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ABSTRACT

The measurement of biodiversity is an integral aspect of life science research. With the establishment
of second- and third-generation sequencing technologies, an increasing amount of metabarcoding data is
being generated as we seek to describe the extent and patterns of biodiversity in multiple contexts. The
reliability and accuracy of taxonomically assigning metabarcoding sequencing data has been shown to be
critically influenced by the quality and completeness of reference databases. Custom, curated, eukaryotic
reference databases, however, are scarce, as are the software programs for generating them. Here, we present
CRABS (Creating Reference databases for Amplicon-Based Sequencing), a software package to create custom
reference databases for metabarcoding studies. CRABS includes tools to download sequences from multiple
online repositories (i.e., NCBI, BOLD, EMBL, MitoFish), retrieve amplicon regions through in silico PCR
analysis and pairwise global alignments, curate the database through multiple filtering parameters (e.g.,
dereplication, sequence length, sequence quality, unresolved taxonomy), export the reference database in
multiple formats for the immediate use in taxonomy assignment software, and investigate the reference
database through implemented visualizations for diversity, primer efficiency, reference sequence length, and
taxonomic resolution. CRABS is a versatile tool for generating curated reference databases of user-specified
genetic markers to aid taxonomy assignment from metabarcoding sequencing data. CRABS is available for
download as a conda package and via GitHub (https://github.com/gjeunen/reference database creator).
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1 | INTRODUCTION

Investigating, classifying, and understanding Earth’s biodiversity is a fundamental component of many dis-
ciplines, including ecology, evolution, taxonomy, and paleobiology (Soulé, 1985). While essential, a thorough
understanding of diversity patterns has traditionally been hard to achieve, due to the complexity of biological
systems (Chave, 2013; Kovalenko et al., 2012).

In the last two decades, the advent of high-throughput DNA sequencing has enabled researchers to understand
biodiversity at an unprecedented scope (Hagelberg et al., 2015; Hugenholtz & Tyson, 2008). Untargeted
(i.e., metagenomic) sequencing approaches, such as Illumina shotgun sequencing, take full advantage of the
gigabytes of data generated in a single sequencing run to uncover the complete complexity of biodiversity
present within a sample (Bovo et al., 2020; Cowart et al., 2018; Key et al., 2017). However, with the lack
of reference genomes (Scott et al., 2021) and the immense barcoding effort already undertaken (Hebert &
Gregory, 2005), targeted sequencing strategies (i.e., metabarcoding), targeting one or several gene regions
through PCR amplification (Jeunen et al., 2019; Seersholm et al., 2018) or capture-enrichment (Avila-Arcos
et al., 2011; Seeber et al., 2019), are frequently used to increase the percentage of reads to be taxonomically
assigned by enriching the sequencing library for barcoding gene regions (Stat et al., 2017). Additionally,
by enriching the library for a select few gene regions, metabarcoding is a more cost-friendly alternative
compared to metagenomic sequencing, by reducing the required sequencing depth per sample, as well as the
computational time and effort (Stat et al., 2017; Taberlet et al., 2012).

The popularity of metabarcoding analyses has led to the development of multiple tools aiming to improve
the taxonomic assignment accuracy of the biological community present in samples. Most of the taxonomy
assignment programs can be split into four distinct methods (Hleap et al., 2021), including sequence similarity
methods (BLAST [Altschul et al., 1990] and Kraken2 [Wood & Salzberg, 2014]), sequence composition
methods (RDP [Qiong et al., 2007] and IDTaxa [Murali et al., 2018]), phylogenetics methods (EPA [Barbera
et al., 2019] and pplacer [Matsen et al., 2010]), and probabilistic methods (Protax [Somervuo et al., 2016]).

Comparative studies have revealed that, irrespective of the taxonomic assignment method used, comprehen-
sive, curated, and well-annotated reference databases are critical for accurate taxonomy assignment (Gold et



al., 2021; Hleap et al., 2021; Leray et al., 2022). The early adoption of metabarcoding in microbial research,
as well as a focus on the 16S rRNA gene for bacterial species identification (Johnson et al., 2019), have
led to the creation of curated reference databases used to assign taxonomy in the majority of microbiome
studies, e.g., RDP (Qiong et al., 2007). Metabarcoding research exploring eukaryotic diversity, on the other
hand, employs a wide variety of primer sets targeting a broad range of gene regions (Zhang et al., 2020),
including cytochromec oxidase subunit I (COI), 16S ribosomal RNA (16S rRNA), 18S ribosomal RNA (18S
rRNA), and nuclear ribosomal internal transcribed spacer regions (nrITS). Hence, the majority of eukaryotic
metabarcoding research utilizes global databases to assign taxonomy, such as NCBI (Johnson et al., 2008)
and EMBL (Kanz et al., 2005). However, the lack of curation with global databases allow for the entry of
sequences with missing species ID (environmental studies), erroneous identification, and duplication, factors
which contribute to a reduced accuracy of taxonomic assignment algorithms (Gold et al., 2021; Hleap et al.,
2021; Leray et al., 2018).

Multiple curated eukaryotic reference databases, as well as pipelines to generate them, have, therefore, been
published in recent years, including BOLD (Ratnasingham & Hebert, 2007), UNITE (Koljalg et al., 2005),
PLANITS (Banchi et al., 2020), MitoFish (Iwasaki et al., 2013), MARES (Arranz et al., 2020), Meta-Fish-
Lib (Collins et al., 2021), and MIDORI2 (Leray et al., 2022). The missing built-in flexibility and the large
number of reference databases to cover all target gene regions and taxonomic groups, however, favours the
development and use of software programs able to generate curated reference databases that are customized
through user-specified parameters. Existing software packages are able to extract amplicon regions through
in silico PCR (ecoPCR/OBITools; hereafter named "ecoPCR”; Boyer et al., 2016; Ficetola et al., 2010), local
alignments (RESCRIPt; Robeson et al., 2020), and profile hidden Markov models (MetaCurator; Richardson
et al., 2020). An easy-to-use software program able to complete the full reference database creation workflow
from start to finish on a personal computer with true flexibility, limited storage requirements, and fast results
would further aid in increasing taxonomic assignment accuracy for user-specific experimental designs.

Here, we introduce CRABS (Creating Reference databases for Amplicon-Based Sequencing), a software
package to generate curated reference databases and assess the incorporated diversity and taxonomic reso-
lution. To determine the flexibility and efficiency of CRABS, we compare reference databases generated by
CRABS to ecoPCR, MetaCurator, and RESCRIPt for four widely-used primer sets in metabarcoding rese-
arch: MiFish-E/U (Chondrichthyes/Actinopterygii; Miya et al., 2015), mlCOIintF /jgHC02198 (Eukaryota;
Leray et al., 2013), Taberlet ¢/h (Plantae; Taberlet et al., 1991, 2007), and gITS7/ITS4 (Fungi; Thrmark
et al., 2012; White et al., 1990). Additionally, we assess the quality of the generated reference databases
through taxonomic assignment of published sequencing data. We show that the reference databases genera-
ted by CRABS are equivalent to or outperform available tools based on incorporated diversity. Additionally,
CRABS is feature-rich, highly versatile in its implementation, and requires relatively limited computational
resources.

2 | METHODS
2.1 | CRABS workflow

We present CRABS as a versatile software program to generate curated reference databases for metagenomic
analyses. The CRABS workflow consists of five modules (Figure 1), including: (i) sequence retrieval : download
and import data from online repositories into CRABS; (ii) amplicon extraction : extract amplicon regions
through in silico PCR analysis and pairwise global alignments; (iii) database curation : clean up the database
through dereplication, sequence parameters, and metadata information; (iv) database format : export the
database into various formats to use CRABS-generated reference databases into most taxonomic assignment
software packages; and (v) database exploration : generate a summary overview of the final reference database
through multiple post-processing functions and visualizations. A brief explanation for each of the five modules
is provided below. Additional information for each function with example code can be found on GitHub
(https://github.com/gjeunen /reference database creator).

2.2 | Module 1: sequence retrieval



CRABS supports the download of sequencing data from four major online repositories using the ‘db_ -
download ’ function, including Barcode of Life Data System (BOLD), National Center for Biotechnology
Information (NCBI), European Molecular Biology Laboratory (EMBL), and Mitochondrial Genome Data-
base of Fish (MitoFish). Upon downloading, sequencing data will be processed to CRABS format, a simple
two-line fasta format with NCBI accession numbers as header information. When accession numbers are not
available, CRABS will generate unique sequence IDs using the following format: ‘CRABS _ [num)]:species -
name . Sequence data can be merged using the ‘db _merge ’ function when data from multiple sources are
downloaded. Additionally, in-house generated data, in fasta format, can be imported into CRABS format

using the ‘db_import ’ function.
2.3 | Module 2: amplicon extraction

Once sequences have been downloaded and imported into CRABS, the amplicon region can be extracted.
For amplicon-based sequencing, we recommend a two-step approach, whereby (i) amplicons are found by
locating the forward and reverse primer-binding regions through in silico PCR analysis using the ‘insilico_ -
per’ function and (ii) using the amplicons retrieved by in silico PCR as seed sequences for a pairwise global
alignment analysis (function: ‘pga ’) to retrieve amplicon regions with missing info on the primer-binding
regions.

CRABS utilizes cutadapt v3.5 (Martin, 2011) to accomplish the in silico PCR analysis. Forward and reverse
primer sequences that were used to generate the sequencing library can be specified through the ‘—fwd ’
and ‘—rev ’ parameters, respectively and a maximum number of errors in the primer-binding sites can be
specified using the ‘—error ’ parameter. Sequences for which primer-binding regions could not be located are
reverse complemented using VSEARCH v2.21.1 (Rognes et al., 2016). Reverse complemented sequences are
subjected once more to the in silico PCR analysis, thereby targeting sequences that were deposited on the
negative strand in online repositories.

The in silico PCR analysis will fail to retrieve amplicons when one or both primer-binding regions are missing
from the deposited sequence. This can occur when a partial gene sequence is deposited or when the deposited
sequence has been generated using one or both primers used in the metabarcoding analysis, as these primer-
binding regions are removed prior to online archiving. To recover these amplicon regions, CRABS implements
a pairwise global alignment (function: ‘pga ’) using the ‘~usearch_ global’ algorithm in VSEARCH, whereby
amplicon regions retrieved through in silico PCR analysis are used as seed sequences (parameter: ‘—database
"). The ‘pga ’ function can be restricted to only include alignments starting or ending within the length of
the forward or reverse primer-binding region (parameter: ‘—filter method strict ’), to minimize the risk of
including erroneous sequences. Additionally, the similarity and query coverage thresholds within the ‘pga ’
function can be specified using the ‘—percid ’ and ‘—coverage ’ parameters, respectively.

2.4 | Module 3: database curation

Taxonomic lineages are based on the NCBI taxonomy information, which must be downloaded first using
the ‘db_ download —source tazonomy ’ function. Afterwards, taxonomic lineages can be created using the
‘assign_tax ’ function. The taxonomic lineage consists of seven levels by default, including: (i) kingdom;
(i) phylum; (iii) class; (iv) order; (v) family; (vi) genus; and (vii) species. However, users can specify any
taxonomic lineage through the parameter ‘—ranks ’. From this point forward, CRABS will output a tab-
delimited file, whereby all information for each sequence record (including the sequence) is contained on a
single line.

The reference database can be dereplicated in three ways using the ‘—method ’ parameter within the ‘dereplica-
te ’ function, including: (i) strict : unique sequences will be kept, irrespective of taxonomy; (ii) single_ species
: a single sequence is retained for each species in the database; and (iii)uniq_species : all unique sequences
are retained for each species in the database.

The reference database can be further curated, using the ‘seq cleanup ’ function, by filtering sequences on (i)
minimum and maximum sequence length (consistent with amplicon length range), (ii) number of ambiguous



bases, (iii) environmental sequences, (iv) unspecified species names, and (v) missing taxonomic information.

Lastly, the reference database can be curated using the ‘geo cleanup ’ function, by excluding species not
occurring inside the area of interest. Recent research has provided evidence for increased taxonomic assi-
gnment accuracy when geographical species locations are considered (Gold et al., 2021; Murali et al., 2018).
Users can, therefore, provide a text file containing species names using the ‘—species * parameter and CRABS
will make a subset from the reference database by only including sequences assigned to these species and
providing information on which species are present and absent in the database.

2.5 | Module 4: database format

Once the database is curated and cleaned, CRABS can output the database in six different formats (function:
‘tax_format ’) to allow the reference database to be implemented in most taxonomic assignment software
programs. Implemented formats are: (i) SINTAX, incorporated in VSEARCH (Rognes et al., 2016) and
USEARCH (Edgar, 2010, 2016); (ii) RDP, incorporated in the RDP classifier (Qiong et al., 2007); (iii) QIIf
(flat-file format), incorporated in QIIME and QIIME2 (Bolyen et al., 2019; Caporaso et al., 2010); (iv)
DAD, incorporated in DADA2 (Callahan et al., 2016); (v) DADS, incorporated in DADA2; and (vi) IDT,
incorporated in IDTaxa (Murali et al., 2018).

2.6 | Module 5: database exploration

Once the reference database has been curated to the user’s specifications, CRABS can provide five outputs to
provide information about the generated reference database using the ‘visualization ’ function. The ‘diversity
" method will generate a horizontal bar plot displaying number of species and number of sequences for each
taxonomic group at a user-specified taxonomic level. The ‘amplicon_length > method will generate a line
graph displaying the amplicon length distribution for each taxonomic group at a user-specified taxonomic
level. Included in the legend are the total number of sequences assigned to each taxonomic group. The ‘db_ -
completeness ’ method generates a table containing the number of closely related species that are present
in the reference database for a user-provided list of species. The ‘phylo > method will generate phylogenetic
trees for a user-provided list of species to determine the taxonomic resolution of the amplicon region for each
species at a user-specified taxonomic level. Finally, the ‘primer_efficiency * method will generate a graph
for the forward and reverse primers, displaying the proportion of base pair occurrence in the primer-binding
region for a user-specified taxonomic group.

2.7 | Evaluation of CRABS for multiple common metabarcoding primer sets

To test the performance of CRABS, reference databases were generated for four widely-used primer sets in
metabarcoding research (Supplement 1), including MiFish-E/U (Miya et al., 2015), mlCOlintF /jgHC02198
(Leray et al., 2013), Taberlet ¢/h (Taberlet et al., 1991, 2007), and gI'TS7/ITS4 (Ihrmark et al., 2012; White et
al., 1990). CRABS-generated reference databases were benchmarked for included diversity against databases
created by ecoPCR (Ficetola et al., 2010), MetaCurator (Richardson et al., 2020), and the QIIME RESCRIPt
plugin (Robeson et al., 2020). Tutorial workflows for each of the four software packages were followed to create
the reference databases, except for the final database curation step, which was conducted by CRABS, to
enable a true comparison between software programs. For RESCRIPt, due to alignment difficulties in the
extraction step, the standard QIIME ‘extract reads’ tool was used instead. Missing functionality within
the reference database creation workflow in MetaCurator, ecoPCR, and RESCRIPt was also covered by
CRABS (Supplement 2). Additionally, the quality of all reference databases was determined by comparing
taxonomy assignments of OTUs (Operational Taxonomic Units) created from publicly available sequencing
data: MiFish-E/U sequencing data was used from Jeunen et al. (2020); mlCOIlintF /jgHC02198 sequencing
data was used from Jeunen et al. (2019); Taberlet c/h sequencing data was used from (Cross et al., unpubl.
); and gITS7/ITS4 sequencing data was used from Cross et al. (2017). A detailed comparison of the features
implemented in CRABS, ecoPCR (Ficetola et al., 2010), MetaCurator (Richardson et al., 2020), and QIIME
RESCRIPt (Robeson et al., 2020) is presented in Table 1, including database download options, amplicon
extraction methodology, database clean-up parameters, and database output options. Bioinformatic scripts
and reference databases for each assay and software program are provided in Supplement 2 and Supplement



3, respectively.
3 | RESULTS
3.1 Exploring CRABS generated reference databases through incorporated visualizations

By downloading sequencing data from EMBL, MitoFish, and NCBI online repositories, the CRABS gene-
rated MiFish-E /U reference database incorporated 28,350 sequences, covering 16,906 species. The ‘—method
diversity ’ visualization (Figure 2.a) shows that the majority of sequences belong to the class Actinopteri
(36.2%), followed by Mammalia (19.7%), Amphibia (16.9%), and Lepidosauria (10.6%). The ‘~method am-
plicon_ length ’ visualization displays an average amplicon length of 180 bp, with a slightly larger average
amplicon size for birds and amphibians compared to the target taxonomic group of fish (Supplement 4.a).
Additionally, the ‘—method phylo ’ visualization identified species-level taxonomic resolution might not always
be obtainable for this amplicon region (Supplement 4.b).

The Taberlet ¢/h primer set is designed to target land plants and the CRABS reference database was built
using the NCBI and EMBL online repositories. The curated CRABS reference database consisted of 71,031
sequences, covering 51,366 species. Based on the ‘—method diversity ’ visualization output, the majority of
sequences belong to the classes Magnoliopsida (90.0%), Bryopsida (5.0%), and Jungermanniopsida (3.8%)
within the phylum Streptophyta (99.9%; Supplement 4.c). Average amplicon length showed large variations
within the phylum Streptophyta, with amplicon size ranging from <100 bp to ~180 bp (visualization method:
‘—method amplicon_length ’; Supplement 4.d). Despite the large variation in amplicon sizes, the >—method
primer_efficiency ’ visualization revealed only two places in the primer-binding regions with a significant
proportion of mismatch occurrence for species within the phylum Streptophyta (Figure 2.b).

For the mlCOlintF /jgHC02198 primer set that is designed to target eukaryotes, the CRABS reference da-
tabase was built using the BOLD, EMBL, MitoFish, and NCBI online repositories. The reference database
included 590,228 sequences covering 109,545 species, with the phyla Arthropoda (72.1%), Chordata (17.4%),
and Mollusca (4.8%) most abundantly present (visualization method: ‘—method diversity ’; Supplement 4.e).
The ‘—method amplicon_length ’ visualization displays an average amplicon length of “313 bp, with high
consistency between taxonomic groups (Supplement 4.f). Furthermore, the ‘~method phylo ’ revealed in-
traspecific variation is present in the amplicon region for a majority of taxa (Figure 2.c; example: genus
Apteryx [Kiwi]).

CRABS generated a reference database containing 339,286 sequences and covering 42,961 species for the
gITS7/ITS4 primer set that is designed to target fungi, by incorporating sequencing data from NCBI and
EMBL. According to the ‘—method diversity ’ visualization, the majority of sequences belong to the phyla
Ascomycota (67.9%), Basidiomycota (28.9%), and Mucoromycota (3.0%; Supplement 4.g). Amplicon size
was restricted between 100 bp to 500 bp during database curation (Supplement 2). However, the ‘—method
amplicon_length ’ visualization indicates this range could be too restrictive for the maximum length size
(Figure 2.d). The ‘~method primer_ efficiency ’ visualization determined >80% of taxa within the phylum
Ascomycota showed no diversity at the degenerate base locations in the primer-binding regions, while also
showing a larger variation in base pair composition at the 3’ end of the reverse primer (Supplement 4.h).

3.2 | Comparing incorporated diversity between reference databases

For each of the four primer sets tested in this study, reference databases generated by CRABS contain the
largest number of sequences and species compared to ecoPCR, MetaCurator, and RESCRIPt (Figure 3),
except for the increased number of species contained within the mlCOIintF /jgHC02198 reference database
generated by MetaCurator (Figure 3c). Reference databases generated by MetaCurator contain the second
largest number of sequences and species, followed by RESCRIPt and ecoPCR (Figure 3). RESCRIPt was
unable to generate reference databases for the mlCOIintF /jgHC02198 and gITS7/ITS4 primer sets. Both
primer sets amplify a wide variety of taxonomic groups and contain degenerate bases in the primer-binding
region, which resulted in difficulties to create local alignments and implement the in silico PCR step in the
standard QIIME toolkit (QIIME extract reads).



A significant overlap in incorporated species was observed between reference databases, with 80.6% of species
incorporated in more than one reference database for the MiFish-E/U primer set, 52.9% for Taberlet ¢/h,
56.3% for mlCOIintF /jgHC02198, and 54.8% for the gITS7/ITS4 primer set (Figure 4). Similarly, a significant
overlap in sequence ID’s was observed between reference databases, with 55.3% of sequence ID’s incorporated
in more than one reference database for the MiFish-E/U primer set, 37.1% for Taberlet c¢/h, 26.8% for
mlCOIintF/jgHC02198, and 27.6% for the gITS7/ITS4 primer set (Supplement 5). Interestingly, the amplicon
region retrieved by the software packages was only identical between CRABS, ecoPCR, and RESCRIPt, as
MetaCurator failed to recover the full amplicon region, except for the gITS7/ITS4 amplicon region (Figure
4).

3.8 | Taxonomic assignment differences between reference databases

Reference database choice did not significantly impact the number of OTUs assigned to a specific taxonomic
rank (Figure 5). On average, 10.6% £ 0.9% of OTUs failed to be assigned a taxonomy for the MiFish-E/U
sequencing data, 5.1% + 0.9% of OTUs for the Taberlet c/h sequencing data, 73.8% + 3.6% of OTUs for the
mlCOlintF/jgHC02198 sequencing data, and 16.8% =+ 0.6% of OTUs for the gITS7/ITS4 sequencing data.
Additionally, high similarity was achieved between reference databases as to which OTUs were able to be
assigned a taxonomy (Supplement 6).

The achieved taxonomic assignment of OTUs between reference databases, on the other hand, showed li-
mited overlap, with 39.5% identical taxonomy assignments for the MiFish-E/U sequencing data, 25.0% for
the Taberlet c¢/h sequencing data, 28.3% for the mlCOIintF /jgHC02198 sequencing data, and 30.0% for
the gITS7/ITS4 sequencing data (Figure 6). The limited overlap in taxonomy assignment resulted from
differences in taxonomic resolution for a specific OTU, rather than the assignment of OTUs to different
taxonomic lineages. No consistency was observed for which reference database achieved higher taxonomic
resolution across OTUs within each sequencing data set (Supplement 6).

4 | DISCUSSION

The necessity to generate and curate reference databases to increase taxonomic assignment accuracy and
resolution in eukaryotic metabarcoding research has recently come to light (Gold et al., 2021; Hleap et al.,
2021). Since metabarcoding research targets a broad range of taxonomic groups and gene regions through
a vast number of primer sets, flexibility is required from software packages to suit user-specific needs. Here,
we present CRABS, an easy-to-use software program with a full suite of features to generate, curate, and
explore reference databases.

4.1 | Sequence retrieval

The increased diversity contained within CRABS-generated reference databases compared to the other soft-
ware programs tested can partially be explained by CRABS’ ability to access multiple online sequencing
repositories, including BOLD, EMBL, NCBI, and MitoFish. As sequence data only partially overlaps bet-
ween online repositories (Arranz et al., 2020; Meiklejohn et al., 2019; Porter & Hajibabaei, 2018), CRABS
facilitates the generation of reference databases using the largest proportion of available sequences, thereby
increasing the diversity included in the final curated reference database. MetaCurator was the second-best
performing software package in our comparison, but does not incorporate a function to download sequencing
data. By using CRABS to download sequencing data from multiple online repositories in the MetaCurator
pipeline, we could have influenced the output diversity achieved from that program.

While CRABS can access multiple online repositories, downloaded file sizes and time requirements are kept
to a minimum by solely downloading the gene region or taxonomic group of interest using the ‘db_ download
—query ’ parameter. Additionally, sequence length restrictions can be specified to exclude genome sequences,
further reducing file sizes and speeding up the process. EcoPCR, on the other hand, recommends the download
of the entire EMBL database, taking up >2 TB of storage and a significant amount of time. While time- and
size-inefficient, ecoP CR~generated reference databases included several species that were missed by CRABS
due to the initial sequence length exceeding the restriction parameter. Another benefit of utilizing the full



online repository is the identification of issues around co-amplification from unintended taxonomic groups
(Banos et al., 2018). For example, ecoPCR identified the co-amplification of plants for the gITS7/ITS4
(fungal) primer set, taxa not incorporated in the CRABS reference database for which initial sequencing
data was restricted to fungal ITS sequences. To avoid the need to download complete online repositories, we
recommend using primer-specificity testing software, such as Primer-BLAST (Ye et al., 2012), to determine
which taxonomic groups need to be included in the initial sequence download by CRABS.

4.2 | Amplicon extraction

The extraction of the amplicon region from sequences deposited in online repositories is a crucial part in the
creation of curated reference databases. While the different methodologies implemented in software packages
can be effective, CRABS’ combined implementation of in silico PCR analysis and pairwise global alignments
resulted in the most complete reference databases for each of the four primer sets. In particular, using
amplicon regions extracted from the in silicoPCR analysis as seed sequences for pairwise global alignments
substantially increased the diversity included in the final reference database, thereby outperforming an “in
silico PCR-only” approach. The proportion of additional barcodes retrieved by the pairwise global alignment
step will be heavily influenced by the chosen primer set, with lower success for metabarcoding primers located
within the traditional barcoding region. Caution is warranted in the relaxed parameter settings in the ‘pga
" function, as it may increase the inclusion of false-positive hits in the reference database. We, therefore,
recommend the use of ‘pga —filter _method strict ’ to reduce the chance of including erroneous sequences.

MetaCurator, employing profile hidden Markov models to extract amplicon regions, is the only software
package in our test not taking into account any information about the primer-binding regions. Instead,
MetaCurator imports up to 10 user-provided seed sequences that are trimmed to the exact marker of interest.
Without information about primer-binding regions, MetaCurator often failed to recover several base pairs at
the beginning and end of the target amplicon region. While no effect on taxonomy assignment was observed
in our comparison, further studies are required to determine the impact of partial reference sequences on
taxonomy assignment. Additionally, the amplicon extraction step implemented in MetaCurator came at
a great computational cost, taking hundreds of more CPU hours than any other method. Furthermore,
MetaCurator was unable to handle the high number of sequences included in the mlCOIlintF/jgHC02198
and gITS7/I1TS4 database trials. Once the number of query sequences reached approximately half a million,
MetaCurator could not run to completion (the program did not finish in our trial of a two week runtime). To
circumvent the issue, larger files were split into subsets, which were run separately, after which the results
were combined, furthermore adding to the computational cost and potentially introducing other issues with
running subsets separately.

Even greater computational problems were encountered for the QIIME RESCRIPt plug-in. When following
the author’s guidelines to create a database using RESCRIPt, we were unable to proceed past the alignment
step. Due to extreme sequence divergence across taxonomic groups and/or excessive indels, alignments around
a seed group of taxa contained an average gap percentage of >70%. From these poor alignments — even at
the genus level — no amplicons were retained during the amplicon extraction step in the pipeline. In light of
this, we opted to use the in silico PCR step in the standard QIIME toolkit (QIIME extract reads), rather
than relying on the local alignment method implemented in RESCRIPt. While successful for the MiFish-E /U
and Taberlet ¢/h primer sets, no results could be obtained for the mlCOIintF/jgHC02198 and gITS7/1TS4
primer sets due to the presence of degenerate bases in the primer sequences.

4.8 | Database curation

Comprehensive and well-annotated reference databases are of crucial importance to increase taxonomy assi-
gnment accuracy (Hleap et al., 2021). While database curation parameters between software packages were
not compared in our experiment, CRABS boasts the most complete set of features, with the only software
program able to take into account geographical species locations, a parameter shown to increase taxonomic
assignment accuracy (Gold et al., 2021; Murali et al., 2018). Additionally, the efficiency of the taxonomy-
dependent dereplication function differed greatly between software packages, with CRABS and RESCRIPt



handling large datasets within seconds, while MetaCurator failed to handle datasets greater than ~500,000
sequences.

4.4 | Database exploration

Alongside the functionality to generate curated reference databases, CRABS facilitates the exploration of
reference databases using multiple visualizations, thereby providing essential information on how to interpret
taxonomy assignment results. For example, machine learning classifiers, such as SINTAX (Edgar, 2016) and
RDP (Qiong et al., 2007), are known to overclassify sequences in situations where the correct label lies outside
the scope of the reference database (Dave, 1991; Murali et al., 2018). Hence, it is crucial to determine the
completeness of the reference database for missing barcodes of closely related species, implemented in the
CRABS ‘-methoddb completeness ’ visualization. It should be noted, however, that the ‘~method db_ -
completeness ’ visualization should be interpreted as a guide only, as the function is built around the NCBI
taxonomy database (Federhen, 2012), known to exhibit errors (Schoch et al., 2020). Therefore, consulting
the primary literature remains essential.

Metabarcoding analyses attempt to classify sequences to species-level resolution, based on the variations
present in the amplicon region. However, these partial gene sequences do not always permit species-level
resolution and the variation might not be consistent between taxonomic groups, as has repeatedly been
observed (Porter & Hajibabaei, 2020). The generation of amplicon-based phylogenetic trees, implemented in
the CRABS ‘-method phylo ’ visualization, can provide guidance about the resolution of the amplicon region
for specific taxonomic groups, thereby aiding in the assignment of taxonomy at the correct resolution.

With multiple primer sets available for specific taxonomic groups targeting various gene regions (Zhang et
al., 2020), CRABS visualizations could aid in determining the optimal primer set for a specific experimental
design. For example, ‘—method db_ completeness > might provide information about which gene regions con-
tains the largest number of barcodes for taxa of interest, while the ‘~method diversity ’ visualization gives
insight into issues surrounding unintended co-amplification. The ‘—method amplicon_length ’, on the other
hand, could determine which primer sets can be multiplexed on an Illumina sequencing run and the ‘—method
phylo ’ can visualize which amplicon obtains the highest taxonomic resolution. Finally, the ‘—method pri-
mer_efficiency ’ shows which primer set contains the least amount of mismatches for target taxa or provides
information on how to optimise the primer sequences for the taxa of interest.

4.5 | Implemented features within CRABS

As shown in Table 1, CRABS is equally feature-rich or richer in certain feature categories, compared with the
other three software packages. In particular, CRABS’ support for downloading sequencing data of interest
from multiple online repositories is distinctive. Additionally, the ability to use extracted amplicons from
the in silico PCR analysis as a database for pairwise global alignment analysis enables the retrieval of
a larger portion of amplicon regions. Furthermore, CRABS incorporates the most comprehensive set of
database curation parameters, as well database export formats, thereby facilitating reference databases to
be immediately used in taxonomy assignment software packages. The implemented CRABS visualizations,
also, allow for a thorough investigation of the reference database to aid taxonomy assignment of sequencing
data. Finally, easy installation of the conda package, simple parameter settings, and a fully documented
step-by-step workflow for reference database curation renders CRABS user and analysis friendly.

5 | CONCLUSION

We present a reliable, flexible, and user-friendly software package to create curated reference databases.
CRABS successfully generated reference databases for four widely used primer sets in metabarcoding rese-
arch, incorporating higher diversity than ecoPCR, RESCRIPt, and MetaCurator, while also reducing com-
putational requirements. CRABS provides a full suite of features that allows for the generation of curated
reference databases in a limited timeframe, while facilitating the flexibility needed to cover user’s needs.
Furthermore, CRABS offers detailed visualizations to explore the reference database for completeness, inclu-
ded diversity, amplicon length variation, taxonomic resolution of the amplicon region, and primer-binding



efficiency, enabling a high level of quality control during taxonomy assignment of metabarcoding datasets.
Such a feature set makes CRABS a powerful and valuable tool for curated reference database creation in the
rapidly expanding field of metabarcoding.
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10 | FIGURE HEADINGS

Figure 1: Schematic depiction of CRABS workflow and incorporated features. The five CRABS modules are
indicated in blue. CRABS implemented functions within each module are underlined.

Figure 2: CRABS generated reference database exploration through CRABS incorporated visualizations.
(a) horizontal bar graph displaying number of species (blue) and number of sequences (orange) contained
within each class from the MiFish-E/U reference database. (b) Bar graph displaying the proportion of base
occurrence for the primer-binding regions of the Taberlet ¢/h primer set, with base ‘A’ indicated by orange,
base ‘C’ indicated in green, base ‘G’ indicated in yellow, and base ‘T’ indicated in red. Degenerate bases
(label ‘other’) are indicated in grey. Sequences of the Taberlet ¢/h primer set are presented on the bottom
of the figure. (c¢) A phylogenetic tree depicting the variation observed within the mlCOIintF/jgHC02198
amplicon region for the genus Apteryx (kiwi). (d) Amplicon length distribution of the gITS7/ITS4 primer set,
with the overall amplicon length distribution shaded grey and most abundant phyla represented by coloured
lines (Ascomycota: blue; Basidiomycota: orange; Mucoromycota: green). Figures are taken straight from
CRABS output without further editing.
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Figure 3: Reference database comparison between CRABS (blue), ecoPCR (purple), MetaCurator (green),
RESCRIPt (yellow) for the (a) MiFish-E/U, (b) Taberlet c/h, (¢) mlCOIintF/jgHC02198, and (d)
gITS7/ITS4 primer sets. Number of sequences are depicted on the primary y-axis and number of species are
depicted on the secondary y-axis.

Figure 4: Venn diagrams displaying the proportional overlap of species and identical sequences between
CRABS (blue), ecoPCR (purple), MetaCurator (green), and RESCRIPt (yellow) for the (a) MiFish-E/U,
(b) Taberlet ¢/h, (¢) mlCOIintF/jgHC02198, and (d) gITS7/ITS4 primer sets. Percentage values between
brackets indicate the proportion of species and identical sequences incorporated into the specific reference
database for each of the four software programs.

Figure 5: Observed differences in proportion of OTUs classified between reference databases created by
CRABS, ecoPCR, MetaCurator, and RESCRIPt for the (a) MiFish-E/U, (b) Taberlet ¢/h, (¢) mlCOI-
intF/jgHC02198, and (d) gITS7/ITS4 primer sets. Taxonomy assignment of OTUs was performed through
the SINTAX algorithm implemented in VSEARCH. Proportion of unassigned OTUs is indicated in black,
species in dark blue, genus in light blue, family in dark red, order in light red, class in dark purple, phylum
in light purple, and kingdom in green.

Figure 6: Venn diagrams displaying the proportional overlap in taxonomy assignment of OTUs between
CRABS (blue), ecoPCR (purple), MetaCurator (green), RESCRIPt (yellow) for the (a) MiFish-E/U, (b)
Taberlet c¢/h, (c¢) mlCOlIintF /jgHC02198, and (d) gITS7/ITS4 primer sets.
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Table 1: Comparison of the implemented features in each of the four tested software packages, includ-
ing CRABS, ecoPCR, MetaCurator, and RESCRIPt. Amplicon extraction methodologies implemented in
current software: (i) in silico PCR; (ii) LA — Multiple Sequence Alignment; (iii) PGA — Pairwise Global
Alignment; and (iv) PHMM — Profile Hidden Markov Models. * indicates the code is not implemented in
the software package, but provided as shell scripts in the tutorial workflow.

Module Feature CRABS ecoPCR MetaCurator RESCRIPt
P* P

Sequence retrieval NCBI
EMBL
BOLD
MitoFish
In-house
Amplicon extraction  in silico PCR
MSA P
PGA
PHMM P
Database curation Dereplication: taxonomy
Dereplication: no taxonomy
Curation: sequence
Curation: header
Curation: taxonomy
Database formatting  Sintax
RDP
QIIME
DADA
IDT
OBITools P
Database exploration Taxonomic resolution
Included diversity
Amplicon length

P*
P*

P*

U WU
Rl
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Module Feature CRABS ecoPCR MetaCurator RESCRIPt

Primer efficiency P
Database completeness P

figures/figure-1-overview-chart-v3/figure-1-overview-chart-v3-eps-converted-to.pdf

16



figures/figure-2-CRABS-visualizations-v4/figure-2-CRABS-visual
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figures/figure-3-reference-database-comparison-sequence-specie
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figures/figure-5-taxonomy-assignment-0TU-proportion-v2/figure-

5-taxonomy-assignment-0TU-p
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figures/figure-6-taxonomy-assignment-0TU-overlap/figure-6-taxo
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