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Background: Long-read sequencing can be applied to generate very long contigs and even completely assembled genomes
at relatively low cost and with minimal sample preparation. As a result, long-read sequencing platforms are becoming more
popular. In this respect, the Oxford Nanopore Technologies-based long-read sequencing “nanopore” platform is becoming a
widely used tool with a broad range of applications and end-users. However, the need to explore and manipulate the
complex data generated by long-read sequencing platforms necessitates accompanying specialized bioinformatics
platforms and tools to process the long-read data correctly. Importantly, such tools should additionally help democratize
bioinformatics analysis by enabling easy access and ease-of-use solutions for researchers. Results: The Galaxy platform
provides a user-friendly interface to computational command line-based tools, handles the software dependencies, and
provides refined workflows. The users do not have to possess programming experience or extended computer skills. The
interface enables researchers to perform powerful bioinformatics analysis, including the assembly and analysis of short- or
long-read sequence data. The newly developed “NanoGalaxy” is a Galaxy-based toolkit for analysing long-read sequencing
data, which is suitable for diverse applications, including de novo genome assembly from genomic, metagenomic, and
plasmid sequence reads. Conclusions: A range of best-practice tools and workflows for long-read sequence genome
assembly has been integrated into a NanoGalaxy platform to facilitate easy access and use of bioinformatics tools for
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researchers. NanoGalaxy is freely available at the European Galaxy server https://nanopore.usegalaxy.eu with supporting
self-learning training material available at https://training.galaxyproject.org.
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Short-read sequencing has become a routine technique within
clinical diagnostics [1]. However, the short length of the reads ob-
tained (150-300 bp) complicates the assembly of genomes, espe-
cially for highly repetitive regions and the detection of structural
variation [2—4]. Furthermore, even “state-of-the-art” algorithms
cannot overcome the issues associated with genome mapping
or assembly using short-read sequences. Importantly, advances
in sequencing technology now allow “long-read sequencing”
to be performed. The 2 prominent long-read sequencing plat-
forms are nanopore sequencing by Oxford Nanopore Technolo-
gies and single-molecule real-time sequencing by Pacific Bio-
sciences [5,6]. These platforms generate sequence reads much
longer than those of the classic short-read technologies, includ-
ing long reads from single DNA molecules and without the need
of PCR amplification (>10 kb on average). Moreover, utilizing
these technologies, library preparation and sequencing may be
performed outside of traditional research laboratories, with se-
quencing outputs generated in real time [7]. Protocols that re-
quire no PCR amplification also permit the direct detection of
base modifications [8].

Analyzing the large amount of data generated by the short-
and long-read sequencing technologies is a complex, multi-step
process that is computationally intensive and often requires
bioinformatics expertise. Specifically, for each step in the analy-
sis, a set of different tools or software may be needed. For exam-
ple, de novo assembly is performed via a combination of multi-
ple alignments, assembly and polishing tools, each utilizing its
own input parameters. Such tools are typically executed from
a UNIX command line and require extensive computational re-
sources, adding to the complexity of the analysis process. Com-
mand line-based workflow managers such as Snakemake and
Nextflow [9,10] can be used for analysing the data. However,
these solutions require having expertise in working from the
command line. On the other side, some web-based solutions
have also been offered. For example the EPI2ME platform offers
a cloud-based solution with a web interface. The platform sup-
ports practical solutions for a limited set of application scenarios
and provides a limited flexibility for configuring the underlying
workflows. Here, the Galaxy platform offers a flexible data anal-
ysis platform with a high degree of flexibility, similar to the com-
mand line-based workflow managers, and an accessible web in-
terface.

The Galaxy platform reduces the data analysis complexity
and implements a standardized and user-friendly interface that
accommodates command line tools and refined workflows com-
plete with their dependencies [11]. The platform hosts a wide
range of tools/software and is widely used for biocinformatics
analysis within the biological science community [12,13]. Here
we introduce the NanoGalaxy toolkit for analysing Nanopore
long-read data. NanoGalaxy comprises a series of integrated
Galaxy-based tools that enable researchers to generate powerful
short- or long-sequence read assemblies for genomic and plas-
mid bioinformatics analyses. The NanoGalaxy toolkit is a user-
friendly environment that can be utilized inside or outside of
traditional research laboratories.

Table 1: NanoGalaxy toolkit

Category Tool name

De novo genome assembly o Flye [14]

e Canu [15]

o Unicycler [16]

o Wtdbg2 [17]

e Miniasm [18]

e Racon [19]

o Spades [20]

o Medaka (2 tools) [21]

e Minimap?2 [22]

o GraphMap (2 tools) [23]
o ont_fast5_api (4 tools) [24]
¢ Nanopolish (3 tools) [25]
o Porechop [26]

o Filtlong [27]

¢ Poretools (13 tools) [28]
o Pilon [29]

o Nanoplot [30]

e Bandage (2 tools) [31]

o Circos [32]

o Kraken2 [33]

o PlasFlow [34]

o Staramr [35]

e Nanopolish (1 tool) [25]
o Medaka (2 tools) [21]

Long-read mapping

Polishing, quality control, and
pre-processing

Visualization

Taxonomy and metagenomics

Methylation
Variant calling

We have integrated a large collection of long-read sequence
tools into the Galaxy platform, the NanoGalaxy toolkit, includ-
ing diverse applications for the analyses of long-read sequences
(Table 1). This toolkit is freely available from the Galaxy Tool-
Shed and has additionally been made available as a specialized
GalaxyEU subdomain (https://nanopore.usegalaxy.eu).

To increase the utility of this toolkit, we have developed a set of
Galaxy workflows performing common analysis tasks using the
tools in the NanoGalaxy toolkit.

Metagenomics taxonomic classification

The base quality of nanopore sequencing reads is constantly
improving, making the actual assembly of reads more reliable.
Furthermore, the long reads generated by nanopore sequencing
can be used to provide valuable information from metagenomics
data, including taxonomic classifications.

Kraken? is a k-mer-based classification technique that can
efficiently assign the taxa of long reads that are resilient
to the noisy nature of long-read data. The input reads for
Kraken2 are compared to a database containing different classes
and domains of life that are pre-indexed for algorithm effi-

1202 YoJey 0} uo 1senb Aq 95£826S/S0 1 eeIB/01/6/31o11e/a0usioseliB/woo dno-olwapeoe//:sdny Wwoll papeojumoq


https://nanopore.usegalaxy.eu
https://training.galaxyproject.org
https://nanopore.usegalaxy.eu

ciency. Within the NanoGalaxy toolkit we provide a workflow
for taxonomic classification using Kraken2, including the post-
processing of data and visualization of the results as interactive
pie charts using the Krona tool [36].

Nanopolish tutorials

Nanopolish includes an extensive set of software tools for
analysing nanopore long-read information at the raw signal
level. Furthermore, accompanying Nanopolish documentation
provides intuitive tutorials on common scenarios, such as vari-
ation analysis and base methylation calling from the raw and
mapped signals [25]. We have integrated Nanopolish and its tu-
torials into NanoGalaxy in the form of workflows that can be
used by researchers to analyse and interpret common quality
values for their data.

De novo assembly of genome with highly repetitive repeats
Compared to short reads, long-read data have the advantage
of facilitating the assembly of large genomes that contain high
numbers of repetitive elements. Schmid et al. utilized Flye and
several other tools to generate a comprehensive assembly of
the Pseudomonas koreensis genome, identifying that the genome
has near identical repeat pairs up to 70 kb in length [37].
These workflows have also been integrated in the NanoGalaxy
toolkit.

As a further illustration of the utility of the NanoGalaxy toolkit
and workflows, we describe below a full end-to-end workflow
within Galaxy. This analysis pipeline performs a microbial resis-
tance detection in clinical samples. We describe this workflow in
more detail in our training manual on the Galaxy Training mate-
rials repository (https://training.galaxyproject.org; Antibiotic re-
sistance detection).

Background

According to the World Health Organization and the Organisa-
tion for Economic Co-operation and Development, antimicro-
bial resistance (AMR) has become one of the biggest threats to
global health, food security, and economic development [38, 39].
Approximately 50,000 lives per year are lost due to AMR infec-
tions within the USA and Europe [40], and AMR infections are
expected to increase, reaching 10 million deaths per year by 2050
[40].

Furthermore, the misuse of antibiotics in the medical, vet-
erinary, and agricultural sectors continues to contribute to the
alarming global increase in antibiotic-resistant infections—an
increase that may ultimately lead to an era where common in-
fections could once again be lethal. However, the (rapid) detec-
tion of AMR pathogens and their resistances in diseases, food,
and the environment are pillars by which increasing AMR could
be detected, monitored, and prevented.

Conventional methods for the identification of AMRs involve
microbial isolation (via culture) and phenotypic typing, which
together can take a few days or weeks to complete [41]. More-
over, not all microbial species are amenable to laboratory-based
culturing [42]. DNA-sequencing technologies may be used to se-
quence the genomes of cultured micro-organisms for the pres-
ence of AMR genes, which reduces the time-to-result time. Cur-
rently, lllumina sequencing is most widely used, but using this
sequencing technology generates difficulties in correctly identi-
fying repetitive insertion sequences, sequences that may flank
horizontally acquired genes associated with AMR [43]. Nanopore

long-read assemblies could improve resolving these repetitive
regions.

Use case 1: Long-read sequencing analysis

The NanoGalaxy toolkit incorporates a rapid long-read assem-
bly workflow using minimap?2 [22], miniasm [18], and Racon [44].
Tools for further analysis in the toolkit include Staramr [35] for
resistance gene detection, PlasFlow [34] and Bandage [31] for
microbial species/plasmid determination, and NanoPlot [30] for
quality assessment.

In this worked example, the outcome of the NanoGalaxy
pipeline was compared to the plasmid sequences recovered by
Li et al. [45] (Supplementary Table S1). The pipeline recovered
19 of 21 plasmids, with a mean identity of 97.76%. The number
of detected resistance genes was higher than that found by Li
et al. [45], which was expected because Staramr [35] includes the
PointFinder (chromosomal point mutations) database [46] and
current long-read sequencing may generate relatively high se-
quence error rates.

Use case 2: Combining short- and long-read sequencing

The previously described long-read assembly workflow rapidly
assembles genomes. Because short-read sequencing platforms
tend to have a higher accuracy at single-nucleotide level, hy-
brid solutions to gain from both short- and long-read data are
of special interest. The NanoGalaxy toolkit includes a workflow
that processes both long- and short-read sequences. In this re-
spect, Unicycler was integrated into the NanoGalaxy toolkit to
combine the best features of long- and short-read sequencing
technologies. The workflow recommended by the Unicycler de-
velopers [16] includes Trim Galore [47], Porechop [26], and Filt-
long [27] for quality trimming; Unicycler [16] for de novo assem-
bly; and Bandage [31] for plasmid visualization. These tools are
available as stand-alone tools and combined in a NanoGalaxy
workflow.

The assembly graphs shown in Fig. 1 compare the
NanoGalaxy toolkit with the results from Wick et al. [16].
The Illumina-only (short-read sequencing) graphs show no
clear structure(s) present, whereas Nanopore-only (long-read
sequencing) is able to generate the circularized structure
expected of plasmids. The combination of both sequence
techniques gives the clearest view of the circular assemblage
expected of plasmids, analogues to the results obtained by Wick
et al. [16] (Fig. 1). Note that different combinations of short-
and long-read tools can be used individually or combined to
generate personalized workflows.

In this work we covered some important aspects of long-read
sequencing analysis with a special focus on ONT sequencing
data. We aggregated commonly used tools into a single consis-
tent interoperable interface and presented solutions for metage-
nomic analysis and genome assembly. Furthermore, other long-
read sequencing data analysis tools have been developed or are
currently under development; however, we have focused on the
most established and widely used tools. Nevertheless, we ex-
pect that the toolkit will be further extended by the community
because NanoGalaxy is part of the open Galaxy platform and
Galaxy community. Last, the majority of the integrated tools that
support other technologies such as Pacific Biosciences should
also work inside Galaxy. However, here we have performed in-
tensive testing of the integrated tools for ONT data.
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Figure 1: Representation of the output of Wick et al. [16]. The plasmid assembly graphs output created by Bandage [31] are shown to confirm that the workflow functions
as expected. The length distribution, total yield, and N50 of the Oxford Nanopore Technologies (ONT) reads of each Klebsiella pneumoniae represent the input data. Mb:

megabase pairs.

The tools and workflows included in the NanoGalaxy toolkit en-
able non-bioinformatics-trained researchers to perform exten-
sive genomics analysis using long-read sequence data, without
the need for any coding skills. All tools and their dependencies
are installed on the Galaxy platform and are managed by the
Conda framework for dependency management. NanoGalaxy
tools and their dependencies are available from the Bioconda
Conda channel [48]. The Galaxy wrappers are developed openly
on GitHub, utilizing the Travis continuous integration frame-
work [49] for testing, and have been made available on the
Galaxy ToolShed [13].

An online training manual for the AMR use case described in
this publication, as well as a description of NanoGalaxy tools
and end-to-end workflows, can be found on the Galaxy training
materials website [50].

The availability of long-read sequencing platforms and data
analysis tools is relatively new, with improvements in technol-
ogy and software continually being developed. As more tools be-
come available these will need to be assembled into existing or
new toolkits. Additionally, the future availability of toolkits such
as NanoGalaxy will help popularize long-read sequencing, while
making it accessible to non-bioinformatics-trained researchers
of the future.

® Project name: NanoGalaxy

® Project home page: https://nanopore.usegalaxy.eu

® Training Manual: https:/training.galaxyproject.org/trainin
g-material/topics/metagenomics/tutorials/plasmid-metag
enomics-nanopore/tutorial.html

License: GNU GPL

BiotoolsID: nanogalaxy

® RRID: SCR.018912

All developed Galaxy wrappers are available for installation
from the Galaxy Tool Shed (https://toolshed.g2.bx.psu.edu/). The

corresponding code repositories for the tool wrappers are listed
in Table 2. The workflows described in this work are publicly
available from the European Galaxy server, as well as published
Galaxy histories with an example run of each of these workflows
(Table 3).

® Galaxy Home Page: https://galaxyproject.org/

* Galaxy Tutorials: https://training.galaxyproject.org

* How to install Galaxy: https://getgalaxy.org

* How to install tools: https://galaxyproject.org/admin/tools/
add-tool-from-toolshed-tutorial/

° Full administrative resources: https://docs.galaxyproject.org/

® Galaxy Help Forum: https://help.galaxyproject.org/

® Connect with the Galaxy Community on Gitter Chat: https:
//gitter.im/galaxyproject/Lobby/

The data presented here to illustrate the functionality of the
tools were obtained from previous publications [45,51] and were
collected and made available from Zenodo [52].

Additional supporting data are available from the GigaScience Gi-
gaDB database [53].

Supplementary Table S1. The plasmids found by the workflow
are BLAST against the plasmid recovered by R. Li et al.

AMR: antimicrobial resistance; bp: base pairs; kb: kilobase pairs;
ONT: Oxford Nanopore Technologies; SNP: single-nucleotide
polymorphism.
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Table 2: Tool availability
Tool

Bandage
Canu
Circos
Filtlong
Flye
GraphMap
Kraken2
Medaka
Miniasm
Minimap2
Nanoplot
Nanopolish
NanopolishComp
Ont_fast5_api
Pilon
PlasFlow
Porechop
Poretools
Unicycler
Racon
Spades
Staramr
Wtdbg2

Table 3: Workflow availability

Workflow

Basic workflows inspired by
the Nanopolish tutorials

Genome assembly:
Flye-based WF for highly
repetitive genomes [37]
Genome assembly:
Unicycler-based WF for
Klebsiella pneumoniae [51]
Metagenomics: taxa
classification

Github repository

https://github.com/galaxyproject/tools-iuc/tree/master/tools/bandage
https://github.com/bgruening/galaxytools/tree/master/tools/canu
https://github.com/galaxyproject/tools-iuc/tree/master/tools/circos
https://github.com/galaxyproject/tools-iuc/tree/master/tools/filtlong
https://github.com/bgruening/galaxytools/tree/master/tools/flye
https://github.com/bgruening/galaxytools/tree/master/tools/graphmap
https://github.com/galaxyproject/tools-iuc/tree/master/tool_collections/kraken2/kraken2
https://github.com/galaxyproject/tools-iuc/tree/master/tools/medaka
https://github.com/galaxyproject/tools-iuc/tree/master/tools/miniasm
https://github.com/galaxyproject/tools-iuc/tree/master/tools/minimap2
https://github.com/galaxyproject/tools-iuc/tree/master/tools/nanoplot
https://github.com/bgruening/galaxytools/tree/master/tools/nanopolish
https://github.com/galaxyproject/tools-iuc/tree/master/tools/nanopolishcomp
https://github.com/galaxyproject/tools-iuc/tree/master/tools/ont_fast5_api
https://github.com/galaxyproject/tools-iuc/tree/master/tools/pilon
https://github.com/galaxyproject/tools-iuc/tree/master/tools/plasflow
https://github.com/galaxyproject/tools-iuc/tree/master/tools/porechop
https://github.com/galaxyproject/tools-iuc/tree/master/tools/poretools
https://github.com/galaxyproject/tools-iuc/tree/master/tools/unicycler
https://github.com/bgruening/galaxytools/tree/master/tools/racon
https://github.com/galaxyproject/tools-iuc/tree/master/tools/spades
https://github.com/phac-nml/galaxy_tools/tree/master/tools/staramr
https://github.com/bgruening/galaxytools/tree/master/tools/wtdbg

Link History SEEK ID

https://nanopore.usegalaxy.eu/u/
milad/w/nanopolish-variants-tu
torial

https:
//nanopore.usegalaxy.eu/u/mila
d/w/ont-assembly-flye-ahrens
https://usegalaxy.eu/u/milad/h/w
ick-etal-nanopore

https://nanopore.usegalaxy.eu/u/
milad/w/metagenomics-krakan2

https://usegalaxy.eu/u/milad/h/n
anopolish-tutorial

https://usegalaxy.eu/u/milad/h/a
hrens-nanopore-gmmap

https://usegalaxy.eu/u/milad/h/w
ick-etal-nanopore

https://usegalaxy.eu/u/milad/h/n
anoporebeerdecodechimaytriple

https://workflowhub.eu/workflo
ws/50?version=1

https://workflowhub.eu/workflo
ws/51?version=1

https://workflowhub.eu/workflo
ws/52?version=1

https://workflowhub.eu/workflo
ws/53?version=1

WEF: workflow.

research and innovation programme under grant agreement
825775.
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