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Abstract

Sequencing of amplified DNA is the first step towards the generation of Amplicon Se-
quence Variants (ASVs) or Operational Taxonomic Units (OTUs) for biodiversity as-
sessment and comparative analyses of environmental communities and microbiomes.
Notably, the rapid advancements in sequencing technologies have paved the way for
the growing utilization of third-generation long-read approaches in recent years. These
sequence data imply increasing read lengths, higher error rates, and altered sequenc-
ing chemistry. Likewise, methods for amplicon classification and reference databases
have progressed, leading to the expansion of taxonomic application areas and high-
er classification accuracy. With Natrix, a user-friendly and reducible workflow solution,
processing of prokaryotic and eukaryotic environmental lllumina sequences using 16S
or 18S is possible. Here, we present an updated version of the pipeline, Natrix2, which
incorporates VSEARCH as an alternative clustering method with better performance
for 16S metabarcoding approaches and mothur for taxonomic classification on further
databases, including PR? UNITE and SILVA. Additionally, Natrix2 includes the handling
of Nanopore reads, which entails initial error correction and refinement of reads using
Medaka and Racon to subsequently determine their taxonomic classification.

Key words: Amplicon sequencing, Amplicon Sequence Variants, community profiling,
metabarcoding, microbiome, Operational Taxonomic Units, Snakemake workflow,
ultra-long reads

Introduction

Analyzing nucleotide sequences of specific prokaryotic or eukaryotic DNA regions
is the fundamental mechanism for advanced understanding of their biodiversity
and biogeography. Amplicon sequencing of marker genes extracted from environ-
mental samples can answer questions concerning presence, absence and even
(relative) abundance of specific species or community composition. Due to con-
stantly increasing demands, sequencing has developed rapidly in the recent de-
cades. The cost and time intensive Sanger sequencing marks the beginning with
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Figure 1. Schematic representation of the Natrix2 workflow. The processing of two split samples using AmpliconDuo is
depicted. The color scheme represents the main steps, dashed lines outline the OTU and dotted edges outline the ASV
variant of the workflow. Stars depict updates to the original Natrix workflow. Details on the ONT part are depicted in
Fig. 2. (Created with BioRender.com).

further development to high-throughput sequencing like Illumina technologies
to the latest real-time sequencing platform from Oxford Nanopore Technologies
(ONT). Regardless of sequencing technology, raw sequencing reads need to be
processed in multiple steps and clustered into taxonomically assigned sequence
representatives for further analysis. Despite numerous available tools for each
step, there are just few all-in-one and user-friendly workflows (Schloss et al. 2009;
Callahan et al. 2016; Asbun et al. 2020; Tian and Imanian 2022).

For Illumina amplicon data, Natrix is one of few efficient workflows for read
processing, OTU or ASV clustering and assigning amplicon sequencing reads
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to taxonomy, with an adjustable workflow system (Welzel et al. 2020). It is an
open-source pipeline that includes quality control, read assembly, dereplication,
chimera detection, and taxonomic assessment. It utilizes Snakemake (Koster
and Rahmann 2012) and bioconda (Griining et al. 2018) for reproducibility and
scalability. The pipeline executes various steps such as demultiplexing, adapter
trimming, quality assessment with Cutadapt (Martin 2011), FastQC (Andrews
2010), MultiQC (Ewels et al. 2016), and PRINSEQ (Schmieder and Edwards
2011). PANDAseq (Masella et al. 2012) is used for primer defining and paired-
read assembly. DADA2 (Callahan et al. 2016) can be used to generate ASVs.
CD-HIT (Fu et al. 2012) performs dereplication in the OTU variant of the work-
flow. Chimeric sequences are detected using VSEARCH3 (Rognes et al. 2016)
and split samples merged with AmpliconDuo (Lange et al. 2015). OTUs are gen-
erated using Swarm (v3) (Mahé et al. 2022). Finally, taxonomic assignments
are identified using BLASTn (Altschul et al. 1990) against SILVA (Pruesse et al.
2007) or NCBI (Federhen 2012) databases. The final output comprises a com-
prehensive table with sequence information, abundances, and taxonomic data.

However, sequencing platforms undergoing a constant development, thus ad-
aptations to new sequencing technologies are required. One of the latest tech-
nologies, Nanopore, is capable of producing read lengths of more than 800,000
base pairs (Jain et al. 2018), compared to Illlumina reads with a maximum of
300 base pairs (Hu et al. 2021). However, its error rates are ranging from 6 to
8%, which is much higher then illumina reads. Therefore, Nanopore data requires
thorough processing to address these higher error rates. In addition to rapid ad-
vancements in sequencing platforms, classification methods have also evolved
greatly in recent years. The constantly increasing number of reads produced per
sequencing run and the associated computing capacity during processing, as
well as the growth of gene reference libraries, have made this necessary (Ye et
al. 2019). Whereas a few years ago the BLAST algorithm was the preferred clas-
sification tool for taxonomic assignment, nowadays classifiers with higher accu-
racy, lower computational capacity, and more specific reference databases are
favored (Schloss et al. 2009; Gerlach and Stoye 2011; Wood and Salzberg 2014;
Murali et al. 2018). The increasing number of microbial metabarcoding approach-
es has led to the development of databases specifically tailored to the research
question. One of the many databases existing and already included in Natrix is
SILVA, which is suitable for analysis of ribosomal subunit genes for prokaryotes
and eukaryotes (Pruesse et al. 2007), while the NCBI database, which is likewise
included, is suitable for a broad taxonomic classification of different species that
do not necessarily belong to the same phylum (Federhen 2012). Instead of the
often used ribosomal marker genes, the UNITE database uses the eukaryotic
internal transcribed spacer (ITS) region located between two transcribed genes
(Nilsson et al. 2019). Organismic groups including protists, fungi, metazoa or
plants can be classified using databases such as PR?. It contains nearly 200,000
sequences and annotations which are manually curated (Guillou et al. 2012). In
addition to Swarm, we have also included VSEARCH clustering (Rognes et al.
2016) as an alternative to provide the user with more options and flexibility. It can
be used as a drop-in replacement for Swarm in this existing workflow.

Natrix2, was thus extended to meet the above mentioned demands. On the
one hand, it now includes specific pipeline options exclusively for Nanopore se-
guences. The automatic identification, reorientation and trimming of Nanopore
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reads were integrated, as well as Naopore specific error correction and cluster-
ing. On the other hand, clustering and taxonomic classification was improved
for lllumina sequences providing further clustering options and additional data-
bases for other marker genes. General improvements include the restructuring
of input and output files, error checking and a detailed description and how-to
of a complete workflow including example sequences and configuration files
on GitHub (https://github.com/dbeisser/Natrix2).

Package upgrade description

In the new version of Natrix, Natrix2, four major improvements have been in-
tegrated compared to the previous version (Fig. 1). i) the implementation of
VSEARCH as an alternative clustering method, ii) the addition of mothur for tax-
onomic classification, iii) the extension to further databases and marker genes,
and iv) the support of Nanopore sequence processing.

VSEARCH clustering

As an alternative to the already contained Swarm clustering algorithm (Mahé
et al. 2022), VSEARCH (v2.15.2) was included for OTU generation by sequence
similarity de novo clustering of Illumina reads, using a greedy heuristic clus-
tering algorithm with a centroid approach (Rognes et al. 2016). The option for
choosing the clustering algorithm was added to the configuration file. VSEARCH
uses an adjustable sequence similarity threshold. By default it is set to 0.98,
resulting in clustering of sequences into one OTU with a similarity of 98%. The
integration of the optional VSEARCH clustering improves processing of pro-
karyotic sequences and expands the field of application for the Natrix pipeline.
In order to enhance the accuracy and reliability of Operational Taxonomic Unit
(OTU) generation from lllumina and Nanopore reads, the mumu post-cluster-
ing algorithm was implemented (https://github.com/frederic-mahe/mumu).
Through the utilization of mumu, incorrect OTUs are effectively eliminated by
considering both the sequence similarity and co-occurrence patterns of the
reads, resulting in an improved representation of biodiversity.

Taxonomic classification and additional databases

In addition to BLAST searches used in the previous version of Natrix, the ‘clas-
sify.seqgs’ function from the open-source mothur package was added to assign
a taxonomy from a specific database defined in the configuration file (Schloss
et al. 2009). Mothur provides packages and functions that are used for molec-
ular analysis of community sequence data. Instead of creating alignments be-
tween sequenced reads and database references, mothur uses a kmer-based
approach. Kmers are used to calculate the probability of sequences belonging
to a specific taxonomy. Sequences with the highest probability will be assigned
to the appropriate taxonomy. With the incorporation of the PR? and UNITE da-
tabases in addition to the SILVA and NCBI nr databases, new marker genes
and organismic groups can now be addressed. The PR? (Protist Ribosomal
Reference) database focuses on 18S rRNA metabarcoding approaches not
only for protists, but also for fungi, metazoa and plants (Guillou et al. 2012).
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Through the curation of experts, the PR? database is a reliable complement to
the Natrix pipeline, making it usable for various research approaches. With the
added UNITE database additional taxonomic analysis with focus on the eu-
karyotic nuclear ribosomal ITS region is now possible (Nilsson et al. 2019). The
addition of UNITE offers more than one million fungal reference sequences,
making Natrix an optimal tool for fungal metabarcoding. Taxonomic classifica-
tion by mothur is made available for both Illumina and Nanopore reads.

Nanopore support

As the first version of Natrix was designed for lllumina sequencing reads only,
support for processing of Nanopore long-reads was added (Fig. 2). Nanopore
support can be activated within the configuration file and Nanopore reads in
FASTQ format are used as the initial starting file. Sequencing adapters and
primer sequences are identified by Pychopper (v2), a tool provided by ONT, us-
ing a combination of global and local alignments (https://github.com/epi2me-
labs/pychopper). Reads are afterwards trimmed and oriented into forward
direction. Pychopper is automatically installed using conda, and therefore ver-
sion controlled. Next to its trimming and orienting options, Pychopper writes
fused reads in an additional output file, from which reads are trimmed and ori-
entated subsequently with a specific read rescue option. Afterwards, Nanopore
reads are clustered and error corrected using CD-HIT (v4.8.1) (Li and Godzik
2006) for clustering and Medaka (v1.7.2) (https://github.com/nanoporetech/
Medaka) and Racon (v1.4.13) (Vaser et al. 2017) for error correction. First, fas-
ta transformed reads are clustered based on a similarity threshold algorithm
and representatives are mapped against the initial fasta files with Minimap2
(v2.26) (Li 2018). Second, the initial fasta files, clustering and mapping data are
used for the generation of consensus sequences of higher quality. Here, Racon
is using a distance- and quality-based alignment algorithm, whereas Medaka
is based on a neural network algorithm for creation of error corrected consen-
sus sequences. Last, consensus sequences are again aligned by Minimap2
against the initial fasta files for identification of corresponding read numbers
per consensus. Afterwards, the VSEARCH uchime3_denovo algorithm is still
used for chimera removal of Nanopore sequences (Rognes et al. 2016) before
the Nanopore reads are filtered and used further for taxonomic classification
via BLAST or mothur (Altschul et al. 1990; Schloss et al. 2009).
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Figure 2. Schematic diagram of processing nanopore reads with Natrix2 for OTU generation and taxonomic assignment.
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Conclusion

With the upgraded version of Natrix, processing of Nanopore short and long se-
guencing reads, including orientation, trimming, clustering and error correction,
is possible. In addition, [llumina and Nanopore reads can now be taxonomically
assigned via mothur and the accuracy of OTU clustering is enhanced via mumu
post-clustering. Optionally, VSEARCH can now be used for clustering lllumina
reads. The implementation of PR? and UNITE as new databases makes Natrix2
a reliable tool for diverse metabarcoding approaches and now offers process-
ing of sequences originating from other organismic groups like fungi, metazoa
and plants or further marker genes like ITS.
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