly elevated relative
to neighbouring outbred populations25,26. In contrast,
Mohlke27 found the marker-to-marker linkage 
disequilibrium reached over 1 cM in Finns. Because
these studies have focused on non-disease alleles and
common marker polymorphisms that probably pre-
date the formation of isolates, they are not necessarily
relevant to disease alleles. This uncertainty raises once
again the issue of whether the genetic interaction or
the genetic heterogeneity model is more pertinent to
complex disease. It would be interesting to determine
the overall level of linkage disequilibrium in the vicin-
ity of the complex disease genes highlighted in TABLE 1,
both within the relevant population isolate and near-
by outbred populations.

Box 4 | Haplotype mapping  

Haplotype mapping is
often carried out as part
of a genome scan. In a
population isolate, the
appearance of a rare
Mendelian disease is
almost always
attributable to a single
founder gene or
mutation. The disease allele can be identified by searching for a common haplotype
signature shared among patients. As the ancestral haplotype signature is passed from
generation to generation, it is disrupted by recombination. Partial conservation of the
haplotype signature in a patient strongly suggests that the disease locus resides in the
conserved region of the haplotype.

As an example of haplotype mapping, the figure shows a chromosome segment that
bears a disease locus (designated d) and six marker loci (designated a, b, c, e, f and g).
Each of the four haplotypes shown is a sequence of numbered alleles at these six
markers. The disease allele enters the population on the background of the 
ancestral haplotype signature. The three patient haplotypes allow us to reconstruct 
the signature and map the disease locus d. Patient haplotype 1 has experienced
recombination between markers a and b, patient haplotype 2 has experienced
recombination between markers e and f, and patient haplotype 3 has experienced
recombination between markers b and c. The smallest region of overlap lies between
markers b and f and consequently contains the disease locus d.

The smallest region of overlap inferred from multiple, partially conserved haplotypes
is often much smaller than the smallest region of overlap inferred from linkage
mapping of contemporary pedigrees. In population isolates, haplotype signatures 
can extend over several centiMorgans14. For some rare diseases, haplotype mapping 
has been successful using only four or five patients and a sparse genome scan of only
200–300 markers16,17.

Chromosome segment

Locus

Haplotype signature

Patient haplotype 1

Patient haplotype 2

Patient haplotype 3

a b c d e f g

4 5 1 4 2 3

3 5 1 4 2 3

4 5 1 4 1 2

2 3 1 4 2 3

ASSOCIATION TESTING 

A statistical approach that 
tests for association between 
marker or candidate gene 
alleles and diseases.

POPULATION STRATIFICATION

Subdivision of a population
into different ethnic groups
with potentially different
marker allele frequencies and
different disease prevalences.

CONTINGENCY TABLE

A table or matrix to count the
numbers of observations falling
into various categories. Each
category is classified on the
basis of several factors.

GAMETE COMPETITION MODEL

A statistical model that 
views transmission of marker
alleles to affected children as 
a contest between the alleles.
Each allele is ranked much as
competing teams are ranked 
in a sports league.
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nearby markers. A positive association can then be
confirmed by linkage analysis. In practice, most geneti-
cists hedge their candidate gene bets by including these
genes as markers in a genome scan.

Experience and common sense dictate that any 
positive mapping claims must be replicated. Such repli-
cation can be done in either outbred populations or
different population isolates. For common diseases,
outbred populations clearly contain the bulk of affected
people. Genes originally mapped or confirmed in an
outbred population are likely to be pertinent to more of
humanity. Mapping genes within multiple populations
not only holds the promise of confirmation but also the
chance of further restricting the mapped interval that
contains the gene. It is worth stressing here the advan-
tages of older outbred populations, with their shorter
range of linkage disequilibrium.

There is great interest in quantifying the extent of
linkage disequilibrium around a disease gene and
using this as a guide to positional cloning. Inference
from any single marker tends to be unreliable.
Because of differences in levels of polymorphism and
the chance association of disease mutations with
marker alleles, single-marker measures of disequilib-
rium do not consistently increase or decrease as the
location of a disease gene is approached. This fact has
prompted the development of multimarker measures
of disequilibrium and model-based methods of analy-

single analysis that checks both differences in allele fre-
quencies and distorted transmission to children41.

Just as with linkage mapping, population isolates
have certain advantages over outbred populations in
association studies. The uniform genetic and environ-
mental background of a population isolate makes case-
control studies less suspect. Population isolates and out-
bred populations depart from genetic equilibrium in
different ways. Hardy–Weinberg equilibrium, which is
more likely in a population isolate than in a population
with considerable racial admixture, helps in testing dif-
ferences in allele frequencies between cases and controls.
Linkage disequilibrium with rare disease alleles extends
over greater distances in young population isolates and
enables one to use fewer markers in an association study.

Haplotype mapping has the advantage of revealing
ancient recombination events in addition to the con-
temporary recombination events detectable by linkage
mapping. Linkage mapping operates best on a coarse
scale where haplotype signatures are lost. So, it is sensi-
ble to view linkage and haplotype mapping as comple-
mentary techniques. The usual strategy is to use link-
age mapping to identify a candidate region and then to
follow up with haplotype mapping to pinpoint the dis-
ease locus within that region10,13. If a good candidate
gene is suspected in advance, it is possible to reverse
the standard procedure and test first for association
between the disease and alleles at the candidate gene or

Table 1 | Genome scans in isolated populations

Population Age of Reported Study sample Loci showing Evidence from other 
population genome scans linkage populations

(gene/locus identified)

Amish* About 250 years Bipolar disease 1 extended pedigree, Chr 6,13, 15 (REF. 68) Chr 13 (REF. 69)
207 individuals

Hutterites* About 100 years Allergic asthma 653 individuals NS, suggestive: Chr 1, Chr 1, 5q (REF. 72)
3p, 5q, 13q (REFS 70,71)

Mennonite* About 200 years Hirschsprung disease 1 family for linkage, Chr 13q22 (REF. 1) Endothelin B receptor2

28 families for
association 

Pima Indians* >10,000 years Diabetes and body 264 nuclear families, BMI and diabetes Chr 11q (NS), 1q
mass index (BMI) 966 siblings Chr 11 q (REFS 74,75)

Diabetes Chr 1q (REF. 73)

Bedouins‡ 200 years Nonsyndromic 1 extended family, Chr 13q12 (REF. 76) Connexin 26
deafness 55 individuals (REFS 3,77,78)

Finland, late 330 years Schizophrenia 21 families, Chr 1q (REF. 79) Chr 1q 21–22 (REF. 80)
settlement§ 233 individuals

Finland, old 2,000 years Multiple sclerosis 21 families, Chr 6p, 17q22 Chr 6p, 17q (REFS 55,82)
settlement§ 191 individuals (REFS 54,81)

Whole Finland§ Familial combined 35 families,
hyperlipidemia 168 individuals (stage Chr 10p 1q 21 (REF. 58) Chr 1q21, locus also 

2: 206 individuals) in mouse synteny
region (REFS 83,84)

Iceland§ About 1,000 years Schizophrenia 5 families, Chr 6p Chr 6p (REFS 86,87)
91 individuals Significant after adding

samples from other
populations85

Northern 350 years Familial prostate 28 families, Chr 1q 21 (REF. 88) Chr 1q21 (REFS 89,90)
Sweden§ cancer 366 individuals

Every effort has been taken to select those loci that provide most evidence for linkage. However, the definition for significance is ambiguous. A lod (logarithm of odds) 
value >3.2 for parametric analyses and a p<0.001 for nonparametric analyses has been considered significant. In most of these publications, values have not been
corrected for multiple testing, adding a further level of uncertainty. *North American populations. ‡Populations from the Middle East and North Africa. The locus was
originally detected in a consanguineous Tunisian pedigree. §Northern European populations. (Chr, chromosome; NS, nonsignificant.) For an extended version of this 
Table, see supplementary information online.
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ranted. The disease examples above emphasize the need
for extensive, worldwide collaboration and pooled data
analyses. They also call for statistical strategies that are
flexible enough to handle multivariate traits, correlated
environments, gene–environment interaction,
gene–gene interaction (epistasis) and pleiotropy.
Variance component methods seem to be the only sta-
tistical tools that can deal with such complexity. These
methods have proved their worth in mapping quantita-
tive trait loci (QTL) and can be applied to many com-
plex human diseases20,59–64.

Although the focus of this review has been on
human studies, it is clear that knowledge gained from
other species will have a profound impact on medical
genetic studies of complex traits. Inbred strains of mice
have short lifespans and permit exquisite control of the
genetic and environmental backgrounds of most traits.
If experimental crosses are used to map complex traits
in mice or other species, then conserved regions and
homologous genes can be checked in humans. This
mouse–human crosstalk strategy has led to the search
for human disease loci in regions showing conserved
synteny between man and mouse. Besides providing
candidate regions and candidate genes to be tested in
human study samples, experimental opportunities in
other species will be essential to demonstrate the func-
tional consequences of identified disease-associated
gene variants. The greatest drawback of experimental
species is the lack of appropriate animal models for
some common human diseases, particularly for psychi-
atric disorders and behavioural traits. Research findings
from plants and other model systems will also con-
tribute to our understanding of human biology. The
recent triumph in cloning the QTL gene determining
fruit size in tomatoes provides a model for what can be
done with quantitative traits65.

Conclusions
Population isolates with stable cultures, universal
health-care and demographic registries provide the
closest human approximations to the ideal research
conditions possible with inbred animal strains.
Families or cases collected from population isolates
show fewer environmental differences and less genetic
heterogeneity than those collected from outbred popu-
lations. Good genealogical records, standardized health
care, and reliable medical information all make it easier
to assemble study samples, identify cases with shared
ancestors and quantify phenotypes. However, not all
isolates are alike. Differences in demographic history
and the characteristic genetic diseases of isolated popu-
lations necessitate different research strategies incorpo-
rating optimized marker densities for genome scans
and the most appropriate statistical tools for analysis.
Whether or not the genetic features of population iso-
lates turn out to be the key to unlocking the genetics of
complex disease, the centralized registries and health-
care records available in some isolated populations 
create an infrastructure for epidemiological and genetic
research that is hard to match in more diverse 
countries, such as the United States.

sis that exploit these measures42–50. The jury is still out
on how well these methods work in practice, but it is
clear that they are intended for outbred populations,
as well as isolates.

Rare genes for common diseases
Rare genes causing complex diseases should be treasured,
not dismissed as epidemiologically irrelevant. Such genes
provide wedges of understanding to crack open whole
metabolic pathways and uncover new candidate genes for
further genetic study. For instance, the discovery of the
non-polypotic colon cancer gene has led to a new molec-
ular mechanism for malignancy51,52.

Mapping Mendelian forms of complex diseases helps
clinicians sharpen diagnostic categories. Medical genetics
has repeatedly advanced by splitting what was previously
grouped together. Before genes were discovered in large
pedigrees for Alzheimer disease, colon cancer and
Hirschsprung disease, these were considered ‘complex
traits’. Only in retrospect were the mapped genes trans-
formed into ‘rare Mendelian forms of complex diseases’.
Complex traits are complex because they represent
umbrella diagnoses — similar end-state phenotypes
shaped by a combination of the environment and a
diverse set of major genes, each with a significant impact.
Every rare Mendelian form of a complex disease mapped
in a population isolate gives more insight into genetics
and disease pathogenesis. This clarifying effect is illustrat-
ed by single-gene diseases such as Bardet–Biedl syn-
drome, for which different loci were identified in unrelat-
ed Bedouin tribes53. The rewards of a divide-and-conquer
strategy will be even greater in diseases such as epilepsy,
cancer and cardiovascular disorders.

Even in the presence of large pedigrees and careful
diagnostic splitting, geneticists will have to contend with
the segregation of multiple disease genes in most data
sets. This problem must be faced even in population iso-
lates. The same disease genes present in an isolate will
most probably also be present in larger outbred popula-
tions. For example, linkage analyses of 21 multiple scle-
rosis families (MS) from a late settlement subisolate of
Finland indicated four possible loci involved in disease
pathogenesis54. Consistent with earlier studies, the locus
of greatest significance was identified in the MHC region
on chromosome 6. Furthermore, the Finnish findings of
other MS-predisposing loci on chromosomes 5p, 17q
and 18q are also supported by reports from other popu-
lations55. Another interesting example is familial com-
bined hyperlipidaemia. In Finnish families, a major locus
on chromosome 1q has been identified in a region
orthologous to a mouse locus causing hypertriglyceri-
daemia19,56. This finding has also been replicated in other
populations57. Again, the same set of families also pro-
vided evidence for further predisposing loci58.

The multiple sclerosis and hyperlipidaemia loci
noted above probably represent major genes that
explain complex phenotypes in special families from a
special population. In other populations, the same loci
most probably also exist, either as major loci or minor
loci modifying the effects of major loci. Further genetic
study and more exhaustive statistical analysis are war-
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resource for understanding complex diseases and for dis-
entangling the combined influences of genes and envi-
ronment in the pathogenesis of these diseases. If these
cohorts are used in a manner acceptable by participants
and communities, they would be a great asset in genetic
epidemiological studies of complex traits.

More effort should be put into constructing unascer-
tained population cohorts for the longitudinal study of
normal variation in genetic isolates. The continuing
genetic studies in Iceland already combine many of the
strengths of the ideal human study sample noted in BOX 1.
Other largely untapped resources are the population-
wide twin cohorts established 30 to 40 years ago in
Scandinavian countries, which contain longitudinal data
on life style, environment and medical history.Altogether,
the registries represent an UNASCERTAINED SAMPLE of over
60,000 sib pairs from a population of 18 million people.
Two-thirds of these twins are dizygotic, and in contrast to
ordinary siblings, they share prenatal and early postnatal
life with their twins. By using population registers, many
twin pairs can be linked to large families in subisolates.
Although information collected in the twin cohorts does
not cover all complex traits, it represents a significant
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