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While next-generation sequencing has revolutionised the way genomes are sequenced, this technology
possesses a fundamental weakness – the inability to easily target specific regions of a genome. To
address this, a method has been developed that uses biotinylated RNA ‘baits’ to fish targets out of a
‘pond’ of DNA fragments.
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The RNA is transcribed from PCR-amplified oligodeoxynucleotides originally synthesised on a microarray,

generating sufficient bait for multiple captures at concentrations high enough to drive the hybridisation. This

system uses an extremely efficient hybrid selection technique enabling a larger number of samples to be

sequenced in a given study.

With sample input requirements at or below 3μg of genomic DNA, even the most precious of samples can be

utilised for massively-parallel sequencing without risk of depletion. The method can also easily be incorporated

into an automated environment, further increasing process efficiencies, while minimising total sample costs.

Individual human genomes have recently been sequenced on next-generation instruments (1-4), in large
part, due to the development and commercialisation of increasingly powerful instrumentation (1,5-7) and
significantly reduced cost of sequencing data. Significant economies could be realised in targeting the
protein coding fraction, the ‘exome’, which represents a mere ~1% of the human genome.

For many key resequencing targets such as genomic regions implicated by whole genome association scans, as

well as exons of sets of protein-coding genes implicated in specific diseases, the savings could be even greater.

Highly efficient and cost-effective target of specific fractions of the genome could significantly reduce

sequencing costs, thus enabling achievement of research and diagnostic goals.

The development of methods for the massively parallel enrichment of the templates that need to be sequenced

will be critical to the sequencing of such targeted regions. Traditional multi- and singlepex methods are not well

suited to this purpose, thus several groups have developed ‘genome-partitioning’ methods for preparing complex

mixtures of sequencing templates that are highly enriched for targets of interest (8-15).

Only two of these methods have been tested on target sets complex enough to match the scale of current next-

generation sequencing instruments. The first method, employing microarray capture (9,12,13), uses hybridisation

to arrays of synthetic oligonucleotides that match the target sequence in order to capture templates that are

randomly sheared (adaptor-ligated genomic DNA) and has been applied to more than 200,000 coding exons (12).

Microarray capture- based methods work best for DNA fragments of more than 500 bases in length, which limits

the enrichment and sequencing efficiency to very short dispersed targets, such as human proteincoding exons

that have a median size of 12 base pairs (bp) (16). The second method employs multiplex amplification (14). It

uses oligonucleotides that are synthesised on a microarray, subsequently cleaved off and amplified by PCR, to

perform a padlock and molecular inversion reaction (17,18).

This is carried out in solution where the probes are extended and circularised to copy, rather than directly capture,

the targets. Such decoupling of synthesis and reaction formats enables reuse, as well as quality control, of single

lots of oligonucleotide probes. That said, this method is not well optimised for this type of application, and as

recently reported (14), multiplex amplification missed more than 80% of the targeted exons in single reactions.

This was, in large part, attributed to poor reproducibility between replicates, uneven recovery of alleles and

representation of sequencing targets. Recent studies have suggested ways in which these points could be

addressed (15).

A method has been developed that uses biotinylated RNA ‘baits’ to fish targets out of a ‘pond’ of DNA fragments

(19). It overcomes some of the weaknesses of previous methods. As described below, it combines the simplicity

and robust performance of oligonucleotide hybridisation with the advantages of amplifying array-synthesised

oligonucleotides and performing the selection reaction in solution. This approach is more amenable to

automation, and it can be scaled to meet the needs of larger sequencing projects, a limitation inherent in other

commercially available methods of target enrichment.

RNA-driven DNA capture

The target enrichment method involves oligonucleotides, or ‘baits’, that are biotinylated for easy capture on to

streptavidin-labelled magnetic beads, as well as buffers and blocking agents necessary for performing the

capture process (Figure 1).
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To perform the capture, genomic DNA is sheared and assembled into a library format specific to the sequencing

instrument utilised downstream. Size selection is performed on the library prior to capture and confirmed by a

method such as electrophoresis.

Size-selected libraries are then incubated with the baits for 24 hours. RNA bait-DNA hybrids are then ‘fished’ out

of the complex mixture by incubation with streptavidin-labelled magnetic beads and captured on a powerful

magnet. After the beads have been washed, the RNA bait is then digested so that the only remaining nucleotide

is the targeted DNA of interest. A few cycles of DNA amplification are performed at the end of the capture, and

the targeted sample is then loaded on to the sequencing instrument.

Enrichment design algorithms enable target region specificity

Enrichment design algorithms have been developed that enable unique probe sets to be optimised for a target

enrichment method. These have been proven to work over a diverse set of genomic locations, such as small and

large exons, short and long contiguous genomic targets, genome targets within repeat areas and non-coding

DNA. To assess the performance of these algorithms for target enrichment, a diverse set of enrichment designs

were created and tested in parallel against multiple samples (Figure 2).
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To measure performance, one of the most direct measures of enrichment efficiency was used – analysing the

sequencing reads for percent in the targeted regions. As shown in Figure 2, the percent on target for seven

designs is within approximately 40-80%, demonstrating efficiency in focusing on only regions of interest across

several diverse probe configurations for target enrichment.

This translates into enrichments of 300-7,400-fold; fold enrichment is largely dependent upon the size of the

targeted region as well as the number of reads per sequencing run. Small capture designs typically yield a higher

level of enrichment due to the kit’s efficiency in focusing sequencing reads on a smaller subset of the targeted

genome. Because the shearing of DNA prior to creation of prepared libraries is random, no matter how specific

the capture methodology, both the targeted region and near DNA targets will be captured.

These design algorithms and the protocol to prepare libraries prior to capture can be optimised in such a way as

to limit the near target sequences captured. These near-target sequences are of little to no use to researchers

and may also entrain repeat regions close to targeted regions, in particular, exons. To this end, the specificity of

the target enrichment method was measured by analysing sequencing reads exactly on target, within 100bp of

the target, and within 200bp of the target. Figure 2 shows the off-target capture rate is not substantially

increased by including sequence reads within up to 200bp of the target.

Read distribution and sequence coverage

Another metric of great importance to DNA sequencing research is read distribution, as it affects the ability to

adequately cover genomes to identify sequence variation. However, none of the commercially available next-

generation sequencers can output a perfectly even read distribution across a genome of interest due to the

nature of massively parallel sequencing.

Statistically there will always be some stretches of DNA that are read out more than others. The challenge for

any sample preparation method aimed at specifically selecting targets for sequencing is to not introduce any

further sequence bias.

There are two ways of looking at this metric:

1) plot the distribution of the actual percent of bases with a certain number of reads

2) plot the cumulative number of bases with at least a certain depth

Figure 3 shows a plot of a representative sample run on an Illumina Genome Analyzer.
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This plot shows that roughly 80% of all bases have at least a 20x read depth, indicating the suitability of this

method for identifying SNPs with targeted resequencing. Plots like this will vary considerably based upon the

capture design and run parameters set on the sequencer, but despite this variability, the sequence coverage seen

with the target enrichment method is very even, showing negligible bias.

For example, if a capture design is made to target 3.3mb of genomic locations, and 10 million reads are obtained

from the sequencing run, the distribution of read depth is typically centred around 30x with 70% of the reads

within 1.7 logs. Additionally, in this type of scenario one could expect approximately 95%+ of the targeted bases

to have at least one read, 80%+ to have at least five reads, and 50%+ to have at least 20 reads, making this target

enrichment method ideally suited for interrogating genomes for mutations.

Robust and reproducible results

To demonstrate that the target enrichment process is both robust and reproducible, the same sample was

captured with the same kit twice and run on two separate lanes of an Illumina Genome Analyzer. Sequence

coverage results were then compared between replicates. The read depth for corresponding genomic locations

between experiments shows strong correlation, indicating experiment-to-experiment reproducibility.

Additionally, the technical replicates gave results that were very consistent for the following metrics: actual

bases represented, percentage on target bases, and percentage of reads with 30x read depth. Note that the

differences in read depth from one replicate to the other is driven by the difference in total reads from the

sequencer – the sample represented on the Y axis generated more reads than the sample represented on the X

axis. However, the R2 value of 0.9616 shows strong correlation between sample runs, indicating high

reproducibility of the target enrichment.

Little or no allele bias

Any target enrichment process performed prior to next-generation sequencing has the potential to bias allele

representation, complicating the identification of sequence variation. To demonstrate that bias is limited in the

target enrichment process, sequence data were analysed for allele balance. Figure 4 shows data derived from a

control sample of known heterozygosity for >20,000 SNP reads.
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This information was used to deconvolute the allelic origin of each associated read. The results show little to no

bias as the coverage across both alleles for several SNPs is quite similar. Thus, the Agilent target enrichment

approach is efficient at capturing DNA regardless of whether the DNA strand targeted is ‘wild type’ or contains

mutations, an indicator of the utility of ultra-long oligonucleotides for capture.

Robust and reliable SNP identification and confirmation

One of the main applications of target enrichment prior to next-generation sequencing is the followup to whole

genome association studies to:

1) confirm SNPs

2) define new SNPs

3) correlate these mutations to disease states

We wanted to verify that the method could reliably capture known and unknown SNPs and that newly identified

SNPs are genuine. Using the SureSelect method, we selected both known SNPs and a novel SNP identified after

an enrichment experiment (confirmed by PCR and Sanger sequencing).

Capture method for genomes with large deletions

One of the biggest challenges for target enrichment sequence capture methods is the ability to capture regions

of genomes that possess large deletions. Methods that utilise shorter oligonucleotides capture these regions

less efficiently than systems utilising complex mixtures of longer (>100bp) oligonucleotides, simply due to the

less favourable hybridisation kinetics.

To improve capture performance across regions with insertions and deletions, the target enrichment method

utilises complex mixtures of RNA-based oligonucleotides of 120bp. Capture efficiency around stretches of

deletions is improved by both the longer oligonucleotides and the chemical nature of the capture oligonucleotide.

RNA’s stronger affinity for DNA improves the SureSelect Target Enrichment System’s efficiency in binding

targeted regions that possess mutations such as insertions and deletions.

The long capture probes are also more tolerant of mutations, as shown in Figure 5 where a deletion of five

nucleotides on human chromosome X from a patient with Menkes Disease did not prevent this region from being

represented with 10x depth on an Illumina Genome Analyzer.
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Summary – Bringing Cost and Process Efficiency to Next Generation Sequencing

The data presented here demonstrate the robustness and reliability of the described target enrichment method.

By requiring 10-fold less input DNA than other commercial systems and by focusing DNA sequencing on

genomic areas of interest, this method enables studies that were previously unfeasible due to the rarity of DNA

sample and/or the overall cost of a sequencing study.

In effect, it will enable studies that were previously unfeasible due to the rarity of DNA sample and/or the overall

cost of a sequencing study, by allowing researchers to process anywhere from a handful to thousands of

samples, using the same approach. DDW
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