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Abstract

The National Institute of Standards and Technology has developed reference materials for five 

human genomes. DNA aliquots are available for purchase and the data, analyses and high-

confidence small variant and homozygous reference calls are freely available on the web 

(www.genomeinabottle.org, last accessed March 12, 2018). These reference materials are useful 

for evaluating whole genome sequencing methods and can also be used to benchmark targeted 

sequencing panels, which are commonly used in clinical settings. This paper describes how to use 

the Genome in a Bottle samples to obtain performance metrics on any germline targeted 

sequencing panel of interest, as well as the limitations of the reference materials. These materials 

are useful for understanding the limitations of, and optimizing, targeted sequencing panels and 

associated bioinformatics pipelines. We present example figures to illustrate ways of accessing the 

performance metrics of targeted sequencing panels and we include a table of best practices.

Introduction:

In 2015, The National Institute of Standards and Technology (NIST) released the first 

Genome in a Bottle (GIAB) reference material, RM 8398. To create this reference material, 

human genomic DNA from a large batch of GM12878 cells was extracted and aliquoted at 

the Coriell Institute for Medical Research. These homogeneous DNA aliquots were 

sequenced by multiple unique technologies, each with different capabilities and biases, to 

obtain a high-confidence “truth set” of small variant and homozygous reference calls1. In 

2016, NIST released four additional human genomes as reference materials, a sonfather-

mother trio of Ashkenazi Jewish ancestry (RMs 8391 and 8392) and a son in a trio of 

Chinese ancestry (RM 8393), along with high-confidence calls and regions2,3. All five 

genomes used for these NIST RMs are also publicly available from the Coriell Institute for 

Medical Research as cell lines.

Together, these DNA samples and truth sets can be used as reference materials to evaluate 

assays and analytic pipelines. When the results of a pipeline (“query”) are compared to the 

truth set, most false positives and false negatives should be errors in the query set. The 
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current high-confidence calls and regions cover about 90 % of the sequence in GRCh37 and 

GRCh38, but tend to exclude large variants, long tandem repeats, and regions difficult to 

map with short reads. Ongoing work in GIAB is using new methods to characterize these 

more challenging variants and regions. The raw data, analyses, and highconfidence calls and 

regions are freely available online at www.genomeinabottle.org (last accessed March 12, 

2018).These genomes and associated data have been widely used in the next-generation 

sequencing community to obtain performance metrics on whole genome and whole exome 

sequencing methods4–6. The Global Alliance for Genomics and Health (GA4GH) 

Benchmarking Team has standardized performance metrics and developed sophisticated 

variant comparison tools to compare variant calls and output these metrics7.

In addition to their use in evaluating whole genome and whole exome sequencing 

methods8–10, the GIAB reference materials can also be used with targeted sequencing 

panels. Next-generation targeted sequencing panels are increasingly being used for clinical 

purposes due to the higher number of targets that can be covered, relative to Sanger 

sequencing. Targeted sequencing also has several advantages relative to whole genome 

sequencing or exome sequencing, including higher coverage for genes of interest at lower 

cost, and faster analysis time. Targeted sequencing panels have been used clinically for a 

wide variety of conditions including cystic fibrosis, epilepsy, cardiomyopathies, inherited 

cancers, disorders of sex development, autoinflammatory diseases, ataxia and retinal 

disorders11–17 and many others. To ensure the accuracy of these tests, laboratories need well 

characterized reference materials and associated data sets for test development, validation 

and quality control.

The recent “Standards and Guidelines for Validating Next-Generation Sequencing 

Bioinformatics Pipelines” publication recommends the use of reference materials 18. In this 

work, we describe how the GIAB reference materials can be used to benchmark specific 

targeted sequencing panels. As an example, we selected germline sequencing panels based 

on two different library preparation techniques: hybrid capture, which uses oligo probes to 

capture to regions of interest; and amplicon based, which uses polymerase chain reaction 

(PCR) to amplify the regions of interest. This work is not intended to be a comprehensive 

performance assessment of these methods or a comparison between platforms.

Materials and Methods:

DNA Samples

This study used the five genomes contained within three NIST Reference Materials (RMs): 

RM 8398, RM 8392, and RM 8393 (NIST, Gaithersburg, MD). Each RM contains a 50 μL 

DNA aliquot at a concentration of approximately 200 ng/μL. RM 8398 contains extracted 

DNA from a large, homogeneous batch of the GM12878 cell line. RM 8392 contains three 

separate tubes of DNA extracted from homogeneous large batches of three cell lines 

(GM24143, GM24149, GM24385) derived from a mother-father-son Ashkenazim Jewish 

Trio, which is part of the Personal Genome Project (PGP). RM 8393 contains extracted 

DNA from a cell line (GM24631) derived from a male individual of Chinese descent, who is 

also part of the PGP.
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Library Preparation and Sequencing

Hybrid Capture Library Preparation and Sequencing—Library preparation for the 

hybrid capture method was performed with the TruSight Rapid Capture kit (catalog 

#FC-140–1104, Illumina, San Diego, CA) and TruSight Inherited Disease Sequencing Panel 

(catalog #FC-121–0205, Illumina, San Diego, CA) according to the manufacturer’s protocol.

Briefly, DNA was “tagmented,” (a combination of DNA fragmentation and end-polishing, 

using transposons), adapters and barcodes were added, and then three to eight libraries were 

pooled for hybridization (varying numbers of libraries were pooled to obtain a broad range 

of sequencing depths) The library pool was hybridized twice with Inherited Disease Panel 

Oligos at 58° C. After library preparation, the library was checked on a 2100 Bioanalyzer 

high sensitivity DNA chip (catalog # 50674626, Agilent, Santa Clara, CA) to assess the 

quality before sequencing. DNA concentration was measured with the Qubit high sensitivity 

DNA assay (catalog # Q32851, ThermoFisher, Waltham, MA), diluted to 4 nmol/L, and 

denatured with 0.2 mol/L NaOH. PhiX DNA (catalog # FC-110–3001, Illumina, San Diego, 

CA) was spiked in at 5 % volume/volume. The denatured library was then sequenced with a 

MiSeq Reagent Kit (catalog # MS-102–3003, Illumina, San Diego, CA) for 300 cycles 

(2×150 bp) on an Illumina MiSeq or Illumina ForenSeq.

Amplicon Library Preparation and Sequencing—For the amplicon sequencing, the 

Ion AmpliSeq Library Kit 2.0 (catalog # 4475345, ThermoFisher, Waltham, MA) and 

AmpliSeq Inherited Disease Panel (catalog# 4477686, ThermoFisher, Waltham, MA) were 

used in accordance with the manufacturer’s protocol. DNA from each genome was amplified 

in three separate primer pools, then these PCR products were combined for barcoding and 

library preparation. The concentration of the final library was measured with the Ion Library 

TaqMan Quantification Kit (catalog #4468802, ThermoFisher, Waltham, MA), then two 

libraries were adjusted to a concentration of 40 picomol/L and combined before chip 

loading. 318v2 BC chips (catalog #4488146, ThermoFisher, Waltham, MA) were loaded 

using the Ion Chef and then sequenced on the Personal Genome Machine using the Ion PGM 

Hi-Q Chef kit (catalog # A25948, ThermoFisher, Waltham, MA).

Variant Calling

Sequence variants were identified and stored in Variant Call Format (VCF) files using the 

included commercial software. MiSeq Reporter (BWA Enrichment version 2.5.1.3) was used 

to generate the VCF files for the hybrid capture targeted sequencing.

Torrent Suite (version 5.0.5) was used to generate VCF files for the amplicon sequencing.

Data Analysis

After generation, the VCF files were compared to the Genome in Bottle High Confidence 

VCF files using the Global Alliance for Genomics and Health (GA4GH) Benchmarking 

application on precisionFDA (registration required, http://precision.fda.gov/, last accessed 

March 12, 2018). The GA4GH Benchmarking Team developed standardized performance 

metrics for genomic variant calls as well as sophisticated variant comparison tools to 

robustly compare different representations of the same variant, and a set of standard Browser 
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Extensible Data (BED) files describing difficult genome contexts to stratify performance. 

The GA4GH Benchmarking application requires a truth VCF file (the GIAB high 

confidence VCF file), the truth confident regions (the GIAB high confidence BED file), the 

query VCF file (generated by the included commercial software) and the target regions (the 

BED file provided by the manufacturer for the targeted sequencing panel). All GIAB files 

(VCF files, BED files) are available on the web at https://github.com/genome-in-a-bottle 

(last accessed March 12, 2018). The GA4GH application returns the count of false negatives 

(FN), false positives (FP) and true positives (TP) in both standardized VCF and comma-

separated value (CSV) formats. Performance metrics follow the GA4GH standardized 

definitions, where genotyping errors are counted both as FP and FN. In addition, the 

GA4GH application stratifies performance metrics by variant type, size, and genome context 

to enable understanding strengths and weaknesses of a method. We calculated sensitivity 

using the formula:

Sensitivity = TP/ TP + FN

Sensitivity above a specific minimum coverage ‘X’ was calculated by only including TPs 

and FNs at sites with coverage greater than or equal to ‘X’. Coverage analysis of each locus 

and common false negatives shared among replicates were determined using Bedtools19. 

The precisionFDA output VCF was first split into three files: the false negatives, false 

positives, and true positives. Next, the bedtools “coverage” command was used to determine 

the coverage at each FN and TP location. The bedtools “multiinter” command was used to 

identify FN shared between different replicates of the same genome. The number of 

common FNs are represented using Venn Diagram Plotter20.

Confidence intervals for stratified regions were calculated using Fisher’s Exact test in R. 

FNs and FPs in the binary alignment map (BAM) and VCF files were visualized using 

Golden Helix GenomeBrowse version 2.1.221.

Results:

Effect of Average and Locus Coverage on Sensitivity

Sensitivity increased with increasing average coverage for both single nucleotide 

polymorphisms (SNPs) and insertions/deletions (INDELs). With the hybrid capture 

sequencing, we observed a maximum SNP sensitivity rate of 96 % and a maximum INDEL 

sensitivity rate of 71 % at the highest mean coverage (422x). For all genomes examined, 

INDEL sensitivity was lower than SNP sensitivity (Figure 1). Average coverage and 

sensitivity were similar across replicates for the amplicon-based panel (Supplementary data 

Figure 1). Depending on the sample, 82 % to 93 % of INDELs in the truth set were 1 to 5 bp 

in size, so analysis of larger INDELs was limited. For each sample, there were only 7 to 17 

INDELs between 6 and 15 bp in size, and 1 to 6 INDELs larger than 15 bp in size.

We also analyzed the number of false negatives, true positives and sensitivity within 

individual datasets when excluding loci below a varying coverage threshold (Figure 2). For 

SNPs, almost all false negatives occur at locus coverage of 50× or below. For INDELs, many 
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false negatives remain even with high locus coverages (above 100×). We therefore stratified 

further by genome context to gain insight into the causes for these false negatives.

We examined SNP sensitivity and INDEL sensitivity over various stratified regions (Figure 

3) in the amplicon based sequencing. Compared to regions with higher complexity, INDEL 

sensitivity decreases significantly in repetitive regions, imperfect homopolymers >10 bp and 

perfect homopolymers >10 bp (with no INDEL detection at all in the latter). The overall 

INDEL detection rate at 273× coverage was 36 %; however, this increased to 70 % in 

regions that were higher complexity (with no repeats, homopolymers or imperfect 

homopolymers). SNP sensitivity followed a similar pattern. The overall SNP sensitivity was 

96 %, but SNP sensitivity decreased to 75 % in 6 to 10 bp homopolymer regions.

Consistency of False Negatives between Replicates

For both amplicon and hybrid capture panels, the locations of false negative calls were 

similar between replicates (Figure 4). The number of total false negatives varies more in the 

hybrid capture assay because there was more variability in average coverage; however, 

almost all false negatives contained within the higher coverage replicates also occur in the 

lower coverage replicates. For amplicon based sequencing, the average coverage was very 

similar between replicates, and approximately 40 % of false negatives are shared by all 

replicates.

Causes of False Positives

False Positives were less common than false negatives and tended to occur near actual 

variants, in repetitive regions, and near the ends and beginnings of reads. In the example 

shown (Figure 5), the true variant is a complex, compound heterozygous mutation. The 

GIAB high confidence VCF shows that for the Ashkenazi son, there is a 2 base pair insertion 

on the paternal allele and a 4 base pair insertion followed by a G to A SNP on the maternal 

allele. The variant caller incorrectly called this as location as simply having a heterozygous 

[G/A] SNP.

Discussion:

Targeted sequencing panels are increasingly used in clinical settings because they offer 

higher coverage depth at a lower cost, relative to whole genome and whole exome 

sequencing. There are two main types of targeted sequencing panels: probe capture-based 

and amplicon based. Selection of efficient probes or primers, careful library preparation and 

appropriate bioinformatic pipelines all have impacts on panel sensitivity22. Potential 

pathogenic variants are typically confirmed using Sanger sequencing23 which can identify 

Next-Generation Sequencing (NGS) false positives. We have shown that these NGS false 

positives often occur near true variants, which may often be identified by follow-up Sanger 

sequencing if the false positive was flagged for follow-up. There is some debate about 

whether Sanger sequencing is necessary when specific conditions are met by the NGS 

sequencing24. Minimizing false negatives is also important, and it is critical both to ensure 

sufficient coverage at every locus and assess whether the pipeline can detect more difficult 

variants even at high coverage.
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We have shown how one can use the GIAB benchmark genomes to evaluate a targeted 

sequencing panel of interest. We performed multiple sequencing replicates, with five 

different genomes, on both hybrid capture and amplicon based sequencing panels. This 

allowed us to compare the results of the targeted sequencing panels to the GIAB high 

confidence calls, using freely available bioinformatic data and tools. We examined overall 

sensitivity, site specific sensitivity, false negatives, and false positives. The results were 

similar for both types of panels.

In the targeted sequencing panels we tested, we found that average coverage is the main 

determinant of sensitivity, with the individual genome having no noticeable effect. 

Replicates with similar coverage have mostly the same false negatives, with lower coverage 

replicates having additional false negatives.

For the targeted sequencing panels examined in this study, low coverage regions are not 

random – they are likely caused by either inefficient PCR primers in amplicon sequencing or 

inefficient capture probes in hybrid capture sequencing.

On a per site level, in the assays tested, we observed that most SNP false negatives were 

caused by low coverage; this demonstrates the usefulness of evaluating the effect of 

coverage on the false negative rate. If one excludes all regions with low coverage, SNP 

sensitivity is very high. For instance, if only loci with coverage greater than 50x are 

considered, the SNP sensitivity is above 99 % for all genome replicates we examined. In 

contrast, only about half of all INDEL false negatives appeared to be caused by low 

coverage. We therefore used the GA4GH Benchmarking tool’s stratification functionality, 

which showed that INDEL false negatives with high coverage mostly occurred in repetitive 

regions. Although there were few false positives in the targeted sequencing panels examined 

here, similar analyses and figures could be generated for false positives when more false 

positives occur.

For the targeted NGS panels we examined, false positives do not occur randomly, but instead 

are most likely to occur at or around complex variants, in repetitive regions and near the 

beginnings and ends of reads. In contrast to whole genome sequencing, targeted sequencing 

has reads that begin and end near the same location; the start and stop points are either 

centered around the capture probe, or occur at the ends of the PCR primer regions. For this 

reason, although a region within a targeted sequencing panel and region from whole genome 

sequencing may be sequenced at the same coverage, it is more likely that reads in the 

targeted panel will have more non-random start and end points. When these start and end 

points occur in repetitive regions, it can be difficult for the variant caller to properly align the 

read and make the correct call. This could potentially be eliminated with multiple primer 

sets and capture probes. These observations were true of the vendor-supplied pipelines used, 

but variance in performance between pipelines is expected. We show example figures 

derived from comparing the targeted panel calls to the GIAB benchmark calls that can help 

to highlight whether these factors are important for any pipeline.

One limitation of our current work is that the Genome in a Bottle high confidence calls are 

biased towards the relatively simple calls. The high confidence regions include a relatively 
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small number of larger INDELs, especially in coding regions, and no structural variant or 

copy number variation calls. A panel may perform well over the GIAB high confidence 

regions and still perform poorly on more difficult variants and difficult regions of the 

genome. Ideally, one should test a large number of variants of different types, sizes, and 

sequence contexts; this is usually possible for whole genome sequencing with only small 

number of benchmark genomes, but this small number of genomes is unlikely to contain 

enough variants for targeted sequencing tests. This is particularly important because some 

clinical tests are enriched for more difficult variants.25

The available GIAB genomes and bioinformatics data are a resource for benchmarking the 

performance of targeted clinical gene sequencing panels. These performance benchmarks 

can then be used to inform practical recommendations for the use of particular targeted 

sequencing panels; e.g., necessary target coverage levels and the identification of regions 

where variant calls can be made with sufficient confidence. Finally, benchmark observations 

can suggest principles that could be used in the design of probes or primers for targeted 

sequencing panels, such as the need to avoid placing read boundaries in repetitive regions or 

the importance of knowing the limitations of the test in these regions. Table 1 outlines our 

recommendations for best practices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of Average Coverage on Sensitivity.
As average coverage increases, sensitivity for both SNPs and INDELs increases. SNP 

sensitivity is higher than INDEL sensitivity. SNP sensitivity and INDEL sensitivity are 

strongly correlated (inset).
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Figure 2. False Negatives, Sensitivity and Coverage at each site inside targeted regions.
A. SNP False Negative sites with minimum locus coverage at or below the coverage on the 

X-axis; there were few SNP false negatives at locus coverages greater than 50x. B. SNP 

Sensitivity with minimum locus coverage at or below the coverage on the X-axis; SNP 

sensitivity was above 98% for loci with a coverage of 25x or higher. C. INDEL False 

Negatives with minimum locus coverage at or below the coverage on the X-axis; there were 

still a significant number of false negatives at loci with coverages greater than 100x, 

indicating that read depth is not the only factor affecting INDEL detection. D. INDEL 
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Sensitivity with minimum locus coverage at or below the coverage on the X-axis; even for 

loci covered at 200x, INDEL sensitivity did not exceed 75 %. E. This histogram shows the 

distribution of read depths over the total number of reference bases in the manufacturer’s 

BED file. In replicate 2 (green), the average coverage was lower and more references bases 

were covered at less than 25x, compared to replicates 1 and 3.
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Figure 3. INDEL and SNP Sensitivity Stratified by Region Type.
Overall, the INDEL sensitivity for this replicate of the amplicon based panel assay with 

273x coverage was 36% for INDELS and 96% for SNPs. INDEL sensitivity is significantly 

higher in non-repetitive regions compared to all repetitive regions, 610bp homopolymer 

regions, and imperfect homopolymer regions (* indicates p-value < 0.05, ** indicates p-

value < 0.005, *** indicates p-value < 0.0005.). Vertical black lines indicate 95% confidence 

intervals. SNP sensitivity was also significantly higher in non-repetitive regions compared to 

all repetitive regions, 6–10bp homopolymer regions, and imperfect homopolymer regions.
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Figure 4. False Negatives shared across replicates.
Venn diagrams show the overlap of false negatives between replicates. In addition, we 

include a table that shows the average coverage for each replicate and the percentage of false 

negatives that were unique to that replicate. For both amplicon and hybrid capture panels, 

false negatives appear to be non-random; a high number of the same false negatives appear 

in multiple replicates, with lower coverage replicates having most of the same false 

negatives as higher coverage replicates, plus additional false negatives.
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Figure 5. False positive (and false negative) call near a true variant.
False positives were most likely to occur in repetitive regions, near the ends of reads and 

near true variants. In the example shown here, there was a 4 base pair insertion on the 

maternal allele, followed by a G to A SNP, and a 2 base pair insertion on the paternal allele. 

The variant caller incorrectly only identified a G to A SNP. The region had 10 [AC] repeats 

preceding the variant and 5 [CA] repeats after the variant. The read pileup on the right is 

shown to indicate the location of the miscalled variant, which is near the beginnings and 

ends of the reads. The miscalled variant is due to misaligned reads that do not encompass the 

entire repeat and its flanking sequences.
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Table 1:

Best practices for using reference materials to assess performance of targeted assays

Manual curation Manually curate false positives and false negatives to help understand their source (e.g., they are located 
near true variants, in repetitive regions or at the edges of reads)

Identify low coverage Determine how many false negatives are associated with low coverage regions

Stratify Stratify false negatives and false positives according to variant type and genome context (e.g., 
homopolymers, tandem repeats, difficult to map regions)

Confidence intervals Calculate confidence intervals for performance metrics for variants of different types in different genome 
contexts, since some variant types and genome contexts may have limited numbers of examples in targeted 
regions

Use additional samples The GIAB samples are not intended to be used as the only validation method for clinical tests, because 
there are a limited number of variants in the targeted regions of most clinical assays, the variants in the 
GIAB samples are likely not representative of the variants of interest clinically, etc.

Use high-confidence bed
file

The GIAB samples are useful for benchmarking, but comparisons should generally only be made within the 
high confidence bed file

Most difficult regions are 
outside the bed
file

The high confidence regions are not yet comprehensive, so they exclude the most difficult regions and 
variants.
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