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The emerging role of single-nucleotide polymorphisms (SNPs) in clinical association and pharmacogenetic studies
has created a need for high-throughput genotyping technologies. We describe a novel method for multiplexed
genotyping of SNPs that employs PCR amplification on microspheres. Oligonucleotide PCR primers were
designed for each polymorphic locus such that one of the primers contained a recognition site for BbvI (a type
IIS restriction enzyme), followed by 11 nucleotides of locus-specific sequence, which reside immediately upstream
of the polymorphic site. Following amplification, this configuration allows for any SNP to be exposed by BbvI
digestion and interrogated via primer extension, four-color minisequencing. Primers containing 5� acrylamide
groups were attached covalently to the solid support through copolymerization into acrylamide beads. Highly
multiplexed solid-phase amplification using human genomic DNA was demonstrated with 57 beads in a single
reaction. Multiplexed amplification and minisequencing reactions using bead sets representing eight polymorphic
loci were carried out with genomic DNA from eight individuals. Sixty-three of 64 genotypes were accurately
determined by this method when compared to genotypes determined by restriction-enzyme digestion of PCR
products. This method provides an accurate, robust approach toward multiplexed genotyping that may facilitate
the use of SNPs in such diverse applications as pharmacogenetics and genome-wide association studies for
complex genetic diseases.

The capability to discern genetic variation among individuals
is fundamental to the further understanding of genetic pre-
disposition to complex diseases such as cancer, mental illness,
and diabetes. The multifactorial and heterogeneous nature of
these complex diseases has highlighted the need for genetic
association studies, as opposed to linkage mapping, as the
preferred method to determine the underlying genetic cause
of these diseases (Risch and Merikangas 1996; Gray et al.
2000; Schork et al. 2000). Coupled with this focus on genetic
association studies has been the reemergence of single-
nucleotide polymorphisms (SNPs) as the marker of choice in
these types of studies based on their abundance, stability, and
adaptability to automation (Kruglyak 1999). Major efforts in
both the public (Human Genome Project) as well as the pri-
vate (The SNP Consortium) sectors are underway to generate
high-density, evenly spaced SNP maps, the first of which has
recently been published (Sachidanandam et al. 2001). These
polymorphisms, and the maps derived from them, will pro-
vide the framework for powerful new studies to identify genes
involved in the pathophysiology of polygenic diseases, as well
as diagnostic markers and predictors of differential drug re-
sponse. Clearly, the wide-ranging applications of SNPs in
pharmacogenetics and clinical association studies will neces-
sitate further development of robust, flexible, cost-effective
technology platforms for scoring genotypes in large numbers
of samples.

A variety of schemes useful in the molecular genotyping
of SNPs have been described over the years (for review, see
Landegren et al. 1998 and Shi 2001) including those that dis-
criminate alleles via hybridization (allele-specific PCR [Liu et
al. 1997], DNA microarrays [Wang et al. 1998], Taqman [Livak
1999]) and those that discriminate alleles via enzymatic
means (RFLP [Kan and Dozy 1978], oligonucleotide ligation
assay [OLA; Grossman et al. 1994; Iannone et al. 2000], single-
base chain extension [Pastinen et al. 1997; Cai et al. 2000] and
pyrosequencing [Alderborn et al. 2000]). These methods offer
the capability of accurate genotyping, but they all rely on
standard PCR amplification of target sequences as the initial
front-end step in generating material. Because of the techni-
cally demanding nature of standard solution-based multi-
plexed PCR, which often can require extensive optimization
of primers and reaction conditions (Edwards and Gibbs 1994),
the inherent amplification requirement effectively limits the
extent to which these varied platforms can be modified for
highly multiplexed genotyping. The ability to convert hun-
dreds of PCR primer-pairs into a single-tube, multiplexed re-
action producing specific, robust products from a complex
genomic DNA template would greatly reduce the require-
ments for large-scale, population-based SNP genotyping.

In this report, we describe a novel SNP genotyping
platform that combines PCR amplification and four-color
minisequencing (Pastinen et al. 1997) on acrylamide micro-
spheres, with fragment detection and analysis using an auto-
mated sequencer. This system is capable of highly multi-
plexed PCR in a single reaction tube, as demonstrated by the
simultaneous amplification of 57 human genetic loci. Multi-
plexed PCR and four-color minisequencing with eight indi-
viduals were carried out using bead sets representing eight
polymorphic loci. 63 of the 64 genotypes were accurately de-
termined with this approach. This system combines the sen-
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sitivity of PCR and a universal fluorescent read-out step with
the capability of high multiplexing, creating an accurate, ro-
bust approach to SNP genotyping.

RESULTS

Solid-Phase PCR from Human Genomic DNA
Figure 1A is a schematic diagram illustrating solid-phase PCR.
During the first cycle, denatured target DNA anneals to prim-
ers that are covalently bound on their 5� ends to beads. Prim-
ers are extended on their free 3� OH ends during the extension
phase. During the second PCR cycle, covalently bound primer
extension products hybridize to complementary primers that
reside in close proximity on the bead surface. After the second
extension cycle, double-stranded PCR product is covalently
bound to the beads at both of its 5� ends. During the third and
all subsequent denaturation, annealing, and extension cycles,
additional PCR product is generated on the solid phase until
primers are consumed. High concentrations of localized prim-
ers, coupled with the lack of solution-phase primers, provide
each template with a minimal-complexity oligonucleotide
probe set and decreases the likelihood of nonspecific priming
and product cross-reactivity that normally can occur during
multiplexed amplification.

Solid-phase amplification of preamplified DNA tem-
plates previously has been demonstrated (Adams and Kron
1997; Mitra and Church 1999). In an attempt to determine if
solid-phase amplification using locus-specific primers was
sensitive enough to amplify from genomic DNA, we polymer-
ized Acrydite-containing primers (Rehman et al. 1999) for the
insulin receptor (INSR) RsaI polymorphism into spots immo-
bilized on an acrylamide derivatized polyester sheet. Both the
forward and reverse primer contained a NotI restriction site
5� to the locus-specific sequence as a means to release the
amplification product from the support (Fig. 1B). Following
amplification and digestion with NotI, the correct size frag-
ment was seen using as little as 8 ng/µL of sheared human
genomic DNA. Furthermore, the removal of the genomic
DNA template after a target hybridization step, but prior to
amplification, indicates that the product is a result of ampli-
fication on the solid phase (data not shown). The PCR process
can be described by the equation N = N0 (1 + E)n, where E
defines the amplification efficiency, N0 is the initial number
of target molecules, and N is the amount of product synthe-
sized. Amplification reactions at early and intermediate cycle
numbers were used to determine that the efficiency of solid-
phase PCR was near 0.3 (data not shown), whereas typical
solution-phase amplification generally has an efficiency of
0.8. Additionally, the effect of primer concentration on solid-
phase product yield also has been examined. No product is
detected when the primer concentration is 1.0 µM. Product is
detectable at a primer concentration of 10 µM, but increases
with 100 µM primer concentration. These results are in gen-
eral agreement with calculations that at 100 µM primer con-
centration, there is one primer molecule per 10 Å on or at the
bead surface. Thus, at 1 µM primer concentration, the spacing
of primers (1 primer per 1000 Å) can no longer support for-
mation of a solid-phase product of average length, which is
250 bp.

Multiplexed, Solid-Phase PCR
To evaluate if solid-phase PCR could be multiplexed, we per-

formed a single PCR reaction containing 57 1.0 µL acrylamide
beads representing 53 different genes from 16 chromosomes.
The primer sequences were obtained from the Genome Data-
base (www.gdb.org) and were not chosen or optimized for
their ability to enable solid- or solution-phase amplification.
The primers also contained unique restriction sites for NotI
that allow product release following amplification. The reac-
tion products range in size from ∼70 bp to 1300 bp. Following
amplification en masse, the beads were digested individually
with NotI, and supernatants were loaded onto acrylamide
gels. Because the beads cannot be readily deconvoluted prior
to digestion of product, the gel contains a random order of
amplification products (Fig. 1C). Fifty-three of the 57 loci ex-
hibit a predominant amplification product. We also have
demonstrated multiplexing of up to 102 beads (17 distinct
amplicons each represented six times, data not shown), which
confirmed the reproducibility of product yield and purity of
each amplification product.

Figure 1 (Continues).
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Single-Color SNP Minisequencing
There are several general features of the primer design used for
solid-phase amplification and genotyping. Each primer pair
designed for a specific polymorphic locus contained the lo-
cus-specific sequence and introduced a BbvI, a StuI site, and a
PvuII restriction site into the resulting PCR product. Figure 2A
illustrates the primers used to amplify the T102C polymor-
phism in the gene for human 5-hydroxytryptamine type 2a
(5-HT2a) receptor (Warren et al. 1993) and the product ex-
pected following amplification and digestion. The forward
primer contains, after the T6 spacer and the StuI site, 15 bases
of locus-specific sequence followed by the artificially intro-
duced BbvI site, and then 11 additional bases of locus-specific
sequence at the 3� end. The reverse primer contains 28 bases
of locus-specific sequence following the T6 spacer and PvuII
site. The purpose of the Type IIS BbvI restriction site, which is
precisely positioned 11 bases 5� to the base with genetic varia-
tion, is to expose the polymorphic site upon digestion. The
StuI site (always positioned on the same primer as the BbvI
site) is used to remove one of the BbvI-generated 5� overhangs
and ensure that each bead utilizes only the 5� overhang con-
taining the polymorphic site immediately adjacent to the 3�

hydroxyl group of the recessed nucleotide as a template for
ddNTP incorporation. PvuII digestion releases the amplifica-
tion product after ddNTP incorporation.

To assess the specificity of the genotyping scheme, a
model 135 bp amplicon containing the 5-HT2aT102C poly-
morphism was evaluated using a single-color SNP min-
isequencing format. Individual beads containing a 5-HT2a

primer pair were used for target hybridization and solid-phase
amplification with genomic DNA template from a single in-
dividual who had previously been genotyped as a C/T hetero-
zygote using a PCR-RFLP protocol (data not shown). Follow-
ing StuI and BbvI cleavage, beads were used in minisequencing
reactions with individual FAM-ddNTPs (Fig. 2B). Fluorescent
signal is observed only from the FAM-ddATP and FAM-ddGTP
labeling reactions, corresponding to incorporation into the
opposite strand of the C/T polymorphism. Sybr Green I stain-
ing of the gel after fluorescent imaging (Fig. 2C) shows that
equal amounts of 5-HT2a PCR product were synthesized and
released from each bead. The results show that BbvI can ac-
curately cleave a solid-phase amplification product, which
then can serve as a template for ddNTP incorporation.

Four-Color SNP Minisequencing
Single-color minisequencing reactions were converted to
four-color minisequencing reactions by using a cocktail of all
four ddNTPs that were individually labeled with distinct rho-
damine dyes. Fluorescent-ddNTP incorporation reactions
were carried out directly on bead-bound products. Fluorescent
products were enzymatically released from beads, separated
by denaturing gel electrophoresis, and data collection and
analysis was via an automated sequencer with Genescan soft-
ware. This platform therefore permitted quantitative detec-
tion of any color combination in an amplification product,
including SNPs that are not biallelic. Figure 2D shows the
four-color minisequencing of the 5HT2A locus amplified from
the same heterozygous individual as used in Figure 2B. Incor-
poration of the rhodamine dye-labeled ddNTPs resulted in a
gel image that was blue for R110-ddGTP, red for ROX-ddUTP,
green for R6G-ddATP, and yellow for TAMRA-ddCTP. Near
equal green and blue peaks, indicating a C/T heterozygote,
shows that the technique is able to accurately incorporate the
correct base on a solid-phase template.

Multiplexed, Solid-Phase Amplification and
Four-Color SNP Minisequencing
Multiplexing of the solid-phase amplification and min-
isequencing reactions was achieved by designing each re-
leased product to have a specific, discrete length. Thus, the
length of the detected product identifies the polymorphic lo-
cus. Eight polymorphic loci were used to assess the accuracy
of the multiplexed genotyping scheme. Bead sets for the eight
polymorphic loci were used for target hybridization and mul-
tiplexed solid-phase amplification with genomic DNA from
eight different individuals. A single reaction tube was used for
each individual to genotype the eight loci. These individuals
previously had been genotyped at each of the polymorphic
loci by restriction enzyme digestion of PCR products or by
direct DNA sequencing of PCR products. Following multi-
plexed solid-phase PCR, each bead set was used for four-color
SNP minisequencing. Labeled products were released by PvuII
digestion, and separated on a 6%, 8M urea acrylamide gel. A
representative Genescan gel image is shown in Figure 3A. The
eight displayed products for each individual span a range of
sizes from ∼420 b (IL1B) to ∼110 b (CACNLG). Each of the

Figure 1 (A) Solid-phase amplification. Acrydite-containing primers are incorporated into an acrylamide bead or spot. Multiple cycles of
denaturation, annealing, and extension result in a product that is covalently attached to the surface at both ends. (B) Solid-phase amplification from
genomic DNA. Digested human genomic DNA was amplified using an acrylamide derivatized polyester sheet containing the INSR RsaI-specific
primers. Amplification products were released from the beads with NotI and run on a 10% acrylamide TBE gel. (C) Multiplex, solid-phase PCR with
human genomic DNA. Shown is a composite of six 10% Acrylamide TBE gels. Fifty-eight beads (57 beads containing PCR primers and one blank
bead) were multiplexed and the resulting radiolabeled products released from the beads are shown in random order. No amplification is observed
with beads lacking oligonucleotide primers. Amplification products range in size from ∼70 bp to ∼1300 bp.
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eight PCR products from the eight individuals was assigned a
genotype after analysis of the electropherograms. Representa-
tive electropherograms for each genotype are shown in Figure
3B. Peak height ratios for the relevant colors were determined
for all electropherograms. The results are summarized for each
locus in Table 1. This collective data set shows that 63 of 64
genotypes determined by the multiplexed solid-phase ampli-
fication and four-color minisequencing method were accu-
rately determined. The IL1B genotype for DNA sample No. 4
determined by AvaI enzyme digests was CC. When genotyped
by the current method, this sample showed an elevated green
peak (T allele) that prevented a definitive genotype from be-
ing assigned. Whereas the peak height ratio was twofold
higher than the CT heterozygote (DNA sample No. 3), it was

not as high as the five additional CC homozygotes. Although
peak height ratios differed between amplicons, they generally
were consistent within a given locus.

DISCUSSION
We have enabled a high throughput genotyping platform
that takes advantage of both the ability to simultaneously
amplify multiple loci in a single reaction and the coupling of
these reaction products to a generic minisequencing method
that does not require additional locus-specific primers. The
multiplexed amplification was carried out on a solid phase,
thereby greatly reducing the local complexity of primers and
eliminating artifactual priming events and primer-primer in-

Figure 2 Single-nucleotide polymorphism (SNP) minisequencing. (A) Diagram of the components and products of solid-phase amplification and
SNP minisequencing using 5HT2A-specific primers. The polymorphic site (C/T) is shown in parentheses. The fluorescently labeled nucleotides (G*
or A*) are depicted following BbvI digestion and nucleotide incorporation. (B) Fluorescent image of 10% acrylamide gel with single-color
FAM-ddNTP minisequencing of 5-HT2A solid-phase PCR product. (C) Sybr green I staining of same gel from panel B. (D) Four-color minisequencing
of 5HT2A locus.
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teractions. Furthermore, one of the primers is designed such
that digestion of the amplification product with a type IIS
restriction enzyme will expose the site of polymorphism in a
form that is directly amenable to interrogation via incorpo-
ration of a fluorescently labeled dideoxynucleotide. This
methodology overcomes two critical bottlenecks faced in

high-throughput genotyping; namely, the ability to perform
highly multiplexed amplifications from genomic DNA and
the ability to genotype multiple loci without having to add a
complex mixture of primers.

It is widely held that PCR is the rate-limiting step in
genome-wide analyses of sequence variation and that ampli-
fication efficiency, product specificity, and yield suffer when
PCR amplifications are multiplexed (Edwards and Gibbs 1994;
Landegren et al. 1998). Methods aimed at alleviating the re-
quirement for amplification (Lizardi et al. 1998; Hall et al.
2000) or making the amplification of 100s–1000s of markers
more efficient (Westin et al. 2000; Broude et al. 2001) have
gained in popularity. The strength of our method stems from
the ability to perform highly multiplexed amplifications from
genomic DNA on acrylamide beads, thereby allowing us to
combine the sensitivity of PCR with the capability to multi-
plex beads with distinct primer pairs in a single reaction. Be-
cause the primers remain immobilized to the bead surface
through the 5� end during amplification, PCR product is syn-
thesized on the bead itself, thereby reducing the total primer
complexity that would occur if primers were present free in
solution. This minimizes the interactions between primers
from different loci during multiplexed reactions, which can
contribute to unwanted products such as primer-dimers or
nonspecific amplification products.

Immobilization of the primers to the solid phase also
allows for the removal of any unbound genomic DNA prior to
the start of thermal cycling. Once prebinding of the target
DNA to primers is complete, nonhybridized DNA is removed
prior to the addition of enzymes for the extension and am-
plification reactions. This prevents production of solution-
phase amplification products by trace amounts of primer that
may leach from the beads during thermal cycling and mini-
mizes formation of any artifactual products (mis-primed,
primer dimers) commonly associated with multiplexed, solu-
tion-phase amplification. We have observed the maximum
amount of product that can be generated on a 1-µL bead via
solid-phase amplification to be ∼100 ng. This yield is a func-
tion of multiple parameters including primer length, se-
quence composition, and surface density, which all function
in concert to define an overall efficiency of solid-phase am-
plification. In addition, the sequence and length of the am-
plicon may affect the efficiency of the reaction, whereas the
efficiency of amplification can range theoretically from zero
to one, the value can vary experimentally from 0.46 to 0.99
for different genes in solution PCR (Chelly et al. 1988; Choi et
al. 1989; Wang et al. 1998). Furthermore, the value has varied
from 0.8 to 0.99 when the same gene was amplified in inde-
pendent reactions under the same conditions (Wiesner 1992).
We ascribe the decreased efficiency of solid-phase PCR (0.3) to
the fact that the complementary DNA strands are held in
close proximity to each other and can reanneal, thus decreas-
ing the amount of DNA that can act as template in the next
round of amplification. Experiments designed to shift the
equilibrium away from reannealing of PCR product strands
toward annealing of product strands to amplification primers
(i.e., use of amplification primers with higher Tm and decreas-
ing the amplicon length) are a means to increase the effi-
ciency of solid-phase amplification.

The use of type IIS enzymes in genetic analysis has been
described successfully in a variety of applications, such as
gene expression analysis (Velculescu et al. 1995; Brenner et al.
2000) and mass spectrometry-based genotyping (Laken et al.
1998). The current method takes advantage of a type IIS re-

Figure 3 (A) An image of released solid-phase PCR/four-color min-
isequencing products separated on a 6%, 8M urea acrylamide gel.
Lanes 1–8 contain products from eight unrelated individuals. Lane 9
is an internal reference standard, and lanes labeled MW contain the
GENESCAN-500 ROX size standards. The identity of each amplified
locus is shown on the left, and the sizes of the ROX-labeled standards
are shown on the right. (B) Electropherograms for representative
genotypes of each locus are shown. The Y axis denotes relative fluo-
rescent intensity, and the X axis denotes scan number. The numerical
genotype designations are indicated in Table 1.
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striction enzyme site positioned in one of the amplification
primers, and digestion with the type IIS enzyme exposes the
polymorphic site in such a way that it can be interrogated
directly via fluorescent dye-labeled nucleotide incorporation.
No additional synthesis of locus-specific oligonucleotides is
required for the detection component of this genotyping sys-
tem. This method not only utilizes the fidelity of the DNA
polymerase in allele determination but also alleviates any
need for separate genotyping probes and minimizes artifacts
based on primer heterodimerization and false priming.

A potential drawback in this scheme is the requirement
that the recognition site for the type IIS restriction enzyme is
present only once in the amplification product and it is in-
troduced via the primer. The impact of this requirement is
minimized by having the freedom to choose which amplifi-
cation primer (forward or reverse strand) will contain the type
IIS recognition site and the need to amplify a minimum of
one nucleotide, the polymorphic site. The requirement then
is limited to only the nucleotides between the recognition site
and the cut site (the “throw” of the enzyme). in the case of
BbvI, with a throw of 12 nucleotides, there are only nine op-
portunities for the GCAGC recognition site to appear, out of
a total of ∼1.7 � 107 (412) different sequence combinations
that can be present. Therefore, <1 in 2 � 106 polymorphisms
will not be amenable to this method because a second BbvI
site will be present in the amplification product. Another po-
tential drawback in the current method is the use of gel elec-
trophoresis as a means to deconvolute the multiplexed am-
plification products. Although this method has proved useful
in genotyping of SNPs via minisequencing (Krook et al. 1992;

Pastinen et al. 1996) and OLA (Grossman et al. 1994), the
number of loci that can be discriminated by size is well short
of the theoretical capacity of the multiplexed amplification
reaction. Several solutions exist that could be applied to the
current method. First, solid-phase amplification could be per-
formed on spatially addressable arrays rather than beads, as
demonstrated by Westin et al. (2000). Second, it is conceiv-
able to replace the product-release step with one in which the
SNP genotype is read out directly on the bead itself. To this
end, current efforts are underway to use an optical encoding
scheme in which specific fluorophores distinct from the rho-
damine dye-labeled ddNTPs are entrapped within the beads
(Chen et al. 2000; Steemers et al. 2000). Lastly, incorporation
of a unique DNA tag into the amplification product, followed
by hybridization to a “tag array” containing spatially ad-
dressed sequences complimentary to each unique tag (Fan et
al. 2000) will convert our solution phase, released products to
a deconvoluted solid-phase array.

In conclusion, we have developed a high-throughput
genotyping system that takes advantage of the ability to per-
form highly multiplexed amplification reactions on the solid
phase and couples these products with a generic genotyping
scheme that utilizes information contained within the ampli-
fication product and does not require additional nucleic-acid
primers. The modular nature of this method should prove
beneficial to existing methodologies that require either
highly multiplexed amplification or the need for a generic,
rapid readout. We believe the current method will prove use-
ful as the number of SNPs and their use in genetic association
studies increases.

Table 1. Genotype Scoring

Locus

Peak height
comparison

(Allele 1/Allele2) DNA 1 DNA 2 DNA 3 DNA 4 DNA 5 DNA 6 DNA 7 DNA 8

IL-1� C/T CC;CC TT;TT CT;CT CC;CT CC;CC CC;CC CC;CC CC;CC
6.5 0.2 0.9 1.8 7.3 10.1 11.4 9.3

ALAD C/T TT;TT CC;CC CC;CC TT;TT TT;TT TC;TC TT;TT TT;TT
0.1* 22* 46* 0.05* 0.04* 0.6 0.04* 0.1*

DRD2a G/C GG;GG GG;GG GG;GG GG;GG GG;GG GG;GC GG;GG GG;GG
89* 90* 152* 89* 8.0 3.0 115* 5.6

5-HT2a T/C TT;TT CT;CT CC;CC TT;TT CC;CC TT;TT CT;CT CC;CC
13.8 1.5 0.3 5.0 0.5 4.5 1.0 0.1

DCP1 C/T CC;CC CC;CC CC;CC CC;CC CC;CC CC;CC TT;TT CT;CT
113* 170* 131* 120* 133* 118* 0.1 1.3

DRD5 C/T CC;CC CC;CC CC;CC CC;CC CC;CC CC;CC CC;CC CC;CC
3.2 3.4 3.5 5.6 6.1 4.1 4.2 5.4

DRD2b T/C TT;TT TT;TT TT;TT TT;TT TC;TC TC;TC TC;TC TC;TC
21.3 39* 21 18 0.8 0.7 0.7 1.0

CACNLG G/A GG;GG GG;GG GG;GG AA;AA GG;GG GG;GG GG;GG GG;GG
98* 31* 125* 0.2 62* 102* 48* 19*

The genotype determined by PCR-RFLP is shown, followed by the genotype determined by multiplexed solid-phase amplification and four-
color minisequencing. Note that the only discrepancy is seen with the IL-1� polymorphism in DNA Sample #4.
Peak height ratios were determined for each individual and are shown below the genotypes. The ALAD amplicon generated the weakest overall
fluorescent signal, which may have contributed to the higher baseline values for the green tracings in the electropherograms. Nonetheless, blue
peak height (C allele) to green peak height (T allele) ratios for the TT and CC homozygotes and the CT heterozygote were determined by
subtracting the green baseline signal from actual samples. An asterisk (*) indicates that the default threshold value of 20 was used for the
minor peak.
A value shown in bold indicates that the electropherogram is shown in Figure 3B.
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METHODS

Oligonucleotide Synthesis
Oligonucleotides with a 5� acrylamide group (Acrydite, Mo-
saic Technologies) (Rehman et al. 1999) were obtained from
Operon Technologies, Inc. Lyophilized oligonucleotides were
resuspended at a concentration of 1 mM with 1X TE (10 mM
Tris-HCl, pH 8.0, 1 mM EDTA) and were stored frozen at
�20°C.

Each human locus that was analyzed is listed in Table 2
along with the Acrydite oligonucleotides used for solid-phase
amplification.

Preparation of Acrylamide Beads
Gel solutions contained 10% acrylamide (29:1 w/w acryl-
amide: bis-acrylamide), 10mM sodium borate buffer, 0.2%
ammonium persulfate, and 100 µM of each Acrydite primer.
Nitrogen-saturated mineral oil containing 0.4% TEMED (N,
N, N�, N�-tetramethylenediamine) was placed into a small
polyethylene dish (weighboat), and 1.0 or 0.5 µL aliquots of
the gel solution were pipetted under the mineral oil. Beads
were polymerized at room temperature for 1 h. The mineral
oil was decanted and the beads were recovered in TE. Beads
were loaded into large wells of a 2% Agarose gel in 0.5� TBE,
and unpolymerized primer was removed by electrophoresis at
130V for 1 h. Beads were removed from the wells with a large
bore pipet tip and washed in TE. Beads were stored in TE at
4°C for up to 4 wk. Alternatively, acrylamide solutions con-
taining Acrydite primers and both polymerization catalysts
were spotted onto acrylamide-derivatized polyester sheets
(GelBond PAG, FMC BioPolymer), and polymerized under ni-
trogen for a few minutes. Spots were treated to remove unpo-
lymerized primer as described for beads.

Beads or spots were pre-cycled to decrease nonspecific
amplification (94°C for 10 min, then 94°C for 45 sec, 45°C for
1 min, 72°C for 1 min for 15 cycles) in 1� GeneAmp PCR
buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2,
0.001% [w/v] gelatin) containing 0.25 ng/µL Escherichia coli
genomic DNA (Sigma). Beads were washed three times in STE

(TE containing 50 mM NaCl), and
twice in 1� GeneAmp PCR buffer
prior to target hybridization.

Target Hybridization and
Solid-Phase Amplification
For target hybridization, beads were
incubated in 1� GeneAmp or 1�
Taq Extender (Stratagene) buffer
(20 mM Tris-HCl pH 8.8, 10 mM
KCl, 10 mM [NH4]2SO4, 2 mM
MgSO4, 0.1% Triton X-100, 0.1 mg/
mL bovine serum albumin) con-
taining 100–125 ng/µL denatured,
human genomic DNA that had
been either sheared or digested
with StuI. Target hybridization vol-
umes were adjusted to just cover
the beads (10 µL for a single 1-µL
bead, 80–100 µL for 50 1-µL or 100
0.5-µL beads). Beads were hybrid-
ized with human genomic DNA for
12–24 h in an Eppendorf thermo-
mixer at 45°C and 850 rpm. After
target hybridization, reactions were
washed twice in STE, and twice in
1� Taq Extender buffer. Solid-
phase amplification reactions con-
tained 1� Taq Extender buffer, 200
µM of each dNTP, 2.5U Amplitaq,
5U AmplitaqTaq Gold, and 5U Taq

Extender. In cases where PCR products were visualized di-
rectly, 1 µL (10 µCi) of 32P-�-dCTP (3000 Ci/mmole) was also
included. Reactions underwent an initial extension protocol
(60°C for 5 min, 68°C for 5 min, 72°C for 10 min) prior to
cycling (94°C for 10 min, then 94°C for 45 sec, 65°C (�1°C/
cycle) for 1 min, 72°C for 1 min for 20 cycles, followed by
94°C for 45 sec, 45°C for 1 min, 72°C for 1 min for 70 cycles).
After cycling, beads were washed five times in STE.

Release of 32P-Labeled, Solid-Phase PCR Product
Single beads were manually recovered by using wide-bore pi-
pette tips with a diameter greater than an individual bead.
Beads were individually pipetted into tubes and incubated for
12–16 h in 10 µL of solution containing appropriate restric-
tion enzymes. Supernatants were loaded onto a 10% Acryl-
amide TBE (89 mM Tris-borate, 89 mM boric acid, 2 mM
EDTA) gel and run at 200V for 1 h. Gels were dried and ex-
posed to phosphoimaging cassettes for 1–3 h. Screens were
scanned with a Storm 860 instrument (Molecular Dynamics)
at 200 µm resolution.

One-Color SNP Minisequencing
Individual beads containing primers for a polymorphism in
the human 5-hydroxytryptamine type 2a receptor (5-HT2a)
were used for solid-phase amplification. The primers were 5�-
QT12AGGCCTACACCAGGCTCTACAGCAGCGACTTTAACT-
3� and 5�-QT12CAGCTGGGCACCCTTCACAGGAAAGG
TTGGTTCG-3� where Q is the Acrydite group. After amplifi-
cation, beads were equilibrated into 1� NEBuffer 2 (New En-
gland Biolabs; 50 mM NaCl, 10 mM Tris-HCl pH 7.9 @25°C,
10 mM MgCl2, 1 mM DTT, and digested at 37°C for 16 h with
10 U StuI per bead. Beads then were rinsed with 1� NEBuffer
2, and incubated for 4 h at 37°C with 1 U BbvI per bead. Beads
were rinsed and equilibrated into 1� Amplitaq FS buffer for
10 min at room temperature. One-color sequencing reactions
contained 1� Amplitaq FS buffer, 1.5 µM of the single FAM
(5-carboxyfluorescein)-labeled ddNTP (ddATP, ddCTP,
ddGTP, or ddUTP) as well as 1.5 µM of each of the three

Table 2. Amplification Primers

Primer Oligonucleotide sequence Reference

IL1Bf QTTTTTTAGGCCTTCAGAGGCTCCTGCCGCAGCCAGAGAGCTCC di Giovine et al. 1992
IL1Br QTTTTTTCAGCTGGAATACCTGATTTCACAATCAAGTTAAAGG

ALADf QTTTTTTAGGCCTTTCAACCCCTCTACCGCAGCCCACACAGGTA Astrin et al. 1991
ALADr QTTTTTTCAGCTGCCTCCCACCTCTCCACCTCCCGAGTAGC

DRD2af QTTTTTTCAGCTGATGGAAATCACACAGTCACAAAGGAGCAGA Hauge et al. 1991
DRD2ar QTTTTTTAGGCCTTGGACTCACGAAGGCGCAGCCGGTGACCATT

5-HT2Af QTTTTTTAGGCCTACACCAGGCTCTACAGCAGCGACTTTAACTC Warren et al. 1993
5-HT2Ar QTTTTTTCAGCTGGTTGGTGGCATTCTGCGGCTTTTTCTCTAG

DCP1f QTTTTTTCAGCTGAGGGCCGCTCCCTCCTCATTCCTGTCTTTC Rieder et al. 1999
DCP1r QTTTTTTAGGCCTAGCCGGGGTTGGCCCGCAGCCGCAGGGAGAC

DRD5f QTTTTTTAGGCCTACTGCATGGTCCCTTGCAGCAGTGGACACCC Sommer et al. 1993
DRD5r QTTTTTTCAGCTGGGCAAACACCTTCTGAAAGTCGGCGTTG

DRD2bf QTTTTTTCAGCTGATAAGCATCAAGTGTTTGGAACAGTGCC Hauge et al. 1991
DRD2br QTTTTTTAGGCCTAGAGGAAGGAGTGGCGCAGCGTTCCCTAGTC

CACNLGf QTTTTTTAGGCCTCTGTGCCGCCTTCATGCAGCTCTTTCTCGGC Olckers et al. 1993
CACNLGr QTTTTTTCAGCTGGAGGGTCGCTAGGGCCGCAGGAGGGTTA

The sequence of the oligonucleotides (5� to 3�) for each locus are shown with the Bbv I site
(GCAGC) depicted in bold type, the Pvu II site (CAGCTG) in italics, and the Stu I site (AGGCCT) is
underlined.
(Q) Designates the acrylamide group; (f) forward primer; (r) reverse primer.
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unlabeled ddNTPs. Reactions were incubated at 68°C for 30
min, and then beads were rinsed twice with TE buffer and
unincorporated fluorescent ddNTP was removed by electro-
phoresis of the beads at 130 V for 1 h. Beads were equilibrated
into 1� NEBuffer 2, and digested overnight at 37°C with 10 U
PvuII enzyme. Released products were analyzed by electropho-
resis on 10% Acrylamide 1� TBE gels and run at 200V for 1 h.
Gels were scanned with a Storm 860 instrument (blue fluo-
rescence filter, PMT 900 V) at 200 µm resolution to detect the
fluorescent signal. Gels then were stained with Sybr Green I
(Molecular Probes) diluted 1:10,000 in 1� TBE for 30 min and
reimaged using the same instrument setup to detect total re-
leased PCR product in all lanes.

Four-Color SNP Sequencing
Following solid-phase amplification reactions, beads were
equilibrated into 1� NEBuffer 2 and digested overnight at
37°C with 40 U StuI restriction enzyme. Beads were washed
once with fresh 1� NEBuffer 2, and then digested overnight
at 37°C with 10 U of the type IIS enzyme BbvI. Reactions then
were equilibrated into 1� Amplitaq FS buffer. Four-color se-
quencing reactions (100 µL) contained 1� Amplitaq FS
buffer, 2 mM manganese citrate, 1.5 µM R6G-ddATP, 1.5 µM
R110-ddGTP, 1.5 µM ROX (6-carboxy-X-rhodamine)-ddUTP,
1.5 µM TAMRA (N, N, N�, N�-tetramethyl-6-carboxyrhoda-
mine)-ddCTP, and 5 U Amplitaq FS. All fluorescently labeled
ddNTPs were from NEN Life Science Products. Reactions were
incubated at 68°C for 30 min, rinsed twice with TE buffer, and
unincorporated fluorescent ddNTPs were removed by electro-
phoresis of the beads at 100V for 1 h. Individual beads were
separated (if the solid-phase amplification reaction had been
multiplexed) and equilibrated into 1� NEBuffer 2, and di-
gested overnight at 37°C with 40 U PvuII enzyme. Reaction
supernatants were precipitated with NaOAc/EtOH and resus-
pended in 10 µL TE buffer. Aliquots were mixed with an equal
volume of loading solution (5:1 deionized Formamide: 50
mM EDTA), heated at 90°C for 2 min followed by an ice
quench, and run on 6% acrylamide (19:1 acrylamide: bis-
acrylamide), 8.3 M urea, 1� TBE gels on an ABI 373 DNA
Sequencer. Data was analyzed using the ABI 672 Genescan
Collection Software (version 1.1) and Genescan PCR Analysis
Software (version 1.2.2–1). The BbvI recognition site was
placed into the forward primer in the ALAD, 5-HT2a, IL1B,
DRD5, and CACNLG amplicons resulting in fluorescent label-
ing of the noncoding strand such that blue electropherogram
tracings indicated a C allele, red tracings indicated an A allele,
green tracings indicated a T allele, and black (yellow) tracings
indicated a G allele. The BbvI recognition site was placed into
the reverse primer for the DRD2a, DRD2b, and DCP1 ampli-
cons resulting in fluorescent labeling of the coding strand
such that blue electropherogram tracings indicated a G allele,
red tracings indicated a T allele, green tracings indicated an A
allele, and black (yellow) tracings indicated a C allele.
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