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Abstract. NGS is increasingly used in precision medicine, but an automated
sequencing pipeline that can detect different types of variants (single nucleotide -
SNV, copy number - CNV, structural - SV) and does not rely on normal samples as
germline comparison is needed. To address this, we developed Onkopipe, a
Snakemake-based pipeline that integrates quality control, read alignments, BAM
pre-processing, and variant calling tools to detect SNV, CNV, and SV in a unified
VCF format without matched normal samples. Onkopipe is containerized and
provides features such as reproducibility, parallelization, and easy customization,
enabling the analysis of genomic data in precision medicine. Our validation and
evaluation demonstrate high accuracy and concordance, making Onkopipe a
valuable open-source resource for molecular tumor boards. Onkopipe is being
shared as an open  source project and is  available at
https://gitlab.gwdg.de/MedBioinf/mtb/onkopipe.
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1. Introduction

With the established next-generation sequencing technology (NGS) and greatly reduced
sequencing costs, the acquisition of a large number of genetic profiles became feasible.
The availability of patient-specific biomarkers provides new opportunities in precision
oncology for patients where standard guideline therapies did not lead to remission. In
molecular tumor boards (MTBs) a multidisciplinary team identifies and discusses
potential therapies based on genetic analysis [1]. Several tools exist to support the
interpretation of genetic variants for a treatment recommendation [2,3,4], e. g. Perea-Bel
et al. [2] presented an automated MTB tool that produces patient-specific reports with
treatment recommendations for actionable variants of the patient (Fig. 1). However, these
tools require a list of valid and reliable variants as input.

Various pipelines for whole genome sequencing (WGS) or whole exome sequencing
(WES) have been published, such as Omics-Pipe [5] and Unipro UGENE NGS pipeline
[6], which can automate sequencing analysis from raw data to annotated variants, but
lack features required for clinical analysis of MTB, such as structural variant (SV) and
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copy number variant (CNV) calling. Previous works have focused on comparing
different tools and pipelines, while Senticon [7] DNASeq pipeline shows good
performance in germline variant calling but is not open source and lacks containerization
and CNV/SV calling functionalities. DNAp [8] offers a comprehensive WGS/WES
analysis solution but does not cover CNV calling and requires matched control data. Oh
and Zhao's [9,10] approaches addresses the tumor-only data issue but still requires
control data from other normal samples and focuses on biomarkers like tumor mutation
burden (TMB) and microsatellite instability (MSI) rather than variant detection.
Examples of pipelines based on Snakemake are NGS-pipe and V-Pipe [11,12], which
provide powerful features but lack dockerization for easy portability and do not support
the calling of structural variants.

Concerning all of these above, we built Onkopipe, an automated and customizable
pipeline based on Snakemake framework [13] for the variant calling for analysis in a
MTB. The goal of Onkopipe is to create a containerized workflow for the steps between
raw sequences to uniform variants as input for a MTB tool, even without matched
controlled data.
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Figure 1. Workflow of Precision Medicine (e.g. MTB). Overview of the precision medicine workflow from
raw data (FASTQ) to actionable personalized treatment. Raw data sequenced from patients always requires a
DNA-Seq-pipeline to detect genetic biomarker like SNV, CNV, and SV. Genetic biomarkers and
corresponding drug databases can then be used to identify actionable variants and matched drugs. Finally,
depending on the level of evidence for the target drug, personalized treatment or medical analysis can be
done.

2.  Methods
2.1. Onkopipe is built using Snakemake and Docker

2.1.1.  Pipeline based on Snakemake

Onkopipe is a flexible and customizable pipeline for variant detection analysis,
implemented using Snakemake and encapsulated within a Docker image. The rule-based
design allows for easy modification of analysis steps through configuration files, and
intermediate files and error logs are stored to ensure documentation and reproducibility.
Onkopipe also uses an isolated Conda environment configuration file to store the
parameters for each tool, which allows for the automatic deployment of pre-defined
software tools in the specified versions. To maximize computing resource utilization and
minimize runtime, Onkopipe provides parallelization of single steps. Snakemake
identifies which tasks can run in parallel and which need to be run in order, and provides
an overview of the pipeline structure in directed acyclic graph (DAG).
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2.1.2.  Dockerization of Onkopipe

To achieve cross-platform functionality, we encapsulated Onkopipe into a Docker
container image. Once the Onkopipe Docker image is built, the same conda based
Snakemake environment is provided for processing genome sequencing data. By
specifying the directory for the raw input data as docker volume, input files can be
accessed in the container and outputs will be automatically generated under the same
folder. The source code of Onkopipe is freely available at
https://gitlab.gwdg.de/MedBioinf/mtb/onkopipe.

2.2. Onkopipe is built using Snakemake and Docker

2.2.1.  Raw data preprocessing

Raw data (FASTQ) can not directly be used for variant discovery analysis. The first stage
of the workflow includes pre-processing steps that are necessary to convert data from
FASTQ files into BAM files, suitable for downstream analysis.

e Quality control: In Onkopipe, Trim Galore [14] is used for quality control,
which incorporates Cutadapt and FastQC [14]. Trim Galore trims low-quality
base calls and removes adapter sequences from the 3' end of reads using
Cutadapt, with the option to customize adapter trimming. FastQC generates a
quality control report with important information about the raw data, such as
sequence length and quality per base, which guides tool configuration
adjustment.

e Alignment: Alignment of raw reads to a reference genome is a crucial step in
DNA sequencing. Several mapping tools have been benchmarked [15],
including bowtie, Bowtie2, BWA, etc [15,34]. Among these, bowtie showed
the best throughput, while BWA performed better for longer read lengths.
Recent studies [16,17] have shown that BWA-MEM achieved better sensitivity
and false positives rate for DNA sequencing data, making it the optimal choice
for Onkopipe, which focuses on DNA sequencing with an average read length
of more than 70bp, such as FFPE materials that usually have a length larger
than 100bp. (Table 1)

o BAM preprocessing: After the raw data is successfully aligned, a SAM
(Sequence Alignment Map) file, a text-based format for storing biological
sequences aligned to a reference genome [18], is created and will be
processed to BAM (Binary Alignment Map) file, a binary representation of
SAM [18], which is used for the following steps: 1. Sort, index and mark
duplicates. 2. Base quality score recalibration.

Table 1. DNA sequence alignment tools

Tool Description Advantages Disadvantages

BWA-MEM Suitable for DNA sequencing Good sensitivity & false-positive Lower throughput
rate, especially for long reads
Bowtie2 Improved version of Bowtie Flexible and fast Less optimal for long
reads
Stampy Aligns short and long reads Handles high mutation rates  Slower than other tools
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2.2.2.  Variant Discovery

After the BAM file has been generated, the pipeline will continue with the variant
discovery phase. All three types of variants (SNV, CNV, SV) can be detected and are
stored in VCFv4.2 files. To facilitate the subsequent analysis, in addition to keep the
separated three types of variants files, a concatenated VCFv4.2 file is created as well.

e SNV calling involves identifying single nucleotide variants from NGS data. We
carefully selected GATK Mutect2 as our SNV caller, a decision guided by both
established best practice guidelines and pertinent literature studies [19,20].
Mutect2 remains a top contender in the field of bioinformatics pipelines, with
its robust performance and unique tumor-only feature distinguishing it from
other callers [19,20].

e CNV calling refers to detecting events where sections of the genome are
duplicated or deleted, with CNVkit performing better for smaller CNV sizes
and cn.MOPS being more suitable for larger CNV sizes [21]. Onkopipe
integrates CNV detection using CNVkit with a "flat" reference of neutral copy
number, without control data.

e SV calling: Structural variants (SVs) are alterations in genomic regions due to
insertions, deletions, inversions and translocations. LUMPY showed the best
performance for coverage between 8 and 32x among all callers in Sarwal's
benchmark study [22].

2.3. Material

2.3.1.  Analysis tools

Onkopipe is based on Snakemake [13] pipeline management framework and Docker
[23]. Sequencing data analyses were performed using Trim Galore v0.6.6 [14], BWA
mem v0.7.17 [16], Samtools v1.10 [18], beftools v1.10 [24], GATK Mutect2 v4.1.9.0
[25], Picard v2.23.8 [25], Lumpy-SV v0.3.1 [26] and the CNVkit v0.9.9 [27], and vcf-
compare from NEAT v3.0 [28]. We used the R package VariantAnnotation [29] to
annotate somatic variants data for validation.

2.3.2.  Equipments

All of our experiments were conducted on a server with Intel (R) Haswell Xeon CPU
E5- 2698 processors with 64 cores, 2.30GHz. The total size of RAM and HDD are
768GB and 29TB respectively. The operating system is Debian Linux 5.10.84-1. The
pre-installed Docker version is v20.10.6 and the Bioconda version is v4.11.0. Onkopipe
can automatically take advantage of multiple CPU cores.

2.3.3.  Data

Structural Multiplex Reference Standard gDNA HD753 was used for variant calling
validation. Whole genome sequencing (WGS) NA 12878 was downloaded from Illumina
basespace for evaluation. The NA12878 Illumina Platinum variant calls were used as the
truth set to evaluate variant calling accuracy. The May 2022 GATK bundle was used for
the human reference (hg38), dbSNP (build 146), and the Mills and 1000G gold standard
indels.
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3.  Results
3.1 Implementation of Onkopipe

The Onkopipe was developed using Docker and the Snakemake framework, making
it easy to run identical analyses on different machines and platforms. The selection of
tools for read alignment and variant calling was based on a combination of literature
study, recommendations from Broad Institute Best Practices guide, and the
bioinformatics pipeline of The NCI's Genomic Data Commons (GDC) [18,34]. The
pipeline was customized with different callers suitable for SNV, CNV, and SV variant
detection. The input to Onkopipe is a patient's tumor sample FASTQ file and the output
is VCF files with the identified variants after full end-to-end processing. Our solution
can detect three types of variants at once without the need for germline controlled data.
Quality control reports and aligned BAM files are stored in the predefined output folder.
The YAML files have already configured the runtime environment of tools like Trim
Galore, BWA-MEM, GATK, Picard, Mutect2, CNVkit, and LUMPY-SV, which are
automatically downloaded and set up on the first run. Figure 2. shows the implementation
of Onkopipe based on the process described in the Methods section and the tools selected
above.
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Figure 2. Workflow of Onkopipe. Onkopipe analysis steps generally follow the National Cancer Institute
Genomic Data Commons (GDC) bioinformatics pipeline and the best practice guidelines published by the
Broad Institute. It includes the use of Trim Galore for quality control, BWA mem for alignment, Picard
MarkDuplicates to remove duplicates, and GATK for base quality score recalibration. The SNV, CNV and SV
variants were called using GATK mutect2, CNVKkit, and LUMPY-SV, respectively and concatenated into a
unified VCF as output. Additional SNP calling (HaplotypeCaller, GenotypeGVCFs) and annotation
(VariantAnnotation) steps are only used for evaluation, thus they are not shown in the flowchart.

3.2. Validation with HD753

Following the development of Onkopipe, a reference standard sample HD753 which was
produced by Horizon DiagnosticsTM in Waterbeach, United Kingdom with known



J. Yang et al. / Onkopipe: A Snakemake Based DNA-Sequencing Pipeline 65

somatic variants was used to validate the accuracy of the pipeline. HD753 with a read
depth of 500X contains 8 SNVs, 6 INDELs, 2 CNVs, and two gene fusions.

Table 2. Validation results of variants (SNV, INDEL, CNV and fusion) in reference gDNA HD753.

Variant Type Gene Variant Detected Gene Detected Variant

SNV High GC GNA11 Q209L GNAL11 Q209L

SNV High GC AKT1 E17K AKT1 E17K

SNV High GC NOTCHI1 P668S NOTCHI P668S

SNV Low GC PIK3CA ES545K PIK3CA ES545K

SNV Low GC KRAS G13D KRAS G13D

SNV EGFR G719S EGFR G719S

SNV BRAF V600E BRAF V600E

SNV KRAS H1047R KRAS H1047R

Short Deletion MET V237fs MET V237fs

Short Deletion FLT3 S985fs FLT3 S985fs

Short Deletion BRCA2 A1689fs BRCA2 A1689fs

Short Deletion FBXW7 G6671fs FBXW7 G667fs

Long Insertion EGFR V769_D770insASV EGFR V769_D770insASV

Long Insertion EGFR AE746-A750 EGFR AE746-A750

CNV MET amplification (4.5 copies) MET 3 copies

CNV MYC-N amplification (9.5 copies) MYC-N 8 copies

Fusion ROS1 SLC34A2/ROS1 ROSI N]chr6:117337156]
/N]chr4:25665007]
(SLC34A2/ROS1)

Fusion RET CCDC6/RET RET [chr10:43114500[N
/[chr10:59878853[N
(CCDC6/RET)

3.3 Calling Accuracy Evaluation

We evaluated the accuracy of Onkopipe by comparing its results to the truth sets using
the vcf-compare tool [28]. Haplotypecaller and GenotypeGVCFs [25] were integrated
for the evaluation, and the comparison was limited to the Illumina platinum confidence
region. The resulting precision, recall, and F-score were calculated based on the counts
of TP, FP, and FN obtained from the vcf-compare results. The evaluation results showed
that Onkopipe had high accuracy on both the synthetic chr 20-22 dataset and the Illumina
Platinum reference data NA12878. Notably, NA12878 has been extensively used as a
standard reference dataset in numerous studies, including the PrecisionFDA truth
challenge [32,33]., Remarkably, Onkopipe's performance surpassed that of the GATK
and Sentieon's pipeline [7], which were among the winners of the PrecisionFDA truth
challenge in both 2016 and 2020. The detailed evaluation results are presented in Table 3.

Table 3. Variant detection accuracy: F1 scores.

Dataset synthetic WGS, chr 20-22 NA12878
Onkopipe vs Truthset 0.96 0.98
Sentieon’s DNASeq Pipeline vs Truthset 0.96 0.96

GATK4 vs Truthset 0.95 0.96
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4. Discussion

We developed Onkopipe, a bioinformatics pipeline designed for precision medical
analysis and MTB [1,2,3]. Onkopipe provides simultaneous variant calling (SNV, CNV,
SV), docker containerization, and tumor-only processing features. We achieved the
tumor-only analysis feature in Onkopipe by utilizing public germline data such as
gnomAD and dbSNP in SNV calling and "flat" reference data in CNV detection [27].
This approach helps to minimize the inclusion of common germline variants and
improves the distinction between somatic and germline variants. Onkopipe is the only
open-source end-to-end pipeline for three types of variant detection in precision
medicine that does not require control data. Patients' SNV, CNV, and SV can be called
by Onkopipe in one single run and stored in uniform VCF4.2 format for further
therapeutic analysis in accordance with MTB's clinical variants detection needs [1,2].

All the software tools included in Onkopipe have been carefully selected to meet the
needs of precision medical molecular oncology research. One downside of the
dockerized version of Onkopipe is that modifying the configuration or changing tools to
suit specific needs can be time-consuming as new container images need to be created
and rebuilt. Debugging directly in a docker-based pipeline can also be more challenging.
On the other hand, local Snakemake pipelines allow for easy modification of read
aligners, variant callers, and annotators to suit specific research needs. Nevertheless, the
dockerized Onkopipe allows for consistent, repeatable results across multiple platforms,
making it a valuable tool for project collaborators.

Pipeline validation with the gold standard reference HD753 showed that all 18
confirmed variants including SNVs, INDELs, and fusion mutations can be correctly
detected. The small deviation in copy numbers detection may be the result of a lack of
matched control data. As a result, sensitivities of SNVs, INDELs, CNV's were measured
at 100% (Table 2). Compared to Senticon DNASeq [11], Onkopipe demonstrated similar
or even better performance. One possible explanation for this could be that we utilized
an updated caller version and reference data such as a panel of normal and known dbsnp.
We acknowledge the potential limitations of the tumor-only approach and its
implications for MTB decision-making and patient care. Therefore, any variant of
interest identified by our tool should ideally be validated through orthogonal methods
before being used to make clinical decisions. In summary, Onkopipe, which is a novel
open-source end-to-end DNA sequencing analysis pipeline designed for MTB clinical
analysis, was implemented to aid in precise oncological diagnosis and treatment.
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