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ABSTRACT

Whole exome ‘sequencing (WES) has facilitated discovery™of
Inherited andnovel genetic alterations associated with diseases at
low caost, high efficiency and reliability. Discovery and hypothesis
-based data analyses reply on accurate identification.of variants,
whicmare compromised by limited concordance among variant
callers.

Wedeveloped ExScalibur,anautomatedandscalable WES pipeline
capable of processing hundreds of human@xomes in parallel. It
consists of raw read quality control (QC); preprocessing, read
alignment, InDel realignment and base quality score recalibration
(BQSR), multi-sample variant calling”/ joint genotyping (SNPs
and InDels), variant annotation andfiltration. We integrated three
aligners (BWA aln/mem, Bowtie2, Novoalign) and six variant
callers (GATK UnifiedGenotyper (UG), GATK HaplotypeCaller
(HC), FreeBayes, Atlas2, SAMtools, Isaac Variant Caller (IVC)) to
generate up to eighteen sets of calls. The joined list of variants
IS ranked through majority voting to produce a set of consensus
calls. It is further filtered to remove common variants in 1000
Genomesand ESR6500. Thefinal list of variantsis prioritized based
on deleterious prediction, conservation, Combined Annotation
Dependent'Depletion (CADD), as well as gene-level network.and
pathwayanalyses. Theresultsare storedinadatabase (VariantDB),
and a web“interface is provided for fast retrieval and comparison.

Wejrevaluated the performance of our pipeline with a selection
of ‘three aligners (BWA mem, Novoalign, Bowtie2) and four
callers (GATK HC, FreeBayes, SAMtools, IVC)men-simulated and
benchmark datasets. It demonstrated high sensitivity (99.40% for
SNPs, 95.37% for InDels), specificity (> 99.99% for both SNPs and
InDels) and precision (99.53% for SNPs; 98.34% for InDels). We
have used ExScalibur to confidently identify candidate genomic
mutations in rare genetic disorders, familial diseases and cancer
predisposition syndromes.

IMPLEMENTATION

High-level Modularization

* SiXx major modules and twenty-two sub-modules

 Modules include QC, preprocessing, alignment, postprocessing,
variant amalysis, as well as collection of analysis statistics and
visualization of results

 Robotic for pipeline maintenance and new tool extension
Massive Parallelization

* 91% of the sub-modules support parallelization

» Two running modes: splitChrom or wholeGenome

* In-house parallization functions for single-threaded tools

e Fast turnaround time (120 human exomes<n 16-24 hours on a
1024-core HPC)

Easy to Use

 Two input files: (1) metadata table with sample information (2)
config file with pipeline and tool-specific parameters

* Aligners/callers specified atpipeline command line
 Minimal requirement of .hman intervention

 Real-time progress monitoring of pipeline runs
Comprehensive'representation of results

e Data files: QC.reports, alignment BAM, coverage BigWig, variant
VCF, annotation, custom filtered and prioritized variant lists, etc:

» Collection.of statistics: alignment and variant call stats, exome
coverage,«quality distribution, etc.

* Visuahization: alignment, coverage and variants (UCSC Geneme
Browser data hub), distribution of strand-specific genome

coverage, insert size, exome coverage (criViz)
« COmplete record of commands and logs for reproducible analysis
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METHODS

Simulation dataset

We simulated 100bp paired-end (PE) reads at 50x coverage from
target regions® on chromosome 1 of hgl9 genome~assembly using
DWGSIM. The parameters were set as base errorsrate (0.0001-0.005),
mutation rate (0.001), indel fraction (0.05);and random DNA read
probability (0.01). A total of 4,000,000 reads were mapped to hgl9
and those with mapping quality (MapQ) &30 were removed.

Benchmark dataset

High-confidence variant calls oftiNA12878 were obtained from NIST-
GIAB datasets (v2.18) and used as benchmark in this studyt!. For
pipeline evaluation, we downloaded 50x NA12878 WES data from
the HapMap project (SRX0/9575). A total of 170,987,444 50bp PE

reads were mapped to/hgl9 at 85% success rate with MapQ > 30.
Evaluation

Twelve sets of variant calls were generated with three aligners and
four callersP,Off-target variants and those with read depth lower than
6X were removed from subsequent analysis. For NA12878, variants
were furthenrfiltered to exclude those located within genomiesrégions
whereno confident calls could be madel?!, Sensitivity, specificity and
precision were calculated for: (1) all united variants, (2) variants with
PASS*®, (3) 2aligner x 2caller, and (4) single aligner + single caller.

aSeqCap EZ Human Exome Library v2.0

°Programs: BWA mem (v0.7.9a), Novoalign (v3.02.05), Bowtie2 (v2.2.3), GATK HC
(v3.1.1), FreeBayes (v0.9.9), SAMtools (v0.1.19), IVC (v1.0.6)

cPASS filters include: low QUAL, low DP, strand bias, SNP cluster, etc.t¥!

RESULTS
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Figure 1. Precision and sensitivity of variant calls detected in the
simulation dataset for SNPs (A).and in the benchmark dataset for
SNPs (B) and InDels (C). ALL{ all'United variants. PASS: variants that
pass the PASS filters. 2alignerx2caller: variants that pass the PASS
filters and are detecteg-by at least two callers and two aligners.
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Figure 2 Concordance of calls between variant callers for SNPs
(A) and InDels (B) in the benchmark‘dataset. Variants detected In
Novoalign alignment are shown (filteredrby PASS). Similar patterns
were observed in other aligners (data not shown). FB represents
FreeBayes.
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