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Abstract

Summary: We developed grenepipe, an all-in-one Snakemake workflow to streamline the data processing from raw
high-throughput sequencing data of individuals or populations to genotype variant calls. Our pipeline offers a range
of popular software tools within a single configuration file, automatically installs software dependencies, is highly
optimized for scalability in cluster environments and runs with a single command.

Availability and implementation: grenepipe is published under the GPLv3 and freely available at github.com/moiex
positoalonsolab/grenepipe.

Contact: luc.czech@gmail.com or moisesexpositoalonso@gmail.com

1 Introduction

High-throughput sequencing technologies have revolutionized bio-
medical, ecological and evolutionary research. Whether sequencing is
conducted on single cells, or on pooled DNA of whole populations,
the core bioinformatic processing is virtually the same: the sequencing
reads (typically 30–250 letters long) are compared to a reference se-
quence or genome to find the variant positions, e.g. single nucleotide
polymorphisms (SNPs) or insertions/deletions (indels). This process
requires bioinformatic expertise to manipulate large datasets and man-
age a plethora of software dependencies. Because this is often a limita-
tion for novices, we aimed to streamline the processing with
grenepipe, an automated and flexible pipeline for variant (and fre-
quency) calling from raw sequences. Its backend is the platform-
independent Snakemake workflow engine (Köster and Rahmann,
2012; Mölder et al., 2021). This allows it to process large datasets,
takes care of intermediate file bookkeeping and execution order
dependencies and parallelizes independent jobs. All software tools are
automatically installed via Conda/Bioconda (Grüning et al., 2018), the
execution can seamlessly recover and continue after failed jobs, and
workflows and results can be archived to facilitate reproducibility.

Although several workflows for such analyses exist (Chiang et al.,
2015; Cokelaer et al., 2017; Lataretu and Hölzer, 2020; Singer et al.,
2018; https://github.com/snakemake-workflows/dna-seq-gatk-variant-
calling), our pipeline focuses on automation and simplicity, and it can
run with a single one-line command. It comprises all steps of the well-
established GATK best-practices workflow (DePristo et al., 2011) and
adds recent popular tools and further quality controls with a focus on
evolutionary ecology applications, including quality profiling of an-
cient DNA from historical specimens (Fellows Yates et al., 2021), and
within-library calculation of allele frequencies for Pool-Sequencing

(Schlötterer et al., 2014). For most steps, we offer to choose between
several distinct tools, with several additional optional steps. Each tool
can be freely configured as needed, allowing the pipeline to be used as

an exploratory tool to assess outcomes under different parameteriza-
tions, or towards obtaining consensus sets of variants. A high-level

overview of the pipeline is shown in Figure 1.

2 Pipeline overview and steps

2.1 Input
The input to the pipeline is FASTQ files (Cock et al., 2010) repre-
senting distinct samples, either single-end or paired-end, potentially

gzip-compressed. Samples can also consist of multiple units of
FASTQ files representing, e.g. re-sequencing runs of the same bio-
logical sample. In addition, a reference genome or sequence to com-

pare with is required in FASTA format (Pearson and Lipman, 1988).
Optionally, if the species genome is annotated in the SNPEFF

(Cingolani et al., 2012) or VEP (McLaren et al., 2016) databases, a

suitable species name can be provided to run these tools. Lastly, if
the user has a known set of genomic positions of interest, a reference

VCF can be provided for guided SNP calling.

2.2 Reference preparation
Initially, the pipeline needs to prepare the reference genome to en-
able parallelization of the workload across chromosomes or scaf-

folds of the reference genome. In this step, we run BWA INDEX (Li and
Durbin, 2009; Li et al., 2009), SAMTOOLS FAIDX (Li et al., 2009),
GATK CREATESEQUENCEDICTIONARY (Genome Analysis Toolkit)

(McKenna et al., 2010) and TABIX (Li, 2011b), to create indices of
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the reference genome, as well as SEQKIT (Shen et al., 2016) to pro-
vide statistics of the reference genome.

2.3 Read trimming
Read trimming removes adapter sequences and low-quality bases.
Typical read trimmers can operate in either single-end or paired-end
mode. Some tools can furthermore merge paired-end reads into a sin-

gle read. Users can select from several read trimming tools:
ADAPTERREMOVAL (Lindgreen, 2012; Schubert et al., 2016), CUTADAPT

(Martin, 2011), FASTP (Chen et al., 2018), SEQPREP (https://github.com/
jstjohn/SeqPrep), SKEWER (Jiang et al., 2014) and TRIMMOMATIC (Bolger
et al., 2014). The input and the output of this step are fastq.gz files.

2.4 Read mapping
Next, the reads are aligned/mapped against the reference genome. The
pipeline uses BWA MEM, BWA ALN (Li and Durbin, 2009), BWA MEM2

(Vasimuddin et al., 2019) or BOWTIE2 (Langmead and Salzberg, 2012)

for this step, creating SAM/BAM files. Duplicated reads can occur in the
data as an artifact of library preparation. We include the tools PICARD

MARKDUPLICATES (http://broadinstitute.github.io/picard/) and DEDUP

(Peltzer et al., 2016) to tag duplicate reads. The pipeline optionally
allows for filtering the mapped reads, clipping overlaps between read
pairs with BAMUTIL (Jun et al., 2015), and re-calibrating base quality
scores using GATK BASERECALIBRATOR (McKenna et al., 2010), in
order to detect systematic base call inaccuracies. Lastly, (m)pileup
files can be generated for external processing.

2.5 Ancient DNA and damage profiling
DNA degradation and fragmentation are important considerations
for libraries produced from historical or ancient specimens. We in-
clude two optional tools for estimating damage patterns,
MAPDAMAGE (Ginolhac et al., 2011; Jónsson et al., 2013) and
DAMAGEPROFILER (Neukamm et al., 2020).

2.6 Quality control
Quality control assesses the sequence data to find issues in the li-
brary preparation and sequencing protocol. We include several dedi-
cated tools, namely FASTQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc), SAMTOOLS STATS and SAMTOOLS

FLAGSTAT (Li et al., 2009), and QUALIMAP (Okonechnikov et al.,
2016), as well as PICARD COLLECTMULTIPLEMETRICS. Furthermore,
many tools described above report statistics about their output. All
these results are compiled into a report by MULTIQC (Ewels et al.,
2016), allowing researchers to assess quality control statistics and to
examine individual samples as needed.

2.7 Variant calling
The core step of the pipeline is to identify (‘call’) genomic positions
where one or more samples differ from the reference sequence; see
(Olson et al., 2015; Xu, 2018) for reviews and best practices. In this
step, we offer GATK HAPLOTYPECALLER (McKenna et al., 2010),
FREEBAYES (Garrison and Marth, 2012; Neph et al., 2012) or
BCFTOOLS CALL (Li, 2011a). Note that ploidy can be specified when
using FREEBAYES or BCFTOOLS when studying species that are not dip-
loid. Optionally, an input VCF file can be provided to restrict the
calling to known variants (Neph et al., 2012). Other tools, e.g. tools
specialized for somatic variant calling, might be added in the future.

Subsequently, we filter SNPs and indels with GATK
SELECTVARIANTS, while allowing for additional filtering using GATK
VARIANTFILTRATION, or using GATK VARIANTRECALIBRATOR (variant
quality score recalibration). The outcome of these steps is the main
VCF file (Danecek et al., 2011) containing the variants for all sam-
ples, which can then optionally be annotated with SNPEFF (Cingolani
et al., 2012) and VEP (McLaren et al., 2016) to predict the effects of
variants on genes.

2.8 Frequency calling
Although grenepipe is agnostic to the genomic application, an import-
ant use is Pool-Seq for eco-evolutionary studies, where DNA of a popu-
lation is combined (‘pooled’) in the same sequencing library. Allele
frequencies, rather than genotype states, can be extracted from the VCF
file or directly from BAM files using our complementary tool GRENEDALF

(https://github.com/lczech/grenedalf); this lists frequencies of biallelic
SNPs of each library based on base ratios within samples for down-
stream computations. Furthermore, HAF-PIPE (Kessner et al., 2013;
Tilk et al., 2019) is integrated into the pipeline, which computes allele
frequencies of pool-sequenced samples based on haplotype frequencies
of the founder generation in Evolve-and-Resequence experiments.

2.9 Output
The main output is the variant call table (VCF file), as well as the
MULTIQC quality control report. Furthermore, relevant intermediate
files (e.g. trimmed FASTQ files and mapped SAM/BAM files) are kept
by default for further inspection or use in downstream analyses.
Lastly, Snakemake can generate benchmarking reports, allowing
users to evaluate tool runtimes and resource requirements.

Fig. 1. grenepipe workflow: This high-level overview exemplifies the data flow of grene-

pipe, from raw sequencing data (amples FASTQ) to quality control report (MultiQC re-

port) and final variant (or frequency) output (variants VCF, frequency table). Main

steps are in dark gray, and optional data-type-specific steps in light gray. For further

details, visit the online wiki at: github.com/moiexpositoalonsolab/grenepipe (A color

version of this figure appears in the online version of this article.)
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3 Automation and distribution of jobs

All independent steps (e.g. individual samples) are run in parallel,
maximizing throughput, e.g. on computer clusters. We further not
only split data into chromosomes (or scaffolds) to improve the
throughput of the variant calling but also implemented a feature
that groups small contigs for improving computational efficiency.

A major advantage of grenepipe’s Snakemake backend is its abil-
ity to recover from failed cluster jobs, e.g. network issues or broken
hardware in cluster environments. By default, grenepipe continues
with independent jobs as long as possible, and after fixing any issues,
is able to proceed seamlessly from the jobs that already succeeded.

4 Example one-liner

Here and in the online wiki, we showcase the use of grenepipe with
a toy dataset from pooled plant populations (Czech et al., 2022).
After preparing the samples table and configuration file, the follow-
ing single command suffices to produce the final VCF:

# Produce vcf and MultiQC from example/samples/*.fastq

snakemake -- use-conda -- cores 4 -- directory example/

The configuration file is where the tools to be used are selected,
and their parameters are described and set.
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