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Barcoding a can of worms: testing cox1 performance as a
DNA barcode of Nematoda

Leonardo Tresoldi Gongalves, Filipe Michels Bianchi, Marindia Depra,
and Claudia Calegaro-Marques

Abstract: Accurate taxonomic identifications and species delimitations are a fundamental problem in biology.
The complex taxonomy of Nematoda is primarily based on morphology, which is often dubious. DNA barcod-
ing emerged as a handy tool to identify specimens and assess diversity, but its applications in Nematoda are
incipient. We evaluated cytochrome c oxidase subunit I (cox1) efficiency as a DNA barcode for nematodes scru-
tinising 5241 sequences retrieved from BOLD and GenBank. The samples included genera with medical, agri-
cultural, or ecological relevance: Anguillicola, Caenorhabditis, Heterodera, Meloidogyne, Onchocerca, Strongyloides,
and Trichinella. We assessed cox1 performance through barcode gap and Probability of Correct Identification
(PCI) analyses, and estimated species richness through Automatic Barcode Gap Discovery (ABGD). Each genus
presented distinct gap ranges, mirroring the evolutionary diversity within Nematoda. Thus, to survey the di-
versity of the phylum, a careful definition of thresholds for lower taxonomic levels should be considered. PCIs
were around 70% for both databases, highlighting operational biases and challenges in nematode taxonomy.
ABGD inferred higher richness than the taxonomic labels informed by databases. The prevalence of specimen
misidentifications and dubious species delimitations emphasise the value of integrative approaches to nema-
tode taxonomy and systematics. Overall, cox1 is a relevant tool for integrative taxonomy of nematodes.

Key words: BOLD, COI, GenBank, integrative taxonomy, specimen identification.

Résumé : La justesse des identifications taxonomiques et de la délimitation des espéces constitue un probleme
fondamental en biologie. La taxonomie complexe des Nematoda est fondée principalement sur I’étude de la
morphologie, laquelle est souvent douteuse. Le codage a barres de ’ADN a émergé comme moyen pratique
pour identifier des spécimens et pour mesurer la diversité, mais son emploi au sein des Nematoda est encore
embryonnaire. Les auteurs ont évalué la performance de la sous-unité I de la cytochrome ¢ oxydase (cox1) a
titre de code-barre de ’ADN chez les nématodes en examinant 5241 séquences obtenues des bases de données
BOLD et GenBank. Les échantillons incluaient des genres d’intérét médical, agricole ou écologique : Anguillicola,
Caenorhabditis, Heterodera, Meloidogyne, Onchocera, Strongyloides et Trichinella. Les auteurs ont mesuré la performance de
cox1 via des analyses de I’écart entre les codes-barre et de la probabilité d’identification correcte (PCI pour “Probability
of Correct Identification”), en plus d’estimer la richesse en espéces via I’outil ABGD (“Automated Barcode Gap
Discovery”). Chaque genre présentait des étendues distinctes en matiére d’écart, ce qui refléte la diversité évolu-
tive au sein des Nematoda. Il en découle que, pour mesurer la diversité au sein du phylum, il est nécessaire de
procéder a une définition méticuleuse des seuils pour les niveaux taxonomiques inférieurs. Les PCI avoisinaient
70 % au sein des deux bases de données, ce qui suggeére des biais opérationnels et des défis dans la taxonomie
des nématodes. I’analyse ABGD a indiqué une plus grande richesse d’espéces que les identifications taxonomi-
ques indiquées dans les bases de données. La fréquence de mauvaise identification de spécimens et de délimita-
tions douteuses des especes fait ressortir I’'intérét d’avoir recours a des approches intégratives pour les études de
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taxonomie et de systématique chez les nématodes. Globalement, cox1 s’est avéré un outil pertinent pour la taxo-

nomie intégrative chez les nématodes.

Mots-clés : BOLD, COI, GenBank, taxonomie intégrative, identification de spécimens.

Introduction

The correct identification and delimitation of taxa are
crucial to applied surveys, in addition to ecological, taxo-
nomic, systematic, and evolutionary studies (Hey 2009). Ex-
ponential advances in molecular biology have mitigated a
myriad of biological problems related to organism identifi-
cation. The use of DNA sequences to specimen identifica-
tion started in the 1980s (e.g., Kloos and Wolfshohl 1982;
Rollinson et al. 1986; Gale and Crampton 1987), boosting
the interest of scientists to improve molecular practices,
theories, and analytical methods. DNA barcoding was
formalised at the beginning of this millennium, promis-
ing precise identification of specimens through a DNA
sequence fragment from a standardised region of the ge-
nome (Hebert et al. 2003). For animals, the primary DNA
barcode is a 658 base pairs (bp) region of the mitochondrial
gene cytochrome c oxidase subunit I (cox1) (Ratnasingham
and Hebert 2007).

A recent review of interpretations and trends in DNA
barcoding shows a constant rise in studies using this
tool to solve different biological problems (e.g., species
delimitation, species discovery, specimen identifica-
tion) within distinct disciplines (DeSalle and Goldstein
2019). For a proper use of DNA barcoding, each specific
evolutionary lineage demands careful preliminary anal-
yses. In the lack of previous information about a specific
taxon, researchers set threshold values a priori. Many
studies use an arbitrary value between 2% and 3% for
specific divergence, depending on the taxonomic group
(Hebert et al. 2003; Abdo and Golding 2007; Clare et al.
2007). On the other hand, the Barcode of Life Data Sys-
tem (BOLD) initially assigns a 1% distance threshold,
leading to the recognition of a higher number of opera-
tional taxonomic units (Ratnasingham and Hebert 2007).

Unlike fundamental thoughts concerning DNA bar-
coding, there is no prior reason to assume a universal
fixed threshold value to sort out conspecific from heter-
ospecific taxa. Since coalescent depths among species
vary intrinsically for each lineage (Fujita et al. 2012), a
fixed threshold for all organisms would generate false-
positive and false-negative errors, depending on the
pooled species (Goldstein et al. 2000). A shortcoming for
distance-based methods is the lack of objective criteria
to delineate lineages (DeSalle et al. 2005), and only the
accumulation of data, their compilation in digital libra-
ries, and their analytical interpretation can improve the
detection and optimisation of an empirical threshold
value for a specific taxon—preferably lineages closer to
species level (e.g., genus level).

In addition to specimen identification, DNA barcoding
may assist in species discovery, through the search for a

“barcode gap” (Meyer and Paulay 2005), defined by the
interval between the highest intraspecific distances and
the lowest interspecific distances (DeSalle and Goldstein
2019). Then, a threshold for species delimitation may be
established to the target taxonomic rank (Hebert et al.
2003; Meyer and Paulay 2005). Initially, Hebert et al. (2004)
proposed a standard threshold for animals: 10 times the
mean intraspecific variation for the group under study,
the “10-fold rule”. Other values have been refined to par-
ticular taxa (e.g., Meyer and Paulay 2005; Prantoni et al.
2018), and also alternative methods were proposed to
find thresholds (see Meier et al. 2006). Subsequent stud-
ies questioned the 10-fold rule (Frézal and Leblois 2008),
mainly because of its weak biological background (Meyer
and Paulay 2005). Conversely, empirical data for different
nematode groups validated this method to set thresholds
(e.g., Ferri et al. 2009; Derycke et al. 2010; Martinez-Arce
etal. 2020).

The phylum Nematoda Rudolphi, 1808 is an abundant
and speciose group among metazoans. Nematodes com-
prise around 25 000 valid species, with estimated diver-
sity higher than 40 million species (Larsen et al. 2017).
Nematodes occupy a wide variety of ecological niches,
as both free-living and parasitic species (Blumenthal
and Davis 2004). Nematode identification often relies on
morphological characters—which may be subtle, sub-
jective, dependant on other characters, show high phe-
notypic plasticity, or be featured only in a specific life
stage or sex (Coomans 2002; Nadler 2002; Carneiro et al.
2017). For nematodes of medical and economic interest,
an accurate taxonomic diagnosis is fundamental to under-
stand transmission mechanisms, develop management
strategies, and prevent the deleterious effects of parasitism
(Jasmer et al. 2003; Ortiz et al. 2016).

The cox1 gene has been successfully employed as a
DNA barcode to identify nematodes (e.g., Elsasser et al.
2009; Ferri et al. 2009; Prosser et al. 2013), although its
use is still incipient for this phylum. Most studies show
success in molecular taxonomy of nematodes using
other molecular markers, such as ribosomal regions
ITS, 28S, and 18S, and mitochondrial genes nad5 and cytb
(Floyd et al. 2002; Bhadury et al. 2008; Armenteros et al.
2014; Qing et al. 2020). The diversity of nematode line-
ages included in DNA barcoding studies have increased
over the last years, but the literature lacks a transversal
work exploring a broader range of species (Abebe et al.
2011; Prosser et al. 2013).

Thus, we assessed cox1 performance as a DNA barcode
in seven nematode genera, seeking to (i) test efficiency
based on barcode gap and Probability of Correct Identifi-
cation (PCI) analyses, (ii) compare PCI between two

<. Published by NRC Research Press



use only.

Genome Downloaded from cdnsci mcSPub.com by 177.87.33.64 on 04/23/21
For person

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Gongalves et al.

Table 1. Taxon sampling for the barcoding gap and species richness estimation analyses, including
the number of valid species and the predominant lifecycle strategy for each genus.

BOLD GenBank

Valid Species Species Lifecycle
Genus species Sequences labels Sequences labels strategy
Anguillicola® 5 592 5 592 5 Animal parasite
Caenorhabditis® 40 109 15 108 16 Free-living
Heterodera® 80 346 26 931 29 Plant parasite
Meloidogyne©? 122 343 28 367 27 Plant parasite
Onchocerca® 34 87 17 76 16 Animal parasite
Strongyloides” 38 734 7 787 8 Animal parasite
Trichinella® 9 102 9 67 9 Animal parasite
All datasets 2313 107 2928 110

Note: References: a, Bezerra et al. 2020; b, caenorhabditis.org; ¢, Hunt and Handoo 2009; d, Alvarez-Ortega
et al. 2019; e, Lefoulon et al. 2017; f, GBIF Secretariat 2019; g, Sharma et al. 2020.

public sequence databases, and (iii) estimate species rich-
ness in the compiled datasets through an automated
distance-based species clustering tool. Issues related to
operational biases and challenges in nematode taxonomy
are discussed under the light of DNA barcoding.

Materials and methods

Data obtention and filtering

BOLD (boldsystems.org) and GenBank (ncbi.nlm.nih.
gov/genbank) are open-access collections of annotated
nucleotides. The former was developed to be a curated
database of barcoding sequences (Ratnasingham and
Hebert 2007), while the latter is a general repository for
DNA sequences and their protein translations (Benson et al.
2018). In both databases, nucleotide sequences must be
identified by the user to the lowest taxonomic level possible
during submission. But only in BOLD, deposited sequences
are doublechecked, as BOLD administrators perform quality
control of uploaded data (Ratnasingham and Hebert
2007). Thus, we expected that the PCI (see below) for this
database would be higher when compared to GenBank.

Cox1 sequences were retrieved in October 2019 from
GenBank and BOLD, generating separate datasets for
seven nematode genera (see Results section and Table 1).
The workflow for sequence acquisition, curation, and
analysis was based on Kvist (2014) and Sundberg et al.
(2016). We looked for conspicuous genera from distinct
fields of science (e.g., medical, agricultural) that also
represented the diversity of lifestyles within Nematoda
(e.g., free-living, plant parasites, and animal parasites),
giving priority to taxa with higher sequence availability
in public databases. To ensure robust analyses, we excluded
duplicates, unverified sequences, and those identified
only to generic level (e.g., Trichinella sp.).

We restricted our analyses to the 658 bp barcoding
region of cox1, as defined by The Consortium for the Bar-
code of Life (Ratnasingham and Hebert 2007). Sequences
were aligned using MAFFT 7.0 (Katoh et al. 2019), enabling
direction adjustment and keeping other parameters in
default. The software AliView (Larsson 2014) was used to

visualise the alignments and to verify the reading frame.
As a final control step, sequences shorter than 300 bp were
removed. The following analyses were performed for
each dataset individually.

Barcoding gap and Probability of Correct Identification
(PCI) analyses

PAUP* 4.0 (Swofford 2002) was used to estimate uncor-
rected p-distances, ignoring missing data to affected
sites and considering equal substitution rates to vari-
able sites. Uncorrected p-distances yield more accurate
(or at least similar) results when compared to other
models of nucleotide evolution (e.g., K2P; see Srivathsan
and Meier 2012; Collins et al. 2012). Output values were
sorted in inter- and intraspecific bins. We followed
Badotti et al. (2017) to verify the barcoding gap, plotting
in Microsoft Excel boxplots of both intra- and interspe-
cific distances. When possible, a barcoding gap was
delimited, considering the maximum intraspecific limit
and the minimum interspecific limit assigned by the
whiskers. For comparison purposes, a threshold for spe-
cies delimitation based on the 10-fold rule (Hebert et al.
2004) was also calculated for each dataset.

The success of DNA barcoding in specimen identifica-
tion does not rely on a well-defined threshold; it can be
used for this purpose even when inter- and intraspecific
distances overlap (see Collins and Cruickshank 2012).
We calculated the PCI according to Hollingsworth et al.
(2009) to evaluate the discriminative power of cox1. This
analysis considered the maximum intraspecific distance
and the minimum interspecific distance (or nearest-
neighbour distance) for each species. If the maximum
intraspecific distance of a species was less than the min-
imum interspecific distance, then specimen identifica-
tion using coxl would be successful for that species
(Hollingsworth et al. 2009). PCI values were presented
as the percentage of species correctly identified. Single-
tons were excluded from this analysis, as it is not possi-
ble to calculate intraspecific distances in this case. We
then followed the graphical approach suggested by Collins
and Cruickshank (2012): PCI values were visualised in a
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Fig. 1. Pairwise distance distribution of the seven analysed genera comprising sequences retrieved from BOLD. For each
genus, intraspecific (dark blue) and interspecific (light blue) distances are shown. When possible, a barcoding gap was
delimited considering the maximum intraspecific limit and the minimum interspecific limit assigned by the whiskers. The

dots represent outlier values.
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Fig. 2. Pairwise distance distribution of the seven analysed genera comprising sequences retrieved from GenBank. For
each genus, intraspecific (dark blue) and interspecific (light blue) distances are shown. When possible, a barcoding gap was
delimited considering the maximum intraspecific limit and the minimum interspecific limit assigned by the whiskers. The

dots represent outlier values.
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scatter plot, using a 1:1 reference slope to represent the
point at which the difference between the two variables
is zero. Finally, PCIs of BOLD and GenBank were converted
to a2 x 2 contingency table, and PAST 3.26 (Hammer et al.
2001) was used to perform Fisher’s Exact Test and compare
identification success between databases.

Meloidogyne Onchocerca Strongyloides Trichinella

Species richness estimation

To test the applicability of DNA barcoding in species
discovery, hypotheses of species richness should be esti-
mated ignoring taxonomic labels (Collins and Cruickshank
2012). We then used Automatic Barcode Gap Discovery
(ABGD; Puillandre et al. 2012) to estimate the richness
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Table 2. Results from the barcoding gap analyses of sequences retrieved from BOLD and GenBank, showing in percent mean
intraspecific distance, gap range visualised in boxplots, and threshold values calculated following the 10-fold rule.

BOLD GenBank

Mean intraspecific Threshold sensu ~ Mean intraspecific Threshold sensu
Genus distance Gaprange  10-fold rule distance Gaprange  10-fold rule
Anguillicola 0.57 1.52-9.63 5.70 0.57 1.45-9.63 5.70
Caenorhabditis 0.76 1.96-8.30 7.60 0.79 2.28-8.87 7.90
Heterodera 3.47 NC 34.70 2.30 5.60-10.90 23.00
Meloidogyne 0.46 1.26-8.02 4.60 0.43 1.27-6.66 4.30
Onchocerca 1.60 4.03-5.92 16.00 171 4.38-6.19 1710
Strongyloides 2.87 7.68-14.10 28.70 2.80 5.75-13.89 28.00
Trichinella 113 1.84-4.95 11.30 0.44 111-4.37 4.40

Note: NC, not computed—when whisker overlapping did not allow a barcode gap detection.

(number of species) in the obtained datasets. This tool
clusters sequences in hypothetical species based on the
statistical inference of a barcoding gap; the results are
then used in a recursive analysis (Puillandre et al. 2012).
We ran the analyses at the web interface (bioinfo.mnhn.
fr/abi/public/abgd) using default parameters (P, = 0.001;
Pihax =0.1; Nb bins =10; X =1.5) and simple distance.

ABGD generates several hypotheses when used to esti-
mate richness, and choosing the most reliable hypothesis
can be a challenging task (Kekkonen and Hebert 2014).
We interpreted ABGD results using a prior intraspecific
divergence limit of P = 0.01 because it reproduces with
higher correspondence the practical delimitations made
by taxonomists, emphasising stringency to avoid theoreti-
cal overestimation (Puillandre et al. 2012). Thus, ABGD
estimates were compared to the number of species labels
informed by BOLD and GenBank.

Results

Database compilation

A total of 5241 cox1 sequences composed our datasets.
From BOLD, 2313 sequences were retrieved, representing
107 species labels (species names); the other 2928 sequen-
ces were retrieved from GenBank, representing 111 spe-
cies labels (Table 1). Our dataset comprises organisms
with distinct lifestyles (Table 1) that are historically inde-
pendent and discordant with taxonomic classifications
(Coomans 2002). We followed the classification proposed
by De Ley and Blaxter (2004), as it is currently the most
comprehensive taxonomic system for Nematoda and it
matches the NCBI taxonomy database (Sayers et al. 2009;
Benson et al. 2018). However, we are aware that hierar-
chy above family level may vary among authors and
research groups (e.g., Eyualem et al. 2006). Our analyses
approached seven datasets for each database, comprising
the following genera: Anguillicola Yamaguti, 1935 (Spirurina:
Anguillicolidae); Caenorhabditis Osche, 1952 (Rhabditina:
Rhabditidae); Heterodera Schmidt, 1871 (Tylenchina: Hetero-
deridae); Meloidogyne Goeldi, 1892 (Tylenchina: Meloidogynidae);
Onchocerca Diesing, 1841 (Spirurina: Onchocercidae);

Strongyloides Grassi, 1879 (Tylenchina: Strongyloididae);
and Trichinella Railliet, 1895 (Trichinellida: Trichinellidae).
For a list of all sampled species, see Table S1'.

Barcoding gap

Based on the pairwise distance boxplots for the ana-
lysed taxa (Figs. 1 and 2), we categorised cox1 efficiency
into the three categories proposed by Badotti et al. (2017):
“good”, “intermediate”, and “poor”. We considered the
cox1 efficiency good for genera that presented a clear gap
between intra- and interspecific distances, even if outliers
overlapped; intermediate when the whiskers of intra- and
interspecific distances overlapped; and poor whenever
the boxes overlapped.

Cox1 showed a conspicuous barcoding gap in most of
the tested datasets. The sequences from BOLD showed
good efficiency of cox1 for six out of seven analysed gen-
era: Anguillicola, Caenorhabditis, Meloidogyne, Onchocerca,
Strongyloides, and Trichinella; and intermediate efficiency
for Heterodera (Fig. 1). The efficiency of cox1 was good for
all genera retrieved from GenBank (Fig. 2). Outlier val-
ues were present in all pairs of intra- and interspecific
comparisons for both databases.

We emphasise the significant variation of the barcod-
ing gap among investigated genera, ranging from a low of
1.1% (Trichinella, GenBank) to a high of 14.1% (Strongyloides,
BOLD) (Table 2). Moreover, the gap values found in the
boxplots are incongruent with the thresholds obtained
through the 10-fold rule (Table 2). Most threshold values
obtained via the 10-fold rule would fail in the empirical
discrimination of species, especially to Heterodera and
Strongyloides, which sequences exhibit an unusually high
mean intraspecific distance in both datasets.

Probability of Correct Identification (PCI)

The overall PCIs obtained for BOLD (72.72%) and Gen-
Bank (70.11%) (Fig. 3) were not statistically different (Fisher’s
Exact Test, p = 0.7399, Table 3). The PCI varied among gen-
era (Table 3). The highest PCI values (100%) were detected
for Caenorhabditis (both databases) and Trichinella (GenBank).

ISupplementary data are available with the article at https://doi.org/10.1139/gen-2020-0140.
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Anguillicola and Caenorhabditis were the only genera that
presented the same values for both databases (Table 3).
However, the differences found between the PCIs of
BOLD and GenBank were not significant for any genus
(Table 3).

Species richness estimation

The species richness estimated by ABGD was different
from the species numbers informed by the databases
for any of the analysed genera (Table 4): it was higher
than the number of taxonomic labels informed by BOLD
and GenBank for most genera, including Anguillicola,
Caenorhabditis, Onchocerca, Strongyloides, and Trichinella.
The only exception was Meloidogyne, which showed a lower
number of species than informed by the databases. Con-
versely, for Heterodera ABGD predicted a lower richness
for BOLD data and a higher richness than expected for
GenBank data.

Discussion

In this study, we explored cox1 performance as a DNA
barcode for different lineages of Nematoda, represented
by seven genera. The barcoding gap analyses tested the
applicability of this molecular marker in species discov-
ery and delimitation. We found barcoding gaps for the
seven analysed genera using GenBank sequences; for
BOLD sequences, only six genera disclosed a barcoding
gap. Moreover, we checked the hypothetical accuracy of
the identifications (i.e., PCI), compared PCI between BOLD
and GenBank, and estimated species richness based on
cox1 for each dataset (i.e., ABGD). We found PCI rates
around 70% for both databases, and ABGD results overall
pointed out to a higher species richness than the taxo-
nomic labels informed by databases. These results high-
light the prevalence of database issues and pitfalls in the
widespread use of arbitrarily fixed species delimitation
thresholds, the implications of which are relevant to a
variety of metazoan lineages.

Barcoding gaps and fixed thresholds: a cautionary tale

The good performance of cox1 for all the analysed gen-
era in the barcoding gap analyses show the potential of
this molecular marker as a tool to assess the diversity in
Nematoda. The only exception was the intermediate
performance for Heterodera sequences retrieved from
BOLD. Accordingly, we recommend caution when defin-
ing divergence thresholds for species discovery.

Some authors have assigned fixed thresholds for nem-
atode groups. Using the 10-fold rule, Ferri et al. (2009)
estimated a 4.8% threshold for filarioid nematodes (also
sampling Onchocerca species). For free-living marine
nematodes, a 5% threshold obtained through the 10-fold
rule is consistently being suggested to assess closely related
and cryptic species of a “wide range of taxa” (Derycke et al.
2010; Armenteros et al. 2014; Martinez-Arce et al. 2020).
Alternatively, a 2% threshold sorted out congeneric spe-
cies from multiple lineages of parasites of vertebrates
(Prosser et al. 2013). Moreover, previous works often

Genome Vol. 00, 0000

Fig. 3. Graphic summary of the Probability of Correct
Identification (PCI) analyses of BOLD and GenBank
sequences. For each sampled species, we compared the
maximum intraspecific distance with the nearest-
neighbour distance. A 1:1 slope represents the point at
which the difference between the two variables is zero.
In green (above the slope) species considered successfully
identified; in red (below the slope) identification failures.
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Table 3. Number of species labels (excluding singletons)
and Probability of Correct Identification (PCI) for each of the
seven genera sampled in BOLD and GenBank, with P-values
(Fisher’s Exact Test) for PCI comparison between databases.

BOLD GenBank

Species PCI Species PCI
Genus labels (%) labels (%) P
Anguillicola 4 75.00 4 75.00 1.0000
Caenorhabditis 14 100.00 14 100.00 1.0000
Heterodera 22 54.54 24 58.33 1.0000
Meloidogyne 21 7619 20 45.00 0.0578
Onchocerca 12 75.00 9 66.66 1.0000
Strongyloides 6 66.66 7 85.71 0.5594
Trichinella 9 66.66 9 100.00 0.2059
All datasets 88 72.72 87 7011 0.7399

suggest a fixed threshold based on the lifecycle strategy
of the scrutinised taxa (e.g., marine nematodes). We dis-
courage this practice since the diversity of lifestyles
within the phylum has emerged independently multi-
ple times (Blaxter and Koutsovoulos 2015).

Here, we reiterate what Collins and Cruickshank (2012)
postulated as “the sixth deadly sin of DNA barcoding”:
the inappropriate use of fixed thresholds for higher tax-
onomic levels. This assumption disregards the likely
evolutionary heterogeneity and coalescence within diverse
lineages (Fujita et al. 2012; Pentinsaari et al. 2016). A thresh-
old value should be optimised from libraries of specific
taxonomic groups (e.g., genus), putting away arbitrary
“magic values” of divergence for higher taxonomic lev-
els. Hence, an advantageous feature of DNA barcoding is
its retroactive essence: as the accuracy of DNA barcoding
upgrades the detection of taxa, it reciprocally enhances
the correct labelling of library data.

We recognise that cox1 performance in our dataset is
far from flawless. The result for Heterodera (BOLD) was
intermediate (Fig. 1), and the barcode gap analyses
showed a remarkable number of outlier values in the
boxplots (Figs. 1 and 2). Those outliers may be specimens
from subsampled populations that present molecular
distances above the conspecific average. However, we
need to stress the likelihood of cryptic diversity and
operational biases affecting the identification accuracy,
as discussed below.

The position of the barcoding gap fluctuated among
sampled genera (Table 2). This pattern emphasises their
distinct coalescent times (Fujita et al. 2012) and an
intrinsic divergence in cox1 mutation rates among dif-
ferent lineages of Nematoda. It could be related (but not
limited) to unique genome features (Molnar et al. 2011)
or biological factors such as longevity (Cordero and
Janzen 2013), asexuality (Lunt 2008), population size
(Estes et al. 2004), generation time (Thomas et al. 2010),
and host mobility (Blouin et al. 1995). The intraspecific
divergence ranges for each genus also reflects the
genetic structure of nematode populations (Blouin et al.

Table 4. Results from species richness estimation analyses,
with number of species labels informed and richness
estimated by Automatic Barcode Gap Discovery (ABGD)
listed for BOLD and GenBank.

BOLD GenBank
Species  ABGD Species  ABGD

Genus labels richness labels richness
Anguillicola 5 9 5 9
Caenorhabditis 15 17 16 20
Heterodera 26 27 29 38
Meloidogyne 28 20 27 26
Onchocerca 17 18 16 18
Strongyloides 7 1 8 14
Trichinella 9 1 9 10

1995; Cole and Viney 2018), which should be analysed
individually. For instance, Trichinella is reportedly char-
acterised by low intraspecific divergences (Cole and
Viney 2018).

So, how should the barcoding gap be established?
With caveats and carefulness. Many methods and tech-
niques are premised on a comprehensive sampling that
would include all populations and species from a line-
age (Lim et al. 2012). As the detection of a barcoding gap
is sensitive to the number of species (Meier et al. 2008)
and specimens sampled (Fontaneto et al. 2015), then the
analyses should be reviewed regularly whenever new
samples are generated and deposited in the databases
(see Qing et al. 2020). Presumably, the genetic diversity
within a taxon should reach an asymptote as the hetero-
geneity within a lineage increase. This knowledge may
facilitate the establishment of a more robust barcoding
threshold for specific taxa. Exploratory studies must
avoid a priori threshold values. In cases where there is a
lack of data for a specific taxon, we suggest the careful
use of the threshold from the closest lineage as possible.

In BOLD and GenBank we trust (but not blindly)

The power of DNA barcoding as a taxonomic tool is
not limited to a global barcoding gap. Intra- and inter-
specific distances may overlap without invalidating the
identification success (for a discussion, see Collins and
Cruickshank 2012). The efficacy of a molecular marker
in organism identification must then be evaluated on its
own—this is the underlying idea of the PCI analysis
(Hollingsworth et al. 2009; Badotti et al. 2017). Using cox1
as a molecular barcode, we found a PCI around 70% for
both BOLD and GenBank (Fig. 3; Table 3). In an ideal sce-
nario, these rates would be closer to 100%, as reported
for other metazoan groups (e.g., Blagoev et al. 2009;
Pérez-Asso et al. 2016; Bakhoum et al. 2018).

Our PCI analyses reinforce the barcoding gap results
(Figs. 1 and 2): the outlier comparisons exhibited on the
histograms show an evident incongruence between the
genetic distances and the database species labels. We
aimed to test the performance of cox1 to identify speci-
mens. Considering the incipient application of this
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marker for Nematoda, the observed PCI is remarkable.
Here, improved species delimitation methods provide a
step forward for future research that seeks to accu-
rately assess diversity and identify specimens/sequen-
ces in different lineages of Nematoda.

The PCIs of BOLD and GenBank were statistically simi-
lar. These results dismiss our initial supposition that
BOLD sequences would exhibit higher PCI compared to
GenBank (see “Data obtention and filtering” section).
Although BOLD mines sequences from GenBank, it is
not a reason to assume that datasets (and the results
obtained within) from both databases would be the same
(e.g., Meiklejohn et al. 2019; Pentinsaari et al. 2020).
Hence, GenBank sequences could equally contribute to
exploratory analyses. Despite that, PCIs of most datasets
concerning both databases are quite far from 100%, except
for Caenorhabditis.

The use of data retrieved from any database—even
curated ones—should not be done blindly. Careful screen-
ing may avoid unwanted problems. Indeed, misidentifi-
cation and annotation errors are intrinsic from the way
the sequences are deposited in public databases (e.g.,
Valkitinas et al. 2008; Kvist 2014; Stavrou et al. 2018). The
assignment errors may be related to operational biases,
e.g., laboratory contamination, DNA of cells from the
host, and data entry mistakes (Mutanen et al. 2016; Leray
et al. 2019) but mainly because of specimen misidentifi-
cation (see below) (Valkitnas et al. 2008). The free access
of these sequences may propagate these errors, and lead
to erroneous conclusions (Valkitnas et al. 2008). As the
number of taxonomists has been decreasing, cases of
misidentified sequences may increase soon (see Janssen
et al. 2017). However, independent research groups have
worked continuously to improve identification accuracy
for different taxa and molecular markers (e.g., Heller
et al. 2014; O’Leary et al. 2016; Dunlap et al. 2018). Curated
datasets and pipelines for molecular identification have also
been developed for nematode groups (e.g., Macheriotou
et al. 2019; Qing et al. 2020). Efforts like these are invalu-
able resources, mainly for taxa which taxonomy is his-
torically ambiguous, like Nematoda.

Hidden diversity, but to what degree?

The species richness estimated by ABGD mismatch
the number of species labels informed by BOLD and GenBank
for all datasets. ABGD is considered a conservative
approach and recent studies reported its tendency to
lump sequences belonging to different species, and sel-
dom split conspecific sequences (Pentinsaari et al. 2017;
Gélin et al. 2017; Busschau et al. 2019). The conservative
proposal of this algorithm is desirable here since our
aim was not to make taxonomic decisions, but warily to
shed light on cryptic diversity and prominently dubious
species boundaries. Nevertheless, species richness of the
analysed genera was usually greater than taxonomic
labels informed. Some of our results stood out, showing
discrepancies both for underestimation, e.g., Meloidogyne,
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and for overestimation, e.g., Heterodera (Table 4). Re-
markably, our sample encompasses all Anguillicola and
Trichinella species (Table 1), and for both genera and data-
sets, ABGD estimated a higher richness. These cases could
be investigated in-depth, integrating multiple sources of
evidence to unravel the taxonomy of these groups.

Understudied taxa, such as Nematoda, are more likely
to present a vague understanding of what a species is
(Hey 2001; Nadler 2002). It worsens as many groupings
of Nematoda lack a proper phylogenetic hypothesis (see
Negreiros et al. 2019; Qing and Bert 2019). This problem
applies to not only higher taxonomic levels (e.g., family
and genus) but also to the monophyly of species (Nadler
2002). Nematode taxonomy is complicated by a high
number of cryptic species (wWhich may lead to an inher-
ent underestimation of species richness) (Blaxter 2016),
considerable intraspecific variation in morphology (Carneiro
et al. 2017; Lee et al. 2017; Nyaku et al. 2018), and conver-
gent morphological evolution via adaptation to similar
lifestyles (or vice versa) (Blaxter and Koutsovoulos 2015).

The use of cox1 as a DNA barcode usually allows taxo-
nomic resolution at population/species level, but the
peculiarities of each lineage may hinder species diagno-
sis (Powers et al. 2018). In genera such as Meloidogyne, the
ancient asexuality and the hybrid origin of species has
led to reticular evolutionary patterns that hamper the
delimitation of apomictic species (Lunt 2008; Janssen
et al. 2016; Powers et al. 2018). Still, approaches based
only on mitochondrial DNA may overlook most recent
speciation events due to the time-lag between specia-
tion and haplotype lineage sorting to reciprocal mono-
phyly (Nadler 2002).

Overall, cox1 is a relevant tool for integrative taxonomy of
nematodes

Our multiple analyses using cox1 show the suitability
of this molecular marker to the scrutiny of Nematoda at
the genus and species level. The availability of data lim-
ited the approach adopted here. Thus, any taxon sam-
pling bias, somehow, depicts the current trendings and
state of the art on nematode research. We are aware
that the data available in GenBank and BOLD, and so the
genera coverage here, represent only a fraction of this
diverse phylum. However, the use of thousands of sequen-
ces in a transversal study approaching different lineages
with distinct lifecycle strategies has no precedent among
Nematoda, as far as we know.

Overall, the results point out a substantial number of
specimen misidentification or dubious species delimita-
tion. For taxa with many cryptic species, complex mor-
phology, and complex life histories, such as Nematoda,
the taxonomic impediments arise. Thus, systematics become
weakened whenever a single approach (e.g., morphol-
ogy, molecular, behaviour) is prioritised (Coomans
2002). The term integrative taxonomy, coined around
15 years ago (Dayrat 2005; Will et al. 2005), uses multi-
ple lines of evidence to inform taxonomy and is
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widespread in the literature (Padial et al. 2010) but
rarely used for nematodes. New species descriptions
are often based exclusively on morphological compari-
sons of type specimens (e.g., Phillips et al. 2016; Acosta
etal. 2017; Pinheiro et al. 2018).

The integration of large-scale and consistent DNA
sequencing with traditional taxonomic approaches nat-
urally improves the discovery of biological diversity and
identification of specimens (Moritz and Cicero 2004).
The use of cox1 as a metazoan barcode enriches the large
public databases, such as BOLD and GenBank, making
them scientifically valuable (Fontaneto et al. 2015;
Andtjar et al. 2018). However, the success of the DNA
barcoding strategy requires the maintenance of a refer-
ence database that obeys rigorous taxonomic criteria at
the moment of the deposit of sequences, especially con-
cerning voucher data (Ekrem et al. 2007). The standard-
isation of a molecular marker allows reliable cross-
comparison between studies and databases (Smith et al.
2009), boosting its use in, e.g., applied sciences. Cox1 can
also improve metabarcoding studies to access nematode
communities as 18S is usually inaccurate to species level
and may even underestimate the real diversity (Tang et al.
2012; Blaxter 2016; Treonis et al. 2018). For identification
purposes, a growing body of evidence shows cox1 outper-
forming ribosomal markers, including 18S (Guardone
et al. 2013; Singh et al. 2013; Armenteros et al. 2014) and
ITS (Blouin 2002; Keskin et al. 2015). When feasible, the
use of multi-locus barcode approaches should be pre-
ferred as they increase identification success (Meiklejohn
etal. 2019).

After all, cox1 barcoding is neither the panacea nor the
archenemy of nematode taxonomy. We encourage the
use of multiple methods to increase the robustness of
taxonomic decisions. Cox1 has been used extensively for
varied groups of organisms and different taxonomic
purposes (e.g., Zimmermann et al. 2015; Almerén-Souza
et al. 2018; Gibbs 2018). Without a reliable taxonomic
identification, all research carried out in academic and
applied branches of life sciences are virtually worthless
(Kholia and Fraser-Jenkins 2011). Therefore, cox1 is a rele-
vant ally in nematode systematics and taxonomy, improv-
ing other methodologies, aiding in cryptic diversity
detection, and shedding light on specimen identification.
In other words, cox1 as a DNA barcode may be useful to
tackle this can of worms.
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