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The success stories of identifying genes in Mendelian disorders have stimulated research that aims at
identifying the genetic determinants in complex disorders, in which both genetics, environment and

chance affect the pathogenetic processes. This review summarizes the brief history and lessons learned
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from genetic analysis of complex disorders and outlines some landscapes ahead for medical research.
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1. A short history of rapidly changing analytic methods

The history of modern human genetics research is much the his-
tory of the rapidly changing methodologies. The vast size of the hu-
man genome appeared at first an impossible task to work with, and
certainly to know in full detail. But with the advent of new analyt-
ical approaches roughly every 10 years, we have now reached the
point where individual genome sequencing is within the reach for
many laboratories.

The brief history and some of the key papers to read related to
each stage are listed in Table 1. Modern human molecular genetics
research owes much to the innovative method that bears the name
of its inventor: Southern blotting (and the analogous gel-blotting
techniques named with a tongue in the cheek, Northern and Wes-
tern blotting). More exactly, Southern blotting applied to the anal-
ysis of restriction fragments obtained after digestion with a
growing list of various bacterial restriction enzymes allowed the
analysis of genome position-specific polymorphic markers [1].
The idea that these markers, restriction fragment length polymor-
phisms (or RFLPs) could be used as anonymous addresses for the
various positions in the human genome led to systematic efforts
to clone probes and screen them for their polymorphic nature
[2]. Ultimately, hundreds of such cloned probes combined with
the study of large families were used to derive the first continuous
genetic maps of the human genome [3]. Such maps then made it
possible to attempt the mapping of any Mendelian trait to a named
position in the genome, with first success stories setting the stage
of the first wave of disease gene identifications [10].

Southern blotting combined with the use of radioactive probes
was not optimal for large-scale projects. The invention of the poly-
merase chain reaction (PCR) changed molecular genetic analyses
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rapidly, and a new class of genetic markers was discovered. When
RFLPs were caused either by single nucleotide changes altering
restriction enzyme recognition sites or larger-scale variations in
tandemly arranged DNA repeat units, the new class of microsatel-
lite markers were based on length variation in short sequence re-
peats [4]. This class of markers, often involving poly-CA
dinucleotide repeats, or various tri- or tetranucleotide repeats,
could be analyzed more rapidly and easily, and moreover, there ap-
peared to be many more of them in the genome. The second-gen-
eration genetic linkage maps of the human genome were then
based entirely on PCR-amplified microsatellite markers [5].

The analysis of microsatellite markers still required the separa-
tion of differently-sized DNA fragments. Another line of technology
was being developed based on the high selectivity of DNA hybrid-
ization that could discern sequence differences as small as a single
nucleotide. The rather common and simple assay based on the
application of short DNA probes on filter papers as dot-blots was
refined and miniaturized to make microarrays of DNA probes on
glass slides. The first applications of the microarray technology
were directed toward measuring levels of different transcripts in
RNA samples [11]. When the common variation in DNA sequences
between individuals denoted single-nucleotide polymorphisms
(SNPs) started to be appreciated, it became possible to make
microarrays assaying at first thousands and later hundreds of thou-
sands of SNPs all over the genome that were discovered in the
meantime by genome sequencing and other means.

In parallel with these developments, DNA sequencing technolo-
gies took rapid leaps. The dideoxynucleotide-based sequencing
method invented by Fred Sanger [12] was taken from manually-
read radioactively labelled gels to machine-read fluorescently la-
belled gels and ultimately to matrix-filled capillaries. Massively
parallel methods based on immobilized DNA molecules on the sur-
face of microparticles then evolved in various forms to the new
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Table 1

Selected key events in the mapping of disease genes.
Development Importance References
DNA blotting Easy analysis of DNA variation [1]
Concept of RFLP maps Vision of human gene mapping 2]
Continuous linkage maps of the human genome Genome-wide linkage mapping of human genes [3]
Microsatellite maps Mapping of many human disease genes [4,5]
Extended linkage disequilibrium in the genome Vision of linkage disequilibrium mapping in complex disorders [6,7]
The HapMap project Detailed analysis of linkage disequilibrium in the human genome [8]
Genome-wide association studies in complex disorders Hundreds of loci identified [9]

generation DNA sequencing technologies. Again, one example of a
yet newer technology is based on assaying the progressing synthe-
sis of a DNA strand of individual DNA polymerase molecules on
nanofabricated devices [13].

2. Candidate gene studies

All these methodologies were first applied to the study of
monogenic or Mendelian disorders. Even though complex disor-
ders seemed a difficult target for study, the early attempts to dis-
entangle the genetic determinants were based on candidate gene
approaches. The rationale was to use genetic association to ask
whether certain polymorphisms in genes that were thought to be
functionally relevant in a given disease would show different allele
frequencies in patients as compared to controls. A large number of
studies were published, many based on patient and control collec-
tions as small as only tens of samples, or at best several hundreds,
and numerous weak associations were reported in the literature.
Some of the identified genes have withstood the verification by
better-powered genetic association studies, but most have never
been replicated in another study.

3. Chromosomal markers as pointers to genes in complex
disorders

In complex as well as in monogenic disorders, one way to iden-
tify possible disease-related genes has been to study specific rare
chromosome abnormalities in patients with a monogenic or com-
plex disorder. In monogenic diseases, there are numerous success
stories, such as for example the mapping and identification of
the Duchenne muscular dystrophy gene or the anhidrotic ectoder-
mal dysplasia gene [14,15]. In complex disorders, however, some
of the identified genes have likewise turned out to be relevant even
by genetic association tests; the first dyslexia gene DYX1C1 might
serve as an example [16].

4. Genetic linkage studies

Genetic linkage studies in monogenic disorders are based on the
simple model of Mendelian inheritance, and linkage analysis algo-
rithms based on this model are very powerful for showing genetic
linkage. In complex disorders, however, the situation is much less
straightforward as a given genotype would not at all fully correlate
with the presence of the disease phenotype. In genetic terms, both
phenocopies (the occurrence of the same phenotype in genetically
completely different individuals), reduced penetrance (the occur-
rence of the phenotype in only a fraction of those possessing a gi-
ven genotype) and variable expressivity (the clinical heterogeneity
of a given condition in the presence of the same genotype in differ-
ent individuals) complicate matters. Therefore, new computational
approaches were needed to complement those of model-based
monogenic linkage studies.

Many successful approaches in complex disorders were based on
affected-only strategies. The idea was to identify genomic regions
that more often than by chance were shared between individuals

affected with a complex disorder [17]. No information content was
given to healthy individuals. Even though phenocopies might ham-
per the identification of shared genomic regions, large enough sam-
ple sets should ultimately implicate specifically disease-linked
positions with acceptable levels of statistical evidence.

The 1990s were the golden period of genome-wide linkage
studies in complex disorders. Accumulated studies, however,
started little by little to cast doubt on the replicability of the map-
ping results. Typically, no two studies of the same disorder re-
ported consistently the same loci, but instead all chromosomes
were littered with positive but nonreplicated linkage hits.

Only quite recently has it become apparent what was the prob-
lem with these approaches. We now know that many true suscep-
tibility genes in complex disorders have effect sizes so small that
genetic linkage, in order to be powerful enough should have been
based two or three orders of magnitude larger sample sets. The
early attempts to map genes in complex disorders were not wrong
in principle, but the studies were simply underpowered to detect
the weak genetic effects underlying many complex disorders.

Nevertheless, strong single gene effects in some complex disor-
ders have been abundantly verified already by genetic linkage and
later confirmed by genetic association. An illustrative example is
psoriasis, where the overwhelming genetic effect of the HLA-C gene
or SNPs nearby was detected in virtually all genetic studies [18].

5. The paradigm of positional cloning in complex disorders

In monogenic disorders, the genetic mapping of the causative
locus was followed up by narrowing down the DNA segment
including the causative gene by genetic association. The idea was
to take advantage of founder effects, especially in recessive disor-
ders where a mutated gene might be inherited for generations in
a population until it happened to find its way homozygous in an
individual, then causing disease. The same principle was applicable
to the thinking in complex disorders [19]. A susceptibility allele
with reduced penetrance might travel for generations in families
and populations with little if any selection, as many complex dis-
orders only manifest after the reproductive age window.

Some success stories exist with this approach. One example is
the genetic mapping and positional cloning of NPSR1 as a suscep-
tibility gene for asthma and related disorders [20]. In these studies,
we took advantage of a rural isolated subpopulation in Finland
hoping to reduce the genetic complexity of an otherwise heteroge-
neous complex disorder. By a lucky incidence, a particular asthma
risk associated variant appeared to be more common there than in
many other populations, possibly helping to reach barely sufficient
power to map the gene by linkage and association. Later associa-
tion studies, including well-powered genome-wide association
studies have confirmed the disease association of NPSR1 to asthma.

6. The block structure of human chromosomes and the HapMap
project

Millions of SNPs across the genome are not particularly helpful
to map and identify disease-associated genes in complex disorders,
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if they all need to be assayed in thousands of individuals to detect
association signals. As late as the end of the 1990s, the human gen-
ome was thought to have undergone a large number of random
recombination events that reduced the length of possibly associ-
ated fragments to only a few thousand base pairs. Given the size
of the genome, it was predicted that at least 500,000 SNPs would
be needed to perform a genome-wide association study with en-
ough coverage of the genome [21].

A radical change in thinking was imposed by the emerging
observation that there were much longer segments of strong ge-
netic association between SNPs than anticipated by the random
recombination model [6,7]. The observation from a limited number
of short segments in various positions of the genome was then ex-
panded to a genome-wide hypothesis of so-called haplotype
blocks. Their origin was explained to be in the short history of
the human population in its rapidly growing expansive phase,
not allowing the magnitude of recombination to have taken place
that was earlier thought. Whether the segmented recombination
events were caused by hotspots in the DNA sequence or simple
by historical coincidences became a matter of debate, but the
observation remained that especially SNPs with both alleles rela-
tively common, inferred to be old, usually show long distances of
genetic association, or linkage disequilibrium, along chromosomes.

An immediate consequence of this new image of the fine struc-
ture of the human genome sequence was that much fewer SNPs
would be needed to assess genetic association to old susceptibility
alleles that would be sufficiently common in the populations, thus
old, and thus in strong linkage disequilibrium with many nearby
SNPs.

An international project named the HapMap project was initi-
ated to systematically identify a large number of SNPs, genotype
them in sets of samples collected from major population groups
from three different continents, and to calculate the levels of ge-
netic association between all pairs of nearby markers [8]. The re-
sults of this project guided the design of microarrays that
subsequently became major tools for genome-wide association
studies.

7. Genome-wide association studies

The new paradigm for identifying genes involved in complex
disorders was based on the idea that if a SNP allele was either itself
causally involved in a disease, or in sufficiently tight linkage dis-
equilibrium with a causative variant, its altered frequency in a
large number of patients compared to controls would flag the sus-
ceptibility gene. It is important to note that genes with multiple
rare mutations would not fulfill any of these two prerequisites,
and would thus not be detected by genome-wide association
studies.

After a few earlier success stories, a landmark study marked the
avalanche of genome-wide association studies in a large variety of
complex disorders [9]. Hundreds of susceptibility genes have now
become implicated with p values reaching astronomical levels, and
even larger numbers of loci remained just below significance levels
across the genome. New principles of calling a genetic association
genome-wide significant were agreed on, and it became obvious
that most of the earlier candidate gene-based studies most likely
were false positives because of insufficient power caused by small
sample size. Increasingly large studies based on international
consortia were launched and executed, and the number of loci
increased rapidly. At this writing, over 500 genome-wide
association studies have been published that have used at least
100,000 SNPs to screen the genome and have resulted in associa-
tion p values better than 107> (http://www.genome.gov/
26525384).

8. The dark matter of inheritance

A new and completely unexpected problem started to unveil.
The larger the genome-wide studies became, the weaker genetic
effects they could record with significant p values, but at the same
time it became apparent that taken together, the implicated vari-
ants explained only a small fraction of the genetic component in
the diseases under study [22]. There appeared to be a genetic com-
ponent that was not mappable by genome-wide association stud-
ies, and the term ‘“dark matter of inheritance” was coined,
analogous to the invisible matter in the universe.

Good examples are provided by studies that have identified loci
associated with human height. Adult height is a highly heritable
trait, with heritability estimates mostly well over 0.8. It is also rel-
atively easy to measure accurately, allowing the combination of
large population samples from different sources. With increasingly
large studies, six including more than 10,000 individuals, several
tens of genes have been implicated, each contributing with only
a small effect. In one illustrative study reporting 20 loci, they ex-
plained combined about 3% of height variation [23]. Furthermore,
the 20 loci did not show any evidence of gene x gene interaction,
or epistatic effects, but the length of individuals was linearly pro-
portional to the number of “tall” alleles. Similar results have been
reported for many quantitative traits, such as body mass index or
serum triglyceride and high density lipoprotein levels.

What might then explain the heritability tat remains invisible
to genome-wide association studies? There might be still many
more small effect-size variants that have not yet been discovered.
Several possible technical explanations have been proposed,
including rare variants not covered by current genotyping micro-
arrays containing mostly variants with population frequencies
<5%, or structural DNA variants that are not identified using micro-
arrays. Statistical explanations include the failure to detect gen-
e x gene interactions and the omission of environmental data of
possible importance for gene x environment interactions. One bio-
logical explanation should consider the possibility of epigenetic ef-
fects that might be modified by environmental effects but modify
chemically DNA, e.g., by methylation of important regulatory
regions.

9. Landscapes ahead

It is evident that the rapid development of DNA sequencing
technologies and the continuously improving microarrays contrib-
ute to an extremely expansive phase of biological research. The
biological revolution not merely continues; it accelerates in an
explosive fashion.

It is anticipated that DNA sequencing will rapidly become the
major method of genetic analysis. For the past 2 years, the raw
DNA sequence output of the next-generation sequencing instru-
ments has been growing faster than Moore’s law predicted for
computers. At least one company using a combinatorial DNA
sequencing technology already today promises to deliver an
assembled full genome sequence for less than 5000%, and the price
tag of 1000$ is likely to be reached very soon multiple technolo-
gies. A newly commercially launched technology that is based on
real-time recording of the synthetic steps of individual DNA poly-
merase molecules on nanofabricated devices delivers now single
molecule sequence reads up to 6 kb in length. The next generation
devices are likely to improve on all current numbers for perfor-
mance and cost. It is difficult to think of a field of genomic or genet-
ic analysis that could not use advanced DNA sequencing with
advantage over current methods.

The 1000 genomes project will give us a much more complete
picture of rare variation than seen before. Very soon, the 1000
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completely sequenced genomes will be extended to tens of thou-
sands of individually sequenced genomes, and the results are likely
to tell us that there is a vast amount of not only rare but individual
variation as expected based on population genetic considerations
[24]. This will complicate genetic analysis. Clustering of several
private deleterious mutations in the same gene in a group of pa-
tients will suggest functional relevance, but statistical arguments
or other conclusions cannot easily be made on the basis of single
individuals with mutations in poorly characterized genes even if
the mutations would be deleterious to function. We already have
the first estimate of the overall mutation rate in the human gen-
ome that is based on the direct comparison of parents’ and child’s
full genomic sequences, suggesting that on the average 30 new
mutations are passed by each parent to the zygote [25]. Out of
the 60 or so new mutations, which one is the right one to explain
a rare disorder?

Individual exomic sequencing of a handful of cases with rare
monogenic disorders has already turned out to be successful in
identifying causative genes, even in the absence of founder effects
[26]. Can this analysis be extended to complex disorders? If so,
how many samples are likely to be needed for exomic or complete
sequencing? Will we be able to see clustering of private mutations
in certain genes? How can we best combine transcriptome
sequencing to detect pathophysiological changes in complex disor-
ders? These questions are already under intensive investigation.

Further studies will also look at the role of epigenetic modifica-
tions on gene functions and genetic associations. Our unpublished
results as well as those of others show that a methylated cytosine
may alter transcription factor binding in comparison to an unme-
thylated cytosine in a functional promotor element [27]. This
observation has consequences even for genetic association studies.
If a methylated C allele behaves functionally like, e.g., a T allele, and
different from an unmethylated C allele, a simple genetic analysis
result will become diluted, because the methylation information
of the C alleles is neglected. Thus, it may become necessary to care-
fully scrutinize CpG dinucleotides in disease-associated genes for
possible methylation and functional effects, and ultimately correct
genetic effect estimates appropriately.

In a historically short period of time, genetic analysis has
evolved from merely collecting rare victories by time-consuming
manual analyses to automated analyses driven by technologies
involving highly parallelized and miniaturized assays. Data pro-
duction as measured, e.g., by stored DNA sequences has reached
an accelerating expansive phase (http://www.ncbi.nlm.nih.gov/
Genbank). This development imposes great demands on our intel-
lectual capacity to handle the information. Biology and medicine
have turned into disciplines that are today characterized more by
our capacity to ask meaningful questions and answer them by pro-
cessing the available data, rather than our perseverance to perform
months or years of difficult experimentation. The consequences for
medical research, our understanding of disease processes, and
opportunities to design new treatments will be beyond the wildest
fantasies as Karolinska Institutet completes its first 200 years of
medical research.
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