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Chapter 17

High-Throughput SNP Genotyping: Combining Tag SNPs
and Molecular Beacons

Luis B. Barreiro, Ricardo Henriques, and Musa M. Mhlanga

Abstract

In the last decade, molecular beacons have emerged to become a widely used tool in the multiplex typing of
single nucleotide polymorphisms (SNPs). Improvements in detection technologies in instrumentation and
chemistries to label these probes have made it possible to use up to six spectrally distinguishable probes per
reaction well. With the remarkable advances made in the characterization of human genome diversity, it
has been possible to describe empirical patterns of SNPs and haplotype variation in the genome of diverse
human populations. These patterns have revealed that the human genome is structured in blocks of strong
linkage disequilibrium (LD). Because SNPs tend to be in LD with each other, common haplotypes share
common SNPs and thus the majority of the diversity in a region can be characterized by typing a very small
number of SNPs; so-called tag SNPs. Herein lies the advantage of the multiplexing ability of molecular
beacons, since it becomes possible to use as few as 30 probesAQ1 to interrogate several haplotypes in a high-
throughput approach. Thus, through the combined use of tag SNPs and molecular beacons it becomes
possible to type individuals for clinically relevant haplotypes in a high-throughput manner at a cost that is
orders of magnitude less than that for high throughput sequencing methods.

Key words: Linkage disequilibrium, single nucleotide polymorphism, tagging single nucleotide
polymorphisms, DC-SIGN, Mycobacterium tuberculosis, molecular beacons, real-time PCR.

1. Introduction

Sanjay Tyagi the inventor of molecular beacons (1) once wrote:

Imagine that you have a magic reagent to which you add a
droplet of a body fluid from a patient; you wait for a moment
and a glow appears in the tube holding the mixture; the glow
not only tells you which pathogen is responsible for the
patient’s illness, but also indicates which drugs to use to
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treat the disease. Also imagine that you can perform this
diagnosis before any symptoms of the disease appear,
improving the chances of success with the treatment, and
you can perform this test on a large population with ease. The
creation and development of such reagents are the promise of
nucleic acid-basedAQ2 detection and are the aspiration of a
diverse community of researchers (2).

The promise of the technologies evoked by Sanjay Tyagi is
borne out in the above quotation. The sequencing of the human
genome (3) furnished an unprecedented understanding of its
structure and organization, but could not in itself account for
human biological variation. To address the latter, a number of
international consortiums or private corporations, such as the
International SNP Map Working Group, SeattleSNPs PGA, and
the Perlegen consortium, have multiplied efforts to resequence
genes or genomic regions to characterize single nucleotide poly-
morphism (SNP) variations in the human genome (4–6). To date,
more than 11 million SNPs have been recorded in dbSNP, the
public repository for DNA variation data (http://www.ncbi.nlm.
nih.gov/SNP/index.html) (see Chapter 3 for details). Decorating
the human genome at a frequency of one in every 500–1,000 bp,
they are the most common form of human variation and can serve
as high-resolution genetic markers. This variation, which repre-
sents a legacy of our evolutionary past and in the future may be a
treasure trove of information paving the way to personalized med-
icine, may at least partially explain the wide range of phenotypic
differences observed among individuals and populations (7–9).
These catalogues of sequence variation therefore provide scientists
and clinicians with the precious raw material to be exploited in
both human evolutionary studies and medically related research.
Here the major challenges have been in devising and implement-
ing cost-effective, easily accessible, and rapid molecular diagnostic
methods that can interrogate anywhere from a few dozen to
hundreds of thousands of polymorphisms. The comparison of
these SNPs among large numbers of individuals can be used in
therapy and drug design and even in devising new, more powerful
approaches in cell-based screening approaches for drug discovery.
It is these diverse and complicated needs that have driven the
creation of high-throughput methods of SNP typing.

Once genome sequence diversity has been catalogued, the
next step is to determine how this diversity is organized within
the human genome. Eleven million SNPs discovered to date
appear to be not entirely random. When a new mutation arises, it
is associated with neighboring variants present on the same chro-
mosome or haploid DNA molecule, forming what is commonly
known as a ‘‘haplotype.’’ When two alleles lying on the same
chromosome are always observed together, or at least more often
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than expected by chance, these two variants are said to be in
linkage disequilibrium (LD). The HapMap project, a natural
extension of the Human Genome Project, was a pioneer in
describing empirically the patterns of SNP and haplotype variation
in the human genome and in obtaining a general LD map in
populations of different ethnic origins (10). HapMap data clearly
demonstrate that the human genome is organized in a LD block-
like structure and that these LD blocks are often disrupted by
recombination hotspots (11, 12). When SNPs are in LD with
each other, redundant information is contained within the haplo-
type (i.e., by knowing the marker at one locus, we can predict the
marker that will occur at the linked loci nearby). Thus, when one
infers haplotypes within a region of reasonable LD, the diversity of
haplotypes is accounted for by a few common haplotypes and lots
of rare ones. The common haplotypes will share a number of SNPs
in common with each other, whereas the rarer haplotypes will be
characterized by carrying the rarer alleles at certain loci. Thus, one
can capture the majority of the diversity within a region by typing
those SNPs which allow one to cover the most diversity; so-called
tag SNPs.

Currently, HapMap phase II provides the most complete
available resource for selecting tag SNPs genomewide (12).
Importantly, tag SNPs defined on the basis of the HapMap popu-
lations have been shown to adequately capture patterns of varia-
tion in other human groups; tag SNPs are therefore highly
‘‘portable’’ (13–15). In the practical sense, the HapMap data
have already proven to be useful, as attested by the increasing
number of successful genomewide association studies on diseases
as diverse as type 1 (16, 17) and type 2 (16, 18, 19) diabetes,
coronary artery disease (20), obesity-related traits (21, 22), rheu-
matoid arthritis (16, 23), and human immunodeficiency virus
(HIV) disease progression (24). The portability and utility of tag
SNPs opens up the possibility of their usage in ‘‘lower’’ high-
throughput methods that are cheaper to implement and broadly
accessible. Indeed, with a wide range of relatively cheap and robust
instruments (see Table 17.1) and multiplexing probes such as
molecular beacons, cost-effective high-throughput SNP typing
becomes a reality (see Fig. 17.1 and Color Plate 1).

Two principal obstacles must be overcome in the detection
and analysis of SNPs. The first is the small amounts of nucleic acid
present in clinical specimens. This can be overcome by use of
differing nucleic acid amplification strategies, most notably poly-
merase chain reaction (PCR). This and other methods such as
nucleic acid sequence based amplification allow the selective
amplification and enrichment of a locus of interest by several-
thousand-fold over other nucleic acid sequences present (25).
The second obstacle is unambiguous detection of the SNP. Herein
lies an intrinsic property of nucleic acid chemistry that can be
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exploited. A unique property of nucleic acid hybridization is its
extremely high fidelity. Such molecular interactions are the most
specific and stable known in nature. It becomes possible to moni-
tor and detect hybridization of nucleic acids if it is accompanied by
an assayable change in conformation. Two principal methods have
emerged in detecting such assayable changes in conformation. The
first, TaqMan (26), depends upon the monitoring of enzymatic
nucleic acid probe cleavage, resulting in fluorescence (see Chapters
18 and 19 for details). The second, molecular beacons (1), detects
a conformational change in the probe that fluoresces upon hybri-
dizationAQ3 . We will focus principally on the use of molecular beacons.

Molecular beacons are single-stranded oligonucleotide probes
with a stem-and-loop structure (see Fig. 17.2, and Color Plate 2).
The loop is complementary to a known sequence in a target nucleic
acid sequence, whereas the stem forms by the hybridization of the
arm sequences on either side of the loop sequence. A fluorescent
moiety is covalently linked to the extremity of one arm sequence
and a quencher is covalently linked to the extremity of another
arm. Thus, the fluorophore and quencher are directly juxtaposed
when the stem is formed and are in extremely close proximity to
each other. This association prevents fluorescence from being
emitted from the fluorophore. When the loop portion of the
molecule encounters a perfectly complementary target, the entire
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Fig. 17.1. Comparative cost between TaqMan assays and molecular beacons. Regard-
less of the number of individuals or the number of single nucleotide polymorphisms
(SNPs) to be genotyped, the cost of molecular beacons is significantly reduced with
respect to TaqMan assays owing to the multiplexing power of molecular beacons in a
single tube. The cost for TaqMan assays is based on the prices provided by Applied
Biosystem when using 96-well plates and 25-mL PCRs. The cost of TaqMan assays can
be reduced by approximately 5–10% by performing the assays in 384-well plates and
5-mL reactions. (see Color Plate 1)
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molecule undergoes a conformational change that results in the
separation of the arms of the stem. This causes a restoration of
fluorescence to the fluorophore as it is moved away from the
quencher. Alterations to the length of the probe region strongly
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Fig. 17.2. Principle of how molecular beacons function. (a) When the probe sequence
(loop portion) encounters a target that is perfectly complementary to it, a conformational
reorganization of the molecule occurs, resulting in a separation of the stem and the
generation of a fluorescence signal. (b) Thermal denaturation profiles of molecular
beacons when they are with wild-type or mutant targets. The wild-type target is
represented by solid lines and the mutant target is represented by dashed lines. The
absence of target is indicated by a dotted line. The conformational state of the molecular
beacon is shown directly above the line. By careful design of molecular beacons,
mismatched targets can be easily discriminated from perfectly matched targets with
‘‘windows of discrimination’’ as high as 10�C. The optimal temperature for the annealing
step from this thermal denaturation profile is found to be 50�C and therefore is used in
real-time PCR. (c) An example of how each molecular beacon, the ‘‘red’’-labeled or the
‘‘green’’-labeled, competes to hybridize to the same region depending on whether it is
perfectly complementary to the region. (see Color Plate 2)
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influence the stability and specificity of the probe–target hybrid,
contributing to the extreme specificity of molecular beacons. A
wide variety of differently colored fluorophores are possible with
molecular beacons (27), thus enabling the simultaneous detection
of multiple targets in the same solution by using molecular bea-
cons designed to detect differing targets each labeled with a spec-
trally distinguishable fluorophore.

The above-mentioned properties of molecular beacons enable
their use in monitoring the progress of nucleic acid amplification
reactions (28–32), self-reporting oligonucleotide arrays, and the
detection of messenger RNA in living cells (33–36). Molecular
beacons are especially adept at the detection of SNPs since they
recognize their targets with exquisite specificity unlike conven-
tional linear probes, owing to their hairpin structure (37). Ther-
modynamic studies where linear and stem–loop probes were
compared have revealed that this enhanced specificity is a general
feature of conformationally constrained probes such as molecular
beacons. Thus, specificity can be ‘‘tuned’’ by altering the degree to
which the probes are conformationally constrained. Practically this
involves altering the length of the stem structure in relation to the
loopAQ4 . In applications such as SNP detection, molecular beacons
can be designed to bind over a wide range of temperatures such
that only perfectly complementary probe–target hybrids are
formed. This keeps mismatched probes which vary by even as
much as one base unbound and dark, whereas only perfectly
complementary probe–target hybrids elicit fluorescence. Owing
to these unique properties, the use of molecular beacons for SNP
detection has proliferated broadly as has its expansion into a cost-
effective high-throughput SNP diagnostic tool.

2. Materials

2.1. Reagents and

Equipment
1. Molecular beacon probes (see Section 3.4) designed to hybri-

dize to a target sequence carrying SNP of interest (see Note 2)
(Biosearch Technologies, http://www.biosearchtech.com).

2. Fluorescent dyes for manual linking to molecular beacons
(Glen Research or Molecular Probes/Invitrogen).

3. Black Hole quenchers (Biosearch Technologies, http://
www.biosearchtech.com).

4. Buffer I: 0.1 M sodium bicarbonate, pH 8.5.

5. Buffer II: 10 mM tris(hydroxymethyl)aminomethane (Tris)–
HCl, pH 8.0, 4 mM MgCl2, 50 mM KCl.

6. Buffer A: 0.1 M triethylammonium acetate, pH 6.5.
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7. Buffer B: 0.1 M triethylamonium acetate in 75% acetonitrile,
pH 6.5.

8. Ammonium sulfate (3 M).

9. Silver nitrate (0.15 M).

10. Dithiothreitol (0.15 M).

11. Sodium bicarbonate (0.2 M), pH 9.0.

12. 1X TE buffer: 10 mM Tris–HCl, pH 7.5, 1 mM EDTA.

13. Sephadex G-25 column NAP-5 (GE/Amersham-Pharmacia).

14. Filter: 0.2-mm Centrex MF-0.4 filter (Schleicher & Schuell).

15. High-pressure liquid chromatography (HPLC) system Gold
(Beckman Coulter)

16. C-18 reverse-phase column (Waters).

17. Molecular beacon buffer: 10 mM Tris–HCl, pH 8.0, 3.5 mM
MgCl2.

18. Thermocycler, PRISM 7700 PCR system (Applied Biosystems).

19. AmpliTaq Gold DNA polymerase (Applied Biosystems).
Store at –20�C.

20. dNTP set, 100 mM solutions (Applied Biosystems). Store at
–20�C.

21. Spectrofluorometer, QuantaMaster (Photon Technology
International).

22. Haploview software program (HapMap project, http://
www.hapmap.org).

23. Zuker/mfold fold software program (http://www.bioinfo.
rpi.edu/applications/mfold/).

2.2. Synthesis of

Molecular Beacons

Significant advances have been made in solid-phase chemistry
enabling the routine synthesis of nucleic acids coupled to fluor-
ophore and quencher moieties (38). Almost all organic dyes that
are routinely used in the visible and infrared light range are
available as phosphoramidites, which can be coupled to nucleic
acid oligomers during routine syntheses. This is also true for
quenchers. For complex syntheses and nonstandard molecular
beacons, it is also possible to use manual coupling approaches.
This is done by using oligonucleotides which contain either
amino or sulfahydryl functional groups at either their 50-ends
or their 30-ends. By using succinimidyl ester, iodoacetamide
derivatives, or maleimide derivatives of the fluorophores and
quenchers, one can couple most commercially available dyes
and quenchers to oligonucleotides possessing either amino or
sulfahydryl functional groups. In Section 3.1 and 3.2 we
describe a protocol for manual synthesis of modified
oligonucleotides.
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2.3. Matching the

Fluorophore to the

Instrument

With the emergence of real-time PCR as a standard instrument in
most laboratories, a number of instruments with differing capabil-
ities have become available. For high-throughput applications
such as SNP typing, the principal considerations should be multi-
plexing abilities, throughput (number of wells), and to a certain
extent cycling speed. Spectral overlap is minimized with molecular
beacons since they are quenched when unbound. In addition,
several instruments (Table 17.1) are able to detect up to six
spectrally distinguishable dyesAQ5 (Table 17.2), routinely enabling
extremely powerful multiplexing capabilities.
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Table 17.2
Fluorophore labels for fluorescent hybridization probes

Fluorophore Alernative fluorophore
Excitation
(nm)

Emission
(nm)

Coumarin Biosearch Bluea, LightCycler Cyan 500b 430 475

FAM 495 515

TET CAL Fluor Gold 540a 525 540

HEX ATTO 532c, CAL Fluor Orange 560a,
JOE, VICd

535 555

Cy3 NEDd, Oyster 556f, Quasar 570a 550 570

TMR Alexa 546g, CAL Fluor Red 590a 555 575

ROX Alexa 568g, CAL Fluor Red 610a,
LightCycler Red 610b

575 605

Texas red Alexa 594g, CAL Fluor Red 610a,
LightCycler Red 610b

585 605

LightCycler
Red 640

CAL Fluor Red 635a 625 640

Cy5 ATTO 647 Nc, LC Red 670b,
Oyster 645f, Quasar 670a

650 670

LightCycler
Red 705

Cy5.5e, Quasar 705a 680 710

Modified from (39)
aBiosearch Blue, CAL, and Quasar fluorophores are available from Biosearch Technologies.
bLightCycler fluorophores are available from Roche Applied Science.
cATTA dyes are available from ATTO-TEC.
dVIC and NED fluorophores are available from Applied Biosystems.
eCyanine dyes are available from Amersham Biosciences.
fOyster fluorophores are available from Integrated DNA Technologies.
g Alexa fluorophores are available from Invitrogen.
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To run this application one would need to have one of the
instruments described in Table 17.1. The choice of the instru-
ment depends on the task and the dyes to be used.

3. Methods

3.1. Coupling of

Quencher
1. Dissolve 50–250 nmol of dry (commercially obtained or

custom-made) oligonucleotide in 500 mL of buffer I. Dissolve
approximately 20 mg succinimidyl ester coupled quencherAQ6 -

and add it to a stirring solution of the oligonucleotide in
10-mL aliquots at 20-min intervals. Continue stirring for at
least 12 h. Perform this reaction in the dark (see Note 1). We
recommend the Black Hole family of quenchers that are
available in three variants dependent on the desired wave-
length for quenching (see Section 2.2).

2. Remove particulate material by spinning the mixture in a
microcentrifuge for 1 min at 16,000 g. To remove unreacted
quencher, pass the supernatant through a gel-exclusion col-
umn. Equilibrate a Sephadex G-25 column with buffer A,
load the supernatant, and elute the contents of the column
with 1 mL of buffer A. Filter the eluate through a 0.2-mm
Centrex MF-0.4 filter.

3. Purify the oligonucleotides by HPLC on a C-18 reverse-phase
column, utilizing a linear elution gradient of 20–70% buffer B
in buffer A and run the elution for 25 min at a flow rate of
1 mL/min. Monitor the absorption of the elution stream at
260 nm and the specific quencher absorption maximum. Col-
lect the peak that absorbs at both wavelengthsAQ7 , and that there-
fore contains oligonucleotides with a protected sulfhydryl
group at their 50-ends and the quencher at their 30-ends.

4. Precipitate the collected material with ethanol and 3 M
ammonium sulfate, and spin the precipitate in a centrifuge
for 10 min at 16,000g, discard the supernatant, dry the pellet,
and dissolve it in 250 mL of buffer A.

3.2. Coupling of

Fluorophore

1. To remove the trityl moiety, add 10 mL of 0.15 M silver
nitrate and incubate the solution for 30 min. Add 15 mL
of 0.15 M di to this mixtureAQ8 and shake the mixture for
5 min. Spin the mixture for 2 min at 16,000g and transfer
the supernatant to a new tube. Dissolve about 40 mg og
5-iodoactamido-reactive fluorophore in 250 mL of 0.2 M
sodium bicarbonate, pH 9.0, and add it to the supernatant.
Incubate the mixture for 90 min. Each of these solutions
should be prepared just before use.
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2. Removeexcessuncoupled fluorophore from the reactionmixture
by gel-exclusion chromatography and purify the oligonucleotides
coupled to the fluorophore by HPLC, following the instructions
insteps2and3inSection3.1.Collectthefractionscorresponding
to the peak that absorb at 260 nmAQ9 and at the specific fluorophore
absorption maximum. This peak should be fluorescentAQ10 when
observed with an ultraviolet lamp in a dark room.

3. Precipitate the collected material and dissolve the pellet in
100 mL 1X TE buffer. Determine the absorbance at 260 nm
and estimate the yield (1 OD260 = 33 ng/mLAQ11 ). Store the
purified molecular beacon for long-term storage in lyophi-
lized form at –80�C (see Notes 1 and 2).

3.3. Characterization of

Molecular Beacons

3.3.1. Signal-to-

Background Ratio

1. Determine the fluorescence of 200 mL of molecular beacon
buffer solution (Fbuffer), using 491 nm as the excitation wave-
length and the emission wavelength of the fluorophore used
(Fig. 17.3).

2. Add 10 mL of 1 mM molecular beacon to this solution and
record the new level of fluorescence (Fclosed).

3. Add a twofold molar excess of a complementary oligonucleo-
tide target and monitor the rise in fluorescence until it reaches
a stable level (Fopen).

4. Calculate the signal-to-background ratio as (Fopen-Fbuffer)/
(Fclosed-Fbuffer).
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Fig. 17.3. Spectrofluorometric characterization of molecular beacons. The molecular
beacons are functionally characterized in the presence of perfectly complementary
oligonucleotide. Here a 30-fold increase is observed.
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3.3.2. Thermal

Denaturation Profiles

1. Prepare two tubes containing 50 mL of 200 nM molecular
beacon dissolved in molecular beacon buffer solution and add
the oligonucleotide target to one of the tubes at a final con-
centration of 400 nM (see Fig. 17.2).

2. Determine the fluorescence of each solution as a function of
temperature using a spectrofluorometric thermal cycler (see
Table 17.1). Decrease the temperature of these tubes from
80 to 10�C in 1�C steps, with each hold lasting 1 min, while
monitoring the fluorescence during each hold (see Fig. 17.2).

3.4. Design of Primers

and Molecular Beacons

for SNP Detection

The design of molecular beacons for SNP detection is at times
challenging since the flexibility in the targeting region to be
detected is virtually nil. The region where the SNP of interest
occurs must be targeted and molecular beacons with as little as
one base variant from this region must not bind under amplifica-
tion conditions. To satisfy these constraints, the loop portion of
the probe is made to be not more than 25 nucleotides in length. As
a rule of thumb, the shorter the length of the loop, the more highly
discriminating the probe will be. Care must be taken to ensure that
the melting temperature of the probe–target hybrid is compatible
with the annealing temperature of primers during PCR. With this
part of the design complete, stem/arm sequences can be designed
that allow the stem to dissociate at about 7–10�C above the
annealing temperature of the primers during PCR. This design
process is made more complex in certain examples where multiple
primers are used in a single tube (as in the example given later in
this chapter). The challenge when doing multiplex PCR is to
optimize all the primers for all the PCRs first. This ensures that
all primers make good amplicons at the same temperature. Mole-
cular beacons can then be designed to be SNP-discriminating at
the annealing temperature of the primers by alterations in loop
size. It is always useful to verify the secondary structure of the
designed molecular beacon to ensure that it does not contain
secondary structures that restrict the loop from binding to a
PCR target. The preferred program for nucleic acid secondary
structure prediction is Zuker/mfold fold (http://www.bioinfo.
rpi.edu/applications/mfold/). For extremely difficult situations
where design for AT- or GC-rich regions makes the stability of
annealing variable, this can be circumvented by a number of stra-
tegies such as sliding the loop region so the SNP is no longer at its
center. A second strategy is to include the stem/arm sequences in
the binding sequence so as to create an even more stable hybrid
(this could be useful in AT-rich regions). Lastly, if these strategies
prove unsuccessful, an additional annealing step for the purposes
of detection can be programmed into the thermal cycling profile.
This step can be designed to occur at a temperature where it is
easier to meet SNP discrimination constraints with the molecular
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Fig. 17.4. High-throughput SNP scoring of the DC-SIGN locus. (a) Eighteen molecular beacons and corresponding primers
were designed to score the major and minor alleles of nine ‘‘tagging’’ SNPsAQ12 of the DC-SIGN locus. Each major and minor
SNP allele had a molecular beacon labeled in a spectrally distinct color. This means that in instruments where up to six
colors are spectrally distinguishable, it is possible to simultaneously detect up to six major and/or minor alleles. To score
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beacons designed. It can also potentially result in false priming so
it is not a preferred approach. For detailed instructions on the
general design of molecular beacons for SNP detection, see
(29,32).

PCR primers were designed that consistently amplified
regions no greater than 250 base pairs. Those design rules were
followed to make the probes and primers shown in (see Fig. 17.4
and Color Plate 3). The dedicated software package Beacon
Builder (Premier Biosoft International) can be used for the design
of similar molecular beacons. The window of discrimination out-
lined in Fig. 17.4 should be carefully studied and respected in
designing molecular beacons to detect SNPs.

3.5. Real-Time PCR 1. Prepare a 50-mL (or as little as 5-mL) reaction that contains
100 nM major allele specific molecular beacon, 100 nM
minor allele specific molecular beacon, 500 nM concentration
of each primer, at least 1 unit of AmpliTaq Gold DNA poly-
merase, and 250 mM concentration of each type of dNTP,
dissolved in buffer II.

2. Run the PCR. The thermal cycle for most of the machines
described in Table 17.1 should be 10 min at 95�C followed
by 35–40 cycles at 30 s at 95�C, 45 s at 50�C (or a tempera-
ture which is compatible with the window of discrimination),
and 30 s at 72�C. The fluorescence should be monitored at
the appropriate channel during the 50�C annealing step (see
Notes 3, 4 and 5).

3.6. Data Analysis in a

Case Study Using Tag

SNPs (High-

Throughput SNP

Scoring of the DC-SIGN

Locus)

In human genetics, association studies aim to identify loci that
contribute to disease susceptibility by comparing patterns of
genetic variation between people with a disease (cases) and those
without (controls). As mentioned earlier, several studies have
revealed an interesting feature present in the structure of human
genetic variation that can be utilized to dramatically reduce the
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Fig. 17.4. (continued) each of the alleles in a given individual, three PCR amplifications were set up with the appropriate
primers (not shown) that all annealed at a similar temperature. At each annealing step, depending on the presence or
absence of a particular allele, a given molecular beacon would fluoresce. By ‘‘scoring’’ the data for each tube, one can
determine, for each individual the specific genotype for each of the nine tag SNPs. (b) The three possibilities for a given
SNP locus, either a single major or a single minor allele is present, in which case a homozygous result is obtained and only
a single color is observed. Alternatively, both alleles are observed, indicating that the locus is a heterozygote.
(c) Haplotypes observed for the combination of these nine tag SNPs in the Cape Town population. The frequencies
reported correspond to the frequencies observed for each of these haplotypes in the Cape Town population independent of
their disease status. An association was observed between two DC-SIGN promoter variants (-871G and -336A) and
decreased risk of developing tuberculosis. Haplotype 3 turned out to be the best predictor of an increased resistance
to tuberculosis, at least in the South African population. This haplotype, which contains both -871G and -336A, was found
to be more frequently observed in the control group than in people who developed tuberculosis (8.9% vs. 14.2% p =
1.6 � 10�3; odds ratio 1.7; 95% confidence interval 1.22–2.38. (see Color Plate 3)
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cost of association studies (11, 40–43). Specifically, alleles at
nearby loci often show strong statistical association (i.e., LD).
This can be exploited to design a powerful and cost-effective way
to perform association studies by using tagging SNPsAQ13 for a region
of interest, i.e., by determining which loci within that region
capture the majority of the diversity.

In this section we outline a study of the DC-SIGN gene.
By using the unique multiplexing power of molecular beacons
in a high-throughput assay, we are able to genotype nine tag
SNPs thereby obtaining information from 54 SNPs. Thus,
with three tubes per individual and with three pairs of mole-
cular beacons per tube, we are able to score all the informa-
tion of 54 SNPs.

DC-SIGN is an innate immunity gene that belongs to the
C-type lectin family. C-type lectins are calcium-dependent car-
bohydrate-binding proteins with a wide range of biological func-
tions, many of which are related to immunity (44). DC-SIGN as
well as its homolog L-SIGN are particularly interesting, since
they can act as both cell-adhesion receptors and pathogen-
recognition receptors (45). DC-SIGN was originally cloned for
its ability to bind and internalize the heavily glycosylated HIV
gp120 protein (46). DC-SIGN strongly binds all HIV and simian
immunodeficiency virus strains examined to date and plays an
important role in virus adhesion to dendritic cells (47, 48). These
studies have paved the way for further investigations into inter-
actions between DC-SIGN and other pathogens and it has now
become clear that this lectin recognizes a vast range of microbes,
some of which are of major public health importance (48).
Indeed, DC-SIGN captures bacteria such as Mycobacterium
tuberculosis, Mycobacterium leprae, Helicobacter pylori, and cer-
tain Klebsiela pneumonia strains; viruses such as HIV-1, Ebola
virus, cytomegalovirus, hepatitis C virus, Dengue virus, and
SARS coronavirus; and parasites such as Leishmania pifanoi and
Schistosoma mansoni (47, 49–59).

In light of the ability of DC-SIGN to interact with a large
plethora of pathogens, it is plausible that variation in its gene
may influence the pathogenesis of a number of infectious dis-
eases. Indeed, multiple association studies have shown a rela-
tionship between genetic variants in the promoter region of
DC-SIGN and susceptibility to several infectious diseases. Spe-
cifically, it has been shown that two promoter variants, -871G
and -336A, confer protection against tuberculosis. Similarly, the
-336A variant has been reported to protect against parental
HIV infection and to influence the severity of dengue patho-
genesis (60, 61). More recently, two other promoter variants,
–139A/G and –939G/A, showed a significant association with
an increased risk of developing human cytomegalovirus reacti-
vation and disease (60).
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How can one efficiently test for an association between DC-
SIGN variation and susceptibility to disease? Imagine that you
want to explore the relationship between DC-SIGN polymorph-
isms and susceptibility to tuberculosis (62). The best way to do so
is to follow the strategy described below:

1. Collect a cohort, from the same population (see Note 6), that
includes a group of individuals that developed tuberculosis
(i.e., cases) and a group of matched individuals that did not
develop the disease (i.e., controls). Ideally, one would need/
like to fully resequence DC-SIGN in the entire cohort to
obtain the full extent of diversity present in cases and controls.
Nevertheless, full resequencing approaches are unacceptably
expensive and time consuming and, therefore, the most
powerful and cost-effective way to perform association studies
is by defining tagging SNPsAQ14 for a region of interest (see Sec-
tion 17.1 for details). To do so, you have two alternatives:
(a) Begin by fully resequencing the region under study in a

subset of your cohort. Typically 20–30 individuals should
be enough to capture the most common haplotypes in the
population. After haplotype reconstruction (see Note 7)
and on the basis of the LD patterns observed, you can
then identify the set of SNPs best able to characterize the
diversity observed (i.e., tag SNPs) (see Note 8).

(b) Use publicly available datasets to identify tag SNPs. The
best available resource to choose tag SNPs is the HapMap
data. Go to the HapMap Web site (http://www.hapma
p.org) and using the genome browser retrieve genotypic
data for all the SNPs that have been typed for the region
you are interested in; in this case DC-SIGN. Then, upload
the data in Haploview (a free software program provided
by the HapMap consortium) and run Tagger to identify
tag SNPs for your region (see Note 7). The current limita-
tion of using HapMap is that the data are restricted to
three human populations – the samples came from an
African population from Nigeria (Yoruba; N¼90), a
mostly Utah (USA) population of European ancestry
(N¼90), and a sample drawn from Japanese (N¼45)
and Han Chinese (N¼45) populations. If your population
is genetically distinct from these HapMap populations,
you will have to follow the resequencing strategy; as the
tag SNPs identified using HapMap populations might
differ from those characterizing the diversity of your
study-population.

2. Once you have identified the set of SNPs best able to char-
acterize the full diversity observed in your population, the
next step is to genotype these tag SNPs in the entire cohort.
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In Fig. 17.4 we present an example of a haplotyping
approach scoring tag SNPs in a high-throughput assay using
molecular beacons to easily test for an association between
DC-SIGN variation and susceptibility to infectious diseases.
This example is based on a previous study that explored the
relationship between DC-SIGN polymorphisms and suscept-
ibility to tuberculosis (63). The authors showed that nucleo-
tide variation in the DC-SIGN promoter region is associated
with susceptibility to tuberculosis. Specifically they identified
a specific haplotype (Fig. 17.4) associated with decreased risk
of developing tuberculosis (63).

4. Notes

1. Molecular beacons deteriorate as they are exposed to light.
Therefore, avoid exposure to light whenever possible. Mole-
cular beacons should be stored in aluminum-foil-wrapped test
tubes at –20�C and preferably at –80�C in lyophilized form.
When preparing them for use, one can resuspended them in
TE buffer.

2. Since most oligonucleotide manufacturers worldwide can
provide molecular beacons with all these functionalities,
obtaining molecular beacons with diverse fluorophore and
quencher combinations has become routine. These suppliers
can be found at http://www.molecular-beacons.org.

3. At times, false amplicons may appear during PCR and may
appear if the sensitivity of the PCR is reduced. Two
approaches can be used to circumvent this. Firstly, DNA
polymerases that are active only after activation at 95�C can
be used. Secondly, paying careful attention to the design of
primers that function well within the ‘‘window of discrimina-
tion’’ is recommended.

4. The real-time PCR machines and fluorescent dyes proposed
in Table 17.1 and 17.2 are fairly good at discriminating
between the proposed dyes. Thus, if poor discrimination is
observed between major and minor alleles, tweaks to the
primers and annealing temperatures can be made that permit
more stringent discrimination. If these are unsuccessful, mod-
ifications to the molecular beacons themselves can be made.
One modification is to increase the length of the molecular
beacon stem to promote stability and increase stringency.
A second modification is to use 20-O-methyl molecular bea-
cons that intrinsically have a higher melting temperature than
DNA-based molecular beaconsAQ15 . However 20-O-methyl
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molecular beacons are more expensive to synthesize. Third,
the stem sequence of the molecular beacon can be designed to
also bind to the amplicon.

5. Amplicon size has a very important influence on the fluores-
cence signal obtained with molecular beacons. Thus, it is impor-
tant to design PCRs where amplicons do not exceed 250 bp.

6. It is important that the groups of cases and controls are
genetically matched, as population stratification between
cases and controls can be a confounding factor leading to a
spurious positive association. This will be particularly harmful
if cases and controls are from different populations as differ-
encesAQ16 , but also in admixed populations (e.g. CAP population
from South Africa). Indeed, the use of admixed populations
in association-mapping studies can be very useful for identifi-
cation of disease-causing genetic variants that differ in fre-
quency across parental populations. However, when the
admixture event is too recent, allelic frequencies can differ
coincidentally among cases and controls, reflecting a nonuni-
form genetic contribution from the parental populations to
each subpopulation (i.e., cases and controls), rather than a
genuine association between a given genetic variant and the
phenotype under study. In this case, the study cohort is said
to present population stratification.

7. To reconstruct haplotypes we recommend the Bayesian
statistical method implemented in Phase version 2.1.162.
Alternatively, you can use the accelerated expectation max-
imization algorithm implemented in Haploview version
3.163. At least for regions with high levels of LD, both
algorithms should give similar results.

8. Tagging SNPsAQ17 for each population can be selected using Hap-
loview’s Tagger in pairwise tagging mode (r2 � 0.80AQ18 , minor
allele frequency cutoff 5%, and other settings at default value).
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Chapter 17

Query No. Line No. Query

AQ1 26 You wrote ‘‘since it becomes possible to use as few
as two and a half dozen probes. Please confirm that
by two and a half dozen you do actually mean 30 (as
reflected by the changed text).

AQ2 54 Please confirm that in the original quotation the
hyphen appears in the grammatically incorrect
position in ‘‘nucleic acid-based.’’

AQ3 276 You write, ‘‘conformational change in the probe
that fluoresces upon hybridization’’ which implies
that some of the other probes do not fluoresce. Is
that what you mean or do you paraphs mean
‘‘conformational change in the probe, which
fluoresces upon hybridization’’?

AQ4 358 You write ‘‘Practically this involves altering the
length of the stem structure in relation to the
loop.’’ Please explain what the relation of the
alteration of the length of the stem structure is to
the loop. Do you perhaps mean ‘‘ Practically this
involves altering the length of the stem structure in
relation to the length of the loop’’

AQ5 441 You wrote ‘‘able to detect up to half a dozen
spectrally distinguishable dyes.’’ Please confirm
that by half a dozen you do actually mean six (as
reflected by the changed text).

AQ6 492 You write ‘‘Dissolve approximately 20 mg
succinimidyl ester coupled quencher.’’ Please
advise what this should be dissolved in.

AQ7 512 You write, ‘‘Collect the peak that absorbs at both
wavelengths.’’ How can you collect a peak? Do you
perhaps mean ‘‘Collect the eluate that absorbs at
both wavelengths.’’

AQ8 522 You write, ‘‘Add 15 mL of 0.15 M di to this
mixture.’’ Please advise what ‘‘di’’ is’’

AQ9 533 You write ‘‘Collect the fractions corresponding to
the peak that absorb at 260 nm.’’ Do you perhaps
mean ‘‘Collect the fractions that absorb with a peak
at 260 nm’’?

AQ10 534 You write, ‘‘This peak should be fluorescent.’’ How
can a peak be fluorescent? To which compound
does the peak correspond?

AQ11 538 You write, ‘‘1 OD260 = 33 ng/mL.’’ Please advise if
‘‘1’’ is correct. Why is a multiplier of unity used?

AQ12 671 You write ‘‘tagging SNPs.’’ Do you mean ‘‘tag
SNPs’’?

AQ13 724 You write ‘‘tagging SNPs.’’ Do you mean ‘‘tag
SNPs’’?

AQ14 784 You write ‘‘tagging SNPs.’’ Do you mean ‘‘tag
SNPs’’?
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AQ15 864 You write. ‘‘ A second modification is to use 20-O-
methyl molecular beacons that intrinsically have a
higher melting temperature than DNA-based
molecular beacons.’’ This implies that there are
some 20-O-methyl molecular beacons that have
lowere melting temperature than DNA-based
molecular beacons. Is that correct? Or do you
perhaps mean, ‘‘A second modification is to use 20-
O-methyl molecular beacons, which intrinsically
have a higher melting temperature than DNA-
based molecular beacons

AQ16 877 You write, ‘‘This will be particularly harmful if cases
and controls are from different populations as
differences.’’ Please explain to what ‘‘differences’’
refers.

AQ17 895 You write ‘‘Tagging SNPs.’’ Do you mean ‘‘Tag
SNPs’’?

AQ18 896 You write ‘‘r2 � 0.80.’’ Please advise what the ‘‘2’’
represents.

AQ19 1015 Please provide Year for the ‘‘Reference 60’’.
AQ20 1017 Please provide text citation for the ‘‘References 64

and 65’’.
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