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Titulo: Otimizacao da auditoria e anotacao de bibliotecas de referéncia de DNA
barcodes de sequéncias COIl de animais para aplicacoes em Ecologia Molecular

RESUMO

A descoberta e a descricdo da biodiversidade na Terra constituem um capitulo continuo e
incompleto da atividade cientifica. Felizmente, os estudos de biodiversidade tém beneficiado de
abordagens moleculares como o DNA (meta)barcoding, que constituem instrumentos de
identificacao eficientes para a biomonitorizacao e conservacao. A precisdo das identificacoes de
espécies, e a sua abrangéncia taxonomica, dependem de bibliotecas de referéncia bem
representadas. No entanto, a ocorréncia de falhas operacionais, ou a incerteza taxonémica nos

registros das bibliotecas, pode comprometer a precisdo dessas identificacoes.

Neste estudo foi desenvolvida uma aplicacao web baseada em A- BAGS (Barcode, Audit
& Grade Systermn) - que executa a auditoria e a anotacao automatizada de bibliotecas de barcodes
da subunidade | do citocromo ¢ oxidase (COl), obtidas através da Barcode of Life Data System
(BOLD), para um dado grupo taxonomico de animais. A aplicacao integra etapas iniciais de controlo
de qualidade, bem como a opcao de selecao ou exclusdo de espécies marinhas das bibliotecas a
auditar. A auditoria e triagem por espécie da biblioteca de referéncia é realizada de acordo com
cinco categorias qualitativas (A a E), que dependem dos atributos dos dados e da congruéncia
entre os nomes de espécie e as sequéncias agrupadas em Barcode Index Numbers (BINS).
Finalmente, a criacdo de um relatorio de auditoria permite que os utilizadores percecionem
rapidamente a qualidade da biblioteca, segregando automaticamente os registos mais Uteis e
confiaveis de acordo com a sua congruéncia. Para verificar a performance da precisao da anotacéo
das categorias do BAGS, realizamos testes em trés grandes conjuntos de dados: a) peixes
marinhos de todo o mundo, b) Chironomidae da Europa (Insecta), e c) anfipodes marinhos de todo

o mundo (Crustacea).

Esta ferramenta tem potencial para preencher uma lacuna significativa no paradigma atual
das ferramentas de investigacao para DNA barcoding, através do rastreamento das bibliotecas de
referéncia de forma a avaliar o estado de congruéncia dos dados e consequentemente, facilitar a
triagem de dados ambiguos para serem revistos. Deste modo, o BAGS pode tornar-se um
complemento relevante em estudos de DNA (meta)barcoding, podendo a longo prazo contribuir

para 0 aumento da qualidade e confiabilidade de bibliotecas de referéncia.

Palavras-chave: DNA barcoding, DNA metabarcoding, bibliotecas de referéncia, BOLD, R



Title: Improving auditing and annotation of DNA barcode reference libraries of animal
COI sequences for Molecular Ecology applications

ABSTRACT

The uncovering and description of Earth's biodiversity constitute an ongoing and
incomplete chapter of the scientific endeavour. Fortunately, biodiversity studies have been greatly
benefiting from molecular tools, such as DNA (meta)barcoding, which provide efficient identification
tools for biomonitoring and conservation programmes. The accuracy of species-level assignments,
and the taxonomic span of the identifications, relies on comprehensive DNA barcode reference
libraries. However, the occurrence of accidental errors in libraries’ records may compromise the
accuracy of species’ assignments, including the fortuitous operational flaws in the generation of

the barcodes, the eventual taxonomic uncertainty or the occurrence of undescribed diversity.

This study describes a web-accessible R-based application - BAGS (Barcode, Audit & Grade
System) - that performs automated auditing and annotation of cytochrome ¢ oxidase subunit | (COl)
sequences libraries, retrieved from the Barcode of Life Data System (BOLD), for a given taxonomic
group of animals. Several initial quality-filtering steps are implemented, as well as the optional
filtering of species by their presence in marine and non-marine habitats. This is followed by the
auditing and sorting of the barcode records for each species in the library, according to five
qualitative grades (A to E) that depend on the attributes of the data and congruency of species
names with sequences clustered in Barcode Index Numbers (BINs). Finally, BAGS’ reporting tool
allows researchers to quickly audit and set aside the most useful and reliable data from the
reference libraries, highlighting and segregating records according to their congruency. To verify
BAGS’ performance and accuracy in grade annotation, successful tests were carried out in three
large datasets comprising a) marine fishes of the world, b) Chironomidae of Europe (Insecta), and

¢) marine Amphipoda of the world (Crustacea).

BAGS has the potential to fulfil a significant gap in the current landscape of DNA barcoding
research tools by quickly screening reference libraries to gauge the congruence status of data and
facilitate the triage of ambiguous data for posterior review. Thereby, BAGS may become a valuable
addition in forthcoming DNA (meta)barcoding studies, in the long term contributing to globally

improve the quality and reliability of the public reference libraries.

Keywords: DNA barcoding, DNA metabarcoding, reference libraries, BOLD, R
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1. INTRODUCTION
1.1. DNA barcoding and DNA metabarcoding

1.1.1. The taxonomic impediment

The sheer scale of the Earth’'s biosphere and the percentage of which that is still awaiting
discovery, make the study of biodiversity one of the most fundamental subjects in science. Although the
question of how many species there are on Earth is still largely unanswered, some recent and extreme
estimates claim between 1 to 6 billion species in total, although the majority of them would be bacteria
(Larsen, et al., 2017). On the other hand, estimates for the existing number of eukaryotic species alone
have been placed in the range of 2 to 100 million species (Costello ef a/, 2012). One mathematical
model estimated that the number of eukaryotic species is ~ 8.7 million, ~2.2 million of which are marine,
suggesting that approximately 86% non-marine species and 91% of marine species, are yet to be
described (Mora ef al, 2011). This huge gap in our knowledge, coupled with the fact that species
extinction rates have become between 100 and 1000 times greater than they were during pre-human
history (Lamkin & Miller, 2016) due to phenomena such as pollution (Maiti & Chowdhury, 2013) or
climate change (Bellard et al, 2012), encourage the study of biodiversity and taxonomy to become more

accurate and comprehensive.

In spite of the fact that a huge percentage of the Earth’s biodiversity is currently undiscovered,
the number of described species is already providing taxonomists with large volumes of data to work with.
So far, the Catalogue of Life registers more than 1.8 million living species (Roskov ef a/., 2019), while the
Global Biodiversity Information Facility (GBIF) currently registers close to 3.5 million species names in
total, with 43% of those overlapping with the Catalogue of Life (GBIF Backbone Taxonomy, 2020). These
numbers include both extensively studied and described species, as well as species which lack proper
description and detail. For instance, each of these biological data bases includes, respectively, 1.7 million
and 2.4 million synonym species names, showing that ambiguity and redundancy increase along with the
unravelling of biodiversity. Similarly, the World Register of Marine Species (WoRMS) currently registers
almost 500,000 species, with only around 240,000 of these having an accepted species name (WoRMS,
2019). Additionally, with the establishment of modern taxonomic methodologies through the use of
molecular and computational tools, biodiversity has definitely moved on to the field of big data. Thus, the
study of biodiversity is relying progressively more on a proper auditing of biological data, especially in the
case of biological databases (Moudry & Devillers, 2020; Horta et a/., 2007; Blair et al, 2020; Ball-
Damerow et al,, 2019).
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1.1.2. DNA barcoding

Our knowledge about biodiversity, taxonomy
and phylogenetics has been greatly increasing in recent
years, largely due to the development of useful
molecular and computational tools such as DNA
barcoding and metabarcoding (DeSalle & Goldstein,
2019; Subbotin et al., 2018; Vieira et al,, 2019; Weber
et al, 2019). DNA barcoding (Figure 1) consists,
generally, in sampling an organism, identifying it
taxonomically according to its morphology, amplifying
and sequencing a short specific region of its genome
and subsequently compile the sequence and specimen
data in reference libraries and biological data bases
such as GenBank or BOLD (Barcode of Life Data
system) (Hebert ef a/., 2003; Ratnasingham & Hebert,
2007; Costa & Antunes, 2012; Cariani et a/., 2017;
Sayers et al, 2019). Conventionally, DNA barcoding
utilizes Sanger sequencing as the standard approach to
identify individual specimens, sequencing only one DNA
amplicon at a time (Sanger et af., 1977; Shokralla et
al, 2014). However, given the current refinement of
DNA sequencing methodologies (e.g. High-throughput
sequencing [HTS]), extremely large volumes of

sequence data are being identified through searches

SPECIMEN SAMPLING AND
MORPHOLOGICAL IDENTIFICATION

, 7
artt ¢

4

EXTRACTION AND AMPLIFICATION OF MARKER

@’ Y

SANGER SEQUENCING AND DATA PROCESSING

TN

GAT AAAT CcT GGTCTTATTTCC

COMPILATION AND MATCHING OF THE SEQUENCE WITH
BIOLOGICAL DATA BASES AND REFERENCE LIBRARIES

[=]

BARCODE OF LIFE DATA SYSTEM

Figure 1 — Overview of the main stages of the DNA barcoding
workflow for production of reference DNA barcode records.

for matching sequences in BOLD and GenBank (Meiklejohn ef a/., 2019; Porter & Hajibabaei, 2018). This

is made possible because HTS technologies are capable of sequencing millions of DNA fragments

simultaneously per run (Shokralla ef al, 2014). Therefore, researchers are enabled to access an

unprecedented amount of data and conduct analysis using sequences generated from independent

sources, granting them access to sequence data on most taxonomic groups, from most geographic

regions (Ratnasingham and Hebert, 2007; Hebert ef a/., 2016). Consequently, DNA barcoding has been

consistently establishing itself as one of the primary driving forces behind the uncovering of biodiversity

(Costa & Antunes, 2012; DeSalle & Goldstein, 2019; Trivedi et a/, 2016), as well as a very important

13



tool for discovering evolutionary patterns and the phylogenetic relations between taxa (Costa & Carvalho,

2010; Liu et al,, 2017; Subbotin et al, 2018; Wong et al,, 2011).

In the particular case of the animal kingdom, the standardized marker for DNA barcoding consists
of a 7650 base pair (bp) DNA section from the 5’ end of the mitochondrial gene coding for cytochrome
¢ oxidase subunit | (COI-5P or COIl; Figure 2). The reasoning behind choosing a gene from the
mitochondrial genome (mtDNA) over the nuclear genome relies on several factors, namely that mtDNA is
non-recombinant in most organisms, is transmitted mostly through haploidy, lacks the presence of introns
and has a high substitution rate (Hebert ef a/, 2003; Saccone et a/., 1999). Moreover, usually COI
sequences do not possess indels, making operations such as sequence alignments easier to compute
and run analysis on (Hebert ef a/, 2003; Mardulyn & Whitfield, 1999). In addition, the usefulness of this
genetic marker is also corroborated by the large volumes of sequences being uploaded to data bases,
with over 2.5 million COIl sequences in GenBank alone (Porter & Hajibabaei, 2018). Given all these
factors, the COI gene has been extensively used in barcoding studies (Durand & Borsa, 2015; Kress et
al., 2015; Subbotin ef a/, 2018), proving its worth as a marker for both uncovering biodiversity and

biomonitoring.

D-Loop Small ribosomal RNA

Cyth ~ R ribosomal RNA

ND2

ND5
/ L-strand
H-strand /

ND4 .. col

ND4L

COIIl \ ATPase subunit8
ATPase subunit6

Figure 2 - Position of the COI gene in the mitochondrial genome
(Adapted from Trivedi et al., 2016).
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1.1.3. DNA metabarcoding

DNA metabarcoding (Figure 3) takes one SAMPLING OF ENVIRONMENTAL BULK OR A
. . . COMMUNITY OF ORGANISMS
step further in comparison to DNA barcoding, by
targeting whole communities or environmental bulk v
samples (e.g. soil, water, air, faeces, etc.), as @

extracting DNA from the community or from the

opposed to a single specimen. This is followed by ‘

environmental DNA (eDNA), which comprises a  EXTRACTION oF (E)DNA AND AMPLIFICATION OF MARKER

complex mixture of genetic material from many

different organisms (Taberlet, ef a/, 2012). Once the E

(e)DNA is extracted, it is amplified using primers with @' (’

a broad taxonomic range and the sequence reads are

generated through HTS (Ruppert ef a/,, 2019). This l

approach is carried out in order to assess the HIGH-THROUGHPUT SEQUENCING AND DATA PROCESSING

composition, diversity and species richness of whole 2232:122,&?22523‘5;2;6;:
. ) ) Seq3 ACTGACTGCATGACTCAT

communities of organisms. (Djurhuus et a/., 2018; Seqd CATGCATGCATGCATGCA

Seq5 CATGCAGCATGCATGATA

Leese et al, 2018; Taberlet ef a/,, 2012). $eq6 ATCTACTAGCTAGCTGAC

Given the high diversity and high number of ‘

COMPILATION AND MATCHING OF THE SEQUENCES WITH

species present in either bulk community DNA or
BIOLOGICAL DATA BASES AND REFERENCE LIBRARIES

eDNA, this technique especially benefits from HTS

analysis, outputting large numbers of reads, with

sequences belonging to a myriad of taxonomic

groups which coexist within a unique sample (Rimet BARCODE OF LIFE DATA SYSTEM

. Figure 3 - Overview of the main stages of the DNA metabarcoding
et a/" 20 18)' This way, (e) DNA allows for the workflow for production of reference DNA barcode records.

assessment of otherwise elusive or rare species which are difficult to assess using conventional taxonomy,
or species which occur in low abundances. Although DNA metabarcoding was originally used to study
mainly microbial communities (Sogin et a/., 2006), it has been employed for studying several other groups
such as invertebrates (Curry et al., 2018; Porazinska et al., 2010), zooplankton (Djurhuus ef a/., 2018),
plants (Hiiesalu ef a/, 2012) and vertebrates (Brown ef a/., 2012; Rayé et a/, 2011). Additionally, the
versatility of DNA metabarcoding allows for more than standard biodiversity assessments, as it is also
possible to use (e)DNA to assess the presence and abundance of non-native invasive species (NIS) (Duarte

et al,, 2020) or even complement the taxonomic identification of fossils (Grealy ef a/., 2015).
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Since the fundamental basis of DNA metabarcoding relies on a large number of sequences reads
with mostly unknown origin, in order to identify them taxonomically, it is imperative to have comprehensive

sets of reference sequences.

1.2. DNA barcode reference libraries

1.2.1. Overview of DNA barcode reference libraries

DNA barcode reference libraries consist, generally, in a compilation of DNA barcode sequences
for a given group of organisms, as well as their respective metadata and features. In order to have
accurate DNA barcode-based species identification, it is essential that well-curated comprehensive
refence libraries are available (Leite et a/, 2020; Cariani et al., 2017; Leese et al., 2016; Oliveira et al.,
2016). The creation of these reference libraries aims to ease species identification by reducing possible
errors and incongruencies, as well as aiding in further analysis by optimizing the availability of valid
sequence data for researchers. Ultimately, reference libraries allow newly generated barcodes from
unknown specimens to be compared with previously published barcode sequences, in order to identify
them. Although the primary purpose of constructing comprehensive DNA barcode libraries is to match
and compare sequences of unknown origin in order to identify them in biodiversity studies, they can also
be used for other purposes. For instance, reference libraries can be utilized in phylogenetic reconstruction
(Kress et al,, 2015), detecting the illegal use of protected species (Rasmussen & Morrissey, 2008) or for

the authentication of animal products in the food industry (Carvalho ef a/., 2015).

The demand for high-quality barcode reference libraries has increased considerably with the
introduction and extended use of DNA metabarcoding for biodiversity assessments and biomonitoring
(Leese et al, 2018; Weigand et a/, 2019). Due to the large number of reads obtained from HTS
instruments, the required bioinformatics often include automated systems to match query sequences to
reference sequences in DNA sequence repositories (e.g. Bengtsson-Palme ef a/, 2018) such as BOLD
and GenBank. Furthermore, in the case of metabarcoding studies, since the taxonomy of the organism
from which the sequences originated is almost always unknown, the necessity for validated reference

libraries gains even more significance.

Typically, DNA barcode reference libraries are used without supervision or quality control of the
sequences and specimen data associated with them. There are a few exceptions, such as R-Syst::diatom
(Rimet et al., 2016) or MIDORI (Heller et af., 2018), which are reference libraries created and curated for
specific taxonomic groups, although overall, the quality control of reference libraries is still lacking. Given

the absence of quality control measures, inaccurate records can arise and result in recurrent identification
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errors which can be perpetuated over time and across studies without being detected (Keller et a/., 2020;

Leese et al, 2016; Weigand et a/., 2019).

1.2.2. Possible errors and discordances in reference libraries

In order to correctly allocate a newly generated barcode sequence to its respective
morphospecies, the first step consists in taxonomically identifying the sampled specimen. However,
conventional taxonomic identification tools show clear limitations, especially when they are solely based
on species morphology. This happens because frequently, available data on species identification can be
incomplete or incorrect. Misidentification can be the result of biological factors, namely the difficulty in
differentiating cryptic species (species which present identical morphology, but can be clearly
differentiated through molecular tools) (Janzen et a/, 2017; Saitoh et a/, 2015); homoplasy, which
happens when a taxonomic group gains or loses a trait independently in separate lineages of their
evolution (Vences et al, 2005); phenotypic plasticity, which are morphological or physiological changes
that occur in response to specific environmental factors (Stampar et a/., 2017; Weigand et a/., 2011); the
fact that certain morphological traits only occur during a specific stage of a specie’s life cycle (Pegg et al,
2008); recently diverged species and incomplete sorting (Weber ef a/, 2019); among others. On the
other hand, apart from biological errors, there are other sources of inconsistencies and errors that can
arise and compromise subsequent analysis. Operational errors can occur due to the mislabelling of DNA
barcode sequences; cross contamination of samples with “alien DNA” from a different species; low-quality
or short sized sequences or primers; accidental mistakes when recording data; technical errors during
sequencing, among others that can easily go unnoticed and become potential liabilities (Packer et al,

2009; Pentinsaari et al, 2019; Rulik et al,, 2017).

1.2.3. Validation and curation of DNA barcode reference libraries

In light of these facts, reference libraries need to be validated and curated in order to achieve
optimal taxonomic identification by matching newly generated sequences with the existing sequence data
in a biological data base. For the purpose of validating a reference library, two main components can be
distinguished: Quality assurance (QA), which consists in guaranteeing that the sequences and their
respective data and metadata are valid and assigned correctly to a species, achieved by following pre-
determined and universal quality standards; and Quality control (QC) which is more user-oriented and
consists of cross-validation and the search for possible errors and incongruencies that managed to persist
after the previous quality measures (Rulik ef a/, 2017; Weigand ef a/., 2019). So far, a few QA and QC

criteria have been implemented upstream and along the DNA barcoding pipeline (e.g. Hanner, 2005).
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However, the downstream quality control of the taxonomic accuracy in DNA barcode reference libraries
has not been implemented in a standardized way. In the BOLD data base, some QA/QC measures are
currently implemented such as: Labelling of barcode compliant records, flagging of sequences that are
likely contaminations or based of specimens which were misidentified, flagging of sequences with stop
codons (Ratnasingham & Hebert, 2007), and the possibility to run BIN-discordance reports
(Ratnasingham & Hebert, 2013). Nonetheless, several sources of potential discordance or errors remain
unscreened or unexplored in existing systems, with their origins being generally well known (Meiklejohn
et al, 2019; Mioduchowska ef a/, 2018; Siddall ef a/., 2009; Weigand et a/., 2019). Regardless, few
systems and studies have addressed the issue of reference library compilation, especially concerning
taxonomic reliability. For instance, the “coil” R package (Nugent ef a/, 2020) helps in detecting
incongruencies in animal barcoding and metabarcoding data by placing the sequences in a reading frame
and translating them to amino acids. CO-ARBitrator (Heller et a/., 2018) detects sequences mislabelled
as COI which originate from non-homologous loci. However, although useful, neither of these systems
address the issue of taxonomic congruency. A pre-processing system for large dataset has been proposed
by Rulik et a/. (2017), with the goal to generate high quality DNA barcodes by verifying taxonomic
consistency. Even so, this system requires a phylogenetic backbone for implementation, and is meant to
be used before uploading data to reference libraries, thus not considering global congruence with other
data already available in either BOLD or GenBank. A reproducible pipeline for auditing marine eukaryote
barcoding sequences has also been proposed by Arranz et al. (2020), providing tools for the curation of
sequences and detection of synonym species across data bases. Nonetheless, this pipeline is exclusively
for marine eukaryotes, thus not being applicable for a large number of taxonomic groups. Moreover, the
pipeline is not user-friendly as it requires the user to utilize an extensive set of scripts and softwares in

order to complete the entire workflow.

1.2.4. Molecular Operational Taxonomic Units and the Barcode Index Number

Species boundaries are often troublesome and difficult to establish accurately, especially in the
case of the biological phenomena previously mentioned such as introgressive hybridization or phenotypic
plasticity. Additionally, several well-established species in the past have been found to actually comprise
relatively large complexes of species (Durand & Borsa, 2015; Fennessy et al., 2016; Packer et a/., 2009;
Saitoh et a/,, 2015; Desiderato et a/,, 2019; Teixeira et al,, 2020). One solution to this issue has been
the assignment of presumptive or inferred species, Molecular Operational Taxonomic Units (MOTUs), to
groups of sequences. MOTUs are obtained by grouping sequences together through the use of clustering

algorithms (Ratnasingham & Hebert, 2013), according to their similarities and pre-determined
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parameters. Ideally, in a library or data base of barcode sequences, each MOTU should correspond to a
pre-existing morphospecies, thus validating the use of this technique and allowing to easily match newly
generated query sequences. Nonetheless, that scenario is not always the case given that, as previously
mentioned, certain taxonomic groups can display hidden diversity, where a clear distinction between two
species can be achieved algorithmically, but not morphologically (Lin et a/., 2015; Vieira et a/., 2019). On
the other hand, certain species are difficult to identify according to their morphology or require extreme
proficiency in taxonomy to do so, which results in misidentifications which can potentially lead to

incongruencies in attributing MOTUs.

An approach to carry out the correspondence of MOTUs to existing morphospecies has been
implemented in the BOLD platform through the creation of the Barcode Index Number (BIN) system
(Ratnasingham & Hebert, 2013). The BIN system implements algorithms that perform single-linkage
clustering of DNA barcode sequences, generating groups of sequences clustered in a manner that ideally
mirrors a corresponding morphospecies (Ratnasingham & Hebert, 2013). This system is the basis for
how animal COIl sequences are organized within BOLD, and it overcomes the need for taxonomists to
routinely perform species identifications, by assigning a specific number to a given cluster of sequences,
which in some cases represent a morphospecies, and in other cases, a cryptic species which is only

recognizable through their BIN (Figure 4).

The BIN system workflow consists, generally, in the following steps: 1) Quality checks by excluding
sequences with less than 500 bp coverage for the barcode region of COIl or with more than 1% of
ambiguous bases, checking for stop codons and unlikely peptides, screening for sequences which derive
from bacterial or other possible external contaminants, screening for possible chimera sequences; 2)
Sequence alignment, where every sequence which passes the previous step is translated to amino acids
and aligned to a Hidden Markov Model (HMM) of the COI protein, followed by a back translation to
nucleotides in order to perform a multiple sequence alignment; 3) Single Linkage Clustering, that groups
together all sequences under a pairwise distance threshold of 2.2%; 4) Markov Clustering which refines
the single linkage clustering by collapsing neighbour Operational Taxonomic Units (OTUs) which show a
distance of less than 4.4% between each other, followed by using the Markov Cluster Algorithm (MCL) to

produce 8 refinement options for each OTU generated; 5) Silhouette Criterion, which takes the 8
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candidate refinement options and generates a score for each in order to select the one with maximum
score (Ratnasingham & Hebert, 2013).
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Figure 4 - Two distinct outcomes of the BIN assignment pipeline, A: assuming there is a complete
congruency between the morphospecies and their respective BINs (i.e. MOTUs), B: assignment of a
single morphospecies to several BINs, suggesting the existence of hidden taxonomic diversity.

1.2.5. Auditing and annotation system for reference libraries

GenBank currently holds a very large number of COl sequences (Porter & Hajibabaei, 2018),
which eventually end up being mined to BOLD. Although many of these records do not abide to the formal
barcode data standards (Ratnasingham & Hebert, 2013), they are still useful as a resource and should
not be overlooked. In fact, many metabarcoding-based studies report taxonomic assignments based on
all available COI data, thereby including non-compliant barcode records. This reinforces the need for a
compilation, auditing and annotation system which considers all available barcodes at BOLD, in order to

provide an indication of the taxonomic reliability of the records for end-users of reference libraries.

Considering these facts and all the intricacies and susceptibilities to errors of DNA barcode
reference libraries and biological databases, Costa ef a/. (2012) proposed a ranking system to be
implemented at the post-barcoding end of the DNA barcoding pipeline, considering all available sequence

data for a given species, both barcode compliant and non-compliant. This ranking system attributes one
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of five qualitative grades (A-E) to each species present in a reference library, according to the level of
congruency between morphospecies and their respective sequence clusters or MOTU. Later,
Knebelsberger et al. (2014) and Oliveira et a/. (2016) updated the system to use BINs as the reference
clustering method. The main goals of this system were to provide end-users of reference libraries with a
system which could sort out possible incongruent records, species which are identifiable with current
data, ambiguous records or to uncover possible cases of hidden diversity. However, this ranking system
relied on individual attribution of the qualitative grades to each species by a user or operator, a method
which would prove impractical if used for large DNA metabarcoding reference libraries comprised of

hundreds or thousands of species.

In order to reduce these limitations, an R-based application, BAGS (Barcode, Audit & Grade
System), was developed for automated auditing and annotation of DNA barcode reference libraries. Here
the ranking system proposed by Oliveira ef a/. (2016) was adapted to essentially root the attribution of
the grades on match/mismatch between BINs and morphospecies or species names. BAGS is able to
apply the auditing and annotation system to user-provided species lists or large taxon-specific datasets
composed of all available COI barcode sequences in BOLD, including those mined from GenBank. BAGS
also aims to facilitate revision and curation of barcode reference libraries, thereby contributing to improve

their quality.
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1.3. Objectives

The main goal of this study was the creation of an automated auditing and annotation system for
DNA barcode reference libraries of COIl sequences for all members of the kingdom Animalia. In a second
stage, the goal was to implement this system in a web application with a user-friendly graphical interface.
Lastly, the aim was to thoroughly test the application in order to perceive its usefulness and importance
for the fields of molecular ecology and taxonomy. In order to meet these goals, the tasks of this project

consisted on the following:

e Development of an R script to perform the data mining, auditing and annotation of DNA
barcode reference libraries comprising COIl sequences and specimen data.

e Implement the R script into a user-friendly web application to be easily accessed and used
by researchers for DNA barcoding and metabarcoding studies.

e Perform tests on a set of three taxonomically diverse datasets to assess the accuracy,

usefulness and limitations of the automated system here developed.
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2. METHODOLOGY

2.1. Development of the R script and web application

2.1.1. Overview of BAGS

BAGS (Figure 5) is an R-based system

which features automated compilation of quality-

filtered COl sequence datasets from BOLD,
allowing for selection or exclusion of marine taxa
through matching with the WoRMS checklists
(WoRMS, 2019). It delivers taxon-selected
libraries annotated with qualitative grades (A to
E) based on BIN/morphospecies congruence
and on the amount of available data for each
species, which can be downloaded whole or
sorted by grade. A user-friendly interface allows
for minimal operation for users non-familiar with
R (R Development Core Team, 2017), while
providing a grasp of the overall quality of the
reference library through a graphical output of
the proportion of records and species assigned
to each of the five grades. However, since BAGS
can also be locally run, the more experienced R
users have the option to make adjustments to the
code. The users may then (frequently if
necessary) use the annotated datasets to
compile their own personalized and reviewed
libraries (e.g. BOLD datasets) and use them for
taxonomic assignment of HTS metabarcoding-

generated reads.
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Figure 5 - Overview of BAGS' four main features and their
arrangement along the informatics pipéeline.



BAGS is composed of four main features which are implemented in sequence (Figure 5): a) data
mining and library compilation, b) marine taxa selection/exclusion filter (optional), c) library auditing and
annotation and d) auditing output and annotation-based library sorting.

2.1.2. BAGS pipeline

2.1.2.1. Data mining and library compilation

BAGS offers the option for library compilation based on a choice of taxa or through a user-provided
species list (view of website’s tabs in Annex 1). Records matching the selected taxa or species list will be
retrieved and then filtered. All the data is retrieved from BOLD (www.boldsystems.org), using the “bold”
R package (Chamberlain, 2019). Therefore, the taxa introduced by the user must be present in BOLD at
the time of use. Any taxonomic rank from species to phylum belonging to the kingdom Animalia can be
submitted, but it should be noted that some ranks, particularly intermediate ranks, are not implemented

in BOLD or may not be available for some species.

The mining of the target taxa can be achieved through three options (view of website’s tabs in
Annex 2): download all the records available (all taxa), download only records of species occurring in
marine habitats (which may include any taxa present in brackish waters) or download the non-marine
species’ records (i.e. not present in neither marine nor brackish water habitats). This marine species
selection or exclusion filter is accomplished resorting to the “worms” R package (Holstein, 2018), which
checks the habitat type(s) assigned in WoRMS to each species in a query dataset, among four available

(marine, brackish, freshwater or terrestrial).

After the data mining, records are removed if at least one of the following criteria is verified: a)
records with sequences shorter than 500 base pairs, or with sequences that have more than 1%
ambiguous base calls (Ns); b) records without species name (this includes records identified only by
genus or any higher taxonomic rank), or without BIN; c) records without information of the sampling
location (either latitude or country of origin). Records with ambiguous expressions present in the species
name (e.g. sp., complex., efc; see Annex 3) or in the COI sequence (i.e. not IUPAC nucleotide code; see

Annex 4) are not removed, however, the ambiguous expression is removed.

2.1.2.2. Auditing and annotation

Following the initial quality-filtering steps, the BAGS pipeline subsequently proceeds to the

implementation of the auditing and annotation system adapted with modifications from Oliveira ef a/.
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(2016). The five annotation grades attributed to each species in a compiled library are defined as follows

(Figure 6):

Grade A - Consolidated concordance: the morphospecies is assigned to a single BIN, which integrates
only members of that species. Additionally, the species is represented by more than 10 specimens in the

library.

Grade B - Basal concordance: the morphospecies is assigned to a single BIN, which integrates only

members of that species, but there are 10 or less specimens in the library.

Grade C - Multiple BINs: the morphospecies is assigned to more than one BIN, and all those BINs

integrate only members of that species.

Grade D - Insufficient data: the species has less than three specimens available in the library and none

of the BINs assigned to the species integrate specimens from another species.

Grade E - Discordant species assignment: more than one species is assigned to a single BIN. All the

records belonging to that species will be assigned to grade E.

Compilation of DNA barcodes assigned

to species X
. . Yes
brzzgpzezz s sha_re a BIN with other H Grade E Discordant species assignment |

species?
No

: No - . Yes
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specimens in the library? more than one BIN? P
Yes No
Grade D Insufficient data | Doesthe species have Yes
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in the reference library?

No

Grade B Basal concordance

Figure 6 - Workflow for automated auditing and annotation of qualitative grades to each species in a BAGS compiled reference library (adapted from
Oliveira et al. 2016).

The BAGS auditing pipeline consists of a series of annotation steps, each comprising data checks

with two possible outcomes (Figure 6). Each set of sequences for a given species entering the pipeline
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will be annotated with a single grade (A to E). Discordant assignments (grade E) are immediately screened
at the front end of the pipeline, followed by records with insufficient data (grade D), then grade C. Grades
A or B are attributed last, if the records were not retained in the previous screens. The screening steps
involve checking against the full BOLD database, thus not exclusively considering the reference library
being downloaded at the time of the annotation, which would limit concordance-checking to the download

species’ data only.

BOLD (similarly to GenBank and other biological data bases) limits the number of searches or
queries per IP/user to avoid the overload of their webservice. Therefore, to avoid blocking the access
when querying for large reference libraries, the entire BOLD dataset for animals is downloaded periodically
(every two months) in order to calculate the number of BINs for each species, as well as the number of
species for each BIN. With this solution, BAGS can work faster and without the computational limitations

of real-time query searches on BOLD.

2.1.2.3. OQutput and annotation-based file sorting

The auditing system proceeds then to the annotation of the records with the pre-defined grades
to each species in the reference library, following the pipeline described before. In due course, the
reference library will be created and downloaded directly to the web browser transfers folder in the form
of a tabular file containing the following: species name, BIN, COI sequence, country or region of origin,
the grade that was attributed to the species, number of base pairs in the sequence, family, order, class,
sample ID, process ID, latitude, longitude and in the case of marine taxa libraries, an additional column
with the valid species name according to WoRMS. The user has also the option to download the reference
library in fasta format (text-based format specifically for the representation of nucleotide or amino acid
sequences), giving the choice of which grades to include. The fasta files can be downloaded with all

grades, combinations of different grades or separately for each grade (Annex 5).

Lastly, BAGS summarizes the data regarding the reference library that was created (Annex 6), in
the form of a text report plus two bar plots: one displaying the number of specimens for each attributed
grade and another displaying the number of species for each attributed grade. In order to repeat the

process for additional targets, the user must refresh the page and start over again.

2.1.2.4. Informatic implementation

Initially, a script written entirely in the open-source programming language R was created in order
to implement the data mining, auditing, annotation, output and file sorting in a semi-automated way. The

R script was then converted into a web application, BAGS, designed using the “shiny” R package
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framework (Chang, Cheng, Allaire & Yihui, 2019), having therefore an underlying customization with the
HTML and CSS marking languages. In addition to the R packages previously mentioned, in order to code
the entire application, the following R packages were utilized: “seqRFLP" (Ding & Zhang, 2012),
“data.table” (Dowle & Srinivasan, 2019), “stringr” (Wickham, 2019), “readr” (Wickham, Hester &
Francois, 2018), “fingerprint” (Guha, 2018), “dplyr” (Wickham, Francois, Henry & Miiller, 2020),
“goplot2” (Wickham, 2016), “shinyWidgets” (Perrier, Meyer & Granjon, 2020) and “snakecase” (Grosser,
2019).

It is possible to launch BAGS locally on any environment that has R installed, as well as through
any R Integrated Development Environment (IDE) such as RStudio (Rstudio Team, 2020), where it can
fully operate as long as there is a stable internet connection and the databases BOLD and WoRMS are
functional. The application can be used without any prior knowledge of the R programming language, and
the instructions for launching it can be consulted in the “README” file. BAGS is also hosted at the web
server shinnyapps.io, which allows its launching from any web browser (web link: https://tadeu-
apps.shinyapps.io/bags), and at the following web link https://bags.Isd.di.uminho.pt/. The script that

allows the application to be run locally without constraints in R, as well as a “README" file, are currently

stored at GitHub: https://github.com/tadeu95/BAGS.

BAGS’ graphical-user interface (GUI) consists of a website organized by tabs and sub-tabs (Figure
7). Itincludes a “home” tab with three sub-tabs to explain the motivation behind the development of the
application, as well as a brief explanation of the workflow and pipeline that is being implemented. The
auditing and annotation pipeline is then executed in the following “taxa for auditing”, “download grades
libraries” and “auditing report” tabs (see Annexes 1, 2, 5 and 6). The final “contact and resources” tab
is meant to provide some useful hyper-links of various institutions and research groups related to BAGS,

as well as a way to cite the application.

BAGS: Barcode, Audit & Grade System v1.0.1 HOME

BAGS: Barcode, Audit & Grade System N 8| CeMA

OVERVIEW WORKFLOW GRADES

Figure 7 - Print screen of BAGS home page.
2.2. Performance assessment
2.2.1. Marine taxa selection or exclusion filters test

In order to test BAGS performance, two independent tests were performed. First, to understand

whether the marine taxa selection or exclusion filters were functional and reliable, three reference libraries
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were downloaded using the “all taxa”, the “marine taxa” and the “non-marine” taxa options for a family
of shrimps, Palaemonidae, which comprises species from various aquatic habitats. This was followed by
checking the report generated by BAGS and manually checking 30 random species from each of the 3
libraries previously generated and verifying if their registered habitats at WoRMS correspond to the habitat

selected in BAGS.
2.2.2. Grade assignment test

To understand the effectiveness of BAGS regarding the auditing and grade assignment, three
groups of organisms likely to display distinctive compositional features and quality issues in their reference
libraries were selected: marine Amphipoda (Malacostraca: Crustacea), Chironomidae (Diptera: Insecta)
from all habitats and marine fish (Actinopterygii, Elasmobranchii and Holocephali). Three reference
libraries were downloaded using as input “Amphipoda” (within the marine taxa filter option),
“Chironomidae” (all taxa option), and “Actinopterygii,Elasmobranchii,Holocephali” also within the marine
taxa filter option. Then, the grade assignment was checked by randomly sampling 30 species from each
grade, from each compiled library and checking the data manually to assess if the grades were correctly
assigned to their specimens. Due to the massive amount of data available for Chironomidae (more than
400,000 sequences accessible on BOLD), the species in the compiled library were matched against a
list of European species for the group, obtained through the BOLD workbench (BOLD checklist DNAqua-
NET: Diptera, code CL-DNADI), in order to retain only species from Europe. Subsequently, Neighbour-
Joining trees were created on the BOLD workbench for the grade C species of each tested taxonomic
group, to understand whether the checked species were monophyletic or non-monophyletic. Within grade
E, different plausible origins for the discordance were scored for the following categories: synonym; faulty
or ambiguous species names; consolidated morphospecies grouped in one BIN, probable

misidentification and inconclusive origin.

28



3. RESULTS

3.1. Performance tests
3.1.1. Marine taxa selection or exclusion filter

Using the input “Palaemonidae” within the marine filter, the marine taxa library comprised 60
species assigned to 73 BINs, and a total of 577 specimens (Table 1), while the non-marine taxa library
comprised 51 species, 67 BINs and a total of 318 specimens (Table 1). Comparatively, the “all taxa”
option library had 123 species, 148 BINs and 1,022 specimens (Table 1). The 30 species randomly
sampled of the marine taxa-filtered library were correctly assigned (i.e. all the 30 species were registered
as being from marine or brackish environments when manually checked on WoRMS). Nonetheless, this
included species which were registered simultaneously as occurring in both marine and freshwater
habitats. On the other hand, the 30 species manually checked from the non-marine taxa library revealed
to be all exclusively from freshwater environments (i.e. not present neither in marine nor brackish waters,
and therefore not present in the marine library). Lastly, the 30 species manually checked from the “all
taxa” library belonged to all habitats where members of the Palaemonidae family can be found (marine
habitats, fresh water and brackish habitats).

Table 1 - Number of specimens, species and BINs for each of the three libraries created with BAGS for the family Palaemonidae.

Library Specimens Species BINs

All-taxa 1,022 123 148

Marine 577 60 73
Non-marine 318 51 67

3.1.2. Trial datasets

The marine Amphipoda dataset comprised a total of 6,385 specimens in the compiled library,
486 species and 736 BINs; the Chironomidae dataset consisted of a total of 90,214 specimens, 1,113
species and 1,883 BINs; and the marine fishes dataset comprised 107,434 specimens, 8,381 species

and 9,779 BINs (Table 2).

Table 2 - Number of specimens, species and BINs for each of the three libraries used for the grade assignment test (Marine Amphipoda,
Chironomidae, Marine fish).

Library Specimens Species BINs
Marine Amphipoda 6,385 486 736

Chironomidae 90,214 1,113 1,883

Marine fish 107,434 8,381 9,779
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The distributions of the number of species per grade in each of the compiled reference libraries
(Figure 8) show that the proportion of cases of hidden diversity (grade C) is higher in the two invertebrate
libraries (Amphipoda and Chironomidae; around 20%) compared with the marine fish library (less than
10%). Cases of insufficient records, which consist of species with less than three specimens in the BAGS-
compiled library (Grade D), are also less prevalent in the marine fishes (™ 18%) when compared to both
invertebrate libraries (40% and 26% for Amphipoda and Chironomidae respectively). On the other hand,
cases of apparent discordance (Grade E) are considerably less prevalent in the Amphipoda library (only
12% of the cases) and much more frequent in the marine fish library (44%). For the grade E cases (i.e.
multiple morphospecies in the same BIN), the number of species per each given BIN varied between 1

and 49 for Amphipoda, 1 and 12 for Chironomidae and 1 and 88 for fish (Figure 9).
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Figure 8 - Barplots displaying the distribution of the number of species assigned to each qualitative grade for the three taxonomic groups
tested. From top to bottom: marine Amphipoda, Chironomidae and marine fish (Actinopterygii, Elasmobranchii and Holocephalli).

D E

For the three groups, all randomly sampled species were correctly assigned to the qualitative
grades, according to their definition and the data present at BOLD at the time of the test. Grade C species
(Table 3) were mostly monophyletic, between 66.7% (Chironomidae) and 80% (fish). Discordances or
potential errors in grade E annotations had different possible sources (Table 4). Misidentifications

(between 37% and 67%) and ambiguous species names (between 10% and 33%) contributed the most to
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the grade E cases, followed by consolidated morphospecies aggregated in one BIN (between 0% and

26%), while synonyms contributed the least (overall 3.4%).
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Figure 9 - Number of species per BIN in the grade E dataset generated through BAGS for each tested taxonomic group (marine Amphipoaa, Chironomidae and
marine fish).

Table 3 - Percentage of monophyletic or non-monophyletic tested species assigned to grade C of each tested taxonomic group, according
to their position in the Nejghbour-Joining trees constructed.

Monophyletic Non-monophyletic
Marine Amphipoda 76.7% 23.3%
Chironomidae 66.7% 33.3%
Marine fish 80.0% 20.0%
Overall 74.4% 25.6%

Table 4 - Percentage of the different plausible origins for the assignment of grade E fo species for each tested taxonomic group.

Consolidated
Ambiguous morphospecies

Synonym : .~ Misidentification Inconclusive
species names aggregated in
one BIN
Marine
] 0.0% 30.0% 0.0% 66.7% 3.3%
Amphipoda
Chironomidae 0.0% 33.3% 10.0% 50.0% 6.7%
Marine fish 10.0% 10.0% 26.6% 36.7% 16.7%
Overall 3.4% 24.4% 12.2% 51.1% 8.9%

31



4, DISCUSSION

While molecular and computational tools have been increasingly providing taxonomists with large
volumes of data to analyse, the need for systems which classify and audit that data is now more relevant
than ever. This is especially the case when dealing with publicly available DNA barcodes, which can be
freely submitted to biological data bases and subsequently used by researchers anywhere, at any time
(Curry et al., 2018; Meiklejohn et al., 2019). Moreover, given the establishment of DNA barcoding as one
of the primary drivers behind the recent scientific efforts in uncovering and explaining biodiversity (DeSalle
& Goldstein, 2019; Pennisi, 2019), BAGS' main goal is to facilitate the implementation of curation and
quality control measures among taxonomists and molecular ecologists. Additionally, another important
goal is to do this through a user-friendly and automated platform, removing any need for programming

skills in order to audit and annotate a reference library.

BAGS differs from the “BIN discordance report” available at BOLD, within the sequence analysis
tools. Firstly, whereas the BOLD tool is BIN-centred, our approach is morphospecies-centred. This
fundamental difference has a number of consequences. While BOLD reports discordant BINs, BAGS
reports on discordant morphospecies, meaning that a morphospecies displaying even a single record in
a discordant BIN is classified as grade E. The morphospecies-centred approach also enables BAGS to
report on species occurring in multiple — but non-discordant — BINs (grade C), thus serving as a barometer
of suspected hidden diversity in reference libraries. Finally, BAGS also takes into consideration the amount
of sequences available in the database, providing a grasp of gaps in comprehensiveness of coverage for
morphospecies in the reference libraries (grade A, B and D). From an auditing and taxonomic curation

viewpoint, the morphospecies-centred approach is also more advantageous.

4.1. BAGS performance assessment tests

The different efficiency tests performed with BAGS (either marine taxa selection/exclusion or
grade annotation) allowed to verify the correct performance of this application. The different manual tests
and the ongoing tests performed during beta tests, did not bring to light any errors of the application in

the filtering or the auditing and annotation steps.

4.1.1. Marine taxa selection or exclusion filter test

BAGS’ marine taxa selection or exclusion filtering options proved to be successful at selecting
species based on the habitat data recorded in WoRMS. However, it is important to point out certain details
of this tool. For instance, some transitional marine species (i.e. present in estuaries) are registered in

WoRMS as being from brackish habitats, which can include both typical marine or freshwater species
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(e.g. Phoxinus or Palaemonetes). These species should not be excluded from marine reference libraries
as they may also be detected in metabarcoding studies in fully marine environments. Moreover, records
retrieved from BOLD containing ambiguous species names will not be included in marine or non-marine
libraries, even if they are meant to represent a marine genus (e.g. “Hippocampus sp. FLWLOE' or
“Pseudanthias sp. KSA_1880'). These ambiguous species names will not be recognized by WoRMS,
therefore BAGS is not able to allocate these records to their corresponding habitat. If the goal is to gather
as much barcode compliant records as possible in the final dataset, regardless of the habitat, it is
advisable to use the “all taxa” option. However, the “marine” and “non-marine” options of BAGS are a
useful resource if the user wishes to use a customized and size-amenable reference library targeting

preferentially only marine or non-marine organisms.

4.1.2. Trial datasets

The choice of taxonomic groups for testing BAGS included two key invertebrate groups in aquatic
monitoring (marine Amphipoda and Chironomidae), likely to be relevant in metabarcoding applications,
and a well-represented group of vertebrates in BOLD with a large number of species (marine fish). By
using three distinct taxonomic groups important in biomonitoring studies, BAGS allowed to promptly
understand the differences in the level of congruency of their available DNA barcodes and in the quality

of their respective reference libraries.

Recent initiatives (e.g. deWaard et a/, 2019; Hobern & Hebert, 2019; Leese ef a/, 2016) have
been striving to increase the taxonomic coverage of universal databases, however, DNA barcodes are still
missing for many species (Weigand et a/., 2019) or are poorly represented (high prevalence of grade D
species here observed; Figure 8), reinforcing the continuous need for the completion of reference libraries.
Ultimately, grade D is meant to single out species with few barcode standard abiding records.
Nonetheless, if a species contains less than 3 specimens in a reference library, while containing even
one single discordant record (i.e. a specimen which shares a BIN with at least one specimen of a different

species), it will be classified by BAGS as grade E and not as grade D.

4.1.2.1. Cases of possible hidden diversity (Grade C)

BAGS performance tests allowed to spot a high proportion of possible cases of hidden diversity,
reaching around 20% in Chironomidae and Amphipoda, but less prevalent in marine fish (Figure 8).
Indeed, a fair amount of cases of cryptic diversity have been reported in the literature for marine
amphipods (e.g. Hyalidae, Desiderato ef a/, 2019; Gammaridae, Hupato ef a/, 2019), while the family

Chironomidae belongs to an order (Diptera) notorious for incorporating large numbers of hidden species
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(Ekrem, et al,, 2010; Lin et al, 2015). In marine fish, on the other hand, detection of cryptic species has
been less reported (Knebelsberger et al., 2014; Oliveira et al., 2016), maybe due to the fact that their
taxonomy is possibly more updated, morphological differentiation is more rigorously established for most
species, or the fact that their high mobility may reduce the likelihood of genetic divergence between
populations over larger distances. Most species assigned grade C were monophyletic, as determined

through the examination of the phylogenetic trees, reaching a global percentage of 74.4% (Table 3).

However, the fewer cases of non-monophyletic species, can potentially have originated from some
operational error or misidentification. For instance, the Chironomidae species Eukiefferiella claripennis
and Synorthocladius semivirens each had a total of 133 and 38 specimens in the neighbour-joining tree,
respectively. Although the majority of both species’ sequences were clustered monophyletically in the
tree, there were exceptions which indicate the possibility of errors or misidentifications. The non-
monophyletic records were two Syrnorthocladius semivirens specimens and one Eukiefferiella claripennis
specimen, which were placed closer to specimens of the Cricotopus genus (Figure 10), but still assigned
to their own BINs. One hypothesis to explain these three grade C records is that in reality, the specimens
belonged to Cricotopus species, and were misidentified as Synorthocladius semivirens and Eukiefferiella
claripennis. \n the case of Eukiefferiella claripennis, the single misplaced sequence was imported from
GenBank to BOLD, underlining the importance of auditing and curating not only the data that is directly
submitted to BOLD, but also the data imported from other biological data bases. Alternatively, the

disparate records may conceal hidden diversity in need of proper diagnosis and taxonomic placement.

Another case of non-monophyly is the marine fish species Ostorhinchus doederfeini; which
comprised a total of 15 specimens in the grade C tree, 14 of which were monophyletic, with a single
exception, as displayed in Figure 11. Since all the neighbouring specimens belong to the Osforfiinchus
genus, it's conceivable that a single Ostorhinchus doederfeiniwas misidentified and most likely belonged
to a different Ostorhinchus species. Additionally, the only misplaced sequence is assigned to a different
BIN (BOLD:AAC5895) from the two BINs (BOLD:AAC5894, BOLD:AAC5893) which were assigned to the

remaining 14 monophyletic records.
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Cricotopus lebetis NEACHO038-15BOLD:AAVS5858
Cricotopus lebetis] AGAKS428-17BOLD:AAV5858
Cricotopus lebetis|SSEID309-13|BOLD:AAVS5858
Cricotopus lebetis| CONPEO286-14 BOLD:AAVS5858
Cricotopus lebetis NEACH043-15/BOLD:ACS6820
Cricotopus obnixus|BSCHI500-17/BOLD:ADF1505
Cricotopus yatabensis| GBDP44586-19 BOLD:ACY4107
— _‘Cricotopus yatabensis|JCDB325-15BOLD:ACY4108

Cricotopus yatabensis|JCDB334-15BOLD:ACY4108
Cricotopus yatabensis|JCDB323-15BOLD:ACY4108
—— Cricotopus yatabensis| GBDP44606-19BOLD:ADT4320
Cricotopus yatabensis| GBDP44587-19 BOLD:ACY4106
Synorthocladius semivirens] ACHAR2466-18 BOLD:AAL9542
Synorthocladius semivirens| CNSRA635-14/BOLD:AAL9542
Cricotopus tamaater| GBMNA32638-19 BOLD:AEA6721
ﬁ-(‘ricotopus tamaater|GBMNA32640-1P|BOLD:AEA6721
Cricotopus tamaater| GBMNA32639-19 BOLD:AEA6721
Cricotopus tamaater| GBMNA32637-19]BOLD:AEA6721
'Eukiefferiella claripennis GBDP44017-19BOLD:ADT8287
Cricotopus metatibialis| GBMNA32633-19|BOLD:AEA7777
| I._ Cricotopus metatibialis| GBMNA32635-19)BOLD:AEA7778
Cricotopus metatibialis GBMNA32634-19 BOLD:AEA7778

Figure 10 - Subset of the nejghbour-joining tree created for the grade C species belonging to the Chironomidae reference library.

{Ostorhinchus doederleinilFTW669-09[BOLD:AAC5895]
ILOstorhinchus fukuii DSLAG141-10 BOLD:AAJ8966

Ostorhinchus fukuii TZSALS542-13BOLD:AAJ8966
Ostorhinchus fukuiiDSLAG955-10/BOLD:AAJ8966
Ostorhinchus fukuiiFOAO1675-19)BOLD:AAJ8966
Ostorhinchus fukuiil UKFBJ650-08 BOLD:AAJ8966
Ostorhinchus fukuii| TZSAL541-13|BOLD:AAJ8966
[Ostorhiuchus compressus|GBMIN125250-17 BOLD:ACK6613
Ostorhinchus compressus| GBMIN95803-17/BOLD:ACK6613
Ostorhinchus compressus|RESIC116-11/BOLD:AAT1256
Ostorhinchus compressus|RESIC114-11/BOLD:AAJT1256
Ostorhinchus compressus|RESIC115-11/BOLD:AAT1256
Ostorhinchus compressus|LIFS751-08 BOLD:AAJ1256
Ostorhinchus compressus|LIFS470-08 BOLD:AAJ1256
Ostorhinchus doederleini FTWS220-09 BOLD:AAC5894
Ostorhinchus doederlemi/FTWS921-09/BOLD:AAC5894
Ostorhinchus doederleini|LIFS536-08 BOLD:AAC5893
Ostorhinchus doederleiniRESIC747-11/BOLD:AACS5893
Ostorhinchus doederleini|LIFS031-08 BOLD:AAC5893
Ostorhinchus doederleiniRESIC123-11/BOLD:AACS5893
Ostorhinchus doederlemi/RESIC122-11/BOLD:AACS5893
Ostorhinchus doederleini/RESIC121-11/BOLD:AACS5893
Ostorhinchus doederleini|LIFS271-08 BOLD:AAC5893
Ostorhinchus doederleini|LIFS267-08 BOLD:AACS5893
Ostorhinchus doederleini|LIFS072-08 BOLD:AAC5893
Ostorhinchus doederleini|LIFS270-08/ BOLD:AAC5893
Ostorhinchus doederleini|LIFS537-08 BOLD:AAC5893

Figure 11 - Subset of the nejghbour-joining tree created for the grade C species belonging to the marine fish reference library.
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A similar situation to that of Ostorhinchus doederleini was observed in the marine Amphipoda
Ampithoe dalli, which comprised a total of 17 specimens in the grade C tree, being that 16 of them were
placed monophyletically and just one was non-monophyletic (Figure 12). Observing the subset of the tree,
it can be postulated that perhaps the misplaced sequence was misidentified as Ampithoe dalli, but in
reality, the specimen belonged to a distinct species of Ampithoe without matching specimens in BOLD,

or may even constitute an undescribed species, although other possibilities cannot be discarded.

These examples corroborate the importance of the distinction between monophyletic and non-
monophyletic grade C species, since they seem two represent two different possible scenarios.
Monophyletic species tend to have a higher probability of holding hidden diversity since they are
distributed by more than one BIN exclusive to said species. Alternatively, non-monophyletic species are
more likely to display some sort of incongruency since they are placed closer to records belonging to

different species.

{Ampithoe dalliGBCM10714-17/BOLD:ADD3216]
Ampithoe sectimana BCAMP248-08 BOLD:AAR3842
jAmpithoe sectimana| GBCM13011-19]BOLD:ACH4902
Ampithoe sectimana| GBCMA4974-13BOLD:ACH4902
Ampithoe sectimana| GBCMA4973-13BOLD:ACH4902
Ampithoe cf. valida BCAMP095-08 BOLD:AAR3844

Ampithoe dallijGBCMA4978-13]BOLD:AAH7075
Ampithoe dalliiGBCMA4977-13BOLD:AAH7075
Ampithoe dalliBCAMP193-08 BOLD:AAH7075
Ampithoe dalliBCAMP109-08 BOLD:AAH7075
Ampithoe dalliBCAMP104-08 BOLD:AAH7075
Ampithoe dalliNJCGS879-11BOLD:AAH7075
Ampithoe dalliBCAMP150-08 BOLD:AAH7075
Ampithoe dalliNJCGS662-10 BOLD:AAH7075
Ampithoe dalliBCAMPO015-08 BOLD:AAH7075
Ampithoe dalliNJCGS828-11BOLD:AAH7075
Ampithoe dalliBCAMP114-08 BOLD:AAH7075
Ampithoe dalliBCAMP200-08 BOLD:AAH7075
Ampithoe dalliNJCGS660-10 BOLD:AAH7075
Ampithoe dalliBCAMP194-08 BOLD:AAH7075
Ampithoe dalliBCAMP111-08 BOLD:AAH7075
Ampithoe dalli KBINV096-12|BOLD:AAH7075

Figure 12 - Subset of the nejghbour-joining tree created for the grade C species belonging to the marine Amphipoda reference library.

4.1.2.2. Cases of discordance (Grade E)

A number of studies have been addressing the curation of marine invertebrate’s DNA barcodes,
including Amphipoda (e.g. Lobo ef al, 2017; Raupach ef a/, 2015), which may explain the lowest
proportion of possible discordances (Grade E) out of the three groups analysed (Figure 8). Nonetheless,
while manually checking the grade E amphipod species, several probable misidentifications were found,

as well as pseudo-discordances in the form of ambiguous species names (Table 4). For instance,
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Ampelisca diadema specimens were distributed through five distinct BINs, with two of them
(BOLD:ABW2163 and BOLD:ACH8191) including more than one different species. BIN BOLD:ABW2163
included eight Ampelisca diadema sequences and one Amepelisca spinipes sequence, which was
probably misidentified, given the close morphological resemblance between the two species. BIN
BOLD:ACH8191 included three Ampelisca ledoyeri, two Ampelisca tenuicornis and one single Ampelisca
diadema sequence, meaning that one or even two of these species could also have been potentially
misidentified. On the other hand, other grade E species such as Austrochiltonia subtenuis, only had one
BIN assigned to all of its 49 sequences (BOLD:ACH6392). However, this BIN also included sequences
with ambiguous species names (e.g. “Austrochiltonia aff subtenuis Ampl1”, “Austrochiltonia sp. Hap/76”,
“Austrochiltonia aff.subtenuis MOH16Ampl"” and “Austrochiltonia aff. subtenuis Zampl’). This kind of
nomenclature is frequently used to refer to different lineages of a single species, although BAGS still

classifies it as discordance.

The marine fishes’ reference library showed a prominently high proportion (™ 44%) of grade E
species (Figure 8), mainly due to misidentifications, consolidated morphospecies aggregated in one BIN
or faulty species names lexicon (Table 4). There are some extreme cases which greatly contribute to
these scenarios, as for instance, BINs BOLD:AAC8034 and BOLD:AAB3926, consisting of 40 and 88
species respectively (Figure 8). In the latter case, out of 88 specimens, only one is spelled correctly
(“ Pseudanthias squamipinnis’), while the remaining were named “Unknown” or “Pseudanthias sp.”
followed by different alphanumeric designations. Similarly to the previously mentioned grade E species,
since these ambiguous species names, possibly interim names, are not properly standardized, BAGS
considers them different species for the purpose of comparison against the BOLD database and grade
assignment, even though it does remove the ambiguous expressions and specimens assigned only to

genus, in the compiled libraries.

Out of the three libraries, the marine fishes’ also had the higher percentage of discordances
caused by several consolidated morphospecies being assigned to a single BIN (26.6%). As an example,
BIN BOLD:ABZ0850 holds specimens named with four different non-ambiguous species names
(Carcharhinus obscurus, Carcharhinus galapagensis, Carcharhinus plumbeus and Carcharhinus
longimanus), which points to the possibility of low-resolution of the BIN system algorithms in terms of

molecularly differentiating these species.

Synonym species names such as Yongeichthys nebulosus, were also found to cause the

attribution of grade E. Yongeichthys nebulosus is not an accepted species name at WoRMS, in detriment
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of the accepted name Acentrogobius nebulosus. BAGS considers synonyms as discordances because
within BOLD, there are BINs which hold specimens named with both versions (e.g. BOLD:AAC3655 and
BOLD:ABY4787). Nevertheless, as previously mentioned, the reference libraries created with the marine
and non-marine options, contain a column specifically for species name accepted by WoRMS, helping in

the signalling of the cases of synonym species names.

Considering these and other possible grade E scenarios, the user of this system should keep in
mind that this grade should serve as an incentive for a close examination of that particular species’
records, and not as definitive signalling of unreliability. Indeed, the detailed inspection of grade E cases
after BAGS annotation revealed that most of them are likely pseudo-discordances and, if eventually

clarified, could lead to an estimated overall reduction of 80% in grade E species.

5. CONCLUSIONS AND FUTURE PERSPECTIVES

5.1. Conclusions and BAGS limitations

Generally, the grade assignment implemented in this study proves itself to be very helpful by
providing a solid grasp of the taxonomic congruency between the morphological identification and the
algorithmic identification (through the BIN system) of a given species, as it has been previously
demonstrated (Costa ef a/, 2012; Knebelsberger et al., 2014; Oliveira et al., 2016). Its usefulness is
especially enhanced with BAGs, where the implementation of the grades can be achieved with minimal
effort by the user in an automated way. Nonetheless, the user of this application should be mindful that
the complexity of taxonomy and the complexity of its assessment through molecular and computational

tools, require a critical look at the results of the auditing of a reference library.

Typically, grade A and B usually point in the direction that the barcodes existent for the species
are so far congruent, although it sometimes may be the case that all records for a species originate from
the same source, which can potentially make this congruency misleading, or at least, temporary. Grade
C seems to be especially good at detecting possible cryptic species or hidden diversity, given that it is
more common in groups of animals where their morphology is more complex or difficult to discriminate.
Grade D is the less problematic since it exists solely to signal species with a limited number of records.
Lastly, Grade E can be considered the most problematic grade, since it can be the result of a myriad of

different errors and mistakes, or simply the result of the inherent complexity of biological data.

Although this current version of BAGS has its own merits and stands on its own as a complete

tool, filling a gap in the current DNA barcoding research landscape that was identified, there are still
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limitations which should be addressed in future versions. Currently, BAGS does not have the ability to flag
gross sequence mismatches, such as bacterial sequences mistakenly assigned to animals, as it has been
previous reported (Siddall et a/., 2009). Although these might be rare events, it would be useful to fully
discriminate these cases so that the congruency of the reference library is increased, and more errors
are subsequently flagged. Additionally, in its current version, BAGS cannot distinguish grade C's
monophyletic from non-monophyletic species, nor can it recognize synonyms and apparent discordances,
such as faulty or interim species names, in species graded E. Moreover, since BAGS implements grades
which are defined on the BIN/morphospecies matches, the limitations associated with the accuracy of
the BIN clustering algorithm may emerge in some results or particular groups of organisms. This could
be possibly improved in future version with the introduction of customized OUT clustering algorithms that
may be useful to complement the BIN-based auditing, opening possibilities for its application beyond COl

sequences and the BOLD database.

Many databases (e.g. BOLD, GenBank, WoRMS) have systems that detect excessive calls by the
same user (i.e. too many searches or queries) that might overload their webservice and therefore, they
either limit the number of calls or block the user’s IP address for a period of time. Since BAGS relies on
multiple searches on BOLD (especially in the case of species lists uploaded by the user), this restriction
would limit its efficiency. To overcome this constraint, as previously mentioned, part of the data necessary
to implement the grade annotation system is regularly downloaded from BOLD, and used for comparison
each time a user downloads a new reference library. However, since the full species name and BIN
dataset is locally stored for this purpose, the grade attribution can potentially change every time new

barcode records and BINs are added to BOLD.

5.2. Future perspectives

Several prospective improvements may be considered in future versions of BAGS. One such key
improvement would be to introduce the capability to detect cases of deep discordance which may in fact
appear concordant (hence pseudo-concordances) such as the cases of bacterial DNA inadvertently
amplified from metazoan DNA during PCR, further included in public genetic repositories assigned to
metazoan species (Siddall ef a/, 2009). The introduction of a phylogenetic placement auditing tool would
constitute a possible solution to detect such events and it would also be essential to discriminate cases
of monophyly and non-monophyly in grade C-assigned species. Additional improvements to BAGS may
include implementation of alternative clustering algorithms and customized filtering thresholds, making it

prone for future implementations using other DNA-barcode sequence systems and databases. Finally, the
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inclusion of a subsidiary tool to perform a detailed revision of grade E records, in order to signal, for
example, pseudo-discordances generated by synonyms or ambiguous species designations, possibly
using machine learning and artificial intelligence algorithms. Eventually, some discordances may require

individual professional judgement that cannot be accomplished with automated procedures.

The ultimate goal is that BAGS can facilitate and stimulate the much-needed revision and curation
of reference libraries. It is urged that all users contribute to this critical task for the sake of the quality of

the libraries and ultimately the soundness of the research that depends on it.
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7. ANNEXES

TAXA SELECTION

Q | Example: Carnivora,Ursidae,Artiodactyla,Soricomorpha
&, Download

UPLOAD SPECIES LIST

Browse forafile = No file selected

- & Download

NOTE: Since the download process includes the auditing and annotation of the library, the report is ready once the download is concluded.
Make sure to refresh the page every time you are about to download a new library.

Annex 1 - Print screen of the BAGS application displaying the two main options for reference libraries generation. A - Download of a reference library giving as input a
list of taxonomic groups separated by commas without spaces; B — Download a reference library giving as input list of species.
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TAXA SELECTION

NOTE: Since the download process includes the auditing and annotation of the library, the report is ready once the download is concluded.
Make sure to refresh the page every time you are about to download a new library.

Q | Example: Cetacea,Hippocampus,Octopoda
& Download

process ides the auditi d of the library, the report is ready once the download is concluded.
Make sure to refresh the page every time you are about to download a new library.

TAXA SELECTION

Q | Example: Palaemonidae,Salmoniformes

‘ & Download ‘

NOTE: Since the process the auditing and of the library, the report is ready once the download is concluded.
Make sure to refresh the page every time you are about to download a new library.

Annex 2 - Print screen of the BAGS application displaying the three habitat filtering options for reference libraries generation. A — Download a reference library
including all species belonging to the chosen taxonomic group, B — Download a reference library including only species occurring in marine or brackish environments;

C - Download a reference library excluding species occurring in marine or brackish environments. The habitat of the species is defined according to the information
present at WoRMS.
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Annex 3 - Ambiguous expressions removed from the species names during the BAGS auditing pipeline.

Removed expressions

sp.

sp. nov

complex.

f.

nr.

s.l.

grp.
type

group

cmplx.

Any digit from 0-9
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Annex 4 - List of IUPAC code bases which are not removed by the BAGS auditing pipéeline. Every other alphanumerical character is
removed from the COIl sequences along the BAGS pipéline.

IUPAC Code Base

A Adenine

Cytosine

Thymine

Guanine

Aor G

CorT

GorC

GorT

AorC

CorGorT

AorGorT

AorCorT

AorCorG

C
T
G
R
Y
S
w AorT
K
M
B
D
H
v
N

Any base

- gap
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eaE

X Download A library

& Download B library

| &, Download C library ‘

library only sp with grade D

‘ . Download D library ‘

Graded library g only species with grade E

‘ & Download E library ‘

-GROUPED

& Download AB library
& Download ABC library

“ & Download ABCD library ‘

d library including species with all grades assigned

‘ & Download ABCDE library

Annex 5 - Print screen of the BAGS application displaying the options available to download fasta files comprising the COI sequences present in a previously downloaded
reference library. A — Download fasta files for individual grades; B — Download fasta files for grouped grades.
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Species
Number of species with A grade: 27 | Percentage: 6.47 %
Number of species with B grade: 59 | Percentage: 14.1 %
Number of species with C grade: 37 | Percentage: 8.87 %
Number of species with D grade: 138 | Percentage: 33.1 %
Number of species with E grade: 149 | Percentage: 35.7 %

© NUMBER OF SPECIMENS PER GRADE CIES PER GRADE

i Grades.
‘§.1N A
k3 B
5 c:
2 1000 )
E €
2
500
0 - 0
A B c D E A B c D E
Grades Grades

Annex 6 - Print screen of the BAGS application displaying options to summarize the auditing and annotation of a reference library, exemplified by a reference library for the
taxonomic groups. Octopoda, Cetacea, Hydrozoa, Hippocampus, Valvatida. A — Text report: B — Graphical report in the form of two barplots (left: specimens per grades, right:
species per grade).
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