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Abstract

We have developed a flexible, accurate and highly multiplexed SNP genotyping assay for high-throughput genetic analysis of
large populations on a bead array platform. The novel genotyping system combines high assay conversion rate and data quality
with >1500 multiplexing, and Array of ArraysTM formats. Genotyping assay oligos corresponding to specific SNP sequences
are each linked to a unique sequence (address) that can hybridize to its complementary strand on universal arrays. The arrays
are made of beads located in microwells of optical fiber bundles (Sentrix® Array Matrix) or silicon slides (Sentrix BeadChip).
The optical fiber bundles are further organized into a matrix that matches a 96-well microtiter plate. The arrays on the silicon
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slides are multi-channel pipette compatible for loading multiple samples onto a single silicon slide. These formats allo
samples to be processed in parallel. This genotyping system enables investigators to generate approximately 300,000
per day with minimal equipment requirements and greater than 1.6 million genotypes per day in a robotics-assisted
With a streamlined and comprehensive assay, this system brings a new level of flexibility, throughput, and affordability to
research.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

With the complete sequencing of the human genome
[1,2], large numbers of DNA sequence variants, mainly
single nucleotide polymorphisms (SNPs) are revealed.
As of June 2, 2004, 9,856,125 SNPs have been found in
the human genome and deposited to public databases
(NCBI dbSNP Build 121). The analysis of SNPs in the
human genome may offer the key to understand genetic
differences between individuals and disease states, and
eventually improve medical treatments by allowing the
prediction of genetically related disease risk and drug
response. To meet these goals, major international col-
laborative efforts have been made to carry out large
scale genomic studies that require the determination
of hundreds of thousands of genotypes performed in
many individuals[3,4].

Large-scale genetic epidemiological studies can be
done with a genome-wide approach or with a candi-
date gene approach[5,6]. The scale of SNP genotyping
needed for such studies is several orders of magnitude
greater than what has been required for conventional
family-based linkage mapping. Realizing the vision of
comprehensive genome-wide genetic association stud-
ies will require a SNP genotyping system that combines
very high throughput and accuracy with very low cost
per SNP analysis, i.e., to be able to economically geno-
type large number of SNPs in large sample sets[7,8].

The BeadArray technology described in this study
provides a solution to these problems by combining a
m ay
m uses
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turn, the high level of multiplexing simultaneously low-
ers the genotyping cost while increasing the throughput
through judicious use of materials and automation.

The multiplexed assay detects up to 1536 SNPs in
a single DNA sample. Genotyping 96 samples at once,
using a single Sentrix Array Matrix, allows an indi-
vidual researcher to determine up to 150,000 genotype
calls simultaneously. Genotyping throughput may be
increased proportionately by processing more Sentrix
Array Matrices.

2. BeadArray technology and Sentrix Array
formats

At the heart of Illumina genotyping products lies a
fundamentally different way of building arrays: the ran-
dom self-assembly of beads into patterned microwell
substrates[9,10]. Illumina has used technological ad-
vances in both the fiber-optics and microelectronics in-
dustries to build substrates containing tens of thousands
to many millions of wells across their surfaces. Quan-
titatively pooled bead libraries are then self-assembled
into the etched microwell substrates, resulting in the
highest density array platform currently available. To
meet the broad range of researchers’ needs, Illumina
has developed two different Array of Arrays formats,
the Sentrix Array Matrix and the Sentrix BeadChip.

The Array Matrix uses fiber-optic bundles contain-
ing nearly 50,000 individual light-conducting strands
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iniaturized array platform with a high level of ass
ultiplexing and scalable automation. The system
high-density BeadArray technology in combinat
ith an allele-specific extension, adapter ligation
mplification assay protocol that achieves high m
lexing in a fully integrated production environment
chemically etched to create a 3-�m well at the end o
each strand[11]. Bundles are grouped together i
a 96-array configuration matching the well spacin
standard microtiter plates (Fig. 1a). This unique forma
allows users to simultaneously conduct experimen
96 arrays simultaneously. The diameter of the bun
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Fig. 1. Two different array of arrays formats: the Sentrix Array Ma-
trix and the Sentrix BeadChip.

is small enough to accommodate a 384-well or 1536-
well spacing. Moreover, the platform can be readily
incorporated into automated routines using standard
robotic equipment, leading to reduced error and human
labor requirements.

For users with more moderate throughput require-
ments, Illumina has introduced the novel BeadChip for-
mat (Fig. 1b). This slide-sized platform allows process-
ing of 16 samples at a time, with the same feature-to-
feature spacing as standard multi-channel pipettes.

On the Sentrix Array Matrix bundle, up to 1624
unique bead types containing different probe sequences
are represented in each array, with an average 30-fold
redundancy of each bead type. Independent of the ar-
ray format, each bead in every array contains hundreds
of thousands of covalently attached oligonucleotide
probes. After bead assembly into the wells of the ar-
ray a hybridization-based procedure is used to decode
the array, determining which bead type resides in each
well. The decoding process is described in detail in
a separate publication[12]. This final process vali-
dates the performance of each bead type and provides
a level of quality control unmatched in the microarray
industry. A set of universal bead types is used for the
Illumina GoldenGateTM genotyping assay[13]. Each
bead type has a unique oligonucleotide sequence, cor-
responding to the complementary DNA sequences (ad-
dress sequences) designed into the genotyping assay
oligonucleotides. These address sequences hybridize
to the universal bead type probes in the last hybridiza-
t
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extension and amplification steps. One of the most im-
portant features of the assay is that it genotypes directly
on the genomic DNA and does not require prior PCR
amplification of the genotyping target.

The DNA sample used in this assay is activated for
binding to paramagnetic particles. This activation step
is a highly robust process and requires a minimum input
of DNA (250 ng at 50 ng/�l). Depending upon the mul-
tiplex level, this equates to as low as 0.16 ng of DNA per
SNP genotype call. Assay oligonucleotides, hybridiza-
tion buffer, and paramagnetic particles are then com-
bined with the activated DNA in the assay hybridiza-
tion step. Three assay oligonucleotides are designed
for each SNP locus. Two oligos are specific to each
allele of the SNP site, called the allele-specific oli-
gos (ASOs). A third oligo that hybridizes between 1
and 20 bases downstream from the ASO site is the
locus-specific oligo (LSO). The 1–20 bp spacing be-
tween SNP and LSO allows probe design flexibility to
avoid “bad” sequences flanking the SNP or neighboring
SNPs. All three oligonucleotide sequences contain re-
gions of genomic complementarity and universal PCR
primer sites; the LSO also contains a unique address
sequence complementary to a particular bead type. Up
to 1536 SNPs may be interrogated simultaneously in
this manner. During the hybridization process, the as-
say oligonucleotides hybridize to the genomic DNA
sample bound to paramagnetic particles. Because hy-
bridization occurs prior to any amplification steps, no
amplification bias can be introduced into the assay.
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ion step of the genotyping assay.

. GoldenGate genotyping assay

The GoldenGate genotyping assay protocol, il
rated inFig. 2, allows for a high degree of loci mu
iplexing in a single reaction through highly spec
Following hybridization, several wash steps
erformed, significantly reducing the noise leve

he genotyping assay, as properly hybridized a
ligonucleotides are retained and mishybridized
xcess assay oligonucleotides are washed away.
ligo hybridization, a polymerase with high specific

or 3′ match is added and only extends the ASO(s)
erfectly match the target sequence at the SNP
s the polymerase used has no strand displaceme
xonuclease activity, the polymerase fills the gap
ween the ASO and LSO. When it reaches the L
he polymerase simply drops off the genomic DN
igh locus specificity is achieved by the requirem

hat both the ASO and LSO oligos need to hybrid
o the same target site. A DNA ligase seals the
etween the extended sequence of the ASO an
SO to form PCR templates that can be amplified w
niversal PCR primers. Typically, over 1536 loci
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Fig. 2. Illustration of the GoldenGate genotyping assay process.

the genomic DNA are being interrogated simultane-
ously, and as such a population of over 4600 distinct
oligos are present in the reaction tube. Extension of the
appropriate ASO and ligation of the extended prod-
uct to the LSO joins information about the genotype
present at the SNP site to the address sequence on LSO.
These joined, full-length products provide a template
for PCR using only three universal PCR primers P1, P2,
and P3.

Universal PCR primers P1 and P2 are labeled with
Cy3 and Cy5 dyes, respectively. After thermal cycling
and downstream-processing the single-stranded,
dye-labeled DNA products (the GoldenGate assay
products) are hybridized to their complement bead type
through their unique address sequences. Hybridization
of the GoldenGate assay products onto the Sentrix
Arrays allows for the readout of the highly multiplexed
SNP genotyping assay. After the hybridization, the
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BeadArray Reader[11] is used to analyze fluorescence
signal on the Array Matrix or BeadChip.

Illumina’s BeadArray Reader simultaneously scans
Sentrix Arrays at two different wavelengths with sub-
micron resolution. A scan of 96 hybridized samples in
a Sentrix Array Matrix, representing data acquisition
from over 4.5 million discrete beads, takes approxi-
mately 90 min. This represents the highest throughput
at the highest resolution of any scanning platform used
for microarray-based genetic analysis applications.

The BeadArray Reader offers broad dynamic range,
high sensitivity, and a low limit of detection. The
BeadArray Reader automatically scans an array and
uses information from a bead map file (unique to
each array) to extract intensity information at 550 and
630 nm wavelengths for each bead type.

The GoldenGate genotyping platform offers flexi-
bility and scalability. The ability to use either the Sen-
trix BeadChip or the Sentrix Array Matrix allows the
user to perform as few as 6000 genotype calls (384 loci
multiplex on a 16-sample BeadChip), to as many as
300,000 genotype calls (1536 loci multiplex on two 96-
sample Array Matrices) in a single day with minimal
equipment requirements. Automating the GoldenGate
assay with a few liquid handling robots and a laboratory
information management system allows throughput of
over 1.6 million genotype calls per day.
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Illumina has experience with the design of many
hundreds of thousands of GoldenGate genotyping as-
says and have incorporated this experience into the
OligoDesigner software. The customer supplies SNPs
along with flanking DNA sequences to Illumina, then
these SNPs are entered into the OligoDesigner soft-
ware, and a file containing the oligo designs and scor-
ing information about the likelihood of success for that
design is returned to the user. The user then has the
option of selecting which SNP designs to order or can
repeat the process with additional SNPs.

5. Contamination control safeguards

Two aspects of contamination control are designed
into the genotyping assay: the first detects contamina-
tion; the other assists in removal of the contamination
source should it occur. For contamination detection,
one of four PCR contamination detection controls is
added to each tube of assay oligonucleotide pools.
When a single assay oligo pool is run, it is expected that
only a single contamination control type should have
high signal. Should two or more contamination control
types have high signal, then significant contamination
may have occurred.

The genotyping assay uses dUTP instead of dTTP
in the PCR amplification, so that PCR carry-over con-
tamination can be rendered inactive by the use of
uracil DNA glycosylase (UDG)[14]. UDG cleaves
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. Oligonucleotide design and synthesis

Quality oligonucleotides are necessary to mee
erformance specifications of the GoldenGate assa

umina’s Oligator® DNA synthesis technology enab
arallel synthesis of many plates of oligonucleotid
roviding the throughput and quality necessary to
ort our genotyping products.

Proper design of the assay oligonucleotides is
actor that significantly contributes to the succes
he genotyping assay. Our proprietary OligoDesig
oftware is optimized for the design of GoldenGate
ay probes. It evaluates sequences flanking the tar
NP such as repeated sequences across the ge
alindromic sequences; GC and AT content; ne
oring polymorphisms. The allele-specific sequen
esigned atTm of 60◦C (57–62◦C), while the locus
pecific probe is designed atTm of 57◦C (54–60◦C).
;

he uracil base from the phosphodiester backb
f uracil-containing DNA, but has no effect

hymine-containing DNA. True PCR templates g
rated through the genotyping assay will contain

hymine and no uracil nucleotides.

. Automatic genotype scoring

The automatic calling of genotypes is performed
enotype calling software (GenCall) genotyping s
are, using a Bayesian model. GenCall also ass
confidence score, bound between 0 and 1 to

enotype call. In order to make the calls and as
he corresponding scores, GenCall software crea
ocus-specific variables file (LSV). These variables
xtracted by a proprietary custom-designed cluste
lgorithm on a population of DNA’s. The advantage
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the custom-designed clustering algorithm over the clas-
sical clustering algorithms, e.g., hierarchical clustering
orK-means, is the incorporation of genotyping-specific
heuristics into the energy function of the optimization.
This expected improvement is on the basis of Bayesian
modeling, which states that when domain-specific
knowledge (a.k.a., prior information) are available, one
could enhance the outcomes by incorporating them into
the model. In other words, the integration of likelihood
(i.e., the fit of the data to the model) and prior probabil-
ity (the domain knowledge) to form posterior probabil-
ity contains more information than just the likelihood.

The expected clusters are A/A, A/B, and B/B.
Often times, due to small minor-allele frequencies,
one homozygote cluster or one homozygote and the

heterozygote clusters are not present. In such cases,
the clustering algorithm in GenCall computes the
location and the form of the missing clusters using an
artificial neural network.

A quality score, the GenCall score, is calculated for
each SNP call, reflecting the degree of separation be-
tween homozygote and heterozygote clusters for that
SNP and the placement of the individual call within
a cluster. To make a genotype call, the software looks
at many factors but one of the first is the distribution
of beads of the same type and in this way outliers are
rejected to ensure genotyping accuracy. The GenCall
score is composed of various sub-scores, of which the
most important one is the clustering score. This score
is a locus-specific score, and is computed by a fuzzy
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ig. 3. GenCall software-produced plots of 10 randomly sele
amples were run in duplicate (a total of 192 DNAs) across 1

ndividual DNA samples. They-axis is normalized intensity (sum of inte
alues near 0 (left side of graph) are homozygotes for allele “A” and
he GenCall software has also automatically grouped the 192 DNAs
eterozygote cluster (purple).
ci of 192 samples in polar coordinate representation. Ninety
i. Each image is a graph of a single locus with 192 “dots” re

nsities of the two channels) and thex-axis is the “theta” value. Theta

theta values near 1 (right side of graph) are homozygotes for allele “B”.
for each locus into the two homozygote clusters (red and blue) and the
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logic inference system. It varies from 0.0 to 1.0, and
correlates with accuracy of the genotype call. GenCall
scores have been shown to correlate with the accuracy
of the genotyping call[13,15].

Figs. 3 and 4are screen capture images from
our genotype calling software. They are unbiased
representations of the quality of the genotype clusters
generated from the Illumina genotyping assay on a
linkage set oligonucleotide pool (GS0005003-OPA).
Separation between homozygote clusters is excellent
and variation within a cluster is small. In fact, because
there is such high precision within a cluster, linked
polymorphisms are also captured by this assay.
The second graph from the left on the bottom row
shows potentially five clusters. Individuals falling
into the lower purple cluster (“heterozygote”) and
the lower blue cluster (“homozygote”) have a linked
polymorphism under one of the ASOs. The allele

frequency of the linked polymorphism is sufficiently
low that no individuals in this panel of 96 individuals
are homozygote for the linked polymorphism (hence
no lower red cluster). This linked polymorphism has
destabilized one of the ASOs and lowered the resultant
assay intensity. This “extra” cluster phenomenon is
analogous to the split peaks sometimes seen in STR
analysis when a single base change in one of the
repeats alters the normal migration pattern.

7. Genotyping performance

Various internal assay controls are used to assess the
GoldenGate assay and array hybridization at various
experimental steps, including gDNA/oligo annealing,
PCR, array hybridisation, and imaging. For example,
G/T or G/G mismatches; amplification balance of the
Fig. 4. GenCall software-produced plots of 10 randomly sele
cted loci of 192 samples in Cartesian coordinate representation.
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Table 1
Genotyping performance

Reproducibility (%) Heritability (%) Call rate (%) Assay development success rate (%)

Oligo pool 1: 1536 loci multiplex
96 DNAs Run 1 100 100 99.96 93.68
96 DNAs Run 2 100 100 99.97 93.95

Oligo pool 2: 640 loci multiplex
96 DNAs Run 1 100 99.99 100 93.91
96 DNAs Run 2 99.95 99.99 100 93.28

two types of universal PCR primers incorporated into
the allele-specific oligos; hybridization controls; dou-
ble label control to estimate optical balance of Cy3/Cy5
channels.

To estimate the impact of multiplexing level on
genotyping performance, two oligo pools at two dif-
ferent multiplex levels (1536 and 640 loci) were run
through the genotyping assay. These runs were per-
formed in duplicate on 95 DNAs and a water con-
trol (not included in this analysis). The reproducibil-
ity was calculated from five duplicate samples among
the 95 DNAs for all successfully developed assays in
these two pools. The heritability was calculated from
35 trios among the 95 DNAs and is a measure deter-
mining whether the genotype calls follow Mendelian
inheritance. The call rate is the fraction of genotypes
called from among the total possible genotype calls for
successfully genotyped DNAs. The assay development
success rate is the fraction of assays actually functional
from the total number of loci designed into the oligo
pool.

As can be seen inTable 1, the reproducibility, heri-
tability, and call rate are near 100%. The assay develop-
ment success rate is at the low 90% level for these two
particular oligo pools. Individual assay development
success rate may vary and is highly dependent upon the
SNPs selected and the informatics tools used to design
the assay oligonucleotides. An international consor-
tium of leading investigators (including Illumina sci-
entists) has been formed to determine a haplotype map

of the human genome using single nucleotide polymor-
phisms (HapMap project)[3]. The goal of the human
HapMap project is to identify “tag” SNPs that may
be used for linkage disequilibrium studies of complex
genetic diseases. Illumina’s technology platform is be-
ing used to genotype over 60% of the SNP loci in the
HapMap project. To date, 200,000 SNP assays have
been developed using the BeadArray technology.

The GoldenGate genotyping assay has been in use
in our service operations group for 2 years, and has
proven to be a robust process that generates high qual-
ity data.Table 2shows the assay success rate, genotype
call rate, and DNA sample success rate from our service
operations. A total of 28,850 DNA samples were run
from various customers; 96.46% of them were success-
fully genotyped and high quality data returned to the
customer. The genotyping assay is robust to variation
in DNA quantity and quality. However, the genotyp-
ing assay is significantly compromised when less than
20% of the required input DNA is provided; a primary
reason for the failure to successfully generate genotype
calls was insufficient DNA quantity.

A total of 293,505 SNP loci were designed and
oligonucleotides synthesized. 80.2% of the attempted
assays were successful. The assay success rate is
highly dependent upon the SNP loci selected. In many
projects, the list of SNPs was fixed and assays had to be
designed and synthesized, even though SNP loci may
have scored poorly on our OligoDesigner software. In-
dividual experience with assay success rate may vary

T
A ess rat

mpted d (%)

N 0
N 5
G 3
able 2
ssay success rate, genotype call rate, and DNA sample succ

Total atte

umber of DNA samples 2885
umber of SNP loci 29350
enotypes produced (DNA samples× SNP loci) 5411129
e

Total successful Assays successfully develope

27828 96.46
235391 80.20

53969348 99.74
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depending upon the choice of SNP loci. The geno-
types produced or genotype call rate is a measure of the
completeness of the generated data set. It is the num-
ber of delivered genotypes on successfully genotyped
DNAs and successfully developed SNP assays. Illu-
mina’s highly multiplexed genotyping assay delivers a
high call rate of 99.74%. In a blind study, conducted by
independent third party, 26,850 genotypes were com-
pared with Mass Spec data, and a 99.7% concordance
was observed[13].

To measure the accuracy of the genotyping system
in allele frequency estimation, a series of linear dilu-
tions were performed between DNA samples of two
individuals. The first concentration contained 100%
Individual 1 (and 0% Individual 2), and the eighth
concentration contained 0% Individual 1 (and 100%
Individual 2). For each bead type (i.e., one SNP locus),
Cy3 and Cy5 intensities (representing A and B alleles,
respectively) were collected and extracted, using
Illumina’s imaging and image analysis system. The
ratios of Cy3/(Cy3 + Cy5) and Cy5/(Cy3 + Cy5) were
used as proxies for A-allele and B-allele frequencies,
respectively. For each concentration, 12 repeated
experiments were performed; each experiment was
performed on a single fiber-bundle at 1170 multiplex.
Of the total 1170 loci typed, 501 loci were found to
have different genotypes between the two individuals.
This subset of loci was used to estimate the accuracy of
allele-frequency computations. For each locus, at each
concentration, the sufficient statistics were computed.
B n av-
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8 ex-
p ed,
i loci
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8
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D (C)
a ul-
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H of

thymine (T). The detection of the methylation status
of a particular cytosine can thus be carried out using a
genotyping assay for a C/T polymorphism. Methyla-
tion status of the interrogated locus can be determined
by calculation of the ratio of the fluorescent signals
from the “C” (methylated) and “T” (unmethylated)
alleles. In a previous study [unpublished data], we
successfully demonstrated the feasibility of DNA
methylation profiling on fiber optic arrays and de-
veloped a controlled system for monitoring assay
performance. We have established a standard process
for probe design and data analysis, a standard bisulfite
conversion protocol, and a set of internal controls
and reference samples for assay development and
calibration. Current assay sensitivity and specificity is
shown to be sufficient to detect changes in methylation
status at more than 100 different sites simultaneously,
in 1�g of human genomic DNA. A minimum of
three levels of methylation can be distinguished at
any single site: fully methylated, semi-methylated,
and unmethylated. We are performing experiments to
measure >1000 CpG sites simultaneously.

9. Adaptation of the gene expression profiling
assay to the SNP genotyping platform

Illumina has developed a flexible, sensitive, accu-
rate, and cost-effective gene expression profiling as-
say, dubbed the DASLTM assay (for cDNA-mediated
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t d to
t the
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a The
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ased on these statistics, it was determined that o
rage, with 95% confidence, our technology can de
% difference in allele frequencies with a single
eriment. This number can be significantly improv

f one further selects a subset of high-performing
r measures the samples multiple times.

. Adaptation of the methylation profiling
ssay to the SNP genotyping platform

Illumina is adapting the SNP genotyping syst
o high throughput DNA methylation detection, ba
n “SNP” genotyping of bisulfite-converted genom
NA. In this assay, non-methylated cytosines
re converted to uracil (U) when treated with bis
te, while methylated cytosines remain unchang
ybridization behavior of uracil is similar to that
nnealing, selection, extension, and ligation) base
he same universal address array used for SNP g
yping [16]. In this assay, three oligos are designe
arget a specific mRNA sequence in a way similar to
NP assay design. If a sample contains a cDNA ta

the RNA is converted to cDNA by random primin
he corresponding query oligos will bind to the cDN
nd become extended and ligated enzymatically.

igated products are then amplified and fluoresce
abeled during PCR, and finally detected by bindin
ddress sequences on the array. The hybridizatio

ensity is proportional to the original mRNA abunda
n the sample and used to represent the expression
f the targeted transcripts.

The DASL assay multiplexes to 1536 seque
argets, i.e., 512 genes at three probes per gene. D
s characterized by a dynamic range of 2.5–3 l
sing 100 ng total RNA, and a 1.3-fold differen
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measurement precision. This results in a mid-density
expression profiling system with high sample through-
put, high sensitivity and fills a gap between two
existing RNA profiling technologies: quantitative RT-
PCR (high sample throughput/low gene content) and
high-density oligo or cDNA microarray technology
(high gene content/low sample throughput).

Due to its high sequence specificity, the DASL assay
can be used for splice variant detection[17] as well as
differential allele-specific expression monitoring (i.e.,
quantitative measuring the abundance of each allele
of target gene transcripts)[13]. We have developed
genotyping assays for 1152 cSNPs derived from 380
cancer related genes. Each assay target is chosen from
the sense strand and within one exon, thus, they can
be used to interrogate both genomic DNA and RNA.
With this assay design, we are able to obtain not only
genotype information at the genomic DNA level,
but potentially differential allele-specific expression
information as well. It is known that levels of gene
transcripts originating from paternal and maternal
chromosomes may differ, thus constituting the basis of
differential allele expression. Inheritance of allelic ex-
pression levels may provide an important link between
individual genetic variation and the origin of disease. In
addition, comparison of allele expression profiles may
facilitate the identification of dominant susceptibility
alleles in case/control studies where the frequency
of heterozygotes is higher in cases versus controls
[18,19].

1

ssay
d e, so
t ersal
a m,
a Any
s ing
t assay
o flex-
i rray
c not
c n the
h eatly
s ces
c

Since we use a universal address sequence tagging
approach, different address sequences can be assigned
to the same SNP locus and used to interrogate the
same SNP in different samples (pooled for hybridiza-
tion). In this way, a single array could be used to
analyze the same loci from different individuals.
This pooling scheme can be quite useful for studies,
which require genotyping large number of samples
with relatively small SNPs (e.g., <100 SNPs). We
have tested this scheme with an experimental design
in which a set of 96 SNPs were associated with 10
discrete sets of 96 address sequences and used to
genotype 10 samples in parallel, with readout on
one array. We obtained exactly the same genotyping
results using this pooling scheme as compared to that
obtained with standard single-sample-single-array
approach.

The GoldenGate assay can tolerate certain degree of
DNA degradation. We have completed highly success-
ful studies using DNA samples isolated from formalin-
fixed, paraffin-embedded tissues (unpublished data)
and whole genome amplified samples[24]. Formalin-
fixed archival tissues represent an invaluable resource
for genetic analysis, as they are the most widely
available materials for studies of human diseases. The
ability to perform genetic analysis in archived tissues,
for which clinical follow-up is already available, will
greatly facilitate research in correlating genetic profiles
with clinical parameters, and eventually in developing
biomarkers for therapeutic decision making.

ay-
b ap-
p ell
p ion).
I ge-
n fter
t g an
a tion.
A am-
p der.
G ng a
s y are
s logy
e hou-
s for
P and
p data
p from
0. Discussion

One key aspect of the GoldenGate genotyping a
esign is the incorporation of an address sequenc

hat the assay products can be read out on a univ
rray [20–23]. The probes on the array are rando
rtificial sequences that are not SNP-specific.
et of SNPs can be analyzed simply by build
he address sequences into the SNP-specific
ligonucleotides. The approach offers substantial

bility. The universal probe set represented on the a
omprises 1624 different sequences selected to
ross hybridize with each other or with sequences i
uman genome. The use of a universal array gr
implifies the manufacturing process and redu
osts.
Most recently, Illumina has developed an arr
ased whole genome genotyping (WGG) assay
roach, which comprises a novel combination of w
roven technologies (Gunderson et al., in preparat

t utilizes direct hybridization capture of processed
omic DNA to sequence-specific capture probes. A

arget capture, the SNP is genotyped by performin
rray-based allele-specific primer extension reac
fter extension with labeled nucleotides and signal
lification the array is read out on a BeadArray Rea
enotyping quality was demonstrated by assayi

et of HapMap SNPs, and the call rate and accurac
imilar to that of GoldenGate assay. This techno
nables simultaneously genotyping hundreds of t
ands of loci from a single sample without the need
CR or ligation steps, significantly reducing labor
otential sample-handling errors, and the cost per
oint. The number of SNPs that can be assayed
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one sample is limited only by the numbers of features
on the array with unconstrained locus selection. Thus,
it allows large-scale interrogation of variation in the
human genome at many levels of resolution, accel-
erating the ability of researchers to cost-effectively
unlock the genetic basis of disease. The new assay
fulfills the growing need for fixed-content genotyping
and complements the GoldenGate custom genotyping
assay.

11. Summary

Our genotyping platform combines a highly
efficient genotyping assay with high quality Sentrix
Arrays to deliver unprecedented quality and through-
put at a reasonable cost. The Illumina genotyping
assay has demonstrated exceptional performance by
measurements of: reproducibility, call rate, allelelic
heritability, and assay development success rate. The
scalability of the platform allows the user to perform
small pilot studies or large scale SNP genotyping
association studies under the same system for complex
human genetic disease studies, pharmacogenomic ap-
plications, as well as rapid development of molecular
diagnostics.
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