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Abstract

The emergence of massively parallel DNA sequencing platforms has
made resequencing an affordable approach to study genetic variation.
However, the cost of whole genome resequencing remains too high to
apply to large numbers of human samples. Genomic partitioning meth-
ods allow enrichment for regions of interest at a scale that is matched to
the throughput of the new sequencing platforms. We review general cat-
egories of methods for genomic partitioning including multiplex PCR,
capture-by-circularization, and capture-by-hybridization. Parameters
that are relevant to the performance of any given method include multi-
plexity, specificity, uniformity, input requirements, scalability, and cost.
The successful development of genomic partitioning strategies will be
key to taking full advantage of massively parallel sequencing, at least

until resequencing of complete mammalian genomes becomes widely
affordable.
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INTRODUCTION

The identification of genomic sequence varia-
tion underlying specific phenotypes lies at the
core of human and model organism genetics.
The most comprehensive and straightforward
approach for genotype evaluation would be the
complete sequencing of each genome of in-
terest. 'To date, high costs make this largely
impractical; instead, alternative approaches are
taken to focus on variation within particular ge-
nomic intervals. In human genetics, for exam-
ple, family-based linkage analyses of Mendelian
phenotypes have been an enormously successful
paradigm. Combined with sequence analysis,
these studies have defined the molecular ba-
sis of over 2000 clinical disorders (47). The
genetic architectures of complex phenotypes,
such as quantitative traits and common dis-
eases, have proven more elusive. Databases
of common sequence variants underlie the
recent wave of successful genome-wide associa-
tion studies (GWAS) (34). However, the follow-
up to each of these GWAS studies frequently
involves extensive regional sequencing in a pop-
ulation of phenotyped individuals to search for
the causative variants (31). Furthermore, itisin-
creasingly recognized that the heritable contri-
bution to phenotypic variation in complex traits
may arise from a combination of common, low-
penetrance alleles and rare, high-penetrance al-
leles (62, 64). Whereas the initial approach to
common variants involves GWAS, the identifi-
cation of rare variants underlying complex traits
has relied on the full sequencing of one or more
candidate genes in populations of phenotyped
individuals (13). The identification of sequence
variation is also central to cancer genetics, as
the recurrent observation of functional, non-
synonymous somatic mutations in tumors is fre-
quently the means by which a candidate gene is
implicated in oncogenesis (22).

Here, we define resequencing as the iden-
tification of sequence variation in individuals
of a species for which a canonical reference
genome is available. Conventional resequenc-
ing pipelines rely on PCR amplification of each
region of interest, followed by bidirectional
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Sanger sequencing. Sequences of interest might
be sets of exons, full genes, or larger intervals.
As PCR amplification from a diploid genome
yields a mixture of products derived from each
haploid equivalent, heterozygous variants are
identified in Sanger sequencing traces as mixed
peaks (61), whereas insertion-deletions require
a more complex analysis (8). Regions that are
too large to be amplified and sequenced as a sin-
gle PCR product can be “tiled” with multiple
pairs of PCR primers, yielding a set of overlap-
ping amplicons that collectively cover the tar-
get. Although targeted resequencing pipelines
have grown increasingly sophisticated, their
costs are directly tied to those of the under-
lying technologies, namely PCR amplification
and Sanger sequencing. Their expense remains
a major bottleneck for many studies.

An alternative approach that was applied
extensively for the discovery and genotyping
of common variants in the human population
relies on sequence determination by hybridiza-
tion to a resequencing microarray with features
designed to detectvariation (20, 25, 30, 53). Full
regions or selected positions are interrogated
by amplifying and pooling long-range PCR
products as input material for array-based rese-
quencing. However, this approach has not been
widely applied for targeted resequencing within
individual studies. An exception involves the
high-density SNP arrays used in GWAS stud-
ies that do not necessarily require a complex-
ity reduction prior to array hybridization (24).
However, these are generally focused on posi-
tions of common variation that are amenable
to genotyping and for which an assay has been
designed and validated.

A major development in genomics recently
has been the successful proof-of-concept,
commercialization, and widespread adoption
of several alternative approaches to DNA se-
quencing (6, 28, 46, 59). A common thread
among this crop of “second-generation” or
“next-generation” sequencing platforms is that
all rely on the concept of massively parallel,
iterative sequencing of a dense array of DNA
features (45, 57, 58). By the end of 2008, well
over 500 such instruments from several vendors
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were in use (compared to less than 10 in 2005).
These platforms vary widely in terms of per-
formance and cost, but several generalizations
can be made. The primary motivator for their
adoption is a major reduction in cost-per-base,
to several orders of magnitude below that of
high-throughput Sanger sequencing pipelines.
Currently, the key drawbacks include shorter
read-lengths and lower raw accuracies, as com-
pared to conventional Sanger sequencing. An
additional consideration is the amount of se-
quencing analyzed in a single run; the mini-
mal unit of sequencing is on the order of 10°
bases, as opposed to 10° bases with Sanger
sequencing.

For genomic resequencing, the utility of
short, low-accuracy reads is greatly enhanced
by the availability of an assembled reference
genome for a given species. Individual reads
only need to contain sufficient information
to be uniquely mappable to that reference
genome in order to be useful. As the canonical
genome sequences of most major model organ-
isms and our own species are complete, signif-
icant interest has emerged for applying these
new sequencing technologies for resequenc-
ing. These platforms have effectively rendered
“whole genome genetics” feasible, first for bac-
terial organisms (33, 46, 59), and more recently
for model organisms with larger genomes such
as Caenorbabditis elegans (29, 56). The genome
of an individual human, James Watson, was
resequenced using the 454 platform at a cost
of ~$1 million (67), and three more human
genomes were resequenced using the Illu-
mina/Solexa platform (6, 38, 66) at a reagent
cost of ~$250,000 per genome (6). By com-
parison, J. Craig Venter’s genome (37) was se-
quenced with conventional Sanger technology
for >$10 million. The cost of complete human
genome resequencing remains high butis drop-
ping rapidly as technical advances with the var-
ious platforms are made. It remains an open
question, however, how far we are from the
so-called $1000 genome (58), and whether this
goal will be achieved by extensions of second-
generation platforms or other approaches such
as real-time (43) or nanopore sequencing (10).

Complete genome resequencing is not al-
ways necessary, however, as investigators are of-
ten interested in identifying germline variants
or somatic mutations in a particular sub-
set of the genome. Meaningful inferences
of genotype-phenotype associations necessar-
ily require the analysis of multiple individuals.
For at least the next few years, it is probable
(though far from certain) that the routine re-
sequencing of complete human genomes will
continue to be prohibitively expensive in the
context of studies requiring even modest sample
sizes. Studies are therefore likely to initially
focus on the sequencing of specific subsets of
the human genome across multiple individ-
uals. Examples of genomic subsets that may
be highly relevant in the context of a specific
study include: (#) positions of common varia-
tion, primarily consisting of millions of scat-
tered SNPs; (b) a specific megabase-scale re-
gion of the genome that has been implicated
in a particular disease through family-based
linkage or GWAS analysis; (¢) specific candi-
date genes belonging to a disease pathway; and
(d) the full complement of protein-coding
DNA sequences (~1% of the human genome).
Although “fixed content” genotyping arrays are
appropriate for the first example (7), the others
are best approached with cost-effective DNA
resequencing. However, these subsets generally
total to megabases, raising the critical question
ofhow they can be efficiently isolated from non-
target sequences. Although performing PCR
reactions remains an option, its scale (10? to
10* bases per reaction unit) is poorly matched
to the granularity of next-generation sequenc-
ing platforms (10® bases per reaction unit). To
address this need, significant effort has been
dedicated over the past several years to the
development of general genomic partitioning
methods for the selection and amplification of
complex subsets of a mammalian-scale genome
(23). It is anticipated that the success of such
methods will depend on their synergy with
new sequencing technologies, and will facili-
tate their application to linkage studies, associ-
ation studies, medical resequencing, cancer re-
sequencing, and other areas.
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Table 1 Summary of genomic partitioning strategies

Source of
Summary specificity Multiplex Scalability References
Multiplex PCR and | Amplification with multiple Hybridization + 10%-103 Moderate (21, 48, 65)
related methods primer pairs followed by enzymatic
enrichment steps
Capture by Circularization directly on/from Hybridization + 10*-10° Excellent (6a, 15, 16, 35, 55)
circularization genomic DNA followed by enzymatic
enrichment steps
Solution-based Shotgun library hybridized to Hybridization 10*-10° Excellent (4, 23a, 50)
hybrid selection biotinylated probes in solution
Array-based hybrid Shotgun library hybridized to Hybridization 10°-10° Moderate (2,32,51)
selection programmable microarray

Multiplex PCR: PCR
using more than one
pair of primers in the
same reaction;
multiple reactions
carried out in a single
volume

Capture specificity:
the fraction of
molecules in an
enriched library that
correspond to targets

Uniformity: the
relative coverage of
targets after genomic
partitioning

Allelic bias: unequal
capture of two alleles
of a heterozygous
variant

Scalability: the ease
of expansion to studies
involving large
numbers of samples
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Here we review the variety of methods that
have been developed in recent years for car-
rying out genomic partitioning at scales that
move well beyond uniplex PCR (Table 1). We
begin by describing key performance metrics
to consider in evaluating and comparing these
strategies. The methods themselves have been
divided into three categories. First, we consider
methods based around PCR amplification, in-
cluding pooling of uniplex PCR products and
several innovative approaches to multiplex PCR
that circumvent its usual limitations. Second,
we describe two strategies that rely on target
circularization as their primary means of multi-
plex capture. Finally, we discuss both aqueous-
phase and solid-phase methods for capture-by-
hybridization.

PERFORMANCE METRICS

Each method described here aims to parti-
tion or enrich a genomic DNA sample for se-
quences derived from all target regions of in-
terest, with the downstream goal of identifying
heterozygous or homozygous variants in those
targets relative to a reference genome sequence.
The fold-enrichment, calculated as the ratio of
abundances of the target sequences postenrich-
ment vs pre-enrichment, provides a summary
measure of performance. Its theoretical maxi-
mum is the ratio of the size of the genome to
the aggregate size of the targets. In addition, at
least eight relevant performance metrics should
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be considered—capture specificity, uniformity,
completeness, allelic bias, multiplexity, input
requirements, scalability, and cost. In looking at
postenrichment sequencing data, capture speci-
ficity (related to degree of enrichment) is mea-
sured as the fraction of sequence reads that map
to targeted regions. Uniformity refers to the
relative abundance of individual targets after
enrichment, and along with capture specificity
is a critical metric in determining the amount
of sequencing required to adequately cover the
targets. Completeness (related to uniformity)
can be defined as the fraction of targets (or tar-
get bases) detectably captured by a given strat-
egy. Allelic bias is present if there is a random
or systematic nonuniformity in the relative ef-
ficiency with which the two alleles of a het-
erozygous target are captured and amplified.
A lack of allelic bias is critical, as preferen-
tial capture of one allele over the other will
significantly impair heterozygote calling. The
remaining metrics—multiplexity, scalability,
input requirements, and cost—collectively de-
scribe the general practicality of a method. We
can define multiplexity as the total number of
discontiguous subsequences that can be simul-
taneously targeted (which is relevant, for exam-
ple, when targeting large numbers of exons). In-
put requirements are the amount and quality of
genomic DNA required to carry out a given tar-
geting method. Scalability refers to the fact that
certain methods may be more amenable than
others to high-throughput sample processing.
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Finally, provided that two methods perform ad-
equately well with respect to other performance
metrics or when large sample sizes are being
considered, cost becomes the critical arbiter.
As discussed below, current implementations
of genomic partitioning methods suffer from
a significant deficit in at least of one of these
parameters, underscoring the need for further
technological development in this area.

Atbaseline, for a diploid genome and using a
sequencing method where individual reads are
derived from single DNA molecules, a reason-
ably high level of coverage, i.e., the number of
times a given target base must be sampled to
sensitively and specifically detect variants, is re-
quired not only to reduce errors but also to en-
sure that both alleles are adequately sampled.
For example, we simulated a 10-Mb diploid
genome with 10,000 heterozygous variants and
sampled itin silico at increasing levels of cover-
age with shotgun microreads (36-bp reads; 1%
per-base error rate). The sensitivity of variant
detection was assessed using the mzaq tool (39)
with a calling threshold set such that the false
positive rate was approximately 1 per 100,000
bp. As shown in Figure 1, achieving 95% sensi-
tivity for variant detection required at least 15x
mean-fold coverage.

One caveat is that the simulation assumed
uniformly random sampling of a single contigu-
ous target. However, the required amount of
sequence coverage will also depend upon the
performance of a given enrichment method.
In practice, systematic or random bias in a
given capture method results in undersampling
of some targets and oversampling of others.
The relevance of the former is obvious, as
more sequencing would be required to ade-
quately cover undersampled targets, but the
latter is also relevant, as oversampled targets
essentially waste sequencing capacity. In ad-
dition to uniformity, anything short of 100%
capture specificity means that not all sequenc-
ing reads are derived from the aggregate tar-
get. What are the effects of capture speci-
ficity and uniformity on the total amount of
sequencing required to achieve an effective
level of sequence coverage? To address this, we
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0 1 1
0 10 20 30
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Figure 1

Sequence coverage vs sensitivity of heterozygote
detection. Simulation-based estimates of the
sensitivity of heterozygote detection at increasing
levels of sequence coverage. We simulated a 10-Mb
diploid genome as a random sequence containing
10,000 heterozygous variants (1 variant per 1000
bases), and sampled it in silico at increasing levels of
coverage with shotgun microreads (36-bp reads; 1%
error rate). The sensitivity of variant detection at
increasing levels of mean-fold coverage was assessed
using the maq tool (39) with a calling threshold set
such that the false positive rate was approximately 1
per 100,000 bp.

simulated varying levels of capture specificity
and uniformity, and estimated how much cov-
erage would be required to achieve at least 15x
coverage of at least 80% of targets. As shown in
Figure 2, both uniformity and capture speci-
ficity are of key importance. For example, a
method that achieved good uniformity (95% of
targets within a 16-fold range), but only 30%
capture specificity, would require ~115x mean-
fold coverage (blue X in Figure 2). A method
that had 90% capture specificity, but poor uni-
formity (95% of targets to within a 128-fold
range), would require ~102x mean-fold cover-
age (black X). However, a method that exhibited
both good capture specificity (90%) and good
uniformity (95% of targets within a 16-fold
range) would only require 38x mean-fold cov-
erage to achieve 15x coverage of 80% of targets
(red X). As performance with respect to capture
specificity and uniformity largely determines
how much sequence coverage will be required,
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Required coverage

64-fold
128-fold

Figure 2

Uniformity: 16-fold
Specificity: 30%

Uniformity: 128-fold
Specificity: 90%

Uniformity: 16-fold
Specificity: 90%

100

Impact of uniformity and capture specificity on the required amount of sequencing. Here we show
simulation-based estimates of the amount of sequencing that will be required to achieve 15x coverage of 80%
of targets, at varying levels of uniformity and capture specificity. Uniformity was modeled as a log-normal
distribution. X-axis values show the range in which 95% of target abundances are expected to fall (e.g.,
“16-fold” — 95% of abundances fall within a 16-fold range). Y-axis values show capture specificity (i.e., the
fraction of bases that map to targets). For each combination of uniformity and capture specificity, the Z-axis
shows the estimated total amount of sequencing (mean-fold coverage relative to the target size) required to
achieve 15x coverage of 80% of targets. See text for annotation of colored Xs.

their improvement is critical to reducing down-
stream sequencing costs associated with a given
genomic partitioning method.

UNIPLEX PCR, MULTIPLEX PCR,
AND RELATED METHODS

Pooling PCR Products

PCR enables the targeted amplification of re-
gions with lengths compatible with individual
Sanger reads, and therefore has served as an ef-
fective front-end for Sanger-based resequenc-
ing. With second-generation sequencing plat-
forms, uniplex PCR is unlikely to continue in
this role. The key difficulty is easily illustrated
with an example. In 2006, Sjoblom and col-
leagues sequenced the full coding regions of all
well-annotated human genes in genomic DNA
(gDNA) derived from 22 tumors (60). Practi-
cally, this involved the use of 135,483 primer
pairs and an equivalent number of reactions
per tumor to amplify regions corresponding to
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120,839 exons. Conventional DNA sequenc-
ing of each amplicon totaled to ~21 Mb per
tumor genome. Had a second-generation plat-
form been used instead, sequencing costs could
have been as low as $1000 per sample, a price at
which the study could likely have been extended
to thousands of samples. However, the need to
perform, normalize, and pool 135,483 PCR am-
plifications per sample would have remained as
a substantial and expensive impediment.

With much more limited target sets, several
groups have recently reported using PCR as a
front-end for massively parallel DNA sequenc-
ing. For example, Thomas et al. relied on the
sensitivity of pyrosequencing (46) to detectlow-
abundance mutations in five exons of the EGFR
gene in lung tumor samples (63). Eleven targets
with an average length of 100 bp were amplified
by PCR. Amplicons from each of 33 samples
were pooled and sequenced on the 454 plat-
form. Within the pooled amplicons from each
sample, mutations were detected at frequencies
as low as 0.3%. Besides confirming previously
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known SNPs, deep pyrosequencing detected
indels previously missed by Sanger sequencing.
This report demonstrated the strength of mas-
sively parallel sequencing over conventional re-
sequencing for detecting low-abundance mu-
tations in tumor samples, where normal tissue
may also be present and only a low fraction
of tumor cells may carry a clinically significant
mutation. This follows from sequencing large
numbers of single molecules individually rather
than sequencing a mixture of molecules once.
To resequence a 136-kb region of human
8q24 (implicated by GWAS in breast, colon,
and prostate cancer), Yeager etal. generated and
pooled PCR amplicons, each 2.0 to 5.5 kb in
length, tiling over the full region of interest with
>150-bp overlaps (69). Primer pairs were care-
fully designed and tested against several thermal
cycling routines to ensure successful amplifica-
tion of each locus. Pooling of amplicons from
each individual at an equimolar ratio was fol-
lowed by sequencing on the 454 platform. Mean
coverage over the target region was 50x, with
reasonably good uniformity. At positions with
at least 20x coverage, genotypes were called by
classification based on the proportion of ob-
servations. Overall, across 79 individuals, 442
novel variants (i.e., not in dbSNP) were called.
The global genotyping completion rate at
polymorphic positions was 93.5%. Comparing
SNPs called by these data to SNPs at positions
of common variation called by array genotyp-
ing, overall concordance per locus was 99.45%.
A study by Craig et al. (14) extended the
pooling approach to incorporate sample-
identifying barcodes, such that sequencing
libraries derived from multiple individuals
could be mixed and sequenced simultaneously.
Two libraries were prepared for each individ-
ual, the first derived from 10 x 5 kb amplicons
(covering a 50-kb region), and the second from
14 x 5 kbamplicons (covering a 70-kb region).
The 5-kb regions were individually amplified
from each of 46 HapMap DNA samples and
pooled by sample for library construction.
Adaptors containing unique barcode sequences
were ligated to fragmented PCR products,
providing a sample-specific identifier for each

library molecule. The 6-base barcodes were de-
signed to tolerate at least one sequencing error
while maintaining correct index identification.
The barcoded libraries derived from all individ-
uals were then pooled and coamplified with a
set of universal primers as part of the final steps
of library construction. Single-end sequencing
was performed on an Illumina Genome Ana-
lyzer (5), with individual reads including both
the 6-bp barcode and 35 bp of sample-derived
sequence. Uniformity across the targeted re-
gion for a given individual was quite good, with
a 1.5- to 2.0-fold difference between amplicons
with the most and fewest reads. However, the
representation of each barcode was more vari-
able, with an 11-fold difference between the
most and least abundant index (fivefold after
optimization). The authors took a Bayesian
approach to polymorphism discovery, with a
Sanger sequencing—defined set of polymor-
phisms from the ENCODE project available
as a set of true positives. Varying thresholds
demonstrated a tradeoff between false positive
and false negative rates. At the most lenient
calling threshold, the false positive rate was
88% and the false negative rate was 9%. At the
most stringent threshold, the false positive rate
was 11% and the false negative rate was 91%.

Multiplex PCR and Related Methods

Although compatible with massively parallel
sequencing, uniplex PCR with pooling of
products does not represent a viable long-term
solution for genomic partitioning. A more
promising category of methods includes
multiplex PCR and its derivatives. First
reported in 1988 (12), multiplex PCR has
been widely applied in molecular diagnos-
tics, e.g., for pathogen identification and in
forensic studies. However, it is difficult to
perform on more than a few dozen targets
per reaction (18), and even modest levels of
multiplexing require significant optimiza-
tion. The main challenges with multiplex
PCR include the formation of primer-
dimers, nonuniform amplification of targets,
and high rates of mispriming events (17).
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Introducing universal sequences to the 5" ends
of each primer pair and performing a two-stage
PCR (i.e., with initial cycles directed at amplifi-
cation from specific loci, followed by switching
to the 5" universal sequences for continued
amplification via multitemplate PCR) substan-
tally reduces artifacts (11, 40). Several groups
have recently reported on novel methods that
attempt to circumvent limitations on multiplex
PCR and improve its relevance in the context
of genomic partitioning applications. Four of
these approaches are summarized here.

As the formation of primer-dimers is a ma-
jor issue for multiplex PCR, the immobiliza-
tion of primers to a solid substrate can limit
primer-dimer formation by physically isolating
each primer pair (1, 54). With the MegaPlex
PCR method (48), for example, an initial in-
solution multiplex PCR is carried out as a rel-
atively nonspecific enrichment for targets of
interest. This is followed by several cycles of
solid-phase PCR, in which pairs of microbead-
immobilized chimeric primers are used. Specif-
ically, the immobilized chimeric primers are
designed to append universal sequences to the 5’
ends of amplicons. Subsequent solution-phase
multitemplate PCR is driven by a single primer
pair corresponding to the appended universal
sequences. As a proof of concept, coamplifica-
tion of 50 or 75 targets was carried out by this
method and evaluated by both microarray and
454 pyrosequencing. Most targets were recov-
ered within a 100-fold range and less than 10%
of products were observed to be primer-dimers
artifacts.

A second approach in this area was re-
cently developed by RainDance Technologies,
and involves the use of emulsion PCR (68)
and microfluidics to compartmentalize individ-
ual PCR primer-pairs within the context of a
single reaction (K. Brown, personal communi-
cation). Specifically, primer pairs correspond-
ing to each target are separately emulsified into
water-in-oil droplets, and then the emulsions
are pooled to make a primer dropletlibrary. The
mixture of emulsions contains many primer
pairs, but only a single primer pair within
any given droplet. A microfluidics platform is
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applied to fuse each primer-containing droplet
with droplets from an emulsion containing ge-
nomic DNA, dNTPs, and polymerase. The
emulsion is then thermocycled as a single PCR
reaction, although individual primer pairs are
effectively compartmentalized from one an-
other. The key advantage of the approach is
that this allows PCR reactions involving dif-
ferent primer pairs to saturate within individ-
ual compartments without directly competing
with one another, leading to an expectation of
high uniformity. In proof-of-concept experi-
ments aimed at 384-plex amplification and with
readout on an [lumina Genome Analyzer, it was
demonstrated that 383 of 384 targets were de-
tectably amplified. Capture specificity was ob-
served at 50%-80%, and sequence coverage
over the targeted exons did not appear to be
overly dependent on primer Tm, amplicon GC
content, or amplicon length. Overall unifor-
mity was high, with 89% of targeted ampli-
cons within fivefold relative coverage, and 98%
within tenfold relative coverage.

Varley & Mitra described a multiplex ampli-
fication strategy termed “Nested Patch PCR”,
illustrated in Figure 3 (65). The method re-
lies on two rounds of target-specific enrich-
ment. First, primer pairs are designed against
each target, and the mixture of primers used
for ten cycles of multiplex PCR. The primers
contain uracil bases in place of thymine, such
that postamplification exposure to uracil DNA
glycosylase, endonuclease VIII, and exonucle-
ase I effectively removes the primer regions
from amplicons. For the second round of se-
lection, Nested Patch adaptors are used. These
consist of a double-stranded universal segment
and a single-stranded overhang that is target
specific. Hybridization and ligation of Nested
Patch adaptors to primer-depleted amplicons
is followed by multitemplate PCR amplifica-
tion with primers corresponding to the univer-
sal sequences. Because this ligation is depen-
dent on sequences immediately internal to the
original primers used in the limited multiplex
PCR, the Nested Patch adaptors confer addi-
tional specificity. The authors also incorporated
sample-specific barcodes into the Nested Patch
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adaptors such that products from multiple cap-
ture reactions could be pooled and sequenced
together. Proof-of-concept experiments were
performed by coamplifying 94 exons per reac-
tion and sequencing amplification products on
the 454 platform. Of the total number of tar-
gets, 96% were detectably amplified, with 75%
falling within a 50-fold abundance range, and
90% of all reads mapped to one of the 94 tar-
gets. Seven of seven predicted polymorphisms
were verified by conventional resequencing.

With the Gene-Collector method, a limited
multiplex PCR is followed by a circularization
step to confer additional specificity. In the
recent report describing this method (21), 170
unique primer pairs were designed to target
the full coding sequences of 10 human cancer
genes; amplicon lengths ranged from 160 to
800 bp. Eight cycles of 170-plex PCR were
performed. Then, as illustrated in Figure 4,
170 “collector” oligos were introduced, each
of which could template the ligase-driven
self-circularization of PCR products flanked
by one of the 170 intended primer pairings.
After exonuclease digestion of uncircularized
material (e.g., primer-dimers or nonspecific
products, which would not be expected to cir-
cularize efficiently), randomly primed rolling
circle amplification was carried out, and its
products converted to a shotgun sequencing
library. An estimated 58% of recovered prod-
ucts were from expected targets. Additionally,
enriched products were highly uniform in
abundance, with 96% of all targets estimated
to be within fourfold of the average abundance
by quantitative PCR.

CAPTURE BY CIRCULARIZATION

With the Gene-Collector method, circu-
larization is an effective means of boosting
specificity, but is secondary to an initial mul-
tiplex PCR enrichment. In this section, we
review two promising methods with which the
primary capture event involves the multiplex
circularization of targets (or copies of targets)
via DNA ligase (15, 55). In both approaches,
the circularization step serves two purposes:
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Nested Patch PCR. (# and b) Primer pairs were designed for each target and
used to perform an initial enrichment via limited cycles of multiplex PCR.
Because the thymines were replaced with uracils in the primers but not the
PCR reaction, treatment with UDG and Endo VIII, followed by end-repair,
removed the primers while leaving the amplified target sequences intact.

(¢) Nested Patch primers were designed where each has a single-stranded
internal sequence specific to the target amplicon, and an external double-
stranded universal adaptor. The ligation of the Nested Patch primers confers
additional specificity dependent on the newly exposed flanking sequences of the
amplified targets. As the Nested Patch primers are exonuclease resistant at their
5’ end, further specificity was achieved by exonuclease digestion.

(d) Multitemplate PCR with primers directed at the universal component of
the Nested Patch primers allowed further amplification. Image adapted from
Varley & Mitra (65) with author’s permission.

(#) linking each target to a universal sequence
that can subsequently be used to prime PCR
amplification of all targets with a single pair of
primers; (b) protecting captured targets from
the activity of exonucleases, which are used to
reduce the concentration of background prod-
ucts that might otherwise interfere with the
postcapture multitemplate PCR amplification.
The key advantage of these approaches is that,
like hybridization-based capture, they may
be compatible with a much higher degree of
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Figure 4

Gene-Collector method. (2) 170 primer pairs (colored bars) were designed
against coding sequences in 10 genes, and used to perform multiplex PCR with
a limited number of cycles as an initial enrichment. (5) Next, 170 “collector”
probes, each containing segments complementary to a specific primer pair,
were used to template circularization of intended products by a DNA ligase.
Nonspecific products involving incorrect primer pairings and primer-dimers
were not efficiently circularized, permitting removal by exonuclease digestion.
(¢) Randomly primed rolling circle amplification yielded concatamers that were
converted to a shotgun sequencing library. Image adapted from Fredriksson
etal. (21) with author’s permission.

multiplexing than methods that rely on mul-
tiplex PCR for initial enrichment. They also
exhibit much greater capture specificity than
hybridization-based capture (discussed below),
and scale well as they are aqueous-phase
reactions.

Selective Circularization

This method, developed by Dahl and col-
leagues (15, 16), achieves capture via the ligase-

. driven circularization of targeted restriction
RF: restriction

fragment fragments from genomic DNA, with a twist

that one end of a given restriction fragment
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can be effectively trimmed to a desired posi-
tion by endonucleolytic cleavage of an invasive
flap structure (Figure 5). The capture reaction
includes the following components: (#) a mix-
ture of “selector” oligonucleotides (one per tar-
get), each consisting of a common sequence
flanked by target-specific sequences; () a “vec-
tor” oligonucleotide, the reverse complement
of the common sequence internal to each selec-
tor oligonucleotide; (¢) genomic DNA restric-
tion digested with one or several enzymes (or a
mix of genomic DNA that has been subjected
to different digests); and (4) Taq DNA ligase
and Taq DNA polymerase. The boundaries of
selected targets depends in part on the expected
pattern(s) of restriction digestion of the refer-
ence genome. For a subset of targets, the selec-
tor oligo is designed to capture one strand of
an expected restriction fragment (RF) in its en-
tirety, via hybridization of the RF to the 5" and
3’ single-stranded, target-specific overhangs of
a given selector-vector hybrid molecule. This
is followed by ligation at both ends via Taq
ligase to yield a circular molecule that is es-
sentially the full RF and the common vector
oligo. For a second subset of targets, one over-
hang of each selector is again designed to cor-
respond to the 3’ end of targeted RFs, but the
other overhang is designed to hybridize to a
region internal to the 5" end of targeted RFs.
After hybridization of RFs to selector-vector
hybrids, the endonucleolytic activity of Taq
polymerase recognizes and cleaves the result-
ing branched structure (44). Ligation at both
ends again yields a circular molecule, here with
a partial RF and the common vector oligo. After
the capture reaction, exonucleases are used to
remove uncircularized material (e.g., incorrect
ligations that may not necessarily have resulted
in circularization). A single multitemplate PCR
with a universal primer pair directed at the com-
mon vector sequence is then used to amplify all
circularized targets in parallel. In a recent re-
port using this method in the context of cancer
resequencing, 177 exons from 10 genes were
targeted via 425 selectors, with individual tar-
gets ranging in size from 138 bp to 238 bp and
totaling to ~49 kb of genomic sequence (16).
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Five restriction enzymes were required to ade-
quately target the desired sequences, with some
overlap between targets of different selectors
in this panel. Products of capture from six ge-
nomic DNA samples were sequenced by 454
pyrosequencing. The length of captured ampli-
cons was approximately matched to the read-
length of this sequencing platform, such that
additional steps to constructa shotgun sequenc-
ing library were not required. A high specificity
is expected [conferred by the hybridization of
the RF and selector, the activity of Taq poly-
merase (flap cleavage), Taq ligase (at both sides
of the selector), and the exonucleases] and was
observed as ~90% of all reads mapped to tar-
gets. As with other enzymatic methods, nonuni-
formity was significant, with the large majority
of reads falling within a 100-fold range. How-
ever, the nonuniformity is highly systematic and
reproducible across samples. It therefore can be
substantially mitigated through empirical ad-
justment of the concentrations of individual se-
lectors, which allows the majority of amplicons
to fall within a tenfold range (H. Ji, personal
communication).

Gapped Molecular Inversion Probes

A padlock probe, or molecular inversion probe
(MIP), is a single-stranded oligonucleotide con-
sisting of two target-complementary arms sep-
arated by a linker sequence (36,49). The target-
complementary arms are designed such that the
5’ and 3’ ends of the padlock probe are immedi-
ately adjacent when hybridized to the expected
target sequence. If the 5" end is phosphorylated,
DNA ligase will join the two ends, resulting in
a circularized padlock probe that is catenated
to the target. Following circularization, exonu-
clease digestion reduces the concentration of
uncircularized probe species by several orders
of magnitude. PCR or rolling circle amplifica-
tion (RCA) with primer(s) directed against the
linker sequence can be used to amplify circu-
larized probes in a multitemplate PCR (26).
For detection of the presence/absence of a tar-
get sequence, the reaction is sensitive in that
only a single hybridization event is required,
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Figure 5

Capture by selective circularization. (#) Selector probes are generated with a
shared internal sequence, flanked by target-specific ends. The vector oligo
sequence is complimentary to the shared internal sequence. (9) Single-stranded
DNA targets, obtained by restriction digestion and denaturation of genomic
DNA, are circularized with the selectors. With some designs (7), the selector
probe hybridizes to sequences at the 5" and 3" ends of targeted restriction
fragments and acts as a template for ligase-driven circularization of the target
to the vector oligo. For other designs (i7), the selector probe hybridizes to the
3" end of the target and an internal sequence, such that there is a 5’ flap.
Invasive cleavage by 7izg polymerase removes the flap and circularization is
completed with ligase. Following circularization, linear DNA is removed by
exonuclease, and multitemplate PCR is carried out via a single primer pair
directed at the common vector sequence. Image adapted from Dahl et al. (15)
with authors’ permission.

but is also highly specific, as the ends of the MIP: molecular

inversion probe

RCA: rolling circle
amplification

probe must be brought into immediate prox-
imity with no mismatches near the join site in
order to be efficiently ligated. The rapid kinet-
ics of the intramolecular padlock reaction favor
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target-probe hybridization over probe-probe
interactions; as a result, the padlock probe re-
action can be highly multiplexed. The initial
method was adopted for genotyping, either
with allele-specific padlock probes (3,19, 26), or
by the introduction of a single base-pair gap be-
tween the targets of the arms, such thata single-
base gap-fill (with polymerase) was required in
addition to ligation (26, 41). Extending the lat-
ter concept, Hardenbol etal. demonstrated that
over 10,000 SNPs could be genotyped in par-
allel via a padlock probe scheme requiring sin-
gle base gap-fills at interrogated positions and
four-color readout on microarrays (27).

To adapt this approach for genomic par-
titioning, Shendure and colleagues explored

a Anneal b Gap fill polymerization

Probe
Genome

CGGAGAT GATGGCCCA
GCCTCT CTACCGGGT

C Gap fill ligation d Exonuclease selection

CGGAGATGGCCCA
GCCTCTACCGGGT

@ Probe release f Amplification

)

Figure 6

Gapped molecular inversion probes. (#) Probes are designed with a target-
specific sequence at the ends, and an internal sequence that is common

to all MIPs. Probes hybridize to single-stranded genomic DNA, leaving a

gap over the target region. The gap can range from a single nucleotide for SNP
genotyping, as in References 26, 27, to several hundred nucleotides for exon
capture, as in References 35, 55. (b) Polymerase is used to fill in nucleotides over
the gap. (c) Ligase completes circularization of the molecular inversion probe.
(d) Exonuclease treatment removes linear DNA. (¢) In some versions of this
protocol, the probe is linearized. (/) Multitemplate PCR of the probes is carried
out with universal primers directed at the common backbone. Image adapted
with permission from MacMillan Publishers Ltd: Nature Biotechnology 2003 (26).
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MIP designs where the targeting arms of each
MIP flanked full exons (Figure 6), rather than
single nucleotide variants (55). In the experi-
ment described in Porreca et al. (55), a set of
55,000 MIPs was designed to target 55,000
exons as well as two base-pairs adjacent to the
splice junctions, with an aggregate target-size
of 6.7 Mb. To mitigate the high cost of
column-based oligonucleotide synthesis at the
desired scale, the 55,000 required MIPs were
obtained as a complex mixture of 100-mers
by synthesis on and release from the surface
of an Agilent microarray. After amplification
via 15-bp universal sequences at each end, the
100-mers were converted to 70-mer MIPs
through a series of restriction digestions. Each
70-mer MIP consisted of unique 20-bp target-
ing sequences flanking a common 30-bp linker.
The individual targets ranged in length from
60 to 191 bp. With the amplification step, we
estimate that the yield of one programmable
array is sufficient to support at least 1000
independent capture reactions. Following
hybridization to genomic DNA, gap-filling
and circularization, and exonuclease treatment,
capture products were rolling circle amplified,
converted into shotgun sequencing library, and
sequenced on the Illumina Genome Analyzer.
Analysis of the resulting data demonstrated
that: (#) specificity was high, as ~98% of reads
that could be confidently mapped to a location
overlapping with one of the 55,000 targets;
(b) completeness and specificity were poor,
as only ~10,000 of the 55,000 targets were
detectably captured, and the abundance with
which individual targets were observed ranged
over several logs; and (¢) genotyping accuracy
was high at homozygous positions, but low
at heterozygous positions, likely secondary to
stochastic effects with poor capture efficiency.
We have subsequently observed that simple
optimizations markedly improve the perfor-
mance of this strategy (64a). These include:
(@) increasing hybridization and gap-fill time;
() increasing MIP and ligase concentration;
(¢c) replacement of rolling circle amplification
steps with multitemplate PCR with primers
directed at the linker; and () direct sequencing
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Reduced allelic bias after optimization of MIP capture conditions. (#) Post-optimization. MIP-based capture directed at 55,000 exons
(6.7-Mb aggregate target), followed by shotgun Solexa sequencing was performed on a HapMap sample with an optimized protocol in
which over 50,000 of the targets were detectably captured. Protocol optimizations are described in the main text. Shown here are 3733
positions with > = 15x coverage, 7aq quality scores > = 70 (39), and a known HapMap genotype for this individual. Fold-sequencing
coverage (x-axis, log scale) is plotted against the frequency of the reference genome allele in our resequencing data (y-axis). Colors
indicate HapMap genotypes. Red, homozygous, reference allele; black, heterozygous; blue, homozygous, nonreference allele.

(b) Preoptimization. For comparison, we also show results generated using the same set of MIPs and the same genomic DNA sample,
prior to the optimization of reaction conditions. These preoptimization data are also presented as Figure 4 in Porreca et al. (55).
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of captured products. With these modifications
to the protocol and the same set of 55,000
targeting oligos, we observed that high tar-
get specificity was maintained, while major
improvements were made with respect to uni-
formity. Approximately 50,000 of 55,000 (91%)
targets were detectably captured (vs 18% with
the original protocol), and 33% of targeted
bases were captured to abundances within a
tenfold range. The improved uniformity was
accompanied by improved performance with
respect to allelic bias, as shown graphically in
Figure 7. With the streamlined direct sequenc-
ing protocol, using probes with more stringent
design constraints, we performed exon capture
on 13,000 targets in 16 HapMap individuals.
Specificity remained high, with >99% of reads
mapping to one of the targets; completeness was
98%. Uniformity was improved significantly,
with 58% of targets captured within a 10-fold
range, and 88% of targets captured within a
100-fold range. Variant calling to HapMap
genotypes was also highly reproducible, with
high concordance for homozygous (99.8%)
and heterozygous (99.3%) genotypes.

Advantages of capture-by-circularization
with gapped MIPs include the following: () the
reaction is highly specific, with >98% of map-
pable reads derived from targets; (/) the reaction
multiplexes to atleast 300,000 independent tar-
gets, and higher complexities are likely possible
(E.T., S.N. & J.S., unpublished observations);
(¢) like multiplex PCR and other capture-
by-circularization methods, the reaction is
performed directly on genomic DNA rather
than on a shotgun library, making it compatible
with lower amounts of starting material; and
(d) captured amplicons can be directly se-
quenced, bypassing the need for constructing
shotgun libraries altogether, and making
automated high-throughput capture feasi-
ble. The main limitation of this technique
remains uniformity, which although greatly
improved, compares poorly with capture-by-
hybridization methods for enrichment. The
challenge of poor uniformity could potentially
be overcome in several ways. Because the
nonuniformity is systematically reproducible
with respect to individual targets, MIPs could
potentially be grouped into sets based on
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similar capture efficiencies, or adjusted to
normalizing concentrations in the same reac-
tion. Also, Krishnakumar et al. (35) recently
described a modified probe generation proce-
dure that lengthened the linker backbone, and
demonstrated that these long backbone probes
yielded much greater capture uniformity when
tested on a limited set of targets, and were
capable of capturing targets up to 500 bp long.

CAPTURE-BY-HYBRIDIZATION

Another approach to genomic partitioning is to
rely on the hybridization of shotgun genomic
DNA libraries to a complex mixture of capture
probes, which may potentially be in solution or
tethered to a solid substrate such as a microbead
or a glass surface. Advantages of hybridization-
based capture include the possibility of much
greater degrees of multiplexing without signifi-
cant interference, and potentially greater toler-
ance for polymorphisms that overlap with the
capture probes themselves compared to pro-
tocols based on extension or ligation by an
enzyme. An unsurprising disadvantage is that
hybridization-based capture tends to be much
less specific than enzymatic capture methods,
due to cross-hybridization of similar sequences,
for example. However, as described below, this
is offset by the fact that hybridization-based
methods have generally resulted in significantly
better uniformity than enzymatic methods. In
this section, we review strategies that have been
described for both solution-based and array-
based capture-by-hybridization.

Solution-Phase Hybrid Selection

Bashiardes and colleagues described a modified
version of genomic DNA-based cDNA selec-
tion protocols (42, 52) directed at performing
hybridization-based targeted capture of shot-
gun library fragments corresponding to BAC-
sized genomic regions (4). The method takes
advantage of widely available BAC clone li-
braries as a source material for the captur-
ing agent. In brief, an adaptor-flanked shot-
gun library is generated from genomic DNA of
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interest, and the library is hybridized in solu-
tion to biotinylated DNA that is derived from
a BAC corresponding to the region of inter-
est. Streptavidin beads are used to pull down
target-probe hybrids, followed by washing to
remove nonspecifically bound molecules. Cap-
tured targets are then eluted and amplified with
primers directed at the common adaptors prior
to sequencing. In the described protocol, an
adaptor-flanked shotgun library was generated
from pooled DNA from 14 individuals via re-
striction digestion followed by linker ligation.
Two rounds of in-solution selection were per-
formed against the biotinylated BAC (~70 h
each), with PCR amplification of the captured
material after each round of selection. The
target region (a ~150-kb region correspond-
ing to the BAC) was enriched 1000-fold af-
ter the first round and 10,000-fold (total) af-
ter the second round. On Sanger sequencing
of 2119 clones generated from recovered mate-
rial after two rounds of selection, 52% mapped
unambiguously to the 150-kb target sequence.
Nonrepetitive regions of the target were cov-
ered ~threefold, and both established and novel
variants were successfully detected. Within the
pool, 69 previously known variants and 100 pu-
tative novel variants were discovered, as well as
several small indels.

In solution hybridization-based capture has
also been successfully applied to the enrich-
ment of target DNA sequences from ancient
sources (50). The challenge in this context
is that contamination of ancient remains by
microbial DNA prevents acquisition of a pure
sample for shotgun sequencing. To enrich
for specific Neanderthal sequences from
contaminated sources, Noonan et al. evaluated
direct hybrid selection from metagenomic
ancient DNA libraries using capture probes
derived from modern human DNA (Figure 8).
Specifically, biotinylated capture probes were
generated by PCR amplification from human
genomic DNA of regions corresponding
to targets. These were hybridized against
PCR amplicons derived from metagenomic
ancient DNA libraries followed by pulldown of
heteroduplexes via streptavidin-coated beads.
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In solution hybrid selection. Target DNA is prepared as an in vitro shotgun library, with common adaptors flanking genomic DNA
fragments. The library is hybridized in solution to a set of biotinylated probes. After hybridization, biotinylated probes are captured
with streptavidin beads. Beads are washed to remove any nonspecific, unbound library molecules. Multitemplate PCR with primers
directed at the common adaptors is used to amplify eluted target molecules before high-throughput sequencing. Adapted from Noonan
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etal. (50). Images reprinted with permission from AASS.

Parallel capture of 29 of 35 human targets
was demonstrated, with the caveat that these
sequences were already known to be present
in the Neanderthal library via sequencing of
the library prior to enrichment. Remarkably,
the authors also demonstrated capture of 5 of
96 targets using human capture probes corre-
sponding to highly conserved regions against
a Pleistocene cave bear metagenomic library.
In this case, the targets were not known to be
present prior to enrichment and sequencing.
Andreas Gnirke, Chad Nusbaum, and col-
leagues at the Broad Institute have recently
developed a method for in solution hybrid
selection that relies on long RNA molecules
as capture probes (23a). First, as with the
gapped MIP approach described above, a li-
brary of DNA capture probe precursors is gen-
erated by synthesis and release from a pro-
grammable microarray. Each of these includes
170 bp of target-specific sequence and com-
mon flanking sequence. A T7 promoter is ap-
pended, such that in vitro transcription can
drive synthesis of large amounts of biotiny-
lated RNA capture probes (aka baits) in the
same orientation. The mixture of RNA baits
is hybridized at high concentration in so-
lution against a shotgun genomic DNA li-
brary. After hybridization, streptavidin-coated
beads are used to pull down RNA-DNA hy-
brids, followed by amplification from univer-
sal primers and sequencing. Key strengths

of this approach include the following:
(@) because the RNA baits are single-stranded
and presentin only one orientation, a high con-
centration and molar excess can drive the kinet-
ics of hybridization; (b) relatively low amounts
of input genomic DNA (0.5-3 pg) are suf-
ficient; (¢) the reaction is solution-based and
therefore more scalable, i.e., automatable, than
solid-phase array-based hybridization methods;
(d) allelic bias may be reduced with long cap-
ture probes relative to short probes; (¢) the RNA
baits can be prepared in large batches that can
be quality controlled for use in production-
scale settings; (1) the approach can be applied
to many short, discontiguous targets or long
contiguous regions; and (g) high specificity has
been demonstrated with 85%-90% of posten-
richment sequences overlapping with targets.
Their initial experiments made use of as many
as 22,000 targeting oligos per reaction, though
higher levels of multiplexing will likely be feasi-
ble. This approach has been licensed to Agilent
for development as a commercial product.

Array-Based Hybrid Selection

In 2007, several research groups reported on
genomic partitioning methods that made use
of programmable oligonucleotide arrays (2, 32,
51, 55). These arrays contain customizable sets
of long, single-stranded probes (60 to 200 bp),
and are available from vendors such as
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Nimblegen and Agilent at complexities up to
several million features. The availability of
programmable high-density microarrays as
relatively affordable consumables provides
the possibility of cost-effectively evaluating
different capture methods for tens to hundreds
of thousands of distinct targets per reaction.
Several groups have developed approaches that
use complex oligonucleotide libraries released
from the surface of programmable microarrays
for use in a solution-phase capture reaction
(including the gapped molecular inversion
probe (55) and the RNA-DNA hybrid selection
methods described above). However, in this
section we focus on reports from several groups
that apply the programmable microarray it-
self as a selective substrate for solid-phase
capture-by-hybridization.

Fragmentation
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On array hybrid selection. In vitro shotgun libraries are generated from
genomic DNA, with common adapters flanking each fragment. The library is
hybridized to oligos tethered on a high-density programmable microarray.
Unbound molecules are washed from the array, followed by heat-based elution
of specifically hybridized material. Multitemplate PCR with primers directed at
the common adaptors is used to amplify eluted target molecules before high-
throughput sequencing. Image adapted with permission from Macmillan
Publishers Ltd: Nature Methods 2007 (51).
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Three initial reports of hybridization cap-
ture on programmable microarrays (2, 32,
51) involved the use of Nimblegen products
and share similar protocols (schematized in
Figure 9). In brief, ~20 pg of genomic DNA is
sheared to form a complex mixture of double-
stranded fragments (i.e., 250 to 1000 bp in
length). Following end-repair, common adap-
tors are ligated that contain universal priming
sequences. The Nimblegen programmable mi-
croarrays contain ~385,000 surface-tethered,
single-stranded long oligos (>60 bp) with se-
quences designed from the reference human
genome to tile region(s) of interest at high den-
sity (i.e., 1 to 10 bp spacing) for isothermal
hybridization, while excluding nonunique or
repetitive sequences from consideration. After
hybridization for ~65 h at 42°C, and a set of
wash steps, heat-based elution at 95°C s carried
out to recover specifically hybridized material.
Universal primers corresponding to the com-
mon adaptors are used for PCR amplification,
after which the target-enriched shotgun library
can be sequenced.

Albert et al. (2) designed and evaluated
several capture arrays, one focused on captur-
ing 6726 discontiguous exons and adjacent se-
quences from 660 genes (total target size of
5 Mb), and the remainder focused on contigu-
ous intervals of varying sizes at the BRCAI lo-
cus (200 kb, 500 kb, 1 Mb, 2 Mb, and 5 Mb)
with the same array format but different densi-
ties of probe spacing. With three replicates of
the exon-focused array, sequencing data (65 Mb
to 115 Mb of sequence generated from posten-
richment libraries by 454 sequencing) showed
relatively consistent performance, with 65% to
77% of reads mapping to targets, and 93% to
96% of targets overlapped by at least 1 read.
For capture directed at a contiguous region
(200 kb to 5 Mb), the fraction of reads map-
ping to the target appeared to be correlated
with the size of the target, i.e., 14% for a 200-
kb target vs 64% for a 5-Mb target. However,
given that the 200-kb target is 25-fold smaller
than the 5-Mb target, the calculated fold-
enrichment for the 200-kb target is actually
better.
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Okou et al. (51) targeted sequences near the
FMR1 locus—a 50-kb region in one array de-
sign, and 304 kb of unique sequence with an-
other array design. Capture and recovery were
carried out similarly to Albert et al. (2), but
the resequencing was performed with an in-
dependent microarray (70), rather than with
a massively parallel sequencing platform. En-
richment was instead measured by qPCR at
~1000-fold. The array-based resequencing re-
sults were quite good, with a call-rate of 99.1%
over 20 replicates, and an accuracy of 99.81%
at segregating, genotyped sites in HapMap
samples.

Hodges et al. (32) targeted the full set
of well-annotated human protein-coding se-
quences and adjacent splice sites using a set of
seven Nimblegen 385K microarrays with 60- to
90-bp probes. Each of these arrays targeted 6 to
8 Mb of coding sequence, with a tiling density
of roughly one probe per 20 bp. Approximately
20 pg of genomic DNA was used as input for
each of the seven array-based capture reac-
tions. Eluted material was sequenced at high
throughput with either the 454 pyrosequencing
platform or the Illumina Genome Analyzer. In
initial experiments, shotgun genomic libraries
were targeted with relatively large fragment
sizes (500 to 600 bp). Although successful, in
that 55% to 85% of reads mapped to targets,
a substantial fraction of these were adjacent to
targets rather than within a target. Additional
experiments were performed that used shotgun
libraries sheared to a smaller size range (100 to
200 bp). Although this resulted in a substantial
reduction in capture specificity (to ~29%), a
much greater fraction of sequenced bases were
now within target, rather than adjacent to tar-
get. Given the high input material require-
ments, the group primarily used genomic DNA
that had been subjected to whole genome am-
plification (WGA) prior to hybridization, but
a non-WGA sample was also evaluated against
one of the same array designs and performed
similarly.

Based on the above reports as well as our own
experiences, we can identify key advantages

and disadvantages of hybridization on pro-
grammable microarrays as a strategy for ge-
nomic partitioning.

Some of these examples relate to the use of
hybridization as the capture method, and oth-
ers to the use of arrays. A first advantage is
that there is greater flexibility (than the BAC-
based approach, for example), in that either
a long contiguous region or many short, dis-
contiguous regions can be targeted with the
same level of effort. Moreover, the aggregate
size of the target(s) of a programmable array
can range from hundreds of kilobases to tens
of megabases with the same protocol, simply
by varying the probe spacing. Another advan-
tage is that as high-density programmable mi-
croarrays are available for approximately $500
to $1000, there is a relatively low cost to eval-
uating any given array design, or to optimiz-
ing an array by iterating through new designs.
Finally, hybridization-based methods including
on-array capture have generally been observed
to perform much better with respect to unifor-
mity of target capture, a critical parameter in
determining the overall amount of sequencing
that will be required for variant discovery across
the full target.

A potential disadvantage is that from a
practical perspective, array-based genomic par-
titioning may be more difficult to scale to
hundreds or thousands of samples than an
aqueous-phase reaction. This potential diffi-
culty is somewhat mitigated by the substantial
throughputs that have been achieved for array
processing for high-throughput SNP genotyp-
ing in the context of GWAS studies. A related
disadvantage is thatalthough there is a relatively
low cost to optimize an array design, the cost
of the arrays is still quite substantial when one
is considering scaling to many samples. More-
over, the array cost does not necessarily scale
linearly with the size of the aggregate target.
In contrast, in-solution capture reactions might
make use of relatively small amounts of target-
ing oligos, or libraries of targeting oligos can
potentially be amplified, reducing per-sample
costs. Potential workarounds for this concern
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include multiplexing more than one sample on
the same array via barcoded libraries (S.N., E.'T.
& J.S., unpublished observations), or reusing
arrays (51), though this carries a nontrivial risk
for contaminating new samples with old sam-
ples on the array. A third disadvantage is that
methods relying on hybridization alone gener-
ally have lower capture specificity compared to
other approaches, which increases the overall
sequencing requirements and offsets the advan-
tage of greater target uniformity. The origins
of nonspecific capture have not been examined
in detail in this context, but possible sources
include straightforward cross-hybridization as
well as “daisy-chaining” between adaptor se-
quences that are present in both orientations
during array hybridization (i.e., one library
molecule hybridizes specifically to the array,
then another library molecule hybridizes to it
via complementarity between the adaptor se-
quences, etc.). The extent of nonspecific cap-
ture may be correlated with the composition
and size of the aggregate target. For example,
targeting of smaller genomic subsets may result
in significantly lower capture specificity than
larger genomic subsets. In Albert et al., for ex-
ample, 14% of postenrichment reads mapped
to a 200-kb target, while 64% of reads mapped
to a 5-Mb target. Target sizes between 200 kb
and 5 Mb exhibited intermediate capture speci-
ficities [Table S3 in (2)]. Other aspects of
library preparation can significantly affect per-
formance of array-based enrichment. For ex-
ample, in Hodges et al. (32), longer genomic
fragments were associated with increased cap-
ture specificity, but this increase came at a cost
of more bases that were target-adjacent rather
than target-within sequences. The relevance of
this depends on whether one is targeting long,
contiguous regions or short, discontiguous ex-
ons. Allelic bias is a theoretical concern if multi-
ple variants directly overlap a probe and reduce
hybridization efficiency; this has generally not
been observed. One related point is that large
deletions overlapping the probes may be diffi-
cult to detect when sequencing rather than ar-
ray hybridization (51) is used as the readout.

Turner et al.

SUMMARY AND FUTURE
DIRECTIONS

Massively parallel DNA sequencing provides a
cost-effective means of identifying genetic vari-
ation. However, for atleast the time being, most
investigators interested in taking advantage of
these technologies for human resequencing will
use a genomic partitioning method as a “front-
end” to focus their finite resources. In the past
several years, much progress has been made
in the development of diverse approaches that
meet this need. We cannot offer any clear-
cut answer on which of these strategies is the
best, in part because they are continuing to
evolve and improve. There are tradeoffs inher-
ent to the selection of any given method for
genomic partitioning. For example, capture-
by-circularization methods are highly specific
but relatively less uniform, whereas capture-
by-hybridization methods have shown higher
uniformity but generally lower specificity. Im-
provements in performance with respect to
these and other metrics (e.g., cost, scalability)
and less tangible aspects (e.g., flexibility, ac-
cess) may be important determinants of the ex-
tent to which individual strategies are adopted.
One’s choice of method may also depend on
the scale of a given study, both with respect
to the size of the aggregate target and the
number of samples to be analyzed. For exam-
ple, multiplex PCR and derivative methods,
combined with sequence-based barcodes, may
be most useful in the context of studies fo-
cused on a small number of targets in a large
number of individuals. Array-based capture-by-
hybridization may be most appropriate for a
large aggregate target with limited numbers of
samples. For large aggregate targets and many
samples, solution-based methods that multiplex
and scale well (e.g., capture-by-circularization
or solution-based hybrid selection) may be the
best choice. Cost is difficult to estimate for
each method and may also depend on the scale
of application. For example, oligo libraries re-
leased from programmable microarrays are ex-
pensive and available from only a small number
of vendors, but are very cost-effective in this
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context when amortized over a large number of
samples.

A closing point is that these methods may
well be rendered obsolete before they achieve
widespread use.

With second-generation sequencing plat-
forms, costs are dropping quickly while read
lengths and accuracies continue to improve.
The practical implementation of real-time (43)
or nanopore sequencing (10) methods may be
imminent. If, for example, the all-inclusive costs
of whole genome human resequencing were to
drop to less than $1000, the demand for genome
partitioning methods might be expected to
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significantly wane as increasing numbers of
investigators can afford whole genome rese-
quencing of all samples of interest. Nonethe-
less, these methods may continue to be useful
if investigators choose to continue to sequence
genomic subsets in larger numbers of sam-
ples (i.e., 100 complete genomes for $100,000
vs 1% of 10,000 genomes for the same cost).
Another example where genomic partitioning
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