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A high-throughput genotyping system for scoring single nucleotide polymorphisms (SNPs) has been developed. With
this system, >1000 SNPs can be analyzed in a single assay, with a sensitivity that allows the use of single haploid cells
as starting material. In the multiplex polymorphic sequence amplification step, instead of attaching universal
sequences to the amplicons, primers that are unlikely to have nonspecific and productive interactions are used.
Genotypes of SNPs are then determined by using the widely accessible microarray technology and the simple
single-base extension assay. Three SNP panels, each consisting of >1000 SNPs, were incorporated into this system.
The system was used to analyze 24 human genomic DNA samples. With 5 ng of human genomic DNA, the average
detection rate was 98.22% when single probes were used, and 96.71% could be detected by dual probes in different
directions. When single sperm cells were used, 91.88% of the SNPs were detectable, which is comparable to the level
that was reached when very few genetic markers were used. By using a dual-probe assay, the average genotyping
accuracy was 99.96% for 5 ng of human genomic DNA and 99.95% for single sperm. This system may be used to
significantly facilitate large-scale genetic analysis even if the amount of DNA template is very limited or even highly
degraded as that obtained from paraffin-embedded cancer specimens, and to make many unpractical research
projects highly realistic and affordable.

[Supplemental material is available online at www.genome.org and http://www2.umdnj.edu/lilabweb/Publications/
Multiplex3G.]

With 24,000–35,000 genes in the human genome (Ewing and
Green 2000; Roest Crollius et al. 2000; Lander et al. 2001; Venter
et al. 2001; Brentani et al. 2003; Pennisi 2003) and a large portion
of these genes expressed in each tissue, no biological process in
the human body occurs in isolation. Although development of
modern molecular tools has allowed researchers to study indi-
vidual genes in great detail, today’s biologists are becoming more
and more interested in understanding biological processes in a
comprehensive way. Genetic analysis is one of the most powerful
tools for this purpose. The recent discovery of millions of single
nucleotide polymorphisms (SNPs) has provided a rich resource
for such analysis. dbSNP Build 121 of the SNP database main-
tained by the National Center for Biotechnology Information
(NCBI) contains 19,888,389 SNP submissions representing
9,856,125 nonredundant clusters, of which 4,540,241 have been
validated as real SNPs. However, how to take advantage of this
magnificent resource has been a challenging issue.

To genotype an SNP, two major requirements need to be
met: (1) detection of the polymorphic sequence, and (2) discrimi-

nation of the allelic variants that differ by a single base. Several
available techniques meet the second requirement (for review,
see Brennan 2001; Kwok and Chen 2003), many of which are
very efficient and cost-effective. The first requirement is usually
met after DNA sequence amplification by the polymerase chain
reaction (PCR) (Saiki et al. 1985; Mullis and Faloona 1987). PCR
is so powerful and convenient that it has become a necessary step
in most genotyping systems. However, amplification of a large
number of polymorphic sequences separately is very expensive
and time-consuming. Several efforts have been made to amplify
multiple sequences simultaneously. However, the capacity of
multiplex PCR is limited by primer dimerization. Primer dimers
from primer dimerization are very deleterious not only because
they possess perfect primer-anchoring sequences but also be-
cause they are usually much shorter than the amplicons and,
therefore, amplify easily. For this reason, the capacity of multi-
plex PCR was a bottleneck in high-throughput genotyping and
nucleic acid detection before success in development of high-
throughput multiplex genotyping systems.

Early efforts to enhance the multiplex capacity involved op-
timizing PCR conditions based on the belief that better PCR con-
ditions may allow more sequences to be amplified simulta-
neously (for review, see Markoulatos et al. 2002). However, since
optimized PCR conditions cannot significantly reduce primer in-
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teraction, such efforts have rarely reached the capacity of simul-
taneous amplification of 10 sequences (for review, see Edwards
and Gibbs 1994).

Second-generation methods were initially marked by the
protocol developed in our laboratory (Lin et al. 1996), which
features using 5� universal sequences (tails) on specific PCR prim-
ers that were attached to the ends of the amplicons during the
early stage of PCR amplification. All specific primers could then
be replaced by only two primers identical to the 5� universal tails.
This improvement allowed amplification of 26 DNA sequences
in a single tube (Lin et al. 1996). It was shown that 41 sequences
could be amplified very specifically and the resultant frag-
ments could be resolved by gel electrophoresis (X. Cui and H. Li,
unpubl.).

Very recently, the universal tail concept was applied by a
few newly developed systems (Yeakley et al. 2002; Hardenbol
et al. 2003; Kennedy et al. 2003; Fan et al. 2004; Matsuzaki et al.
2004). With these systems, universal sequences are attached to
the amplicons with different approaches before PCR, allowing
>1000 SNP-containing sequences to be amplified in a single re-
action. This advance has significantly facilitated high-through-
put genotyping. The technique initially described by Yeakley
et al. (2002) has been commercialized by Illumina and used in
∼65% of the HapMap project (http://www.hapmap.org). The
technologies described by Hardenbol et al. (2003) and Kennedy
et al. (2003) have also been commercialized and used in large-
scale genetic analyses (Butcher et al. 2004; Zhou et al. 2004).
However, attaching the universal tails to the amplified sequences
requires additional experimental steps in comparison with am-
plification by regular PCR, limiting the detection sensitivity.
Some of these procedures also require pooling of individually
amplified PCR products from multiple tubes, followed by column
purification. Requirements of specialized probes and detection
platforms and long oligonucleotides also limit the flexibility and
cost-effectiveness of these systems.

In this communication, we describe a simple genotyping
system that requires a single round of multiplex PCR followed by
a single step to generate single-stranded DNA (ssDNA) before
genotype determination. We have shown that 20 µL of PCR
product amplified from 5 ng of genomic DNA is sufficient for
routine detection of >1000 SNPs. Highly reliable results have also
been obtained from analyzing single haploid sperm cells.

Results

High-throughput multiplex amplification
and genotype determination

SNP selection

SNPs were selected from the dbSNP database (ftp://ftp.ncbi.nih.
gov/snp/human/chr_rpts/) maintained by NCBI. To ensure that
the selected SNPs were real and suitable for the multiplex system,
a series of filters was used for selection. These filters excluded
SNPs that were flanked by a significant number of short tandem
repeats and closely located SNPs (i.e., SNPs separated by <130
bases), which may significantly affect the specificity of amplifi-
cation. All selected SNP sequences were passed through the
BLAST (http://www.ncbi.nlm.nih.gov/BLAST) and BLAT (http://
www.genome.ucsc.edu/cgi-bin/hgBlat?db=hg8) searches at the
Web sites maintained by NCBI and the University of California,
Santa Cruz (UCSC), respectively. SNPs with flanking sequences

having more than one hit in the human genome were also ex-
cluded in the study. When information was available, SNPs with
their heterozygosities >0.18 were chosen. In order to use a two-
color fluorescent labeling system (which uses the cyanine dyes
Cy3 and Cy5) for genotype determination, only transition SNPs
(A/T to G/C changes or vice versa) were selected (note that trans-
version SNPs may be included either by using a four-color system
or by grouping the suitable types together). Sequences for the
SNPs used in the present study are given online at http://www2.
umdnj.edu/lilabweb/Publications/Multiplex3G.

Primer design

So far, all approaches toward enhancing multiplex amplification
capacity have been based on minimizing primer–primer interac-
tion or by mitigating such interactions by making additional
experimental efforts. If primers with no predictable productive
interaction (i.e., lacking significant complementarity that might
cause in primer dimerization) are selected, all experimental effort
toward minimizing and avoiding primer–primer interaction may
become unnecessary. We have shown that this can be accom-
plished by selecting primer sequences with minimum comple-
mentarity between their 3�-ends and globally as specified in the
Methods section. Primer sequences used in the present study are
given online at http://www2.umdnj.edu/lilabweb/Publications/
Multiplex3G.

To determine the generality of our program for primer de-
sign, a simulation study was performed. Three input groups with
1200 or more SNPs in each were selected with the filtering criteria
described in Methods. Another three groups of comparable size
were selected randomly from the dbSNP database. Primers could
be designed for ∼90% of both filtered and randomly selected
groups, indicating that our program can be used for the vast
majority of randomly selected SNPs (Table 1).

Multiplex amplification and polymorphic sequence detection

Polymorphic sequences of each group were amplified by a single
multiplex reaction (Fig. 1A). A 1–2-µL aliquot of the amplified
product was used as template for ssDNA synthesis under the same
conditions used in PCR but with only one primer added for each
SNP. These primers were designed in such a way that their 3�-
ends would anneal next to the polymorphic sites (Fig. 1B), and,
therefore, they could also be used as probes (primer-probes) on
the microarray for genotyping (see below). For each SNP, two
such primer-probes were designed in opposite directions so that
they could be used to generate ssDNA in different directions.
Resulting ssDNA was hybridized to the probes arrayed onto a

Table 1. Assay conversion rates for filtered and randomly
selected SNPs

Selection
Starting

SNPs Converted
Conversion

rate

Filtered 1200 1093 91.08
Filtered 1200 1057 88.08
Filtered 1203 1093 90.86
Average 1201 1081 90.01

Random 1206 1059 87.81
Random 1207 1085 89.89
Random 1200 1081 90.08
Average 1204 1075 89.26
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glass slide. During hybridization, different ssDNA species from
the multiplex amplification bind to their respective probes
on the glass slide allowing the ssDNA species to be resolved
(Fig. 1E).

The next step was to determine the allelic state of the se-
quences hybridized to their probes on the microarray. This was
accomplished by the single-base-extension assay (Shumaker et al.
1996; Pastinen et al. 1997, 2000; Syvanen 1999; Lindblad-Toh
et al. 2000). As mentioned above, the 3�-ends of the oligonucleo-
tide probes hybridizing to the ssDNA were immediately next to
the polymorphic sites (Fig. 1E). Using ssDNA as a template, each
probe was extended by a single dideoxynucleoside triphosphate
(ddNTP) conjugated to a fluorescent chromophore (Cy3 or Cy5).
In this way, probes hybridizing to different allelic sequences were
labeled with different fluorescent colors (Fig. 1F). After labeling,

everything but the labeled probes was washed off, and the mi-
croarray was ready for scanning.

Because DNA sequences are double stranded, ssDNA can
be generated in two directions and used for independent geno-
typing with the corresponding probes. Results generated us-
ing such a dual-probe method can be compared. Inconsis-
tent genotypes can then be discarded to ensure a very high level
of genotyping accuracy. To simplify the study, all probes in-
corporating ddA and/or ddG were always used together and were
designated as AG probes. Similarly, all CT probes were
also used together for genotyping in the opposite direction. The
relative correspondence between these primer-probes and the
regular primers is shown in Figure 1. Primer-probe sequences
used in the present study are given online at http://www2.
umdnj.edu/lilabweb/Publications/Multiplex3G. A typical micro-
array image and a scatter plot from this image are shown in
Figure 2, A and B.

Genotype determination
Theoretically, when hybridizing ssDNA contains a homozygous
SNP, a probe should predominantly incorporate one color (signal
color that is specific) over the other (background color), while
a probe hybridizing to ssDNA containing a heterozygous SNP
should incorporate both colors equally. Experimentally, the
color intensity is affected by various factors such as nonspecific
hybridization, the bandwidth of the light filters, and the ratio
between photomultiplier gains selected for each wavelength
during scanning. Because of the impact of these experimental
factors, three major issues need to be addressed when determin-
ing genotypes from the digitized data produced from a microar-
ray image: (1) normalization of the two color intensities, (2)
background subtraction of each color, and (3) genotype determi-
nation. A computer program, AccuTyping, was developed to ad-
dress these issues using the algorithms below.

We take advantage of our ability to analyze a large number
of SNPs in a single assay and use the color intensities from ho-
mozygous SNPs as internal controls. Our computer program first
sorted the SNPs based on the ratio between their two color in-
tensities. For each individual, the maximal fraction of heterozy-
gous SNPs is expected to be 50%, and the other 50% would be
homozygous with 25% for each of the two alleles. To be conser-
vative, we treat 20% of SNPs with the highest ratio and 20% with
the lowest ratio as homozygous.

A given homozygous SNP has two color intensities, that is,
the background color intensity and the signal color intensity.
The background color intensity can be used for background sub-
traction. However, the intensities of the two signal colors of het-
erozygous SNPs may differ globally and often deviate from a 1:1
ratio because of experimental variables. Such a difference can be
calibrated based on the signal color intensities of these two
groups of homozygous SNPs, that is, those with the highest and
lowest ratios between the two color intensities.

After normalization and background subtraction, the geno-
types were determined based on the log ratios between the two
normalized color intensities by using empirical linear values as
cutoffs, which divided SNPs into three groups, two homozygous
and one heterozygous. The cutoff values were validated by com-
paring the microarray results with those obtained by using inde-
pendent genotyping methods.

Three multiplex groups with >1000 SNPs in each have been
established (Table 2). Consideration was taken to select SNPs
evenly distributed along the corresponding chromosomes. The

Figure 1. Schematic illustration of the multiplex genotyping proce-
dure. Only one SNP is shown. Primers and probes are shown as arrowed
lines. Microarray spots are indicated as ellipsoids. (A) Amplification of the
polymorphic sequence. Two allelic sequences use the same set of prim-
ers, P1 and P2. (B) Generation of ssDNA by using the primer-probes in
both directions in separate tubes. Only the two allelic template strands in
each reaction are shown. (C ) ssDNA generated from B. (D) Addition of
the ssDNA to the respective microarrays containing probes in different
directions. (E ) ssDNA templates hybridized to their probes on the micro-
arrays. (F ) Labeling probes by incorporating fluorescently labeled dd-
NTPs. (G) Labeled probes after washing off all other reagents.
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chromosomes that these SNPs belong to and the average dis-
tances between adjacent SNPs are listed in Table 2.

Validation and application of the multiplex genotyping system

The three multiplex groups of SNPs were used to analyze 24 DNA
samples of unrelated human individuals from four ethnic groups,
African American, American Indian, Asian, and Caucasian.
Genotypes were obtained independently by using ssDNA and
respective probes in two directions.

Detection rates, concordance,
and accuracy

Table 2 summarizes the results of typing the
24 samples. As shown, the average detec-
tion rates were 97.83%, 98.54%, and
97.74% for the three groups when the AG
probes were used. Comparable rates
(98.32%, 98.85%, and 97.74%) were ob-
tained by using the CT probes. When both
probes were used, 96.24%, 97.58%, and
96.30% of SNPs were detectable in both di-
rections with an average rate of 96.71%.
The small SDs in Table 2 also indicate that
the reproducibility of the three groups was
very high. The concordance rates were ob-
tained by comparing the results from using
probes in different directions, and were
94.38% 97.06%, and 95.99% for Groups I to
III, respectively. A scatter plot for the inten-
sities of an SNP in Group II from the
24 samples is shown in Figure 2C to dem-
onstrate the reproducibility.

The accuracy of our approach was first
determined with the method described by
Hardenbol et al. (2003). The error rate for
probes in one direction was treated as

ERS = 1-Concordance Rate (1)

where ERS is the error rate for probes in a
single direction. The accuracy for dual
probes is therefore calculated as

AD = 1-�ERs�
2 (2)

where AD is the accuracy for dual probes. As
shown in Table 2, ADs were calculated to be
99.68%, 99.91%, and 99.84% for the con-
cordant genotypes from Groups I to III, re-
spectively.

However, a lack of concordance does not necessarily mean
incorrect genotyping. Because two colors were used in our sys-
tem, it is reasonable to expect that approximately half of these
genotypes were correct and the other half incorrect. To test this
hypothesis, 47 genotypes with inconsistent results were further
analyzed by RFLP and/or sequencing methods. In all, 23 geno-
types obtained with the AG probes and 24 obtained with the CT
probes were consistent with those obtained by RFLP and/or se-
quencing, indicating that ∼50% of the inconsistent genotypes

Table 2. Results from genotyping 24 samples with the three groups of SNPs

Group
Chromosomal

location
Average

spacing (kb) Number of SNPs

Average detection rate (%) Accuracy (%) based on

AG CT Both Method Ia Method II

I 1, 2 500 1068 97.83 98.32 96.24 � 1.02 99.68 99.92
II 6, 18 222 1172 98.54 98.85 97.58 � 0.52 99.91 99.98
III 13–17 500 (250 for Chr. 17) 1102 97.74 98.05 96.30 � 0.56 99.84 99.96

Average — — — 98.04 98.41 96.71 � 1.71 99.82 99.96

aMethod used in Hardenbol et al. (2003).

Figure 2. (A) A microarray image from genotyping one individual with Group II SNPs. Each probe
was printed twice and shown as neighboring spots. Spots in red and green, homozygous; yellow,
heterozygous; white, pink, and light green, spots with strong signal that have exceeded the linear
range; and dark, low signal but not necessarily mean no signal or too low for genotype calls. (B)
Scatter plot based on the color intensities from the microarray image shown in A. Two horizontal
lines are the cutoffs (natural logarithms of the ratios [Cy3/Cy5] at 2 and �2) to divide the spots into
three genotype groups. (C ) A plot simply based on the two color intensities for the 24 samples (two
spots for each sample) of an SNP. Values of the signal intensities indicated on the axes should be
multiplied by 1000. Note that since different parameters are used, the color orientations are
different in B and C.
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were correct with respect to one probe. Therefore, the above for-
mula (2) needs to be revised as

AD = 1-�0.5 � ERs�
2 (3)

The accuracies were recalculated as 99.92%, 99.98%, and 99.96%
for the concordant genotypes in the three groups.

To further validate our dual-probe approach, a DNA sample
was genotyped with the three multiplex groups of SNPs. A panel
of 1282 SNPs with concordant genotypes was found to be natural
RFLPs and was reanalyzed with the RFLP method. We found that
25 (1.95%) resulting genotypes were inconsistent with those
from microarray. All 25 genotypes were determined by sequenc-
ing, and all were found to be consistent with the microarray
results, none with the RFLP results.

Sensitivity of the multiplex genotyping system—genotype
determination of single human spermatozoa

Although the ability to genotype single sperm was first reported
in 1988 (Li et al. 1988), markers that can be simultaneously geno-
typed have been limited to very few. We show here, for the first
time, that >1000 SNPs may be included in such an analysis and
that the genetic recombination events along the entire chromo-
somes can be analyzed and revealed directly without invoking
statistical approaches. The SNPs in Group II were used for this
purpose. Single sperm cells were prepared by flow cytometry as
described previously (Pramanik and Li 2002). Then 15 single
sperm samples were analyzed with probes in two directions.
When the probes in one direction were used, the average detec-
tion rate was 91.88%, comparable to the rates from the previous
studies in which very few SNPs were used (Cui et al. 1989; Go-
radia et al. 1991), indicating that our multiplex genotyping sys-
tem is sensitive enough for this purpose. When sperm samples
were analyzed with probes in both directions, the average con-
cordance was 95.43%, which translates into an accuracy of
99.79% and 99.95%, respectively, by the two methods described
above. A microarray image from single sperm analysis with
Group II SNPs is shown in Figure 3.

Discussion
Compared with other existing high-throughput approaches,
our system has the following advantages:

1. Simplified experimental procedures: Our system does not
require the attachment of universal tails to the ampli-
cons.

2. High sensitivity: For regular genetic analysis, 5 ng of human
genomic DNA can be routinely used in comparison with the
hundreds of nanograms or even 2 µg of genomic DNA re-
quired by other methods. The present paper is the first report
on genotyping of >1000 SNPs from single haploid cells. Our
method can also be used to analyze a small amount of paraf-
fin-embedded tissue isolated by microdissection (data not
shown). Such success has made it possible to analyze, on a
genomic scale, proliferative lesions that are usually micro-
scopic in size in tumor samples, and to understand cancer
development in a comprehensive way.

3. DNA extraction is not required: With our system, genomic
DNA released from single or very few cells can be used directly
for amplification.

4. Cost-effective: Since multiplex amplification with our system

requires only PCR and ssDNA generation, less expense is
needed for oligonucleotides and enzymes.

5. No demand for specialized equipment: Since our approach
uses the widely available microarray facility for genotype de-
termination, it may easily be used by the researchers.

6. Highly flexible: Users may tailor their multiplex groups to a
desirable size and content without depending on commercial
customization.

7. A high SNP conversion rate: Primers for multiplex amplifica-
tion may be flexibly selected in a large zone flanking the poly-
morphic sites (300 bp), and, therefore, it is possible to have a
high assay conversion rate. As described above, results from
our simulation analysis indicate that primers can be designed
for ∼90% of SNPs.

Figure 3. A microarray image from the analysis of single sperm with
Group II SNPs. Each probe was printed twice as neighboring spots on the
microarray. Spots in red and green, homozygous; yellow, heterozygous;
white, pink, and light green, spots with strong signal that have exceeded
the linear range; and dark, low signal but not necessarily mean no signal
or too low for genotype calls. Yellow spots are either from SNPs that were
not real because of the presences of a small portion of SNPs consisting of
paralogous sequence variants in the databases (Cheung et al. 2003; Fred-
man et al. 2004), or from a low level (∼5%) of contamination as dem-
onstrated in the previous studies (Cui et al. 1989; Goradia et al. 1991),
which has been shown to be from oligonucleotides synthesized by the
current hemi-open-oligonucleotide synthesis system. Note that hetero-
zygous SNPs are treated as uninformative in genetic analyses with single
sperm.
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Compared with the system described by Kennedy et al.
(2003) and Matsuzaki et al. (2004), which uses a single primer for
multiplex amplification (not single probe for detection), our
method requires specific primers for each SNP. When a large
number of SNPs are included in a study, the cost of oligonucleo-
tide synthesis becomes significant. This issue can be partially
addressed by developing commonly shared SNP panels and by
establishing oligonucleotide distribution facilities so that oligo-
nucleotide stock may be shared by many research groups. How-
ever, the use of specific primers makes our system more flexible
so that users can easily tailor the size and content of the multi-
plex groups based on their need.

By using dual probes, we have observed a small fraction of
inconsistent genotypes (see above). One possible cause for such
inconsistencies could be unknown polymorphisms and muta-
tions located in the probe regions. Because SNPs with a minor
allele frequency of 10% or higher can be found in each 600 bp
in the human genome (Kruglyak and Nickerson 2001; Sachidan-
andam et al. 2001), and because the average length of the probes
used in the present study was 29 bases, ∼9.7% of SNPs may have
probe regions containing other SNPs, some of which may have
significantly contributed to the inconsistencies. This raises the
question about the limitation of single-probe-based SNP scor-
ing methods, and necessitates the use of dual probes for high
accuracy.

Differences in detection rate and consistency were seen
among the three multiplex groups, which is a reflection of vari-
ability in the incorporation of improvements to the SNP selec-
tion process. The rates for Group II were generally better than
those for Groups I and III mainly because SNPs in group II were
selected from a newer version of the database in which more
errors were corrected and more SNPs were submitted so that
closely located SNPs could be avoided when the primers and
probes were designed.

Development of the biomedical field has generated a strong
demand for understanding biological processes on a large or ge-
nome scale. Systematic and comprehensive genetic analysis is
critical for many projects such as identification of genes respon-
sible for complex diseases, the exhaustive identification of ge-
netic alterations in the cancer genome after microdissection, and
for the understanding of many biological processes such as aging
and drug metabolism. Our progress in developing the high-
throughput genotyping system can significantly facilitate large-
scale analyses and to perform many studies, such as genome-
scale analysis of microscopic lesions in cancer with paraffin-
embedded tissue, which may not have been feasible in the past.

Methods

SNP selection and primer design
A computer program was written for SNP selection. It extracts
SNP data from XML files downloaded from the NCBI dbSNP da-
tabase (ftp://ftp.ncbi.nih.gov/snp/human/chr_rpts/) and filters
out sequences containing more than one SNP within a user-
defined interval (130 bases on each side of the polymorphic sites
in the present study) to avoid possible complications in primer
design. The program also excludes sequences containing any
consecutive stretches of 10 or more mononucleotides, nine or
more dinucleotide repeating units, or sequences containing five
or more trinucleotide (or more) repeating units. Users may define
the CG content (25%–75% for the present study) for the selec-
ted sequences. Candidate SNP sequences were submitted to the

NCBI and UCSC Web sites for BLAST (http://www.ncbi.nlm.nih.
gov/BLAST) and BLAT (http://www.genome.ucsc.edu/cgi-bin/
hgBlat?db=hg8) searches to eliminate possible false SNPs caused
by repetitive sequences.

To select sequence frames for primers, another computer
program was written. The candidate sequence frames were first
selected based on a user-defined melting temperature range
(55°C to 78°C in this application) within a user-defined sequence
range surrounding the polymorphic sites (150 bp in the present
study). Further selection was then performed on qualified frames
based on the following criteria: (1) fewer than four consecutively
complementary bases between the 3�-ends of any frames; (2)
fewer than eight but one consecutively complementary bases be-
tween the 3�-ends of any frames; (3) fewer than 10 consecutively
complementary bases between the 3�-end of any frame and any-
where in all the others; (4) fewer than 12 but one consecutively
complementary bases between the 3�-end of any frame and any-
where in all others; (5) complementary bases fewer than 75%
anywhere between any two frames; and (6) complementary bases
fewer than 13 bases between the 3�-end of any frame and any
amplicon sequence.

Multiplex PCR and ssDNA preparation
The procedures for multiplex amplification and genotype deter-
mination are illustrated in Figure 1. First, multiplex PCR (Fig. 1A)
was performed in 30 µL of PCR mix containing 1� PCR buffer
(50 mM KCl, 100 mM Tris-HCl at pH 8.3, 1.5 mM MgCl2, and 100
µg/mL gelatin), four dNTPs (200 µM each; Invitrogen), primers
(20 nM each) for all SNPs in the multiplex group, 6 units of
HotStar Taq DNA polymerase (QIAGEN), and 5 ng of DNA (Co-
riell Institute for Medical Research). The samples were first heated
to 94°C for 15 min to activate the Taq DNA polymerase followed
by 40 PCR cycles. Each PCR cycle consisted of 40 sec at 94°C for
denaturation and 2 min at 55°C followed by 5 min of ramping
from 55°C to 70°C for annealing and extension. A final extension
step was carried out at 72°C for 3 min at the end of the 40-th
cycle. PCR amplifications were performed with thermal cyclers
capable of ramping as slow as 0.01°C/sec, including the PTC100
Programmable Thermal Controller (MJ Research), T3 Thermocy-
cler (Biometra), and PxE Thermal Cycler (Thermo Electron).
ssDNA was generated (Fig. 1B) in both directions by using the
same conditions for multiplex PCR except: (1) 1–2 µL of product
from the multiplex PCR was used as templates, (2) only one
primer (one of the primer-probes) for each SNP; and (3) 45 PCR
cycles. The correlation between primers and probes is illustrated
in Figure 1 and explained in more detail in the Results section.

Genotype determination by microarray

Preparation of microarray slides
Gold Seal Micro slides (Becton Dickson) were soaked in 30%
bleach with shaking for 1–2 h followed by rinsing five times with
deionized H2O and three times with MilliQ H2O. The slides were
then sonicated in 15% Fisher brand Versa-Clean Liquid Concen-
trate with heat on for 1–2 h, and then rinsed with shaking in
deionized H2O 10 times and five times with MilliQ H2O. Slides
were dried by centrifugation at 1000 rpm for 5 min in a GS-6
Beckman Centrifuge. The slides were then baked at 140°C in a
vacuum oven (Fisher Scientific Model 280A) for 4–6 h.

Microarray preparation
One volume of probe was mixed with 4 vol of microarray print-
ing solution, EZ’nBrite (distributed by GenBase Biosciences
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Corp.), for a final concentration of 40 µM for each probe in the
wells of the 384-well plates. Probes were then spotted onto the
washed glass slides by using the microarray spotter, OminGrid
Accent (GeneMachines), under a humidity of 50% to 55% and
temperature of 22°C to 25°C.

Hybridization
Hybridization was done with 1� hybridization solution (5�

Denhart’s solution, 0.5% SDS, 5� SSC, 20 µL of ssDNA/1000
microarray spots) in a Hybridization Chamber (Corning) at 56°C
for 2.5–4 h. Chambers were emerged in iced water for ∼30 sec
before opening. The slide was washed at 56°C with 1� SSC and
0.1% SDS for 10 min, twice with 0.5� SSC for 30 sec, and twice
with 0.2� SSC for 30 sec.

Labeling probes by single-base extension
Probes were labeled in 25 µL of labeling solution containing 1⁄7
volume of Sequenase buffer (supplied by the vendor), 0.5 units/µL
Sequenase (Amersham Pharmacia Biosciences), Cy3-ddATP and
Cy5-ddGTP (PE Biosystems) for AG probes, and Cy3-ddUTP and
Cy5-ddCTP for CT probes (750 nM each). The reaction was in-
cubated at 70°C for 10 min. The slide was washed under condi-
tions specified for the washing after hybridization as described
above.

Data analysis
Microarrays were scanned with GenePix 4000B (Axon Instru-
ments). The resulting images were analyzed with either the
GenePix Pro (Axon Instruments) or ImaGene (BioDiscovery) soft-
ware. Genotypes were determined by using the computer pro-
gram, AccuTyping, developed in our laboratory as described in
the text.
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