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ABSTRACT
The Human Genome Project has provided near-total sequence information about our genes and their surround-
ings. This monumental accomplishment has been accompanied by equally remarkable progress in biomedical
research and computer science. Biologists and clinical investigators are now well positioned to perform global
analysis of genetic polymorphisms-mutations, gene expression, protein identity and function (proteomics), and the
3-dimentional structure of proteins (structural genomics). The resulting information should accelerate the develop-
ment of novel and targeted therapeutics that are tailored to individual genomic profiles (pharmacogenomics). The
massive amount of data generated by genome-wide experiments requires the development of comprehensive
genomic-proteomic databases and software that enable megadata access, transfer, and manipulation (bioinformatics).
Advances in molecular biology techniques have allowed accurate and rapid characterization of DNA sequences as
well as the identification and quantification of cellular RNA and protein. Global analytic methods and human
genetic mapping are expected to accelerate the process of identification and localization of disease genes. In this
review article in genomics, selected principles and methods in molecular biology are recapped, with the intent to
prepare the reader for forthcoming articles with a more direct focus on aspects of the subject matter.

Key words: Genomics, genome techniques, functional genomics, population genomics

Biotecnología Aplicada 2005;22:83-90

RESUMEN
Evolución tecnológica para revolución genómica. El Proyecto del Genoma Humano nos ha provisto de la
secuencia casi completa de nuestros genes y sus alrededores. Este logro monumental ha llegado acompañado de
un progreso similar en las investigaciones biomédicas y las ciencias computarizadas. Los investigadores en biología
y medicina clínica tienen ahora una privilegiada posición para realizar análisis globales de los polimorfismos y las
mutaciones, de la expresión de genes, de la identidad y función de las proteínas (proteómica) y de la estructura
tridimensional de las proteínas (proteómica estructural). La información resultante deberá acelerar el desarrollo de
terapias novedosas dirigidas a blancos moleculares que sean lo ideal de acuerdo con el perfil genómico de cada
individuo (farmacogenómica). La masiva cantidad de datos generados mediante la realización de experimentos
con el genoma completo, requieren del desarrollo de bases de datos genómicos y proteómicos y programas que
posibiliten el acceso, la transferencia y la manipulación de “megadatos” (Bioinformática). El avance en las técnicas
de biología molecular ha permitido una rápida y precisa caracterización de las secuencias de ADN, así como la
caracterización de ARN celular y la identificación de proteínas. Se espera que el empleo de métodos analíticos
globales y estrategias de mapeos genómicos aceleren el proceso de identificación y localización de genes asociados
a las enfermedades. En este artículo de revisión de genómica se ha recapitulado en algunos principios y métodos
de la biología molecular, con la intención de preparar al lector para artículos venideros con un enfoque más directo
en aspectos relacionados con esta temática.
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Introduction
The completion of the Human Genome Project repre-
sents the first step in a process that will revolutionize
medicine in the 21st century. The “race to the finish
line” between the “public” and “private” Human Ge-
nome Project depicted in the popular press was really
a race to the starting line with regard to the applica-
tion of genomics to medicine.

Research activities downstream from the early, de-
scriptive portions of the Human Genome Project
promise to fundamentally alter the way in which fu-
ture generations of health care professionals will diag-
nose, treat, and -ultimately- prevent disease. Unlike
the early experiences with genetic medicine, in which
gross aberrations of genetic material and their influ-
ence on relatively small populations of patients were
typically studied, the new genomic revolution has the
promise to better explain the pathomechanisms un-
derlying highly prevalent illnesses such as coronary

artery disease, cancer, and neurodegenerative disor-
ders. Improved understanding of the multiple, inter-
acting genetic components of disease pathophysiol-
ogy should make it possible to design specific,
“targeted” therapies. Furthermore, it should be pos-
sible to “individualize” drug and other treatments to
accommodate both inherited differences in the patho-
physiology of a single patient’s disease process and
genetic variation in that patient’s ability to metabo-
lize drugs. These issues are addressed by the field of
“pharmacogenomics”. Achieving the promise of the
genomic revolution for medicine will also require the
development of new clinical laboratory tests, includ-
ing those that use microarrays (chips) that in turn can
be used for DNA sequence analysis and for evaluation
of gene expression in normal and diseased tissue.

Because genes encode proteins, the genomic revo-
lution has also led to the development of “proteomics”.
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Proteomics involves the measurement not of single
proteins, but rather of all the proteins expressed in a
cell or tissue. The bounty of information resulting from
the development of genomic and proteomic science
has required the parallel development of computer-
based techniques for managing vast collections of data
and, even more important, providing ready access to
those data by medical scientists and practitioners. In
response, the discipline of bioinformatics has develo-
ped new techniques for organizing, storing, and ana-
lyzing the acquired information and, in many instances,
disseminating the information via the World Wide Web.
Although the promise of the genomic revolution for
medicine is truly unprecedented, it is important that
enthusiasm for the science be tempered by sensitivity
to public concerns regarding the potential misuse of
genomic information. The possibility of loss of confi-
dentiality, issues of group stigmatization, and the dif-
ficult issue of genomic predestination must all be ad-
dressed if humankind is to reap the full benefits of the
potential of this exciting new science.

As is readily apparent, evolving genomic science
has associated concepts and a vocabulary that may
challenge the study of medicine and biology. The scope
of genomic knowledge and the applications are so broad
that it is difficult to envision a disease process, pa-
tient, or clinician who will not be affected in the fu-
ture. It is important that graduate, postgraduate, and
continuing medical education keep abreast of the new
information so that new discoveries can be translated
into clinical practice rapidly and appropriately.

The development of a structural and functional ge-
nomic infrastructure will undoubtedly accelerate our
understanding of diseases and help refine methods of
disease prediction, diagnosis, staging, and treatment.
Clinicians, investigators, and students of medicine and
biological sciences must be prepared to participate
effectively in the “new” genomics revolution and tackle
the economical and ethical issues that are integral to
all aspects of medical genomics. The intent of the
current review is to begin the process of education in
this regard, with the basic principles and methods in
molecular biology that are relevant to genomics. This
review is not intended to be comprehensive but to
serve as an introduction to this subject.

Polymerase chain reaction
Polymerase chain reaction is an in vitro method of
replicating relatively small DNA sequences into mil-
lions of copies over a short period [1]. A typical PCR
reaction requires (A) two oligonucleotide primers (PCR
primers), (B) a thermally stable DNA polymerase,
(C) an ample amount of free deoxynucleotides, and
(D) a small amount of DNA (the sample) that contains
the sequence of interest (ie, the region to be amplified)
[2]. The PCR primers (short DNA sequences of ap-
proximately 20 bp in length) are synthesized in the
laboratory, and their nucleotide sequences are designed
to be complementary to DNA sequences that flank
(lie on either side of) the DNA fragment of interest
(the target) [3, 4]. Therefore, one has to know the
nucleotide sequence of the target DNA fragment to
use PCR technology. Because DNA synthesis can pro-
ceed only in the 5´ to 3´ direction, a PCR primer al-
lows the extension of DNA in only 1 direction (the

other side is a dead end). Therefore, to replicate both
strands of the DNA molecule (the complementary
strands), 2 PCR primers (forward and reverse pri-
mers) are needed, and they are placed on either side of
the DNA sequence of interest on complementary
strands (the forward primer on 1 strand of DNA and
the reverse primer on the second strand of DNA that
is complementary to the first strand). This approach
allows the amplification of the double-stranded target
sequence that is located between the 2 primers [5-8].

In general, PCR technology works best when the DNA
fragment of interest is relatively small (<1 000 bp) [5].
The technique is easily automated to allow the detec-
tion and amplification of nanomolar quantities of DNA
with a rapid turnaround time (a few hours). Because
of the speed of the assay and the small amount of test
sample needed (nanogram quantities), PCR is an ex-
tremely useful and efficient method of genetic testing
in disease diagnosis, monitoring of treatment response,
detection of minimal residual disease, and tissue typ-
ing [9-14]. Furthermore, the ability to extract DNA
from various biological samples combined with PCR
technology has substantially affected both forensic
medicine and archeological studies [15-18]. However,
the extreme sensitivity of PCR makes it vulnerable to
the possibility of false-positive test results due to
trace amounts of contaminants [19].

Nearly all techniques start with PCR amplified
DNA containing the SNP of interest. Although PCR
is an enormously powerful technique, it does have
certain disadvantages. First, a single PCR reaction ge-
nerally amplifies a single or limited number of SNP
regions. Efforts have been made to use multiplex PCR
techniques where several SNP locations are amplified
at once, but these multiplex techniques are still not
generally used and can only be applied to certain com-
binations of SNPs. Thus, future improvements in
genotyping technology will likely involve better mul-
tiplex PCR protocols.

Real-time PCR
Highly sensitive detection of specific RNA species in a
complex RNA sample can be achieved if the reverse
transcription (RT) reaction is followed by PCR. Real-
time detection of the ongoing PCR via the TaqMan
assay [20, 21] exploits the nuclease activity of the Taq-
polymerase [22]. A probe complementary to the am-
plified target sequence, labeled with a reporter
fluorophore at the 5’-end and a quencher fluorophore
at the 3’-end [23, 24], is added to the PCR. During the
extension step Taq-polymerase degrades hybridized
probes, releasing the 5’ fluorophore. The fluorescence
from the released fluorophores is proportional to the
amount of degraded probes, and hence the amplifica-
tion cycle at which the fluorescence exceeds a threshold
value can be taken as a measure of the amount of the
target present in the reaction. Alternative probe designs
have been developed for real-time detection, such as
molecular beacons [25] and scorpion probes [26]. These
probes contain reporter fluorophores and quencher
molecules as in the TaqMan probes previously des-
cribed, but are constructed so that degradation of the
probes is not necessary. Furthermore, they can be used
to distinguish transcript variants that differ in a single-
nucleotide position [20, 21]. The PCR step renders the
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Taqman method sensitive to false positive results due
to the contamination of the samples, and multiplexing
is difficult, demanding labor-intensive optimizations.

Polymorphism
The human genome is extensively affected by se-
quence variation [27]. When the rate of variation at a
specific point in the DNA yields a variant sequence
that is found in more than 1% of a given population, it
is referred to as a polymorphism. When the incidence
of a variant sequence is less than 1%, it is referred to
as a mutation. However, these definitions are impre-
cise because what may be considered a mutation in a
given population may qualify as a polymorphism in
another population (e.g., sickle cell mutation].

Genetic polymorphism may be revealed by restric-
tion enzyme digestion that results in variably sized
restriction fragments, a phenomenon known as restric-
tion fragment length polymorphism(RFLP). Usually
occurring in intergenic DNA regions, RFLPs generally
have no phenotypic effect. Certain regions of DNA are
highly polymorphic because of the presence of variable
numbers of tandem repeats (VNTRs) [28]. The latter
are short DNA sequences that are repeated in sequence
multiple times. Variations among individuals in the num-
ber and size of such repeat sequences may be revealed
by using RFLPs induced by restriction enzymes that
cut near the boundaries that encompass the repeat se-
quences. The degree of polymorphism in VNTRs is
sufficiently high to allow DNA fingerprinting [29].

Single nucleotide polymorphisms occur as often as
every 200 bp in the human genome [30]. Single nucleo-
tide polymorphisms may be detected by microarrays
and have the potential to be used in studies of genetic
susceptibility to diseases [31]. Of note, however, is
the fact that only about 1% of single nucleotide poly-
morphisms result in an alteration in protein coding at
the amino acid level.

DNA Sequencing
DNA sequencing entails spelling out the nucleotide
chain of a DNA region of interest [32-34]. Sufficient
quantities of the target DNA region of interest are
obtained from either a bacterial-cloned fragment or a
PCR-amplified sequence.

A short DNA primer is used to start the synthesis
of a complementary strand to the original template to
be sequenced. With the use of specific chemical ana-
logues of nucleotides (dideoxynucleotides), which are
capable of terminating chain extension at specific nu-
cleotide bases, the synthesis of the complementary
strand is halted (nested) at specific nucleotide bases,
resulting in the synthesis of DNA fragments with
varying lengths that differ by 1 nucleotide . The set of
nested fragments that are radiolabeled or tagged with
fluorescent dyes can then be separated by gel electro-
phoresis, resulting in a pattern that allows the deter-
mination of the specific nucleotide at the end of each
successive fragment. Currently, an automated com-
puterized laser detection system is used for rapid ac-
crual of sequence information.

Gene mapping
Human genetic mapping entails the localization or
mapping of genes to each of the 23 chromosome pairs

and the determination of the order and spacing of the
gene on the particular chromosome [35]. This is done
in 1 of 2 ways: physical mapping (based on esti-
mates of physical distance measured in bp) or ge-
netic linkage mapping (based on the frequency of
meiotic crossing-over that is observed between 2 loci
of a chromosome) [36] Linkage distance is measured
in centiMorgans (cM), named after Thomas H. Mor-
gan, the father of Drosophila (fruit fly) genetics, who
defined the concept of genetic linkage [37].

Locating a disease gene is the first step toward
cloning the gene itself.

Physical mapping
Physical mapping of genes may be achieved by diffe-
rent methods with differing levels of resolution that
range from an entire chromosome to a single base pair
(the base sequence). Methods of low-resolution physi-
cal mapping include karyotyping, fluorescence in situ
hybridization (FISH), and somatic cell hybridization.
Human chromosomes may be identified by size and
by distinctive banding patterns seen under light mi-
croscopy after staining with special DNA-binding dyes
(Giemsa) [38]. This method of chromosome visualiza-
tion is called karyotyping and provides a metaphase
picture of the 22 homologous pairs of autosomal chro-
mosomes and the 1 additional pair of sex chromosomes
lined up by size. Such a chromosome picture allows
the identification of gross abnormalities (chromosomal
deletions, duplications, translocations) that may be
associated with a particular disease phenotype (e.g.,
chronic myeloid leukemia is associated with a gross
translocation between chromosomes 9 and 22) [39].
As a result, the disease gene is physically mapped to
the vicinity of the abnormal karyotypic lesion.

Other physical maps include cDNA maps that lo-
calize the chromosomal positions of expressed genes
[40, 41], RFLP maps of restriction cleavage sites [42],
and contig maps of overlapping sequences of YACs,
BACs, or cosmids. The resolution grade of karyo-
typic identification of a genetic lesion is estimated at
10 million bases (Mb), that of FISH at about 2 Mb,
that of restriction map at 0.5 to 1 Mb, and contig
maps at an even lower scale.

Genetic linkage mapping
Genes that are located on different chromosomes se-
gregate independently during meiosis (the law of in-
dependent assortment). In other words, 2 genes on 2
different chromosomes have a 50% chance of being
inherited together in a daughter cell. In contrast, genes
on the same chromosome have a tendency to be inhe-
rited together (i.e., are genetically linked) [43]. How-
ever, the chance of segregating together is not 100%
because of the “phenomenon” (process) of recombi-
nation (crossing-over) [44-48]. During recombination,
the naturally occurring exchange of chromosome re-
gions between homologous pairs of chromosomes
occurs during meiosis [49]. The chance for a recombi-
nation event to occur depends on the distance be-
tween the 2 genes on the same chromosome [50]. The
closer the genes are to each other, the less chance for a
recombination event to occur and vice versa.

Genetic linkage is defined as the tendency for genes
on the same chromosome to stick together during
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meiosis. The strength of this linkage is used as a unit
of measurement (Morgan) of the distance between
the 2 linked genes [51]. One centiMorgan denotes a
recombination event of 1% (i.e., the genes stick to-
gether 99% of the time during meiosis). A genetic dis-
tance of 1 cM therefore denotes 2 genes that are rela-
tively close to each other.

Accordingly, a genetic linkage map may be per-
ceived as a map of a chromosome with genes or DNA
markers that are aligned in a linear fashion with inter-
vening distances that reflect the frequency of recom-
bination between the adjacent genes or markers [44].
The total genetic length of the human genome is esti-
mated at 3 000 cM. As such, 1 cM corresponds to
about 1 million bp. Note that chromosomal regions
(DNA sequences) that are evaluated for linkage analy-
sis may not be associated necessarily with a pheno-
typically apparent trait. For example, hair color is a
phenotypically apparent trait, and variation in the
DNA sequence responsible for hair color is reflected
by variation in hair color. In contrast, DNA sequence
variation of a phenotypically silent genetic marker is
revealed by molecular techniques that exploit the pre-
sence or absence of specific restriction enzyme clea-
vage sites (RFLPs) and variations in the number of
tandem repeats at specific chromosomal regions
(VNTRs) [52]. Regardless of whether the study mark-
ers are phenotypically apparent (genes) or not
(RFLPs, VNTRs), linkage analysis requires the
existance of heterozygosity at the locus of both the
gene and the genetic marker (i.e., alleles of the specific
gene or DNA sequence must be heterozygous) [53].

Alleles are variants of the same gene occupying the
same locus on chromosomes. Therefore, a homolo-
gous pair of chromosomes may either have the same
allele on the 2 chromosomes forming the pair (i.e., are
homozygous for the specific allele) or have 2 different
alleles at a specific locus (i.e., are heterozygous). Ge-
netic mapping methods are based on the observed seg-
regation of alleles on a homologous pair of chromo-
somes. For example, if 2 separate traits are inherited
together 99% of the time, then the alleles responsible
for the traits are probably on the same chromosome at
a distance between them of 1 cM.

Precise localization and sequencing of the
gene of interest

In most diseases, a causal genetic aberration is not yet
known. As described previously, one can use linkage
analysis to associate a putative disease gene with a
chromosomal locale that is detectable either molecu-
larly or phenotypically [51]. Once the gross location
of the putative disease gene is determined by linkage
analysis, one can apply positional cloning for more
precise identification and sequencing of the gene of
interest [54, 55].

Positional cloning starts with the selection, by us-
ing the DNA sequence of the linked marker as a probe,
of vector clones from a genomic library that carry
DNA sequences that overlap with those from the
linked genetic marker. As mentioned previously, a ge-
nomic library is constructed by partially digesting the
entire genome with restriction enzymes, followed by
cloning the resultant fragments into appropriate vec-
tors [56]. Because the DNA products of restriction

digestion are relatively large, the vectors usually used
are YAC and BAC. Using the DNA sequence of the
linked marker, one can pick YAC or BAC clones with
sequences that overlap with those of the linked marker
[57]. Alternatively, sequence tagged sites, which are
unique, relatively short DNA sequences with known
chromosomal location, may be used to identify clones
with overlapping sequences. Subsequently, the over-
lapping sequences themselves may be used as probes
to select additional YAC or BAC clones with se-
quences that are partially overlapping with the probes
used [58, 59].

The stepwise process of identifying YAC or BAC
clones based on overlapping DNA sequences is called
chromosome walking [60]. This process of chromo-
some walking continues until the disease gene is iden-
tified. The linear alignment of YACs or BACs with
overlapping sequences results in a continuous DNA
segment called a contig map. Such contig maps have
been essential for the analysis of human and non hu-
man genomes as well as for specific chromosomal re-
gions [58, 61-63].

Probe-identified clones can also be individually
mapped for sites complementary to ESTs. An EST
that cosegregates with the gene of interest is deter-
mined and then sequenced. Alternatively, the clone
containing the linkage markers may have already been
sequenced, and resident genes are sought by looking
for ORFs. Finally, the candidate gene is identified by
mutational analysis that compares ORFs from a pa-
tient-derived DNA library to those obtained from non
affected individuals.

Principles of genotyping methods
The various approaches for allele discrimination are
formally divided systematically into enzymatic ap-
proaches, in which the properties of different enzy-
mes to discriminate between nucleotides are used
(restriction enzymes type II, Cleavase and Resol-
vase, DNA polymerase, and ligase) [64]; electro-
phoretic methods, in which the allele discrimination
is based on the difference in mobility in polymeric
gels or capillaries (single -and double- stranded con-
formation assays, heteroduplex analysis, and DNA
sequencing) [65]; solid-phase determination of al-
lelic variants, including high-density oligonucleotide
arrays for hybridization analysis, mini-sequencing
primer extension analysis, and fiberoptic DNA sen-
sor array [66]; chromatographic methods such as
denaturing high-performance liquid chromatography
(DHPLC) [67]; other physical methods of discrimi-
nation of allelic variants such as mass spectrometry
(mass and charge) or fluorescence exchange-based
techniques [68]; and in silico methods such as high-
throughput analysis of expressed sequence tag data
[69]. Some of the most frequently used techniques
and instrumental settings applied in different com-
binations are described, and other methods that are
less broadly used, but have interesting potentials
are discussed in this review (Table 1).

Enzymatic approaches for discrimination
of allelic variants
The first widely used method for the detection of
polymorphisms exploited alterations in restriction
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enzymes sites. A variety of enzymatic approaches
for the discrimination of allelic variants has since been
described. However not all can be considered high
throughput in their present format; data 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 polymorphism (RFLP)
is comprised of PCR amplification of a fragment of
interest and the subsequent digestion with a restric-
tion enzyme [70]. Because of its simplicity and
straightforwardness, the method has been extensively
used and is still popular, although it confers certain
limitations. Only a subset of polymorphisms that
happen to reside in an endonuclease restriction site
can be studied with the conventional method. The
approach has recently been generalized by swapping
the amplification and restriction events -the DNA
sample is first digested by a combination of restric-
tion enzymes and then amplified. Amplification of
the fragments is achieved by ligating adapter se-
quences on both sides of the fragments, which, to-
gether with the restriction target sequence, can be
amplified using a specific end-labeled primer [ampli-
fied fragment length polymorphism (AFLP)]. A unique
triplet of nucleotides following the adapter and res-
triction enzymes sequences on the primers enables
specific amplification of fragments beginning or end-
ing with the complementary triplet. This fingerprint-
ing method allows co-amplification of a high number
of restriction fragments without the knowledge of the
nucleotide sequence [71]. A complicating factor may
be that the successful implementation is dependent
on the completeness of digestion in both studied and
reference samples.

Cleavase fragment length polymorphism
analysis
The invasive cleavage assay [72] is a probe cycling,
signal amplification reaction used for detection of single
nucleotide polymorphisms (SNPs) [73] and quantita-
tive determination of gene expression and viral load.
The reaction requires two synthetic oligonucleotides,
called the ‘upstream oligonucleotide’ and ‘probe’, that
anneal to the target sequence with an overlap of 1 nt.
This creates a bifurcated overlapping complex that
resembles a structure generated during strand displace-
ment DNA synthesis. Structure-specific 5'-nucleases,
whose primary cell function is believed to be pro-
cessing of Okazaki fragments [74, 75], cleave the bi-
furcated substrate at  the site of the overlap, releasing
the 5'-arm and one base paired nucleotide of the probe
[76, 77]. The cleaved 5'-arm serves as  a signal indica-
ting the presence of the target in an analyzed sample.
By performing the invasive reaction at the probe mel-
ting temperature (Tm), multiple cleavage events can be
achieved for each target. Typically, an invasive signal
amplification reaction generates  30-50 cleaved probes/
target/min, resulting in 103-104-fold signal amplifica-
tion in a 1-3 h reaction [78]. By combining two inva-
sive reactions into a serial assay, the signal amplifica-
tion can be increased to 107-fold, which is sufficient
to detect  600 copies of unique sequence in samples of

human genomic DNA in 2-4 h using a standard fluo-
rescence plate reader [79].

The number of different formats that can be applied
for signal detection emphasizes the versatility of the
invasive cleavage  assay. These include electrophoresis
[80, 81], microplate enzyme-linked immunosorbent
assay (ELISA) [65] and matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass
spectrometry methods [82]. More recently, a fluores-
cence resonance energy transfer (FRET) methodology
enabled homogeneous detection of SNPs by the inva-
sive cleavage reaction using zeptomole (10-21 mol)
amounts of target DNA [79].

Adapting the invasive cleavage assay to a solid
phase format  presents the possibility of analyzing
multiple SNPs in parallel. At the present time, SNP
detection using the invasive cleavage  reaction is per-
formed in 96-well microplates with nanogram amounts
of human genomic DNA per SNP [79].

Electrophoretic discrimination of allelic
variants

High-Performance DNA sequencing

DNA sequencing has been proclaimed the “gold stan-
dard” used to establish the identity of both known
and unknown sequence specific nucleotide variations
[83], which in turn precipitated a number of publica-
tions questioning this statement [84, 85]. Four differ-
ent dyes are used to label each of the DNA bases (A,
C, G, and T) that can be electrophoresed together in
the ABI sequencing system. The DNA polymerase
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Table 1. Different approaches to identify and visualize genetic alterations 

Approaches to identify and visualize 
genetic alterations Methods and techniques 

1. 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) 
 

2. 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 
 

3. Solid-Phase determination of allelic 
variants 
 

• Oligonucleotide arrays 
• High-density oligonucleotide arrays for hybridization 

analysis 
• Minisequencing primer extension analysis  
• Fiber optic DNA sensor array 
 

4. Chromatographic methods for 
discrimination of allelic variants 
 

• Denaturing high performance liquid chromatography 
(DHPLC) 

 

5. Physical methods for discrimination 
of allelic variants 
 

• Differential sequencing with mass spectrometry 
• Fluorescence exchange-based methods 
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may discriminate between the differently labeled
ddNTPs, resulting in different intensities of terminat-
ing 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 in-
creased precision is combined with high throughput
in the currently available systems (ABI 310 and ABI
3700). On the other hand, the Pharmacia-ALF se-
quencing technology (Amersham Pharmacia Biotech,
Piscataway, NJ, USA) employs a single-dye chemis-
try format in which Cy5 is used to label DNA frag-
ments for the detection of laser-induced fluorescence.
This contributes to obtaining easily interpretable raw
data, high accuracy, and no mobility differences be-
tween fragments caused by different-size fluorophore
labels. However, the disadvantages are lower through-
put and higher labor cost. Several attempts to increase
the throughput of ALF DNA sequencing have been
described. Doublex sequencing involves the combina-
tion of an ALF DNA sequencer and an ALFexpress
DNA sequencer, which allows the detection of two
different labels, fluorescein isothiocyanate (FITC) and
Cy5. With the use of two differently labeled primers,
one can sequence both strands in a single reaction and
gel run [86]. 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 [87].
New platforms for rapid automated DNA sequencing
have been introduced using ultra-thin gels and thin
capillaries (the Clipper sequencer) [81], and proto-
cols for simultaneous PCR amplification and cycle
sequencing in a single tube (CAS, DEXAS, or CLIP)
have been described [88-90].

Solid-Phase determination of allelic variants

Oligonucleotide arrays

Short oligonucleotides (8-80 bases) or longer cDNA
(more than 100 bases) attached to a solid support
(microscope slide or microplate) are referred to as
microarrays. High-density oligonucleotide arrays on
miniature glass supports are also designated 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 interrogated) sequence, also
referred to as the target [91].

DNA microarrays are simple and versatile tools for
experimental explorations of genome structure, gene
expression programs, gene function, and cell and
organismal biology.

There are many types of DNA microarray, but the
two main platforms are GeneChip oligonucleotide
microarray, in which a known oligonucleotide (probe)
is synthetisized directly on glass arrays in situ, and
DNA-spotted microarrays, in which the probe, gene-
rally a PCR product, is spotted onto a substrate by
precision robotic [6, 9]. In both cases, an experiment
consists of hybridization of a fluorescently labeled
cDNA against the probe. The raw data are obtained
by measuring the resulting intensity values of the

spots by fluorescent microscopy with laser excita-
tion (Fluorescent scanners).

Of great interest recently has been the potential
application of microarray technology to the identifi-
cation of SNPs.

Oligonucleotide arrays can be used to determine
the nucleotide sequence of DNA. Genomic DNA of
many individuals in a population can be sequenced
with microarrays in order to identify commonly
occuring polymorphisms. Since the human genome
sequence has been determined, the “reference se-
quence” for this region is known and can used to de-
sign an “oligonucleotide array” chip to determine,
within a DNA region, the frequency and distribution
of nucleotide variation in a population. Genomic DNA
is isolated from individuals and then PCR is used to
amplify as well as fluorescent-tag it. This tester DNA
is hybridized to the “oligonucleotide microarray”,
which can distinguish single-base mismatches from
perfect hybrids [31].

The ability of hybridization with allele-specific
oligonucleotides (ASO) to detect a single base mis-
match was first shown in 1979 [92], and then used to
detect the sickle-cell mutation in the β-globin gene
by Southern blot hybridization to human genomic
DNA in 1983 [93]. Identification of a single base
change in the 6 x 109 bp of the diploid human genome
is, however, a demanding task. Not until the PCR
technique was invented [91, 94], did it become pos-
sible to design useful assays for genotyping SNPs in
complex genomes.

Some of the early SNP-genotyping assays used for
PCR products were based on ASO hybridization in
dot blot [95] or reverse dot blot [96] formats. The
reverse dot blot format can be viewed as the precursor
of the high-density microarray-based methods for
multiplex genotyping of SNPs by ASO hybridization
[97-99]. The use of ASOs as hybridization probes or
as PCR primers is the basis for the SNP genotyping
assays that are referred to as ‘homogeneous’, because
they contain no separation steps and are monitored in
real time during PCR. These assays are frequently
used for large-scale genotyping of SNPs today [100-
102]. The solid-phase assays for enzyme-assisted
genotyping, using a DNA ligase [103] or a DNA poly-
merase [104], were also introduced more than a de-
cade ago. Because the enzyme-assisted methods have
proven to be more robust and to provide more spe-
cific allele distinction than ASO hybridization [105],
these methods have been multiplexed, automated and
adapted to various detection strategies, and they pro-
vide most of the current high-throughput SNP-
genotyping platforms.

In methods based on single nucleotide primer ex-
tension -minisequencing- the distinction between geno-
types of the SNPs is based on the high accuracy of
nucleotide incorporation by the DNA polymerase
[104]. The primer extension reaction is robust, allow-
ing specific genotyping of most SNPs at similar reac-
tion conditions. These features are advantageous for
high throughput applications because the effort re-
quired for assay design and optimization are mini-
mized. Consequently, single nucleotide primer exten-
sion is gaining acceptance as the reaction principle of
choice for high-throughput genotyping of SNPs, and
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has been adapted to various assay formats, detection
strategies and technology platforms.

Physical methods for discrimination of allelic
variants

Fluorescence exchange-based method
Fluorescence polarization (FP) single base extension
is a fairly robust and specific assay for genotyping
SNPs. A tremendous advantage of this assay is that it
is homogeneous so that all reactions can be carried out
stepwise in a single tube (or well). This assay utilizes
the physical property of light polarization in order to
discriminate between alleles. In this strategy, the nu-
cleotides added in the primer extension reaction are
labeled with two different fluorescent tags (TAMRA
or ROX) corresponding to each of the two alleles.  By
measuring which fluorescent marker is attached, one
can determine which allele is present. When polarized
light falls upon a small fluorescent molecule, the mole-
cule will become excited and emit the light in all direc-
tions because the emission is accompanied by kinetic
motion and rotation. However, when the fluorescent
molecule is tethered to a larger molecule, this rotation
will be hindered and a greater proportion of fluores-
cence emission will be in the polarized plane. The
measurement of the relative amount of polarized emis-
sion versus non-polarized emission will differ between
bound and unbound fluorescent molecules. Thus, when
a fluorescent dye labeled nucleotide is attached during
a primer extension reaction the increased measure of
polarization will indicate whether a particular nucleo-
tide had been attached to the extension primer.

The FP genotyping method is generally robust but
it is limited by the number of PCR reactions one can
do in a single well. This eliminates the possibility of
multiplexing which is essential to cost-reduction and
an increase in throughput necessary for affordable
candidate gene and linkage mapping studies.

A second method of detecting primer extension
reactions is analogous to the detection method used
for the DNA sequencing reaction. Applied Biosys-
tems (formerly, ABI/PE whose parent company is
Applera) manufactures instrumentation for DNA
sequencing and the same instruments can be used to
discriminate between allele-specific primer extension
products by the size and fluorescence of the pro-
duct. Indeed, PE Biosystems and Orchid Biosciences
have announced a collaborative agreement that ena-
bles PE Biosystems to develop a product based on
Orchid’s SNP-IT reaction chemistry and a detection
platform using PE Biosystems’ instrumentation and
detection technology.

Affymetrix, Inc, the leading provider of DNA oli-
gonucleotide chips (used primarily for mRNA expres-
sion analysis) has also entered into collaboration with
Orchid. Orchid’s primer extension technology will be
coupled to Affymetrix’s solid chip format and fluo-
rescence detection system. This is an example of a
technique that uses both a homogeneous liquid reac-
tion and a solid support assay environment. In this
system a bipartite oligonucleotide is designed for each
SNP to be interrogated (see below). One part of the
oligonucleotide is a traditional primer for primer ex-
tension and corresponds to the region adjacent to the

SNP. The other segment of the oligonucleotide con-
sists of a nucleotide “tag” which serves as a capture
probe and is unique to each SNP being assessed. Thus,
if there are 100 SNPs being assessed there are 100
different capture probes. Following primer extension
and the incorporation of a fluorescently labeled nucleo-
tide numerous reactions are captured on a DNA chip
by way of the capture probes. In this format, nume-
rous primer extension reactions can be performed si-
multaneously and each individual SNP reaction can be
captured and localized at a particular position on the
solid oligonucleotide chip. The genotype of each SNP
is determined by measuring fluorescence.

A third method is the Mini-sequencing technique
related to primer extension. Unlike primer extension
where a primer is extended by a single nucleotide, mini-
sequencing extends a primer by several nucleotides.
Pyrosequencing, Inc. has developed a format for mini-
sequencing. In traditional DNA sequencing, the reac-
tion products are separated according to size on a po-
lyacrylamide gel and both size and fluorescence is used
to identify the nucleotide at a given position. 

To obviate the need for gel electrophoresis, Pyro-
sequencing technology is performed in a microtiter
plate format. In brief, the identity of the nucleotides
surrounding and including the SNP position is deter-
mined by adding known nucleotides sequentially to a
DNA sequencing reaction [106, 107]. If the nucleo-
tide is incorporated into the primer, a cascade of reac-
tions involving the enzymes sulfuryase and luciferase
as well as the pyrophosphate released by nucleotide
incorporation occur and ultimately produce detecta-
ble light, which indicates nucleotide identity [108].
The enzyme apyrase degrades the excess nucleotides
(which could interfere with the subsequent reaction)
and enables another cycle of Pyrosequencing.

In contrast to most other techniques for SNP
genotyping, Pyrosequencing technology not only pro-
vides information about the variant base but also takes
into account the sequence adjacent to the SNP. The
surrounding sequence verifies the SNP scores, reveals
sequence artifacts and thereby eliminates false results.
With the help of dedicated software, SNP genotypes
are scored automatically to further speed up analysis
and improve reliability. An additional benefit of
Pyrosequencing is that the assay can be performed in
a dedicated 96-well-plate or 384 well microtitre-plate
[109] format to facilitate automation and provide a
suitable platform for large-scale SNP genotyping ef-
forts. Due to its flexibility one or a few samples can
be analyzed simultaneously for several different SNPs,
or a single SNP scored in 96 different samples. A limi-
tation of the method is that the sequential identifica-
tion of bases prevents genotyping of several SNPs
per reaction in diploid genomes.

Differential sequencing with mass
spectrometry
Sequencing with mass spectrometry is an attractive
alternative for high-throughput detection of polymor-
phism because it allows the generation of accurate
data in seconds per sample without any probes or
target labeling [110]. This method can be easily auto-
mated. Design of assays based only on local sequence
allows automated assay design with uniform assay
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conditions. This similarity of assay conditions per-
mits the extensive use of robotics, which limits human
error. Mass spectrometry data collection is fast and
automated, based on the size of extended products.

The ionization of the analyte is a prerequisite for all
ms techniques. Matrix-assisted laser desorption/io-
nization mass spectrometry (MALDI-MS) [111] and
electrospray ionization mass spectrometry (ESI-MS)
[112] are techniques for creating ionized gas-phase
DNA whose ionized molecules are accelerated in an
electric field, followed by a flight through a vacuum
chamber to a detector. This detection method, is based
on the time taken by each particle to fly to the detec-
tor. It is inversely related to the velocity, which in turn
is proportional to the mass/charge ratio of a flying
particle, a specific characteristic for the samples under
examination [110], since the mass/charge ratio is an
intrinsic property of the molecule (fragment DNA),
dependent only on base composition.

Mass spectrometry analysis has been successfully
applied as a detection step in the cleavage assay or in
the primer extension mini-sequencing techniques as
PROBE or Pin-Point. Mutation analysis in several
different types of cancer, diseases such as cystic fi-
brosis [113], and hypertension has been performed
by PROBE. The method has been particularly useful
in analyzing “difficult” sequences [e.g., tri-nucleotide
repeats [114]. MALDI-MS has been used to visuali-
ze direct reads from sequencing TP53 (exons 5-8) and
was shown to be able to reliably detect all mutations,

heterozygous and homozygous and false stops of the
sequencing reaction [115], as well as a number of SNPs
[111, 116].

Conclusions
The drug industry has and will continue to benefit
from the relatively new disciplines of genomics and
proteomics. Advances made in the multidisciplinary
field of genomics have lead to the near completion of
the once unimaginable goal of sequencing the entire
human genome. Once complete, the conversion of
vast amounts of DNA sequencing data into the iden-
tification of novel genes and gene products will lead
to a better understanding of normal physiology and
disease states. Further, proteomics holds great po-
tential as it represents a depiction of an organism at
the phenotypic rather than the genotypic level. In-
formation gained through proteomic studies includes
the characterization of novel proteins and the identi-
fication of new protein-protein interactions and path-
ways. Eventually, genomic and proteomic studies
will lead to a better understanding of the underlying
mechanisms of disease. Subsequently, a better un-
derstanding of diseases will lead to superior thera-
peutics with higher efficacies and reduced adverse
effects. The emerging discipline of pharmacogenomics
attempts to apply the innovative techniques of ge-
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