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ABSTRACT

Understanding human genetic variation
is currently believed to reveal the cause of
individual susceptibility to disease and the
large variation observed in response to
treatment. In this review, we will focus on
different approaches to identify and visual-
ize genetic alterations. The various ap-
proaches for allele discrimination are for-
mally systematically divided into (i)
enzymatic approaches, in which the proper-
ties of different enzymes to discriminate be-
tween nucleotides are used (restriction en-
zymes type II, Cleavase and Resolvase,
DNA polymerase, and ligase); (ii) elec-
trophoretic methods, in which the allele dis-
crimination is based on the difference in
mobility in polymeric gels or capillaries
(single- and double-stranded conformation
assays, heteroduplex analysis, and DNA se-
quencing); (iii) solid-phase determination
of allelic variants, including high-density
oligonucleotide arrays for hybridization

analysis, minisequencing primer extension
analysis, and fiberoptic DNA sensor array;
(iv) chromatographic methods such as de-
naturing high-performance liquid chro-
matography (DHPLC); (v) other physical
methods of discrimination of allelic vari-
ants such as mass spectrometry (mass and
charge) or fluorescence exchange-based
techniques; and (vi) in silico methods such
as high-throughput analysis of expressed
sequence tag data. The most frequently used
techniques and instrumental settings ap-
plied in different combinations are de-
scribed, and other methods that are less
broadly used but have interesting potentials
are discussed.

INTRODUCTION

The Human Genome Project will
bring the first draft of the full-length se-
quence of the human genome. The next
challenge will be to compare sequences
from a large number of individuals to
create a map of 100 000 of the most
common type of genetic variation, sin-
gle nucleotide polymorphisms (SNPs).
Similar to the government and academ-
ic effort, a consortium of 10 pharma-
ceutical companies and the Wellcome
Trust are in the process of identifying
an expected number of 300 000 SNPs
within the next two years. Efforts from
biotechnology companies—most no-
tably Celera Genomics (Rockville,
MD, USA), Genset (Paris, France),

CuraGene (New Haven, CT, USA) and
Incyte Genomics (Palo Alto, CA, USA)
—will make available data sets with
polymorphic sequences. Non-biotech-
nology companies such as IBM (http://
www.res.ibm.com) also see intellectual
and financial interest in utilizing their
potential in analysis of biological data.
These tremendous developments in
both the chemistry and bioinformatics
of identifying genetic variants pose
pressure on small and middle-size aca-
demic units to improve and intensify by
orders of magnitude the existing meth-
ods for genotyping. In this review, we
discuss the most frequently used tech-
niques and some techniques with inter-
esting potential for future development
(Table 1). The process of mutation
analysis is formally divided into two
steps: (i) the identification of mutations
according to the physical or enzymatic
principle used to reflect the change in
the DNA primary structure and (ii) the
visualization of the detection products,
which involves ways of making this
change visible (e.g., labeling and allele
separation strategies). This division is
formal and arbitrary. The available
methods can also be divided according
to whether they are based on previous
knowledge of the nature of genetic al-
terations or the need to screen for un-
known mutations (Table 2). This divi-
sion is also not completely precise
because a number of screening tech-
niques for unknown mutations do not

Genotyping Techniques

318 BioTechniques Vol. 30, No. 2 (2001)

Review
High-Throughput Methods for Detection 
of Genetic Variation
BioTechniques 30:318-332 (February 2001)



give the precise nature of the alteration
and thus cannot be directly considered
to be alternatives to the screening for
known mutations.

ENZYMATIC APPROACHES FOR
DISCRIMINATION OF ALLELIC
VARIANTS

Historically, the first widely used
method for the detection of polymor-
phisms exploited alterations in restric-
tion enzyme sites, leading to the gain or
loss of cutting events. A variety of en-
zymatic approaches for the discrimina-
tion of allelic variants has since been
described. Even though not all can be
considered high throughput in their
present format, data from both academ-
ic and industrial sources suggest that
they have the potential to be developed
into fully automated assays.

Restriction Fragment Length
Polymorphism and Amplified
Fragment Length Polymorphism

Restriction fragment length poly-
morphism (RFLP) is comprised of PCR
amplification of a fragment of interest
and the subsequent digestion with a re-
striction enzyme (60). Because of its
simplicity and straightforwardness, the
method has been extensively used and
is still popular, although it confers cer-
tain limitations. Only a subset of poly-
morphisms that happen to reside in an
endonuclease restriction site can be
studied with the conventional method.
The approach has recently been gener-
alized by swapping the amplification
and restriction events—the DNA sam-
ple is first digested by a combination of
restriction enzymes and then amplified.
Amplification of the fragments is
achieved by ligating adapter sequences

on both sides of the fragments, which,
together with the restriction target
sequence, can be amplified using a
specific end-labeled primer [amplified
fragment length polymorphism
(AFLP)]. A unique triplet of nucleo-
tides following the adapter and restric-
tion enzymes sequences on the primers
enables specific amplification of frag-
ments beginning or ending with the
complementary triplet. This finger-
printing method allows co-amplifica-
tion of a high number of restriction
fragments without knowledge of the
nucleotide sequence (68). A complicat-
ing factor may be that the successful
implementation is dependent on the
completeness of digestion in both stud-
ied and reference samples.

Cleavase Fragment Length
Polymorphism Analysis

A large number of mutation detec-
tion strategies are based on the depen-
dence of the secondary structure on the
primary sequence of single-stranded
fragments or on the kinetics of their
formation or renaturing process. One
way to treat thermally denatured and
renatured strands of DNA is to cleave
them with a structure-specific endonu-
clease, thereby digesting the target het-
eroduplexes into a series of labeled
fragments that can be resolved by gel or
capillary electrophoresis (58). The as-
say has been introduced by Third Wave
Technologies (Madison, WI, USA) and
can accurately detect sequence
changes, including base pair substitu-
tions, insertions, and deletions. A com-
plicating factor may be that the suc-
cessful implementation is dependent on
the high yield of high-grade purified
DNA (58). Engineered structure-spe-
cific endonucleases such as the
Cleavase I enzyme recognize and cut
stem loops that form imperfect hybrids.
The method has been recently applied
to detect a number of mutations in the
TP53 gene (53). Another interesting
enzyme, Resolvase, cloned from bacte-
riophage T4, has also been used in a so-
called enzymatic mutation detection
(EMD), which exploits the same ap-
proach to detect all types of mismatch-
es (67). This enzyme, also known as
endonuclease VII, cleaves the concate-
meric DNA intermediates formed dur-
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Enzymatic Approach for Discrimination of Allelic Variants
Restriction fragment length polymorphism (RFLP)
Amplified fragment length polymorphism (AFLP)

Cleavase fragment length polymorphism (CFLP)
Ligation-based assays
Random amplified polymorphic DNA [RAPD (AP-PCR)]

Direct termination PCR (DT-PCR)

Electrophoretic Discrimination of Allelic Variants

Single strand conformation polymorphism (SSCP)
Heteroduplex analysis
Fragment analysis

High-performance DNA sequencing 
Doublex sequencing
Single sequencing reaction (SSR)

Clipper sequencer

Solid-Phase Determination of Allelic Variants

Oligonucleotide arrays
High-density oligonucleotide arrays for hybridization analysis
Minisequencing primer extension analysis

Fiberoptic DNA sensor array

Chromatographic Methods for Discrimination of Allelic Variants

Denaturing high performance liquid chromatography (DHPLC)

Physical Methods for Discrimination of Allelic Variants

Differential sequencing with mass spectrometry
Fluorescence exchange-based methods

In Silico—Analyzing EST Data

Table 1. Different Approaches to Identify and Visualize Genetic Alterations



ing phage DNA replication. Labeled
primers in the amplification step of the
reference and the sample DNA allow
the analysis of the cleaved heterodu-
plexes on systems for automated DNA
sequencing systems, such as the ABI
377 or ABI 310 (both from Applied
Biosystems, Foster City, CA, USA),
with the respective increase of through-
put and possibilities for robotization
(see below).

Invasive Cleavage of Nucleotide
Probes

Another application of endonucleas-
es for mutation detection involves Flap
endonucleases, enzymes that recognize
overlapping nucleotides on a target
DNA strand (44). These enzymes are
associated with DNA repair and have
the function to excise redundant por-
tions (flaps) of the displaced strand oc-
curring during reparative DNA replica-
tion. Two oligonucleotides that contain
sequences strictly following one anoth-
er hybridize with a target DNA. The
cleavage of the overlapping nucleotide
with a Flap endonuclease will be de-
pendent on whether the upstream
oligonucleotide (called in the study in-
vasive) overlaps perfectly the 5′ region
of the downstream oligonucleotide
(signal oligonucleotide), indicating the
presence of a target sequence (44).
With the use of thermostable Flap en-
donucleases, the reactions may be per-
formed near melting point temperature
of the signal fluorescent probe, allow-
ing multiple copies of it to anneal in
succession to a single copy of target
molecule and to be cleaved one after
another. This allows PCR-free amplifi-
cation of the cleavage signal. The assay
enables simple differentiation of ho-
mozygotes and heterozygotes on sin-
gle-copy genomic sequences. The
cleavage signal was shown to be pro-
portional to the amount of target DNA
over more than a four log span (44).

Ligase Detection Reaction

Suitably designed allele-specific
primers flanking a mutation site on
both sides are ligated together if and
only if a perfect match of the allele-spe-
cific oligonucleotide (ASO) provides
all correct nucleotides for the ligation

reaction to occur. The resultant ligated
fragments can be electrophoresed and
analyzed on all types of fluorescence
detection systems, as one of the primers
used in the reaction is fluorescently la-
beled. This principle has been recently
developed in an array format (16).

Random Amplified Polymorphic
DNA (Arbitrarily Primed PCR)

Random amplified polymorphic
DNA (RAPD) or arbitrarily primed
PCR (AP-PCR) is a technique that al-
lows the detection of qualitative and
quantitative differences in the entire
genome of two compared systems at the
DNA level. The approach is similar to
the differential display at the RNA level.
RAPD is a PCR-based fingerprinting
technique that uses arbitrary primers to
amplify DNA or cDNA at random, thus
generating a fingerprint specific for a
given genome. Because of the arbitrary
nature of priming, no preliminary infor-
mation about the precise sequence is
needed. An optimized protocol for the
detection of mutations or polymorphic
loci in human tissues had been reported
recently, showing that the successful im-
plementation is highly dependent on the
enzyme chosen for amplification (61).

Directed Termination PCR

A one-step PCR-based method for
the detection of SNPs, insertions, and
deletions has been proposed that uses
limiting amounts of one of the four
dNTPs in a conventional PCR protocol
(7). Since the nucleotide in limited con-
centration is a rate-limiting factor in

amplification, after a given number of
cycles with full-length amplification,
DNA synthesis halts at one of the rate-
limiting steps. Two ladders are created
(each originating from each primer) of
differently terminated fragments of di-
minishing length. The terminated ver-
sus full-length signal ratio can be in-
creased by using 35S-labeled dNTP
analogues. These are difficult sub-
strates for the polymerase and are
therefore utilized after the depletion of
the unlabeled dNTP (i.e., in the later
cycles in the PCR, when the terminated
rather than full-length fragments are
amplified). This PCR, which resembles
sequencing or sequencing during PCR,
creates two families of mutant mole-
cules. These two classes can be visual-
ized as multiple shifts in denaturing
gels (DT-SSCP) and are much easier to
detect than the single mutant products
occurring during conventional single-
strand conformation polymorphism
(SSCP) (see below). Although the
analysis is performed in one step, opti-
mization of both the full-length PCR
and the conditions for the terminating
reactions are needed for each SNP.

ELECTROPHORETIC
DISCRIMINATION OF 
ALLELIC VARIANTS

Single-Strand Conformation
Polymorphism

SSCP and heteroduplex analysis are
among the first established methods for
the detection of genetic polymorphisms.
Because of their simplicity and relative-
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Analysis of Known Variants Screening for Unknown Variants

RFLP SSCP and heteroduplex analysis
CDGE, DDGE

ASO-PCR DNA sequencing

Invasive cleavage of nucleotide probes RAPD (AP-PCR)

Ligation-based assays DT-PCR

DSCA ALFP

Molecular beacons CFLP, EMD

Microarrays “loss of signal” Microarrays “gain of signal”

FRET Minisequencing

Table 2. Mutation Detection Strategies Depending on the a priori Knowledge of the Studied DNA
Sequence and the Genetic Alteration Involved



ly high sensitivity, these methods are
still widely used and further elaborated
(recently reviewed in Reference 48).
The conventional SSCP analysis in-
volves the denaturing of PCR-amplified
fragments with the subsequent forma-
tion of sequence-specific secondary and
tertiary structures of the single strands
during non-denaturing gel electrophore-
sis. The electrophoretic mobility then
depends on the 3-D shape of the single-
stranded molecules. The classical
“long” gels and 32P-labeled fragments
may nowadays be replaced by fluores-
cently labeled fragments and automated
capillary electrophoresis (ABI PRISM
310; Applied Biosystems) (38). The
simplicity of the method, combined
with automation and short analysis
time, contributes to a high-throughput
analysis at relatively low cost. 

Heteroduplex Analysis

If the denatured PCR products are
instead allowed to slowly renature, they
form DNA duplexes. The duplexes
with the same sequence on both strands
(homoduplexes) or with a single base
pair mismatch on one strand (heterodu-
plexes) have different electrophoretic
mobility in a native gel. In the case of a
single base pair substitution, the het-
eroduplex (called “bubble” type) can
easily be separated from a homoduplex.
Recently, an assay designated double-
strand conformation analysis (DSCA)
has been described (2) in which duplex-
es with fluorescein-labeled reference
(FLR) are separated by a non-denatur-
ing gel electrophoresis. The method
may be regarded as a multiple het-
eroduplex analysis in which PCR prod-
ucts with unknown genotype are rena-
tured with Cy5-labeled PCR products
of a known genotype. This approach
makes it possible to improve conven-
tional heteroduplex analysis in several
ways. One can modify both the amount
and quality (sequence) of one of the
participants in the renaturing process
(the labeled reference) to improve reso-
lution because it is added exogenously
after the PCR amplification.

Fragment Analysis

Microsatellite repeats are detected
by electrophoresis of radiolabeled

products in denaturing polyacrylamide
gels or by manual or automated se-
quencing. Multiple 96-capillary array
electrophoresis using polyvinylpyrroli-
done (PVP) sieving matrix has been re-
cently described, which allows accurate
determination of the size of the allele
by interpolating from the relationship
between the fragment size and its mi-
gration in the gel (18). Software with
complete statistics enables one to deter-
mine confidently genotypes of high
complexity with high throughput.

Genotyping of microsatellite repeats
at lower cost is possible by using chem-
ically modified short acrylamide gels
such as Spreadex (Elchrom Scientific,
Jamaica Estates, NY, USA) or modified
agarose gels. A polymer, bis-benzi-
mide-polyethylene glycol (PEG), which
binds preferentially to AT-rich sequence
motifs can be used for the detection of
purine bases by amplifying the differ-
ences in mobility of the fragments when
size alone is not sufficient for separa-
tion. The polymer is mixed with an
agarose gel to retard differentially the
AT-rich fragments during conventional
horizontal electrophoresis (49).

High-Performance DNA Sequencing

DNA sequencing has been pro-
claimed the “gold standard” used to es-
tablish the identity of both known and
unknown sequence specific nucleotide
variations (14), which in turn precipitat-
ed a number of publications questioning
this statement (11,15). Four different
dyes are used to label each of the DNA
bases (A, C, G, and T) that can be elec-
trophoresed together in the ABI se-
quencing system. The DNA polymerase
may discriminate between the different-
ly labeled ddNTPs, resulting in different
intensities of terminating signals [i.e.,
uneven peaks, which may undermine the
detection efficiency of heterozygotes, a
problem practically solved with the use
of stronger fluorescent signals—the
BigDyes (Applied Biosystems)]. This
increased precision is combined with
high throughput in the currently avail-
able systems (ABI 310 and ABI 3700).
On the other hand, the Pharmacia-ALF
sequencing technology (Amersham
Pharmacia Biotech, Piscataway, NJ,
USA) employs a single-dye chemistry
format in which Cy5 is used to label

DNA fragments for the detection of
laser-induced fluorescence. This con-
tributes to obtaining easily interpretable
raw data, high accuracy, and no mobility
differences between fragments caused
by different-size fluorophore labels.
However, the disadvantages are lower
throughput and higher labor cost. Sev-
eral attempts to increase the throughput
of ALF DNA sequencing have been de-
scribed. Doublex sequencing involves
the combination of an ALF DNA se-
quencer and an ALFexpress DNA
sequencer, which allows the detection of
two different labels, fluorescein isothio-
cyanate (FITC) and Cy5. With the use of
two differently labeled primers, one can
sequence both strands in a single reac-
tion and gel run (56). Another approach
for the detection of known SNPs is to
use single sequencing reactions (SSR) in
which termination reactions for only one
of the four ddNTPs are generated and
analyzed (34). New platforms for rapid
automated DNA sequencing have been
introduced using ultra-thin gels and thin
capillaries (the Clipper sequencer) (72),
and protocols for simultaneous PCR am-
plification and cycle sequencing in a sin-
gle tube (CAS, DEXAS, or CLIP) have
been described (32,57,72).

FROM GELS TO CHIPS—SOLID-
PHASE DETERMINATION OF
ALLELIC VARIANTS (OLIGO-
NUCLEOTIDE ARRAYS)

Short oligonucleotides (8–80 nu-
cleotides) or longer cDNA (more than
100 nucleotides) attached to a solid
support (microscope slide or micro-
plate) are referred to as microarrays.
High-density oligonucleotide arrays on
miniature glass supports are also desig-
nated as DNA chips. The attachment of
one of the components of a reaction to a
solid support allows fast separation of
the different components of the reaction
by simple washing. The immobilized
nucleic acid may be either the known
sequence, referred to as the probe, or
the unknown (questioned or interrogat-
ed) sequence, also referred to as the tar-
get. Such microarrays may be used in
mutational and comparative sequence
analysis (reviewed in Reference 25).
The probes, attached to a solid support,
may be hybridized to the unknown
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sequence, and either the completeness
of hybridization is used as a signal for
the presence or the absence of a muta-
tion or the target is used as a template
on which the probe is further extended
as a sequencing primer with one or
more nucleotides to identify the first
proximal base(s).

High-Density Oligonucleotide
Arrays for Hybridization Analysis

Hybridization analysis on microar-
rays extends an attempt made in the
1980s to sequence DNA by hybridiza-
tion to universal combinatorial oligonu-
cleotides of certain length (usually 8-
mers) (45,63). As the length of reads
was an important survival factor in the
evolution of sequencing techniques at
that time, the method could have re-
mained a dead end because base calling
accuracy decreased rapidly for larger
targets. The growing need to compare
known sequences of moderate length to
each other, rather than continuously
read through new sequences in steps as
long as possible, brought the comeback
of hybridization techniques. Several
variations on this approach have been
described to date. The highest com-
plexity setup is needed to search for un-
known changes, in which four possible
nucleotides are present at each position
of a nucleotide to form a variant detec-
tor array (VDA) (59). The perfect
match probe presents a stronger fluo-
rescence signal relative to the intensity
of the three mismatched probes. Using
this technique, a large screen for SNPs
using 2 Mb genomic sequence, com-
prising about 16 000 human sequence
tagged sites (STSs) has recently been
reported. There was very good agree-
ment (90%) between findings with
high-density detection of DNA varia-
tion and conventional gel-based rese-
quencing analysis (71). This approach
is also referred to as the “gain-of-sig-
nal” assay because the mutant allele
should produce a stronger signal when
hybridizing to its perfectly matching
counterpart (25,59). Oligonucleotides
containing all four mismatches, all four
possible insertions, or deletions of one,
two, or three nucleotides may be syn-
thesized for each examined position on
the target DNA. Simpler experimental
design is applied for known SNPs or

sets of mutations when only oligonu-
cleotides for each variant allele are
used in the hybridization, instead of all
four possible probes, as described
above. Such allele-specific oligonu-
cleotide blocks have been developed to
genotype a full set of known single-
base substitutions in CFTR (12), human
tyrosinase gene (23), and cytochrome
P450 (13). The gain-of-signal approach
has also been applied for genes of the
HIV reverse transcriptase and protease
(33), human mitochondrial DNA (6),
Mycobacterium tuberculosis rpoB gene
(19), and BRCA1 (24). An even simpler
setup for genotyping is achievable if an
oligonucleotide array consists of
oligonucleotides representing only the
wild-type allele sequences (i.e., only
one oligonucleotide per variant base,
instead of two with ASO or four with
VDA (multiplied by two for both
strands). Here, all wild-type oligonu-
cleotides will match perfectly, and all
deviations from the wild-type will be
detected with a weaker signal; thus, the
approach is designated “loss of signal”.
Although the simplicity in the set of
probes keeps the probes to a reasonable
number and is particularly suitable for
screening for low-frequency SNPs, it
unfortunately does not allow closer
characterization of the change in the
DNA, and additional conventional se-
quencing analysis is needed. In reality,
multiple probes (n probes for n nu-
cleotides in an oligonucleotide) are
used, thus minimizing random sources
of errors (6). References of known se-
quence tagged with a second label have
been added to compete with the labeled
test targets in two-colored assays to in-
crease the specificity and sensitivity of
the method. This approach using fluo-
rescein (green)-labeled reference and
biotinylated (red) targets has been used
to characterize sequence changes in the
coding region of ATM (26), BRCA1
(24), and large segments of mitochon-
drial DNA (6). By simple gain of signal
analysis, 99% of the entire 16.6-kb hu-
man mitochondrial genome was read
correctly, and only 2% of the 2.5-kb
mitochondrial sequence interrogated
for polymorphisms needed to be se-
quenced by conventional methods (6).
Gain-of-signal and loss-of-signal ap-
proaches have been directly compared
by analyzing the 3.43-kb exon 11 of

BRCA1 for heterozygous sequence
variations (24). The loss-of-signal as-
say had higher sensitivity and specifici-
ty compared to the gain-of-signal assay,
especially for large deletions or single
base pair substitutions.

Microarrays have evolved by in-
creasing the density of spotting and the
number of oligonucleotides, thereby be-
coming a powerful tool for the detection
of candidate SNPs (52). Further devel-
opment is needed to increase the speci-
ficity and sensitivity of the high-density
hybridization arrays. The correct identi-
fication of a sequence change may be
compromised by cross-hybridization
between single-nucleotide deletions and
single-nucleotide substitutions, as well
as between mismatched probes masking
the other allele in heterozygotes (25).
The hybridization is dependent on sec-
ondary structures and the sequence con-
text because more complex repeat se-
quences or single-nucleotide stretches,
insertions, and deletions may have sev-
eral hybridization patterns complicating
the evaluation of results. Despite the im-
pressive results, this leading method for
high-throughput mutation detection in
its present form is still dependent on a
large amount of material and has limit-
ed potential to detect small copy num-
ber of mutated alleles in high wild-type
background.

Minisequencing Primer Extension
Analysis

Some of the technical problems of
the analysis based on hybridization de-
scribed above may be solved by minise-
quencing assays because the thermal
stability of the hybrids is no longer of
detection value. The hybridized target is
instead used as a template on which
DNA polymerase further extends the
immobilized probe without proofread-
ing activity, using one or more labeled
nucleotides to identify the first proxi-
mal base(s). Labeled ddNTP may be
used instead of dNTPs to both label and
terminate the chain elongation, and,
thus, different dyes may simultaneously
be used to label the separate chains
(50). In contrast to the chips used in the
hybridization analysis (the Affymetrix

chip; Affymetrix, Santa Clara, CA,
USA), the oligonucleotide probes are
attached to the surface of a glass or
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microplate via the 5′ end, leaving the 3′
end free for extension. The concept has
been developed based on primer exten-
sion (65) or primer-guided nucleotide
incorporation (62) for the detection of
nucleotides and has many variations
and abbreviations: single-nucleotide
primer extension (SnuPE), allele-spe-
cific primer extension (AS-PE capture),
genetic bit analysis (GBA), arrayed
primer extension (APEX), first nu-
cleotide change (FNC), template-direct-
ed dye terminator incorporation (TDI),
primer oligonucleotide base extension
(PROBE), and the Pint-Point assay (re-
viewed in Reference 65) (Table 1). Al-
though the solid-phase minisequencing
has attracted attention, primarily due to
its possibilities to be extended in a mi-
croarray format, there are several other
commonly used detection methods for
this assay, including gel-based detec-
tion, homogenous detection, and
ELISA-based formats (65) or a simple
gel electrophoresis (55,62).

Either PCR products or primers syn-
thesized de novo may be used as probes
in the minisequencing reaction (50,66).
The immobilization of the single-
stranded primers on the solid support
may be through biotin-avidin/strepta-
vidin reaction (66) or covalently via 5′
disulfide groups (50,54). Double-
stranded templates may also be used
with reduced efficiency of the reaction
or in cycle sequencing protocols (9,36).
In addition to fluorescent tags, ddNTPs
may be labeled with biotin (if it has not
already been used for immobilizing the
probe) or haptens, detected indirectly
through antibodies conjugated to alka-
line phosphatase or peroxidase using
colorimetric or hemiluminiscent mark-
ers in ELISA formats (65). All possible
sequence changes in a region of the
TP53 gene have been determined with
this assay (27). Fast and reliable multi-
plex PCR for the preparation of both
probes and targets, as well as the avail-
ability of the inverted (compared to the
Affymetrix 3′-5′chip) high-density 5′-
3′ microarray, is needed to validate the
primer extension approach for large-
scale genotyping.

Fiberoptic DNA Sensor Array

Replacement of microscope slides
as solid supports in microarrays by op-

tical fibers offers easier handling of
both excitation and emission radiations
(70). An integrated fiberoptic sensor ar-
ray capable of simultaneously monitor-
ing multiple hybridization events has
been reported and used to genotype the
H-ras oncogene (28). Field excitation
of fluorophores at the side of an optical
fiber and the collection of the emitted
light on the same fiber have been used
to construct a single fiber evanescent
wave hybridization sensor. Oligonu-
cleotides covalently attached to the
evanescent field surface attract their
complementary target. Fluorescence
signal is generated by labeled target or
competitive DNA molecules, intercala-
tion reagents, or anchored molecular
beacons that become fluorescent upon
hybridization to the target sequence.

CHROMATOGRAPHIC METH-
ODS FOR DISCRIMINATING
ALLELIC VARIANTS

Several techniques for the detection
of mutations [e.g., constant gradient gel
electrophoresis (CGGE), denaturing
gradient gel electrophoresis (DGGE),
and temperature gradient gel elec-
trophoresis (TGGE)] are based on the
subtle differences of melting points of
DNA fragments dependent on base pair
composition and the resultant differ-
ence of mobility of the mutant frag-
ment in gels. PCR products are ob-
tained and are partially denatured by
formamide, urea (CDGE, DGGE), and
temperature (TTGE) and are run in
constant (CDGE) or gradient denatur-
ing gels (DGGE). Clamped primers are
often used to amplify the difference in
melting points. Instead of electrophore-
sis as a detection step, the partially
heat-denatured PCR products may be
analyzed in a column containing alky-
lated nonporous particles by denaturing
high-performance liquid chromatogra-
phy (DHPLC) (29). This detection
method has gained publicity as an
HPLC variation analogous to those
used in analytic chemistry; however,
some authors suggest temperature-
modulated heteroduplex chromatogra-
phy (TMHC) as a term to more accu-
rately describe the process (35). The
method has recently been demonstrated
to rapidly detect homozygous and het-

erozygous sequence alterations in the
CFTR , RET, and PTEN genes (43),
BRCA1 (3), and genetic polymor-
phisms (10,22). The mutation analysis
with DHPLC can be almost totally au-
tomated with an autosampler on one
end and a fraction collector on the oth-
er. Analysis is rapid (about 5 min per
sample), with a simple evaluation of
data, distinguishing between simple
and multiple peaks in the elution pro-
files, and allows lengths of up to 1.5 kb
DNA to be analyzed. A disadvantage
may be the recommended use of Pfu
DNA polymerase (35), which, as a
high-fidelity enzyme, allows sharper
peaks but may be less successful in am-
plifying some regions. The use of Pfu
DNA polymerase may be avoided, es-
pecially for analyzing shorter frag-
ments, in which the probability of mis-
match caused by the polymerase is low,
as several validation studies have eval-
uated the accuracy of mutation/poly-
morphism detection with DHPLC us-
ing Taq DNA polymerase or AmpliTaq
Gold (Applied Biosystems) and regis-
tered no false positives (3,43).

OTHER PHYSICAL METHODS
FOR DISCRIMINATING
ALLELIC VARIANTS

Differential Sequencing with Mass
Spectrometry

Differential sequencing with mass
spectrometry is an attractive alternative
for high-throughput detection of poly-
morphisms because it allows the gener-
ation of accurate data in seconds per
sample without any probes or labeling
of targets (20). Matrix-assisted laser
desorption/ionization mass spectrome-
try (MALDI-MS) (21) and electro-
spray ionization mass spectrometry
(ESI-MS) (1) are techniques for creat-
ing ionized gas-phase DNA whose ion-
ized molecules are accelerated in an
electric field, followed by a flight
through a vacuum chamber to a detec-
tor. This detection method, also called
time-of-flight measurement (TOF-MS),
is based on the time each particle needs
to fly to the detector, inverse to the ve-
locity, which in turn is proportional to
the mass/charge ratio of a flying parti-
cle, a specific characteristic for the
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samples under examination (20). Since
the mass/charge ratio is an intrinsic
property of the molecule (fragment
DNA), dependent only on base compo-
sition, this detection method is able to
address most of the limitations of the
hybridization and fluorescence-based
approaches discussed above. The meth-
od has been developed in an array for-
mat that allows the analysis of very
small amounts (nanoliter scale) of prod-
uct (41). Since the kinetics of flight to
the detector is precisely mathematically
describable as a function of mass, it is
possible to create virtual libraries for
SNPs to predict the behavior of the dif-
ferent genotypes before experiment or a
library of wild-type references (20).

Mass spectrometry analysis has
been successfully applied as a detection
step in the cleavage assay or in the
primer extension minisequencing tech-
niques (both described above) as
PROBE or Pint-Point. Mutation analy-
sis in several different types of cancer
(42), diseases such as cystic fibrosis
(4), and hypertension (40) has been
performed by PROBE. The method has
been particularly useful in analyzing
“difficult” sequences [e.g., tri-nucleo-
tide repeats (69)]. MALDI-MS has
been used to visualize direct reads from
sequencing TP53 (exons 5–8) and was
shown to be able to detect reliably all
mutations, heterozygous and homozy-
gous and false stops of the sequencing
reaction (17), as well as a number of
SNPs (21,31,39).

Fluorescence Exchange-Based
Method

Single-phase minisequencing tries
to circumvent all washing steps by en-
zymatically degrading the excess of
PCR primers and dNTPs and measur-
ing bound 3H-dNTPs (30) or pyrophos-
phate released from incorporated
dNTPs by the enzymatic luminometric
method (51) (Figure 1). A fully homo-
genous minisequencing assay has been
reported to use alkaline phosphatase to
inactivate the unused primers and
ddNTPs and fluorescence resonance
energy transfer (FRET) to detect the
quenching caused by overlap of emis-
sion spectra between the labeled
ddNTP and the 5′ FITC-labeled probe
using the TaqMan system (ABI 700)

(8) (Figure 1). Another way to visualize
point mutations in a solution in single
tubes is by hybridizing the fragment
carrying the mutation to single-strand-
ed oligonucleotide probes that become
fluorescent when they bind to perfectly
complementary nucleic acids (46).
Such probes (molecular beacons) pos-
sess a stem and loop structure that
keeps the fluorophore and quencher co-
valently bound to each side of the probe
so close to each other that fluorescence
does not occur unless the beacon is
stretched by hybridizing to its target
(Figure 1). The number of SNPs simul-
taneously detected with this method is
dependent on the number of fluo-
rophores used and the quality of the
beacons (efficiency of quenching in
dormant state). Future reports will veri-
fy the universality of this approach for
different sequence targets.

FUTURE PERSPECTIVES 

DNA chip-based strategies, mass
spectrometry-based hybridization de-
tection, or new, radical, and revolution-
ary techniques may influence the future
of genetic analysis. One such method,
radically different from the existing ap-
proaches, is to use ion channels as sen-
sors for the detection of base pair com-
position of DNA. If a single strand of
DNA is pulled through such an ion
channel, the bases on the DNA string
will periodically block these pores that
are slightly more than 1 nm wide, caus-
ing a reduction in the ion flow. This re-
duction may be specific for each of the
four nucleotides, assuming that each of
them will block the pore to different ex-
tents, and one might theoretically be
able to measure these tiny changes in
the thin current of ions. This may allow
DNA sequencing at extremely high
speed by simply pulling an ssDNA
through an ion channel (47). Ironically,
the high speed is a technical problem at
present. The molecular chain ploughs
through the pore so quickly that it is
very close to the detection limits of
measurements at each base, and
attempts are made to slow it down by
using both strands, the one remaining
outside the pore and breaking the pas-
sage of the other through it. At present,
this approach appears to be more intel-

lectually inspiring than technically
achievable, but it may help to make
some brave predictions about what the
future perspectives might be.

The rapidly accumulating sequence
data available at various genetic data-
bases on the Internet allow the analysis
of sequences and screening for poly-
morphic sites without actually sequenc-
ing (37). A total of 10435 possible new
variations in human genes with various
levels of confidence (available at
http://lpg.nci.nih.gov/GAI) has been
deduced by the alignment of multiple
entries of expressed sequence tags
(ESTs) or full-length sequences of vari-
ous genes (5). A detection system for
screening this public-domain sequence
data called Single Nucleotide Polymor-
phism Pipeline (SNPpipeline) has been
developed, and SNP assemblies are
available at http://www.chlc.org/cgai
(5). This bioinformatics tool identified
3089 “candidate SNP” loci of high con-
fidence. Validation experiments using
DNA sequencing and RFLP for those
loci affecting the restriction enzyme
site showed an overall yield of correctly
predicted sites of 56%.

CONCLUSION

Further analysis of the growing vol-
ume of sequence data will enable the de-
tection of rare allelic variants and the
amount of noise in the databases by con-
firming more and more candidate SNPs.
A larger number than so far expected
may be functional (64). The increase of
throughput and sensitivity of mutation
analysis reveals the genetic basis of a
great number of malignant, neurologi-
cal, immunological, and other diseases,
and an increasing number of new genet-
ic guides and databases are being creat-
ed. There is, however, an increasing gap
in throughput capabilities between in-
dustrial laboratories or pharmaceutical
companies and small academic laborato-
ries. As long as even relatively small sci-
entific units should have the flexibility to
create and test their hypothesis by them-
selves, it is critical to adapt the existing
large-scale genotyping methods for
small-budget academic units. The pre-
sent review summarizes the existing
strategies for genotyping and may be
helpful for making the correct choices.
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