IBIMBMG

Metabarcoding & Metagenomics

Research Article 3

Metabarcoding and Metagenomics 7: 37-49
DOl 10.3897/mbmg.7.98539

Maximizing the reliability and the number of species assignments
in metabarcoding studies using a curated regional library
and a public repository

Audrey Bourret!, Claude Nozéres?, Eric Parent!, Geneviéve J. Parent!

1 Laboratory of Genomics, Maurice Lamontagne Institute, Fisheries and Oceans Canada, 850 Rte de la Mer, Mont-Joli, QC, G5H 3Z4, Canada
2 Maurice Lamontagne Institute, Fisheries and Oceans Canada, 850 Rte de la Mer, Mont-Joli, QC, G5H 374, Canada

Corresponding authors: Audrey Bourret (audrey.bourret@dfo-mpo.gc.ca); Geneviéve J. Parent (genevieve.parent@dfo-mpo.gc.ca)

Academic editor: Florian Leese | Received 7 December 2022 | Accepted 14 February 2023 | Published 23 February 2023

Abstract

Biodiversity assessments relying on DNA have increased rapidly over the last decade. However, the reliability of taxonomic as-
signments in metabarcoding studies is variable and affected by the reference databases and the assignment methods used. Species
level assignments are usually considered as reliable using regional libraries but unreliable using public repositories. In this study,
we aimed to test this assumption for metazoan species detected in the Gulf of St. Lawrence in the Northwest Atlantic. We first
created a regional library (GSL-rl) by data mining COI barcode sequences from BOLD, and included a reliability ranking system
for species assignments. We then estimated 1) the accuracy and precision of the public repository NCBI-nt for species assignments
using sequences from the regional library and 2) compared the detection and reliability of species assignments of a metabarcod-
ing dataset using either NCBI-nt or the regional library and popular assignment methods. With NCBI-nt and sequences from the
regional library, the BLAST-LCA (least common ancestor) method was the most precise method for species assignments, but the
accuracy was higher with the BLAST-TopHit method (>80% over all taxa, between 70% and 90% amongst taxonomic groups). With
the metabarcoding dataset, the reliability of species assignments was greater using GSL-rl compared to NCBI-nt. However, we also
observed that the total number of reliable species assignments could be maximized using both GSL-rl and NCBI-nt with different
optimized assignment methods. The use of a two-step approach for species assignments, i.e., using a regional library and a public
repository, could improve the reliability and the number of detected species in metabarcoding studies.
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Introduction

Biodiversity assessments and monitoring using DNA
have increased rapidly over the last decade given the
high potential of this non-intrusive approach to uncover
biodiversity efficiently with limited effort (Taberlet et al.
2012; Makiola et al. 2020). Environmental DNA (eDNA)
metabarcoding surveys allow the detection of a diversity
of organisms in various types of environmental samples
using high-throughput sequencing (Taberlet et al. 2012;
Yu et al. 2012). Surveys of eDNA generally involve a se-
ries of steps such as sample collection, extraction, targeted

amplification, high-throughput sequencing, and bioinfor-
matic processing, which includes taxonomic assignments
to reference sequences from a public repository or a re-
gional library (Deiner et al. 2017). Only a small fraction
of detected eDNA sequences in environmental samples
can currently be assigned to a species-level identity ow-
ing to a lack of data and taxonomic resolution in publicly
available resources (Deiner et al. 2017; Leite et al. 2021;
Zafeiropoulos et al. 2021). The reliability and precision of
taxonomic assignments is affected by the quality and avail-
ability of sequences in repositories and the assignment
methods, thereby limiting confidence in the use of eDNA
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for biodiversity monitoring and targeted species detec-
tions (Coissac et al. 2012; McGee et al. 2019; Meiklejohn
et al. 2019; Gold et al. 2021; Hleap et al. 2021).

Several public repositories exist and can be used as ref-
erence databases to provide taxonomic assignments in me-
tabarcoding studies. The public National Center for Bio-
technology Information Nucleotide database (NCBI-nt,
including the GenBank database) is the largest sequence
repository and is widely used in eDNA metabarcoding
studies (Porter and Hajibabaei 2018b, 2020). However,
the presence of mislabeled specimens, the large varia-
tion in quality of sequences available, and gaps in species
coverage (i.e., unrepresented species) result in erroneous
species identification when directly comparing unknown
sequences to NBCI-nt (Bidartondo 2008; Mioduchowska
et al. 2018; Leray et al. 2019). The Barcode of Life Data
Systems (BOLD) is another sequence repository specific
to the most common barcode regions, including the cyto-
chrome ¢ oxidase I (COI) gene, which is the widely used
gene region for animal DNA barcoding (Ratnasingham
and Hebert 2007; Porter and Hajibabaei 2018b). BOLD
displays mandatory (e.g., institution storing voucher spec-
imen, sampling country) and optional (e.g., sampling lo-
cation, specimen photos) metadata, performs groupings of
similar sequences into Barcode Index Numbers (BINs),
and permits editing or updating of records, all of which
assists with data quality control. However, like NCBI-nt,
it is also vulnerable to submissions of misidentified spec-
imens (McCusker et al. 2013; Oliveira et al. 2016; Fontes
et al. 2021; Radulovici et al. 2021). As reliable taxonomic
assignments at the species-level are expected under many
regulatory contexts (e.g., environmental status assessment,
monitoring of invasive species or species at risk; Aylagas
et al. 2014; Hering et al. 2018; Bush et al. 2019; Piper et
al. 2019), some metabarcoding studies have questioned the
value of using public repositories (e.g., von Ammon et al.
2018; Locatelli et al. 2020; Gold et al. 2021). Nonetheless,
these important resources remained essential for iden-
tification of sequences of unknown origin, and could be
valuable starting points for the creation of smaller curated
reference sequence libraries. Characterizing the proportion
of accurate species assignments using NCBI-nt would be
highly valuable to understand the extent of uncertainty in
metazoan species’ eDNA detection and consequently en-
able an accurate interpretation of metabarcoding results.

Alternatively, curated regional libraries have been
shown to reduce errors in species assignments (Gold et
al. 2021). Regional libraries are limited to species expect-
ed in predefined areas, and can be created by data mining
and curating existing sequences from public repositories
and/or from generating sequences from specimens. They
have the advantage of limiting spurious assignments to
related but non-local species and to reveal gaps (i.e.,
missing sequences) in taxonomic groups (Weigand et
al. 2019; Ramirez et al. 2020; Jazdzewska et al. 2021).
Examples of regional libraries are available in the north-
ern hemisphere for multiple taxonomic groups (e.g.,
freshwater fish: Knebelsberger et al. 2014; Hénfling et al.
2016; marine fish: Stoeckle et al. 2017; Fraija-Fernandez
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etal. 2020; Gold et al. 2021; macrobenthos: Van Den Bul-
cke et al. 2021). Some of these reference libraries pres-
ent ranking systems to ensure high taxonomic reliability
(e.g., from Grade A for highest reliability to E for low-
est reliability, Costa et al. 2012; see Knebelsberger et al.
2014 for an example of its application on fish sequences).
Ranking systems are often provided to target future bar-
coding efforts and improvements in reference sequences.
No explicit ranking system about the uncertainty of spe-
cies assignment has yet been presented within metabar-
coding studies. Such a system would be highly valuable
to provide clear indications on the reliability of species
assignments for eDNA end-users.

Another source of variability in species’ assignments
is the bioinformatics software and pipelines used in me-
tabarcoding studies. Recently, studies have started to eval-
uate the accuracy of taxonomic assignments using various
bioinformatic methods (O’Rourke et al. 2020; Hleap et al.
2021; Mathon et al. 2021). These studies compared tax-
onomic assignment methods that are based on different
strategies, such as alignment, composition, or modelling
(Richardson et al. 2017, see also four strategies in Hleap
et al. 2021). The Basic Local Alignment Search Tool
(BLAST) is an alignment-based approach extensively
used in metabarcoding studies that relies on similarity be-
tween unknown sequences and records from a reference
database to return best hits (Camacho et al. 2009). The tax-
onomic identity of the unknown sequence may be inferred
in conjunction with a least common ancestor (LCA) or a
Top Hit approach with identity threshold, usually between
95 and 99%. These thresholds should reflect expected in-
ter-species divergence, but high variation among taxo-
nomic groups may cause pitfalls in assignments (Wang
et al. 2007; Alberdi et al. 2018). Composition-based clas-
sifiers that involve machine-learning algorithms such as
Ribosomal Database Project (RDP; Wang et al. 2007)
and IDtaxa (Murali et al. 2018) have shown good perfor-
mance for species’ assignments (Richardson et al. 2017;
Murali et al. 2018; Porter and Hajibabaei 2018a). They
use the frequency or weighted frequency of k-mers (i.e.,
short unique sequence substrings) to compare the com-
position of a query sequence to reference sequences, and
then provide a measure of confidence for a taxonomic as-
signment through bootstrapping the assignment process.
They are thus less affected by low divergence between
groups. Supervised classifiers are trained on a reference
library, and pre-trained classifiers are increasingly avail-
able (e.g., Porter and Hajibabaei 2018a). However, recent
benchmarking studies have shown lower performance
of such classifiers compared to BLAST (O’Rourke et al.
2020; Hleap et al. 2021; Mathon et al. 2021).

This study aimed to estimate the accuracy and preci-
sion of species assignments using the public repository
NCBI-nt and to contrast the reliability of using NCBI-nt
and a regional library for species assignments of a me-
tabarcoding dataset, with popular taxonomic assignment
methods (Fig. 1). Specifically, we first created a curated re-
gional library (GSL-rl) using publicly available sequenc-
es from BOLD for the COI barcode locus of metazoans
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from the Gulf of St. Lawrence (Fig. 1A). The regional
library also contained a reliability ranking system for
species assignments based on sequence availability and
similarity that can be understood by any eDNA end-us-
ers, regardless of their scientific expertise. Then, we used
the reference sequences from the GSL-1l to estimate the
accuracy and precision of NCBI-nt (Fig. 1B). We also
compared the detected species in a metabarcoding dataset
when using NCBI-nt or GSL-rl, and we contrasted their
reliability (Fig. 1C). These two sets of reference sequenc-
es likely represented two extreme scenarios in terms of
curation and size. We reached the conclusion that using
a two-step approach, i.e., species assignments first with a
regional library and then with a public repository to con-
trast results, is desirable to maximize the reliability and
number of species assignments in metabarcoding studies.

Methods

Creation of a regional library for the Gulf of St.
Lawrence (GSL-rl) with a reliability ranking system

The creation of a curated regional library for the Gulf
of St. Lawrence (hereafter GSL regional library: GSL-
rl) was done through multiple rounds of data mining on
BOLD for marine metazoan species (i.e., vertebrate and
invertebrate) and revisions based on quality and similar-
ity of sequences (Fig. 1A, see also Suppl. material 1: fig.
S1 for more details). The initial list of species was ob-
tained from 1) decision-makers, and 2) regional species’
list with taxonomical information (Nozeres 2017), and
was extended along the creation process. All sequences
retained in the GSL-rl had names at the genus or species
levels and were already published on BOLD, and were
not from outgroup taxa (e.g., human, plant, bacteria) nor
hybrid species. We computed a genetic distance intra and
interspecific between BINs as the Kimura’s 2-parameters
distance (Kimura 1980) with ape R package (v.5.0, Par-
adis and Schliep 2019). More details about the creation of
the GSL-rl are provided in the Suppl. material 1 (see also
Suppl. material 1: tables S1, S2).

We created the GSL-rl to identify molecular operation-
al taxonomic units (MOTUs) at the species level. Each
species in the GSL-rl was ranked based on sequence
availability and similarity (Fig. 1A, Suppl. material 1:
table S3). Species with reference sequences for itself
and closely related species (i.e., from the same genus)
acknowledged to be present in the Gulf of St. Lawrence
were ranked as “Reliable” if they did not share BOLD’s
barcode index number (BIN; i.e., a unique identifier of
sequences based on genetic distance, Ratnasingham
and Hebert 2013). Species with reference sequences for
themselves, but not for all congeners acknowledged to be
present in the Gulf of St. Lawrence (i.e., other species of
the same genus), were ranked as “Unreliable due to gaps”.
Species with reference sequences sharing BIN with other
species were ranked as “Unreliable due to BIN sharing”.
Common causes of BIN sharing are genetic similarities

between species or specimen misidentification. For the
GSL-1l, the curation and validation process done during
its creation should limit the BIN sharing due to specimen
misidentification. Taxonomic assignments belonging to
one of the two “Unreliable” categories should be inter-
preted with caution and preferably not at the species-level.

Evaluating the accuracy and precision of species as-
signments using the public NCBI-nt repository

We used the curated sequences from the GSL-1l to eval-
uate the accuracy and precision of species assignments
using NCBI-nt (Fig. 1B). Taxonomic assignments were
performed over the sequences contained in GSL-1] using
NCBI-nt (downloaded 2020-10-23) and the BLAST+ tool
blastn (v2.10.1, Camacho et al. 2009) combined with the
least common ancestor (LCA; hereafter BLAST-LCA) or
the Top Hit methods (hereafter, BLAST-TopHit) at three
identity thresholds (95, 97 and 99%) with an in-house R
script. The LCA method assigns the higher taxonomic
rank shared by all hits above the identity threshold. Top
Hit method assigns the higher taxonomic rank shared by
the hits with the lowest e-value. We excluded hits con-
taining “environmental sample”, “uncultured” or “pre-
dicted” in their description.

We evaluated two performance parameters, i.e., accu-
racy and precision, for species assignments using NC-
BI-nt. To compute these parameters, we classified each
taxonomic assignment (following Bokulich et al. 2018)
as either:

* A true positive (TP), or accurate species assignment,
if the assignment was with the correct taxonomi-
cal classification, e.g., an Ammodytes hexapterus
sequence correctly identified as is.

* A false positive (FP), or inaccurate species as-
signment, if the assignment was with an incorrect
taxonomical classification, e.g., an Ammodytes
hexapterus sequence incorrectly identified as
Ammodytes marinus.

* A false negative (FN) if the assignment was at a tax-
onomical level higher than species, no matter if the
assignment was correct or not, e.g., an Ammodytes
hexapterus sequence classified as Ammodytes sp.
This is equivalent to an under-classification error
(Edgar 2018).

The accuracy, reflecting the proportion of accurate as-
signments at the species level, was defined as TP / (TP + FP
+ FN), whereas the precision was defined as TP/ (TP + FP).

Contrasting species assignments using the regional li-
brary or the public NBCI-nt repository, and popular
assignment methods.

We compared the detection results from an eDNA me-
tabarcoding dataset using GSL-rl and NCBI-nt and three
assignment methods (Fig. 1C). The eDNA metabarcoding
dataset was obtained from the analysis of 2L water sam-
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A. Creation of a regional library

Publicly available Data mining and filtering procress GSL-rl with a reliability ranking
reference repository

Spesies Sequence Taxonomic
ey or genus quality validation )
BOLD | marker SP1TGCG SP1|Reliable

SP2ITCCG | + SP2|Unreliable \ Fin
SP3TGCC SP3|Unreliable - gaps
SP4|No sequences available
A

B. Estimation of the accuracy of NCBI-nt

Reference sequences Taxonomic assignment Species detected and accuracy
Assignment Post - assignment
tools process

NCBI-nt

GSL-rl SP1|TGCG
o SP2(TCCG
SP3|TGCC

SP1|Species 1 [TP, accurate]
SP2|Species 3 [FP, inaccurate]
SP3|Genus 1[FN, unassigned af species level]

C. Comparison of species assignments using NCBI-nt and a regional library

Reference sequences Taxonomic assignment Species detected and reliability
Assignment Post - assignment
tools process

- axonomic
ng;gggg exclusion LEA ESV1|Species 1 [Likely]

NCBI-nt + ESV3TGCC —3» BLAST. ESV2|Sp 2 [Likely]

ESVAIAGCG ESV3|Species 3 |Lka|’yf
TopHit ESV4|Species

ESV1TGCG BLAST ESV1|Species 1 [Reliable]

Seeull . Esvzimece / ESV2[5pecies 2 [Unreliable - BIN sharing]
Esv3|TGcc TOlet —————l' ESV3|Species 3 [Unreliable - gaps)
ESV4|.&GCG ESV4|Unassigned

IDlaxa

Figure 1. Schematic representation of the three main steps of this study. A Creation of a regional library for metazoans from the
Gulf of St. Lawrence (GSL-1l). Sequences were selected from BOLD and curated through multiple filtering and auditing steps (see
Fig. S1 for more details on filtering and auditing parameters). Species or genus were added through an iterative process to further
improve the regional library. Each species in the GSL-rl was ranked based on sequence availability and sequence similarity to close-
ly related species in the Gulf of St. Lawrence; B Estimation of the accuracy and precision of NCBI nucleotide database (NCBI-nt)
using the reference sequences from the regional library. Taxonomic assignments were performed using NCBI-nt over the reference
sequences from GSL-rl, using the Blast+ tool blastn (hereafter BLAST; Camacho et al. 2009). Assignment results were filtered
based on taxonomic identity, then a least common ancestor (LCA) or a TopHit method were used to assign a unique taxon identity
to each sequence. Each assignment was then classified as a true positive (TP, accurate), a false positive (FP, inaccurate) or a false
negative (FN, unassigned at the species level). Performance parameters were derived from this classification; C Comparison of spe-
cies assignments and their reliability using NCBI-nt or GSL-rl. Taxonomic assignments of ESVs from a metabarcoding dataset were
performed with BLAST and with the classifier IDtaxa (Murali et al. 2018). For NCBI-nt, the species ranking involved a plausibility
filter based on the location. For GSL-rl, the species ranking was directly provided with the library (see methods for more details).

ples (n=61) collected from scientific surveys in 2018 in ~ U.S.) in an ultraclean room, and DNA was extracted from
coastal areas of the Gulf of St. Lawrence (Suppl. material  filters using Qiagen Blood and Tissus Kit (QIAGEN, MD,
1: fig. S2), both at the surface and bottom of the water  U.S.). Genome Québec performed PCR amplifications
column. Water samples were filtered on glass fiber filter =~ with the primers mICOIlintF (Leray et al. 2013) and jgH-
(47 mm, 1.2 and/or 10 um pore size; Sigma Aldrich, MO,  CO2198 (Geller et al. 2013), targeting a 313 pb section
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of the COI Folmer region. Each amplification was then
indexed and pooled. Amplicons pools were sequenced
using Illumina MiSeq PE 250 bp at Genome Québec.
Negative controls added at each step (n = 22) were also
sequenced. The bioinformatic pipeline involved the use
of dada2 R package (Callahan et al. 2016) and a correc-
tion of the ESV table based on negative samples (Suppl.
material 1: fig. S3). See supplementary material for more
details on the field, laboratory and bioinformatics works
underlying the eDNA metabarcoding dataset.

The three assignment methods compared were BLAST-
LCA, BLAST-TopHit and IDtaxa. BLAST assignment
methods were used as described in the previous section
with both GSL-1l and NCBI-nt. NCBI-nt BLAST results
were filtered to retain only metazoan detections and re-
move non-marine taxa (i.e., Homo sapiens, Arachnida, In-
secta). [Dtaxa is a classifier implemented within the DECI-
PHER R package (Wright 2016) and was trained only with
the GSL-rl. The training of IDtaxa directly over the full
NCBI-nt would have been too computationally intensive,
and would have required a minimal curation to restrict the
scope to metazoan sequences (see also Porter and Hajib-
abaei 2018a for a curated version of public repositories’
training set). The [Dtaxa classifier was selected since it has
been shown to be less prone to “over-classification”, i.e.,
classification to an erroneous group when the real group is
absent from the training set, compared to the popular RDP
classifier (Murali et al. 2018). Taxonomic assignments
with IDtaxa were obtained at three confidence thresholds
(i.e., weighted fraction of bootstrap replicates assigned to
a given taxa) representing moderate confidence (40%),
high confidence (50%), and very high confidence (60%)
in species assignments (Murali et al. 2018).

We contrasted results obtained using GSL-rl and NC-
Bl-nt with distinct ranking systems (Fig. 1C). Species
detected with the GSL-rl were classified according to the
three categories of the reliability ranking system previous-
ly created: “Reliable”, “Unreliable due to gaps”, “Unreli-
able due to BIN sharing” (Suppl. material 1: table S3). For
species assignments with NCBI-nt, we used geographic
and habitat filters to classify them as “Likely” if they were
part of the Gulf of St. Lawrence checklist (Nozeres 2017)
or present in the areas based on the World Register of Ma-
rine Species (WoRMS, WoRMS Editorial Board 2020),
and “Unlikely” if not. Such filters are often applied in me-
tabarcoding studies but the source of information for the
likelihood of a species to be present is often obscure.

Data accessibility

Raw sequence data from the metabarcoding dataset are
available in the Sequence Read Archive (SRA) under the
accession number PRINA925571.

The data and scripts used in this manuscript
are stored in the github repository https:/github.
com/GenomicsMLI-DFO/GSL_COI ref library
The GSL-rl database (sequences, reliability ranking and
trained dataset) can be found in the github repository
https://github.com/GenomicsMLI-DFO/MLI_GSL-rl.

Results

A COI regional library with a reliability ranking
system for metazoans from the Gulf of St. Lawrence
(GSL-1))

The first version of GSL-rl comprised 1304 sequenc-
es covering 439 species (158 species from the phylum
Chordata spanning 68 families; 281 species of inverte-
brates spanning 129 families and 9 phyla) and 11 other
taxa at the genus level only (Vertebrates: 3 genera from
2 families; Invertebrates: 8 genera from 8 families and
4 phyla; Fig. 2). It represented 67.4% of the taxa on the
target list (651 species; Vertebrates: 94.6%; Invertebrates:
58.1%; Suppl. material 1: table S3). The sequences were
retrieved mostly from the Northwest Atlantic Ocean
(67.8%). A total of 525 BINs were represented (Verte-
brates: 159; Invertebrates: 366), with 16 BINs that were
shared by at least two taxa (Vertebrates: 8; Invertebrates:
8; Suppl. material 1: table S4), and 58 taxa occupied more
than one BIN (6 vertebrates with up to 3 BINs; 52 inver-
tebrates with up to 7 BINs; Suppl. material 1: table S5).
The median sequence length was 658 bp (range: 640—664
pb) while the mean (+ SD) of missing values (N’s) was
0.002 £ 0.034% (max < 1%). Genetic distances were on
average 0.005 (range: 0.000-0.023) within BINs and
0.122 (range: 0.012—-0.347) between intraspecific BINs.
We then provided a reliability ranking for each species
within GSL-rl based on the completeness of sequences
available (Fig. 2, Suppl. material 1: table S6; see meth-
ods for more details). Species within the “Reliable” cat-
egory accounted for the largest proportion of the species
with sequences from the regional library (302 species
or 68.8%; 133 vertebrates, 169 invertebrates). Species
classified to the “Unreliable due to BIN sharing” and the
“Unreliable due to gaps” categories represented 5.2% (23
species; 13 Chordata, 10 invertebrates) and 26.0% (114
species; 12 vertebrates, 102 invertebrates) of the GSL-
rl species, respectively. The GSL-rl database (version
1.0 and future versions) is available on GitHub (https://
github.com/GenomicsMLI-DFO/MLI_GSL-rl).

Accuracy and precision of species assignments using
NCBI-nt and two assignment methods

The proportions of species assignments over all taxa
were higher with the BLAST-TopHit method (range:
85.5-87.9%) than the BLAST-LCA method (range: 47.6—
71.0%) with any identity thresholds (Fig. 3A). Over all
taxa, the proportions of species assignments increased
with the BLAST-LCA method while they decreased
with the BLAST-TopHit method with increasing iden-
tity thresholds (Fig. 3A). Across taxonomic groups, the
proportions of species assignments were also consistent-
ly greater at all thresholds for the Blast-TopHit method
compared to the BLAST-LCA method. The proportions
of species assignments at the 97% similarity threshold
varied with the BLAST-TopHit method from 74.4% for
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Cnidaria Porifera
d
Nemertea Mollusca

Bryozoa

. .4 ¢

Echinodermata

.¢¢ 06

- Reliable

Unreliable — BIN sharing

Annelida Brachiopoda

Arthropoda Chordata

Unreliable — gaps No sequences available

Figure 2. Classification of 651 marine metazoan species previously observed in the Gulf of St. Lawrence and included in GSL-1l, by
phylum. Species reliability ranking is based on the availability from local species and sequence similarity to closely related species

in the Gulf of St. Lawrence.

Annelida, Brachiopoda, and Nemertea to 93.1% for Ar-
thropoda method and with the BLAST-LCA method from
35.8% for Cnidaria and Porifera to 75.2% for Arthropoda
(Fig. 3B).

The accuracy, or proportion of accurate species as-
signments, was higher with the BLAST-TopHit meth-
od compared to the BLAST-LCA method, over all taxa
and in each taxonomic group at all identity thresholds
(Fig. 3A, B). Over all taxa, accuracy varied between
80.1% and 82.5% for the BLAST-TopHit method and be-
tween 42.7% and 68.0% for the BLAST-LCA method for
the three identity thresholds tested (Fig. 3A). For each
taxonomic group, the accuracy was consistently higher
at all thresholds with the BLAST-TopHit method com-
pared to the BLAST-LCA method. The accuracy at the
97% threshold varied with the BLAST-TopHit method
from 69.6% for Annelida, Brachiopoda and Nemertea to
89.6% for Arthropoda and with the BLAST-LCA method
from 34.0% for Cnidaria and Porifera to 73.6% for Ar-
thropoda (Fig. 3B).

The precision was greater for the BLAST-LCA method
compared to the BLAST-TopHit method over all taxa at
all thresholds (BLAST-LCA range: 95.7-96.9%, BLAST-
TopHit range: 93.8-94.4%; Fig. 3A) and in most taxonom-
ic groups at the 97% threshold (BLAST-LCA range: 92.3—
99.2%, BLAST-TopHit range: 89.6-96.3%; Fig. 3B).

Comparison of the reliability of species assignments to
a metabarcoding dataset using GSL-rl and NCBI-nt
with three assignment methods

We used an eDNA metabarcoding dataset to compare
the number and the reliability of species assigned using
GSL-rl and NCBI-nt with three assignment methods.
The five possible combinations of repository/library and

https://mbmg.pensoft.net

assignment methods were GSL-rl and NCBI-nt with
BLAST-LCA (1, 2), GSL-rl and NCBI-nt with BLAST-
TopHit (3,4), and GSL-rl with IDtaxa (5; Fig. 1C). A total
of 80 species were assigned with the five combinations
of repository/library and assignment methods (Fig. 4A).
Detected species differed using NCBI-nt and GSL-rl and
the three assignment methods (Fig. 4A).

Across all combinations, the highest and lowest num-
bers of species assigned were observed with NCBI-nt and
BLAST-TopHit95 (66 species) and BLAST-LCA95 (44
species), respectively (Fig. 4B). The number of assigned
species decreased with increasing thresholds for most
combinations, except for BLAST-LCA with NCBI-nt
(Fig. 4B). For GSL-1l, proportions of assigned species
ranked as “Unreliable due to BIN sharing” or “Unreliable
due to gaps” did not change directionally with increasing
thresholds (Fig. 4B). For NCBI-nt, decreasing proportions
of “Unlikely” species were assigned with increasing identi-
ty thresholds of BLAST-LCA or BLAST-TopHit (Fig. 4B).

The assignment method with the maximum number
of assigned species differed between GSL-rl and NC-
BI-nt. The maximum number of assigned species was 62
species with GSL-rl and IDtaxa40 and 66 species with
NCBI-nt and TopHit95 (Fig. 4B). Out of the 62 species
assigned using the GSL-rl/IDtaxa40 combination, 46 spe-
cies (74.2%) were ranked as “Reliable”. The remaining
assigned species were ranked as “Unreliable due to BIN
sharing” (4 species, 6.5%) or “Unreliable due to gaps”
(12 species, 19.4%; Fig. 4B). With the NCBI-nt/TopHit95
combination, 58 (87.9%) and 8 (12.1%) assigned species
were ranked as “Likely” and “Unlikely” present, respec-
tively (Fig. 4B).

Large proportions of detected species were exclusive-
ly assigned using only GSL-rl or NCBI-nt. A total of 30
species (37.5% of all species detected) were assigned
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Figure 3. Taxonomic assignment results of sequences from GSL-rl using NBCI-nt and the BLAST-LCA and BLAST-TopHit meth-
ods. Proportions of accurate (true positive, TP) and inaccurate (false positive, FP) species assignments are presented A for all taxo-
nomic groups at the three identity thresholds (95%, 97%, 99%) and B by taxonomic group at the 97% threshold.

only using GSL-rl (12 species) or NCBI-nt (18 species;
Fig. 4A, C). For the species only assigned with GSL-1l, 7
species were ranked as ‘“Reliable” whereas 1 and 4 species
were ranked as “Unreliable due to BIN sharing” and “Un-
reliable due to gaps”, respectively (Fig. 4A, C). For the spe-
cies only assigned with NCBI-nt, 10 species were consid-
ered likely to be present in the GSL whereas 8 species were
considered unlikely to be present. For the other 50 species
assigned with both GSL-rl and NCBI-nt, 39 species were
ranked as “Reliable” with the GSL-r1 (78.0%, Fig. 4C). The
remaining species assigned belonged to the “Unreliable
due to BIN sharing” (3 species, 6.0%) or the “Unreliable
due to gaps” categories (8 species, 16.0%; Fig. 4A, C).

Discussion

A COI regional library with a reliability ranking
system for metazoans from the Gulf of St. Lawrence
(GSL-rl)

The GSL-rl provides explicit reliability rankings for
651 species observed within the Gulf of St. Lawrence.
We used two simple, broad categories, “Reliable” and
“Unreliable”, to characterize the robustness of species
assignments in eDNA metabarcoding studies. The “Re-
liable” category represented the vast majority of species
with reference sequences (68.8%, 302 species) in GSL-1l.
Similar results were obtained for marine fish species from
Portugal with the COI locus (73.5%, grade A, Costa et al.
2012). Past studies have shown the importance of a rank-
ing system to limit erroneous species assignments (e.g.,
Costa et al. 2012; Knebelsberger et al. 2014). However,
the ranking systems used in these studies are targeting an
audience of barcoding specialists. With the mainly rank-
ing system of species assignments in GSL-rl, we aimed to

keep this classification simple to reach the large audience
of eDNA users. Still, we used two “Unreliable” subcat-
egories to highlight 1) the taxa necessitating future bar-
coding efforts, and 2) the relevance of the COI barcode
to discriminate species. This allows any eDNA scientist
to consider alternative loci if species of interest are not
discriminated by the COI locus. Note that the reliability
ranking of species in GSL-rl may change over time, par-
ticularly for understudied species. In the future, species
may be upgraded to the “Reliable” category when further
sequencing results fill in data gaps. Some species may
also be downgraded to the “Unreliable” category, partic-
ularly for complex taxonomic groups in the region that
should be targeted for review (e.g., polychaete worms).
The GSL-1l contains reference sequences for 439 spe-
cies of the 651 targeted species of interest for conservation
in the Gulf of St. Lawrence (i.e., 67.4%), with reference
sequences available for a relatively large proportion of in-
vertebrates (i.e., 59.1%). In Europe, marine invertebrates
represent the taxonomic group with the lowest barcode
coverage, and only 22.1% have one or more sequences
available (Weigand et al. 2019). The larger proportion
of invertebrates with reference sequences in GSL-1l is
likely due to the species selection to initiate this regional
library but also to the smaller study area and the barcod-
ing campaigns for invertebrates in the Northwest Atlantic
(e.g., Radulovici et al. 2009; Layton et al. 2016). Still, the
GSL-1l is in its early development (v.1.0) and presently
covers only a quarter of the estimated 2200 marine meta-
zoan species that may occur in the Gulf of St. Lawrence
(Nozeres 2017). A review every two years is planned to
increase the number of species covered by the GSL-rl.
The GSL-rl-could also improve species assignments
in eDNA metabarcoding studies of the Northwest At-
lantic and the Arctic Oceans compared to large public
databases. The Gulf of St. Lawrence is a transitional
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Figure 4. Assignment results at the species level using a regional library (GSL-rl) or a public repository (NBCI-nt) and popular
assignment methods. We used three assignment methods, namely IDtaxa (confidence levels: 40%, 50% and 60%), BLAST-LCA,
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for each source of reference sequences and method; C Comparison of species rank for all the species assigned with the two sources.
Species rank categories are based on sequence availability and sequence similarity to closely related species in the Gulf of St. Law-
rence for GSL-1] and on the geographic plausibility for NCBI-nt.

marine region where temperate southern species may  barcoding local specimens (e.g., Delrieu-Trottin et al.
occur alongside boreal and arctic species (Bourdages et 2019), or from a combination of both approaches (e.g.,
al. 2022). There are no regional libraries covering ma-  Stoeckle et al. 2020; Gold et al. 2021). New tools are now
rine metazoan species at the COI locus in nearby regions,  emerging to facilitate the creation of regional reference li-
and GSL-rl could promote the creation of these regional  braries (e.g., Meta-Fish-lib, Collins et al. 2021; Barcode,
libraries. These can be created by data mining and curat-  Audit & Grade System (BAGS), Fontes et al. 2021; see
ing existing sequences from public repositories (e.g., the  also Kaehler et al. 2019 for a tool incorporating species
approach used in this study), completely de novo from abundance information into species assignments). Some
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of the tools, such as BAGS, even allow for the annotation
of species based on concordance between morphologi-
cal species-based identification and sequence clusters in
BOLD (Fontes et al. 2021). Combined with tools to find
gaps in reference sequence libraries (e.g., GAPeDNA,
Marques et al. 2021), more comprehensive species-level
assignments are now possible.

Accuracy of species assignments using NCBI-nt and
two assignment methods

We estimated two performance parameters for metazoan
species assignment using NCBI-nt, and observed large
variations in results of performance parameters with the
two assignment methods tested. While the BLAST-LCA
method provided overall higher precision in species as-
signments, the accuracy was greater with BLAST-TopHit,
an observation in line with a previous study (Hleap et al.
2021). The sensitivity of both methods to the prevalence
of BIN sharing, gaps, and mislabeling within public re-
positories may explain the difference between perfor-
mance parameters’ results. For instance, the BLAST-LCA
method, which is more conservative, is expected to gener-
ate more false negatives causing under-classification (i.e.,
assignments at a higher taxonomic level) in the presence
of closely related species and BIN sharing. In contrast,
the BLAST-TopHit method favors more species level as-
signment, but is highly impacted by gaps and mislabeled
sequences (e.g., Schenekar et al. 2020), generating more
false positives and lowering the precision of species as-
signments. We also want to highlight that the prevalence
of gaps for targeted species may have been considerably
reduced using sequences from the GSL-rl. The latter were
retrieved from BOLD, which shares many records with
NCBI-nt (Porter and Hajibabaei 2018b). Lower perfor-
mances could be expected using a metabarcoding data-
set, particularly for the TopHit method more sensitive to
gaps. Nonetheless, the relatively good performance of the
BLAST-TopHit method observed here suggests that mis-
identified specimens within NCBI-nt are limited for the
targeted metazoan species of the Gulf of St. Lawrence.
Previous studies have shown that assignment meth-
ods can affect taxa detected in metabarcoding studies
(O’Rourke et al. 2020; Hleap et al. 2021). As expected,
the BLAST-TopHit method outperformed the BLAST-
LCA method with NCBI-nt to provide a higher propor-
tion of assignments (see also Hleap et al. 2021). Our re-
sults also showed that the proportion of accurate species
assignments varied largely between taxonomic groups.
Relatively well-described marine taxonomic groups such
as Arthropoda (i.e., crustaceans) and Chordata (i.e., fish-
es and mammals) have reached accuracy >85% with the
BLAST-TopHit method. The accuracy is much lower for
the BLAST-LCA approach within the Chordata (43%),
probably because this approach is more sensitive to the
presence of close relative species (i.e., BIN sharing), re-
ducing the potential of species level identification. Other
groups, such as Annelida, Brachiopoda, Nemertea, and

Mollusca, achieved lower accuracy using both the BLAST-
TopHit and BLAST-LCA methods (maximum 70%).

The accuracy and precision using the sequences from
GSL-1l in our study will be different at the time of read-
ing this article due to the continuous growth of the public
repository NCBI-nt. The publication of new sequences
of low quality or with incorrect species identification can
create unexpected ambiguities in species assignments
as public repositories grow (Locatelli et al. 2020; Radu-
lovici et al. 2021). Without a comprehensive versioning
system, changes in the NCBI-nt database also limit the
reproducibility of species assignments as it is difficult
to identify and access a specific daily release. Note that
starting with BLAST v.2.13 launched in March 2022, it
is now possible to generate a metadata file describing the
database used (Camacho and Madden 2022), which is an
important step toward higher traceability.

Comparing the reliability of species assignments to
a metabarcoding dataset using GSL-rl and NCBI-nt
with three assignment methods

The method with the maximum number of species assigned
to the metabarcoding dataset differed between GSL-r] and
NCBI-nt. The IDtaxa40 assignment method provided the
highest number of species assigned using GSL-rl. Sequence
composition strategies for species assignments, such as
IDtaxa and RDP, had contrasting performance results in
previous benchmarking studies (O’Rourke et al. 2020;
Hleap et al. 2021; Mathon et al. 2021). Our results contrast
with those from a previous study showing that IDtaxa did
not perform as well as BLAST with mock communities
composed of various freshwater taxonomic groups (Hleap
et al. 2021). The contrasting results between the latter and
our study could be explained by the difference in the confi-
dence threshold used (Hleap et al. 2021). Parameter tuning
may be key to choosing an optimal method for a dataset
while more benchmarking studies are undertaken to devel-
op parameter standards. The relatively better performance
of IDtaxa in our study might also be due to the quality of
the regional library used to train the classifier. Little is
known about the impact of using classification training sets
with varying levels of curation for taxonomic assignment,
and the possible improvement in classifications when us-
ing regional libraries might be important in this context.
With NCBI-nt, the number of detected species was greater
with the BLAST-TopHit method compared to the BLAST-
LCA method for the metabarcoding dataset. These results
are similar to those obtained with GSL-rl COI sequences
and have been discussed in the previous section.

More than a third of the species assigned to the
metabarcoding dataset (n = 33 out of 80) were exclusive
to either GSL-rl or NCBI-nt . For GSL-1l, the exclusion
of non-indigenous species or mislabeled sequences
increased the number of species assigned, confirming
previous studies’ results improving species assignments
with regional libraries (von Ammon et al. 2018; Gold
et al. 2021). The exclusion of non-indigenous species
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increased the taxonomic resolution of the Atlantic bluefin
tuna Thunnus thynnus within GSL-rl. Under-classification
is usually observed when using NCBI-nt, as the Atlantic
bluefin tuna presently shares a BIN (BOLD: AAA7352)
with other Thunnus species that are not expected to be
present in the Gulf of St. Lawrence (Nozeres 2017). With
NCBI-nt, detections in the “Likely” category comprised
species for which sequences were not included in GSL-rl
because of the stringency of quality filtering performed
(e.g., Iceland scallop Chlamys islandica). Other detections
in the “Likely” category were included in GSL-1l (e.g., the
polychaete worm Terebellides stroemii), but the inability
to detect them suggests that their intra-specific diversity is
not fully covered by GSL-tl. Finally, a few species assigned
with NCBI-nt were not listed as present in the Gulf of St.
Lawrence, but after reconsideration, we concluded that they
are likely to be found in the target area (e.g., Pseudocalanus
newmani). All undetected species will be reviewed prior to
the next release of GSL-rl. With NCBI-nt, we also observed
under-classification of the sea star genus Leptasterias due
to sequence mislabeling, which has been shown previously
(Bidartondo 2008; Mioduchowska et al. 2018). The under-
classification is due to two misidentified sequences, one is
for Leptasterias littoralis identified as the sea star Asterias
forbesi and the other is for Leptasterias polaris identified as
the butterfly Polyommatus fulgens.

Comparing the ranking categories of NCBI-nt and
GSL-1l revealed an important improvement in reliability
with our annotated regional library (Fig. 1C). With NC-
BI-nt, we provided the likeliness of a species to be present
in the Gulf of St. Lawrence due to the availability of a pub-
lic species list (Nozeres 2017). Such information is often
difficult to obtain without expert knowledge (Pappalardo
et al. 2021). Of all the species ranked in the “Likely” cate-
gory using NCBI-nt, around 78% were classified as “Reli-
able” in the GSL-1l. Our results showed that the remaining
22% should be interpreted with caution given gaps (16%)
or BIN sharing with close relative species (6%; Fig. 4C).
Our results suggest that species level assignments of a me-
tabarcoding dataset using NCBI-nt and a filter based on
geographic plausibility can be misleading. This important
hidden and overlooked uncertainty could be acceptable for
empirical studies but not within a regulatory context where
specific species’ identification can be crucial, such as the
identification of species at risk (Gilbey et al. 2021). Eval-
uation of false-positives in the detections of endangered
or invasive species should include potential bias caused
by gaps in reference libraries (Cristescu and Hebert 2018).

Maximizing the reliability and the number of species as-
signments in eDNA metabarcoding studies by combin-
ing the use of a regional library and a public repository

Our results showed that the use of a regional library increas-
es both the reliability and number of species detected in
an eDNA metabarcoding dataset. Yet, some species likely
present in the Gulf of St. Lawrence were only detected with
NCBI-nt, as discussed in the previous section. The growth
of GSL-1l will increase the number of species that can be

https://mbmg.pensoft.net

detected using the regional library, but unexpected species,
such as new invasive species or species that have recent-
ly expanded their distribution, could remain undetected
(Bohmann et al. 2014; Klymus et al. 2017; Piper et al. 2019;
Stoeckle et al. 2020; Gold et al. 2021). Restricting species
assignments to GSL-rl and avoiding the use of NCBI-nt
would limit the maximum number of species detected.

Combining the strengths of a regional library with that
of public repositories in a two-step approach is conse-
quently the optimal solution to maximize reliability and
number of species assigned in metabarcoding studies.
Taxonomic assignments should be first performed with
a regional library, ideally including a reliability ranking
system as in the GSL-rl, to maximize the confidence in
species assignment. We then strongly advise contrasting
species assignment results from a regional library with
those using a public repository to increase the number of
species detections (see also Rohwer et al. 2018; Piper et
al. 2019; Xiong et al. 2022 for similar recommendations).
This would allow the reader to have a qualitative estima-
tion of the species assignment accuracy. Species assign-
ments relying uniquely on NCBI-nt should also clearly
indicate that their reliability is limited.

We also encourage further benchmarking studies for
the selection of optimal methods based on a broader com-
parison of assignment methods and the development of
training sets for machine-learning methods. The choice
between a more (e.g., BLAST-LCA) or less conservative
approach (e.g., BLAST-TopHit) for species assignments
should also reflect the study objectives. Our study had
limited comparison of assignment methods. We select-
ed methods often used in eDNA metabarcoding studies
that are also performing relatively well in benchmarking
assignment studies (O’Rourke et al. 2020; Hleap et al.
2021). We also compared assignments results between
a curated regional library and NCBI-nt, which are op-
posed in their levels of curation. Performing similar anal-
yses with other assignment methods (e.g., RDP, meth-
ods implemented in MEGAN CE, Huson et al. 2016)
and using reference sequences resources with different
levels of curation would be interesting. Our results also
emphasize that future benchmarking studies should be
done independently for regional libraries and public
repositories, given the different properties of these re-
sources, to maximize the reliability and the number of
species assignments.
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