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Selective exon capture<p>A method for target sequence enrichment from the human genome is described. This hybridization-based approach using oligonucle-otide probes in solution has excellent sensitivity and accuracy for calling SNPs</p>

Abstract

To exploit fully the potential of current sequencing technologies for population-based studies, one
must enrich for loci from the human genome. Here we evaluate the hybridization-based approach
by using oligonucleotide capture probes in solution to enrich for approximately 3.9 Mb of sequence
target. We demonstrate that the tiling probe frequency is important for generating sequence data
with high uniform coverage of targets. We obtained 93% sensitivity to detect SNPs, with a calling
accuracy greater than 99%.

Background
Over the past several years, genome-wide association (GWA)
studies have identified compelling statistical associations
between more than 350 different loci in the human genome
and common complex traits [1]. However, great difficulty
occurs in moving beyond these statistical associations to
identifying the causative variants and functional basis of the
link between the genomic interval and the given complex
trait. Population sequencing of these genomic intervals has
been proposed as a method for identifying the causal com-
mon variants underlying the statistical associations and also
for examining the potential contribution of rare variants in
the interval to the complex trait of interest [1]. Next-genera-

tion sequencing technologies and their increased capacity
have made it feasible to sequence efficiently hundreds of meg-
abases of DNA. However, the current costs for sequencing
entire human genomes makes this approach prohibitively
expensive for population studies. Targeted sequencing of the
specific loci associated with a complex trait in large numbers
of individuals is a promising approach for using current
sequencing technologies to identify and characterize the var-
iants in these intervals. Additionally, population sequencing
of candidate genes or the entire human exome may, in the
near future, potentially make sequence-based association
studies possible.
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Several methods have been proposed for enrichment of
sequence targets from the human genome. PCR has been
used to amplify a large hundred-kilobase-size interval associ-
ated with prostate cancer for targeted sequencing in 79 indi-
viduals [2] and also the exons of hundreds of genes to identify
somatic mutations in hundreds of individual tumors [3,4].
Although PCR enriches target sequences with high specificity
and sensitivity, it is difficult to scale the method. A second
approach is hybridization-based methods using oligonucle-
otide probes either attached to a solid array [5-7] or in solu-
tion [8] to capture the sequencing targets. The solid-phase
hybridization approach has been used to capture the entire
human exome, reported in several published studies [7,9];
however, the process is difficult to scale for large population
studies. A proof-of-principle study for solution-phase hybrid-
ization by using long 170-bp capture probes has recently been
published [8]. Although this study clearly demonstrated the
utility of the approach, at a depth of 84× coverage, the vari-
ant-detection sensitivity was only 64% to 80% within the
exonic sequences, likely because of insufficient coverage uni-
formity.

In this study, we further assessed the solution hybridization
method for enrichment of sequencing targets. We chose to
sequence the exons and potential regulatory elements of 622
genes distributed across the genome that are candidate inter-
vals for playing a role in healthy aging (Wellderly, denoting
healthspan; Figure 1) [10]. These genes were selected either
because their orthologues have been demonstrated to play a
role in longevity in animal models [11-13] or for their poten-
tial roles in age-related diseases. We also included three con-
tiguous genomic intervals on 8q24, 9p21, and 19q13, all of
which contain variants associated with age-related diseases.
Variants in the 8q24 interval have been associated with breast
cancer [14], bladder cancer [15], and prostate cancer [16,17].
The 9p21 interval has been associated with coronary artery
disease [18,19] and type 2 diabetes [20-22]. The 19q13 inter-
val encodes the APOE gene, which is known to play an impor-
tant role in Alzheimer disease [23,24] and coronary artery
disease [25]. We prepared genomic DNA-fragment libraries
with an average size of 200 bp from two samples, NA15510
and HE00069 (Figure 1). The fragment libraries for both
samples were split into two aliquots, and technical replicates
of the target-enrichment step (Capture 1 and Capture 2) were
performed; each of the four target-enriched samples were
loaded in separate lanes of an Illumina Genome Analyzer
(GA) II flow cell (Illumina, San Diego CA, USA) and
sequenced. To evaluate the approach, we analyzed the probe-
design efficiency, the efficiency of capturing targeted
sequences, coverage uniformity across targeted sequences,
reproducibility for the technical replicates and across differ-
ent samples, and single-nucleotide polymorphism (SNP)
detection and accuracy rates. We demonstrated that the tiling
frequency of the 120-bp capture probes is important for
obtaining high uniform coverage across the targeted
sequences; the reproducibility of coverage across samples is

very good; and the resulting data have excellent sensitivity
and accuracy for calling SNPs.

Results and discussion
Targeted genomic sequences
In total, about 3.6 Mb of human sequences consisting of three
contiguous intervals (0.4 Mb) and the coding and potential
regulatory elements of 622 genes (3.2 Mb) distributed across
the genome were targeted for enrichment. The three contigu-
ous genomic intervals spanned 125 kb on 8q24, 196 kb on
9p21, and 100 kb on 19q13 (Additional data file 1). The tar-
geted sequences of the 622 genes comprised 9,215 exons and
4,886 evolutionarily conserved sequences (ECSs) located
within 10 kb upstream or 20 kb downstream of the genes
(Additional data file 2). ECSs were identified as stretches of
contiguous sequence greater than 50 bases that had conserva-
tion scores of 0.75 or more within the 28-way placental mam-
malian conservation track at the UCSC genome browser [26].

Probe design efficiency
We submitted the sequences of the three contiguous genomic
intervals and 622 genes to the web-based probe-design tool,
eArray [27] for capture probe design. The repetitive
sequences were masked by the RepeatMasker program (see
Methods), and 120-mer capture probes were designed only

Experimental designFigure 1
Experimental design. Genomic DNA fragment libraries were generated 
from two samples, Coriell (NA15510) and Wellderly (HE00069). 
Technical replicates of the target-enrichment steps for both samples 
NA15510 and HE00069 were performed (Capture 1 and Capture 2). The 
four target-enriched samples were loaded in separate lanes of a flow cell 
and sequenced by using the Illumina GAII.
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for the unmasked unique sequences. As shown in Figure 2a,
the repetitive elements in the contiguous genomic intervals
are predominantly in introns and intergenic regions. The
fraction of sequences for which capture probes could be
designed in the 8q24, 9p21, and APOE intervals was 48.0%
(60 kb of 125 kb), 55.1% (108 kb of 196 kb), and 37.0% (37 kb
of 100 kb), respectively. Thus, the efficiency for designing
capture probes for the three intervals varied substantially and
reflects differences in the repetitive content of the intervals.
Capture probes were successfully designed for 2.9 Mb
(90.6%) of the 3.2 Mb of targeted sequences corresponding to
the exons and ECSs of the 622 genes. The probe-design effi-
ciency varied depending on whether the sequence was a cod-
ing exon (97%), a UTR (88%), or an ECS (86%). Because
sequences encoding genes and ECSs are largely unique, the
efficiency of designing capture probes for these elements is
excellent. Multiple investigators have performed compari-
sons between RepeatMasker and masking by using 15-mer
frequencies. These studies have shown that excluding
sequences identified by the 15-mer frequency in the genome
can result in fewer repetitive sequences being masked [5,28].
Therefore, a greater number of unique noncoding sequences

could potentially be targeted if sequence masking were based
on 15-mer frequencies. In the subsequent analyses, we con-
sidered only the targeted sequences for which capture probes
have been successfully designed (approximately 3.9 Mb),
which includes the 3.1 Mb of targets and the residual
sequence of the 120 bp probe outside of the targeted coordi-
nates.

Efficiency of target enrichment
To assess the efficiency, uniformity, and reproducibility of
target enrichment by solution hybridization, we generated
technical replicates of two samples. Specifically, we made
genomic DNA-fragment libraries of two samples, NA15510
and HE00069, and performed the solution-hybridization
step in replicate for each sample (Figure 1). We loaded the
four target-enriched samples in separate lanes of an Illumina
GAII flow cell (Illumina San Diego CA, USA) and sequenced
by using 36-bp single reads. On average for each of the four
samples, 12.4 million reads (446 Mb) came off the sequencer,
of which 8.13 million reads (293 Mb) passed Illumina pipe-
line quality filters. Among the four lanes, no significant differ-
ences were found in the number of reads passing quality

Distribution of capture probesFigure 2
Distribution of capture probes. (a) The 196-kb targeted 9p21 genomic interval (positions 21,938,000-22,134,000, top panel) and a magnified view 
(positions 21,955,500 to 22,002,000) within the interval (bottom panel). The locations of the 120-mer capture probes designed by eArray are shown (red 
bars). Capture probes were designed to all sequences in the interval except for repetitive elements marked as Repeat masked (black bars). Exons (grey 
rectangles) and introns (grey lines) for genes in the interval are shown. (b) A 9-kb interval encoding the 3' UTR of the targeted FOXO1gene. Capture probes 
were designed to FOXO1 exons (grey bars) and ECS (blue bars), such as the one on the right end of the panel. The 2× probe tiling-frequency parameter 
results in adjacent 120-bp probes overlapping by 60 bp.
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filters. Of the total reads, 76% (338 Mb/446 Mb) mapped
uniquely to the genome, of which 43% (146 Mb of 338 Mb)
mapped directly on the targeted sequences. Of the high-qual-
ity filtered reads, 87% (256 Mb of 293 Mb) mapped uniquely
to the genome, of which 46% (135 Mb of 293 Mb) uniquely
mapped directly on or near (target ± 150 bp) the targeted
sequences, and 37% (109 of 293 Mb) uniquely mapped
directly on the targeted sequences (Table 1 and Figure 3).

Repetitive elements compose a significant fraction of the
human genome, and it is important to reduce their presence
in the solution-hybridization step to enrich efficiently for tar-
geted sequences. We examined the efficiency of masking
repetitive elements during the capture probe design and of
reducing their nonspecific hybridization by adding Cot-1
DNA in the solution-hybridization step by determining how
many of the off-targeted sequences map to LINE and SINE
elements that compose 20% and 13% of the human genome,
respectively (Figure 3). Of the 52% (153 Mb) of filtered bases
that do not map on or near target, 8% correspond to LINE,
and 4%, to SINE elements, indicating that the fraction of
sequences that are repetitive elements in the background of
target enriched samples (Figure 1) is about one third of that in
the genome at large. These data show that about 400-fold
enrichment of the targeted sequences was achieved when
capturing approximately 3.9 Mb by the solution-hybridiza-
tion method.

Uniformity of sequence coverage
Uniformity of sequence coverage across targeted sequences is
a key factor in determining the average depth to which sam-
ples have to be sequenced to cover underrepresented bases
adequately. The four target-enriched samples had slightly dif-

ferent sequence yields (Table 1), and therefore, to allow a
direct comparison of their coverage distribution, we normal-
ized the coverage by dividing the observed coverage of each
base by the mean coverage of all the targeted bases. For all
four samples, the peak of the normal distribution curve is only
slightly shifted to the left of the mean coverage (mean cover-
age, 29.1; normalized coverage, 1.0) (Figure 4a). On average,
91% of all the mapped bases fell between 1/5 and 5 times the
mean coverage, and 98% were covered by at least one read
(Table 2). Overall, our results demonstrate that the uniform-
ity of sequence coverage across the targeted sequences is
excellent. Furthermore, our results suggest that studies using
solution hybridization to enrich for 3.9 Mb of targeted
sequences and the Illumina GA platform aiming for about 12
million 36-bp reads per sample will result in greater than
88% of the bases having seven or more reads.

We expect capture probes of different GC content to behave
differently in the solution-hybridization step and that this
would have an effect on the resulting sequence coverage. We
plotted the GC content of each probe versus the normalized
coverage of the probe (Figure 4b). The GC content of the cap-
ture probes ranged from 15% to 86%, and, as expected, the
scatterplot appears to have a gaussian distribution, with the
peak of the distribution at about 45% GC content. The nor-
malized coverage decreased to less than 0.5 when the GC con-
tent was lower than about 23% or higher than about 66%.
These results seem to be reflecting the low efficiency of
hybridization to the targets with base composition of either
AT or GC rich. However, other possible explanations exist for
these observations, including potential oligonucleotides syn-
thesis issues of high- and low-GC content probes, potential
self-structure of targeted DNA during hybridization, and

Efficiency of target enrichmentFigure 3
Efficiency of target enrichment. The pie chart on the left illustrates the relative percentages of the targeted sequences, LINE elements, SINE elements, and 
all "other" sequences in the human genome reference sequence (3.08 Gb in total). The pie chart on the right shows the relative percentages of these 
sequences in the filtered sequence reads (293 Mb in total). Targeted sequences include those on or near (target ± 150 bp) target.
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potential biases in the PCR amplification step during genera-
tion of the sequencing libraries, resulting in fewer corre-
sponding targeted sequences [29].

Effect of probe-tiling frequency on sequence coverage
To gain insight into the optimal density for tiling the capture
probes, we assessed the effect of probe-tiling frequency on
sequence coverage (Figure 4c). As described in Methods, the
probe-tiling frequency varied from 1× to 4× for the targeted
sequences. We separated the 52,187 capture probes into five
bins based on their probe-tiling frequency then plotted the
distribution of the normalized coverage for each bin (Figure
4c). The normalized coverage increased from 1× to 1.5× to 2×
probe-tiling frequency and then formed a plateau. These
results suggest that sequence coverage is improved if each
targeted base pair is contained within two different capture
probes but is not affected by a greater tiling density. To exam-
ine further the effects of probe-tiling frequency, we plotted
the length of targeted exons and ECS regions compared with
normalized coverage (Figure 4d). The lengths of the targets
varied from 120 bp to 7,860 bp, and targets less than 180 bp
in length (1 through 1.5× tiling frequency) had less coverage
than longer exonic sequences, which had 2× tiling frequency
(see Methods). These results indicate that, for optimal cover-
age of human exons shorter than 180 bp in length [30], at
least three 120-mer capture probes per exon should be used
to achieve an optimal tiling frequency.

Reproducibility
The ability to capture reproducibly targeted sequences across
multiple samples is of high importance to perform sequence-
based association studies. We assessed the reproducibility of
this enrichment method by comparing technical replicates of
the solution-hybridization step (Figure 1). For each of the two
samples, a single genomic DNA library was generated, and
two aliquots of each sample library were independently
hybridized with capture probes (Capture 1 and Capture 2).

To test truly the reproducibility of the solution-hybridization
step, we had two different individuals at two different sites
perform the technical replicates. We first compared the nor-
malized coverage of each capture probe between the technical
replicates of the same sample (Figure 5a). The results show
that the reproducibility between Capture 1 and Capture 2 was
excellent, with high correlation within the same sample (r2 =
0.96 for NA15510, and r2 = 0.95 for HE00069).

We next examined sample-to-sample reproducibility by com-
paring the normalized coverage of one technical replicate of
NA15510 with one technical replicate of HE00069 (Figure
5b). The correlation of the two samples was very good (r2 =
0.85) but significantly lower than that observed for the tech-
nical replicates of the same sample. These results could reflect
sequence-variant differences in the two samples or that dif-
ferences in the genomic DNA-fragment library step may
affect the solution-hybridization step, or both. In either case,
our results suggest that the reproducibility of capturing tar-
geted sequences across samples in different experiments will
be sufficient to allow sequence-based association studies.

Accuracy of variant calling
We evaluated the accuracy of the variant bases called in the
targeted sequences for the two samples by comparison with
Illumina 1 M microarray genotypes (Figure 6 and Table 3).
About 4,050 SNPs found within the targeted sequence were
surveyed on the microarray. We were able to call confidently
(MAQ consensus score was 30 or more and at least 5× cover-
age) 93.4% of these SNPs, with an accuracy rate of 99.7%
(Figure 6a, Table 3). We then assessed our ability to call vari-
ants outside of the defined target region. Of the approxi-
mately 6,700 variants, on or near target (±150 bp), which
includes the approximately 4,050 on-target variants, we were
able to call confidently 76.7% of the SNPs with an accuracy
rate of 99.6% (Figure 6b, Table 3). These results indicate that
the sensitivity and accuracy of identifying SNPs in the targets
are excellent and that variants in the sequences that lie imme-

Table 1

Efficiency of target enrichment

Sample Replicate Filtered reads1 

(Mb)
Mapped bases, Mb Uniquely mapped bases, Mb

HG18 On target On or near 
target2

LINE SINE HG18 On target On or near 
target2

NA15510 Capture 1 8,232,578 (296.4) 291.2 119.8 147.1 21.4 12.4 256.7 115.1 141.6

NA15510 Capture 2 8,106,056 (291.8) 286.8 107.1 130.9 24.1 13.9 252.8 102.9 126.0

HE00069 Capture 1 7,743,638 (278.8) 274.9 112.7 142.2 19.5 10.3 246.0 108.5 137.3

HE00069 Capture 2 8,451,260 (304.2) 300.3 112.1 140.2 24.9 12.8 268.5 108.0 135.4

Average 8,133,383 (292.8) 288.3 112.9 140.1 22.4 12.4 256.0 108.6 135.1

1Number of high-quality reads from Illumina pipeline v1.3 and the megabases they compose.
2Near is defined as 150 bp upstream or downstream of the target sequence.
Genome Biology 2009, 10:R116
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diately outside the targets can be identified, albeit with a
lower detection rate.

To gain insight into the source of the variant-calling errors in
the sequence data, we carefully examined the discrepancies
that occurred for on-target bases with five reads and an MAQ
quality score of 30 or more. In the four samples, in total, 51
discrepant variants were found across 33 positions (Addi-
tional data file 3). For 24 of the discrepancies, the variant calls

between the two replicates agreed with each other, suggesting
that the microarray data are incorrectly calling the SNP, but
not ruling out the less-likely possibility of a systematic error
in the sequencing. In 18 of the discrepancies, the replicate
sample was unable to make a high-quality call. The majority
of these positions (72%) were missed heterozygote genotypes
in which the sequence coverage was low for both samples. The
remaining nine discrepancies were called correctly in one of
the replicates and incorrectly in the second. All but one of the

Uniformity of sequence coverageFigure 4
Uniformity of sequence coverage. Normalized coverage is the observed coverage of each base divided by the mean coverage of all the targeted bases to 
allow direct comparison among the four target-enriched samples. (a) Distribution of the normalized sequence coverage. The solid lines represent the 
cumulative fraction of bases (left axis) for each sample. The dashed lines (right axis) show a skewed normal distribution of the coverage for each sample. 
(b) A scatterplot of the normalized coverage of each capture probe versus the GC content of the probe. Normalized coverage was calculated by 
averaging across the four samples. (c) A box-whisker plot of the normalized coverage of capture probes versus tiling-probe frequency (see Methods). Each 
bin from 1× to 4× contains the data of 6,007, 15,513, 27,483, 1,132, and 3,184 probes, respectively. (d) A scatterplot of the normalized coverage versus 
the length of each targeted Exon/ECS; the x-axis is truncated because only a handful of exons are larger than 4 kb. The solid blue lines of (c, d) represent a 
polynomial regression of the scatterplot.

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

Normalized coverage

C
u

m
u

la
ti
v
e

 f
ra

c
ti
o

n
 o

f 
b

a
s
e

s

F
re

q
u

e
n

c
y

0
0

.0
1

2
0

.0
2

4
0

.0
3

6
0

.0
4

8
0

.0
6

0.2 0.3 0.4 0.5 0.6 0.7 0.8

0
1

2
3

4

Target GC content [%]

N
o

rm
a

liz
e

d
 c

o
v
e

ra
g

e

1X 1.5X 2X 3X 4X

0
1

2
3

4

Probe tiling frequency

N
o

rm
a

liz
e

d
 c

o
v
e

ra
g

e

0 1000 2000 3000 4000

0
1

2
3

4

 
Exon/ECS target length (bp)

N
o

rm
a

liz
e

d
 c

o
v
e

ra
g

e

(a)

(d)(c)

(b)

NA15510 Capture 1

NA15510 Capture 2

HE00069 Capture 1

HE00069 Capture 2
Genome Biology 2009, 10:R116



http://genomebiology.com/2009/10/10/R116 Genome Biology 2009,     Volume 10, Issue 10, Article R116       Tewhey et al. R116.7
variants were below the mean coverage, and the majority (six
of nine) were missed heterozygote calls. It is important to
note that these errors represent a minor fraction of the heter-
ozygous sites and that the vast majority are correctly called in
the sequence data. Twenty-two positions were discordant in
only one replicate, the majority of which (64%) failed to be
called in the second replicate. The remaining one position was
discordant in one NA15510 and one HE00069 replicate and
not called in the other replicate. These results suggest that
approximately half of the discrepant variants bases are likely
attributable to errors in the microarray data, and the other
half are likely errors in the sequence data. Thus, the accuracy
of calling SNPs in the sequence data may be greater than
99.7% (Table 3). Additionally, because most of the discrepan-
cies attributed to sequencing errors were of lower coverage, it
is reasonable to assume that an increase in sequencing depth
or capture uniformity would rescue these variants.

Novel and functional variants
Ascertaining base calls at known variant loci (dbSNP) gives
only a partial and abstract view of variant calling. To interpret
our sequencing data from a more practical angle, applicable
for exons-sequencing studies, we considered all variants
(including novel variants not in dbSNP) found in our study
and predicted their impact on protein function. To increase
our confidence in the calls at novel variant loci, we combined
the two replicates and kept only concordant calls between
them. Of the 1,049 exonic variants detected in HE00069, 75
(7.1%) were novel variants; this fraction was slightly lower for
NA15510, in which 51 (5.1%) of the 1,002 variants were novel.
This lower percentage is likely because NA15510 is a publicly
available resource that has contributed to the discovery of
SNPs found in dbSNP, thus causing an ascertainment bias for
this particular sample. Consistent with previous reports
[9,31], the majority of the novel variants are heterozygous
(Table 4).

Both samples had roughly an equal number of nonsynony-
mous variants in the 622 genes, with one in every five genes
having a heterozygote and one in every 10 having a homozy-

gote nonsynonymous variant. Most of the nonsynonymous
SNPs are present in dbSNP and might thus be common vari-
ants not specific to our samples (Table 4). Of the 191 nonsyn-
onymous variants found in NA15510, nine were predicted to
cause an amino acid substitution that results in a functional
change, as determined by the program SIFT [32]. This
number was slightly higher in HE00069, with 13 of the 205
nonsynonymous changes predicted to cause a change in func-
tion.

Only a few extensive coding variation surveys have been per-
formed in the human genome. Our analysis is consistent with
previous whole-exome analysis [33] and thus supports the
use of solution hybridization for targeted exon sequencing.

Conclusions
Our results show that the solution hybridization-based
method can generate highly uniform coverage of sequence
targets that is reproducible across samples. The method has
limited, if any, systematic allelic biases resulting in dropout
effects, as demonstrated by the greater than 99% SNP calling
accuracy and especially the ability to call correctly most het-
erozygous sites. The solution hybridization-based method is
clearly dependent on the ability to design successful capture
probes to target sequences of interest. The ability to design
capture probes is dependent on local sequence characteris-
tics, and whereas 97% of the base pairs in exonic targets can
be targeted, the success rate is only about 50% for base pairs
in genomic intervals. We demonstrated that shorter 120-mer
probes and an overlapping tiling strategy for probe design
produces greater uniformity than previously published
results for a solution hybridization-based study with 170-mer
probes tiled with an end-to-end strategy [8]. It is important to
note that some of this increase in overall uniformity of cover-
age may in part be due to the fact that the shorter 120-mer
probes are easier to synthesize in a reliable and consistent
fashion than are 170-mer probes. This greater coverage uni-
formity allowed us to call confidently a higher proportion of
variant bases at a sequence-coverage depth almost one third

Table 2

Uniformity of sequence coverage

Sample Replicate Mean coverage Proportion of mapped bases on targets1 (%)

>1 read <1/5 1/5 to <5 >5

NA15510 Capture 1 30.8 98.24 10.27 89.71 0.02

NA15510 Capture 2 27.6 98.34 9.34 90.64 0.02

HE00069 Capture 1 29.0 98.24 8.98 91.00 0.02

HE00069 Capture 2 28.8 98.40 8.48 91.51 0.02

Average 29.1 98.31 9.27 90.72 0.02

1Percentage of all bases that had more than one read or had a sequence depth of less than 1/5 the mean coverage, between 1/5 and 5 times the 
mean, and greater than 5 times the mean.
Genome Biology 2009, 10:R116
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lower than that produced in the previous study. This
improvement will result in reduced costs and more-complete
variant detection for large-scale resequencing studies.

Two general types of population-based sequencing studies
are currently under consideration in the community. The first
type is sequence-based association studies that specifically
focus on elements with known function. Relatively few repet-
itive sequences occur in the majority of known functional ele-
ments, and thus the success rate for designing capture probes
is high. The second type is targeted sequencing of intervals
associated through genome-wide association studies with a

particular complex trait. In our study, the repetitive content
of the three genomic intervals we targeted varied from 45% to
63%. Thus, although the base pairs in these genomic intervals
for which capture probes can be designed are well repre-
sented in the resulting sequence data, a considerable fraction
of bases cannot be investigated. It is important to note that
analysis methods for investigating variants outside of exons
and regulatory elements for function are currently nonexist-
ent. Thus, the solution-hybridization approach for targeted
sequencing is clearly optimal for sequence-based association
studies, and the limitations of capture-probe design have to

Reproducibility of target enrichmentFigure 5
Reproducibility of target enrichment. (a) The normalized mean coverage of each capture probe is plotted for the technical replicates of NA15510 and 
HE00069 (Capture 1 versus Capture 2). Capture probes that lie outside the dashed lines on the plot have normalized coverage that differs by more than 
twofold in the technical replicates. (b) The normalized mean coverage of each capture probe is plotted for NA15510 (Capture 1) versus HE00069 
(Capture 1). The values of coefficient of determination (r2) are shown.
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be taken into account for targeted sequencing of genomic
intervals.

Overall, our study demonstrates that the solution hybridiza-
tion-based method is well suited for the enrichment of loci in
the mega-base-pair scale from the human genome for popu-
lation studies using current sequencing technologies.

Materials and methods
Genomic DNA
One sample (NA15510; Caucasian) was obtained from the
Coriell Institute for Medical Research [34], and the second
sample (HE00069; Caucasian) was obtained from the
Scripps Translational Science Institute [35] "Wellderly"
cohort. The genomic DNA for NA15510 was isolated from
Epstein-Barr virus-transformed cell line. The Wellderly
Study has been approved by Institutional Review Board of
Scripps Health, and enrollment of participants and blood col-
lection were carried out in accordance with the Helsinki Dec-

Accuracy of sequence variant calls compared with microarray genotype callsFigure 6
Accuracy of sequence variant calls compared with microarray genotype calls. The detection rate (dashed lines) and concordance (solid lines) of variant calls 
versus the MAQ quality score [33] are shown for target sequences (a) and on or near (target ± 150 bp) targets (b). A filter requiring five or more reads 
was first applied, and then the detection and concordance rates at the various MAQ quality score thresholds was determined.
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Table 3

Variant detection rate and concordance1

Microarray SNPs2 Variant detection rate 
(%)

Variant concordance3 

(%)
Number of discordant 

SNPs

Sample Replicate On target On or near 
target

On target On or near 
target

On target On or near 
target

On target On or near 
target

NA15510 Capture 1 4,062 6,682 93.5 76.4 99.7 99.6 10 20

NA15510 Capture 2 4,062 6,682 93.7 75.2 99.8 99.8 8 10

HE00069 Capture 1 4,055 6,675 93.0 77.7 99.5 99.5 19 27

HE00069 Capture 2 4,055 6,675 93.4 77.4 99.6 99.6 14 22

Average 4,059 6,679 93.4 76.7 99.7 99.6 13 20

1Only variant bases with an MAQ quality score of 30 or greater are included in this table.
2Number of microarray genotypes in the on-target sequences or in the on or near (target ± 150 bp) target sequences.
3Number of genotypes that match between sequence and microarray genotype divided by total comparisons.
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laration. Genomic DNA of HE00069 was isolated from blood
by the PAXgene Blood DNA Kit (Qiagen, Inc., Valencia, CA,
USA), according to the manufacturer's instructions.

Probe design and synthesis
The biotinylated-cRNA probe solution was manufactured by
Agilent Technologies and was provided as capture probes.
The sequences corresponding to the three genomic intervals
and the 622 genes were uploaded to the Web-based probe-
design tool, eArray [27]. The coordinates of the sequence data
in this study are based on NCBI Build 36.1 (UCSC hg18). The
following parameters chosen were capture-probe length (120
bp), capture-probe tiling frequency (2×), allow overlap into
avoid regions (20 bp), and avoid standard repeat masked
regions option (eliminates repetitive sequences by using the
RepeatMasker program alignment-based method). The 2×
tiling-frequency parameter designed one capture probe for
targeted sequences 120-bp or more (1× coverage per capture
probe), two probes for targeted sequences between 120 and
180 bp (1.5× coverage per capture probe), and base pairs in
targeted sequences more than 180 bp have 2× coverage,
except for those at the ends of the sequence, which are cov-
ered at 1.5×. The genes in the targeted intervals also were
included individually in the set of 622 genes. Therefore, the
probe-tiling frequency varied from 1× to 4× for the targeted
sequences. In total, 52,187 probes were designed (Additional
data file 4), synthesized on a wafer, subsequently released off
the solid support by selective chemical reaction, PCR ampli-
fied through universal primers attached on the probes, and
then amplified and biotin-conjugated by in vitro transcrip-
tion [8].

Genomic DNA-fragment library
Genomic DNA-fragment libraries were prepared according to
the manufacturer's instructions (Illumina, Inc., San Diego,
CA, USA) with slight modifications, as described [29]. In

brief, 3 μg of each genomic DNA (NA15510 and HE00069)
was fragmented by Adaptive Focused Acoustics (Covaris S2;
Covaris, Inc., Woburn, MA, USA) by using the following con-
ditions: 20% duty cycle at intensity 5 for 90 seconds with 200
cycles per burst. This resulted in fragmentation of the
genomic DNA to an average size of about 200 bp. After end
repair and A-base tailing, the Illumina single-end adaptor
was ligated. After size selection for a mean insert size of about
250 bp, each fragment library was enriched by 14-cycle PCR
amplification by using 4 μl per fragment library as a template.
The PCR-amplified fragment libraries were quantified by
NanoDrop (ND8000; NanoDrop Technologies, Inc., Wilm-
ington, DE, USA).

Solution hybridization and target enrichment
Technical replicates of the target-enrichment step for both
samples NA15510- and HE00069- were performed (Figure 1).
The genomic DNA-fragment libraries of the samples were
split into two aliquots, with the target-enrichment step per-
formed on one aliquot at Agilent Technologies and on the
other aliquot at the Scripps Translational Science Institute. At
both institutes, the same protocol was used from the solution
hybridization through the PCR-enrichment steps. In a PCR
plate, one unit of the capture probe (Agilent Technologies,
Inc., Santa Clara, CA, USA; ELID number: 0220261) was
mixed with 20 units of RNase inhibitor (SUPERase-In,
Ambion, Inc., Austin, TX, USA), heated for 2 min at 65°C in
GeneAmp PCR System 9700 thermocycler (Applied Biosys-
tems, Inc., Foster City, CA, USA), and then mixed with pre-
warmed (65°C) 2× hybridization buffer (Agilent
Technologies, Inc., Santa Clara, CA, USA; part number:
G3360A). In a separate PCR plate, 500 ng of each genomic
DNA-fragment library was mixed with 2.5 μg of human Cot-1
DNA, 2.5 μg of salmon sperm DNA, and 1 unit of blocking oli-
gonucleotides complementary to the Illumina single-end
adaptor, heated for 5 minutes at 95°C, and held for 5 minutes

Table 4

Zygosity and functional annotation of exonic variants

Variant type NA15510 HE00069

Heterozygote Homozygote Heterozygote Homozygote

All Novel All Novel All Novel All Novel

Exonic 699 50 303 1 719 67 330 8

--- coding 356 18 165 0 359 19 157 3

--- 3' UTR 306 12 120 1 325 24 158 2

--- 5' UTR 37 1 18 0 35 4 15 0

Nonsynonymous 129 8 62 0 140 11 65 2

Synonymous 227 10 103 0 219 8 92 1

Protein damaging 5 1 4 0 8 1 5 0
Genome Biology 2009, 10:R116
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at 65°C in the thermocycler. Within 5 minutes, the mixture
was added to the capture probes, and the solution hybridiza-
tion was performed for 24 hours at 65°C.

After the hybridization, the captured targets were selected by
pulling down the biotinylated probe/target hybrids by using
streptavidin-coated magnetic beads (Dynal DynaMag-2; Inv-
itrogen Corporation, Carlsbad, CA, USA). The magnetic beads
were prepared by washing 3 times and resuspending in bind-
ing buffer (1 M NaCl, 1 mM EDTA, and 10 mM Tris-HCl, pH
7.5). The captured target solution was then added to the beads
and rotated for 30 minutes at room temperature. The beads/
captured targets were then pulled down by using a magnetic
separator (DynaMag-Spin; Invitrogen Corporation), remov-
ing the supernatant, resuspending in prewarmed (65°C) wash
buffer (Agilent Technologies, Inc.; part number: G3360A),
and then incubated for 15 minutes at room temperature. The
beads/captured probes were then pulled down with the mag-
netic separator and washed by resuspension and incubation
for 10 minutes at 65°C in wash buffer. After three washes, elu-
tion buffer (0.1 M NaOH) was added and incubated for 10
minutes at room temperature. The eluted captured targets
were then transferred to a tube containing neutralization
buffer (1 M Tris-HCl, pH 7.5) and desalted with the MinElute
PCR Purification Kit (Qiagen, Inc., Valencia, CA, USA).
Finally, the targets were enriched by 18-cycle PCR amplifica-
tion by using 1 μl per sample as a template, and the amplified
targets were purified by QIAquick PCR Purification Kit (Qia-
gen, Inc.).

Sequencing by Illumina GAII
The four target-enriched samples (Figure 1) were quantified
by PicoGreen dsDNA Quantitation Assay (Invitrogen Corpo-
ration) in quadruplicate. The samples were diluted to 10 nM,
denatured with NaOH, and then 2.3 pM of each target-
enriched sample was loaded into separate lanes (lane 1 to lane
4) of the same flow cell. Sequencing was performed for 36
cycles by using Illumina Single-Read Cluster Generation Kit
and 36 Cycle Sequencing Kit according to manufacturer's
instructions.

Mapping, coverage uniformity, and SNP detection
The sequencing data produced by Illumina GAII were proc-
essed through the Illumina pipeline v1.3 by using default
parameters. For all analyses, the high-quality filtered reads
were mapped to the reference sequence (NCBI Build 36.1,
UCSC hg18), by using MAQ v0.71 [36] default parameters,
except for the allowing of three mismatches during alignment
(-n 3). SNP calling was performed by using the Perl-based
SNP filter of MAQ after alignment (-map), assembly (-assem-
ble), and consensus calling (-cns2snp). We used the default
parameters for both SNP calling and alignment, with the
exception of variant quality score of 30 or more and a read
depth of 5 or greater. Variants with less than five reads or a
quality of less than 30 were marked as no calls. Sequence var-
iants were compared with microarray genotypes generated

for both samples (NA15510 and HE00069) by using the Illu-
mina 1 M Infinium bead arrays according to manufacturer's
instructions. Illumina 1 M genotypes were converted to refer-
ence strand positive from dbSNP forward Bead Studio
reports. We removed 15 SNPs from the reports because of dis-
crepancies between Illumina genotypes and dbSNPs reported
strands and alleles. Calls were considered discordant regard-
less of the type of discordance; for example, an AB to AA error
affected the concordance score the same as an AA to BB error.
All coverage calculations were performed with a combination
of custom Perl scripts and the statistics package R. Coverage
and uniformity calculations were performed by using the 3.9
Mb of targeted sequence. Mean coverage was calculated by
total bases on target divided by 3,886,910 (total bases cap-
tured). Normalized coverage for each base was calculated by
dividing the coverage at that base by the mean coverage for
the sample. For functional analysis of the variants, the vari-
ants in the two replicates were combined, and only those with
matching high-quality calls in both samples were considered
for analysis. Variants were processed through the SIFT pro-
gram [32] to determine their functional role.
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