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Abstract
In the genome era, there is great hope that genetic approaches such as linkage equilibrium mapping
can be used to study common human disorders using a case-control population association study
design. Ideally, the parental chromosomes are marked so that chromosomal regions in the form of
haplotypes are compared in these studies to increase the power of association. Determining the
haplotypes in a diploid individual is a major technical challenge in genetic studies of complex traits.
A molecular approach to haplotyping is therefore highly desirable. Recent advances in DNA
preparation, separation, labeling, and image analysis provide hope that a strategy of using a three-
dye system coupled with DNA distance measurements between alleles will yield haplotype
information of sufficiently high quality for genetic studies. In this work, we present the outline of
the major challenges one must meet in developing a robust strategy for SNP detection and molecular
haplotyping using single molecule analysis. Hum Mutat 23:442–446, 2004.
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INTRODUCTION
With the completion of the sequencing of the human genome and technological advances in
molecular genetics, there is great hope that genetic approaches can be used to study common
human disorders [Collins et al., 2003]. One of the approaches favored by proponents of genetic
studies of common diseases is linkage disequilibrium mapping using a case-control population
association study design [Botstein and Risch, 2003]. Unlike simple Mendelian disorders,
however, the inheritance pattern of common disorders is complex, with several, if not many,
genetic factors involved. In addition, the expression of the disease phenotype is greatly affected
by environmental factors and lifestyle, leading to incomplete penetrance. The chromosomal
segments shared by those suffering from the disorder in the population are predicted to be
small, since the genetic factors associated with the common adult-onset disorders are
presumably not under natural selection [Lohmueller et al., 2003]. In order to compare the
genetic constitution of patients and controls in a comprehensive way, one needs to obtain the
complete DNA sequences of the two sets of parental chromosomes of each individual in a
study. Because this is not practical, genetic markers are used to track the chromosomal
segments that segregate between the patients and controls. Ideally, the parental chromosomes
are marked so that chromosomal regions (rather than single nucleotides) are compared in
population-based genetic association studies. In other words, one analyzes haplotypes rather
than individual genetic markers to increase the power of association [Fan and Knapp, 2003].
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Although genotypes for thousands of single nucleotide polymorphisms (SNPs) can be obtained
quite readily, determining which alleles of neighboring SNPs are found on the same
chromosome (the haplotype) in an individual is still difficult. This is due to the fact that humans
are diploid and current genotyping methods use genomic DNA as targets without separating
the parental chromosomes. Haplotypes are therefore inferred by analyzing the genotypes of
family members or predicted by computer algorithms [Long et al., 1995]. The family approach
is very costly, since several additional individuals have to be typed to obtain the information
for one individual in the study. The computational approach is useful but has several
limitations, including uncertainties in the predicted haplotypes, especially when some of the
SNPs have low heterozygosities [Fallin and Schork, 2000]. One of the remaining technical
hurdles of genetic studies of complex traits is therefore a molecular approach to haplotyping.

CURRENT APPROACHES
Several published approaches of molecular haplotyping are found in the literature; as presented
in the next paragraph. These approaches can be divided into two general categories. One is
based on physically separating the parental chromosomal segments, followed by genotyping
the isolated (and amplified) chromosomal segments. The second category is based on analyzing
individual DNA molecules.

A number of methods have been used to separate the parental chromosomal segments,
including cloning [Patil et al., 2001; Douglas et al., 2001], single-molecule PCR [Ruano et al.,
1990; Tost et al., 2002; Mitra et al., 2003; Ding and Cantor, 2003], and allele-specific PCR
[Michalatos-Beloin et al., 1996]. One extreme example of the cloning approach is to create
somatic hybrid cell lines in which entire human chromosomes are separated into different cell
lines [Patil et al, 2001]. A more conventional approach is to clone PCR products into plasmid
or cosmid libraries in which individual clones represent DNA segments from one of the parents.

A promising cloning approach for whole genome analysis uses the polymerase colony
(POLONY) strategy, in which individual DNA with ligated universal adapters is amplified
within a thin acrylamide gel [Mitra et al., 2003]. At limiting dilution, the PCR products are
derived from individual DNA molecules and are far removed from each other in the gel. These
PCR product ‘‘colonies’’ can then serve as templates for genotyping and haplotyping.

The allele-specific PCR approach is straightforward. By designing PCR primers that end with
the allelic bases of a SNP in the target region and pairing them with a reverse PCR primer far
enough away to encompass other SNPs in the same region, only one parental chromosome is
amplified in heterozygous individuals [Michalatos-Beloin et al., 1996]. Needless to say, this
approach is limited by the exacting demands of allele-specific PCR and the fact that the
approach will not work for individuals homozygous for the SNP that anchors the region.

With technological advances in microscopy, one group has shown that single DNA molecules
and labels hybridized to the DNA molecule can be visualized by atomic force microscopy
(AFM) [Woolley et al., 2000]. Single-molecule analysis as an approach to molecular
haplotyping is therefore within our grasp.

ISSUES FOR CONSIDERATION
In molecular haplotyping, one has to determine which allele of each SNP is found on the piece
of DNA being analyzed. Therefore, six critical issues must be considered: allele-specific
tagging of SNPs, detection of individual labels, determination of the relationship between
labels, preparation of DNA fragments, physical method for DNA separation, and image
analysis for haplotypes. These issues are interrelated, with choice of one method in each area
influencing and limiting the approach one can take in the other areas.
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Allele-Specific Tagging of SNPs
There are many ways to distinguish between the two alleles of a SNP and specifically label the
individual alleles [Syvanen, 2001]. Labeling strategies in SNP genotyping include
hybridization of labeled probes, allele-specific primer extension, and allele-specific ligation
of labeled probes. Not all labeling strategies will work in molecular haplotyping by single-
molecule analysis, however, because an absolute requirement for labeling alleles of a SNP in
single-molecule analysis is that the label has to stay on the DNA molecule at the time the label
is detected. For detection methods with immobilized DNA targets, hybridization of labeled
oligonucleotide probes works well [Cutler et al., 2001]. For detection systems where the DNA
molecules flow by the detector, the labeled probes have to stay on the DNA molecule as they
move in solution. Closed circular padlock probes are more likely to stay in place while the
DAN target is in motion [Nilsson et al., 1994].

Another important consideration is the efficiency and specificity of the labeling of alleles.
Because several alleles on the same DNA molecule have to be labeled at the same time in order
to yield a complete haplotype for the locus, inefficient labeling will result in missing data that
may lead to ambiguities in haplotype assignment. For example, if the labeling efficiency is
90% for each probe, only 59% of the DNA molecules will have all alleles labeled if there are
five SNPs present in that region. When the labeling efficiency drops to 80%, only 33% of the
DNA molecules are fully labeled at five sites. If enough DNA molecules are analyzed to piece
together the two haplotypes of that person, incomplete labeling is not a serious issue when
determining the haplotypes found in one individual.

Detection of Individual Labels
Single-molecule detection in genetics is not new. Fluorescent in situ hybridization (FISH) has
been used to detect unique loci on individual chromosomes [Pinkel et al., 1986]. Large probes
(several kilobase pairs in size) containing multiple fluorescent molecules are needed to
visualize the hybridization event because of the lack of sensitivity in fluorescence microscopy.
In haplotype analysis, the markers are usually so close together that there will not be room to
place a large probe on a marker without interfering with the neighboring markers. Moreover,
much smaller probes are used to increase the power of discrimination of the assay. The small
probes (tens of bases in size) can only accommodate at most a handful of fluorescent dyes. As
fluorescent dyes have variable intensities and absorption/emission characteristics, not all dyes
can be detected above the background noise when only one dye molecule is present. With
improved optics, brighter dyes, and signal analysis algorithms, it is now feasible to detect single
fluorescent labels [Yildiz et al., 2003].

Determination of the Relationship Between Labels
If there were enough dyes available for labeling the DNA molecules, all one had to do was to
use one dye for each allele of the SNPs making up the haplotype and look for coincidence of
fluorescence to infer the haplotype. This is not feasible for haplotypes consisting of multiple
markers, however, because it will take 2n dyes to cover n SNPs with two alleles each. In other
words, 10 dyes are needed for a haplotype consisting of five SNPs. With the limited visible
spectrum and with the high cost involved in building sophisticated detection systems, it is
impractical to use more than three or four dyes.

The only way to move forward, then, is to create a haplotype barcode using spacing information
and a two-dye label system for each SNP (Fig. 1). For example, one can use dye-1 for the
common alleles for all the SNPs in the haplotype and dye-2 for the minor alleles. If one can
determine the distance between each SNP by labeling the DNA target with dye-3, one can read
out the haplotype by stringing together the labels and distances. As shown in Figure 1, some
of the haplotypes are:
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Dye-1 : 2 kb : Dye-1 : 1 kb : Dye-1 : 3 kb : Dye-1 : 5 kb :

Dye-1 = CTACG [Hap-1]

Dye-1 : 2 kb : Dye-2 : 1 kb : Dye-1 : 3 kb : Dye-2 : 5 kb :

Dye-1 = CCATG [Hap-2]

Dye-1 : 2 kb : Dye-2 : 1 kb : Dye-1 : 3 kb : Dye-2 : 5 kb :

Dye-2 = CCATA [Hap-3]

Dye-2 : 2 kb : Dye-2 : 1 kb : Dye-1 : 3 kb : Dye-2 : 5 kb :

Dye-1 = TCATG [Hap-4]

The bar-code is uniquely suitable for haplotype determination because one can infer the
haplotypes from either orientation.

The challenge is to resolve the fluorescent signals from the dyes and measure the distance
between the signals. The assay format has great implications for how this can be achieved. In
a flow system, DNA fragments are linearized as they are being pushed through microchannels.
Fluorescent labels found on the DNA fragments can be detected by the detectors just above
the microchannels. The spacing information between different SNPs can be deduced by the
arrival time of the fluorescent labels as they sequentially pass by the detector. In a static system
where DNA molecules are immobilized on a flat surface, tracing the molecule along the DNA
target is not easy when hundreds or thousands of molecules are to be analyzed [Jing et al.,
1998].

Preparation of DNA Fragments
In a perfect world, a chromosome is stretched out end-to-end and a scanner is used to run along
the chromosome and read the alleles one by one. Since this is not achievable any time soon,
one has to work with DNA fragments of more realistic sizes. Genomic DNA can be sheared
into random fragments of a certain size range or cut with restriction enzymes into fragments
of a large range of sizes. The problem is that these approaches are more or less random and
only two copies of the locus of interest are found in each cell. An enormous amount of DNA
will be needed to get the number of DNA fragments required to achieve statistical confidence
in calling the haplotypes for a particular locus. In addition, the noise from the remaining 3
billion base pairs of DNA are likely to overwhelm the system as one tries to focus on the locus
in question.

It is therefore necessary to amplify the locus one wishes to study to both increase the number
of DNA molecules for the study and to reduce the background noise. Long-range PCR is the
obvious choice at present and DNA in the range of 10–20 kilobase pairs (kb) can be amplified
quite routinely [Barnes, 1994; Cheng et al., 1994]. Amplifying DNA fragments larger than 20
kb is more difficult to achieve and the larger DNA fragments break easily if not handled with
great care [Cheng et al., 1994]. Fortunately, the mean size of haplotype blocks in the human
genome is around 20 kb, so being able to prepare DNA samples in the 20 kb size range is quite
adequate for most studies [Gabriel et al., 2002]. Overlapping DNA fragments can be prepared
if longer range haplotypes must be determined.
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Physical Method for DNA Separation
Unlike approaches where genomic DNA is separated into individual pieces and then amplified
for detection, single-molecule detection approaches require the separation of amplified DNA
into individual molecules for detection. Currently, two strategies are feasible. In a flow system,
a dilute solution of DNA is made to sequentially stream pass the detector [Goodwin et al.,
1993]. The DNA dilution is such that most DNA molecules do not travel with any other DNA
molecule and the time interval between two DNA molecules as they arrive at the detector is
not too long. Since many molecules must be analyzed in an experiment, it will take much too
long if the DNA solution is too dilute. In the stationary system, DNA fragments are immobilized
on a support surface and imaged and the pattern of labels is analyzed. The labeling can be done
prior to or after DNA immobilization. Once again, DNA dilution must be such that the
molecules are spread out across the support surface individually but not so far apart so that
many molecules cannot be analyzed per unit area.

In both the flow and stationary systems, the DNA molecules have to be linearized so that both
the order and spacing between the alleles can be determined unambiguously. For the flow
system, the DNA passes through a stricture either just before or at the point at which detection
occurs. In one configuration, DNA passes through a maze of posts to disentangle the DNA
molecules before they enter a microchannel where the detectors are found [Huang et al.,
2002]. For the stationary system, DNA in solution is drawn across a treated surface so that the
DNA molecules are kept separate from each other as they are stretched out across the surface
[Michalet et al., 1997; Skiadas et al., 1999]. The more consistent the stretching, the more precise
the distance between markers can be measured.

Image Analysis for Haplotypes
Because of the inefficiencies in allele-specific labeling, to achieve statistical confidence in
haplotype calls, many molecules must be analyzed for each individual. Each DNA molecule
must be imaged and analyzed. In the flow system, one simply plots the time course of
fluorescence detected for the DNA molecule and superimposes on it the points at which the
allele-specific labels are seen. Thousands of such images (plots) are then analyzed to deduce
the two haplotypes that are consistent with the pattern observed. In the stationary system, the
surface with immobilized DNA is imaged and each DNA molecule is traced from end to end
and the allele-specific labels are placed along the DNA molecule. Once again, thousands of
DNA images are combined to produce the two haplotypes that are consistent with the images.

Although robust protocols for DNA labeling and stretching may take a lot of work to perfect,
image analysis may turn out to be the hardest problem to solve both in terms of algorithm
development and in practice during the course of the experiment. In this regard, the flow system
may pose a much easier problem in data analysis than the stationary system, in which the DNA
molecules have to be located, traced, and digitally linearized before analysis can take place.
Efficient and robust algorithms for image analysis must be developed for single-molecule
detection to be a reality in molecular haplotyping.

CONCLUSIONS
Molecular haplotyping is the only way to obtain unambiguous haplotypes for individuals in a
case-control association study. It is therefore highly desirable to develop methods that can meet
the demands of large-scale studies involving thousands of samples. The methods must be robust
yet easy to perform. They must also be applicable to targeted regions of the genome but with
universal designs.
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Recent advances in DNA preparation, separation, labeling, and image analysis provide hope
that a strategy of using a three-dye system (two to label the alleles of each SNP and one to label
the DNA backbone), coupled with DNA distance measurements between alleles, will yield
haplotype information of sufficiently high quality for genetic studies. The challenges ahead
are in integrating the various aspects of this strategy in a way that an average laboratory can
afford to implement it in terms of cost and experimental expertise. With physicists, biochemists,
geneticists, and engineers working together, molecular haplotyping by single-molecule
analysis will soon become a reality.
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FIGURE 1.
Haplotypes represented by barcodes consisting of two sets of labels with positional
information.
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