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High-throughput genotyping approaches are being developed to meet the
demands of pharmacogenomics, where numerous individuals are studied
with thousands of single nucleotide polymorphism (SNP) markers. All
non-gel-based genotyping approaches achieve allelic discrimination by
one of four mechanisms: allele-specific hybridisation, allele-specific primer
extension, allele-specific oligonucleotide ligation and allele-specific
cleavage of a flap probe. By combining one of these allelic discrimination
mechanisms with either a homogeneous or solid-phase reaction format and
a detection method such as fluorescence intensity, fluorescence polarisa-
tion or mass spectrometry, a number of viable high-throughput genotyping
methods have been developed and are being readied for routine use. With
the biochemistry for robust genotyping in place, good engineering
solutions are needed to make high-throughput genotyping a reality.
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1. Introduction

There is a concerted effort to develop a large set of single nucleotide
polymorphism (SNP) markers for the human genome, funded by both
public and commercial sources [1]. The impetus for this enormous
undertaking is the belief that the genetic factors associated with common
diseases can be identified by studying the patient and control populations,
if enough genetic markers are used [2]. The theoretical models predict that a
large number of individuals must be studied with an even larger number of
markers for association study approaches to have adequate power to find
genetic factors with moderate effects on a particular condition [3,4]. With
the many SNP discovery projects currently underway, there is no doubt that
> 500,000 human SNPs will become available within the next two years [5].
With a super-dense set of markers, it is possible to initiate large-scale
association studies designed to elucidate the genetic risk factors for
common diseases such as infection, cancer, cardiovascular diseases,
autoimmune disorders and psychiatric disorders [3]. In addition, one can
also conduct association studies to identify the genetic factors that
determine if a patient is likely to benefit from, or be adversely affected by, a
particular medication [6]. Regardless of the application, the use of SNP
markers in population studies will demad the ability to perform a large
number of genotyping tests. In this review, the high-throughput genotyping
approaches currently under development will be described.
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2. Review

Determining which base-pair is present at a particular
location in the genome is not a trivial task. In the early
days of SNP genotyping, one relied on gel electropho-
resis to differentiate between two alleles [7]. Examples
of these approaches include those exploiting the
mobility difference between fully annealed and
partially melted DNA fragments, single stranded DNA
molecules with conformational difference between
the alleles, and homoduplex and heteroduplex DNA
fragments. Alternatively, one could take advantage of
the difference in the cleavage or binding efficiency
between an unpaired nucleotide in a heteroduplex
DNA fragment versus a paired nucleotide in a
homoduplex DNA fragment. In addition, one could
also differentiate between the alleles if one of them
destroyed or created a new restriction site. Even with
the use of fluorescent labels and automated gel and
capillary electrophoretic instruments, the throughput
of these methods is still substantially below that
required to sustain large scale studies.

As the field turns to methods not based on electropho-
resis, a number of promising approaches have
emerged [8]. Besides the requirements that the
genotyping methods be robust and cheap,
high-throughput methods must also be amenable to
automation. In general, three aspects of the
genotyping method must be considered.

• First, an allele discriminating method must be
chosen. For non-gel-based methods, four
molecular mechanisms can be used; namely,
allele-specific hybridisation, allele-specific primer
extension, allele-specific oligonucleotide ligation
and allele-specific cleavage of a flap probe.

• Second, a reaction format must be selected. This
can be done in solution, on solid support, or as a
combination of the two.

• Third, a choice must be made of detection modality
with the accompanying analytical algorithm to
determine the genotype of the test sample. The
detection methods available range from
colorimetric approaches based on the ELISA to
changes in fluorescence intensity and polarisation
to mass spectrometry.

All the high-throughput genotyping methods
currently in use or being developed are based on a
combination of the three requirements outlined
above. Each combination has its strengths and

weaknesses. Depending on the specifics of a
particular project, one method may be more
appropriate than another.

2.1Hybridisation approaches

Although distinguishing between two DNA molecules
differing by one base by hybridisation is a demanding
task, several strategies have been used successfully. In
the solid-phase reaction format, one strategy is to use
fluorescently-labelled PCR products in a hybridisation
reaction with sets of oligonucleotides complementary
to the allelic sequences placed on a microarray [9].
After the hybridisation reaction, unbound PCR
products are washed away and the fluorescence
pattern is analysed to determine which allelic set of
probes give positive hybridisation signals. With robust
multiplex PCR, numerous SNPs can be typed in one
experiment. The major determinant in this approach
is the multiplex PCR step. A major drawback of this
approach is the common observation that 10-15% of
the SNPs on the microarray fail to yield a definitive
genotype and it is difficult to find a way to recover the
data, since repeating the experiment is not a viable
option. In addition, the fluorescence pattern of the
microarrays requires specialised imaging, and image-
analysis algorithms must be used to compute the
genotypes.

When the hybridisation is performed in solution,
there are two promising strategies. One is based on
the 5’-nuclease activity of Taq DNA polymerase; the
other relies on the opening of a stem-loop structure
upon hybridisation. In the 5’-nuclease reaction, a
oligonucleotide probe hybridised to a target being
amplified by the polymerase chain reaction is cleaved
by the Taq DNA polymerase. If a set of probes can be
built such that they bind to the target DNA only when
they are perfectly complementary to the target, one
can infer the genotype of the target DNA by
determining which allele-specific probe is cleaved
during the PCR reaction [10,11]. With fluorescence
energy transfer probes, cleavage of the probes leads
to an increase in fluorescence of the reporter dye
when it is separated from the quencher found on the
other end of the probe. In the second approach, a
fluorescent dye and a quencher are brought together
when a probe forms a stem-loop structure in solution.
When a target DNA molecule containing an SNP is
perfectly complementary to the loop sequence,
hybridisation occurs and the stem is opened up and
the fluorescent reporter dye is separated from its
quencher [12,13]. Once again, an increase in
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fluorescence is observed when allele-specific hybridi-
sation occurs. Both of these reactions can be observed
in solution during PCR without any purification or
separation, making them the simplest reaction to set
up. The major drawback of these two approaches is
the cost of the labelled probes.

2.2Primer extension approaches

Several strategies utilising the ability of DNA
polymerase to incorporate the nucleotide comple-
mentary to the template are contenders in the
high-throughput genotyping arena. These strategies
are based on either allele-specific PCR or single base
extension with dideoxynucleotide terminators or
direct sequencing of PCR products. In the allele-
specific PCR approach, two allele-specific PCR
primers are constructed with the allelic bases at their
3’-end. When the target DNA is incubated with the
allele-specific primers and a common reverse primer,
only the allele-specific primer complementary to the
allele(s) found in the target will produce a PCR
product [14]. By determining which product is
amplified, one can infer the allele(s) present in the test
sample. The most promising allele-specific PCR
genotyping method distinguishes the two allele-
specific PCR products by attaching a GC-rich tail to
one of the allele-specific PCR primers. The resultant
PCR products therefore exhibit very different melting
curves when analysed in real time [15]. The advantage
of this approach is the simplicity of assay set up and
the inexpensive primers required in the assay. The
only drawback of the method is the effort needed in
optimising each assay.

In the single base extension approach, the target
region is amplified by PCR followed by a single base
sequencing reaction using a primer that anneals one
base shy of the polymorphic site. Because it is a very
simple and robust assay, there are at least four
reaction formats with high-throughput potential.

• First, one can immobilise the sequencing primers
of a large number of SNPs on a solid support and
perform a large number of single base extension
reactions in parallel. Since the only reagents
needed are the four dye-labelled dideoxynucleo-
tides and the DNA polymerase, as long as the many
SNP targets can be amplified efficiently in
multiplex PCRs, the reaction is quite simple [16,17].
The drawbacks are similar to those of any
microarray-based systems where inflexibility of the
probe set is always an issue.

• Second, one can circumvent the inflexible probe
array design by constructing a set of probes (called
‘tags’ by one group) with very robust and uniform
hybridisation characteristics and placing them on a
generic microarray. One can then design
SNP-specific sequencing primers tailed with a
sequence complementary to one of the generic
probes found on the array. The multiplex PCR and
single base extension reaction are performed in
solution and the mixture of products is incubated
with the ‘tag-array’ [18]. The products are
segregated by their tail sequence and the hybridisa-
tion pattern is analysed to determine the alleles
found in each test sample.

• Third, the single base extension product can be
analysed by mass spectrometry [19,20,21]. Here, no
dye-label is needed since each dideoxynucleotide
has a unique mass. The advantage of mass
spectrometry detection is that the genotypes are
not inferred, but determined accurately as a
physical property of the single base extension
product. The drawback of mass spectrometry
detection is the intolerance of the instrument to
ionic and other contaminants, therefore requiring
meticulous sample preparation and handling.

• Fourth, a single base extension assay based on
fluorescence polarisation detection has been
developed as a homogeneous assay. The detection
method takes advantage of the change in
molecular weight when a dye-terminator is
incorporated in the single base extension reaction.
By monitoring the change in fluorescence polarisa-
tion, one can infer which dye-terminator is
incorporated and determine the genotype present
in the test sample [22]. The advantage of this
method is its simplicity and low reagent cost. One
drawback of all the single base extension reaction
methods is that several steps are involved.

A non-gel-based sequencing method, called pyrose-
quencing, has been developed for SNP genotyping
[23,24]. In pyrosequencing, one monitors the release
of the by-product of DNA polymerisation, pyrophos-
phate, when a natural deoxynucleotide is added to the
sequencing reaction. In a series of enzymatic
reactions, pyrophosphate is converted to ATP, the
energy source for a luciferase reaction that produces
light. Therefore, by monitoring which deoxynucleo-
tide’s addition is associated with light emission, one
can infer the based being incorporated onto the
primer. One advantage of pyrosequencing is that one
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can determine the sequence of up to 50 bases, making
it the method of choice in cases where multiple SNPs
are found in one locus. The drawbacks include the
need for multiple enzymes and problems inherent in
reactions that require sequential addition of reagents.

2.3Oligonucleotide ligation approaches

Oligonucleotide ligation is probably the genotyping
method with the highest level of specificity. By
designing oligonucleotides complementary to the
target sequence, with the allele-specific base at its
3’-end or 5’-end, one can determine the genotype of
the PCR amplified target sequence by determining
whether an oligonucleotide complementary to the
DNA sequencing adjoining the polymorphic site is
ligated to the allele-specific oligonucleotide or not.
Just like the other allele discrimination approaches,
oligonucleotide ligation assays can be performed with
oligonucleotide probes immobilised on solid support,
with the ligation reaction performed in solution
followed by sorting of the products on ‘tag-arrays’, or
with the assay performed entirely in solution.

The homogeneous oligonucleotide ligation assay
based on fluorescence resonance energy transfer
(FRET) detection is based on the fact that certain
dye-pairs exhibit FRET when they are in close
proximity. In the ligation reaction, the donor dye is
placed on the oligonucleotide common to both alleles
while the acceptor dye is found on the allele-specific
oligonucleotide probe. When the donor dye is
excited, FRET occurs and the acceptor fluorescence is
observed only when the two oligonucleotides are
ligated together in the presence of the appropriate
target [25]. Because ligation and PCR are different
molecular reactions, reagents for both reactions can
be assembled in the same reaction tube at the
beginning of the assay. The advantage of this assay is
its simplicity and specificity. The major drawback of
the ligation approach is the cost of the three oligonu-
cleotides needed for each SNP. Since DNA ligation
requires a 5’-phosphorylated oligonucleotide at the
junction, at least one of the oligonucleotides must be
modified. With FRET detection, all three oligonucleo-
tides must be labelled with an additional dye.

2.4Flap probe cleavage approach

A new molecular mechanism for single base detection
has been described recently. This approach, called the
‘invader assay’, is based on the observation that flap
endonucleases (also called cleavases) isolated from
archaea recognise and cleave a structure formed

when two overlapping oligonucleotides hybridise to a
complementary DNA target. When the downstream
oligonucleotide is designed with a ‘flap’ consisting of
non-complementary sequence, this stretch of DNA is
cleaved in the presence of an upstream ‘invader’
oligonucleotide and target DNA. If the cleaved ‘flap’ is
used as the ‘invader’ oligonucleotide in a secondary
assay with a second ‘flap’ probe and a synthetic
template, one can amplify the signal without
amplifying the genomic DNA target. The final
detection can be based on fluorescence intensity
changes when the FRET probe is cleaved [26]. The
main advantages of this approach are the possibility of
eliminating PCR amplification, the low cost of
unlabelled allele-specific probes and the relative
simplicity of the reaction protocol. The only drawback
is the need for relatively large amounts of genomic
DNA in the invader assay when PCR is not used.

3. Conclusion and expert opinion

There are at least twelve serious contenders in the
high-throughput genotyping arena. Some require
very high start-up cost in terms of automation and
detection equipment, some need expensive probes
that must be prepared before the assay can be
optimised, some assays involve many steps, and some
utilise expensive reagents. When a set of SNP markers
is used to genotype thousands of samples, the cost of
probes and the effort expended on optimisation are
amortised over a large number of assays. In this
scenario, the personnel cost and the variable cost of
each reaction become the most important factors. In
cases where one must quickly move from one set of
markers to the next and develop the assays along the
way, methods that require little or no optimisation are
more appropriate. While all of the approaches
described in this review have high-throughput
genotyping potential, none has gone through
extensive ‘field testing’ and several of them await
engineering solutions to realise their full potential.

The speed with which the goals of pharmacoge-
nomics is met largely depends on the development of
a large set of SNP markers, a suite of high-throughput
genotyping methods, and analytical tools that can
handle the deluge of data and identify the genetic
factors important in drug action. Given the many
genotyping approaches developed over the last few
years, there is great optimism that when a large set of
characterised SNP markers become available for
pharmacogenomics applications at the end of 2001, a
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number of robust, inexpensive, high-throughput
genotype methods will be ready for routine use.
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