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Abstract

Keywords

Accurate identification of unknown specimens by means of DNA barcoding is contingent on
the presence of a DNA barcoding gap, among other factors, as its absence may result in
dubious specimen identifications – false negatives or positives. Whereas the utility of DNA
barcoding would be greatly reduced in the absence of a distinct and sufficiently sized
barcoding gap, the limits of intraspecific and interspecific distances are seldom thoroughly
inspected across comprehensive sampling. The present study aims to illuminate this aspect of
barcoding in a comprehensive manner for the animal phylum Annelida. All cytochrome c
oxidase subunit I sequences (cox1 gene; the chosen region for zoological DNA barcoding)
present in GenBank for Annelida, as well as for ‘‘Polychaeta’’, ‘‘Oligochaeta’’, and Hirudinea
separately, were downloaded and curated for length, coverage and potential contaminations.
The final datasets consisted of 9782 (Annelida), 5545 (‘‘Polychaeta’’), 3639 (‘‘Oligochaeta’’), and
598 (Hirudinea) cox1 sequences and these were either (i) used as is in an automated global
barcoding gap detection analysis or (ii) further analyzed for genetic distances, separated into
bins containing intraspecific and interspecific comparisons and plotted in a graph to visualize
any potential global barcoding gap. Over 70 million pairwise genetic comparisons were made
and results suggest that although there is a tendency towards separation, no distinct or
sufficiently sized global barcoding gap exists in either of the datasets rendering future
barcoding efforts at risk of erroneous specimen identifications (but local barcoding gaps may
still exist allowing for the identification of specimens at lower taxonomic ranks). This seems to
be especially true for earthworm taxa, which account for fully 35% of the total number of
interspecific comparisons that show 0% divergence.

Annelida, cytochrome c oxidase subunit I,
DNA barcoding, DNA barcoding gap,
specimen identification

Introduction
A sufficiently sized DNA barcoding gap, i.e. the difference in
genetic distance between the highest intraspecific variation
and lowest interspecific divergence within a study group, is a
prerequisite for accurate and effective DNA barcoding (e.g.
DeSalle et al., 2005; Hebert et al., 2003a,b; Meier et al., 2008;
Meyer & Paulay, 2005; Stoeckle, 2003; Wiemers & Fiedler,
2007). Specifically, genetic distances below a certain threshold
would suggest taxonomic uniformity among samples, whereas
values above another threshold would indicate taxonomic distinctness (Wiemers & Fiedler, 2007). In instances where these
thresholds overlap, users of DNA barcoding will not be able to
distinguish between intra- and interspecific distances and, consequently, specimen identifications will be prone to error. Because
of its preponderance, the existence and magnitude of a barcoding
gap have long been tested for in several animal groups, and the
resulting hypotheses are often irreconcilable. On one hand, Hebert
et al. (2003b) showed that most animal groups present a
sufficiently sized barcoding gap while, on the other hand, more
recent studies suggest either a complete absence or an insufficiently sized barcoding gap in different taxonomic groups
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(e.g. Burns et al., 2007; Chapple & Ritchie, 2013; Elias et al.,
2007; Meier et al., 2006; Meyer & Paulay, 2005; Wiemers &
Fiedler, 2007). Beyond the standard distance-based methods often
employed by barcoders, it is important to note that several
character-based methods also exist that, instead, take into
consideration the presence of discrete synapomorphic nucleotide
polymorphisms to infer specimen identities [e.g. CAOS (Sarkar
et al., 2002); DNA-BAR (DasGupta et al., 2005); BRONX (Little,
2011); BLOG (Weitschek et al., 2013)].
Accurate specimen identification, when reliant on a barcoding
gap, can be hampered in several different ways. Beyond the
obvious effects that population dynamics, such as periods of rapid
radiation, may have on the presence and size of a barcoding gap,
incorrect identification of the reference specimens in the target
database will result in incorrect taxonomic assignment of the
query specimen. Moreover, a de facto absence of a barcoding gap
will suggest to the investigator that the specimen under study
could pertain to several different species, or an erroneous
sequence ID could be assigned with high confidence due to the
lack of taxonomic coverage within the database. Whereas
incorrect reference specimen identifications seem to be present
across several animal groups (e.g. Kvist et al., 2014; Trewick,
2008), our knowledge regarding the presence or absence of a
barcoding gap across major animal lineages is still limited. One
factor potentially limiting such an investigation is that a precise
assessment requires extremely thorough sampling of the studygroup. That is, a full appreciation of the genetic variation within
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barcodes [for zoological barcoding, this is typically a 658 basepair
region of the cytochrome c oxidase subunit I (cox1) gene,
colloquially known as the ‘‘Folmer-region’’ (Folmer et al., 1994)]
for a given group cannot emerge until we approach full taxonomic
sampling. This is not to say that a global barcoding gap is a
necessity for DNA barcoding to work for lower taxonomic
groups – local barcoding gaps will still allow for accurate
identification of specimens if some prior taxonomic knowledge of
the study group can be ascertained such that the specimens can be
a priori solidly placed within (e.g.) a family or genus. To date,
however, the vast majority of taxonomic groups have yet to be
comprehensively sampled and scrutinized for the presence or
absence of a barcoding gap.
One of these unsurveyed groups is the phylum Annelida, which
currently consists of over 17,000 recognized species (Zhang,
2011), placing it among the larger invertebrate phyla. The phylum
is divided into two classes: the paraphyletic ‘‘Polychaeta’’,
including about two-thirds of the known annelid diversity, and
Clitellata (including the paraphyletic subclass ‘‘Oligochaeta’’ and
the monophyletic subclass Hirudinea), which accounts for the
remaining one-third of the phylum (Erséus, 2005; Kvist &
Siddall, 2013; Rouse & Pleijel, 2001; Struck et al., 2011; Weigert
et al., 2014). Despite the relatively high species diversity within
the phylum, and the ecological and economic importance of the
group (Shain, 2009) only an estimated 2013 species were
represented by a cox1 gene barcode in GenBank in 2013 (Kvist,
2013). Whereas several studies have shown that DNA barcoding
is a promising tool for specimen identification within lower
taxonomic ranks of Annelida (e.g. Bely & Weisblat, 2006; De
Wit & Erséus, 2010; Hebert et al., 2003b; Kvist et al., 2010;
Luttikhuizen & Dekker, 2010; Oceguera-Figueroa et al., 2010),
there is a notable paucity of data in regard to the existence of a
phylum-, class-, and subclass-wide barcoding gap – a necessity
for users of DNA barcoding. To shed light on the utility and
suitability of this tool for specimen identification within Annelida,
the present study aims to comprehensively sample cox1 gene
sequences across the phylum as a whole and for each of the three
major taxonomic groupings, scrutinize these for potential contaminations and other anomalies, and assess the presence or
absence of a barcoding gap across Annelida, as well as
‘‘Polychaeta’’, ‘‘Oligochaeta’’, and Hirudinea.

Methods
A detailed schematic of the workflow used in the current study is
presented in Figure 1 and all the final datasets, including all
partitions, are available as Supplementary material. Cytochrome c
oxidase subunit I sequences were downloaded on 29 July 2014
from GenBank by sending the results (in FASTA format) of the
following search queries to separate files: ‘‘txid6340
[Organism:exp] cox1 [Gene]’’, ‘‘txid6341 [Organism:exp] cox1
[Gene]’’, ‘‘txid6381 [Organism:exp] cox1 [Gene]’’ and
‘‘txid6403 [Organism:exp] cox1 [Gene]’’. This resulted in
13,003 individual sequences for Annelida, 7640 sequences for
‘‘Polychaeta’’, 4678 sequences for ‘‘Oligochaeta’’, and 685
sequences for Hirudinea (Table 1). Thereafter, the four datasets
were further manipulated using TextWrangler (Bare Bones
Software Inc., North Chelmsford, MA) in combination with
Microsoft Excel (Microsoft Corporation, Redmond, WA). To
enable comparisons of verified data, and to ensure intraspecific
and interspecific comparisons, all unverified sequences were
removed; i.e. those that included the term ‘‘UNVERIFIED’’, and
so were sequences with imprecise taxonomic labels (e.g. ‘‘Gen.’’
and/or ‘‘sp.’’). However, sequences with taxonomic labels
including ‘‘cf.’’ were assumed to be correctly annotated. Note
that these instances only composed a fraction of the full dataset
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(n ¼ 106, 0.8% of the Annelida dataset). In addition, full
mitochondrial genomic sequences were removed as these were
assumed to be already present in the dataset as simple cox1 gene
data, and sequences with a length below 400 basepairs (bp) were
also removed.
Potential bacterial contaminants (see Siddall et al., 2009) were
then controlled for by a BLASTn search of the annelid cox1 gene
sequences against a previously used (Kvist et al., 2011) dataset
consisting of 50 complete bacterial genomes from most of
the different classes of bacteria. In total, 14 sequences found
significant matches against the bacterial dataset during the
BLASTn search. However, three of these (GU902050 Enchytraeus
christenseni Dózsa-Farkas, 1992, AY519464 Lumbriculus
variegatus Müller, 1774, and GU453374 Lumbriculus variegatus)
found non-self hits against Annelida with at least one order of
magnitude lower e-values and they were, therefore, considered to
be of annelid origin. The remaining 11 sequences were purged
from the dataset.
Sequence curation
Directionality of the sequences was recovered through iterative
alignment of between 900 and 999 taxon segments of the datasets
employing MAFFT ver. 7 (Katoh & Standley, 2013); the
directions of the sequences were plotted against sequences that
had been a priori determined to be in the 50 –30 direction (e.g.
GU902030 Achaeta aberrans Nielsen & Christensen, 1961 for the
entire Annelida dataset and JQ908698 Allolobophora chlorotica
Savigny, 1826 for the oligochaete dataset). The rationale behind
the segmentation of the datasets was that the online version of
MAFFT only provides a maximum of 999 directionality plots.
Sequences with incorrect directionality were reverse complemented using the Sequence Manipulation Suite (Stothard, 2000)
and each of them were re-BLASTed (using BLASTn) against
GenBank to confirm the correct direction of the complement.
Equal directionality was also cross-controlled by re-aligning all
corrected segments. In addition, sequences that completely lacked
overlapping coverage for any nucleotide (those that were
sequenced for a different region) were removed from the dataset.
The so-called ‘‘Folmer-region’’ (i.e. the region between the
universal primers suggested by Folmer et al. [1994]; LCO1490
[50 -GGTCAACAAATCATAAAGATATTGG-30 ] and HCO2198
[50 -TAAACTTCAGGGTGACCAAAAAATCA-30 ]) has emerged
as the most commonly amplified region for barcoding purposes.
The region covers a 658 bp stretch close to the 50 -region of the
cox1 gene (Folmer et al., 1994). Because of the wide use of the
‘‘Folmer-region’’ and, therefore, the high presence of this region
within the dataset, sequences were truncated to cover only this
region in order to elevate matrix occupancy in the dataset; note
that several other primer pairs exist that amplify part of, or the
full, Folmer-region and that usage of these did not exclude the
sequences from the analyses performed here. The truncation was
carried out using Mesquite v.2.5 (Maddison & Maddison, 2010).
Regions with homopolymer N’s were removed from the dataset
when these positions were not shared by any other nucleotide
for any of the other taxa. Sequences showing oddities in the
alignment were BLASTed (using BLASTn) against GenBank nr;
in cases where the best non-self hit (including sequences from
the same project) was against a different phylum, that sequence
was removed.
Genetic distances
MAFFT ver. 7 was used to align sequences within each of
the datasets (Annelida, ‘‘Polychaeta’’, ‘‘Oligochaeta’’, and
Hirudinea) separately by employing the FFT-NS-1 strategy
(the only sufficiently memory-effective method for this many
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Figure 1. Workflow used in the present study, including commands used (when appropriate) and the results gained. Note that analyses in the uppermost
darker shading regard sequence curation, whereas those in the bottommost lighter shading regard genetic distance analyses.

sequences) with a gap opening penalty of 3.0, the 20PAM/K ¼ 2
scoring matrix, and an offset value of 0.0. Mesquite was then used
to assemble the final nexus files. Uncorrected p distances (see
Srivathsan & Meier, 2012) between the sequences were calculated
in PAUP* v.4.0d98 (Swofford, 2003), under the function of
minimal evolution, ignoring gaps for affected sites, constraining

branch lengths to be non-negative, with equal rates for variable
sites, and estimating variation for all substitutions. The files were
saved as ‘‘one-column’’ and UNIX language was used to split
each file into two separate files on the basis of containing
intraspecific or interspecific values (Figure 1). Because of the
large size of the resulting files containing interspecific values,
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Table 1. Results from the sequence curation steps performed for each of the four datasets. Values indicate the number of sequences used in each step of
the analyses and the number of comparisons resulting from those analyses.

Dataset
Annelida
Polychaeta
Oligochaeta
Hirudinea

Sequences

Sequences after
curation

Interspecific
comparisons

Intraspecific
comparisons

Average no. of
intraspecific comparisons
per unique taxonomic label

No. of randomly
chosen comparisons

13,003
7640
4678
685

9782
5545
3639
598

47,384,083
15,068,510
6,469,412
175,855

454,788
302,230
149,929
2648

367
476
372
13

200,000
200,000
100,000
2000

Table 2. Results from the sequence comparisons for each of the four datasets, including standard deviations.
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Dataset
Annelida
Polychaeta
Oligochaeta
Hirudinea

Average variation
(total)

Average interspecific
distance

Average intraspecific
distance

Range interspecific
distances (%)

Range intraspecific
distances (%)

27.39% ± 6.68
29.46.% ± 6.42
21.10% ± 3.38
21.61% ± 4.85

27.60% ± 6.31
29.97% ± 5.29
24.72% ± 2.47
21.90% ± 4.23

4.89% ± 5.86
3.92% ± 5.67
6.83% ± 5.77
2.27% ± 3.96

0–53
0–52
0–36
0–35.5

0–37
0–37
0–25
0–26

these were further split into separate files, each consisting of
1,000,000 lines (Figure 1). The resulting files were managed in
Microsoft Excel where genetic distances were rounded to the
closest half percentage (i.e. 0.25–0.74% was rounded to 0.5%),
and each instance of a half or whole integer were counted. All
counts were thereafter assembled into single master files and
graphs were created to visualize the results.
To assess to what extent a potential lack of a barcoding gap is
due to outlier values, a randomly chosen subset of equal numbers
of intraspecific and interspecific comparisons were also further
processed in the same manner as the full dataset (Table 1).
ABGD
As a complement to the manual calculations, the software
Automatic Barcode Gap Discovery (ABGD, Ecol & Evolutionary
Biol, Eugene, OR; Puillandre et al., 2012) was employed to check
the distribution and size of a potential barcoding gap. For this
purpose, a standalone executable version of the software was run
locally for each of the four datasets with the following settings:
pmin ¼ 0.001, pmax ¼ 0.9, simple distances, number of bins ¼ 100
(Figure 1). Because ABGD does not handle ambiguous data, all
such occurrences were changed to gaps in the ABGD dataset.
Note that the overall scheme presented here does not take into
account taxonomic synonyms, misidentifications or subsequent
erratas to the taxonomic labels, nor does it pretend to equalize
global and local DNA barcoding gaps. However, it does give a
broad perspective on the limits of DNA barcoding within the
phylum, as it pertains to the presence or absence of a global DNA
barcoding gap.

Results
At a surprisingly high rate, sequences that lacked overlapping
coverage for any basepair in the curated dataset found matches
against non-annelid taxa when the full-length sequences were
re-blasted against GenBank. The most typical scenario involved
top hits against taxa included in the same study (presumably
sequenced under the same conditions), followed by hits against
non-annelid taxa; commonly insects or molluscs. For example,
numerous sequences from the same sequencing campaign and
pertaining to the polychaete genus Boccardia Carazzi, 1893
showed only a 22 bp overlap with the Folmer-region and were
therefore removed. When BLASTing the full-length sequences,

however, the best non-self hit that was not involved in the same
project was against the carid crustacean genus Macrobrachium
Spence Bate, 1868. Moreover, the best-scoring non-self hit for
several specimens labeled as Boccardia proboscidea Hartman,
1940 and Boccardia syrtis (Rainer, 1973) was Vermivora crissalis
(Salvin & Godman, 1889) (Vertebrata: Aves, Parulidae), and
Altinote neleus (Latreille, 1811) (Arthropoda: Insecta:
Nymphalidae, respectively). In total, 230 full-length sequences
were removed from the dataset due to potential or obvious
contamination, and several more were removed due to insufficient
overlap between sequences. The final annelid dataset included
9782 individual cox1 gene sequences and the alignment occupied
673 sites. The final polychaete dataset (5545 sequences), oligochaete dataset (3639 sequences), and hirudinean dataset (598
sequences) occupied 670, 661, and 660 aligned sites, respectively.
Intraspecific variation and interspecific divergence –
Annelida
The genetic distance analysis of the full annelid dataset was
contingent on a total of 47,838,871 comparisons; over 47 million
were interspecific comparisons and almost 455,000 were intraspecific comparisons (Table 1). The average uncorrected p
distance ± standard deviation within the entire dataset was
27.39% ± 6.68; the average interspecific distance was
27.60% ± 6.31, whereas the average intraspecific distance was
4.89% ± 5.86. Moreover, the interspecific distance values ranged
from 0 to 53%, and the equivalent range for intraspecific distance
values was 0–37% (Table 2). While these ranges are uncommonly
large for both sets of comparisons, it is important to note that
the median value for interspecific distances was 20.06% and, for
intraspecific distances, the same value was 3.56%.
Intraspecific variation and interspecific divergence –
‘‘Polychaeta’’
A total of 15,370,740 comparisons (over 15 million interspecific
and about 300,000 intraspecific comparisons) resulted from the
genetic variation analysis of the polychaete dataset (Table 1). The
average uncorrected p distance within the dataset was 29.46% ±
6.42; the average interspecific distance was 29.97% ± 5.29,
whereas the average intraspecific distance was 3.92% ± 5.67.
Whereas the interspecific and intraspecific distance values ranged
from 0 to 52% and 0 to 37% (Table 2), respectively, the median
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value for interspecific distances was 22.42% and, for intraspecific
distances, the same value was 0.79%.
Intraspecific variation and interspecific divergence –
‘‘Oligochaeta’’
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For the oligochaete dataset, 6,619,341 comparisons were used as
the basis for the genetic variation analysis; almost 6.5 million
were interspecific comparisons and about 150,000 were intraspecific comparisons (Table 1). The average uncorrected p distance ± standard deviation within the entire dataset was 21.10% ±
3.38; the average interspecific distance was 24.72% ± 2.47,
whereas the average intraspecific distance was 6.83% ± 5.77.
The interspecific distance values ranged from 0 to 36%, the
intraspecific distance values ranged from 0 to 25% (Table 2), and
the median value for interspecific and intraspecific distances was
19.90% and 0.23%, respectively.
Intraspecific variation and interspecific divergence –
Hirudinea
The genetic distance analysis of the hirudinean dataset was based
on a total of 178,503 comparisons, almost 176,000 interspecific
and about 2600 intraspecific comparisons (Table 1). The average
uncorrected p distance ± standard deviation within the entire
dataset was 21.61% ± 4.85; the average interspecific distance was
21.90% ± 4.23, whereas the average intraspecific distance was
2.27% ± 3.96. Also, the interspecific distance values ranged from
0 to 35.5%, and the intraspecific distance values ranged from
0 to 26% (Table 2); the median value for interspecific distances
was 27.03% and, for intraspecific distances, the same value
was 0.68%.
Barcoding gap
Because of the differences in the numbers of interspecific and
intraspecific distance comparisons (e.g. 47 million versus 454,000
in the full annelid dataset), at first glance, the resulting graphs
seem to illustrate barcoding gaps between approximately 3
and 15% genetic distance (Figures 2A, 3A, 4A, and 5A).
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However, more focused views of the gaps themselves reveal
both an overlap between intraspecific and interspecific distance
values and continuity of distance values such that no clear gaps
do exist (Figures 2B, 3B, 4B, and 5B). Moreover, numerous
anomalies exist in the datasets; in particular, in the full Annelida
dataset, 1384 interspecific comparisons (0.0029% of all interspecific comparisons) show 0% distance and fully 121,750 intraspecific comparisons (26.77% of all intraspecific comparisons) show
distance values of 10% or above (see Annelida_Master.xlsx in
Supplementary material). In fact, 192,254 intraspecific comparisons (42.27%) show distance values above 2% in the Annelida
dataset, and 1,675,355 interspecific comparisons (3.54%) show
values below 20%; a one order of magnitude higher interspecific
divergence than intraspecific variation is assumed to be necessary
for accurate DNA barcoding, and an upper limit of 2% for
intraspecific variation has been commonly found within other
animal groups (Hebert et al., 2003b). It is worth noting, however,
that the ‘‘2%-rule’’ has rarely been applied to annelid barcoding
specifically – it is used here as an arbitrary cutoff value by which
the level of variation across the entire dataset can be crudely
interpreted.
Similar distributions of distances are found in the smaller
datasets containing only values relating to each of ‘‘Polychaeta’’,
‘‘Oligochaeta’’, and Hirudinea. In each of these cases, no clearcut disjunction between intraspecific and interspecific distance
values exists and the tendency towards a gap (at about 5–15%
divergence; see Figures 3B, 4B, and 5B) is flanked on both sides
by both intraspecific and interspecific distance values. Only the
hirudinean dataset presents a discontinuity between distance
values that could possibly be interpreted as a barcoding gap,
whereas both the polychaete and the oligochaete datasets show
generous overlap between intraspecific and interspecific divergence values, as well as a lack of discontinuity. Analysis of the
polychaete dataset resulted in 91,415 intraspecific comparisons (30.24%) showing 2% divergence or above and 1049
interspecific comparisons (0.0070%) showed 0% divergence.
For ‘‘Oligochaeta’’, 103,607 intraspecific comparisons
(69.10%) resulted in distance values of 2% or above and 322
interspecific comparisons (0.0049%) showed 0% divergence.

Figure 2. Result from the manual calculations of intraspecific (red) and interspecific (blue) cox1 gene distances within the 9782-sequence full annelid
dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset; (B) enlarged view of the
barcoding gap region with the y-axis set to a maximum of 10,000 comparisons. Note the absence of a disjunction between intraspecific and interspecific
distances (the lack of a global barcoding gap), which is further discussed in the text.
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Figure 3. Result from the manual calculations of intraspecific (red) and interspecific (blue) cox1 gene distances within the 5545-sequence polychaete
dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset; (B) enlarged view of the
barcoding gap region with the y-axis set to a maximum of 10,000 comparisons. Note the absence of a disjunction between intraspecific and interspecific
distances (the lack of a global barcoding gap), which is further discussed in the text.

Figure 4. Result from the manual calculations of intraspecific (red) and interspecific (blue) cox1 gene distances within the 3639-sequence oligochaete
dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset; (B) enlarged view of the
barcoding gap region with the y-axis set to a maximum of 10,000 comparisons. Note the absence of a disjunction between intraspecific and interspecific
distances (the lack of a global barcoding gap), which is further discussed in the text.

The same analysis of values for Hirudinea resulted in 957
intraspecific comparisons (36.14%) showing 2% divergence or
above and 18 interspecific comparisons (0.01%) showed 0%
divergence.
Interestingly, there are second peaks present in the graphs
resulting from the analyses of the Annelida and ‘‘Polychaeta’’
datasets, starting at about 40.5% divergence and ending at about
48.5%. Because of the rather smooth primary peaks, which also
constitute orders of magnitude more comparisons, the second
peaks could be an indication that one or both the sequences

involved in those comparisons have non-annelid origins or
possess anomalies in the nucleotide sequences. Because great
care was taken to avoid reverse complementation of sequences,
it is unlikely that this factor plays a role, although such a
scenario would likely result in similar topologies to those shown
in Figures 2 and 3. Additionally, these peaks could denote
sequences that include synonymous substitutions in the second
codon position (assuming that synonymous substitutions in first
and third positions occur more frequently in unison across taxa
such that comparisons of those sequences lie further to the left in

Downloaded by [University of Toronto Libraries] at 12:28 22 July 2016

DOI: 10.3109/19401736.2014.984166

Does a DNA barcoding gap exist in Annelida?

2247

Figure 5. Result from the manual calculations of intraspecific (red) and interspecific (blue) cox1 gene distances within the 598-sequence hirudinean
dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset; (B) enlarged view of the
barcoding gap region with the y-axis set to a maximum of 1000 comparisons. Note the absence of a disjunction between intraspecific and interspecific
distances (the lack of a global barcoding gap), which is further discussed in the text.

Figure 6. Result from the randomized trial using 200,000 comparisons for each of intraspecific (red) and interspecific (blue) cox1 gene distances from
the full annelid dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset;
(B) enlarged view of the barcoding gap region with the y-axis set to a maximum of 10,000 comparisons.

the graphs) but a control for this lies outside the scope of the
present paper.
For the randomized analyses (consisting of 200,000 interspecific comparisons and 200,000 intraspecific comparisons for the
annelid and polychaete datasets, 100,000 intraspecific and
interspecific comparisons for the oligochaete dataset and 2000
interspecific and intraspecific comparisons for the hirudinean
dataset; Table 1), much the same patterns are evinced in that there
are conspicuous lacks of sufficiently sized barcoding gaps. As
opposed to the analyses of the full datasets, however, the
interspecific distance values behave more like what would be
expected when taxonomic labels are correctly assigned
(Figures 6–9). More to the point, the number of interspecific

comparisons approaches zero at distance values below 15%. On
the contrary, in all four datasets, a high percentage of intraspecific
distance comparisons show values between 10 and 15%, which
does not agree well with prior findings on intraspecific distances.
As such, it seems as though the lack of barcoding gaps for the
datasets is not fully contingent on outlier values, as the
randomized datasets also lacks distinct and sufficiently sized
barcoding gaps.
The distance distribution resulting from the ABGD analysis of
the full annelid dataset (Figure 10A) suggests a tendency towards
a gap between divergence estimations of 3–14%. However, ABGD
agrees with the above calculations in that no distinct gap exists
among the distances; again, the number of comparisons that show
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Figure 7. Result from the randomized trial using 200,000 comparisons for each of intraspecific (red) and interspecific (blue) cox1 gene distances from
the polychaete dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset; (B) enlarged
view of the barcoding gap region with the y-axis set to a maximum of 10,000 comparisons.

Figure 8. Result from the randomized trial using 100,000 comparisons for each of intraspecific (red) and interspecific (blue) cox1 gene distances from
the oligochaete dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset;
(B) enlarged view of the barcoding gap region with the y-axis set to a maximum of 5000 comparisons.

distances between 3 and 14% is greatly reduced. Much like the
empirical calculations, the highest number of comparisons is
reported for genetic distances around 30%. Note here that ABGD
and PAUP deal with leading and trailing gaps (as well as the few
present indels) in different manners, which is likely the reason
why the highest values in the graph do not correspond to the
highest values found by the manual calculations. In relation to
this, ABGD analyses of each of the polychaete, oligochaete, and
hirudinean datasets suggest the presence of a gap between
approximately 30–60% (Figure 10B–D). This gap does not
correspond to a barcoding gap (i.e. difference between highest
intraspecific and lowest interspecific distances) but, rather, is
likely an artifact of the gap handling strategy employed by ABGD

and is merely a gap within the range of interspecific comparison
values. Although the parameters involved in the resulting odd
bimodal distributions are still unclear, the empirical values
mentioned above testify the fact that intraspecific comparison
values flank both sides of the ‘‘gaps’’ present between 2%
and 10%.

Discussion
It can be stated with certainty that when considering the cox1
gene sequences deposited in GenBank that meet the criteria
enforced here, a strict and sufficiently sized global DNA
barcoding gap does not exist within Annelida, nor do more
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Figure 9. Result from the randomized trial using 2000 comparisons for each of intraspecific (red) and interspecific (blue) cox1 gene distances from the
hirudinean dataset. (A) Full view of the chart with the y-axis set above the upper limit of the number of comparisons within the dataset; (B) enlarged
view of the barcoding gap region with the y-axis set to a maximum of 200 comparisons.

local gaps exist within ‘‘Polychaeta’’, ‘‘Oligochaeta’’, or
Hirudinea, separately (this does not necessarily suggest that a
barcoding gap does not exist at lower taxonomic ranks). This is
both due to the lack of lower limits for the interspecific
divergence values, which reach zero in fully 1384 comparisons
in the full annelid dataset, and an upper limit of intraspecific
variation that far exceeds previously reported values for several
organismal groups. Indeed, intraspecific divergence values 410%
within the current scheme occur in 26.50% of the comparisons
within the annelid dataset (the same values are 20.70% for
‘‘Polychaeta’’, 38.56% for ‘‘Oligochaeta’’, and only 5.74% for
Hirudinea). Assuming that a global barcoding gap actually does
exist within the annelid dataset, the most obvious reason for the
uncommonly high intraspecific variations and uncommonly low
interspecific divergences is that the taxonomic labels associated
with the sequences are incorrect. If so, numerous comparisons
labeled here as interspecific would in fact be intraspecific
comparisons and vice versa (but perhaps at a much lower
frequency). Given the purported lower distance between congeners and conspecifics than between species of different genera,
families, classes and orders, and assuming that taxonomic
identifications become increasingly more dubious when considering closely related species, it is likely that the distances between
the confused taxonomic labels would fall within the range of
where the barcoding gap is regularly reported (between about 2
and 10%). However, assuming that the nucleotide sequences are
correct and uncontaminated in the current datasets, a distinct and
sufficiently sized barcoding gap would still not exist due to the
continuum of the distances, regardless of whether they denote an
interspecific or intraspecific distance (Figures 2–5). In other
words, wrongfully inferred species ID’s would only switch the red
and blue colored bars in Figures 2–5, but would not maneuver the
bars to the right or left. Contrary to this, if the nucleotide
sequences are incorrectly called or if contaminations exist within
the datasets (great care was taken to avoid this – see the Material
and Methods section), then contemporary surveys on the presence
or absence of a barcoding gap will surely involve a series of false
negatives or positives. Given the size of the full annelid dataset
used here (9782 cox1 gene sequences), it is more than likely that
some of the sequences stem from non-annelid taxa and were not

caught in the filtering process of the current scheme. That these
would account for all distance values between 2 and 10% within
each of the datasets is, however, highly unlikely.
Given all of the above, there is still a tendency towards
separation of interspecific and intraspecific distances, in each of
the datasets, as suggested by Hebert et al. (2003b), and this is
manifest between about 3% and 15% distance within the entire
pool of sequences and within each of the smaller datasets.
Because of the relatively lower number of comparisons that fall
within this range of distance values, the tendency towards a gap is
especially conspicuous in Figures 2(A), 3(A), 4(A), and 5(A),
in which the ranges of y-axes (number of comparisons) are only
constrained by the actual number of comparisons (as opposed to
the focused views of Figures 2(B), 3(B), 4(B), and 5(B), in which
the number of comparisons on the y-axes were manually
constrained).
The effects of an inadequate barcoding gap
Whereas the lack of a global barcoding gap across Annelida,
‘‘Polychaeta’’, ‘‘Oligochaeta’’, and Hirudinea may cumber future
barcoding efforts that use a significant taxonomic breadth of
specimens, studies may reveal that DNA barcoding is still a
promising tool for lower taxonomic ranks within the phylum due
to the presence of local barcoding gaps. Indeed, several investigations already report this. For example, distinct barcoding gaps
have been recovered within several oligochaetous clitellate taxa
(e.g. Decaëns et al., 2013; De Wit & Erséus, 2010; Erséus &
Kvist, 2007; Huang et al., 2007; Martinsson et al., 2013; but see
also Chang et al., 2009), hirudineans (e.g. Bely & Weisblat, 2006;
Kvist et al., 2010; Oceguera-Figueroa et al., 2010, 2011; Siddall
& Budinoff, 2005), as well as various polychaete taxa (e.g. Carr
et al., 2011; Heimeier et al., 2010; Schüller, 2011; Zhou et al.,
2010). This raises the question as to what groups of annelids prove
refractory to DNA barcoding by virtue of lacking a distinct DNA
barcoding gap? Within the full annelid dataset, 434 polychaete,
oligochaete, and hirudinean taxa with different taxonomic labels
(i.e. putatively different species) display intraspecific variation
between 2 and 14%, suggesting that the lack of a barcoding
gap may be widespread across taxa and not confined to any
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Figure 10. Result from the Automated Barcode Gap Discovery software (ABGD). (A) Full annelid dataset, (B) polychaete dataset, (C) oligochaete
dataset, and (D) hirudinean dataset. Although the number of comparisons within the region where a barcoding gap is regularly reported is much lower
that the adjacent peaks, they never reach 0 comparisons in any of the charts. In addition, the ‘barcoding gap’ is flanked on both sides by both
intraspecific and interspecific comparisons (cf. Figures 2–5). Note also that the gap between approximately 30 and 60% in (B–D) does not correspond
to a barcoding gap but, rather, is likely an artifact of the gap handling strategy employed by ABGD and is merely a gap within the range of interspecific
comparison values (further discussed in the text).

particular group. Alternatively, the bimodal distribution in
intraspecific distances seen in the full annelid dataset (Figure 2)
may indicate the presence of cryptic lineages within the dataset
(see below). Regardless of this, because several interspecific
comparisons display distance values of 0%, no global threshold
exists that would enable avoidance of false negatives or positives
when identifying completely unknown annelid specimens by
means of DNA barcoding. Although the instances of 0%
interspecific distance involve each of polychaetes, oligochaetes
and hirudineans, a surprisingly high proportion of them seem to
concern earthworm taxa (35% of the interspecific comparisons
that show zero distance; see Supplementary material), especially
the genera Amynthas Kinberg, 1867, Aporrectodea Örley, 1885,
Lumbricus Linnaeaus, 1758, Eisenia Michaelsen, 1900, and
Dendrobaena Eisen, 1874. Notably, species of these genera
seem prone to morphological misidentifications due to the lack of
a rigorous taxonomic basis and, occasionally, this is reflected in
changes to their generic associations (Blakemore, 2006). Fully
95% of the interspecific comparisons that resulted in 0% distance
and that involve earthworm taxa are comparisons between
congeneric species. This could mean that rather than a local
barcoding gap being absent within these specific groups (an
absence of a global gap would remain across Annelida as a
whole), their confusing taxonomy is leading to incorrect taxonomic labels in GenBank. For some groups of earthworms, it has
already been shown that very high intraspecific distances occur

within a ‘‘species’’ (James et al., 2010; Novo et al., 2009, 2010;
Pérez-Losada et al., 2012; Richard et al., 2010) or even within
clonal groups (Fernández et al., 2011). This would only account
for part of the reasoning behind the lack of a barcoding gap,
however, and it is still difficult to explain the remaining factors
affecting its absence. Minimally, the results presented here
illustrate the importance of BLASTing your sequences prior to
any meaningful analysis, such that potential wrongfully inferred
specimen identifications or sequence contaminations could be
more readily detected.
Even before DNA barcoding gained traction in the scientific
community, Stoeckle (2003) recognized that ‘‘The validity of
DNA bar coding [. . .] depends on establishing reference
sequences from taxonomically confirmed specimens’’. This idea
was further supported in several papers (e.g. Collins &
Cruickshank, 2013; Elias et al., 2007; Hebert & Gregory, 2005;
Kvist et al., 2010; Moritz & Cicero, 2004; Will & Rubinoff, 2004)
and seems to remain a major point of contention against the
logical basis of DNA barcoding. In relation to this, the present
study shows that one of the followings, if not both, must be true:
(i) numerous ‘‘annelid’’ cox1 gene sequences deposited in
GenBank are associated with an erroneous taxonomic label or
(ii) a DNA barcoding gap does not exist within Annelida, or in
‘‘Polychaeta’’, ‘‘Oligochaeta’’, or Hirudinea, separately. As
mentioned above, however, the complete lack of a gap across
the graphs shown here would necessitate that all sequences that
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fall within the supposed range of a barcoding gap were
contaminations by non-annelid taxa, if a barcoding gap were to
exist within the phylum. This would mean that fully 130,034
intraspecific comparisons (those falling between 3 and 14% in the
full annelid dataset) would stem from contaminations of one or
both the sequences during the DNA extraction process; William
of Ockham would likely have advocated in favor of (ii).
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Potential pitfalls
The overall scheme employed in the present study does not
exhaustively investigate the underlying causes for the lack of a
global barcoding gap within Annelida, ‘‘Polychaeta’’,
‘‘Oligochaeta’’, and Hirudinea. There are several reasons why
both global and more local gaps may be lacking across these
datasets and these may be driven by both biotic and abiotic factors.
For instance, localized or globalized recent spurs of rapid radiation
may result in similar nucleotide compositions between populations
that are undergoing speciation (i.e. without obvious gene flow
patterns). It has already been suggested that rapid radiation within
Annelida may be the cause of the lack of support in basal nodes of
the phylogeny of the group (Bleidorn et al., 2003; Rousset et al.,
2007; Struck et al., 2002), and it is possible that some of the data
supporting the lack of a barcoding gap are also caused by rapid
radiation events. As a result, the presence of cryptic species within
the dataset may be higher than evinced by the number of unique
taxonomic labels. As an example, Novo et al. (2010) proposed five
cryptic species to be present within a single morphotype of a
hormogastrid earthworm, yet these are all denoted by the same
taxonomic label in GenBank and, consequently, in the data used
here. If these sequences were to be separated into five distinct
species groups, local intraspecific variation within each of these
would likely be much lower than if the sequences were treated as a
single species. Alas, it lies outside the scope of the present study to
track each of the multitudes of species involved in odd intraspecific
comparison values back to the original mention of their potential
cryptic nature (and to investigate fully the morphological characters of the specimens). Besides, as mentioned above, even if all
instances of cryptic speciation were fully revealed, the lack of a
barcoding gap would still endure, as the values on the x-axes in
Figures 2–5 never reach zero. It is more than likely, however, that
the overall lack of a barcoding gap found here for Annelida,
‘‘Polychaeta’’, ‘‘Oligochaeta’’, and Hirudinea would reverse when
considering smaller taxonomic units and more local barcoding
gaps. The differences in rates of genetic evolution between
different taxa likely exacerbate the situation, and can even
potentially be the sole reason behind the lack of a phylum-wide
global barcoding gap.
Finally, there is a potential pitfall related to undersampling of
species and populations in the dataset. Kvist (2013) showed that
only 2013 species of annelids were represented by cox1 genesequences in GenBank, suggesting that, at least, 15,000 species
still remain to be barcoded (see Zhang, 2011). Seeing as one of
the underlying assumptions of DNA barcoding is that global
speciation rates are fairly constant, undersampling should not
present a major obstacle under the current scheme – patterns of
intraspecific variations and interspecific divergences should be
similar across the 15,000 unsampled species. However, if
comprehensive sampling were achievable, and if the sequences
derived from it reported a wide global barcoding gap, the
tendency towards a gap (see Figures 2–10) would become
exponentially more powerful in illustrating the utility of DNA
barcoding within Annelida and its subdivisions. In particular, it
seems as though the major lack of data stems from the
undersampling of intraspecific variation values as compared
with interspecific divergence values.
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To this end, it seems as important to produce population level
barcode data to cover the taxonomic breadth within Annelida, in
order to fully evaluate the credibility of the tendency towards a
barcoding gap within this ecologically and economically important taxon.
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