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Abstract

Assessment of biodiversity using metabarcoding data, such as from bulk or environ-
mental DNA sampling, is becoming increasingly relevant in ecology, biodiversity sci-
ences and monitoring. Thereby, the taxonomic identification of species from their
DNA sequences relies strongly on reference databases that link genetic sequences to
taxonomic names. These databases vary in completeness and availability, depending
on the taxonomic group studied and the genetic region targeted. The incomplete-
ness of reference databases is an important argument to explain the nondetection
by metabarcoding of species supposedly present. However, there exist further and
generally overlooked problems with reference databases that can lead to false or inac-
curate inferences of taxonomic assignment. Here, we synthesize all possible problems
inherent to reference databases. In particular, we identify a complete, mutually non-
exclusive list of seven classes of challenges when it comes to selecting, developing
and using a reference database for taxonomic assignment. These are: (i) mislabelling,
(ii) sequencing errors, (iii) sequence conflict, (iv) taxonomic conflict, (v) low taxonomic
resolution, (vi) missing taxa and (vii) missing intraspecific variants. For each problem
identified, we provide a description of possible consequences on the taxonomic as-
signment process. We illustrate the respective problem with examples taken from the
literature or obtained by quantitative analyses of public databases, such as GenBank
or BOLD. Finally, we discuss possible solutions to the identified problems and how to
navigate them. Only by raising users' awareness of the limitations of metabarcoding
data and DNA reference databases will adequate interpretations of these data be

achieved.
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a universal system for animal species identification by using a stan-

DNA analysis is a powerful approach to detect and identify biolog-
ical organisms and a potential alternative to traditional methods
based on morphological characters (Deiner et al., 2017; Gibson
et al., 2015). Pioneering works conducted in the 1990s have ap-
plied DNA-based identification systems to a variety of organisms
(e.g., Baker & Palumbi, 1994; Brown et al., 1999; Bucklin et al., 1999;
Sperling et al., 1994). In 2003, Hebert introduced DNA barcoding as

dard marker (i.e., COl). Building on this idea, DNA metabarcoding
allows identification of multiple species from the DNA present in
a sample and is becoming a standard across many fields in ecology
and biodiversity sciences (Blaxter, 2004; Creer et al., 2016; Galan
et al., 2018; Pedersen et al., 2015). By enabling the analysis of large
numbers of samples at very high throughput and fine spatial, tem-
poral and taxonomic resolution, these approaches are currently
revolutionizing the way we study and monitor biodiversity (Deiner
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et al., 2017; Euclide et al., 2021; Ji et al., 2013; Keck et al., 2017), a
change which is necessary to address the numerous threats to the
biosphere in the Anthropocene.

In both barcoding and metabarcoding approaches, DNA is suc-
cessively extracted, amplified and sequenced. As opposed to bar-
coding, for which DNA is directly extracted from isolated specimens,
metabarcoding extractions are performed either from bulk samples
(i.e., sorted individuals, potentially belonging to multiple species) or
from environmental samples, that is, environmental DNA (eDNA)
from water, soil, sediment or air (Pawlowski et al., 2020). In metabar-
coding, extracted DNA is then amplified using a set of primers de-
lineating a barcode region targeting a specific taxonomic group of
interest (Pawlowski et al., 2020; Taberlet et al., 2012) and the prod-
uct of amplification is sequenced on a high-throughput sequencing
(HTS) platform. The choice of the marker as well as the primers is de-
cisive in the conduct of a metabarcoding project and results from a
compromise between the specificity of the barcode for the targeted
group, its capacity to discriminate taxonomic units at the desired
level and its representativeness in available reference databases
(Casey et al., 2021; Clarke et al., 2017; Ficetola et al., 2021).

After sequencing, data are processed using a set of bioinformat-
ics tools and methods to prepare and conform them for subsequent
analysis. A critical step in bioinformatics pipelines is taxonomic as-
signment, which is the inference of a taxonomic classification for
the analysed sequences. Although the direct analysis of raw ge-
netic sequences is possible (see, e.g., Cordier et al., 2020; Méachler
et al., 2021; Marques et al., 2020; Tapolczai et al., 2019), it is often
important to identify the species by their taxonomic names. This
allows the use of attributes specific to these taxa (e.g., their bio-
logical traits and ecological preferences) and, to a certain extent, to
link the results of (meta)barcoding analyses with results obtained by
traditional approaches. Furthermore, from a conservation biology
perspective, including aspects of environmental law, a taxonomic
assignment is often essential not only for communication but also
for implementing environmental regulations. In fact, “species” is
most often the only valued unit when implementing management
strategies of endangered species (e.g., the U.S. Endangered Species
Act, 1973), IUCN lists of threatened European species (e.g., Bilz
et al., 2011), invasive species or pest species. Given that the results
of the taxonomic classification will serve as the starting point for
downstream analyses, it is important to ensure that data sets based
on the assignment of species (or other taxonomic levels) to genetic
sequences obtained from heterogeneous and broad metabarcoding
are as complete and accurate as possible.

Taxonomic assignment relies on two main elements: first, a ref-
erence database, which links DNA sequences to a known taxonomic
classification; and second, an algorithm, which uses the reference
database to classify new sequences. Although the choice of the al-
gorithm may have an effect on the speed and the outcome of the
process (Murali et al., 2018; Allard et al., 2015; Edgar, 2016; Barbera
et al.,, 2019), the performance of these algorithms relies entirely
on reference data linking DNA sequence to taxonomy. Therefore,
it is obvious that the quality of the taxonomic assignment depends

largely on the quality of the reference base being used, which strictly
constrains the prediction domain of the algorithms.

Given the importance of reference databases, many projects
have been developed over the years to collect, store and distribute
reference sequences. GenBank (Benson et al., 2008) is one of the
oldest and best known of these projects, and indexes several billions
of annotated sequences across the entire tree of life. Other large-
scale projects target specific groups of organisms, such as BOLD
(Ratnasingham & Hebert, 2007), which targets animals through the
COI marker, Silva (Pruesse et al., 2007), which is a generalist data-
base focused on ribosomal RNA sequences (16S, 18S, 23S and 28S
markers) or Unite (Nilsson et al., 2019), which is mainly focused on
fungi through the ITS marker.

Despite the variety of available choices, reference database qual-
ity is often questioned by both expert taxonomists as well as practi-
tioners, and, in particular, the completeness of reference databases
is almost systematically mentioned to explain the nondetection of a
species by DNA that is otherwise known to be present (false nega-
tive). This issue has been reported in many publications investigating
diversity in a wide range of biological groups such as vertebrates
(e.g., Cilleros et al., 2019; Gold et al., 2021; Lynggaard et al., 2019),
invertebrates (e.g., Dowle et al., 2016; Elbrecht et al., 2017; Watts
et al, 2019), microbes (e.g., Minerovic et al., 2020; Vasselon
etal., 2017) and plants (e.g., Arstingstall et al., 2021; Bell et al., 2017,
Gous et al., 2019). Moreover, the completeness and quality of ref-
erence databases are known to be geographically and taxonomi-
cally biased. For example, Marques et al. (2021) showed that gaps
in reference databases of fish species increase towards the tropics;
Weigand et al. (2019) found that some taxonomic groups used for
the ecological monitoring of aquatic environments in Europe were
much better represented in reference databases (e.g., fish, true bugs
and freshwater vascular plants) than others (e.g., freshwater diatoms
and marine molluscs); and Li et al. (2022) showed that barcode ref-
erence libraries covering aquatic taxa in China are often geograph-
ically biased to where the specimens/sequences come from. While
several factors influence the ability of DNA methods to detect par-
ticular species, including primer biases or DNA degradation (Barnes
& Turner, 2016; Deiner et al., 2017; Schenekar et al., 2020), it is cer-
tain that the limitations of reference databases account for a large
proportion of unclassified reads frequently reported (e.g., Haenel
et al.,, 2017; Nunes et al., 2019; Rivera et al., 2018) and the poor
congruence observed between DNA-based methods and traditional
methods for some taxonomic groups (Keck et al., 2022). Resolving
possible limitations or challenges associated with databases is thus
crucial to advance the use of metabarcoding in general, and is in
particular becoming more relevant in the increasing use of eDNA
in ecology and conservation biology. Importantly, there are several
factors specific to reference databases that affect taxonomic infer-
ence. These are sometimes (or even often) overlooked and ignored,
or their effects are simply not well understood by users.

Here, we synthesize the problems associated with reference da-
tabases that can compromise the success of the taxonomic identifi-
cation process. We identify a complete, mutually nonexclusive list of
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seven classes of challenges when it comes to selecting, developing
and using a reference database for taxonomic assignment, including
(i) mislabelling, (ii) sequencing errors, (iii) sequence conflict, (iv) tax-
onomic conflict, (v) low taxonomic resolution, (vi) missing taxa and
(vii) missing intraspecific variants. We first describe each of these
seven challenges in detail, both linking to existing literature but
also illustrating them with examples from the largest available and
broadly used reference databases (GenBank and BOLD). For coher-
ence, the examples given mainly target metazoans with a focus on
a 313-bp COI fragment amplified by the primers designed by Leray
et al. (2013), as these are the most commonly used COIl primers
for invertebrates and other groups of animals (Arribas et al., 2022;
Duarte et al., 2021). Nevertheless, the ideas discussed are relevant
for all groups of organisms and all markers, covering microbes, plants
and animals. Only the respective relevancy of these challenges may
vary, for example due to different completeness of the respective
databases. We explain for each challenge why it exists and why it
may cause inaccurate, false or impossible inferences. Finally, we
summarize solutions to overcome these problems or limit their im-
pact for each of the seven challenges.

Our goal is to increase awareness of these challenges to those
generating and using such metabarcoding data and to give a better
understanding of their potential limitations. This applies to scientists
who generate reference sequences, to those who develop and main-
tain reference databases, to those who use these databases to infer
taxonomy from their sequencing data, and, ultimately, to anyone
who needs to interpret results obtained by (meta)barcoding. Such
knowledge is needed in order to create accurate, trustworthy and
replicable results from any metabarcoding analysis in the field of
ecology and biodiversity sciences, and will be a benchmark for the
credibility of the field as a whole.

2 | THE SEVEN CHALLENGES AND
POSSIBLE SOLUTIONS

2.1 | Perfectworld

In a perfect world, a scientist performing taxonomic classification of
unknown DNA sequences generated by barcoding or metabarcod-
ing would have access to a comprehensive and error-free reference
database, as depicted in Figure 1 (upper box). This database would
contain all the taxa potentially included in the samples analysed
(and all sequences generated). These taxa would be identified to the
taxonomic level targeted by the scientist and would be classified ac-
cording to a hierarchical taxonomic system that would closely reflect
the phylogenetic signal contained in the DNA barcode sequences.
The barcode sequences would be long and variable enough to en-
sure a unique genetic signature for each taxon. The database would
contain no errors in linking DNA sequences to taxonomic labels.
This perfect world, however, does not exist, nor do reference
databases that combine all these qualities. As outlined above, we
identify a complete, mutually nonexclusive list of seven classes of
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challenges when selecting, developing and using a reference da-
tabase for taxonomic assignment. The lower box of Figure 1 gives
an overview of these seven challenges, their possible negative im-
pacts on taxonomic inference and the potential solutions that can
be implemented to mitigate them. In the following sections, each
of them is individually discussed in detail and possible solutions are
presented.

In all of these seven cases, a good understanding of the poten-
tial but also limitations of the taxonomic assignment conducted is
fundamental for an adequate and correct scientific interpretation of
the data, and subsequent decisions with respect to management or
policy. In the following we describe these challenges and how they
can be addressed.

2.2 | Taxonomic mislabelling
2.2.1 | Description

Taxonomic mislabelling corresponds to an error in the taxonomic
identification of the biological material deposited in the reference
database. The sequence in the database corresponds to the target
organism, but its label (and therefore its taxonomy) is incorrect. This
can happen at all taxonomic levels (and will then downscale from
the level it occurs to all finer levels, respectively), yet is more likely
to occur at finer taxonomic levels (Leray et al., 2019). For example,
one taxon may be confused with another at the species level be-
cause the latter is closely related to it, making the two taxa difficult
to distinguish on the basis of morphological characters (e.g., Viard
et al., 2019). This problem is also more likely to occur when the per-
son doing the identification is not a skilled taxonomist or when the
organism being studied belongs to a particularly complex group, and
it is thus more prevalent for taxonomically understudied groups.
Finally, taxonomic mislabelling may arise when taxonomy is revised
and when taxa are separated or merged into new taxa, yet this is not
updated in the reference databases (e.g., Gissi et al., 2017).

Taxonomic mislabelling is a typical example where a mistake
done at one step in the process chain has cascading effects and
will cause incorrect inferences. We argue that it is one of the most
fundamental problems to avoid: it may be better to have gaps (that
can be filled later) than taxonomically incorrectly labelled data in a
database. The global decline in taxonomists, and the decline in uni-
versities and other institutions training taxonomists, will aggravate
this problem, yet solving it can also offer new significance and value
to taxonomic knowledge (Sheth & Thaker, 2017).

2.2.2 | Possible outcome

Since the sequence of concern is linked to an incorrect taxonomic
label, there is a risk of misclassification. In this case, the query se-
quence correctly matches a sequence in the reference database,
but the taxonomic assignment linking them is incorrect because the
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FIGURE 1

Illustration of the ideal case (“perfect world”) for which all sequencing information from metabarcoding matches completely to

mutually exclusive taxonomic units (upper box). The lower box gives an overview and illustration of all seven possible, mutually nonexclusive,
potential challenges with reference databases for taxonomic classification. The frame represents a reference database linking taxonomy to
sequences for different specimens. Green boxes show correct data and red boxes incorrect data. Yellow boxes represent correct data that
nonetheless result in classification issues. As an example, real taxonomic units, based on specimens, are indexed and labelled as X, Y and Z
(each representing a unique species), and their respective taxonomic classification at the level of families (F), genera (G) and species (Sp), as
well as the corresponding sequence (seq), is illustrated. While the example here covers for simplicity only a few units (species), the indexing
of X, Y and Z in metabarcoding data and databases usually covers thousands to tens of thousands of units, as do the possible challenges

described here.

reference database entry is taxonomically not correct. However,
given that mislabelling problems usually occur at fine taxonomic lev-
els, the error does not necessarily compromise higher levels of clas-
sification (Leray et al., 2019).

2.2.3 | Possible solution

The only solution to this challenge is to have error-free databases,
in which each sequence is correctly assigned to an organism with a
valid taxonomic name and classification, and in which the database is
constantly updated with respect to taxonomic changes (i.e., splitting
of species). While the current discussion has been largely about how
complete databases are (Li et al., 2022; Weigand et al., 2019), the dis-
cussion and focus should actually be about how complete and correct
these databases are, and specifically the latter, as detecting and cor-
recting taxonomic mislabelling in existing databases is arduous.

One solution to identify rogue taxa is to perform a cross-validation
of the database, where the taxonomy of each sequence is re-inferred
using the taxonomy of other sequences and compared to the original.
However, this approach can be time- and resource-consuming and
requires good coverage of the finest taxonomic levels. Alternatively,
if areference phylogeny is available, one can replace the sequences of
the database in the phylogenetic tree and assess if their phylogenetic
position is consistent with their taxonomic label (Kozlov et al., 2016).
A mislabelled sequence should be deleted from the database unless
the original biological material has been preserved and allows for
re-identification and revision of the entry concerned. Additionally,
user-friendly algorithms to detect taxonomic mislabelling could be
implemented upstream, at the deposition step, to help database con-
tributors to rigorously check the sequences they are about to submit
against existing databases and verify suspicious results. Performing
multilocus sequencing from the same biological material can also im-

prove the confidence in the taxonomic affiliation, provided that at
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least one of the sequenced loci is already represented and correctly

identified in the reference database.

224 | Examples

Documenting taxonomic mislabelling requires significant effort and
careful investigation, yet is critical for the long-term validity of me-
tabarcoding studies. A general consensus and support (both taxo-
nomically and financially) to reach complete and error-free databases
should be the prime goal of the field of metabarcoding research. An
interesting example is reported by Viard et al. (2019) who investigated
the GenBank labels of three species within the genus Botrylloides by
comparing them to new sequences obtained from more than 750
colonies. Using phylogenetic clustering analyses, they found that
one species, in particular, B. diegensis, was systematically mislabelled
as B. leachii with possible implications for the management of these
two non-native species in the Mediterranean Sea. Similarly, Seah
et al. (2017) performed a phylogenetic analysis of publicly available
sequences for 24 species of the fish family Leiognathidae. From 232
sequences downloaded from BOLD and GenBank, they reported up

to 88 sequences with potential misidentification problems.

2.3 | Sequencing error
2.3.1 | Description

Sequencing error is a situation where the biological material is cor-
rectly identified but the DNA sequence attached to it is errone-
ous. This problem can have several origins such as PCR errors and
PCR-induced chimeras (Potapov & Ong, 2017) or the amplification
of pseudogenes (Buhay, 2009). These are particularly problematic
when targeting mitochondrial markers because of the presence of
nonfunctional copies of mitochondrial genes in the nuclear genome
(NUMTSs; Bensasson et al., 2001). These copies, although in theory
less abundant than the targeted marker, can accumulate mutations
and be as divergent as 36% from their parent sequence (Schultz &
Hebert, 2022). The dominance of mitochondrial DNA (mtDNA) in
individual-based sequencing should, however, limit the publication
of such sequences as references in public databases. Thus the most
probable cause of error is the amplification and sequencing of a con-
taminant. Typical laboratory contaminations are of human and bac-
terial origin (Siddall et al., 2009), and of organisms that are also used/

studied at the respective facilities.

2.3.2 | Possible outcomes

Similar to taxonomic mislabelling, when the link between the se-
quence and its taxonomy is incorrect, there is a risk of misclassifica-
tion. In the case of external contamination, the error is likely to occur
at a high taxonomic level, which can theoretically allow this type of
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error to be separated from taxonomic mislabelling. PCR errors, in-
cluding polymerase misincorporation, structure-induced template-
switching, PCR-mediated recombination and DNA damage (Potapov
& Ong, 2017), can affect a single nucleotide and be virtually unde-
tectable, or be at the origin of major recombinations, potentially easy
to detect but with unpredictable consequences for the taxonomic

classification process.

2.3.3 | Possible solutions

Similar to taxonomic mislabelling, it is possible to search for incor-
rect sequences by reassessing the taxonomy of each entry in the
database using all the other entries. It can be hard to disentangle
sequencing errors from taxonomic mislabelling, but the two kinds
of errors would probably occur at different taxonomic levels. For
example, a bacterial sequence identified as an arthropod species
would probably be the result of contamination as it is very unlikely
that these two organisms can be mixed up. Especially when creat-
ing sequences, bacterial contaminations (incorrectly) assigned to
the taxon are not uncommon. When detected, it is strongly recom-
mended to remove such entries from the database unless there is a
possibility to resequence the original material to fix the error. Here
again, making error detection tools available to researchers during
sequence submission could help prevent the multiplication of this

type of problem in public databases.

2.34 | Examples

Leray et al. (2019) assessed the NCBI GenBank database by cluster-
ing metazoan mitochondrial encoded sequences at a threshold of
97% similarity. Assuming this threshold should theoretically gener-
ate clusters of congeneric species only, they flagged as potential er-
rors all the clusters that regrouped more than one taxon at different
taxonomic levels. Although they concluded that most GenBank se-
quences are correctly labelled (at genus level and above), they none-
theless detected many clusters regrouping sequences belonging to
different phyla (375), classes (537) and orders (1610). Heterogeneous
clusters at these taxonomic levels could be the result of sequenc-
ing errors, including PCR errors, pseudogenes and contaminations.
Screening for human or bacterial DNA sequences in NCBI GenBank
is sufficient to find several suspicious records. To demonstrate this,
we searched for both human and bacterial sequences (two typical
types of external contaminations) in NCBI. We blasted one sequence
of human COIl (MT242596.1) corresponding to the 313-bp frag-
ment mICOIlintF/HCO2198 (Folmer et al., 1994; Leray et al., 2013)
against the GenBank database (see Supporting Information S1.1 for
detailed methods). The LasT algorithm detected 15 sequences with
>99% identity with MT242596.1 and which are labelled as insect
(12), polychaetes (two) or protura (one) (see detailed results in the
Supporting Information). These sequences are probably of human
origin despite their taxonomic labels which point to very distant
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groups. Similarly, we searched for bacterial sequences in three
taxonomic groups: Crustacea, Gastropoda and Bivalvia using the
DARN tool (Zafeiropoulos et al., 2021) applied on the 313-bp frag-
ment mICOlintF/HCO2198 of COIl. parN assesses the taxonomic as-
signment of the sequences against a reference phylogenetic tree of
1593 consensus sequences covering all the three domains of life and
thus allows us to classify sequences as being Eukaryotes, Bacteria or
Archaea. In total, we found 41, three and eight sequences phyloge-
netically identified as bacteria but labelled as Crustacea, Gastropoda

and Bivalvia, respectively (Supporting Information S1.2).

2.4 | Sequence conflict
2.41 | Description

A sequence conflict is a situation where several different taxa are
assigned to the exact same genetic sequence. This occurs when the
barcode region is not of sufficient resolution to discriminate be-
tween two or more species or after an introgression, when part of
the genome of one species is integrated in the genome of another.

This challenge can arise because the barcode region chosen
is not suitable for the targeted taxonomic group. This can be es-
pecially an issue for barcode regions and generic primers used to
cover a very (too) broad range of organisms, such that for individ-
ual subgroups the resolution is no longer optimal. The challenge is
especially prominent for phylogenetically young species that have
diverged only recently (as for example in recent radiations), and for
which few to no diagnostic barcode regions may exist at all. For ex-
ample, recent radiations of whitefish (Coregonus spp.) are so young
that single barcode regions are not able to diagnose distinct species
(Feulner & Seehausen, 2019).

2.4.2 | Possible outcomes

Classification may be impossible, especially if there are no other ge-
netic variants in the database for the taxa concerned. For recent ra-
diations, and taxon groups that are nondistinct at the barcode region
looked at, a classification is fundamentally impossible. In the case
of an incomplete database, sequence conflicts can lead to incorrect
taxonomic assignment. To prevent classification error due to lack of
taxonomic resolution, West et al. (2020) treated fish species detec-
tion as putative unless all other species from the same genus were

sequenced.

2.4.3 | Possible solutions

The detection of this problem is simple: it consists in searching for
sequences (or clusters of sequences) to which more than one taxon
is associated. Since this problem is not the result of an error per se,
deleting these entries from the database is not recommended. The
solution to this problem is to use a different and better resolving

barcode (Leese et al., 2021) or to combine several markers (Corse
et al., 2019; Hajibabaei et al., 2019). If conflictual species are known
to occur in different geographical locations, a geographical filtering
can also be applied to optimize a reference database by excluding
species whose range is known to be outside the study area. Finally,
an apparent sequence conflict may also be the consequence of a
taxonomic misidentification (see 2.2). In that case, the solution is to
correct the erroneous taxonomic label or to remove the misidenti-

fied sequence from the database.

244 | Examples

To demonstrate the prevalence of sequence conflicts on short frag-
ments traditionally used in metabarcoding studies, we searched for
such conflicts in the sequences labelled as molluscs in the NCBI
GenBank database. More specifically, across a data set of 35,008
sequences corresponding to the 313-bp COI fragment mICOlintF/
HCO02198 (Folmer et al., 1994; Leray et al., 2013) commonly used
in barcoding, we looked for the identical sequence that was linked
to different taxonomic labels (for details on the methods of this ex-
ample, see Supporting Information S2). We found a total of 434 se-
quence conflicts. Most of the conflicts happened at the species (294)
and genus (110) levels, but some also appeared at higher taxonomic
levels, at the family (30), and even order (two) levels. Note that, as
mentioned above, it is possible that some of these conflicts are the

result of taxonomic mislabelling.

2.5 | Taxonomic conflict
2.5.1 | Description

The same organism is registered several times in the reference da-
tabase with different upstream taxonomy, hence resulting in a taxo-
nomic conflict. This can be caused by the presence of synonyms in
taxonomic names, by different taxonomic systems coexisting in the
database, or by different versions of the same taxonomic system

(following revisions) coexisting in the database.

2.5.2 | Possible outcomes

Classification may become impossible and classification confidence

values may be negatively impacted.

2.5.3 | Possible solutions

The solution to this problem is to harmonize the taxonomy across
the whole reference database. This must be done by choosing an
appropriate taxonomic system to be applied systematically and by
resolving synonymies in a consistent way. Taxonomic databases and
catalogues of taxonomic names can help in this process, which can
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be long and tedious, depending on the size and diversity of the taxo-
nomic groups included. However, several tools exist that have been
specifically developed to assist scientists in this process (Balvociaté
& Huson, 2017; Grenié et al., 2022).

2.54 | Examples

Taxonomic conflicts can happen within the same database. To
show this we screened 172,003 sequences of molluscs from the
GenBank reference database for potential conflicts (see Supporting
Information S3). We found one taxonomic conflict between the two
congeneric mollusc species Lepeta concentrica (e.g., MZ580712.1)
and Lepeta caeca (e.g., AB543977.1), which (as of May 2022) have dif-
ferent upstream taxonomies diverging from the subclass level. The
fact that only one taxonomic conflict was detected among 172,003
sequences demonstrates the robustness of the GenBank taxonomy,
yet also may vary depending on the taxonomic groups looked at.
Especially for taxa that are understudied (such as many single-celled
eukaryotes covering a wide range of taxonomic groups), this may be
more prevalent (see Adl et al., 2012).

However, taxonomic conflicts also and mainly exist between da-
tabases, which can generate problems in the case of merging records
from different sources. For example, the species labelled as Alainites
muticus in BOLD are labelled with the genus name Takobia in GenBank,
with Takobia being a synonym of Alainites. Sometimes taxonomic con-
flicts are the result of a fundamental mistake about the type of or-
ganism. For example, the species Psephurus gladius is identified as a
mollusc in BOLD (GBMNA14336-19) but its corresponding record in
GenBank (AY571339) is labelled as a fish (Actinopterygii). To illustrate
the extent of the problem, we converted the taxonomic classification
of 198,445 animals from BOLD to the taxonomic system (i.e., taxo-
nomic names and lineages) of NCBI (Supplementary Information S3).
Although most of the taxonomic names remain the same, a significant
number (17.1% and 2%, respectively) of species and genus names used
in BOLD were not found in the NCBI database and a significant pro-
portion of taxonomic names (3.4% for species names and up to 10%

for class names) are different between the two databases (Figure 2).

species 1 _
2 enus
o 9 Taxon
]
o X . Same
= family A
g Different
s No match
b order 4
'_

Class ] _

0% 25% 50% 75% 100%

FIGURE 2 Conversion of taxonomic names of animals from
BOLD to NCBI taxonomy. Stacked bars represent the proportions,
for each taxonomic level, of taxonomic names of BOLD that are
the same (blue), different (yellow) or not found (grey) in the NCBI
taxonomic database.
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2.6 | Low taxonomic resolution
2.6.1 | Description

Database entries have a low taxonomic resolution because organisms
have been identified at higher ranks only. This problem is more likely to
occur in groups where taxonomic identification is difficult and requires
advanced taxonomic skills. Additionally, sequences are sometimes
deposited before a formal description, while taxon names are not yet

available, thus creating imprecise entries (Garg et al., 2019).

2.6.2 | Possible outcomes

Taxonomic inference at fine resolution is impossible with sequences

labelled at higher taxonomic ranks only.

2.6.3 | Possible solutions

The solution to this problem is to re-identify the original material.
This can be difficult, either because the original biological mate-
rial no longer exists or is not accessible, or because the condition
of the specimen does not allow a fine taxonomic identification.
Importantly, it shows the necessity of long-term collections in which
specimens of respective sequence entries are stored and can be re-
assessed (Puillandre et al., 2012). If the objective of the study is to
reach a fine taxonomic resolution and the clades concerned by these
sequences are well represented in the database, removing them can
be considered.

2.64 | Examples

The number of sequences identified at higher ranks than, for exam-
ple, the species level depends on the database and the taxonomic
group considered. For example, we found that 54% of the records
labelled as animals are not identified at the species level in BOLD
(see Figure 3a and Supporting Information S4). Similarly, in an ex-
tract of 3.06 million COI sequences of arthropods from GenBank,
we found that 45.8% of the sequences were not identified at the
species level (see Supporting Information S4 for detailed methods).
This proportion was 23.6% at the genus level and 2.8% at the family
level (Figure 3b).

2.7 | Missing taxa
2.71 | Description
Missing taxa refers to a challenge in which all existing taxa which

are not present in the reference database constitute a significant
limitation for taxonomic inference. There are important biases in
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the taxonomic coverage of reference databases (Li et al., 2022;
Weigand et al., 2019). The incompleteness of databases and miss-
ing taxa is a major problem, yet databases are currently being
completed at an unprecedented rate, and thus this challenge may
diminish over time.

2.7.2 | Possible outcomes

Taxa that are missing in the reference database cannot be detected
in an unknown sample. It is possible to identify missing taxa by com-
paring the reference database with taxonomic databases and spe-
cies catalogues. It is also possible that a sequence can be wrongly
assigned to a closely related species if the reference for the true
species is missing (Couton et al., 2022; Schenekar et al., 2020).

2.7.3 | Solution

The unique solution to this problem is to sequence the missing
taxa and add them to the reference database. As new sequences
for new organisms are continually added to public databases, it can
be expected that the problem will gradually become less important
provided that efforts are maintained, especially for the most under-
represented taxonomic groups and geographical regions. Large pro-
grammes aimed at genetically sequencing biodiversity are currently
underway and mobilize significant financial and human resources
such as BIOSCAN (Hobern & Hebert, 2019), Earth BioGenome
(Lewin et al., 2022) and Darwin Tree of Life (The Darwin Tree of Life
Project Consortium, 2022), which represent a positive sign for the

completion of DNA reference databases.

2.74 | Examples

Since the completion of reference databases is an important topic,
several studies have focused on evaluating their representativeness
by comparing them to lists of described species. Schoch et al. (2020)

compared the number of formal species in the NCBI Taxonomy

database with the number of species in different catalogues. They
found that, in 2019, 83% of the described invertebrate taxa were
missing from the NCBI Taxonomy. This proportion was 83% for
fungi, 62% for green plants, 32% for vertebrates and only 1% for
bacteria. Note that these numbers are based only on the taxa al-
ready described and are far from representative of the actual avail-
ability of sequences for a given barcode and a given taxonomic
group. Weigand et al. (2019) analysed gaps in the Barcode of Life
Data Systems (BOLD) and NCBI GenBank databases, with a focus
on the taxa most frequently used in aquatic biomonitoring. They
found that database completeness varies strongly among taxonomic
groups. For example, barcode sequences were lacking for many taxa
for marine molluscs, ascidians and freshwater diatoms, while other
groups (fish, true bugs, caddisflies and vascular plants) are better

represented.

2.8 | Missing intraspecific variants
2.8.1 | Description

For a given barcode, it is common to observe different genetic vari-
ants (haplotypes) within a single species. For optimal taxonomic
classification, it is important that this intraspecific diversity is suf-
ficiently represented in the database. Missing intraspecific variants
can be particularly problematic for cryptic species and/or invasive
species whose geographical distribution and genetic diversity can be
very wide (Rocha et al., 2021).

2.8.2 | Possible outcomes

If only one sequence is available for a species with high genetic
variability, it is possible that some haplotypes cannot be correctly
identified. Furthermore, some haplotypes of two closely related
species may be indistinguishable due to a lack of barcode resolu-
tion (see section 2.4, sequence conflicts). In this case, it is important
that these haplotypes are present in the database to limit the risk of

incorrect classification.
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FIGURE 3 The proportion of labelled
sequences per taxonomic rank in (a) BOLD
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specimen records labelled as animals
and (b) GenBank sequences labelled as
arthropods.
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2.8.3 | Solution

The unique solution is to sequence more individuals of the same spe-
cies, especially individuals from different locations and populations.
The multiple studies trying to resolve broad species complexes
across the world (e.g., Brunetti et al., 2020; Rocha et al., 2021) are
contributing greatly to solving this issue, and continuing this type of
work is essential. Using barcodes of individuals from the same region

as the study sample can also limit the risks mentioned above.

2.84 | Examples

On a GenBank extract of 261,697 unique sequences of the 313-
bp COI fragment mICOIlintF/HCO2198 (Folmer et al., 1994; Leray
et al., 2013) attributed to 92,525 species of arthropods, we found
that 47,762 species (51.6%) were represented by only one single se-
quence, while only 4% of the species were represented by 10 se-
quences or more.

In molluscs (30,543 sequences attributed to 4974 species), we
found a median number of two sequences available per species
(mean = 6.1, see also Figure 4). However, some species are much
better represented than others. For example, the invasive snail
Pomacea canaliculata is represented by 573 sequences, including 26
different variants with 43 variable nucleotide positions across the
mICOlintF/HCO2198 fragment.

3 | CONCLUSIONS AND
RECOMMENDATIONS

Compiling and using reference databases is a time-consuming and
delicate operation and many problems can affect the results of
taxonomic classification when using metabarcoding data. With this
study, we outline these problems and their possible consequences
on the taxa detected by DNA (meta)barcoding. Being familiar with
these problems helps to develop the critical thinking skills needed to
understand the data and results generated by metabarcoding meth-
ods. With the generalization of molecular biology methods for the
study of biodiversity, more and more genetic data are being circu-
lated. It is important to remember that these genetic data must be
the subject of particular attention. Researchers using and interpret-
ing such molecular data must understand what reference databases
were used to produce the taxonomic classification and what their
limitations are.

Some challenges may be overcome, such as through the removal
of mislabelled sequences in databases. Others, however, such as
an incomplete taxonomic resolution of some barcode regions and
groups of taxa, are harder to overcome. The latter could be solved
by changing the barcode regions looked at, or could be—as in the
case of phylogenetically very young species—fundamentally impos-
sible to resolve, as no single barcode region will be able to identify
and resolve the taxa of interest. Moreover, the issues discussed
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FIGURE 4 Distribution of the number of sequences available
per species labelled as molluscs in NCBI GenBank (only species
with fewer than 20 sequences are shown).

here may combine and the intersection of several of them can make
the situation even more complex. For example, for species with in-
traspecific diversity for the barcode studied (missing intraspecific
variants), some variants may also be shared with other closely re-
lated species (sequence conflict). Some taxonomic groups, espe-
cially microbial groups, are particularly challenging. This is due to
the great diversity of species they contain, to our limited taxonomic
knowledge of them, and to the very concept of species which is not
always well defined or compatible with molecular data. However,
the requirements for taxonomic resolution vary greatly from study
to study, depending on the goals, organisms and ecosystems being
studied. Thus, although identification to the species level may be
difficult or impossible for some taxonomic groups, the ability to
characterize biodiversity at the genus or family level remains ex-
tremely useful. In general, the improvement of reference databases
requires the development of our knowledge of the taxonomic
groups studied, of their taxonomic and phylogenetic classification
but also of their ecology and distribution. This also highlights the
need for well-trained people with sufficient knowledge of the or-
ganismal groups being studied.

The results of the taxonomic classification are a source of valu-
able information. A very large proportion of unassigned sequences
or sequences assigned to very high taxonomic levels may be caused
by a reference base of poor quality. Field knowledge and ecological
expertise are also important. For example, it may be useful to com-
pare the results of the taxonomic classification with checklists of
locally known species, in order to identify doubtful taxa. Knowledge
of the ecology of the species studied can also help to identify ab-
errant results. Regardless, incorrect assignments can have dramatic
effects, especially if it relates to species of particular interest such as
threatened or invasive species that are subject to management pol-
icies (Darling et al., 2020), and all new records of species in a given
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area must be checked manually and further proven by a different
approach. Finally, it is important that researchers understand the
importance and meaning of statistical confidence measures asso-
ciated with inferred taxonomic groups and use them appropriately
(Cristescu & Hebert, 2018).

More generally, addressing the challenges specific to reference
databases is a process that will take time and must be done vertically
at several levels. First, the completion of reference databases is ev-
eryone's concern and it is everyone's responsibility to share publicly
the genetic data they produce. More specifically, projects and sci-
entists who add new high-quality entries to public databases must
be supported. This includes the entire data production chain, from
good laboratory practices to taxonomic expertise and the publica-
tion of rich data and metadata adhering to FAIR principles (Rimet
etal., 2021). Second, it isimportant to support consortia and working
groups that develop and maintain high-quality reference databases
at different scales and for different applications, such as PhytoREF
(Decelle et al., 2015) for photosynthetic eukaryotes, PR2 (Guillou
et al., 2013) for unicellular eukaryotes, PFR2 (Morard et al., 2015)
for foraminifera, dinoref (Mordret et al., 2018) for dinoflagellates
and diat.barcode (Rimet et al., 2019) for diatoms. Finally, at the most
local level, it is necessary to increase awareness and train bioinfor-
maticians and end-users on the problems specific to reference data-
bases. For example, tools can be implemented to improve the quality
control and curation workflows of reference databases such as Taxci
(Rulik et al., 2017), MetaCurator (Richardson et al., 2020), Anacapa
(Curd et al.,, 2019), BCdatabaser (Keller et al., 2020), RESCRIPt
(Robeson et al., 2021), DB4Q2 (Dubois et al., 2022), NEA _fish_DB
(Claver et al., 2022), CRABS (Jeunen et al., 2022) and refdb (Keck
& Altermatt, 2022). The technical solutions discussed in this paper
should be used by scientists willing to compile their own database.
They could also be implemented and provided by large database
repositories to ensure minimum quality control at the deposition
step and to prevent the accidental submission of new erroneous
sequences. Some databases such as PR2 (Guillou et al., 2013) and
MIDORI2 (Leray et al., 2022) already implement such automated
tests and filtering.

Taking all these aspects into account should allow us to continue
to improve genetic reference databases and to improve the results
of taxonomic classification of DNA sequences obtained through
(meta)barcoding.
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