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The discovery of human genetic variations and their
use as disease markers: past, present and future
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The field of human genetic variations has progressed rapidly over the past few years. It has added much information and deepened

our knowledge and understanding of the diversity of genetic variations in the human genome. This significant progress has been

driven mainly by the developments of microarray and next generation sequencing technologies. The array-based methods have been

widely used for large-scale copy number variation (CNV) detection in the human genome. The arrival of next generation sequencing

technologies, which enabled the completion of several whole genome resequencing studies, has also resulted in a massive discovery

of genetic variations. These studies have identified several hundred thousand short indels and a total of thousands of CNVs and

other structural variations in the human genome. The discovery of these ‘newer’ types of genetic variations, indels, CNVs and copy

neutral variations (inversions and translocations) has also widened the scope of genetic markers in human genetic and disease

gene mapping studies. The aim of this review article is to summarize the latest developments in the discovery of human genetic

variations and address the issue of inadequate coverage of genetic variations in the current genome-wide association studies,

which mainly focuses on common SNPs. Finally, we also discuss the future directions in the field and their impacts on next

generation genome-wide association studies.
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INTRODUCTION

Human genetic variations are the differences in DNA sequence within
the genome of individuals in populations. Genetic variations in the
human genome can take many forms, including single nucleotide
changes or substitutions; tandem repeats; insertions and deletions
(indels); additions or deletions that change the copies number of a
larger segment of DNA sequence; that is, copy number variations
(CNVs); other chromosomal rearrangements such as inversions and
translocations (also known as copy neutral variations); and copy neutral
loss of heterozygosity (LOH) or homozygosity. These genetic variations
span a spectrum of sizes from single nucleotides to megabases. Single
nucleotide substitutions or alterations, as implied in the terminology,
involve a change in a single nucleotide at a particular locus in the DNA
sequence, such as restriction fragment length polymorphisms (RFLPs),
single nucleotide polymorphisms (SNPs) and single nucleotide indels.
On the other extreme, CNVs, inversions, translocations and LOHs
encompass larger segments of DNA sequences that range from kilobases
to megabases (41 kb), whereas tandem repeats and indels fall in
between the extremes (from 41bp to 1 kb).
In general, these genetic variations take place naturally in the

human genome, and they are the footprints of errors or mistakes
that occur in DNA replication during cell division, although external

agents, such as viruses and chemical mutagens, can also induce
changes in the DNA sequence. The occurrence of each type of genetic
variation is mediated by different mechanisms; nonetheless, most of
these molecular events or processes are currently unclear and are still
being investigated. For example, several mechanisms have been
proposed to explain the widespread occurrence of CNVs in the
human genome, such as nonallelic homologous recombination and
nonhomologous end joining.1 However, for copy neutral LOHs, the
homozygosity could have resulted from uniparental isodisomy and
autozygosity.2 Regardless of the molecular mechanisms or processes
that generated the genetic variations, they can be broadly classified as
either somatic or germline variations depending on whether they arose
from mitosis or meiosis, respectively.
The field of human genetic variations has advanced considerably

over the past five years. It has added much information and deepened
our knowledge and understanding of the complexity and diversity of
genetic variations in the human genome. In addition to the physical
mapping of different types of genetic variations, such as RFLPs in the
1980s,3 tandem repeats in the 1990s,4 and SNPs,5,6 indels,7 CNVs8–10

and LOHs2 after the new millennium, the data of their biological
functional roles; for example, their effects on or associations with
mRNA expression levels, alternative splicing processes and other
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molecular and regulatory processes have also been accumulating.11–14

Furthermore, these genetic variations were also found to be associated
with various human diseases, including monogenic and complex
diseases.14–22

Presently, research in genetic variations is drawing much attention
and effort from the genetics community, as evident from the initiation
of the 1000 Genomes Project, which has a major aim to construct the
most detailed map of genetic variations in the human genome.23,24

The non-SNP genetic variations certainly have the potential of
becoming the next generation genetic markers in human genetic
and disease gene mapping studies. The ‘disease gene mapping’ refers
to mapping of genetic loci which may or may not contain genes that
are associated with diseases. This review will focus on the discovery of
different types of genetic variations and their use as genetic markers in
disease gene mapping studies in the past, present and future.

CATEGORIES OF GENETIC VARIATIONS

There are issues and problems in categorizing genetic variations into
distinct groups, and a clear consensus in defining genetic variations
has not been achieved. As a result, the distinction for some of the
genetic variations is rather vague at this time. Although SNPs are
defined as single nucleotide substitutions, sometimes single nucleotide
insertions or deletions also fall under this category (Figure 1a).
In general, point mutations include both single nucleotide substitu-
tions and single nucleotide indels, although they are only classified as
such when their population frequencies are less than 1%. This is
different from polymorphisms, terminology of which is reserved for
those genetic variations with population frequencies higher than the
arbitrary cutoff of 1% similar to SNPs.
Tandem repeats can be broadly divided into two classes: short

tandem repeats (STRs) usually refer to tandem repeats in which the
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Figure 1 A schematic illustration of (a) single nucleotide changes; (b) tandem repeats; (c) short indels; (d) structural variations.
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sequence length is eight nucleotides or less, and longer tandem repeats
are labeled as variable number tandem repeats (VNTRs; Figure 1b).
They are also known as microsatellites and minisatellites, respectively.
As such, it is apparent that the distinction between the two classes is
solely based on the length of the repeated sequence, but it is only an
arbitrary cutoff. The most common types of microsatellites are di-, tri-
and tetra-nucleotide repeats. However, repeats of identical nucleotide
of several bases or longer in the length; that is, consecutive identical
nucleotides in the DNA sequence are known as homopolymer
sequences; for example, GGGGG or AAAAA. Although the sequence
in the tandem repeats is simple compared with other more complex
DNA sequence changes or rearrangements, these simple sequences can
be repeated from tens to hundreds of times, thus creating a high
heterozygosity or allelic diversity.25,26

The boundary or distinction between CNVs and indels is even more
obscure. In the Database of Genomic Variants (DGV; http://projects.t-
cag.ca/variation/), deletions and duplications/insertions larger than
1 kb are classified as ‘CNVs’, whereas those between 100 bp to 1 kb are
grouped as ‘InDels’. As such, the remaining several hundred thousands
of indels in the range of several nucleotides to tens of nucleotides,
which were identified in the recent whole genome resequencing
experiments, do not currently have their own category.27–33 For
example, Wang et al. (2008)29 found B140 000 indels within 1–3 bp
in the Han Chinese YH genome, and B400 000 indels defined from 1
to 16 bp were also detected in the African NA18507 genome by Bentley
et al. (2008).30 Perhaps a new category such as ‘short indels’ needs to
be created to fit them in, and those indels between 100 bp to 1 kb
should probably be renamed as ‘intermediate indels’ (Figures 1c and d).
Similar to SNPs, common CNVs with population frequencies of 1%
or higher are known as copy number polymorphisms. However, in
some studies, CNVs that are detected in two or more individuals are
also considered as copy number polymorphisms.9

However, apart from single nucleotide changes, such as SNPs, all
the genetic variations can be broadly grouped under the umbrella of
structural variations.34 It is even more confusing when a variety of
names are used to describe essentially the same genetic variation. For
example, large-scale copy number variants and intermediate-sized
variants have been used to describe CNVs before this terminology
was introduced.35 Some comparative genomic hybridization array-
based studies used chromosomal gains and losses to indicate duplica-
tions and deletions, respectively.36 Despite the various categories of
genetic variations and terminologies that have been used, it is
noteworthy that the definitions or sizes are rather arbitrary. Further-
more, classifications are without biological basis; that is, they are
not classified by the mechanisms that mediated their occurrences.
Instead, the classification is simply based on the patterns of DNA
sequence changes and their sizes. As such, it is more important to
describe the characteristics of the genetic variations that are being
discovered and identified, rather than be concerned about their
respective categories.

THE EVOLUTION OF GENETIC MARKERS IN DISEASE GENE

MAPPING

Genetic variations in the human genome are useful as genetic markers
for many applications in different areas, such as forensic investigations
(for example, genetic or DNA fingerprinting), routine clinical tests
(for example, human leucocyte antigen typing for hematopoietic stem
cell or organ transplantation), prediction of drug responses or the
tailoring of prescription doses (for example, genotyping tests for the
SNPs in the thiopurine methyltransferase (TPMT) gene to predict
patient responses to 6-mercaptopurine) and population genetics

studies (for example, studies of human migration patterns).37–40

Furthermore, they have also been widely used as genetic markers in
disease gene mapping, such as family linkage and genetic association
studies to identify the susceptibility loci or genes for monogenic and
complex diseases.
Different genetic variations have different characteristics, and their

applications are influenced by a number of factors. Tandem repeats
such as minisatellites and microsatellites are highly variable or poly-
morphic in human populations, as such, they have higher allelic states
and are more informative than the biallelic genetic markers, such as
SNPs. Unlike SNPs in which a single nucleotide substitution will only
give rise to two alleles, each repeat in minisatellites and microsatellites
is considered as one allelic state. The genetic variations that occur in
more than two allelic states are known as multiallelic markers. Owing
to their inherent features, tandem repeats have been widely used in
genetic fingerprinting and as the genetic markers in linkage studies to
locate the chromosomal regions harboring the mutations or genes for
monogenic or familial disorders, complex diseases and quantitative
traits.41–44 Although tandem repeats are more informative than SNPs
at the individual marker level, their number is far less than the several
million SNPs in the human genome. Thus, tandem repeats are not
ideal genetic markers for applications that require high marker density
or resolution, such as genome-wide association studies (GWASs), in
which several hundred thousand of SNPs are needed. In GWAS, a
large number of genetic markers are required spanning the whole
genome, to achieve comprehensive coverage and adequate statistical
power to detect unknown disease variants through linkage disequili-
brium (LD).45,46 In other words, the disease variants would not be
detected if no markers in strong LD with them were genotyped.
Apart from the inherent characteristics of genetic variations such as

their allelic diversity and abundance in the human genome, their
applications are also influenced by technological developments. The
rapid advances of high-throughput SNPs genotyping technologies
have enabled the genotyping task of several hundreds of thousands
to one million SNPs to be done efficiently on thousands of samples in
GWAS. On the contrary, no high-throughput method was developed
to assay microsatellites on a whole genome scale.47–49 This technolo-
gical development, together with their abundance in the human
genome, have resulted in SNPs becoming the primary genetic markers
used in more than 450 GWAS that have been published to date
(A Catalog of Published Genome-Wide Association Studies: http://
www.genome.gov/26525384). In fact, almost all the GWAS have used
the commercially available whole genome SNPs genotyping arrays
from Illumina (San Diego, CA, USA), Affymetrix (Santa Clara, CA,
USA).
In the past, researchers had relied solely on RFLPs and tandem

repeats as the genetic markers in disease gene mapping studies. The
RFLPs were used in linkage studies before the discovery of tandem
repeats. Since the availability of the linkage map for microsatellites,
RFLPs were mainly used as the genetic markers in candidate gene
association studies, in which PCR–RFLP genotyping assay was com-
monly applied. However, microsatellites were widely used as the
genetic markers in linkage studies.41–44 These genetic variations have
been used as the markers in human genetic studies for more than 20
years until the completion of the Human Genome Project 50 and the
finding of millions of SNPs by the International SNP Map Working
Group and other studies.5,6 Thereafter, SNPs became the primary
markers in genetic association studies, and also replaced microsatel-
lites in some linkage studies.
Although SNPs have been studied in detail over the past decade, a

comparable progress in the studies of other genetic variations, such as

The discovery of human genetic variations
CS Ku et al

405

Journal of Human Genetics

http://projects.tcag.ca/variation/
http://projects.tcag.ca/variation/
http://www.genome.gov/26525384
http://www.genome.gov/26525384


indels, CNVs and LOHs has not been achieved. In fact, CNVs had only
started gaining some attention from the genetics community when the
finding of several hundreds of deletions and duplications was first
reported in 2004.51,52 Similarly, no large-scale attempt was made to
identify indels until 2006, in which a study found several hundreds of
thousands of indels in the human genome.7 The commonness of
LOHs or homozygosity regions in the genomes of outbred popula-
tions was also under appreciated until the first report appeared in
2006.2 However, the richness of genetic variations in the human
genome has recently been further corroborated by the several whole
genome resequencing studies, revealing plenty of new SNPs, indels,
CNVs and other structural variations.27–33 The technological devel-
opments have facilitated and accelerated the process of identifying
genetic variations, especially with the arrival of next generation
sequencing technologies, which have made whole genome resequen-
cing and the 1000 Genomes Project feasible.53–55

In recent years, many studies have been done to directly examine
the associations of CNVs with complex diseases using SNP genotyping
arrays. These studies have yielded some exciting results for several
diseases, such as schizophrenia and autism.56–58 Therefore, it further
supports the use of CNVs as genetic markers to uncover new
susceptibility loci for future disease association studies. Interestingly,
genome-wide homozygosity mapping approaches have also been
applied to dissect the genetic basis of complex diseases and have
successfully identified a number of susceptibility loci for schizophre-
nia.22 Conversely, short indels have not been directly interrogated in
GWAS, but how much they can be tagged indirectly through LD by
the SNPs in genotyping arrays is unclear. Unlike CNVs and homo-
zygosity mapping, which can be studied by SNPs genotyping arrays,
no high-throughput method has been designed and developed to
investigate short indels on a genome-wide scale. Direct detection and
interrogation of short indels requires sequencing-based methods as
demonstrated in the whole genome resequencing studies. As a result
they cannot be used effectively as genetic markers in GWAS at
the time.
In the following sections, we will discuss the genetic variations and

markers in the past (RFLPs and tandem repeats), present (SNPs) and
future (CNVs, indels, inversions, translocations and LOHs). The use
of ‘past, present and future’ genetic variations is only a ‘time concept’,
to illustrate the time of their discoveries and the time when they are
most commonly used as genetic markers. For example, RFLPs and
tandem repeats were mainly discovered in 1980s and 1990s, so they are
considered as the past genetic variations or markers, but this does not
mean that they are totally obsolete nowadays or that they are no
longer used in human genetic studies. However, although the com-
monness of CNVs, indels and LOHs in the human genome have
already been reported several years ago, they are considered as future
genetic variations or markers because they have yet to be ‘intensively
and completely’ studied or discovered in the human genome. In
addition, so far these newer genetic variations have not been widely
used as markers in disease gene mapping.

PAST

Restriction fragment length polymorphisms
The RFLPs are single nucleotide substitutions that alter the cutting
sites of restriction enzymes. They were one of the earliest genetic
markers used in disease gene mapping. The genetic linkage
map of RFLPs was constructed in the 1980s.59 The use of RFLPs
as genetic markers is based on their ability to create or eliminate
the cutting sites of restriction enzymes to distinguish between
two alleles. With the invention of the molecular technique PCR,

alleles of RFLPs are usually determined by PCR-based methods,
such as PCR–RFLP.
In PCR–RFLP assay, one set of probes or PCR primers (forward and

reverse primers) are designed to amplify the DNA sequence that
contains the RFLP. The PCR amplicons are then followed by restric-
tion enzyme digestion and gel electrophoresis to separate the digestion
products. As an example to illustrate the principle of the PCR–RFLP
method, the PCR amplicons of G allele will be cut by the restriction
enzyme but not for the C allele (a G4C substitution), assuming that
there is only one cutting site in the PCR amplicon. Therefore, if all the
PCR amplicons remain intact after restriction enzyme digestion
(appearing as a single band in gel electrophoresis), this result shows
the presence of two C alleles and the genotype is the homozygote CC.
Conversely, all the PCR amplicons will be digested by the restriction
enzyme for the homozygous GG genotype (two bands in gel electro-
phoresis for which the sizes are smaller than the PCR amplicon size),
and a mixture of three bands suggests the presence of both alleles
(Figure 2).
One of the major limitations of using RFLPs as genetic markers is

that single nucleotide alterations do not necessarily alter the cutting
sites of restriction enzymes. In other words, those single nucleotide
substitutions that are not digested by restriction enzymes cannot be
studied by PCR–RFLP method. As a result, their numbers are limited.
Furthermore, PCR–RFLP is a tedious, laborious and low-throughput
genotyping method. Nevertheless, PCR–RFLP has still been widely
used in disease gene mapping studies at least before the arrival and
feasibility of SNPs genotyping arrays or other higher throughput
genotyping methods, such as MassARRAY iPLEX, Invader and SNPlex
genotyping assays.60–62 As RFLPs are single nucleotide substitutions,
thus they are actually a subset of SNPs.

Tandem repeats
In addition to RFLPs, the earliest genetic markers also included
tandem repeats. The more widespread distribution of microsatellites
(4100 000) in the human genome and their higher allelic diversity
than RFLPs have made them to be commonly used as the genetic
markers in linkage studies for monogenic disorders and complex
diseases. Similarly, microsatellite also out-performed VNTRs in terms
of their numbers, where there are only a few thousand VNTRs in the
human genome.26 The availability of the genetic linkage map of
microsatellites has resulted in the immense success of linkage studies
in identifying genes for monogenic disorders.4 In contrast, only
limited success was achieved in dissecting the genetic basis of complex
disease using linkage analysis. For complex diseases, the linkage
regions identified were mostly irreproducible and inconsistent, and
so far, only a handful disease associated genes, such as CARD15/NOD2
(Crohn’s disease), PTPN22 (type-1 diabetes), TCF7L2 (type-2 dia-
betes) and STAT4 (rheumatoid arthritis and systematic lupus erythe-
matosus), were identified through linkage and positional cloning
strategies.63–66

The failure of linkage studies in interrogating the genetic basis of
complex diseases is not due to the inappropriateness of the genetic
markers (microsatellites) used to locate the genomic regions that
harbor the disease genes, but is instead attributable to the study
design. Linkage mapping is a powerful and effective approach to
detect rare and highly penetrant mutations, and is best suited for
diseases that segregate according to Mendelian inheritance. In con-
trast, complex diseases are characterized by genetic heterogeneity
(multiple genetic variants with incomplete penetrance), and the
phenotypes are consequences of complex interactions of genetic
factors and environmental exposures.67
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The arrival of high-throughput SNP genotyping technologies and
the ease of genotyping thousands of SNPs in a microarray have also
replaced the use of microsatellites in some linkage studies.68–71 In
classical family linkage studies, a few hundred microsatellites are
already sufficient to cover the whole genome. However, this number
can be substituted by about 10 000 SNPs to provide a comparable or
even greater amount of genetic information.72,73 The need for a
significantly larger number of SNPs is because of their lower hetero-
zygosity as opposed to multiallelic genetic markers. Although micro-
satellite is more informative at the individual marker level, this can be
superseded by a large number of SNPs.
Undoubtedly, microsatellites have been widely used in genome-

wide linkage studies, but not in GWAS for complex diseases. Hitherto,
there are only a few studies that have genotyped microsatellites in
GWAS, and they have adopted a pooling strategy of DNA samples to
reduce the amount of genotyping work.74,75 This is mainly due to the
need of genotyping a substantially larger number of microsatellites in
GWAS (B20 000–30000 markers) compared with linkage studies
(B500 markers). The need for a larger number of microsatellites in
GWAS is due to the weaker LD in unrelated individuals, as compared
with family members in which there are only a limited number of
recombination events. In addition, a larger sample size is also needed
in GWAS to achieve adequate statistical power to detect genetic
variants with modest effect sizes for complex diseases. Finally, there
is a lack of high-throughput methods to assay microsatellites, and this
is one of the major reasons that microsatellites have decreased in
popularity in the SNP era. However, evidence is now increasing to
support the potential functional roles of tandem repeats (tri-nucleo-
tide repeats) and their variation could be associated with human
complex diseases. Therefore, they should be reconsidered in the future
genetic association.16,76

PRESENT

Single nucleotide polymorphisms
The completion of the Human Genome Project is a major scientific
development in human genomics and biomedical sciences. The
reference DNA sequence has provided the basis for studying genetic
variations in the human genome among individuals in populations.
While the Human Genome Project was about to be completed, genetic

variations in particular SNPs were also being uncovered. In 2001, the
International SNP Map Working Group identified 1.42 million SNPs
in the human genome.5 Currently, more than 17 million SNPs in
human genome have been documented in the dbSNP. As a large
number of SNPs has been reported, it is unavoidable that some of the
entries in the database are actually errors or artifacts rather than
‘genuine SNPs’. In fact, a false positive rate of 15–17% was estimated
for dbSNP.77 Therefore, large scale validation in population-based
studies would be necessary and important to authenticate them. To
bridge this gap of information, the International HapMap Project was
conceived in 2003 with the aim to validate several million SNPs in the
dbSNP, to obtain the SNP and genotype frequencies information, as
well as to study their correlation or LD patterns in populations of
European, Asian and African ancestry. These populations are the US
Utah population with Northern and Western European ancestry
(CEU), Han Chinese from Beijing (CHB), Japanese from Tokyo
(JPT) and Yoruba from Ibadan, Nigeria (YRI).78

In general, a SNP is defined as a single nucleotide substitution at
one particular locus in the DNA sequence and this mutational event
generates two alleles. To distinguish this from a point mutation, the
frequency of the minor allele of a SNP has to be at least 1% in any
population. Common SNPs are usually defined as those with minor
allele frequency 45% and approximately 7 million of the SNPs in
the human genome are common.79 Therefore, for single nucleotide
substitutions, where their population frequencies are yet to be
determined, strictly, they should be labeled as single nucleotide
variations (SNVs) to minimize confusion.77 As a substantial fraction
of entries in the dbSNP has not been validated in population-based
studies, one has to bear in mind that not all the entries in the dbSNP
are necessarily SNPs, as the name of database implies. As such, the
several hundred thousand ‘new SNPs’ identified by whole genome
resequencing studies27–33 should probably be considered as ‘new
SNVs’ instead, until their population frequency information is avail-
able (Figure 3a). The distinction between SNPs and SNVs should be
emphasized to avoid misleading.
Single nucleotide polymorphisms are the most abundant type of

genetic variation in the human genome in terms of their number.
They occur at an interval of about one SNP in every kilobase of DNA
sequence throughout the genome when the DNA sequences of any two

(I) PCR amplicons (e.g. 125bp)

.....CCG TA(G)CAA GGA.....
DNA ladder

The RE will cut or digest PCR
125bp

75bp 

50bp

.....CCG TA(C)CAA GGA.....

No RE cutting will occur for PCR

Interpretation (the genotype):
Lane 3: Homozygous GG
Lane 4: Heterozygous GC
Lane 5: Homozygous CC

PCR-RFLP
A hypothetical example to
illustrate the method PCR-

RFLP (assume that the
restriction enzyme/RE
cutting site is TAGCA).

amplicons because of the
presence of the specific cutting
site. As a result, 2 DNA
fragments with sizes 75bp and
50bp respectively are present
when running on gel
electrophoresis.

1 2 3 4 5

(II) PCR amplicons

amplicons, because the G>C
nucleotide substitution has
destroyed the cutting site. As a
result, the PCR amplicons
remain intact.

Lane 1: DNA marker
Lane 2: PCR amplicons without RE 
cutting
Lane 3, 4 and 5: PCR amplicons with RE
cutting

Figure 2 A schematic illustration for the method PCR–RFLP (restriction fragment length polymorphism).
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individuals are compared. This is approximately equivalent to 3
million SNPs being carried by each individual genome. Therefore,
the DNA sequence of any two genomes is estimated to be about 99.9%
identical, and the 0.1% genetic variations that are mainly comprised of
SNPs, are believed to be responsible for the phenotypic differences,
such as physical traits (for example, height, hair and eye colors),
disease susceptibility and drug responses, among individuals in
populations. However, the finding of thousands of CNVs that collec-
tively encompass hundreds of megabases of the genome8–10 and the
numerous short indels that are identified by whole genome resequen-
cing studies27–33 have thrown doubts to the estimation of ‘99.9%
similarity’. The DNA sequences of individuals within and between
populations are genetically more diverse and varied than previously
thought.
Most of the SNPs are predicted to be neutral without functional

effects and due to their abundance in the human genome; SNPs have
become useful genetic markers in GWAS compared with other genetic
variants such as microsatellites. In addition to the finding of a myriad
of SNPs, some early reports have also documented the correlation
patterns among the SNPs in parts of the human genome.80–82

However, no large-scale effort was undertaken to study the LD
patterns in the whole genome until the initiation of the International
HapMap Project. So far, a total of 43 million SNPs have been
genotyped and validated in the Phase I and Phase II of the project.83,84

The huge number of SNPs has also created a formidable task in
genotyping because it is not technically feasible and cost effective to
genotype several million of SNPs in a GWAS even with the latest
genotyping technologies. Fortunately, SNPs are not completely inde-

pendent of each other; instead they are correlated, as has been
demonstrated by the International HapMap project. The existence
of LD significantly reduces the number of SNPs that needs to be
genotyped in a GWAS. The indirect association approach of GWAS is
dependent on surrogate markers to locate disease variants through LD.
As shown in the International HapMap Project and other published
data, about half a million SNPs are already adequate to capture most
of the SNPs that have been genotyped in the HapMap Project.
However, the genome coverage of commercially genotyping arrays is
population dependent. For example, Illumina HumanHap550 Bead-
chip, which contained B550 000 tagging SNPs, achieved genome
coverage of 87 and 83% in CEU and CHB+JTP populations, respec-
tively, but it was only 50% in YRI.85–87

The International HapMap Project has created a useful and valuable
resource for GWAS. Furthermore, the availability of HapMap data has
also driven the rapid developments in genotyping arrays, in which the
data are used to guide the tagging SNPs selection. As the Phase I
HapMap was completed in 2005, a number of genotyping arrays has
been designed and introduced into the market, and the newer arrays
have significantly improved in genome coverage and are also designed
for CNVs detection, such as the Illumina Human 1M Beadchip and
Affymetrix 6.0 SNP Arrays.49 Hence, the International HapMap
Project was a key and essential component in making the GWAS a
feasible approach.
Around the turn of millennium, there were also some intense

debates about the genetic architecture of complex diseases.88 It was
polarized into two opposing models: the common-disease common-
variant (CD/CV) versus multiple rare variant or common-disease
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Korean AK1 (Kim et al., 2009) ~3.45 million

James Watson (Wheeler et al., 2008) ~3.32 million

New indels In dbSNP

41%
59%

European P0 - this study did not detect indels

67%

50%

33%

50%

33%

38%

67%

62%

51%
49%

Han Chinese YH -135,262 (size range: 1bp to 3bp)

African NA18507 (Mckernan et al.) -226,529*

African NA18507 (Bentley et al.) -~400,000 (size range: 1bp to 16bp)**

Korean SJK -342,965 (size range: -29bp to +14bp)

Korean AK1 -170,202 (size range: -29bp to +5bp)

James Watson -222,718 (size range: 2bp to 38,896bp)

Figure 3 (a) The proportion of new SNPs identified in whole genome resequencing studies. (b) The proportion of new indels identified in whole genome

resequencing studies. *89,679 insertions up to 3bp, 124,024 deletions up to 11bp, 12,826 larger indels. 67% of small indels in dbSNP (i.e. insertions up

to 3bp and deletions up to 11bp). **Approximately 0.4 million indels were identified and it was reported that about half of the indels are corroborated by

entries in dbSNP
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rare-variant hypothesis.89 However, the CD/CV model formed the
basis of the International HapMap Project; it was clearly shown in the
Phase I HapMap, in which common SNPs have become the main
focus. Over one million SNPs with minor allele frequency 45% were
genotyped in 270 DNA samples collected from the four populations.
Even in the Phase II HapMap, common SNPs remained as the focus;
however, SNPs within minor allele frequency of 1–5% were also
chosen to be genotyped.83,84 As the HapMap data was used to develop
commercial genotyping arrays, the SNP selection has been largely
influenced by the CD/CV hypothesis. Therefore, the current GWAS
are mainly interrogating the association of common SNPs with
various complex diseases and traits.
The reason that the CD/CV model trumped the opposing model

was also due to the technologies that were available at that time.
Sanger dideoxynucleotide sequencing did not allow the survey of rarer
SNPs or point mutations in the whole genome to be carried out
efficiently. With the arrival of next generation sequencing technolo-
gies, whole genome sequencing is practical now, but still prohibitively
expensive to be done in a large sample set for association studies.
Instead, targeted sequencing of certain regions identified by GWAS, as
well as exomes, is more feasible at the moment.90,91 This approach has
been advocated by genetics community as a temporary alternative to
searching for rarer SNPs before we reach the goal of 1000 dollars per
genome, enabling thousands of cases and controls to be sequenced. In
contrast, the convenient high-throughput genotyping platforms have
enabled an efficient interrogation of several hundred thousand to one
million SNPs directly throughout the genome, which eventually
captured almost all the SNPs in the International HapMap Project
indirectly. Furthermore, it is more affordable to genotype (rather than
to sequence) the whole genome of several thousand cases and controls
for a statistically powerful association study.

FUTURE

Copy number variations
The term CNV was first introduced in 2006, and it is generally defined
as additions or deletions in the number of copies of a particular
segment of DNA (larger than 1 kb in length) when compared with a
reference genome sequence.35 The commonness of CNVs in the
human genome was under-appreciated until the first reports in
2004. The findings have also stimulated a lot of enthusiasm and
interest in the research of genetic diversity in the human populations
and resulted in a series of effort to detect CNVs in different popula-
tions. The number of publications of CNVs studies has indeed
increased greatly over the past few years.
In contrast to SNPs that have already been relatively well-cataloged

in the dbSNP, and well-studied by the International HapMap Project,
a lot more remains unclear for other types of genetic variations and to
what extent they are present in the human genome. Although the
ubiquity of CNVs in the human genome was reported several years
ago, and many more have since been found, most of the studies used
array-based detection methods that have relatively poor sensitivity
compared with sequencing-based approaches.8,9,36,92–95 These array-
based methods include bacterial artificial chromosome clones and
oligonucleotides comparative genomic hybridization arrays and SNPs
genotyping arrays. These methods are not sensitive enough to detect
smaller sizes of CNVs that are less than 50 kb in size due to the
limitations in array density or resolution.96 However, the number of
smaller CNVs is estimated to be more abundant than the larger CNVs
in the human genome.97

The poor sensitivity of array-based methods becomes apparent
when their results are to be compared with the sequencing studies.

The number of CNVs found in most of the array-based studies was in
the range of tens to several hundred per genome on average, which is
several fold lesser than the numbers that were reported in the whole
genome resequencing studies. In each of the studies, several thousands
of CNVs have been found;29–32 for example, Ahn et al. identified 2920
deletions and 963 insertions in the Korean SJK genome. Although
the improvements in SNPs density and inclusion of copy number
probes in newer genotyping arrays, such as Illumina Human 1M
Beadchip and Affymetrix 6.0 SNP Arrays, have undoubtedly increased
the performance of array-based methods to detect CNVs, the methods
overall still suffer from poor sensitivity to detect CNVs smaller than
5–10 kb.9,98 This was again clearly shown in the findings from
whole genome resequencing studies. For example, a total of 2682
structural variations (dominated by deletions) were detected in the
Han Chinese YH genome with a median length of about 0.5 kb.29 In
contrast, the median length found by array-based methods was in the
range of tens to hundreds of kilobases depending on the resolution of
the arrays. This indicates that sequencing-based methods have much
higher sensitivity to detect smaller CNVs. This also suggests that the
overall larger number of CNVs found in whole genome resequencing
studies was attributed to the better sensitivity in detecting more CNVs
of smaller sizes. In addition, it is worthwhile noting that if the
arbitrary cutoff of 1 kb is applied here, at least half of the reported
CNVs by Wang et al.29 should be labeled as indels. This further
illustrates the problems in classifying CNVs and indels into distinct
categories.

Indels
In addition to CNVs, the several whole genome resequencing studies
also identified hundreds of thousands of short indels.27–32 The
numbers reported in each study are not directly comparable, because
the analyses, detection methods and criteria used are different between
the studies. For example, for the two Korean genomes, the number of
indels found in one study is twice another one. Ahn et al.32 identified
342 965 indels within a size range of �29 to +14bp, whereas Kim
et al.31 only found 170 202 indels within �29 to +5bp. Collectively
these studies have uncovered plenty of short indels in the human
genome. Moreover, the number of indels found is likely to represent
only a fraction of the total number of indels in the human genome,
because a rather narrow size range was defined in each of the studies.
In summary, the several whole genome resequencing studies have
further revealed the richness of genetic variations in the human
genome and their numbers are more abundant than previously
expected.
It is estimated that there are 1.6–2.5 million indels in human

populations. However, no large-scale attempt was made to identify
indels until 2006, in which a study identified 415 436 indels with about
equal numbers of insertions and deletions.7 The sizes of these indels
ranged from 1bp to B10 kb (which span the ‘1 kb boundary’), thus
suggesting that the dataset is actually a mixture of indels and CNVs. In
addition, the study also found over 148 000 indels located within
known genes and several thousands of them are found in the
promoter regions and exons of genes. This means that these indels
could potentially alter gene expression levels or affect protein structure
or function. Similarly in the whole genome resequencing studies,
several hundreds of indels were also found to overlap with coding
sequences.28,31 Despite some differences in the number of indels found
in each study that overlapped with coding sequences, these studies
have provided evidence to support their putative functional roles and
also underscores the importance of investigating them in disease
association studies. The discovery effort for indels is not keeping
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pace with that of SNPs, as indels have not been well cataloged in the
dbSNP. This can be clearly shown from the proportion of new indels
found in the whole genome resequencing studies; about 50% or more
of the identified indels are not in dbSNP. In contrast, less than 30% of
the SNPs identified in the studies are new (Figures 3a and b).
Though findings from whole genome resequencing studies have

broadened our knowledge in human genetic variation, all of them
only sequenced one individual genome, rendering them unable to
investigate the population genetics of the identified genetic variants,
such as frequencies and LD patterns. This piece of information is
crucial and would be needed for future disease association studies.
Moving towards this goal, and to accelerate the process of discovery of
various genetic variations in the human genome, the 1000 Genomes
Project was conceived and initiated in 2008. This project is currently
on-going and the aim is to eventually sequence at least 1000 individual
genomes from different populations worldwide. The ultimate goal is
to build a useful resource of human genetic variations for future
disease association studies. The availability of these resources and the
genetic variations maps will certainly drive the technological develop-
ment of new microarrays or other high-throughput methods to
capture the non-SNP genetic variations in the near future, and it
will bring another revolution to the genetic studies of complex
diseases.

Copy neutral variations—inversions and translocations
The discovery of CNVs in the human genome of healthy populations
has advanced rapidly over the last few years. However, an equivalent
progress has not been seen for the detection of copy neutral variations;
this is largely due to the lack of a powerful and efficient method for a
genome-wide discovery of inversions and translocations. Unlike CNVs
that can be studied by microarrays, the detection of copy neutral
variations usually requires sequencing-based methods, and the high-
throughput sequencing technologies that have only recently been
made more accessible. In addition, inversions and translocations are
technically more difficult to detect. A relatively slower progress in the
studies of copy neutral variations is evident from the data entries
recorded in the DGV, in which more than 29 000 CNVs and nearly
20 000 indels have been reported in the database, whereas less than a
thousand inversions have been found, and no data is available for
translocations in the DGV at the moment. However, one should be
cautious with this interpretation because the numbers are not propor-
tions. As the total number of CNVs, indels and inversions in the
human genome is still unknown, therefore, the proportions of these
genetic variations that have been discovered are also unknown. The
data in the DGVare so far derived from the results of 35 studies using
array-based and sequencing-based detection methods, and other
approaches. In fact, more than this number of studies have been
performed and published for CNVs detection in various populations;
but not all their results have been cataloged in the DGV. As such, it is
apparent that the entries in the database are still far from complete.
Most of the CNV data were generated by array-based methods

(comparative genomic hybridization and SNP arrays), in which the
signal intensity information is used to detect deletions and duplica-
tions, which relied on differences in signal intensities. As a result, these
methods are unsuitable for detecting inversions and translocations
(also known as balanced chromosomal rearrangements) because they
do not lead to gain or loss of chromosomal or DNA segments. Rather,
several different strategies and approaches have been taken to try to
identify inversions in the human genome. For example, Feuk et al.99

discovered regions that are inverted between the chimpanzee and
human genomes by performing comparative analysis of their DNA

sequence assemblies. In the study, they identified about 1600 putative
regions of inverted orientation in the genomes that covered 4150
megabases of DNA sequence. The inverted regions are distributed
throughout the genomes and span the sizes from 23bp to 62Mb in
length. A number of inverted regions were also selected to be validated
by using PCR and fluorescence in situ hybridization, and out of the 23
experimentally validated inversion regions, 3 of them were found to be
polymorphic (41%) in a panel of human samples, and were known
as inversion polymorphisms.
However, a statistical method has also been developed to identify

large inversion polymorphisms using high-density SNP genotyping
data in which it is based on unusual LD patterns. The method was
developed to detect chromosomal regions that are inverted in a
majority of the chromosomes in a population with respect to the
reference human genome sequence. Although this method has worked
using the International HapMap Project data to detect inversion
polymorphisms, it has not been widely used by other studies. In any
case, this study was able to identify 176 inversions ranging from 200 kb
to several megabases in length using the Phase I data. However, their
results were not placed in the DGV.100 This, together with the study by
Feuk et al. (2005)99, also provided some supporting evidence that a
considerable portion of their detected inversions were flanked by
highly homologous repeats or segmental duplications. This suggests
that segmental duplications could be the favorite spots mediating the
chromosomal rearrangements that generate inversions.
The breakthrough in the discovery of inversions was credited to the

development of a sequencing-based method known as paired-end
mapping, and the concurrent advances in next generation sequencing
technologies. The paired-end mapping method also contributed
greatly to the mapping of CNVs in the human genome. In the
paired-end mapping method, both ends of the DNA fragments with
known sizes would be sequenced and then aligned to the human
reference genome. The principle of the paired-end mapping to detect
various structural variations is simple in theory; it is based on the
discordances in size or orientation of the DNA fragments that are to
be aligned to the reference genome. When both ends of the DNA
fragments that map to the reference genome show discordances in
terms of size, this is an indication for deletion and insertion, whereas
discordances in orientation suggests the presence of inversion.101

The power of this method to detect inversions was first demon-
strated in the study by Tuzun et al.102 by sequencing the fosmid
paired-end sequences. The study successfully identified 56 inversion
breakpoints. The same strategy of fosmid clones sequencing was also
used by Kidd et al.103 to detect structural variations in eight individual
genomes, and a total of 224 inversions were also identified. However,
this study is only the preliminary phase of a larger project that will
eventually construct and sequence the fosmid clone libraries (B40 kb
inserts) prepared from the genomic DNA of 48 unrelated females, and
bacterial artificial chromosome clone libraries (B150 kb inserts) from
14 unrelated males in the International HapMap Project.104 Therefore,
more inversions are expected to be discovered when the project is
finished. The fosmid paired-end sequencing work of these studies was
completed by traditional Sanger sequencing methods.
The first proof-of-concept study using next generation sequencing

technologies in paired-end mapping to detect structural variations was
published in 2007.105 In the study, libraries of 3-kb fragments for two
female samples from the International HapMap Project were prepared
and sequenced by Roche 454 sequencing, and they found 1297
structural variations, including 122 inversions. Using the same
approach, hundreds of inversions were also uncovered by whole
genome resequencing studies; for example, 91 and 415 inversions
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were detected in the African NA18507 genome and Korean SJK
genome, respectively.32,106 Although the progress in the discovery of
inversions is moving at a slower pace than CNVs, there is already
evidence to support their roles in human diseases.107,108

Loss of heterozygosity and homozygosity
Copy neutral LOH defines a continuous stretch of DNA sequence
without heterozygosity. It is different from a single copy deletion
which could also lead to the absence of heterozygosity. More speci-
fically, extended homozygosity is essentially copy neutral LOH, but it
encompasses a large region of at least 1Mb. Again, the distinction
between the two categories is solely based on the length of DNA
sequence without heterozygosity. Currently, there is no consensus on
the definition of extended homozygosity. Previous studies have
focused on homozygosity regions larger than 1Mb, so the true level
of homozygosity in the human genome could be underestimated.2,109

The information regarding the extent of LOHs in the human
genome is even less compared with indels and CNVs, but their
potential impact on complex diseases could also be as much as
other genetic variations. Although the biomedical significance of
regions of homozygosity to complex diseases remains largely unex-
plored, some schizophrenia studies have already shown significant
differences in homozygosity regions between cases and controls in a
genome-wide study.22 More importantly is that the study has demon-
strated the feasibility of using the homozygosity mapping approach to
identify susceptibility loci and genes for complex diseases. This also
highlights the need to further investigate and catalog the extent of
LOH and homozygosity in the human genome. Similar to other
genetic variations, LOHs definitely have the potential of being the
genetic markers in future GWAS. Although homozygosity mapping
has not been widely applied for most of the complex diseases, this
approach is commonly used to interrogate the genetic basis of cancers
to identify cancer-associated genes.110,111

The ubiquity of homozygosity in the genomes of outbred popula-
tions has not been well documented. Previously, only a few studies
reported an abundance of homozygosity in the human genome with
frequent occurrence in genomic regions with extensive LD and low
recombination rates.2,109 Three widely discussed possibilities that led
to the commonness of homozygosity are parental consanguinity,
uniparental disomy and autozygosity. One previous study had demon-
strated that the number of homozygosity regions increased markedly
in the offspring of consanguineous marriages.112 However, this is
unlikely in outbred populations in which parental consanguinity
is rare.
Uniparental disomy can be divided into two types: uniparental

isodisomy and uniparental heterodisomy. Only the former situation
can cause homozygosity as the child inherits two identical copies of a
chromosome segment from only one parent.113 This is also an unlikely
explanation for the abundant homozygosity given that uniparental
disomies are rare genetic abnormalities that can cause severe and rare
genomic disorders, such as Prader–Willi Syndrome and Angelman
Syndrome. This assumption is further supported by previous research
that found extended homozygosity to be generally not due to genetic
abnormalities.114 Using this reductionist approach, autozygosity seems
to be the most likely process responsible for the commonness of
homozygosity in the human genome. Autozygosity is a situation in
which common ancestral haplotypes are inherited from both parents.
Hence, extended homozygosity seems likely to have occurred as a
result of common haplotypes, present in high frequencies in the
population, which are passed on by chance from both parents to
the child. This is further supported by previous findings of no excess

apparent deviation from Mendelian transmission in extended homo-
zygosity.109,114

THE FUTURE GENETIC VARIATIONS MAP

The significance of the 1000 Genomes Project for future disease
association studies is tremendous. Although SNPs have been widely
used as the genetic markers in GWAS to search for disease variants,
evidence has started accumulating to suggest that (common) SNPs
alone are unlikely to account for all the heritable risk of complex
diseases. Concurrently, the amount of data showing the associations of
CNVs with complex diseases has been growing.19–21 Similarly, the
importance of rare variants in complex diseases is also being recog-
nized.56,90,115,116 This implies that future disease association studies
need to interrogate non-SNP and rare genetic variations as well, and
for this to be feasible, a detailed catalog of human genetic variations is
a prerequisite. Common SNPs are well documented in the dbSNP, but
rarer SNPs (or lower frequency SNPs) are still under-represented in
the database and the information of indels and structural variations is
far from complete.
Unlike the whole genome resequencing studies of individual gen-

omes, the 1000 Genomes Project is a large scale population-based
sequencing study that enables studies of the population properties of
genetic variations and their LD patterns. This information will be
required to design next generation genotyping arrays to select surro-
gate markers that are not only able to tag for SNPs, but also to
efficiently to capture indels and CNVs as well. This development will
certainly widen the scope of genetic variations interrogated in GWAS.
In fact, data have shown that CNVs could be tagged by SNPs through
LD,9,10,117 but a detailed and in-depth investigation of their LD
patterns can only be done when most of the SNPs, indels, CNVs
and other genetic variations have been identified. In-depth studies of
LD among different genetic variations is important, as the finding of
the 20-kb deletion located upstream of the IRGM gene for Crohn’s
disease has demonstrated the efficiency of using SNPs as surrogate
markers to identify non-SNP genetic variants.118 Other examples
include the finding of a 45-kb deletion that is in perfect LD with
BMI-associated SNPs in NEGR1.119

It is less likely that the number of indels and CNVs will reach several
millions similar to the SNPs, but the total number of nucleotides
encompassed by these genetic variations has already far exceeded that
of the SNPs. Given their abundance in the human genome as found by
the whole genome resequencing studies, their total nucleotide com-
position and functional impact on gene expression levels,11,120,121 they
could potentially account for some or even a substantial portion of the
inherited risk of complex diseases.
A comprehensive interrogation of genetic variations is essential

because GWAS is an indirect approach to identify disease variants;
therefore, its success is dependent on whether surrogate markers that
are in strong LD with the disease variants are included in the studies.
The LD information between SNPs, indels, CNVs and other genetic
variations is valuable because it is more efficient to interrogate or
capture indels and CNVs through LD by genotyping a number of
SNPs, rather than by locating the probes within the copy number
variable regions and detecting them through signal intensity differ-
ences. If the number or fraction of ‘untaggable’ indels and CNVs is
considerable, then other high-throughput methods or microarrays can
be developed to complement the content of next generation SNPs
genotyping arrays. Besides driving the development of more efficient
genotyping arrays to interrogate SNPs and non-SNP genetic varia-
tions, the data from the 1000 Genomes Project will also accelerate the
fine mapping work in the regions identified by GWAS and improve
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the imputation powers because a much more complete reference set of
genetic variations will be available for imputing.

THE CURRENT STATUS OF GWAS

Genome-wide association study is a comprehensive and biologically
agnostic approach to searching for unknown disease variants, and as
demonstrated in more than 450 studies, this strategy has been very
successful in identifying new genetic loci for various human complex
traits. Most of the genes and loci that have been identified are not
previously thought to be associated with their respective diseases.122–
125 More importantly, the GWAS findings have also provided new
insights into the molecular pathways of complex diseases even when
most of the disease causative variants remain to be discerned from the
neighboring correlated markers. For example, the three new genes that
have been linked to Crohn’s disease: IL23R, ATG16L1 and IRGM have
highlighted the importance of interleukin-23 receptor and autophagy
pathways underlying the pathophysiology of this chronic inflamma-
tory bowel disease.126,127 Notably, GWAS have been making some
significant advances in our understanding and knowledge of the
genetic basis of human complex diseases compared with the pre-
GWAS approaches (that is, the candidate gene association and linkage
studies).
Most of the risk alleles that have been identified by GWAS are

common (allele frequency 45%) and confer small effect sizes (odds
ratio o1.5).17,18 However, this observation is not really reflecting the
true allelic frequency spectrum of complex diseases. This is because for
any given sample size, association studies have higher statistical power
to find associations with common SNPs. The other reason is that the
rarer SNPs (allele frequencyo5%) are not well-covered either directly
or indirectly through LD by the markers in Illumina and Affymetrix
genotyping arrays, so they remain unexplored for disease association.
The design of GWAS and SNPs selection in commercial genotyping
arrays have been largely driven by the CD/CV hypothesis.
Due to their small effect sizes, collectively the identified risk alleles

only explain a small portion of the total inherited risk for the diseases.
For example, all the type-2 diabetes risk alleles that are identified by
GWAS cumulatively only account for B5% of the heritability, and
similarly for other diseases, only a small proportion of the heritability
was accounted for.128 The unexplained or missing heritability has been
a major concern in the field, leading to the skepticism of the promise
of GWAS to fully decipher the genetic basis of complex diseases.
Nevertheless, it is noteworthy that GWAS have only interrogated a
fraction of the total genetic variations in the human genome.
The genetic architecture of complex diseases remains elusive; it is

unclear how much each type of genetic variation contributes to
inherited risk and the relative proportion of rare versus common
variants. If non-SNP genetic variants or rarer SNPs constitute most of
the genetic component of complex diseases, then GWAS using the
current genotyping arrays would be likely to miss them, simply
because they are not covered directly by the genotyping arrays. How
much they can be tagged through LD by the markers on the arrays still
needs further investigation. Regardless, it is important to continue
investigating other genetic variations to discover additional disease
associated variants to explain the heritability.

INADEQUATE COVERAGE OF GENETIC VARIATIONS IN GWAS

All the GWAS rely heavily on the commercial genotyping arrays from
Illumina and Affymetrix to comprehensively genotype several hun-
dred-thousand of common SNPs. These genotyping arrays have near
complete coverage of the 43 million SNPs genotyped by the Inter-
national HapMap Project in CEU and CHB+JPT populations.85–87

The HapMap Project SNPs are either genotyped directly or tagged
indirectly through LD with one or more SNPs on the arrays. Never-
theless, the HapMap SNPs are only a subset of the entire collection in
the dbSNP, and currently there are more than 10 million SNPs
cataloged in the database. More than half of the SNPs in dbSNP
have not been studied for association with complex diseases directly
and the number of these SNPs that are covered indirectly through LD
by the genotyping arrays is unclear. It is noteworthy that the current
GWAS only investigate a portion of the SNPs and the non-SNP
genetic variations are likely not well studied for disease associations.
Furthermore, SNPs are not the only type of genetic variation in the

human genome. Although the roles of non-SNP genetic variations in
disease susceptibility remain largely unexplored, associations of CNVs
with complex diseases such as schizophrenia, autism, autoimmune
disorders, HIV infection and cancers have already been established
from both candidate gene and genome-wide approaches.56,115,129–132

The amount of evidence is expected to increase in the near future,
when we have a better understanding of the characteristics of
non-SNP genetic variations and a more comprehensive map of
them constructed upon the completion of 1000 Genomes Project,
and when more efficient and accurate methods are available to detect
and study them. One major limitation of the current GWAS using the
commercial genotyping arrays is that it covers only a portion of the
total genetic variations, thus a substantial false negative rate is likely
due to incomplete interrogation of all the genetic variations for disease
association. For future studies, the focus should be directed on
studying other genetic variations that have not yet been interrogated
by the GWAS, such as tandem repeats, indels, inversions and CNVs,
although it is highly dependent on the development of the technol-
ogies and methods of detection and analysis.
It is also obvious from the results of GWAS that the common SNPs

are unable to account for the total inherited risk of a complex disease.
However, it is not clear how much heritability can be attributed to
rarer SNPs (o1–5%) at the time. Rarer SNPs are not well-covered by
the GWAS or the genotyping arrays, as a result, they have not been
intensively studied for disease association. Fortunately, the current
genotyping arrays seem to work fine for detecting rare CNVs for
diseases.56,115 The evidence linking complex diseases and traits to
multiple rare variants has also been growing; for example, for schizo-
phrenia,56,115 high-density lipoprotein cholesterol level133,134 and
type-1 diabetes.90 This implies that the rare variants (both SNP and
non-SNP) should not be neglected in future studies. Sequencing
approaches will improve their detection, and consequently offer a
better understanding of the genetic architecture of complex diseases.
The advances in sequencing technologies enable researchers to
study a wider spectrum of genetic variants compared with genotyping
methods.

CONCLUSIONS

The ultimate goal of GWAS is to correlate the genotype with disease
phenotype, and to identify all the genetic variations that are associated
with the diseases. To achieve this, most of the genetic variations in the
human genome have to be first identified. It is essential to identify and
validate all the genetic variations in the human genome in population-
based studies, and catalog them properly in databases, so they can be
used as the genetic markers for future disease association studies.
Currently, we are moving towards these goals with the on-going 1000
Genomes Project, and only with the availability of a very detailed and
near complete map of all genetic variations will it be feasible to
perform a truly comprehensive search for the disease causing variants
throughout the human genome.
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