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Parallel Genotyping of Human SNPs Using Generic
High-density Oligonucleotide Tag Arrays
Jian-Bing Fan,1,3 Xiaoqiong Chen,1 Marc K. Halushka,2 Anthony Berno,1

Xiaohua Huang,1,4 Thomas Ryder,1 Robert J. Lipshutz,1,6 David J. Lockhart,1,5

and Aravinda Chakravarti2
1Affymetrix, Inc., California 95051 USA; 2Department of Genetics and Center for Human Genetics, Case Western Reserve
University School of Medicine and University Hospitals of Cleveland, Cleveland, Ohio 44106 USA

Large scale human genetic studies require technologies for generating millions of genotypes with relative ease
but also at a reasonable cost and with high accuracy. We describe a highly parallel method for genotyping
single nucleotide polymorphisms (SNPs), using generic high-density oligonucleotide arrays that contain
thousands of preselected 20-mer oligonucleotide tags. First, marker-specific primers are used in PCR
amplifications of genomic regions containing SNPs. Second, the amplification products are used as templates in
single base extension (SBE) reactions using chimeric primers with 3’ complementarity to the specific SNP loci
and 5’ complementarity to specific probes, or tags, synthesized on the array. The SBE primers, terminating one
base before the polymorphic site, are extended in the presence of labeled dideoxy NTPs, using a different label
for each of the two SNP alleles, and hybridized to the tag array. Third, genotypes are deduced from the
fluorescence intensity ratio of the two colors. This approach takes advantage of multiplexed sample preparation,
hybridization, and analysis at each stage. We illustrate and test this method by genotyping 44 individuals for
142 human SNPs identified previously in 62 candidate hypertension genes. Because the hybridization results are
quantitative, this method can also be used for allele-frequency estimation in pooled DNA samples.

The Human Genome Project and other private efforts
are producing large amounts of genome sequence and
polymorphism data that will provide scientists with an
unprecedented opportunity to probe the structure and
function of the human genome (Collins et al. 1998). In
the realm of human disease, these genomic resources
will allow the dissection of the genetic components
and molecular mechanisms of complex human dis-
eases and traits. Identification of complex disease
genes will require both linkage and association analy-
ses of thousands of polymorphisms across the human
genome in thousands of individuals (Risch and Meri-
kangas 1996; Collins et al. 1997; Chakravarti 1999). To
enable such large-scale polymorphism analysis in hu-
man studies, parallel and efficient genotyping methods
are critically needed. The most common variant in the
human genome is the single nucleotide polymorphism
(SNP) (Wang et al. 1998; Cargill et al. 1999; Halushka et
al. 1999). Homogenous and microarray-based min-
isequencing has been used to genotype SNPs in human
populations (Syvanen et al. 1990; Kuppuswamy et al.
1991; Chen and Kwok 1997; Pastinen et al. 1997,1998;
Syvanen 1998). We present a parallel genotyping
method for SNPs, termed TAG–SBE, which analyzes al-

lele-specific single base extension (SBE) reactions on
standardized, generic high-density oligonucleotide
probe arrays (Chee et al. 1996; Shoemaker et al. 1996;
Wang et al. 1998; Lipshutz et al. 1999). In TAG–SBE,
the array is independent of the specific markers geno-
typed and the assay can be customized for sets of mark-
ers through PCR and SBE primer selection. Because this
genotyping method is generic, intrinsically parallel,
and favors multiplexed reactions, TAG-SBE is well-
suited for large-scale human genetic studies.

To design the tag arrays, all possible 20 mers (420

or ∼1012) were subjected to a computational screen
that favored a subset of sequences with similar GC con-
tent and thermodynamic properties, and eliminated
sequences with possible secondary structure or se-
quence similarity to other tags (Shoemaker et al. 1996;
Giaever et al. 1999; Winzeler et al. 1999). A set of
32,000 tags was selected, with all tags expected to have
similar hybridization characteristics and minimal
cross-hybridization under standard hybridization con-
ditions. As a hybridization control, and to enable back-
ground and cross-hybridization subtraction, each tag
probe (PM, perfect match) is paired with a second
probe that is identical in sequence except for a single
base difference at the central position (MM, mis-
match). The high-density tag array used in this study
consists of over 64,000 distinct probes, over 32,000 PM
tag probes, and over 32,000 adjacent MM probes, each
probe occupying an area of 30230 µm.
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The TAG–SBE genotyping method pairs the exten-
sion primer for each marker with a unique tag se-
quence, allowing the deconvolution of multiplexed
preparations on a single high-density probe array (Fig.
1). The TAG–SBE approach can also be multiplexed
both at the primary PCR and the SBE steps (see below).
The resulting hybridization pattern from a typical
TAG–SBE assay is shown in Figure 2A. The intensities of
the two fluorophores used are measured and corrected
for background and spectral overlap. The quantitative
hybridization results are then used to make genotype
calls (Figure 2B).

We first tested whether SBE methods for genotyp-
ing could be simplified. Previously published SBE
methods such as minisequencing (Pastinen et al.
1997,1998; Syvanen 1998) and genetic bit analysis (Ni-
kiforov et al. 1994; Head et al. 1997) required that
double-stranded templates be converted to single-
stranded templates prior to the base extension reaction
[although double-stranded templates have been suc-
cessfully used in fluorescence energy transfer-based
SBE assays (Chen et al. 1997)]. We compared the TAG–
SBE results obtained with three SNP markers using

both single-stranded and double-stranded PCR prod-
ucts as templates, and found similar two-color inten-
sity ratios and no significant differences in the absolute
hybridization signal intensities. Thus, for all subse-
quent analyses, and the assays described here, double-
stranded PCR templates were used in the SBE reactions.

To test the robustness, accuracy, and efficiency of
the TAG–SBE method, we developed genotyping assays
for a subset of the 874 SNPs that were identified re-
cently in a large-scale polymorphism screen of 75 hy-
pertension candidate genes (Halushka et al. 1999). Of
these, we chose 171 SNPs in 68 genes, focusing on SNPs
likely to have a functional significance: We chose SNPs
in promoter regions, at splice junctions, and those that
altered protein sequence. PCR primers were designed
and tested individually for each of the 171 SNP-
containing genomic regions. Of these, eight (4.7%)
failed to amplify, and SBE primers were designed for
the remaining 163 SNPs. We did not attempt to rescue
the failed PCRs at this point, but this could be done if
needed by reselecting primers or through a modifica-
tion of the standard PCR conditions. For six of the 163
SNPs, SBE primers were designed for both the forward

Figure 1 TAG–SBE genotyping assay. Marker-specific primers are designed for amplification of each SNP from genomic DNA (Wang et
al. 1998); all SNPs with the same pair of variant bases (e.g., A/G SNPs) are pooled. The double-stranded PCR products serve as templates
for the SBE reaction. Each SBE primer is chimeric with a 5’ end complementary to a unique tag synthesized on the array and a 3’ end
complementary to the genomic sequence and terminating one base before a polymorphic SNP site. Thus, each SBE primer is uniquely
associated with a specific tag (location) on the array. SBE primers corresponding to multiple markers are added to a single reaction tube
and extended in the presence of pairs of ddNTPs labeled with different fluorophores; for example, an A/G bi-allelic marker is extended
in the presence of biotin-labeled ddUTP and fluorescein-labeled ddCTP. The labeled multiplex SBE reaction products are pooled and
hybridized to the tag array. Three hybridization patterns are shown, corresponding to three genotypes AA, AG, and GG.
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and reverse strands. Nine multiplex PCR and
SBE reactions were designed with 9–28 mark-
ers in each set. Of the 163 SNP markers
tested, 21 SNPs (12.9%) were further elimi-
nated because they consistently produced
poor signals in multiple samples tested.
These failures were systematic, and were the
result of poor amplification in the multiplex
PCR or SBE reactions, or poor hybridization
behavior on the array. It has been shown
previously that roughly one out of 10 tag
sequences do not hybridize sufficiently well
on arrays of this type (Winzeler et al. 1999).
Although these SNPs may be rescued by
primer or protocol changes, repooling, using
the opposite strand extension primer, or
simply linking the primer to a different tag
sequence (from which there are many to
choose), we have not attempted further op-
timization of these 29 (8+21) markers. The
remaining 142 markers in 62 genes were
used in subsequent genotyping experiments.
The 142 SNPs used, the genes involved and
other details of the polymorphisms, and the
designed primers are listed in a table located
in the online supplement (note that the first
20 bases of the SBE primers listed in the table
are complementary to the tag probes on the
array). Additional information on these SNPs
can be found indbSNP (http://www.ncbi.n-
lm.nih.gov/SNP/) or at http://genome.cwr-
u.edu/candidates/snps.html3) (Halushka et
al. 1999).

To test the reproducibility of the TAG–
SBE assay, we performed the multiplex PCR,
SBE reactions, and the array hybridization
experiments in duplicate for four indepen-
dent samples. A high correlation between
the hybridization signals of the replicate
measurements (R2 = 0.92 for fluorescein sig-
nals and R2 = 0.93 for phycoerythrin signals)
was observed for the 142 SNPs. More impor-
tantly, there were no discrepancies in geno-
typing calls between the duplicate measure-
ments.

We next used tag arrays to obtain the
genotypes for all 142 SNPs in 44 unique DNA
samples. Hybridization signals sufficiently
above background were obtained for 96.5%
(6029/6248) of the 6248 (142244) possible
calls . Based on the two-color signal intensity
ratios, distinct genotype clusters were ob-
tained for ∼80% of the markers (Fig. 3). We
used a combination of automatic software
analysis and blind manual editing to assign
genotypes for all 142 markers in the 44

Figure 2 (A) Fluorescence image of a small portion of an oligonucleotide tag
array following hybridization of 77 labeled SBE primers. The entire array contains
>32,000 20-mer tag probe pairs. The physically adjacent PM and MM probes for
a single tag probe pair are labeled. (B) The fluorescence intensity pattern for a tag
probe pair showing the presence of an AA homozygote, an AB heterozygote, and
a BB homozygote, and the computed relative allele fraction value P =
(PM1MM)

fluorescein
/ [(PM1MM)fluorescein + (PM1MM)phycoerythrin]. Because of the

partial overlap of the emission spectra of fluorescein and phycoerythrin, there is
some spillover of fluorescein signal into the phycoerythrin emission channel.
Background signals are subtracted and corrections for spectral overlap are ap-
plied prior to the quantitative genotyping analysis.
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samples. For five of the six SNPs that had both forward
and reverse SBE primers, identical genotypes were ob-
tained from both strands in all 44 individuals (i.e.,
complete concordance in 220 paired tests). For one
SNP (DCP1EX13.138), clear hybridization results were
obtained for the forward primer, but the results were
inconclusive for the reverse SBE primer and therefore
calls for that strand were not made (i.e., one strand

yielded clear results while the other produced a “no
call”). In no cases did the two strands give contradic-
tory results. This experiment indicates that either
strand (or both) can be used for TAG–SBE analysis of
the majority of the markers, and that for some markers,
one strand may be more informative than the other. As
described above, these assays were not fully optimized
and we anticipate that it is possible to increase the
overall genotyping yield further.

To determine the accuracy of the method, we used
gel-based DNA sequencing to determine the genotypes
of three individuals (a subset of the 44 persons studied
earlier) at 133 loci. Comparison of the 355 paired gel-
based and TAG–SBE genotype calls showed a total of 17
discrepancies involving seven different markers (see
Table 1), a 4.8% discordance rate. Some of these dis-
crepancies involved cases where one method made a
homozygote call while the other method called a het-
erozygote. But there were also cases in which the gel-
based sequencing and array-based genotyping yielded
opposite homozygote genotype calls; we suspect sys-
tematic mispriming of the SBE primer to adjacent simi-
lar sequences as the likely cause of the discrepancy.
Designing an SBE assay using primers for the other
strand may be sufficient to solve the problem in most
cases.

The quantitative nature of the two-color TAG–SBE
measurements suggests the possibility of using pooled
DNA samples to estimate allele frequencies and screen
large numbers of loci for allele frequency differences
between groups of phenotypically distinct individuals
(Shaw et al. 1998 for microsatellite markers; Syvanen et
al. 1993; Hacia et al. 1998 for SNP markers). To test
this, we first synthesized two artificial SBE templates
and performed controlled mixing experiments. As
shown in Figure 4, the intensity ratio of the two fluo-
rophores and the template concentration ratio are
highly correlated over a 100-fold concentration range.
We further tested the TAG–SBE assay performance with
pooled DNA samples. Genomic DNA from five, 10, and
20 individuals with known genotypes was pooled and
treated the same way as the DNA samples from indi-
viduals in all subsequent PCR amplification, SBE reac-

Figure 3 Cluster analysis of tag array hybridization results for
44 individuals at SNP marker (A) ANPex3.33 and (B) SELP.25. The
logarithm of total fluorescence intensity [(PM1MM)fluorescein +
(PM1MM)phycoerythrin] for each of the 44 hybridizations is plotted
against the calculated relative allele fraction value P. The three
distinct clusters observed correspond to the genotypes T/T, T/C,
and C/C for marker ANPex3.33, and T/T, T/G, and G/G for
marker SELP.25.

Table 1. Discrepancies Between Genotyping Calls with Gel-based Sequencing and the Array-based Method

SNP name WT allele Mutant allele

Gel-based sequencing Array-based assay

Discrepancies904889 90896 904957 904889 904896 904957

ACEEX17.19 C A C/C A/A A/C C/C C/C C/C 2
CYP11B2EX6.91 T C T/C T/C T/C T/T T/T T/T 3
CYP11B2BX7.65 T C T/C C/C C/C T/T T/T T/T 3
GLUT4EX3.112 C G G/G G/G G/G C/C C/C C/C 3
GALNREX1.553 G C G/C G/G G/C G/G G/G G/G 2
ICAM1EX6.254 G A G/G G/G G/G A/A A/A A/A 3
GMP-140.25 T G G/G G/G G/G G/G T/G G/G 1

Fan et al.

856 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


tion, and chip hybridization steps. In general, the
observed allele frequencies were related directly to
the values expected based on the known genotypes of
the individuals in the pool (Fig. 5), and relatively
small differences in allele frequency could be reli-
ably detected for many markers. This strategy may
be used to estimate allele frequencies in populations
and to scan large numbers of markers for allele-
frequency differences while greatly reducing the num-
ber of individual measurements required for associa-
tion studies designed to detect genetic differences
between groups of individuals with phenotypic differ-
ences. The minimum detectable allele-frequency
differences and the maximum number of markers
that can be genotyped in parallel remain to be deter-
mined.

Our approach combines the parallelism and flex-
ibility of a standardized high-density oligonucleotide
array readout with the enhanced fidelity of enzymatic
primer extension reactions. Using a standard array of
generic tags eliminates the need to design and manu-
facture custom arrays for specific sets of markers, as
only the PCR and extension primers need to be cus-
tomized. Furthermore, the tag-based approach uses as
few as one or two oligonucleotide probes per marker
rather than the 56 probes used previously on variant
detector arrays (VDAs) (Wang et al. 1998). The stan-
dard tag array could also be used in combination with
other genotyping approaches including multiplex oli-
gonucleotide ligation assays (OLA) (Delahunty et al.
1996; Tobe et al. 1996; Chen et al. 1998), invasive
cleavage of oligonucleotide probe assays (Lyamichev et
al. 1999), and allele-specific PCR methods (Newton et
al. 1989; Lo et al. 1991).

The experiments described here used only a small
fraction of the 32,000 tags synthesized on the array
and have not taken full advantage of the multiplexing
possibilities. Our previous experience with developing
highly discriminating sets of oligonucelotide probes
for yeast gene expression measurements and genotyp-
ing, suggests that it should be possible to use a large
fraction of the 32,000 tags on the array in a single
experiment (Wodicka et al. 1997; Winzeler et al. 1998).
A set of three such arrays would allow the determina-
tion of nearly 100,000 genotypes. The current array
was synthesized using 30 µm features on an 828 mm
chip. A single, 12.8212.8 mm array with 24 µm fea-
tures could interrogate 128,000 SNPs at a time. Physi-
cally smaller arrays with fewer tags may also be useful.
Scaling down the array size to 222 mm, an array con-
taining 24 µm features could encode over 3000 tags
and accommodate many important genotyping appli-
cations in which more markers may not be necessary.
In addition, multiple sets of tags can be associated with
each locus-specific extension primer in separate reac-
tions (pooled for hybridization). In this manner, a
single array could be used to analyze the same loci
from multiple individuals at once.

The highly parallel nature of oligonucleotide ar-
rays and their ability to interrogate complex mixtures
of nucleic acids enables significant flexibility in the
design of genotyping assays. Simple calculations sug-
gest that the cost of amplification and labeling reac-
tions can be a significant barrier to the broad use of

Figure 4 Quantitative allele frequency estimation based on
two-color analysis of synthetic mixed templates. The two tem-
plates were mixed in the ratios of 1 nM/10 nM, 1 nM/3 nM, 1
nM/1 nM, 3 nM/1 nM, and 10 nM/1 nM, respectively. The loga-
rithm of intensity ratios of the two colors (Y-axis) are plotted
against the logarithm of concentration ratios of the two mixed
templates (X-axis). FL, fluorescein intensity; PE, phycoerythrin in-
tensity; G/T, concentration ratio of template G to template T.

Figure 5 Allele frequency estimation for individual homozy-
gotes, heterozygotes, and collections of multiple individuals at
the SNP marker ANPex3.33. For the pooled samples, genomic
DNA from a group of 5, 10, and 20 individuals (C-allele frequen-
cies of 0.10, 0.28, and 0.18, respectively) was pooled in equal
amounts and treated in the same way as the samples from single
individuals. The observed allele fraction value P is plotted against
the known C allele frequency, along with the best fit line as a
guide to the eye. The line intercepts the Y-axis above the origin,
and this systematic offset is the result of a small amount of cross-
hybridization and misincorporation of the wrong base in the two-
color SBE reaction. A correction can be applied to the data fol-
lowing the observation of pure genotypes to obtain a more ac-
curate estimate of the absolute allele frequencies.

Human SNP Parallel Genotyping

Genome Research 857
www.genome.org

 Cold Spring Harbor Laboratory Press on June 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


large-scale genotyping methods. The multiplex sample
preparations demonstrated here permit significant re-
ductions in reagent use. Thus, multiplexing both spe-
cific genomic amplifications and SBE reactions reduced
the 284 reactions needed for the 142 SNPs to only 18
reactions. This 16-fold reduction can be extended by
pooling strategies. The current scheme uses two colors
and requires six separate SBE reactions. The use of four
colors would allow a single-tube reaction, with associ-
ated increases in efficiency and reduction of genotyp-
ing costs.

METHODS

Sample Collection and DNA Isolation
DNA samples from 44 individuals were collected as part of the
ongoing GenNet network of the National Heart, Lung, and
Blood Institute Family Blood Pressure Program. The sampling
scheme was designed to ascertain nuclear families through a
hypertensive proband. Samples were collected under in-
formed consent and IRB approval at each of two field centers
in Tecumseh, MI and Maywood, IL. DNA was extracted from
buffy coats isolated from 5 to 10 ml of whole blood using a
standard salting-out method and the PureGene kit (Gentra
Systems). For the pooling experiments, genomic DNA from
five, 10, and 20 individuals was pooled in equal amounts, and
treated like single DNA samples in subsequent PCR amplifi-
cations, SBE reactions, and chip hybridizations.

Primer Design
For each SNP, primary PCR amplification primers were de-
signed as described previously (Wang et al. 1998). The SBE
primers were designed so that the 3’ end terminates one base
before the polymorphic site. The Primer 3.0 software (http://
www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi) was
modified and used to pick SBE primers at a predicted length of
20 nucleotides (range: 16–26) and melting temperature of
57°C (range: 53°C–64°C). SBE primers were picked from the
forward direction first (i.e., 5’ to the SNP), the reverse direc-
tion being used when a suitable primer could not be chosen
for the forward direction.

Multiplex PCR
Specific amplification of the genomic regions containing the
142 SNPs was achieved with nine multiplex PCR reactions,
each containing 50 ng of human genomic DNA, 0.5 µM of
each primer, 1 mM deoxynucleotide triphosphates (dNTPs),
10 mM Tris-HCl (pH 8.3), 50 mM KCl, 5 mM MgCl2 and 2
units of AmpliTaq Gold (Perkin Elmer) in a total volume of 25
µl. PCR was performed on a Thermo Cycler (MJ Research)
with initial denaturation of the DNA templates and Taq en-
zyme activation at 96°C for 10 min, followed by 40 cycles of
denaturation at 94°C for 30 sec, 57°C for 40 sec, and 72°C for
90 sec. The final extension reaction was at 72°C for 10 min.

SBE Template Preparation
One µl of Exonuclease I (10 U/µl, Amersham Life Science) and
1 µl of Shrimp Alkaline Phosphatase (1 U/µl, Amersham Life
Science) were added to 25 µl PCR products and incubated at
37°C for 1 hr. The enzymes were inactivated at 100°C for 15
min. The enzymatically treated samples were applied to an

S-300 column (Pharmacia) to further remove residual PCR
primers and dNTPs. The buffer was replaced with ddH2O.

Multiplex SBE Reaction
SBE reactions were carried out in 33 µl reactions using 6 µl of
the template (see above), 1.5 nM of each SBE primer, 2.5 Units
of Thermo Sequenase (Amersham), 52 mM Tris-HCl (pH 9.5),
6.5 mM MgCl2, 25 µM of fluorescein-N6-d-dNTPs (New En-
gland Nuclear), 7.5 µM biotin-N6-d-dUTP or biotin-N6-d-CTP
or 3.75 µM biotin-N6-d-dATP, and 10 µM of the other cold
ddNTPs. Extension reactions were carried out on a Thermo
Cycler (MJ Research) with 1 cycle at 96°C for 3 min, then 45
cycles of 94°C for 20 sec and 58°C for 11 sec. After SBE reac-
tions, the products of the nine reactions from each sample
were combined and mixed with 30 µl of 100 µg/ml glycogen
(Boehringer Mannheim), 18.75 µl of 8 M LiCl (Sigma), and 1.1
ml of prechilled (120°C) ethanol (200 proof), and precipi-
tated by centrifugation (Eppendorf centrifuge 5415C) for 15
min at room temperature; precipitated samples were dried at
40°C for 40 min and resuspended in 33 µl ddH2O.

Tag Array Design and Hybridization
For each tag sequence, two probes were synthesized on the
array: one matches the designed-tag sequence exactly (PM
probe) and the other being identical except for a single base
difference in the central position (MM probe). The mismatch
probe serves as an internal control for hybridization specific-
ity and enables effective subtraction of background and cross-
hybridization signals. Over 32,000 20-mer tag probes and
their mismatch partners were chosen (Shoemaker et al. 1996)
and fabricated on 828 mm arrays. Each probe (feature) occu-
pies an area of 30230 µm, which contains ∼107 copies of the
chosen 20-mer oligonucleotide. Sets of 100 arrays were syn-
thesized together on a single glass wafer.

The labeled SBE reaction products were denatured at
95°C–100°C for 10 min and snap cooled on ice for 2–5 min.
The tag array was prehybridized with 62 SSPE-T [0.9 M NaCl,
60 mM NaH2PO4, 6 mM EDTA (pH 7.4), 0.005% Triton X-100]
and 0.5 mg/ml BSA for a few minutes, then hybridized with
120 µl hybridization solution (shown below) at 42°C for 2 hr
on a rotisserie (at 40 RPM). The hybridization solution con-
sisted of 3M TMACl (tetramethylammonium chloride), 50
mM MES [2-(N-morpholinoethanesulfonic acid) sodium salt]
(pH 6.7), 0.01% of Triton X-100, 0.1 mg/ml of herring sperm
DNA, 50 pM of fluorescein-labeled control oligo, 0.5 mg/ml of
BSA (Sigma) and 29.4 µl-labeled SBE products (see above) in a
total value of 120 µl.

After hybridization, the arrays were rinsed twice with 12

SSPE-T for ∼10 sec at room temperature, then washed with 12

SSPE-T for 15–20 minutes at 40°C on a rotisserie at 40 RPM.
The arrays were washed 10 times with 62 SSPE-T at 22°C on
a fluidics station (FS400, Affymetrix) and then stained at
room temperature with 120 µl staining solution [2.2 µg/ml
streptavidin R-phycoerythrin (Molecular Probes), and 0.5 mg/
ml acetylated BSA, in 62 SSPET] and mixed on a rotisserie for
15 min at 40 RPM. After staining, the arrays were washed 10
times with 62 SSPET on the fluidics station at 22°C. The
arrays were scanned on a confocal scanner (Affymetrix) and
fluorescence at 530 nm (fluorescein), and 560 nm (phycoery-
thrin) was collected with a spatial resolution of 60–70 pixels
per feature. GeneChip software (Affymetrix) was used to con-
vert image files into digitized files for further data analysis.
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Genotype Determination
For a given marker (at a given tag probe position), the fluo-
rescence intensity of each of the two fluorophores (fluores-
cein and phycoerythrin) was corrected for background and
nonspecific hybridization by subtracting the intensity at the
MM from that of the PM; negative values of PM–MM were
treated as zero. Because of the overlap between the emission
spectra of the two fluorophores, a fraction of the fluorescein
signal (7.6%) was subtracted from the signal seen in the phy-
coerythrin channel (Hacia et al. 1998). A metric P which es-
timates the relative amount of each allele in the target mix-
ture was computed as the relative proportion of the corrected
intensities [fluorescein/(fluorescein+phycoerythrin)]. To de-
fine genotype clusters for each SNP (see Figure 3), the P values
associated with each sample were sorted, and ranges corre-
sponding to the three SNP genotypes were computed using an
algorithm based on empirical observations across many geno-
typing experiments. The purpose of this algorithm is to iden-
tify well-separated ranges of experimental values that corre-
spond to distinct genotypes. The specific algorithm employed
here used the following rules: (1) At most four values (outli-
ers), about 10% of the total data may be excluded from the
computed ranges; (2) each pair of ranges must extend over an
area of $0.3 and all three ranges must extend over $0.5; (3)
individual ranges must be separated by a gap of $ 0.1; (4) the
width of a single range may be #0.4. A “goodness” of fit
statistic computed as 11(sum of range widths/total
range)1(number of outliers /10) was maximized for the set of
ranges chosen.

Quantitative Allele Analysis
Two templates, template-T (5’-TGCTGAATATTCAGATTCTC-
TAGTGCTACCTGAAAGATCCTG-3’) and template-G (5’-
TGCTGAATATTCAGATTCTCGAGTGCTACCTGAAAGATC-
CTG-3’) were synthesized. They were identical except at a
single (21st) position: T in template-T, and G in template-G.
The two templates were mixed in the ratios of 1 nM/10 nM, 1
nM/3 nM, 1 nM/1 nM, 3 nM/1 nM, and 10 nM/1 nM, respec-
tively. The following five distinct SBE primers, 5’-TGCGATT-
CTTTGCCGTCAGGCAGGATCTTTCAGGTAGCACT-38,
5 8 -GGCGAAGTTCCTCTAGTGTTCAGGATCTTTCAG-
GTAGCACT-38, 58-GGCCTCGGTGTTCAGCATATCAG-
GATCTTTCAGGTAGCACT-38, 58-TGGAGATCGTTGCTTG-
TACCCAGGATCTTTCAGGTAGCACT-38, 58-TGCATTGATT-
TAACTGCGCGCAGGATCTTTCAGGTAGCACT-38, were
added separately to five SBE reactions containing the five
types of mixed templates. The SBE primers were extended in
the presence of biotin-labeled ddATP and fluorescein-labeled
ddCTP, pooled, and hybridized to a tag array.

Gel-based Automated DNA Sequencing
To independently confirm the genotypes called using the
TAG–SBE assay, three samples (904957, 904896, and 904889)
were sequenced for 115 SNPs from the table in the online
supplement, using conventional gel-based methods. Samples
were amplified for all sites with T7- and T3-tagged primers
using standard PCR cycling conditions [2.5 µl of 20 ng/µl
DNA, 0.375 µl of 20 µM primer (X2), 1.5 µl of 102 PCR
buffer, 0.9 µl 25mM MgCl2, 0.15 µl 10 mM dNTPs, 0.25 µl 10
U/µl Taq DNA Polymerase (Sigma), in a total volume of 15 µl
with ddH20]. Some products were sequenced directly while
others required an M13 nesting strategy because of the close
proximity of the polymorphic base and primer end. Samples

from the initial amplification were diluted 1:50 with ddH20
and amplified with M13F-T7 (58-TGTAAAACGACGGCCAGT-
TAATACGACTCACTATAGGGAGA-38) and M13R-T3 (58-
AACAGCTATGACCATGAATTAACCCTCACTAAAGGGAGA-
38) primers using standard PCR conditions. All PCR products
were cleaned with Exonuclease I (Amersham 0.15 µl of 10
U/µl per well) and Shrimp Alkaline Phosphatase (Amersham,
0.30 µl of 1 U/µl per well) in a volume of 10 µl. Dye termi-
nator sequencing using an M13R primer (AACAGCTATGAC-
CATG) or T7 primer (TAATACGACTCACTATAGGGAGA) on
an ABI377 (Perkin Elmer) using Big Dye (Perkin Elmer) was
performed to determine the genotype status for each SNP in
each of the three individuals. Trace files were read with Edit
View 1.0 (Perkin Elmer) software.
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