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INTRODUCTION
Identification of disease-causing variants has been the focus of genomic analysis, both in the 
research and clinical spaces. Elucidation of these variants identify molecular pathways at play in 
both normal biology and in disease states and ultimately provide the basis for development of 
highly specific diagnostic assays. 

Targeted sequencing in general, and specifically whole exome sequencing, provide a powerful 
solution for effectively focusing sequencing costs on genomic regions of interest. For parallel 
interrogation of thousands of targets simultaneously, hybridization-based enrichment methods  
are preferred. Despite its benefits, however, the promise of cost-efficiency has not been fully 
realized. Context-specific biases and non-uniformity have often been observed, especially in 
highly repetitive, GC-rich and non-unique regions of the genome, arising as a consequence of 
design and synthesis limitations and suboptimal workflow stringency, impacting overall data 
quality and assay efficiency.

Performance efficiency is multifactorial. It involves the interplay of various parameters such as 
probe design efficiency, on-target rate, sequencing depth and overall uniformity of capture. In 
this study, we highlight the key benefits of the Twist Human Core Exome Kit: overall performance 
efficiency that provides sensitive and accurate variant detection from a highly uniform capture 
and, flexibility that enables deeper sequencing per sample or increased throughput per 
sequencing run.

Exome Design and Probe Synthesis

Highly conserved protein-coding regions based on CCDS were chosen as the targets for the 
Twist Human Core Exome Kit. Regions were defined based on the January 2017 freeze of the 
hg38 build to ensure the most current exome definition. The target set consisted of 190,213 
non-overlapping regions which when merged and collapsed, totaled up to 33Mb. Long UTRs, 
RNA-only species, low confidence exons, alternate hg38 alleles, high Kmer regions and the 
mitochondrial genome were excluded from the design to ensure high specificity of capture. 

After target selection, 120nt probes were designed against these targets. Probe placement was 
limited to the target boundaries, minimizing overlap between neighboring probes. Representation 
was also adjusted based on GC content to optimize for uniformity. Probes were then synthesized 
using Twist Bioscience’s proprietary silicon-based technology. The probes were then amplified 
and biotinylated at the 5’ ends. Iterative optimization of the probe design and amplification 
process was carried out to minimize effect of various factors that lead to bias, resulting in tightly 
controlled representation of the probes and ensuring capture of both strands of the target.  

The final pool was then assessed for probe representation and uniformity by NGS, a quality 
control step unique to the Twist Bioscience’s NGS Target Enrichment Solutions.   
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Universal adapters were added to the 5’ and 3’ ends of the probe DNA. This DNA library was then 
sequenced and aligned against the probe design to ensure that all probes are present within the 
final pool (Figure 1).

 
Flexibility Without Compromise

Exome sequencing is primarily used for discovery, especially for rare disorders, providing an 
unbiased selection of targets from which variants related to normal biology and various disease 
states can be identified. Discovery entails interrogation of multiple samples to provide sufficient 
evidence for causality. Though pre-capture pooling and automation workflows are available and 
provide solutions for enrichment of larger numbers of samples, data quality is often compromised 
as a result. Twist Bioscience’s exome is supported by a flexible pre-capture pooling workflow from 
only 50ng input of DNA that delivers on single-plex quality data from library complexity, target 
coverage and ultimately, sensitive and precise variant calling, all while minimizing sequencing 
requirements, enabling clear workflow efficiencies.

Materials and Methods

Exome data was generated using NA12878. Briefly, purified cell line DNA was purchased from 
Coriell (Camden, NJ) and enriched either with Twist Human Core Exome Kit (San Francisco, CA) 
or a competitor exome according to manufacturer’s protocols. Libraries were then sequenced at 
150x total coverage on a NextSeq500 using 2x101bp reads.

Target coverage by design was assessed in silico by performing an overlap analysis of publicly 
available target BED files from each manufacturer against variant regions based on ClinVar (May 
2017). ClinVar regions were limited to high confidence coding pathogenic variants. Variants of 
unknown significance were excluded from this analysis. Percentages are based on a total of 
38,638 variants (38,537 SNPs and 101 indels).

Data analysis was performed using the Seven Bridges pipeline and results were compared across 
Twist Bioscience and competitor exome data. Raw reads were aligned to the hg38 reference 
genome and filtered for duplicates, reads with mapq <20 and unmapped pairs using SAMtools. 
Enrichment metrics were assessed using Picard using default settings. Variant calling was carried 
out using the GATK suite (v3.5).

Read Coverage

Probe-tiled Region

Target Coding Region

Figure 1

Read Coverage
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Figure 1. NGS-based QC 
of probes. Probes are tiled 
across the target coding 
regions. Sequencing reads 
are mapped back to targets 
to verify accuracy of probe 
synthesis.
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Superior Coverage of Clinically-Relevant Variants with  
Minimal Capture Size

Comparisons across various exome designs in the market against a list of clinically-relevant 
variants as defined by ClinVar showed that despite having the smallest capture size, Twist Human 
Core Exome Kit design covers 99% out of the 38,638 variants enabling capture efficiency and 
minimizing the upfront sequencing requirement per library (Figure 2).

Optimized target selection and probe tiling strategies enable higher variant information content 
per megabase of target. Furthermore, Twist Bioscience’s probe tiling approach results in 90% 
probe tiling efficiency, whereby 33Mb of target region is covered within 37Mb of the probe tiled 
region. In comparison, only 39Mb of Competitor 1’s target set is covered within their 51Mb probe-
tiled region, resulting in 77% efficiency.

Deep Target Coverage with Minimal Sequencing

Enrichment performance was compared across Twist Human Core Exome Kit and Competitor 1’s 
exome. With equivalent sequencing, Twist Human Core Exome Kit resulted in 7% higher number  
of targets covered with 30 or more reads and an 8% higher fold enrichment compared to 
Competitor 1 (Figure 3). This result was achieved with a 1.32 fold 80 base penalty compared  
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Figure 2. Comparison of commercial exomes based on included targets and variants covered.

Figure 3. Exome performance 
based on coverage, on-target 
rate and fold 80 base penalty.
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to Competitor 1’s 1.65, indicating a 30% lower requirement for sequencing to ensure 80% of 
targets obtain 20 or more reads. Moreover, efficient read usage is also observed based on the 
high on-target rate and 50% less duplicates compared to Competitor 1, ensuring deeper sampling 
of reads for detection of variants of lower frequencies. Coverage distribution plots show evenness 
of coverage across targets, with a high proportion of targeted bases (60%) covered at an average 
of 65x depth compared to Competitor 1’s (40%) (Figure 4).

 
 
 
Further analysis of target coverage shows a higher uniformity even across a GC range. A heat 
map of read counts against targets binned by GC show a more even spread of reads across a 
wider range of GC (30–70%) compared to Competitor 1 (Figure 5). This even spread of reads 
lowers the sequencing requirement per sample, enabling effective utilization of reads to address 
specific applications such as deeper sequencing for highly heterogeneous samples, or increasing 
the sample throughput per run, driving down cost per sample. 

 

 
 
Highly Sensitive and Accurate Variant Calling for  
Confident Variant Detection

Variant calling sensitivity and precision within regions that overlapped across the Twist Human 
Core Exome Kit and Competitor 1’s exome were evaluated against high confidence Genome in 
a Bottle variant loci for NA12878. Though variant calling metrics for SNPs were not signicantly 
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Figure 5. Coverage plots show data with high uniformity generated with Twist's exome solution compared to Competitor. Shaded areas 
represent under- and over-sequenced regions which typically result in missed variants or increased cost to sequence, respectively. 

Figure 5. Heatmaps showing distribution of reads across targets binned by GC content further support the higher data uniformity enabled by 
the Twist exome compared to competition. 
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different between the Twist Human Core Exome Kit and Competitor 1’s exome, the ability to detect 
indels accurately improved relative to Competitor 1’s exome (Table 1). 
 

TWIST COMPETITOR

PRECISION SENSITIVITY PRECISION SENSITIVITY

SNPs 99% 99% 99% 99%

Indels 91% 94% 87% 93%

Further evaluation of variant calling performance was carried out by looking at targeted regions 
with 20 reads or less. The number of regions with zero coverage is not significantly different 
across the two commercial exomes indicating that there are regions within the highly conserved 
human exome that are inherently challenging targets for hybridization-based capture. Regions 
with less than 20x or 30x coverage, on the other hand, significantly differ between the two 
commercial exomes (Table 2). Enrichment using the Twist Human Core Exome Kit results in 
>97.76% of regions with 20 or more reads and >94% with 30 or more reads. This leaves only 
739kb of regions with less than 20 reads and 1.8Mb with less than 30 reads, greatly minimizing 
regions that need to be verified by Sanger sequencing. On the other hand, Competitor 1’s exome 
leaves 5.84% (2.22Mb) and 16.27% (6.18Mb) of bases with less than 20 or 30 reads respectively. 

COVERAGE TWIST COMPETITOR

= 0x 1.21% 1.89%

< 20x 2.24% 5.84%

< 30x 5.44% 16.27%

 
Discussion and Summary

Over the years, exome sequencing has gained popularity in both translational and clinical 
research. Exome definitions as well as library preparation kits have evolved in different directions 
to support various applications. Despite the rapid evolution of this approach, the true benefits 
have not been fully realized. 

Hybridization-based exome sequencing provides the benefit of lowering the overall cost of 
simultaneously interrogating protein-coding regions while providing increased sensitivity and 
accuracy to detect genomic variants. Currently available exome kits in the market, however, are 
limited by the design approach, synthesis technology and workflow constraints that ultimately 
result in the introduction of context-specific biases and non-uniformity. This combination leads 

Table 1

Table 2
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to inefficiencies that limit the degree to which costs can be driven down due to the need to 
oversequence in order to compensate. 

Uniformity is a result of both probe concentration obtained through careful synthesis and 
amplification as well as workflow stringency, which is a strong determinant of the on-target rate. 
A high on-target rate and deep target coverage is achieved by applying a stringent Kmer filter 
on targets included. This approach, coupled with design that minimizes the probe extension into 
the region outside of the target, and performance-based probe replication leads to more uniform 
target coverage and ultimately, less sequencing. This multi-parameter optimization strategy 
verifies that included targets are covered with sufficient reads to ensure sensitive and precise 
variant calling across regions agnostic of their GC content. This minimizes gaps in coverage, 
reducing the need for Sanger sequencing, ultimately reducing costs.

 
 
The impact of gaps in coverage is illustrated using the representative region for the CYP21A2 
gene (Figure 6). This gene locus, CYP21A2 which is encoded into 21-hydroxylase, a member 
of the cytochrome P450 family of enzymes, plays a role in producing cortisol and aldosterone. 
Mutations in this gene have been shown to cause congenital adrenal hyperplasia. In this example, 
enrichment using the Twist Human Core Exome Kit showed 5 to 10x deeper coverage of exons 
compared to enrichment using Competitor 1. With more reads supporting each base call, 
sensitivity is increased and variants are accurately identified. Further support of this sensitivity 
is observed in the neighboring gene locus TNXB, wherein enrichment data generated using the 
Twist Bioscience exome also shows approximately 2–3x as many reads mapping back to targeted 
exons compared to the competitor. 

In conclusion, the Twist Human Core Exome Kit enables overall performance efficiency by 
balancing the various enrichment parameters of design specificity, target coverage, on-target rate 
and optimized hybridization and enrichment conditions ultimately resulting in a highly uniform and 
well-optimized capture solution that can be tailored to support many different applications.

The gene on the left shows lack of covereage uniformity in a competitor’s exome, hampering a cost effective evaluation of 22 pathogenic 
variants (red) in a cytochrome involved in the biogenesis of steriods and adrenal hyperpiasia. Additional sequencing would be required to 
bring this gene to the desired level of coverage as shown on the second gene to the right.

Twist

Pathogenic
Gene

Competitor

CYP21A2 -- 21 - Hydroxylase Enzyme Essential for Adrenal SteroidogenesisFigure 6
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