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Single nucleotide polymorphisms (SNPs) are the most abundant and simple form of DNA 
variation. Analyses of SNPs in the human population have the potential to greatly improve 
human health, both by predicting susceptibility to disease and guiding choice of therapy. 
This review describes new tools for SNP discovery, and current and emerging technologies 
for large-scale SNP analysis, as well as providing a guide to choosing the best approach for 
SNP analysis.

There are several types of variations at the
genome level in individuals. The ultimate goal
is to drive the cost of genome sequencing down
to a US$1000 level in order to map all types of
variations in a genome. However, this might
take more than a decade and several strides
need to be taken before reaching this goal.
Analyses of the most common type of genetic
variation, single nucleotide polymorphisms
(SNPs), provide a significant amount of infor-
mation about an individual. There are approxi-
mately 10–20 million SNPs occurring
commonly in the human genome. The short-
term objective is to discover the most common
SNPs and analyze the most informative ones for
comprehensive genetic analyses. A series of per-
formance metrics are now commonly applied to
measure the quality of genotyping data gener-
ated by different techniques. ‘Conversion rate’
is a measure of the SNPs in the genome that can
be assayed, and is a function of both the quality
of the SNPs chosen and the technology used to
score them. In addition, some SNPs can be
rejected in silico, prior to probe synthesis. The
‘call rate’ for a given marker is the percentage of
DNA samples in a study whose genotype is suc-
cessfully measured. For a set of converted SNPs,
the percentage of total genotypes returned
across all markers is defined as the ‘complete-
ness’ of the study. Finally, ‘accuracy’ is the per-
centage of the genotypes that are correct. This
review focuses on the major technologies cur-
rently in use or under development for compre-
hensive genomic analyses (it is not the paper’s
purpose to cite all the available technologies).

SNP discovery
A key area of investigation in genetics is discov-
ery of novel SNPs. The nature of previously
discovered SNPs has thus far been determined

by DNA sequencing. Comparative genomic
and genetic [1–3] tools have been used for large-
scale extraction of SNPs. Currently, more than
10 million SNPs have been identified covering
the most common polymorphisms. The first
step toward understanding the nature of a vari-
ation is DNA sequencing. Here, the current
and future methodologies that are impacting
the way we discover and analyze these single
variations shall be reviewed.

DNA sequencing approaches
Since the invention of robust DNA sequencing
less than three decades ago, the technique has
revolutionized the way we study biology. In the
first two decades, DNA sequencing cost was
reduced by three orders of magnitude, and that
enabled the sequencing of the human genome.
Currently, the cost of sequencing a mammalian
genome is approximately US$5–10 million
(according to RFA-HG-04-002 released by the
US National Institutes of Health [NIH]). The
cost should be further reduced to find popula-
tion-specific polymorphisms and, subse-
quently, to enable the profiling of individual
genomes. Integration and miniaturization are
the most common efforts in cost reduction of
current sequencing technologies. Several dif-
ferent technologies have the potential to make
a major impact in the realization of individual
genome profiling.

Miniaturization of conventional 
DNA sequencing
Conventional DNA sequencing consists of a
multistep process to produce DNA fragments,
each differing by a single nucleotide, which are
normally then analyzed by capillary electro-
phoresis [4]. Although more than 200 genomes
have thus far been sequenced, this technique
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faces limitations in terms of cost, time and
throughput for future applications. Retaining
the advantages of current DNA sequencing
methods (i.e., well-developed community infra-
structure, commercial availability of reagents and
existing analysis software) Microchip Biotech-
nologies, Inc. [201] is developing a completely
automated, bench-top system based on the
Sanger method for sequencing. The heart of the
system will be a microchip-based device that can
label and process DNA fragments from individ-
ual microbeads in low-volume reactions, fol-
lowed by ultra-fast separation and analysis on
microfabricated capillary electrophoresis chan-
nels. This technique may reduce the cost of
Sanger DNA sequencing to approximately
US$100,000 for individual genomes.

Emerging DNA sequencing techniques
Hybridization-based technique
The hybridization-based technique, sequencing
by hybridization (SBH), was proposed by several
groups more than 15 years ago [5–7,101]. This tech-
nology is still under development for producing
robust de novo data for genome-scale sequencing.
The basic principle of SBH involves the use of dif-
ferential hybridization of oligonucleotide probes
to decode a target DNA sequence. The most com-
mon approach involves immobilizing the DNA to
be sequenced on a solid support and then per-
forming serial hybridizations with short probe oli-
gonucleotides (5–6 nucleotides long). The extent
to which specific probes bind can be used to infer
the unknown sequence. The strategy has been
applied to both genome resequencing and de novo
sequencing [6,8]. Affymetrix and its spin-off Perle-
gen have pioneered a different approach to SBH
by hybridizing sample DNA to high-density oli-
gonucleotide arrays [9]. The current maximum
density of Affymetrix arrays is about one oligonu-
cleotide feature per 5 micron square, where each
feature consists of roughly 100,000 copies of a
defined 25 base pair (bp) oligonucleotide. For
each bp of a reference genome to be resequenced,
there are four features on the chip. By hybridizing
labeled sample DNA to the chip and determining
which of the four features yields the strongest sig-
nal for each bp in the reference sequence, a DNA
sample can be rapidly resequenced. Miniaturiza-
tion, bioinformatics and the availability of a refer-
ence human genome sequence has permitted
Perlegen to greatly extend this approach and
develop an oligonucleotide array for resequencing
the human chromosome 21 [10], and more
recently the whole genome [11]. SBH technology

possesses a unique set of advantages and chal-
lenges. It can be used to obtain an impressive
amount of sequence (> 109 bases) from many dis-
tinct chromosomes. The primary challenge that
SBH will face is the cross-hybridization of probes
to incorrect targets due to repetitive elements or
chance similarities. These factors render a sub-
stantial fraction of chromosome 21 (> 50%) inac-
cessible [10], and might also contribute to the 3%
false-positive SNP detection rate observed in that
study. It is also worth noting that SBH still
requires sample preparation steps, as the relevant
fraction of the genome must be PCR-amplified
prior to hybridization. Despite the low conversion
rate achieved by this technique as a result of it
being able to detect most of the polymorphisms,
this technology provides the most inexpensive
means of polymorphism discovery. As a part of
the HapMap project, Perlegen is going to release
more than four million SNPs (using its resequenc-
ing technology) in the coming year, in addition to
the original one million released by the Hapmap
community [202]. These SNPs will provide a com-
prehensive means of genome scanning with the
Affymetrix 500,000 chip for SNP genotyping,
which is being released.

Pyrosequencing
Pyrosequencing relies on the real-time detection
of inorganic pyrophosphate (PPi) released on
successful incorporation of nucleotides during
DNA synthesis. PPi is immediately converted to
adenosine triphosphate (ATP) by ATP sulfury-
lase, and the level of ATP generated is detected
via luciferase-producing photons. Unused ATP
and deoxynucleotides are washed in the three-
enzyme system of pyrosequencing [12] and
degraded in the four-enzyme system of pyrose-
quencing [13] by the nucleotide-degrading
enzyme apyrase (Figure 1). The presence or
absence of PPi, and therefore the incorporation
or nonincorporation of each nucleotide added, is
ultimately assessed on the basis of whether or not
photons are detected. 454 Life Sciences has min-
iaturized the three-enzyme system of pyrose-
quencing, enabling more than hundreds of
thousands sequencing to be performed on a sin-
gle chip. This revolutionary technology is 100
times faster than the conventional capillary-
based sequencing and is able to deliver more
than 20 million bases of high-quality DNA
sequence in only 4 h, with close to 20 times less
the cost of terminator-based capillary sequencing
[203]. An integrated platform for inexpensive
genome sequencing using pyrosequencing is
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under development using immobilized DNA on
beads that have been isolated in microwells
equipped with a complementary metal oxide
semiconductor (CMOS) image sensor [14]. This
technique may reduce the cost of genome
sequencing to a few thousand dollars.

Proposed DNA sequencing techniques
Other sequencing-by-synthesis techniques
Sequencing-by-synthesis (SBS) methods gener-
ally involve enzymatic extension by polymerase
through the iterative addition of nucleotides.
Each nucleotide addition, called a cycle, only
queries one or a few bases, but thousands or mil-
lions of features can be processed in parallel
when the assay is performed in array format.
These array features may be ordered or randomly
dispersed. The progression of the primer strand
can be monitored either by fluorescence using
labeled nucleotides, or enzymatically using natu-
ral nucleotides such as in pyrosequencing [15].
Several groups reported on SBS using fluorescent
nucleotides more than a decade ago [16,17,102].
Other groups have made advances in microfabri-

cation and integration of SBS using fluorescent
nucleotides. Most notable is the work performed
by Church and coworkers [18,19]. All of the
above-mentioned SBS methods require an
amplification step prior to sequencing, in order
to achieve the required signal fidelity. Several
companies have worked on developing single-
molecule DNA sequencing techniques based on
SBS, most notably Solexa [204], Genovoxx [205],
Nanofluidics  [20,206], and Helicos [21,207]. A
method for sequencing single molecules of DNA
directly would eliminate the need for costly and
often cumbersome procedures, such as cloning
and PCR amplification, and also avoid the prob-
lem of asynchrony during extension. Although
SBS on single molecules may potentially
decrease the costs to US$1000 per genome, so
far there has been limited published data by
these companies to support it (Solexa, Gen-
ovoxx, Nanofluidics, and Helicos were started in
1998, 2000, 2003, 2003, respectively). There are
two other companies, Visigen [208] and Li-Cor
[103,209], attempting to engineer DNA polymer-
ases or fluorescent nucleotides to provide real-
time, base-specific signals, while synthesizing
DNA at its natural pace.

Non-enzymatic single-molecule DNA sequencing 
Another single-molecule approach is nanopore
sequencing [22–24]. As DNA passes through a nano-
pore, different bps obstruct the pore to varying
degrees, resulting in fluctuations in the electrical
conductance of the pore. The pore conductance
can therefore be measured and used to infer the
DNA sequence. The accuracy of base calling
ranges from 60% for single events to 99.9% for 15
events [25]. However, the method has thus far been
limited to the terminal bps of a specific type of
hairpin. This method has a great deal of long-term
potential for extraordinarily rapid sequencing with
little to no sample preparation. However, it is likely
that significant pore engineering will be necessary
before a single-base resolution can be achieved.

Other SNP discovery techniques coupled 
with DNA sequencing
In vivo mismatch repair detection for 
variation scanning
Recently, a new technique called in vivo mis-
match repair detection (MRD) [26] was devel-
oped to enrich for variant alleles (Figure 2). MRD
detects variants utilizing the mismatch repair sys-
tem of Escherichia coli [210]. A specific strain is
engineered to sort a mixture of transformed frag-
ments into two pools: those carrying a variation

Figure 1. Schematic presentation of the enzyme reaction in 
pyrosequencing.

As a result of nucleotide incorporation PPi is released. This is immediately 
converted to ATP by ATP sulfurylase and sensed by luciferase. In the three-
enzyme system, added nucleotides and the generated ATP are removed by 
washing, while in the four-enzyme system they are removed by apyrase.
ATP: Adenosine triphosphate; d: Deoxyadenosine 5'-triphosphate; 
PPi: Inorganic pyrophosphate. 
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and those that do not. MRD has been described
before as a method for multiplex variation scan-
ning [27]. This technique has proven to be an
excellent enrichment method for dideoxy termi-
nator sequencing, in order to discover rare and
common variant alleles in normal and disease
populations. The cost of deep sequencing has
been reduced 70-fold. In addition, rare muta-
tions and SNPs can be identified, as each bacte-
rial colony represents only one allele. In this way,
homozygous sequencing traces are obtained.
One of the main advantages of using MRD for
finding genes associated with disease is the abil-
ity to enrich the genes containing rare muta-
tions, rare SNPs, common mutations and
common SNPs, as they will appear in individual
colonies on the MRD variant plate. This is the
unique feature of this technique, which is not
possible with standard sequencing, as these
mutations and SNPs are often missed in single-
pass DNA sequencing without enriching the
DNA fragment with MRD.

High-throughput mass spectrometry for
SNP discovery
Recently, a comparative sequencing strategy
based on matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-
TOF MS) was described that enables analyses of
complete base-specific cleavage reactions of a
target sequence [28,29]. In this technique, the tar-
get is converted to a DNA/RNA mosaic struc-
ture after PCR amplification using in vitro
transcription. Cleavage with defined specificity
is achieved by ribonucleases. The set of cleavage
products is subjected to mass spectrometry
without prior fractionation. The presented rese-
quencing assay is particularly useful for SNP
discovery. Using this technique in combination
with mass spectra from four complementary
cleavage reactions, 98% of all possible
homozygous and heterozygous SNPs in target
sequences, with a length of up to 500 bases,
have been detected. The throughput of this
technique is comparable with conventional

Figure 2. A schematic of the MRD SNP discovery process.

Genomic DNA samples are pooled together and PCR amplicons are generated. PCR amplicons from the 
reference template and the template to be tested are hybridized and cloned. Mutation sorter strain enriches 
the mutations which are subsequently sequenced.
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DNA sequencing, while the read-length is much
shorter and the accuracy of this technique in
large-scale studies has not yet been determined.

Denaturing high-performance liquid 
chromatography
Denaturing high-performance liquid chroma-
tography (DHPLC) is based on the formation of
homoduplex and heteroduplex products in the
absence and presence of differences in DNA
sequence and analysis by ion-pair reversed-phase
liquid chromatography, under partially denatur-
ing conditions [30]. A mixture of two or three dif-
ferent DNA segments from unpurified PCR
reactions is heated to cause them to denature,
and then cooled gradually to reanneal to form
homo- and heteroduplexes. The PCR mixture is
injected into a DNA column and then eluted by
a linear acetonitrile gradient. Based on the col-
umn retention times, the heteroduplexes (variant
DNA fragments), which are less stable, elute
faster than homoduplexes (identical DNA frag-
ments). Both hetero- and homoduplexes are
detected by an ultraviolet absorbance detector at
254 nm, and the resulting chromatograms are
compared for mutation detection [31,32]. Despite
the fact that this technology enables more accu-
rate polymorphism discovery, it is laborious and
not applicable for large-scale projects. Including
labor costs, it will be cheaper and faster to
perform brute-force sequencing.

SNP genotyping techniques
Overall, SNP genotyping techniques can be
divided into two major categories: singleplex to

lowplex, and highly multiplexed technologies.
Major singleplex-to-lowplex technologies
include: pyrosequencing [33], single-base exten-
sion techniques [34], mass spectrometry-based
techniques [35,36], Invader assay [37,38], and Taq-
man assay [39–41]. All these techniques, except
Invader technology, require amplification prior
to genotyping. More advanced technologies,
which have allowed highly multiplex assay
include: molecular inversion probe (MIP) assay
[42,43], and oligonucloetide ligation assay (OLA)
[44]. These techniques circumvent the amplifi-
cation step prior to genotyping, enabling a high
level of multiplexing. Whole-genome sampling
assay (WGSA) was also recently developed,
allowing highly multiplex SNP analysis [45,46].
A modification of the latter technique was
recently introduced that enables custom geno-
typing, called multiplexed anchored runoff
amplification (MARA) [47].

Low-to-medium throughput genotyping 
techniques
TaqMan assay
The TaqMan® assay is a microtiter plate-based
fluorescent read-out system that uses an allele-
specific hybridization method to discriminate
between alleles (Figure 3). This assay was devel-
oped based on the 5′ nuclease activity of Taq
DNA polymerase, which cleaves the oligonu-
cleotides hybridized to the DNA template dur-
ing replication [39–41]. Taqman is considered as
a simple, homogenous, and single-step geno-
typing assay. For SNP genotyping, one pair of
TaqMan probes and one pair of PCR primers

Figure 3. Schematic representation of a Taqman® assay.

The complimentary probe is cleaved during PCR reaction and the probe-specific fluorescence is released.
F: Fluorescence; Q: Quencher.
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are used. Two TaqMan probes differ at the pol-
ymorphic site, with one probe complementary
to the wild-type allele and the other to the var-
iant allele. A 5′ reporter dye and a 3′ quencher
dye are covalently linked to the wild-type or
variant allele probes. The probe that perfectly
matches the DNA target is cleaved by Taq
DNA polymerase, resulting in the release of
the reporter dye from quencher dye and an
increase in reporter fluorescence intensity. Spe-
cific genotyping is determined by measuring
the signal intensity of the two different
reporter dyes after the PCR reaction. In addi-
tion to detecting SNPs, small gene deletions
and insertions can also be identified by this
method [48]. The TaqMan probes that were
modified with minor groove-binding mole-
cules increased the affinity for the target and
enhanced allele discrimination rate [49]. Since
the target amplification and genotype determi-
nation are both carried out into a single step,
this alleviates the need to process and purify
PCR product and reduces the time for geno-
typing assay. The main limitations of this
method are the high cost of the florescence-
labeled probes, the requirement to design and
optimize probes for each specific polymor-
phism, and limited throughput. This technol-
ogy is mostly suitable when large number of
samples need to be genotyped for a limited
number of polymorphisms.

Single-base extension assay
Single-base extension assay (SBE) is a simple
method that can be adapted to different detec-
tion formats (Figure 4). SBE assay, also known as
mini-sequencing, is based on the DNA synthe-
sis activity where a DNA strand or primer is
extended one bp at the 3′ end. If the 3′ base
matches and pairs with DNA, the DNA
polymerase will add a new base to the strand.
When the extending base does not carry the 3′-
hydroxyl group (3′-OH) no more base can be
added and the DNA synthesis terminates [4].
Similar to regular DNA sequencing, mini-
sequencing is an efficient way to detect SNPs
through the addition of specific nucleotides to
a single primer [34]. Several SNP markers can
be analyzed in parallel by the use of locus-spe-
cific primers and analyzing the allele-specific
incorporation of labeled nucleotides. To
increase the throughput, new sets of reaction
products can be loaded onto the same gel.
Recently a modified SBE assay, called arrayed
SBE, was developed at Stanford Genome
Center, which has been optimized to do paral-
lel SNP genotyping of many samples at much
lower cost [50]. Overall, gel-based genotyping
assays are relatively straightforward and are
useful when dealing with a small number of
samples. The methods are labor-intensive and
require experienced and skilled technical staff
for final analysis.

Figure 4. Schematic representation of a single-base extension assay.

Specific SBE primers anneal to the nucleotide upstream of the polymorphic site. The incorporation of ddNTPs 
labeled with different fluorescent dyes terminate the reactions, and the released fluorescence signal can be 
detected by different methods.
SBE: Single-base extension; ddNTPs: Dideoxynucleoside triphosphates.
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One popular alternative detection system for
SBE is MS (Figure 5). The most common form of
MS for genotyping is MALDI-TOF. MS yields
precise information on the molecular mass of the
DNA fragments. The procedure can be fully
automated, and both DNA strands can be ana-
lyzed in parallel [35,36]. Unlike the fluorescent
genotyping methods described above, MS offers
specificity and accuracy without requiring spe-
cially labeled probes or primers. One disadvan-
tage of this technique is that it requires purified
samples free of ions and other impurities, thus
increasing the technical time and sample
processing costs. PCR can be performed in 1 μl
reactions directly in the chip wells in parallel.
The PCR product can be detected in situ using
MALDI MS. This miniaturization technique has
the potential for medium throughput, low-cost
genotyping. A chip-based genotyping method
using MS was recently published providing data
on more than 200,000 SNPs across the genome
[51]. The advantages of MS are: its speed, high
accuracy, low background, and internal standard
for calibration. The disadvantages of this

method are the high cost of the instrument and
the entire analytical process. There are several
vendors for mass spectrometers including; Agi-
lent, Applied Biosystems, Brukers, GenTech,
Hitachi, JEOL, Keratos, LECO, Micromass,
Shimadzu, ThermoFinnigan, Varian and Waters.

Pyrosequencing for genotyping
Pyrosequencing for genotyping has been
widely used for polymorphism analyses.
Recent advances include multiplex genotyping
[52], allele frequency studies [53] and introduc-
tion of pyrosequencing Gold chemistry which
uses single-stranded DNA-binding proteins in
the enzyme mix [54]. The advantage of this
chemistry is that it detects SNPs in the context
of the surrounding sequence. This guarantees
that each individual analysis is correct, without
the need for other controls. Current machines
enable genotyping of up to 13,000 SNPs per
day, covering low to medium throughput
demands. A disadvantage is that it requires a
specialized machine to perform the analysis,
which is relatively expensive.

Figure 5. Schematic representation of a Sequenom MassExtend assay.

The hME assay from SEQUENOM® [211] uses a beadless, label-free primer extension chemistry to generate allele-specific products. In a 
series of reactions the amplified DNA template is dephosphorylated, then hME primer extension reaction generates allele-specific primer 
extension products 1–4 bases longer than the original ME primer. The extended primers are then cleaned by resin and transferred into the 
MALDI-TOF for mass analysis, and the genotypes are determined by a MassARRAY™ RT software.
hME:  Homogenous MassEXTEND™; MALDI-TOF: Matrix-assisted laser desorption ionization with time-of-flight detectors; 
SNP: Single nucleotide polymorphism.
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Invader assay
The Invader® assay (Third Wave Technologies,
Inc., WI, USA) is an attractive fluorescence reso-
nance energy transfer (FRET)-based genotyping
method with the potential to genotype SNPs
without PCR amplification. A fluorescent probe
and upstream (Invader) oligonucleotide hybridize
to the target DNA and create a 1 bp overlap

(flap). The Invader assay depends on cleavase
enzymes (Flap endonucleases) that cleave the mis-
matched regions of DNA [37,38]. Invader assays
are conducted isothermally, and a linear increase
in signal over time will be produced (Figure 6).
Each cleavage product then serves as an Invader
oligonucleotide in a secondary reaction, where it
directs the cleavage of a combined labeled FRET

Figure 6. Shematic representation of an Invader® assay.

A. The perfect match between probe and target DNA results in the formation of an invasive complex that is 
recognized by the cleavase enzyme and releases the 5’ flap, which functions as an invader probe in the 
secondary reaction to produce fluorescence. B. The probe and target DNA fail to hybridize and do not 
generate the invasive structure that is recognized by the Cleavase enzyme.
F: Fluorescence; Q: Quencher.
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probe-template construct [55]. This secondary oli-
gonucleotide probe is 5′ end labeled with the
donor fluorophore, which is quenched by an
internal acceptor dye. When the DNA is cleaved,
the donor and acceptor dyes are no longer in close
proximity, the quenching is abolished, and fluo-
rescence is generated. Assays are read with a fluo-
rescence plate reader, and genotypes are assigned
after determination of the net wild type/variant
signal ratio for each sample [56,57]. The Invader
assay (invasive cleavage reaction) can be used for
genotyping directly from human genomic DNA
without any PCR amplification of the target
DNA. In this method the probe oligonucleotides
labeled with a  fluorescent and a quencher are
coated on a polystyrene microsphere surface.
After the genomic DNA is applied to the micro-
spheres, the invasive cleavage reaction generates a
fluorescent signal on the surface of the micro-
spheres that is analyzed by the flow cytometry
[58,59]. The disadvantage of invasive cleavage reac-
tion is that a high concentration of genomic
DNA (25–35 μg) is needed for each reaction.

High-throughput genotyping techniques
Molecular inversion probe
In molecular inversion probe (MIP) a single oli-
gonucleotide probe with recognition sequences at
each terminus is hybridized with a genomic target
sequence, such that it forms a circular structure,
with the ends of the probe abutting, leaving a sin-
gle base gap at the location of a SNP [42,43]. This
gapped-duplex is then tested in four separate
reactions, each with a single deoxynucleoside tri-
phosphate (dNTP) species present, in which suc-
cessful polymerization/ligation provides allelic
differentiation. The probes are subsequently
released from the genomic DNA and those that
have been covalently circularized in the correct
allele/nucleotide reaction combinations are
amplified using a ‘universal’ PCR primer pair.
Each amplified probe contains a unique tag
sequence that is complementary to a sequence on
the universal tag array. Tags have been selected to
have a similar thermal stability (Tm) and base
composition, and to be maximally orthogonal in
sequence complementarity. Amplicons are fluo-
rescently labeled and the tag sequences are
released from the genome homology regions
using a restriction endonuclease treatment. The
tags are then detected using a complementary tag
array (Figure 7). A level of multiplexing of  22,000
SNPs scored per assay has been performed with
MIP, without any reduction in accuracy and
conversion rate of this technology.

Oligonucleotide ligation assay
The oligonucleotide ligation assay (OLA) relies
on hybridization with specific oligonucleotide
probes that can effectively discriminate between
the wild-type and variant sequences (Figure 8).
Three oligonucleotides are used in OLA: two
allele-specific oligonucleotide probes (one spe-
cific for the wild-type allele and the other spe-
cific for the mutant allele) plus a fluorescent
common probe. The 3′ ends of the allele-specific
probes are immediately adjacent to the 5′ end of
the common probe. Two approaches have
emerged enabling multiplexing of OLA:
SNPlex™ and GoldenGate™ assay [60].

SNPlex: This technique has been developed
by Applied Biosystems and is based on OLA.
The ligase reaction is performed, followed by a
multiplex PCR and capillary gel electrophore-
sis. The two OLA probes have 5′-tags comple-
mentary to a universal PCR primer pair. The
SNPlex system’s multiplexed OLA/PCR assay,
along with the ZipChut™ Mobility Modifier
probes, apply spatial separation and multi-color
fluorescence technology to detect each allele
and reduce the need to optimize the assay. This
system allows for multiplexed genotyping of 48
SNPs simultaneously in a single biological sam-
ple, and can detect 4500 SNPs in parallel. Gen-
otyping detection is performed with Applied
Biosystems 3730 and 3730xl platforms. The
technique is mostly suitable for medium to
high throughput genotyping.

GoldenGate assay: This method is based on
a highly multiplexed, allele discriminating,
extension reaction (OLA-based platform) that
uses three oligonucleotides (two allele-specific
oligos [ASOs] and a locus-specific oligo
[LSO]). The ASOs contain target-specific
regions and universal PCR primer sites; and the
LSOs contain a unique address sequence that
targets the complementary oligonucleotide
probe for a particular bead type on the array
[61,212]. These three assay oligonucleotide sets,
for up to 1152 different SNP loci, are pooled
and hybridized to a small sample of genomic
DNA. Hybridized allele-specific probes whose
3´ ends are complementary to the dimorphic
base at the SNP position are extended by a
DNA polymerase, while allele-specific probes
whose 3´ ends mismatch the base at the SNP
position will not be extended efficiently. Since
all nucleotides are used for extension, strong
strand-displacement activity of DNA polymer-
ase limits the choice of DNA polymerases avail-
able because extended allele-specific assay
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Figure 7. Schematic representation of a molecular inversion probe. 

Upper panel describes the enzymatic steps in a MIP assay for genotyping, and the lower panel illustrates the 
different parts of the probe before and after inversion. In the lower panel, unreacted probe (top) and 
inverted probe (bottom) are demonstrated. MIP consists of two regions of homology to target genomic DNA 
(H1 and H2 are at the termini of the probe and are unique to each probe), two PCR primer regions which are 
common to all probes (P1 and P2), one barcode which is specific for each locus, and two common cleavage 
sites (X1 and X2). The cleavage sites X1 and X2 are used to release the circularized probe from genomic DNA 
and for postamplification processing, respectively.
MIP: Molecular Inversion Probe.

Figure 8. Schematic representation of an oligonucleotide ligation assay.

The high fedility DNA ligase joins the nick junction when the bases are perfectly matched and the released 
fluorescent signal can be detected by different methods. There will be no ligation between mismatched base 
pairs. F: Fluorescence; P: Probe.
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oligonucleotides should terminate adjacent to
the 5´ phosphate of the locus-specific probe
which is ligated to the locus-specific oligonucle-
otide. These full-length copies provide the
amplification template for PCR using Cy3- and
Cy5-labeled primers (for the allele-specific
assay oligonucleotides) and a biotin-labelled
primer. After thermocycling, the PCR products
are bound to streptavidin-coated paramagnetic
particles, and the dye-labeled strands are iso-
lated. The fluorescently labeled, single-stranded
products are then hybridized to a predecoded
random array. This platform allows multiplex-
ing of up to 1536 SNPs in a single reaction
tube. GoldenGate assay relies on the Sentrix™
array and Sherlock scanner commercialized by
Illumina. The Sentrix 96 Array Matrix is capa-
ble of genotyping 96 samples at a time, or
150,000 in a single microtiter plate.

Whole-genome sampling analysis
Recently, a hybridization-based technique was
introduced for SNP genotyping. The WGSA
method allows more than 100,000 SNPs to be
genotyped simultaneously by allele-specific
hybridization probes synthesized on a single array
[45,46]. In this technique genomic DNA is digested
by restriction endonucleases into fragments. Fol-
lowed by adapter ligation, in vitro amplification is
performed to selectively amplify fragments
between 400–800 nucleotides for 10,000 arrays
and 250–2000 for 100,000 arrays, respectively
(Figure 9). Amplification represents approximately
4 × 107 bps of genomic DNA for 10,000 arrays
and 3 × 108 bps of genomic DNA for 100,000
arrays [45,46]. Successful genotyping of tens of
thousands of SNPs has been reported [45,46]. The
number of SNPs to be analyzed on this platform
can potentially be increased since the chip manu-
facturing technique is photolithographic and
smaller feature size can be achieved. Two plat-
forms for 10,000 and 100,000 SNPs are available
through Affymetrix, and a 500,000 SNP platform
is going to be on the market this year. This tech-
nology demonstrates limited flexibility in the
choice of SNPs to be genotyped and has a conver-
sion rate approaching 15%. However, the prod-
ucts serve as an excellent whole-genome scan to
achieve a relatively high-resolution linkage peak
for further custom genotyping.

Multiplexed anchored runoff amplification  assay
The multiplexed anchored runoff amplification
(MARA) assay uses a single primer per SNP, in
conjunction with restriction-enzyme-digested,

adapter-ligated genomic DNA. Each primer is
composed of a common sequence at the 5´ end
followed by locus-specific sequence at the 3´
end. Following a primary reaction in which
locus-specific products are generated, a second-
ary universal amplification is carried out using a
generic primer pair corresponding to the oligo-
nucleotide and genomic DNA adapter
sequences. Allele discrimination is achieved by
hybridization to high-density DNA oligonucle-
otide arrays. Multiplexing reaction of more than
4000-plex was recently reported with 75% suc-
cess rate [47]. This technique improves the met-
rics of WGSA since it involves an enzymatic
step. However, the data presented is based on
chromosome 21 and SNPs were chosen from
the Perlegen database, therefore, a higher
decrease in conversion rate is expected from
chip hybridization on other chromosomes.

Hapmap and SNP analysis
The goal of the International HapMap Project
[202] is to compare the genetic sequences of differ-
ent individuals to identify chromosomal regions
where genetic variants are shared. In many parts of
chromosomes, just a handful of haplotypes are
found in humans. In a given population, 55% of
people may have one version of a haplotype, 30%
may have another, 8% may have a third, and the
rest may have a variety of less common haplotypes.
The International HapMap Project is identifying
these common haplotypes in four populations
from different parts of the world. In addition, ‘tag’
SNPs that uniquely identify these haplotypes in an
individual’s DNA will be identified. These SNPs
will be a part of the whole-genome SNP library.
The number of tag SNPs that contain most of the
information about the patterns of genetic variation
is estimated to be about 300,000 to 600,000,
which is far fewer than the 10–20 million com-
mon SNPs. Once the information on tag SNPs
from the HapMap is available, researchers will be
able to use them to locate genes involved in medi-
cally important traits by focusing on specific can-
didate genes that may be associated with a disease,
or even by looking across the entire genome to
find chromosomal regions that may be associated
with a disease. In Phase I of the HapMap,
1,073,663 SNPs were genotyped in Centre
d'Etude du Polymorphisme Humain individuals,
1,044,686 SNPs in Han Chinese individuals,
1,044,416 SNPs in Japanese individuals and
1,034,205 SNPs in Yoruba individuals (about one
million common SNPs were genotyped in 270
individuals). In Phase II, an additional 4 million
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SNPs in the same samples will be well underway.
Five major technologies were used in HapMap
projects:  direct hybridization on high-density oli-
gonucleotide arrays from Perlegen, Molecular
Inversion Probe assay from ParAllele BioSciences,
GoldenGate assay from Illumina, mass spectrome-
try assay from Sequenom, and Invader assay from
Thirdwave Technologies.

Concluding remarks
SNP technologies will dominate the field of large-
scale genome analysis for at least another decade.
While the HapMap organization is trying to reduce
the number of SNPs to be analyzed, the price has
continuously fallen by almost twofold per year,
from more than US$1 per SNP, to a few cents for
custom genotyping and below a cent for random
genotyping (in whole-genome analysis). The new
way to use SNPs will be another area of interest in
this field. Some of the SNPs may have diagnostic

value, and some others may serve as potential drug
targets. Currently, high-throughput technologies
play an important role in determining the value of
the SNPs. However, low-throughput technologies
used in highly integrated devices may be of interest
for future diagnostic tests. The selection of an
appropriate genotyping technology for current
applications can be a challenging task. The ideal
genotyping technology would identify any chosen
nucleotide in the genome in all DNA samples with
perfect accuracy at low cost. Ultimately, the quality
of the genotype data are measured by the power
that it provides to elucidate genetic associations. A
high-quality genotyping technology will have a
power to find associations that closely approximates
the power of the idealized technology. Conversion
rate is defined to be the fraction of probes per batch
that yielded strong signals with discernable clusters
to indicate the different genotypes. As mentioned
previously, in silico design rates are relevant in

Figure 9. Schematic representation of whole-genome sampling analysis.

Genomic DNA is digested by restriction enzyme (e.g., EcoRI), adaptors are ligated to different DNA 
fragments, PCR reaction is used to amplify selectively the 400–800 bp fragments. The amplified DNA targets 
are fragmented, denatured, labeled and hybridized to microarray, stained, scanned and analyzed.
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assessing the overall SNP yield. Another measure of
accuracy is trio concordance. The use of mother–
father–child trios allows  accuracy to be monitored
by looking at the Mendelian inheritance patterns
across markers. This test is able to capture some
forms of systematic errors that cannot be estimated
by repeatability. It is important to note that all these
parameters – conversion rate, completeness, and
concordance – are related through parameters that
can be changed in the clustering algorithm used to
assign genotypes. A permissive algorithm can result
in high levels of completeness and conversion at the
expense of accuracy. In addition to the factors men-
tioned above, cost of a technology for genome-
based analysis is also important. Standard panels
provide lowest genotyping cost. However, custom
genotyping techniques are emerging as it provides
flexibility in use and increases the power of a
genetic study. High-throughput custom genotyp-
ing techniques, involve three dominating costs: the
target-specific probe, DNA array and enzyme cost.
The cost of the DNA probe is mainly determined
by the number of nucleotides in a probe and the
amount of probe being used in an assay. The cost of
the enzyme proportionally decreases with the
increase in the number of multiplexing. The cost
of the DNA array is also decreasing as whole
genome arrays and universal arrays will be available

from several vendors. In addition, the set up cost
for instruments that are used to perform these
assays varies in different technologies.

Outlook
Substantial investments are being made within
the pharmaceutical and biotechnology industries
to develop and use genomic strategies for the dis-
covery of biomarkers and novel therapeutic tar-
gets. Over the next decade it is anticipated that
genome projects, coupled with DNA array tech-
nologies, high-throughput screening systems, and
advanced bioinformatics, will permit rapid eluci-
dation of complex genetic components of human
health and disease. Personalized medicine will
emerge, as the cost of analysis will decrease by
orders of magnitude. Such analysis, which is only
performed once for each individual, can then
become the blueprint for personalized therapy.
The technology roadmap is relatively clear and
several parallel efforts are likely to lead us to the
goal. There are three sweet spots for genotyping
markets: whole-genome random SNP analysis
useful for mapping, large-scale custom genotyp-
ing to find the causing haplotype and diagnostic
genotyping. The first two markets are likely to be
dominated by array-based technique and careful
study design, and the use of various technologies
along with different discovery steps will have a
major impact on comprehensive genome analyses
in complex disorders. The diagnostic market will
probably favor the use of label-free technologies
that provide easier and less inexpensive automa-
tion. These technologies will likely help us to sort
out the large number of false positive results that
will be generated by powerful high-throughput
technologies. In summary, although the advanced
technologies enable us to produce large amounts
of data, the lack of a sufficient number of well-
characterized samples from different populations
and efficient analyses remains a limiting factor in
pharmacogenomics. The ongoing efforts by sev-
eral companies and institutions to collect well-
defined samples from different diseased popula-
tions, and develop more advanced and compre-
hensive analysis tools for large data processing
and interpretation, are expected to overcome
these limitations.
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Highlights

• Technologies related to sequencing and genotyping will continue to 
evolve and play a major role in large-scale genome analysis for at least 
another decade.

• The completion of the International HapMap project will provide a tool that 
allows researchers to screen the entire genome and find associations between 
genes, genetic variations and diseases more efficiently and at a lower cost.

• An ideal technology for genotyping would identify any selected nucleotide 
in the genome, in all DNA samples, with high accuracy at a low cost.

• Advances in sequencing and genotyping technologies will further decrease 
the cost of single nucleotide polymorphism discovery and whole-genome 
analysis in the near future.

• The production of universal and whole-genome arrays from several 
vendors will further decrease the cost of DNA array.

• Large investments by pharmaceutical and biotechnology companies for 
developing genomic strategies will result in discovering more biomarkers 
and novel therapeutic targets.

• In the next decade, genome projects, along with DNA array technologies, 
high-throughput screening systems and advanced bioinformatics, will 
facilitate the elucidation of complex multigenic diseases.

• As the cost of genomic screening and analysis continues to dramatically 
decrease, personalized medicine may not be far from becoming a reality.

• Although powerful high-throughput technologies look promising in 
producing large amounts of data at a low cost, the lack of an efficient and 
comprehensive tool for analyzing these data remains a limiting factor.
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