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INTRODUCTION

Molecular diagnostics is a discipline that combines
laboratory medicine with the knowledge and technology
of molecular genetics. Its aim is to provide a sensitive
alternative to protein-based current methodologies by
developing DNA/RNA-based analytical methods for
monitoring  human pathologies. This is accomplished by
the identification of the disease-causing mutations which
may be both known or unknown.

Completion of the human genome project have gene-
rated within a few years vast information regarding mole-
cular alterations either causing inherited disorders or pre-
disposing to diseases (1). Many projects in current
human genetics aim to dissect complex traits by making
use of DNA markers, mainly by single nucleotide poly-
morphisms (SNPs), which are currently used for whole
scanning of genomes to gain first indication of interesting
regions that contribute to the traits under investigation or
in more focused candidate gene association studies.
Once a SNP or a group o SNPs has been identified as a
disease marker, it can be used for diagnostic application.
In this case specific criteria of the DNA variations typing
methods are required, such as simple protocols, which
can be easily applied for medium throughput applica-
tions, short operational time reducing labour costs, rapid
analysis, which may be crucial to save the life of a disea-
sed (e.g., infected) patient and reduced costs (2).

With the advent of polymerase chain reaction (PCR),
the battery of diagnostic tools for gene mutation scree-
ning was significantly enriched and DNA amplification
was coupled to a rich repertoire of methodologies for
detecting known mutations or screening for unknown
sequence alterations inside the human-associated disea-
se loci (3, 4).

In clinical diagnostics, methods for SNP genotyping
are applied in the diagnosis of a number of inherited

diseases caused by a relatively small number of mutant
alleles. In other situations, when the disease is associa-
ted with a high number of different and private mutations
spread all over the gene or the mutant alleles are so rare
that each family carries its own mutation, the routine cli-
nical diagnostics must be based on mutation scanning
over a complete gene (5). Consequently, in the last years
a number of rapid, robust, cost-effective and efficient
methods with the capacity to detect known and unknown
sequence variations on a medium-large scale have been
developed (1). Here we describe only the methods that
are frequently utilized in molecular diagnostic laborato-
ries.

DETECTION OF KNOWN MUTATIONS

Genotyping methods for the identification of known
DNA variations are based on nucleic acid hybridization
with short oligonucleotide probes or on the use of DNA
modifying enzymes. 

Allele-specific mutation detection of amplified DNA
based on hybridization of PCR products to allele-specific
oligonucleotide probes (ASO) can be applied in two for-
mats. The first is the dot-blot approach, whereby PCR
products are immobilized on a membrane and hybridized
to labelled ASO probes. Because of its simplicity it beca-
me one of the most widely adopted methods in molecu-
lar diagnostics, using either radioactive or nonradioactive
probes. The dot-blot format is most useful when large
numbers of samples are being screened for a small num-
ber of mutant alleles (6). The second approach is the
reverse dot-blot, whereby ASO probes are immobilized
on a membrane and hybridized to labelled PCR pro-
ducts. It can be considered the founding principle behind
genotyping microarrays. The reverse dot-blot is a widely
used tool for routine screening of numerous mutant alle-
les in several disease-associated genes (7). Automated
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platforms for preparing the reverse dot-blot membranes
(strips) have been reported that allow printing of large
numbers of strips with higher-density arraying and hence
commercialization of the entire process (8). Today, a
number of commercially available mutation detection
assays for different disease mutations are available (4).

Enzyme-assisted genotyping, using nucleases, DNA
ligase  or DNA polymerase, are also employed.
Restriction endonuclease analysis (RFLP) and allele-
specific mutation amplification are the early and most
widely used techniques to detect known gene mutations
based on enzymatic reaction. In case the mutation fails
to create or abolish a restriction site, the latter can be
artificially created by incorporating the necessary
nucleotide change(s) in the amplification primer trough
the PCR-mediated site directed mutagenesis (PSDM) (9,
10).

The allele-specific amplification using the amplifica-
tion refractory mutation system (ARMS) is probably one
of the most popular detection methods for point muta-
tions, having the advantage of being able to detect vir-
tually all known sequence variations (11,12). False-nega-
tive results due to amplification failure can be easily moni-
tored using an internal control of an irrelevant genomic
region, while the single-tube assay allows for the simulta-
neous detection of both wild-type and mutant alleles (4,
13).

The oligonucleotide ligation assay (OLA) relies on
the hybridization of two allele-specific oligonucleotide
probes (one specific for the wild-type allele and the other
specific for the mutant allele) plus a fluorescent common
probe coupled with DNA ligase reaction (14). This
method have been improved to genotype a large panel
of informative biallelic markers through multiplexing PCR
and ligase reactions and chemically modifying oligonu-
cleotide probes. Probes bear non-nucleotide tails which
allow the mobility of each ligation product to be arbitrarily
defined, regardless of oligonucleotide length or sequen-
ce (sequence-coded separation) (15, 16).

A more recently developed method based on DNA
polymerases is single nucleotide extension (SNE) (also
single base extension –SBE- or minisequencing). In this
case, the distinction between genotypes of the SNPs is
based on the high accuracy of nucleotide incorporation
by the DNA polymerases (17). The primer extension
reaction is robust, allowing specific genotyping of most
SNPs at similar reaction conditions. These features are
advantageous for high throughput applications because
the effort required for assay design and optimization are
minimized. 

Since the enzyme-assisted methods have proven to
be more robust and to provide more specific allele
distinction than allele-specific oligonucleotide hybridiza-
tion (18), these methods have been multiplexed, auto-
mated and adapted to various detection strategies, and
they provide most of the current high-throughput SNP-
genotyping platforms (19).

Finally, real-time PCR has recently emerged for rapid
genotyping without the need for post-PCR sample mani-
pulation (20, 21). The method is based on fluorescence

resonance energy transfer (FRET). FRET occurs when
two fluorescent dyes are in close proximity to one ano-
ther and the emission spectrum of one fluorophore over-
laps the excitation spectrum of the other fluorophore
(22). Commonly used FRET-based technologies include
the LightCycler and TaqMan assays and molecular bea-
cons (16). Whit this approach, each fluorescently label-
led hybridization probes, specific for each mutation,
yields a different melting curve, and genotyping is perfor-
med on the basis of a melting-curve analysis. This allows
to quickly assign hetero- or homozygosity for the wild-
type and/or mutant allele and, at the same time, to moni-
tor for false-positive or negative results. Although it is
expensive and difficult to standardize, the assay is very
fast, simple, and with a high throughput, and allows the
reliable detection of several mutations simultaneously
(4).

There has been enormous development in assay for-
mats and labeling and detection strategies.
Miniaturization and multiplexing of the mutation scanning
and genotyping assays is a key element for bringing
down costs and increasing throughput (5). 

SCANNING METHODS FOR UNKNOWN GENE
SEQUENCE ALTERATIONS 

Denaturing gradient gel electrophoresis (DGGE) and
single-stranded conformation polymorphism (SSCP)
analysis are two of the most commonly used methods for
screening for both known and unknown mutations in
human genes (23, 24). The hallmark of both techniques
is their high discriminatory potential between the wild-
type and different mutant alleles, since even a single
base difference anywhere in the amplified DNA fragment
will theoretically yield a different electrophoretic pattern
(4). The DGGE, if optimised, displays a very high muta-
tion detection rate (about 95%) compared with other
scanning methods. The technique has been further
improved by superimposing a porous gradient on the
denaturing gradient [double-gradient DGGE (DG-
DGGE)], which minimizes band broadening, even in pro-
longed runs, and permits more accurate band separation
(25). Additionally, temporal temperature gel electropho-
resis (TTGE), which relies on a temporal temperature
gradient instead of the chemical gradient used in DGGE,
has also been reported to be easier to perform and more
reproducible, when compared to DGGE (4, 26).

For all these approaches, careful adjustment of the
experimental conditions is, however, required in order to
obtain reproducible results between different runs, parti-
cularly for the purposes of prenatal diagnosis.

In recent years, denaturing HPLC (DHPLC) has been
gradually adopted for use in several diagnostic laborato-
ries because it provides a semiautomated, fast, and
reliable alternative to DGGE. DHPLC uses an ion-pair
chromatography separation principle, combined with
accurate control of the column temperature and optimi-
zed mobile phase gradient for separation of mutant DNA
molecules (3). Different experimental protocols have
been described for diagnostic purposes, showing ~98%
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sensitivity and specificity in detecting point mutations or
even large deletions (27, 28). Considering the above-
mentioned advantages, together with the high initial
investment costs for purchasing the DHPLC set up, this
method seems the most appropriate for diagnostic labo-
ratories that have large test volumes and are involved in
routine carrier identification and mutation screening. 

It should be noted that ideally the above-mentioned
methodologies should be coupled with DNA sequencing,
for either the definitive identification of unknown DNA
sequence variations or the confirmation of inconclusive
results, such as neutral gene variants, or ambiguous
chromatograms and/or electrophoretic patterns (4).

Direct sequencing approach is the benchmark for
genotyping, but costs and throughput are the key limita-
tions. Many new sequencing methods are being explo-
red at present (sequencing by hybridisation, pyrose-
quencing, base-by-base sequencing by synthesis,
sequencing by ligation, nanopore technology) and their
integration in high throughput and automated platform
may help in overcoming sequencing limits (29). An alter-
native to direct sequencing is the employment of mass
spectrometry for the identification of both known and
unknown DNA variations (2, 30). 

MICROCHIP

In the last few years, technology rapidly improved
and new laboratory tools became available. Among them
DNA chips have the potential for sample detection in
integrated systems. Through miniaturization of the test
platform, microchip-based nucleic acid technologies
allow assay development for rapid detection of a large
variety of SNPs and mutations in a large population sam-
ple, thus reducing time and manual work. Many impor-
tant molecular biological analyses will be improved by
the introduction, in both research and clinical diagnostic
laboratories, of this new powerful technique that can be
proved faithful for a variety of applications (1)

Two principally different approaches underlie the
new miniaturized assays: development of highly parallel
assays in solid-phase microarray formats and homoge-
nous assays performed in individual channels in micro-
fluidic devices (5).

DNA chips are referred to as high-density oligonu-
cleotides or cDNA molecules attached to a solid support.
The fundamental principle of most of them is the highly
selective nature of DNA double helix hybridization. In
particular, the immobilized nucleic acids are interrogated
through hybridization with a fluorescent nucleic acid
molecule.

The biochip technology for SNP typing mainly uses
two different approaches to perform allelic discrimination:
either allele specific nucleotide incorporation based on
enzymatic reaction (SNE, SBE and arrayed primer exten-
sion – see above) or allele specific hybridization (1, 31). 

FUTURE TRENDS

In practice, the requirement of a PCR amplification

step to achieve sensitive and specific SNP genotyping is
the principal factor that limits the throughput of assays
today. New PCR instruments that use microcapillaries
instead of microtitre plate formats have been devised
and offer increased PCR throughput and reduced rea-
gent costs as they use extremely short amplification
times and small reaction volumes. Fully automated SNP
analysis systems could then be designed based on
homogeneous detection or by streamlining the PCR and
the subsequent genotyping procedure in microfluidic
‘lab-on-chip’ devices that operate with submicrolitre
reaction volumes. Such microfluidic devices are now
under development in several biotech companies.
Additionally, recent developments of composite mate-
rials and fluorescence detection strategies offer increa-
sed detection sensitivity and specificity for SNP-genoty-
ping assays. Hybrid gold and silver nanoparticles have
been used, instead of fluorophores, as labels on allele-
specific oligonucleotide probes (32). In another, very
promising strategy for multiplexing bioassays, multico-
lour optical coding is accomplished by embedding diffe-
rent sized “quantum dots” into polymeric microbeads at
accurately controlled ratios (32): this technology has the
potential for several-thousand-fold multiplexing. 

Despite the numerous technical advances in detec-
tion and multiplexing strategies, no technique, however,
represents the final benchmark approach.

ACKNOWLEDGEMENTS

Funding from Telethon (Project number GGP05141)
are gratefully acknowledged.

REFERENCES

1. Ferrari M, Stenirri S, Bonini P, et al. Molecular diagnostics
by microelectronic microchips. Clin Chem Lab Med
2003;41:462-7.

2. Sauer S. Typing of single nucleotide polymorphisms by
MALDI mass spectrometry: principles and diagnostic
applications. Clin Chim Acta 2006;363:95-105.

3. Xiao W, Oefner PJ. Denaturing high-performance liquid
chromatography: A review. Hum Mutat 2001;17:439-74.

4. Patrinos GP, Kollia P, Papadakis MN. Molecular diagnosis
of inherited disorders: lessons from hemoglobinopathies.
Hum Mutat 2005;26:399-412.

5. Syvanen AC, Taylor GR. Approaches for analyzing human
mutations and nucleotide sequence variation: a report
from the Seventh International Mutation Detection mee-
ting, 2003. Hum Mutat 2004;23:401-5.

6. Traeger-Synodinos J, Kanavakis E, Tzetis M, et al.
Characterization of nondeletion alpha-thalassemia muta-
tions in the Greek population. Am J Hematol 1993;44:162-
7.

7. Foglietta E, Bianco I, Maggio A, et al. Rapid detection of
six common Mediterranean and three non-Mediterranean
alpha-thalassemia point mutations by reverse dot blot
analysis. Am J Hematol 2003;74:191-5.

8. Lappin S, Cahlik J, Gold B. Robot printing of reverse dot
blot arrays for human mutation detection. J Mol Diagn
2001;3:178-88.

9. Cremonesi L, Seia M, Magnani C, et al. Rapid detection of
1717-1G----A mutation in CFTR gene by PCR-mediated
site-directed mutagenesis. Clin Chem 1991;37:1967.

42 biochimica clinica, 2008, vol. 32, n. 1

RASSEGNE REVIEWS



biochimica clinica, 2008, vol. 32, n. 1          43

REVIEWS RASSEGNE

10. Cremonesi L, Belloni E, Magnani C, et al. Multiplex PCR
for rapid detection of three mutations in the cystic fibrosis
gene. PCR Methods Appl 1992;1:297-8.

11. Newton CR, Heptinstall LE, Summers C, et al.
Amplification refractory mutation system for prenatal dia-
gnosis and carrier assessment in cystic fibrosis. Lancet
1989;2:1481-3.

12. Eng B, Patterson M, Walker L, et al. Detection of severe
nondeletional alpha-thalassemia mutations using a single-
tube multiplex ARMS assay. Genet Test 2001;5:327-9.

13. Ye S, Dhillon S, Ke X, et al. An efficient procedure for
genotyping single nucleotide polymorphisms. Nucleic
Acids Res 2001;29:E88-8.

14. Landegren U, Kaiser R, Sanders J, et al. A ligase-media-
ted gene detection technique. Science 1988;241:1077-80.

15. Grossman PD, Bloch W, Brinson E, et al. High-density
multiplex detection of nucleic acid sequences: oligonu-
cleotide ligation assay and sequence-coded separation.
Nucleic Acids Res 1994;22:4527-34.

16. Shi MM. Enabling large-scale pharmacogenetic studies by
high-throughput mutation detection and genotyping tech-
nologies. Clin Chem 2001;47:164-72.

17. Syvanen AC. From gels to chips: "minisequencing" primer
extension for analysis of point mutations and single
nucleotide polymorphisms. Hum Mutat 1999;13:1-10.

18. Pastinen T, Kurg A, Metspalu A, et al. Minisequencing: a
specific tool for DNA analysis and diagnostics on oligonu-
cleotide arrays. Genome Res 1997;7:606-14.

19. Syvanen AC. Accessing genetic variation: genotyping sin-
gle nucleotide polymorphisms. Nat Rev Genet
2001;2:930-42.

20. Moreno I, Bolufer P, Perez ML, et al. Rapid detection of
the major Mediterranean beta-thalassaemia mutations by
real-time polymerase chain reaction using fluorophore-
labelled hybridization probes. Br J Haematol
2002;119:554-7.

21. Vrettou C, Traeger-Synodinos J, Tzetis M, et al. Rapid
screening of multiple beta-globin gene mutations by real-
time PCR on the LightCycler: application to carrier scree-
ning and prenatal diagnosis of thalassemia syndromes.
Clin Chem 2003;49:769-76.

22. Clegg RM, Murchie AI, Zechel A, et al. Fluorescence reso-
nance energy transfer analysis of the structure of the four-

way DNA junction. Biochemistry 1992;31:4846-56.
23. Carrera P, Piatti M, Stenirri S, et al. Genetic heterogeneity

in Italian families with familial hemiplegic migraine.
Neurology 1999;53:26-33.

24. Fumagalli A, Ferrari M, Soriani N, et al. Mutational scan-
ning of the ABCR gene with double-gradient denaturing-
gradient gel electrophoresis (DG-DGGE) in Italian
Stargardt disease patients. Hum Genet 2001;109:326-38.

25. Cremonesi L, Carrera P, Cardillo E, et al. Optimized
detection of DNA point mutations by double gradient
denaturing gradient gel electrophoresis. Clin Chem Lab
Med 1998;36:959-61.

26. Shaji RV, Edison ES, Poonkuzhali B, et al. Rapid detec-
tion of beta-globin gene mutations and polymorphisms by
temporal temperature gradient gel electrophoresis. Clin
Chem 2003;49:777-81.

27. Stenirri S, Fermo I, Battistella S, et al. Denaturing HPLC
profiling of the ABCA4 gene for reliable detection of allelic
variations. Clin Chem 2004;50:1336-43.

28. Cremonesi L, Paroni R, Foglieni B, et al. Scanning muta-
tions of the 5'UTR regulatory sequence of L-ferritin by
denaturing high-performance liquid chromatography:
identification of new mutations. Br J Haematol
2003;121:173-9.

29. Shendure J, Mitra RD, Varma C, et al. Advanced sequen-
cing technologies: methods and goals. Nat Rev Genet
2004;5:335-44.

30. Tost J, Gut IG. DNA analysis by mass spectrometry-past,
present and future. J Mass Spectrom 2006;41:981-95.

31. Foglieni B, Cremonesi L, Travi M, et al. Beta-thalassemia
microelectronic chip: a fast and accurate method for muta-
tion detection. Clin Chem 2004;50:73-9.

32. Han M, Gao X, Su JZ, et al. Quantum-dot-tagged micro-
beads for multiplexed optical coding of biomolecules. Nat
Biotechnol 2001;19:631-5.


