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Abstract

The investigation of the genetic background and phenotype structures of complex diseases, such as cardiovascular or psychiatric disorders
and tumors, is one of the most scrutinized fields of the post genomic era. Besides the multiplex analysis of genetic markers and polymorphisms
throughout the whole genome, more and more attention is focused on the interaction between the etiological factors of these traits. Haplotype
determination, rather than multiplex genotyping seems to be one of the first building blocks of this endeavor. This review focuses on the
importance and theoretical background of haplotyping, and summarizes the recent examples of novel and emerging haplotyping techniques
by capillary gel electrophoresis based DNA fragment analysis, a powerful tool for the examination of the inheritance of complex traits.
©

K

C

. 42
42

42
43

. 43
43
43
43

44
44

. 44

. 44
44
44
45

. . 47

. 48
48

. 48

0
d

2005 Elsevier B.V. All rights reserved.

eywords:Haplotype; Genotype; Polymorphism; SNP; Capillary electrophoresis

ontents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2. Polymorphism and mutation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3. What is a haplotype and why is it important to detect?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. Capillary electrophoresis-based polymorphism detection methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.1. Length polymorphisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2. Single-nucleotide polymorphism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.2.1. Hybridization-based methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2. Primer extension-based methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.3. Methods based on electrophoresis mobility change. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.4. Enzymatic cleavage-based methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5. Haplotyping methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.1. Family studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2. Software-based haplotype prediction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3. Direct haplotype determination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6. Haplotyping by capillary electrophoresis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7. Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Appendix A. The international HapMap project. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
∗ Corresponding author. Tel.: +43 512 50427072; fax: +43 512 50427066.
E-mail address:Andras.Guttman@uibk.ac.at (A. Guttman).

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.03.078



42 E. Szantai et al. / J. Chromatogr. A 1079 (2005) 41–49

1. Introduction

The basic rules of inheritance have been known for about
one and a half centuries since Gregor Mendel published
his ground-braking work entitledExperiments in Plant Hy-
bridizationin 1865. Nearly 100 years later, Watson and Crick
described their hypothesis about the double helical structure
of DNA and the possible molecular structure of chromo-
somes[1]. Since then, efforts within the Human Genome
Project revealed the sequence of the 3 billion base pairs (bp)
of the human genome. Besides the vigorous development of
‘in vivo’ and ‘in vitro’ molecular biology methods, ‘in silico’
approaches have also emerged. Today, not only the base se-
quence of any human chromosomes can be downloaded from
respective internet databases[2], but also information about
gene function, the spatial structure of proteins or even mu-
tations and polymorphisms can be searched. However, one
of the fundamental problems investigators are facing world-
wide is the analysis of genetic factors that might contribute
to common diseases. It is well known that illnesses affect-
ing the cardiovascular system, various tumors, diabetes or
psychiatric disorders show accumulation in families. Genetic
and environmental effects take part in the etiology of these
complex traits, and in this way it is usually very difficult to
detect the possible effect of a single genetic polymorphism.
Unfortunately linkage studies that were successfully used in
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allelic variants, one can distinguish polymorphisms and mu-
tations. The frequency of the minor form of a polymorphism
is greater than 1%, while mutations are the rare allelic variants
[9]. Polymorphisms are considered mostly neutral or having
only minor phenotypic effects, while mutation usually means
drop-out or serious lesion in gene function. Polymorphisms
are classified into two major groups of single nucleotide poly-
morphisms (SNPs) and length polymorphisms. SNPs are re-
sponsible for about 90% of person-to-person variations, i.e.,
approximately one in every 1000–2000 bp[10,11]. Length
polymorphisms are manifested as variable number of repe-
titions in the DNA sequence, where the length of a repeat
section and the number of repeats can both vary[4]. These
polymorphisms are responsible for approximately 10% of
person to person variations, and can be further categorized
according to the length of the repetitive DNA sections, such
as short tandem repeats (STRs) that are 1–4 bp long, or longer
repetitive DNA sequences that are referred to as variable num-
ber of tandem repeats (VNTR).

Most of these polymorphisms exist in parts of the genome
that, in the best of our present knowledge, does not have any
effects on the phenotype. However, when polymorphisms are
located in the coding regions of a gene it may change the
amino acid sequence of the expressed protein, and might con-
comitantly manifest itself in the phenotype. Polymorphisms
can also result in changes in the phenotype if they are in the
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l
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parser monogenic diseases cannot be applied to poly
iseases with reasonable success rates[3]. More informa-

ion about the genetic background of diseases would op
ew avenues towards the understanding of disease pr
ion and concomitantly the development of diagnostics
reventive treatments. Genetic association studies seem
ore effective, when the relationship is searched betwe
iven trait and its expected candidate gene. However,
tudies necessitate reliable and high throughput haplot
ethods applied to a large number of samples (along
henotypic analysis), especially to highly polymorphic g
egions.

. Polymorphism and mutation

Studying the more than 3 billion base pairs in the
an genome led to the striking recognition that only a

mall portion of the genetic information actually codes
roteins. The approximate number of coding genes is
bout 30,000[4,5] that can apparently generate a significa

arger number of proteins through co- and post-translat
odifications and alternative splicing. The more than 20
roteins already identified are listed in multifarious datab

6,7].
One of the major trends in post-genomic research i

xploration of genetic variations in humans. Difference in
NA sequence between two non-related individuals is a
.1%, resulting in an average of one in a thousand base
ltogether about 3 million[8]. Based on the frequency of t
-

romoter region of a gene, thus influencing gene expre
evels[12,13].

. What is a haplotype and why is it important to
etect?

Haplotype is the relative chromosomal localization of
lleles of the polymorphic loci[14]. During the search fo

he genetic background of complex diseases and traits
ndispensable to examine multiple polymorphisms, i.e.,
otypes, as they can serve as very effective genetic ma
o better understand the importance of haplotyping, le
onsider that locus L1 is a transcription factor-binding
hich regulates the expression of geneX (Fig. 1). The tran
cription factor binds to alleleA, but due to the polymo
hism at this site not to allelea in L1, therefore, respective
timulates or does not stimulate the expression of genX.
urthermore, consider that in the same block, locus L2 h
olymorphism in the coding region, which causes an am
cid change in the expressed protein (alleleB codes the no
al protein, whileb for the defective one). Thus, in case

ample 1, whereAandBare on the same chromosome, a
lar amount of normal protein is generated (A∼B). The othe
hromosome in this instance holds allelesa andb, resulting
n just a few copies of the deficient protein (a∼b). In sample
, with allelesa andB, at L1 and L2, respectively, only
mall amount of normal protein is expressed (a∼B), whileA
ndb provides a large amount of defective variation (A∼b).
s Fig. 1exhibits, determining only the genotype of the t
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Fig. 1. Haplotype definition (+1 denotes the transcription start site).

loci in individuals 1 and 2 would not differentiate between
the two heterozygote samples, as genotyping methods cannot
distinguish between the ‘cis’ (sample 1) and ‘trans’ (sample
2) localization of the alleles. This example clearly illustrates,
that haplotyping provides significantly more information on
disease predisposition prediction as simple genotyping.

4. Capillary electrophoresis-based polymorphism
detection methods

4.1. Length polymorphisms

Interrogation of length polymorphisms usually accom-
plished by amplification of the gene section of interest using
polymerase chain reaction (PCR), followed by electrophore-
sis size separation of the resulting fragments. Two primers
with annealing sites outside of the polymorphic region are
utilized in the PCR, therefore the repeat number can be read-
ily determined based on the size of the generated fragment.
For example, in DNA fingerprinting the number of 4 bp long
repeat sequences are investigated in the relevant sections of
the genome[15]. Capillary gel electrophoresis provides more
than adequate separation power and rapid analysis times for
this application. More recent studies applied microfluidic de-
vices for the separation of DNA fragments resulting in anal-
y
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technique is based on the use of an allele-specific primer in
the polymerase chain reaction and subsequent electrophore-
sis analysis of the products[20,21]. Actually, the 3′ end of
the allele-specific primer is hybridized at the SNP site, so a
DNA-polymerase lacking 3′ exonuclease activity can carry
out the amplification only if the primer perfectly matches
with the template. Two allele-specific primers are applied to
the corresponding allelic variants in two separate reactions.
A novel approach allows fast and reliable genotyping
of any SNP in a single tube PCR reaction followed by
electrophoresis analysis[22,23].

Oligonucleotide ligation assay (OLA) applies a fluo-
rescently labeled aspecific and an unlabeled allele-specific
probe, and hybridization of the allele-specific oligo takes
place only when the allelic variant of interest is present in
the sample DNA. The aspecific probe is designed to hy-
bridize to the template DNA in the adjacent position to the
binding site of the specific probe. When the specific probe
is complementary to the template then a nick (lack of the
3′–5′ phosphodiester bond) is formed, consequently the two
DNA fragments can be ligated, resulting in the formation of
a longer labeled fragment. If the allele-specific probe cannot
hybridize, ligation does not occur and thus only the labeled
aspecific probe is seen in the electropherogram[24]. A similar
method is multiplex ligation dependent probe amplification
(MLPA) where the process is initiated by the hybridization
o by a
p d in
t

4
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sis times of less than a few min[16].

.2. Single-nucleotide polymorphism

Besides the emerging use of microarrays[17] and real time
CR analysis[18,19], the most frequently used methods
ingle-nucleotide polymorphisms necessitate electropho
nalysis. As capillary electrophoresis (CE) provides auto

ion and superior resolving power even in a high throug
linical diagnostic environment, we summarize the most
uently used CE based methods below.

.2.1. Hybridization-based methods
One of the most frequently used methods for S

nvestigation is allele-specific amplification (ASA). T
f an allele-specific and a non-specific probe, followed
olymerase chain reaction if the two probes were ligate

he first step[25].

.2.2. Primer extension-based methods
In primer extension-based SNP typing methods, the

lication of a primer ending just prior to the polymorp
egion of interest is combined with a sequencing reac
sing dideoxy-ribonucleotide triphosphate terminators.
pproach referred to as SNaPshot[19] employs an unlabele
rimer in conjunction with the four dideoxy nucleotides
eled by four different fluorescent dyes, so the color of
eaction product depicts the genotype. Multiplexing is offe
n this instance by using primers with various lengths[26]. A
econd approach is based on the application of a fluore
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primer in conjunction with unlabeled dideoxy and deoxy nu-
cleotides so the genotype can be readily determined based on
the DNA fragment lengths of the resulting primer extension
products. Multiplexing in this instance is possible by em-
ploying different fluorophore labeled primers[27]. In both
methods, the primers and the extended fragments are sepa-
rated by capillary electrophoresis. DNA sequencing is also a
very useful polymorphism characterization technique. In this
case longer (800 bp) fragments can be sequenced applying the
chain terminator fluorescently labeled dideoxy nucleotides in
combination with their unlabeled deoxy counterparts[28]. It
is important to note here that, although the accuracy of this
method is not 100%, DNA sequencing is still considered to
be the “gold standard” of SNP screening and identification
by many researchers.

4.2.3. Methods based on electrophoresis mobility
change

Single-stranded conformational polymorphism (SSCP)
and denaturing gradient gel electrophoresis (DGGE) are the
two most often used techniques that utilize the phenomenon
of mobility changes during electric field mediated sepa-
rations. In SSCP denatured DNA molecules are separated
under carefully optimized conditions that makes possible
to demonstrate the electrophoretic mobility change caused
even by a single base difference[29]. The specificity and
t sed
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tained, specific for the two alleles. There is a novel endonucle-
ase based method that can identify even previously unknown
SNPs. A modified repair enzyme, CEL I endonuclease, rec-
ognizes any mismatch in dsDNA and cuts the phosphodi-
ester bond of both strands at the 3′ side. After hybridizing
the sample of interest with a PCR amplicon generated from
a homozygote normal sample, the presence and even the ap-
proximate position of an SNP are identified by the cleaved
fragments appearing in the electropherogram[32].

5. Haplotyping methods

5.1. Family studies

One of the most obvious haplotyping methods is based on
family studies, where the haplotypes are determined based
on familial genotype data[33,34]. However, some multifac-
torial diseases are of late onset making difficult or impossible
to collect DNA sample form the biological parents. Moreover
family studies are not applicable in some cases, e.g., when all
the members are heterozygote for the same polymorphism.
These individuals must be excluded from the study, which
means not only the decrease in sample size, but even the
distortion of the genetic composition of the investigated pop-
ulation, as samples are dropped out not randomly but rather
g st be
e
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w f in-
t ased,
he sensitivity of the approach are significantly increa
hen capillary gel electrophoresis is applied. DGGE
ased on the difference in electrophoretic mobilities betw
ouble-stranded (ds) DNA and partially denatured D
rior to the electrophoretic analysis, the DNA fragments
enatured and re-annealed in a way that allows heterod

ormation. In an increasingly denaturing environment a
he capillary during the run, the two homoduplexes and
eteroduplexes get partially denatured at different denat
gent concentration. Since the electrophoretic mobilit

he partially denatured DNA is usually lower than that o
ouble stranded counterpart, the different forms are re
eparated[30]. Please note that the so-called “GC-clam
revents complete denaturation of the fragments during

llary denaturing gradient gel electrophoresis. An alterna
echnique is based on the original publication of Horváth and
oworkers[31] using micropellicular anion exchanger ma
f 3-�m rigid polystyrene-based non-porous microsph
ith a covalently bound hydrophilic layer and DEA

unctional groups at the surface in high-performance li
hromatography[31].

.2.4. Enzymatic cleavage-based methods
Restriction fragment length polymorphism can also be

lied to SNP analysis. This technique utilizes type II res
ion endonucleases, which recognize and cut both stran
dsDNA at very specific 4–8 bp long palindrome seque

14]. If the allelic variation of a single nucleotide polym
hism creates or eliminates an endonuclease recognitio
characteristic capillary electrophoresis peak pattern i
,

enotype dependently (i.e., mostly the heterozygotes mu
xcluded).

.2. Software-based haplotype prediction

The maximum-likelihood method is effected via
xpectation-maximization algorithm worked out by stat
ians[35–37]. Other methods, such as the parsimony me
38], and the PHASE methods are based on Bayesian
nce calculating uncertainties associated with each phas

39,40]. In case control studies, estimated haplotype freq
ies are not directly evaluated byχ2 tests. Please note th
he accuracy of haplotype estimation is not guaranteed[41]
hen a disease population is not under the Hardy–Wein
quilibrium[42]. Thus, it is important to unambiguously d

ermine individual haplotypes in a simple, direct way.

.3. Direct haplotype determination

Direct haplotype determination, namely the applicatio
olecular genetic methods for each sample is another
seful and reliable option besides family studies and th
lication of computer algorithms. Cloning and sequen
f DNA fragments derived from each chromosome is a c
ical but rather labor intensive method for molecular ha
yping. One of the reported techniques is based on do
llele-specific amplification, which is suitable for the de
ination of haplotype of two adjacent SNPs[43]. However
hen many polymorphic sites are located on the region o

erest thus the number of predictable haplotypes is incre
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this method gets rather complicated. In addition, nucleotide
sequences around the polymorphic sites affect the optimiza-
tion of allele-specific amplification. An interesting approach
is intense dilution of the DNA sample solution resulting in
amplification of practically one DNA molecule, which makes
possible the investigation of SNPs as far as 24 kb apart from
each other[44]. Another approach by Douglas et al.[45]
suggested transformation of diploid cells to haploid by con-
struction of somatic cell hybrids. This provided an opportu-
nity for direct haplotype determination through conventional
DNA genotyping from the haploid cells. Another method
suggested intra-molecular ligation of PCR fragments con-
taining two polymorphisms of investigation. Thus, the two
sites get to adjacent localization making it possible to ap-
ply allele-specific amplification[46]. Heteroduplex analysis
has also been applied to molecular haplotyping[47]. Single-
strand conformation polymorphism (SSCP) can be used for
molecular haplotyping as well, and it is conceivable that con-
formation of single-stranded DNA further changes by the
combination of more than one polymorphism[41].

6. Haplotyping by capillary electrophoresis

Since the importance of haplotyping become apparent, a
g elop
r cus
o
r nves-
t C1
( sug-
g ulsive
d two

F ed us-
i s con-
fi

SLC1A1(the gene of the EAAC1) polymorphisms, confirmed
by cycle sequencing. The peak patterns correspond to differ-
ent combinations of three haplotypes of T∼T, C∼T and T∼C.
The fragment size associated to each peaks are labeled on the
three homozygote subjects.

Others studied possible association between SNPs and
sporadic rectal cancer (SRC)[49] utilizing a multi-capillary
DNA sequencing instrument and developed a method for
SNPs and (micro)haplotype detection within short DNA frag-
ments of 100–1000 bp by integrating DNA melting theory.
Partial melting of DNA fragments was detected by the change
in their electrophoretic mobilities. Information in melting be-
havior of different (micro)haplotypes relative to the wild type
in combination with DNA sequencing allowed direct (mi-
cro)haplotype determination. A standard 96-capillary DNA
sequencing instrument was used in cycling temperature capil-
lary electrophoresis mode (CTCE).Fig. 3depicts the CTCE
traces representing the five (micro)haplotype combinations
discovered (samples are delineated by thin, internal standards
are by bold lines). Haplotypes are given as three polymorphic
bases in each allele. Please note that heteroduplexes are not
shown in the electropherograms. No association was found
between the polymorphisms and the haplotypes in the ataxia-
teleangiectasia mutated gene with respect to sporadic rectal
cancer.

Serotonin-related genes in antidepressant response were
i ore-
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p
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rowing number of research groups took the lead to dev
apid, sensitive and reliable methods. In this review we fo
n CE-based haplotyping methods. Cook and coworkers[48]
eported a CE-based SSCP haplotyping method for the i
igation of two common SNPs within the gene of the EAA
neuronal and epithelial glutamate transporter) that is
ested to be a functional candidate in obsessive–comp
isorder.Fig. 2 shows six SSCP electropherograms for

ig. 2. Electropherograms for six SSCP patterns. Length units assign
ng Genescan TAMRA 350 as internal standard. Each genotype wa
rmed by cycle sequencing. With permission from[48].
nvestigated using a high-throughput capillary electroph
is based SNP analysis platform for 110 SNPs and fou
eat polymorphisms located in seven candidate genes by[50].
heir result revealed three SNPs in the tryptophan hydr

ase gene and one SNP in the serotonin transporter gene
ng noteworthy single locus association when respons
uoxetine is compared to non-response. To investigate
ible interaction of alleles from different SNPs within a ge
aplotypes were inferred using an expectation maximiza
lgorithm and tested for association using phenotypic c
arisons. The use of haplotypes, or particular combina
f alleles observed in a population, has been proved
powerful approach for the dissection of complex gen

raits both theoretically and empirically. Using a haplot
NP tagging approach enabled to reduce the number of

equired to represent the majority of haplotypes, and ge
lly allowed observation of even greater association betw

hese htSNP (haplotype tagging SNP), haplotypes and
otypes.

Association studies between the macrophage migr
nhibitory factor (MIF) gene and juvenile idiopathic arthr
JIA) by Donn et al.[51] established linkage of a 2-loc
IF promoter haplotype with JIA susceptibility using eith
NaPshot ddNTP primer extension or by a fluoresce

abeled primer method in conjunction with capillary
lectrophoresis. They have also demonstrated the func
onsequence of this particular haplotype that was foun
e transmitted in excess by measuring the plasma MIF
entration in patients with juvenile idiopathic arthritis. T
pplication of luciferase reporter gene constructs prov
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Fig. 3. Cycling temperature capillary electrophoresis of five genotypes rep-
resenting five microhaplotype combinations. Sample traces are depicted with
thin line and the internal standard is presented in bold. Microhaplotypes are
given as the three polymorphic bases in each allele. Please note that het-
eroduplexes are not shown in the electropherograms. With permission from
[49].

clear evidence of a functional interaction between the two
sites of genetic variation within the MIF promoter, and sug-
gested a haplotype linkage with juvenile idiopathic arthritis.

Capillary electrophoresis and PCR was utilized by
Laurent-Puig and coworkers[52] in their SNP investigation

Fig. 4. Schematics of haplotype analysis using combined allele specific
PCR/RFLP. Filled asterisks: position of the two SNPs, open asterisk: po-
sition of the controlSau96 I digestion site. With permission from[53].

of matrix metalloproteinase (MMP) 1 and 3 gene promoters
as risk factors in head and neck squamous cell carcinoma. The
presence of the MMP1-2G and MMP3-6A alleles seemed to
be associated with decreased risk of tumor especially when
the two forms were carried by the same chromosome forming
a haplotype.

Our group[53] introduced a novel haplotyping approach
(Fig. 4) combining allele-specific amplification and restric-
tion fragment length polymorphism (RFLP) for the investiga-
tion of the−616CG and−521CT SNPs in the 5′ untranslated
region of the Dopamine D4 Receptor gene.Fig. 5depicts cap-
illary gel electrophoresis haplotyping of the two SNPs of sev-
eral individuals applying allele specific PCR (for the−521CT
SNP) in conjunction withSau96 I restriction enzyme diges-
tion (for the−616CG SNP). The left and right panels demon-
strate the digestion patterns of the PCR amplicons possessing
thymine or cytidine at position−521, respectively. In sample
1, both the digested and undigested fragments are present in
the−521T specific reaction, but lacks any PCR-products in
the−521C specific reaction, suggesting the haplotype struc-
ture as−616C∼ −521T/−616G∼ −521T. Sample 2 is dou-
ble heterozygote as PCR-products were created by both the
−521T- and−521C-specific reactions, but as the−521C-
specific product was not digested resulting in the haplotype
of −616G ∼ −521T/−616C ∼ −521C. Sample 3 is also
heterozygotic for site−521, as the expected PCR products
w mo-
s pe
i
h d and
t as-
s y
d bina-
t sen-
s ical
s

-
p rmi-
n ne)
p ingle
s on-
s and
a A.
ere produced in both reaction mixtures and both chro
omes contain the−616G allele consequently its haploty

s−616G∼ −521C/−616G∼ −521T. Sample 4 is−521CC
omozygote and together with the presence of digeste

he undigested fragments in panel B the haplotype is
umed to be−616C∼ −521C/−616G∼ −521C. This stud
emonstrated that capillary gel electrophoresis in com

ion with laser induced fluorescence detection offered a
itive and accurate tool for automated haplotyping in clin
ettings.

More recently Kamio et al.[41] took the lead to com
are statistical haplotyping with direct haplotype dete
ation methods for the MUC5B (human mucin 5B ge
romoter applying capillary gel electrophoresis based s
trand conformation polymorphism method. They dem
trated that SSCP can identify up to 10 common SNPs
dinucleotide insertion/deletion site in a 2 kb long DN
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Fig. 5. Haplotype determination of the−616CG and−521CT SNPs of the Dopamine Receptor D4 gene. With permission from[53].

Fig. 6. Comparison of statistically estimated and experimentally determined haplotypes. Statistical estimation of haplotype frequencies was implemented for
two (A), three (B), four (C), and five (D) adjacent loci in the promoter region ofMUC5Bgene. With permission from[41].

Haplotypes were reconstructed from diploid genotypes in
the same region by statistical methods including expectation
maximization.Fig. 6 depicts the comparison between sta-
tistical estimation and experimental haplotype determination
revealing that major haplotypes containing multiple marker
sites showing strong linkage disequilibrium (LD) are esti-
mated in good accuracy however haplotypes with weak LD
are not reconstructed correctly.

7. Summary

It is considered that the DNA sequence of any two hu-
man individuals is 99.9% identical. Although the frequency
of all the possible variations is approximately only 0.1%, it
still may affect the risk of the individuals to various diseases.
Patterns of single nucleotide polymorphisms localized on the
same chromosome are referred to as haplotype. In some cases
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haplotypes are inherited as conserved blocks. Within these
blocks, however, only a few SNPs provide appropriate hap-
lotype information. Capillary electrophoresis and capillary
array electrophoresis are playing a major role in haplotype
determination, especially in clinical settings.
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Appendix A. The international HapMap project

To prepare a human haplotype map the so-called HapMap
Project was launched by Francis Collins in 2002. This
international endeavor will take approximately 3 years with
the expected cost of $100 million[54]. The major goal of
the project is DNA haplotype analysis of 270 individuals
with different geographical origin (US Utah population with
Northern and Western European ancestry with unrelated
Japanese, Chinese and Nigerian individuals). It is expected
t cture
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Launching the HapMap project generated some concern as
if genetic difference between different populations gets pub-
licity, some groups can be stigmatized by revealing that they
possess higher predisposition risk for specific illnesses. On
the other hand, getting such a map of haplotype blocks is of
high significance in the genetic mapping of complex diseases,
in pharmacogenetic researches and in achieving personalized
medicine.
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