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A rapid, high throughput readout for single-nucleotide polymorphism (SNP) analysis was developed employing
single base chain extension and cytometric analysis of an array of fluorescent microspheres. An array of
fluorescent microspheres was coupled with uniquely identifying sequences, termed complementary ZipCodes
(cZipCodes), which allowed for multiplexing possibilities. For a given assay, querying a polymorphic base
involved extending an oligonucleotide containing both a ZipCode and a SNP-specific sequence with a DNA
polymerase and a pair of fluoresceinated dideoxynucleotides. To capture the reaction products for analysis, the
ZipCode portion of the oligonucleotide was hybridized with its cZipCodes on the microsphere. Flow cytometry
was used for microsphere decoding and SNP typing by detecting the fluorescein label captured on the
microspheres. In addition to multiplexing capability, the ZipCode system allows multiple sets of SNPs to be
analyzed by a limited set of cZipCode-attached microspheres. A standard set of non-cross reactive ZipCodes was
established experimentally and the accuracy of the system was validated by comparison with genotypes
determined by other technologies. From a total of 58 SNPs, 55 SNPs were successfully analyzed in the first pass
using this assay format and all 181 genotypes across the 55 SNPs were correct. These data demonstrate that the
microsphere-based single base chain extension (SBCE) method is a sensitive and reliable assay. It can be readily
adapted to an automated, high-throughput genotyping system.

[Primer sequences used in this study are available as online supplementary materials at www.genome.org.]

Analysis of DNA sequence variation has led to ad-
vances in the mapping of human disease genes (Shef-
field et al. 1995). Recently, identification of single
nucleotide polymorphisms (SNPs) and the application
of SNP data have been the focus for human genetics
research and genomic drug discovery. SNPs, appearing
at an estimated one in one thousand base pairs and
totaling >3 million in the human genome (Cooper et
al. 1985), are the prevalent genetic variations. These
biallelic markers offer the potential for identification
of disease-causing genes and drug targets, development
and redefining of diagnostics, and the establishment of
markers for individualized medicines. With this goal in
mind, ten of the world’s largest pharmaceutical com-
panies and five leading academic laboratories formed
The SNP Consortium (TSC), to discover and map hun-
dreds of thousands of SNPs in the human genome and
to develop a map of high density SNP markers (Mar-
shall 1999). Extremely efficient and cost effective tech-

nology will be required to utilize information from
mapped SNPs for genotype profiling in thousands of
patient and control DNA samples.

A number of different techniques have been re-
ported in the literature for analyzing single-nucleotide
polymorphisms. Conventional methods include single
strand conformation polymorphism analysis (Orita et
al. 1989), gel-based restriction fragment length poly-
morphism (RFLP), allele-specific oligonucleotide (ASO)
hybridization (Saiki et al. 1989), oligonucleotide liga-
tion assay (OLA) (Landegren et al. 1988), and primer
extension assay (Syvanen et al. 1990). New technolo-
gies (e.g., chips, mass spectrometry, slides) have been
developed and incorporated into the detection and
readout of allele signals based on either hybridization
or enzymatic discrimination (Livak et al. 1995; Chen et
al. 1997; Fu et al. 1998; Tyagi et al. 1998; Chen et al.
1999; Gilles et al. 1999).

Microspheres have been used as solid support for
biological reaction assays (McHugh 1994). An array of
fluorescent polystyrene microspheres (Kettman et al.
1998) offer a novel technology platform capable of
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multiplexed assaying of numerous SNPs with increased
flexibility over traditional assays. The standard set of
64 multiplexed microspheres is identified individually
by red and orange fluorescence using a flow cytometer;
signals are assayed by a green fluorochrome (Fulton et
al. 1997; McDade and Fulton 1997; Kettman et al.
1998). We have developed a microsphere-based SNP
assay that utilizes a DNA polymerase for single base
chain extension (SBCE) for allele detection. This geno-
typing method has been used widely in other formats
and has been proven to be highly specific and reliable
(Nikiforov et al. 1994; Chen et al. 1999; Syvanen 1999).
In our system, a DNA sequence (termed ZipCode) at
the 58 end of the capture oligonucleotide probe allows
the resulting enzymatic reaction product to be cap-
tured by its complementary sequence (cZipCode),
which has been coupled to a specific fluorescent mi-
crosphere. In this study, we demonstrate that micro-
sphere-based SBCE is a flexible and reliable technology
that can be adapted to high-throughput genotyping of
DNA samples.

RESULTS

Analysis of SNPs in Multiplexed Reactions
A primary advantage of the Luminex fluorescent mi-
crosphere technology is the capacity for conducting
multiple biological reactions simultaneously in a single
reaction vessel (i.e., well). By synthesizing stocks of
unique pairings between microspheres and cZipCodes
(DNA sequences), each fluorescent microsphere be-
comes the address (hybridization target) for a single
SNP. Each SNP then simply requires an assigned
ZipCode encoded in the same capture oligonucleotide
to permit multiplexing (see details in Fig. 1). Each SNP
is assayed for both alleles in two separate wells and the
pair of values is used for determining the genotype. To
test this, four polymorphisms with T and C alleles were
assayed in multiplex reactions as described below. The
four SNPs were amplified individually from either ho-
mozygous (CC or TT) or heterozygous (CT) genomic
DNAs, and the PCR products were pooled separately
according to their known genotypes [e.g., one pool
consists of the products (CC) from the four SNPs].
SBCE reactions were performed with the four anti-
sense capture oligonucleotides as primers to incorpo-
rate either A or G dideoxynucleotides. All of the four
SNPs were genotyped correctly based on signal
strength as measured by molecules of equivalent
soluble fluorochrome (MESF values). The background
MESF values were in the hundreds and represent only
a few percent of the specific signals (Fig. 2). It is inter-
esting to note that the signals for both the A and the G
reactions were close to the background in the absence
of specific PCR template (TT) for SNP11 and SNP20
(Fig. 2A,D). This indicates the absence of hybridization

of those capture oligonucleotides and the other unre-
lated DNA templates. The results were nearly identical
for the T and C reactions using the capture oligos for
the opposite strand.

Optimization of the Microsphere-Based
SBCE Reactions
When it is necessary for large numbers of SNPs to be

Figure 1 Schematic presentation of the microsphere-based
single base chain extension assays. DNA fragments containing
the polymorphic site to be typed were amplified either individu-
ally or by multiplexed PCR (step 1). The PCR products containing
a SNP site were pooled and treated with SAP and exonuclease I
(step 2). After heat inactivation of the enzymes, the PCR products
were used in the SBCE reactions (step 3) as described in Methods.
For every SNP, one capture oligonucleotide probe with a unique
ZipCode sequence was designed and used to assay the two alleles
in each of two separate wells with a different labeled ddNTP per
well. Multiplexed SNP analysis could be achieved by the employ-
ment of different ZipCode sequences for different SNPs in the
presence of pooled PCR products. After the completion of the
SBCE reaction, ∼1200 of each type of microsphere [with an
attached oligonucleotide encoding the complement to the
ZipCode sequences and a common luciferase sequence
(SeqLUC)] were added to the completed SBCE reactions. The
hybridization reactions were carried out at 40°C in the presence
of NaCl for >2 hr (step 4). The microspheres were then subjected
to flow cytometric analysis (step 5). Minimums of 100 of each
type of microsphere were read and the mean value of MESF was
used for determining the genotypes. The fluorescence signal of
the corresponding microsphere without SBCE reactions (micro-
sphere alone) or SBCE reactions without AmpliTaq FS were sub-
tracted from the MESF values.
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assayed in thousands of DNA samples, a reliable robust
assay with minimal reagent costs will be essential.
Therefore, several experiments were performed to op-
timize reaction conditions. Figure 3A shows a typical
titration curve of AmpliTaq FS for SNP18 in a multiplex
reaction of four SNPs (the same SNPs were used as de-
scribed in the previous multiplex experiment). A ho-
mozygous mixture of PCR products (CC) of the four
SNPs was used as template and was assayed for alleles A
and G with the antisense capture oligonucleotide. As
expected, the specific signal of the G reaction was very
high while the A reaction signal remained low. Similar
results were obtained for the other three SNPs. There is
no significant increase of signal between 0.5 to 8 units
of the DNA polymerase used (Fig. 3A). We believe that
this may be due to competition of excess unlabeled
capture probes over labeled capture probe for comple-
mentary ZipCode sites on the fluorescent micro-
spheres.

Figure 3B displays the signal
strengths of SNP18 at various
concentrations of ddNTP-FITC.
The reactions were performed in
the presence of three other SNPs
(as in Fig. 3A) and the results for
the four SNPs were nearly identi-
cal. PCR product amplified from
a homozygous (CC) DNA sample
was used as template and the an-
tisense capture oligonucleotide
was used as primer. Specific in-
corporation of ddGTP–FITC was
found to generate strong signal
while the signal for the A reac-
tion was near the background
level. Signals were found to re-
main constant as the concentra-
tion of ddNTP-FITC was reduced
from 10 to 1 µM. A near linear
increase of specific signal (G re-
action) was observed when the
ddNTP was at a much lower con-
centration (from 20 to 750 nM) in
the SBCE reaction.

A key component of the mi-
crosphere-based SBCE system is
the capture oligonucleotide,
which is used both as the primer
for the base incorporation and as
the anchor for the resultant SBCE
product to be hybridized to the
appropriate microsphere. Vari-
ous concentrations of the cap-
ture oligonucleotide were ana-
lyzed under standard conditions.
No significant difference was ob-

served between 10 and 100 nM. When the capture oli-
gonucleotide concentration increased to 125 nM, the
signals were found to be reduced significantly as excess
nonextended oligonucleotide primers reduced the
binding of extended primers to the microspheres.

The level of PCR amplification varies and is depen-
dent on, among other factors, primers and template
sequences. This variability is particularly true for mul-
tiplex PCRs and it is therefore hard to control and pre-
dict. For this reason, the sensitivity and tolerance of
the microsphere-SBCE assay were tested with various
amounts of PCR products under standard conditions
(Fig. 3C). In this experiment, PCR product amplified
from homozygous (CC) genomic DNA was used and
assayed for either the specific incorporation of a C
nucleotide or the nonspecific incorporation of a T
nucleotide. While the nonspecific T incorporation re-
mained near zero, the signal from the C reaction was
found to increase with increasing quantity of PCR

Figure 2 SNP analysis in multiplexed reactions. PCR products were amplified individually
from genomic DNA with either homozygous genotypes (CC and TT) or heterozygous geno-
type (CT). PCR products were then pooled according to their known genotypes into three
separate groups. For example, one pool contained the homozygous PCR products (CC) from
the four SNPs and so on. The three pools (15 ng of each PCR products) were used as templates
and assayed separately for either A or G (striped columns) incorporation with the antisense
probe as described in Methods. The MESF values from each of the three genotypes for each
SNP are grouped together and shown. About 10,000 microspheres were pretreated with BSA
at 1 mg/ml for 45 min and then added to each reaction to capture the SBCE products. The
fluorescent intensity of the microspheres is represented by the MESF values on the y-axis. A pair
of numbers from the A and G reactions determine the genotypes of the samples analyzed.
Genotypes of the DNA samples were labeled as CC, CT, and TT. The absence of the PCR
products for SNP11 and SNP20 for the TT allele is indicated by (TT).
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product (up to 40 ng; Fig. 3C). The specific signals were
proportional to the amount of PCR products used, up
to 2.5 ng. The correct genotypes were generated in the
presence of as little as 0.5 ng of PCR product, where the
MESF values for the C and T reactions were 4400 and
200, respectively. This suggests that our assay system is
fairly sensitive and can tolerate up to an 80-fold varia-

tion of template material. These results have signifi-
cant ramifications for multiplexed PCR and high-
throughput genotyping efforts.

Validation of the Microsphere-Based SBCE Assays
It is well known that one allelic variant of the apolipo-
protein, APOE4, is a significant susceptibility allele or
risk factor for younger age onset of Alzheimer’s disease
(Saunders et al. 1993; Strittmatter et al. 1993). Over 100
SNPs have been developed around the APOE gene for
association studies (Lai et al. 1998). These SNPs were
identified by DNA sequencing of amplicons from the
seven CEPH DNAs; therefore, nearly all of the geno-
types for the SNPs are available (Lai et al. 1998). A total
of 58 SNPs were selected randomly from this set, and
SBCE assay probes were synthesized. A set of 58 unique
cZipCode sequences, validated empirically for non-
cross-reactivity, were coupled to 58 microspheres (of
64 possible) for capturing each of the SNPs (Table 1).

A typical set of these experiments to analyze these
58 SNPs is described below. Each SNP was first ampli-
fied individually using each of seven CEPH DNAs as
target in 406 PCR reactions (58 SNPs 2 7 CEPH tar-
gets). Equal masses of PCR products were pooled in
groups of 12 SNPs for each of the CEPH DNAs to form
35 target pools. Four microsphere-based SBCE reac-
tions were performed on the pooled PCR products—
one reaction for each nucleotide. Of the total 58 SNPs,
55 were converted successfully to this assay format on
the first pass. The failure of two SNPs was traced to
problems with oligonucleotides; one capture probe
contained an incorrect sequence and one PCR primer
set amplified the wrong amplicon. A third SNP failure,
a homozygous GG, showed greater incorporation of G
than the other three nucleotides, but signal intensity
was only 2200 MESF and the signal-to-noise ratio was
<2. This SNP was later rescued successfully by redesign-
ing its capture probe to be complementary to the op-
posite strand. In these experiments MESF values <3000
were assumed to be nonspecific background. In gen-
eral, we have not experienced problems with high non-
specific background, rather our failed SNPs stem from
low positive signals, where poor signal-to-noise ratios
make genotypic calls questionable.

Table 2 shows the signal intensity of each of the
four alleles in the seven CEPH DNAs for one 12-SNP
pool, generating 84 genotypes. For SNP503 with A and
G alleles, the genotypes easily can be read as GG, AG,
GG, AG, GG, AG, and GG for the seven CEPH DNA
samples, based upon the intensity of the 4 bases (Table
2). Because of the dramatic difference between the sig-
nal and noise, all of the remaining 77 genotypes could
be determined easily as well (Table 2). The 12 SNPs
represent several different types of base substitutions
(AG, AT, CG, CT, and GT). All of the five types of SNPs
examined can be analyzed by assaying the four bases.

Figure 3 Optimization of SBCE reactions. The MESF values in
the y-axis represent the mean fluorescence per microsphere. (A)
Titration of the AmpliTaq FS enzyme for SNP18 in a multiplex
reaction of four SNPs as used in Figure 2. A mixture of 15 ng PCR
products containing homozygous CC genotypes was used as
template for either G (j) or A (l) reactions and the assays were
performed with the anti-sense probe as described in Methods. A
total of 10,000 microspheres were used for each reaction. The
value obtained from the reaction in the absence of enzyme was
subtracted from the data points. (B) Titration of ddNTPs for
SNP18 was done using the same multiplex conditions as in (A).
The experiments were performed with various amounts of fluo-
rescent-labeled ddNTP. The ratio of labeled to unlabeled ddNTPs
was kept constant at 1:3. The signals remained fairly consistent
for the G reactions (j,) at and above 0.75 nM of ddGTP; A reac-
tions (l) remained near 0. The results for the other three SNPs
are nearly identical to the results shown here. (C) Effect of PCR
products on the enzymatic activities. A PCR product (250 bp)
generated from a homozygous (CC) DNA sample for SNP18 was
used as template for assaying the incorporation of either C (j) or
T (l) nucleotides with the sense capture oligonucleotide.
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A total of 181 genotypes determined by SBCE from
55 SNPs (21 SNPs assayed in 7 DNAs and 34 SNPs in
one DNA) were compared to their known genotypes as
determined by either DNA sequencing or TaqMan
analysis. All of the 181 genotypes generated from our
assays were proven to be correct.

Fifty-two SNP Multiplex Reactions
To test the limit of higher multiplexing capacity, the
same SNPs analyzed in the 12-plex experiments from a
single DNA sample were assayed again in a 52 multi-
plex format. PCR products from 52 SNPs were pooled
and assayed for the 4 bases. In general, the signal was
lower than those in the 12-plex experiments. However,
all of the 52 genotypes determined from this experi-
ment were found to be the same as in the 12 SNP mul-
tiplex reactions. Therefore, all of the 52 genotypes
could be confirmed in a single multiplex reaction.

DISCUSSION
In this report we describe a microsphere-based technol-
ogy platform that could be used in a high-throughput
format. The success of the microsphere-based SBCE sys-
tem depends on three components: (1) accuracy of the
allele discrimination reaction by the DNA polymerase,
which has been well-established (Syvanen 1999), (2)
specific hybridization of the products of SBCE reac-

tions to their address-microspheres, and (3) sensitivity
of flow cytometer readout of biological reaction signals
on individual fluorescent microspheres. Data pre-
sented here demonstrate that the microsphere-based
SBCE system is both reliable and efficient.

Several interesting features have been integrated
into this microsphere-based readout technology plat-
form. For example, conducting the enzymatic reac-
tions in solution, as opposed to the microsphere sur-
face, allows us to obtain the benefit of liquid-phase
kinetics. Furthermore, each fluorescent microsphere
requires only one unique cZipCode, and there is a
nearly unlimited variability of DNA sequence that
could be purchased readily and linked covalently to
the microsphere surface. Such DNA sequences have
been employed successfully as unique identifiers (mo-
lecular bar codes) in the analysis of Saccharomyces
cerevisiae deletion strains (Shoemaker et al. 1996).
The 20-base luciferase sequence, common to each
cZipCode oligonucleotide, allows monitoring of
oligonucleotide-to-microsphere coupling efficiency
and therein, quality assurance (see Methods). The
cZipCode also permits a single standard set of
cZipCoded microspheres to be used repeatedly for ana-
lyzing multiple sets of SNPs. The dual function capture
oligonucleotide is designed to have the same melting
temperature for all ZipCode sequences, thereby allowing

Table 1. Compatible ZipCode DNA Sequences

ZipCode DNA sequence ZipCode DNA sequence

1 G A T G A T C G A C G A G A C A C T C T C G C C A 35 A C G A C T G C G A G G T G C G G T A A G C A C A
2 C G G T C G A C G A G C T G C C G C G C A A G A T 36 G C G A T C G C C G G G A G A T A T A C C C A A C
3 G A C A T T C G C G A T C G C C G C C C G C T T T 37 T C G T G C C G G A C T C G A G C A C C A A T A C
4 C G G T A T C G C G A C C G C A T C C C A A T C T 38 G C T T T A G C A C C G C G A T G G C G T A G A C
5 G C T C G A A G A G G C G C T A C A G A T C C T C 39 C A G C C G C G G T A C T G A A T G C G A T G C T
6 C A C C G C C A G C T C G G C T T C G A G T T C G 40 C C C C G G A T A G C T G A C G A G G C T T A C G
7 C G A C T C C C T G T T T G T G A T G G A C C A C 41 T C C G G A C A G G T T G G G G T G C G T T T G G
8 C T T T T C C C G T C C G T C A T C G C T C A A G 42 C G T A G A G C A A C G C G A T A C C C C C G A C
9 G G C T G G G T C T A C A G A T C C C C A A C T T 44 A G C A G C A G T G A C A A T G C C A C C G C C G

10 G A A C C T T T C G C T T C A C C G G C C G A T C 46 T C G C C C G C G G A C A C C G A G A A T T C G A
12 T T T C G G C A C G C G C G G G A T C A C C A T C 48 G A G G C A G A T C C G T A G G C G G G T G C A T
14 C T C G G T G G T G C T G A C G G T G C A A T C C 49 G C G A T A G C C A G T G C C G C C A A T C G T C
15 T C A A C G T G C C A G C G C C G T C C T G G G A 50 A G C G G T C A C C A T G G C C A C G A A C T G C
16 G C G A A G G A A C T C G A C G T G G A C G C C G 51 T T G C A A C A G C A G C C C G A C T C G A C G G
17 C G G G G A T A C C G A T C T C G G G C G C A C A 52 T G A C T C C G G C G A T A C G G G C T C C G A A
18 G G A G C T T A C G C C A T C A C G A T G C G A T 53 A C C G G C T A C C T G G T A T C G G T C C C G A
19 C G T G G C G G T G C G G A G T T T C C C C G A A 54 G A G C G A G C G G G C A A A C G C C A G T A C T
20 C G A T C C A A C G C A C T G G C C A A A C C T A 55 A G T C G A A G T G G G C G G C G T C A G A C T C
21 C T G A A T C C T C C A A C C G G G T T G T C G A 56 C A C C A C C A G T G C C G C T A C C A C A A C G
22 T T C G G C G C T G G C G T A A A G C T T T T G G 57 C C G T G T T A A C G G C G C G A C G C A A G G A
23 G T A A A T C T C C A G C G G A A G G G T A C G G 58 G A G T G A A C G C A G A C T G C A G C G A G G C
24 C C G G C T T T G A A C T G C T C A C C G A T C T 59 C G G C G G T C T T C A C G C T C A A C A G C A G
27 A C T A C G C A A C A C C G A A C G G A T A C C C 60 G T T G G G C C C G A G C A C T G C A A G C A C C
28 G G A C C A A T G G T C C C A T T G A C C A G G T 61 T C G G C G T A C G A G C A C C C A C A C C C A G
29 C A A C G C T G A G C G C G T C A C T G A C A T A 62 C C C C A A A C G T A C C A A G C C C G C G T C G
31 G A G A C A A A G G T C T G C G C C A G C A C C A 63 A T G G C A C C G A C G G C T G G C A C A C C A C
32 T G G C C A C A C T G T C C A T T T G C G C G G T 64 A G C C G C G A A C A C C A C G A T C G A C C G G
33 C C T T G C G A C G T G T C A A G T T G G G G T C 65 C G C G C G C A G C T G C A G C T T G C T C A T G
34 A G G T T A G G G T C G C G C C A A A C T C T C C 66 T A C C G G C G G C A G C A C C A G C G G T A A C
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the specifically incorporated fluorescein-ddNTP to be
captured by its appropriate cZipCode-linked micro-
spheres.

The microsphere-based SBCE system offers several
distinct advantages over the many other methods re-
ported in the literature. First, this technology is highly
suitable for large-scale genetic analysis due to its mul-
tiplexing capability. Although data for this study were
generated on a FACSCalibur with individual loading,
up to 96 assays can now be analyzed on the much less
expensive LX100 (Luminex Corp., Austin, TX)
equipped with an XY-plate reader. With the set of 25
microspheres available for the LX100, one fluorescent
label per well, and an approximate reading time of the
XY-plate reader at one microtiter plate per hour,
∼10,000 genotypes could be generated in an 8-hr day
per machine. A 12-fold increase of throughput to
120,000 genotypes could be achieved through the
combination of (1) a set of 100 microspheres, (2) au-
tomation that could allow extended operation, and (3)
decreasing the number of the microspheres to be read.
Bioinformatics tools, such as programs to design SBCE
primers to avoid nonspecific extension, will be critical
to achieve such a throughput.

Another inherent advantage in our microsphere-
based system is the reduced cost for PCR amplification.
The multiplexed SBCE reactions described here fit well
with multiplex PCRs for sample amplification. By al-
lowing SNPs to be amplified by multiplexed PCR, a
further significant savings in cost is achieved. Our cur-
rent cost for each genotype assay varies between 0.20
and 0.40, depending on certain cost parameters which
includes labor, reagent costs, the total number of as-
says run, the number of simultaneous assays per-
formed (multiplex factor), and whether many SNPs are
assayed on few DNA samples, or few SNPs are assayed
on many DNA samples. The fluorescent microsphere-
SBCE technology is also very flexible and allows the
relatively high-throughput and inexpensive genotyp-
ing capabilities to be available to many research labo-
ratories, including those laboratories that currently
have limited genotype throughput. In addition, be-
cause the resulting output consists of two numeric val-
ues per sample in an Excel spreadsheet, the genotypes
can be assigned automatically using a simple computer
program. Furthermore, due to the significant differ-
ence in values between signal and noise, genotypes can
be assigned in the absence of a positive control.

In this report we describe a readout technology
employing flow cytometric analysis of microspheres
and allele discrimination using single base chain ex-
tension reactions. The microsphere-based system is
also adaptable to allele detection using OLA. We have
successfully developed this microsphere-based OLA as-
say for SNP analysis (Iannone et al. 2000).

A system based on competitive hybridization with

sequence-specific probes utilizing fluorescent micro-
spheres for multiplexed SNP analysis was first reported
in 1997 by Fulton et al. Like other hybridization-based
SNP systems (e.g., TaqMan), the success of this assay
depends on the sequence-content surrounding the
polymorphic sites. This requires extensive experience
in probe design as well as optimization in genotyping
applications. Therefore, application of this assay for
SNP genotyping has been very challenging. By separat-
ing the allele detection in a solution-based reaction
from the microspheres, the SBCE reaction conditions
are practically universal and almost no optimization is
required (Chen et al. 1999). This robustness is crucial
for any high-throughput genotyping effort. With the
employment of robotics for automation and bioinfor-
matics tools for sample tracking and data manage-
ment, the microsphere-based single base chain exten-
sion system will provide a new technology platform for
high-throughput genotyping.

METHODS
AmpliTaq, AmpliTaq Gold, and AmpliTaq FS (catalog no.
361390) DNA polymerase were purchased from PE Applied
Biosystems (Foster City, CA). KlenTaq was obtained from Ab
Peptides, Inc. (St Louis, MO). PicoGreen for double strand
DNA quantification was purchased from Molecular Probes
(Eugene, OR). Shrimp alkaline phosphatase (SAP) and Exo-
nuclease I (Exo I) were obtained from Amersham Pharmacia.
Fluorescence labeled dideoxynucleotide triphosphates (dd-
NTPs) were obtained from NEN Life Science Products, Inc.
(Boston, MA). Unlabeled ddNTPs were from Amersham Phar-
macia. Unmodified oligonucleotides were purchased from
Biosource International (Camarillo, CA). CEPH DNAs
(NA07435, NA07445, NA10848, NA10849, NA07038A,
NA06987A, and NA10846) are ordered from Coriell Cell Re-
positories (Camden, NJ). Oligonucleotides with 58 amino
groups were ordered from Oligos Etc. (Wilsonville, OR) or
from PE Applied Biosystems. 2-[N-morpholino]ethanesul-
fonic acid (MES) and 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide hydrochloride (EDC) were purchased from Sigma
(St. Louis, IL) and Pierce (Rockford, IL), respectively. DNA
polymerase was cloned from Thermatoga neapolitana (A.
Nelsen, G. Purdy, D. Taylor, J. Chen and M. Weiner, in prep.)
and expressed in Escherichia coli. The Klenow fragment
(TneK), lacking the 58 to 38 exonuclease was used for SBCE
reactions under the same assay conditions as for AmpliTaq
(see below). Details of the cloning and expression of Tne,
TneK, and TneK FS and their performance in the SBCE assay
will be submitted elsewhere. Carboxylated fluorescent poly-
styrene microspheres were purchased from the Luminex
Corp. (Austin, TX).

Incorporation of ddNTPs by DNA Polymerases
Unmodified double-stranded PCR product was used as tem-
plate in our system. Several thermostable DNA polymerases
were evaluated under thermocycling conditions for efficacy of
fluorescein (FITC) labeled ddNTP incorporation. One PCR
product containing a T/C polymorphism (SNP18) was ana-
lyzed with both sense and antisense capture oligonucleotides
for T and C or A and G incorporation, respectively. AmpliTaq
FS generated the highest signal and a ratio between the posi-
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tive signal and nonspecific incorporation (noise) of >100-fold.
AmpliTaq, KlenTaq, and TneK produced much weaker signals
and a significantly reduced signal to noise ratio. Therefore,
AmpliTaq FS is an appropriate choice for incorporating fluo-
rescein-labeled ddNTPs under the conditions used.

Coupling of Oligonucleotides to Microspheres
Oligonucleotides with a 58 amino group were coupled to the
carboxyl group on the surface of the microspheres for captur-
ing the SBCE reaction products. In these oligonucleotides, a
carbon spacer (C15-18) was synthesized adjacent to the 58

amino group to reduce the potential interference of the oli-
gonucleotide hybridization by the microspheres. Next to the
carbon spacer was a common 20-base luciferase sequence
(CAGGCCAAGTAACTTCTTCG, SeqLUC) that was used to
monitor the coupling efficiency of the oligonucleotides to the
microspheres. Finally, a 25-base complementary ZipCode se-
quence (named cZipCode, see Table 1) was selected arbitrarily
from the Mycobacterium tuberculosis genome and validated ex-
perimentally (see below). Carboxylated microspheres
(2.5 2 106) in 62 µl of 0.1 M MES buffer were mixed with 5
nmoles of oligonucleotides in 0.1 M MES (6.25 µl). Freshly
made 30 mg/ml EDC (10 µl) was added to the microspheres/
oligo mixture and incubated at room temperature for 20 min.
Two additional rounds of 10 µl of EDC were added at intervals
of 20 min. The reaction mixture was mixed occasionally and
sonicated during incubation to assure microsphere separation
and suspension. After a total incubation period of 60 min, the
microspheres were washed twice with 1 ml of PBS plus 0.02%
Tween 20, rinsed with 150 µl of TE [Tris(hydroxymethyl)ami-
nomethane hydrochloride (10 mM)/1 mM ethylenediamine-
tetra-acetic acid (pH 8.0)], and resuspended in 250 µl TE. The
number of the oligonucleotides coupled to the microspheres
was assessed by hybridizing a fluorescent-labeled sequence
that is complementary to the SeqLuc sequence. Microspheres
with a minimum MESF value of 100,000 were used in SBCE
experiments. We have found that the coupled microspheres
stored at 4°C with minimum exposure to light could be suc-
cessfully used after 4 months.

Validation of ZipCode and cZipCode Sequences
A set of 25-mer oligonucleotides was randomly selected from
the M. tuberculosis genome. Oligonucleotides with an anneal-
ing temperature of 61°C–66°C as determined with a software
program (OligoCalculator, http://www.pitt.edu/∼rsup/
OligoCalc.html) and limited secondary structure (OligoTech
software from Oligos Etc. Inc. and Oligo Therapeutics Inc.,
Wilsonville, OR) were further validated experimentally as a
standard set of ZipCode sequences. A total of 58 unique cap-
ture probes were ligated individually to a single FITC-labeled
oligonucleotide in OLA reactions (Iannone et al. 2000). Each
capture probe was composed of one of the 58 ZipCodes at the
58-end and a common SNP-specific sequence at the 38end.
After ligation, the reaction products were hybridized indi-
vidually to a mix containing 58 unique fluorescent micro-
spheres, each having one of 58 cZipCodes covalently at-
tached. This 58 2 58 multiplexed matrix was analyzed by
flow cytometry on the FACScalibur. For any given reaction,
only one type of microsphere should have displayed a posi-
tive signal. Signals observed on multiple types of micro-
spheres indicated cross-hybridization between ZipCodes.
ZipCodes displaying spurious signals due to cross-hybridiza-
tion were targeted for replacement. A second round of reac-

tions established a set of 58 compatible ZipCodes. The se-
quences of the chosen 58 ZipCodes are shown in Table 1.

PCR Amplification
PCR reactions were performed in a 96-well plate on a Gene-
Amp 3700 thermal cycler (PE Biosystems). A typical 30 µl
reaction mixture contained 10 mM Tris-HCl (pH 8.3), 50 mM

KCl, 1.5 mM MgCl2, 0.1 mM dNTPs, 0.2 µM of each primer,
AmpliTaq Gold DNA polymerase (1.5 units) and 20 ng ge-
nomic DNA. The reaction mixture was held at 95°C for 10
min to activate the DNA polymerase and the amplification
was carried out for 9 cycles at 94°C for 10 sec, 61°C for 45 sec,
and 72°C for 90 sec, 9 cycles at 94°C for 10 sec, 56°C for 45 sec,
and 72°C for 90 sec, and another 25 cycles at 94°C for 10 sec,
61°C for 45 sec, and 72°C for 90 sec. After another 5 min
extension at 72°C, the reaction mixture was held at 4°C.

Quantitation of PCR Products, Primer, and
dNTP Degradation
PCR products were quantified using the PicoGreen binding
assay according to the manufacturer’s instructions (Molecular
Probes, Eugene, OR). The fluorescence intensity was measured
using a CytoFluor MultiWell Plate Reader Series 4000 (PE Bio-
systems) and the quantity was calculated against DNA stan-
dards of known quantities. To degrade the PCR primers and
dNTPs, 1 unit of SAP and 2 units of E. coli exonuclease I were
added directly to 10 µl of PCR reaction mixture. The reaction
was incubated at 37°C for 30 min, then at 99°C for 15 min for
enzyme inactivation. Some PCR products were cleaned with
the Qiagen Qiaquick kit (Qiagen, Valencia, CA).

SBCE Reactions
To either single or pooled PCR products (10–20 ng each), a
SBCE reaction mixture was added to a total volume of 10 µl.
The mixture consisted of 80 mM Tris-HCl (pH 9.0), 2 mM

MgCl2, 100 nM of capture oligonucleotide, 3 units of Ampli-
Taq FS (PE Biosystems), 10 µM of each allele specific FITC-
labeled ddNTP, and 30 µM of other three unlabeled ddNTPs.
The reaction mixture was incubated at 96°C for 2 min fol-
lowed by 30 cycles of 94°C for 30 sec, 55°C for 30 sec, and
72°C for 30 sec. Reactions were held at 4°C prior to the addi-
tion of microspheres.

Hybridization of SBCE Reaction Mixture to
the Microsphere
After the SBCE reactions, each of the allele-specific extension
products was captured by its corresponding microspheres
containing the cZipCode complementary sequence. A pool of
different microspheres was concentrated by centrifugation at
1100g for 5 min. Approximately 1200 of each fluorescent mi-
crosphere were added to the 10 µl of SBCE reaction mixture
for a final volume of 15 µl. The concentrations of NaCl and
EDTA were adjusted to 1 M and 20 mM respectively. The mix-
ture was incubated at 40°C for $2 hr. Microspheres were
washed by the addition of 200 µl of 22 SSC [12 SSC is 8.77
grams of NaCl plus 4.41 grams of sodium citrate per liter (pH
7.0)], 0.02% Tween 20 at room temperature. After centrifuga-
tion at 1100g for 6 min, the pelleted microspheres were resus-
pended in 250 µl of 22 SSC, 0.02% Tween 20 for flow cytom-
etry analysis.
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Flow Cytometric Analysis and MESF Conversions
Flow cytometry uses a combination of fluidics, optics, and
electronics to detect and measure the fluorescence associated
with particles. A FACSCalibur flow cytometer (Becton Dickin-
son; San Jose, CA) measures the green, orange, and red fluo-
rescence emitted from each particle as the microspheres pass
in single file before a laser (488 nm). The fluorescence associ-
ated with each particle is evaluated using Luminex Lab MAP
hardware and software (Luminex Corp). Each microsphere set
is identified by its unique orange and red fluorescence profile
from fluorochromes embedded in the microsphere. The signal
intensity of the green fluorescence is associated with the SBCE
biological reaction on the surface of the microsphere. The
following green fluorochromes (coupled to ddNTP) may be
utilized in this system: FITC, BODIPY, and Alexa 488 (used as
a strepavidin-coupled fluorochrome with biotinylated dd-
NTPs). Spectral overlap (green fluorescence spilling-over into
the orange and/or red detection bandwidth) was subtracted
using electronic compensation (provided as part of the Lumi-
nex Lab MAP software). A minimum of 100 microspheres was
analyzed per data point.

MESF values were calculated from raw fluorescence val-
ues (MFI or mean fluorescence intensity) using Quantum
Fluorescence Kit and QuickCal software (Sigma, St. Louis,
MO). A calibration curve was generated using five standard
control microsphere populations, each containing a known
MESF value. Background fluorescence was determined by ana-
lyzing the fluorescence associated with the microspheres
alone and/or from microspheres plus SBCE reactions without
DNA polymerase. In all figures, the green background fluores-
cence contributed by the microspheres has been subtracted.
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