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ABSTRACT

ARTICLE HISTORY

We evaluated the extent of intraspecific and interspecific genetic distances for two highly diverse infraorders of Odonata: Anisoptera and Zygoptera. All cytochrome c oxidase subunit I sequences (cox1), the
region chosen for zoological DNA barcoding, present in GenBank for each infraorder were downloaded
and curated. For Anisoptera, the final dataset consisted of 2,961 individual cox1 sequences for 536 species and the equivalent numbers for Zygoptera were 2,477 sequences for 497 species. More than 7 million individual genetic comparisons were made and the results indicated that there is a tendency
towards a barcoding gap, but that the size of the gap may not be sufficient to robustly infer identities
for some taxa. DNA barcoding may be of less use for some odonate taxa, perhaps pertaining to misidentifications in global databases. However, at local scales or with more confined taxonomical sampling, this tool may yet be beneficial in identifying these charismatic organisms.
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Introduction
The presence of a gap between the highest intraspecific variation and the lowest interspecific divergence within a study
group, termed the barcoding gap, is considered as a key condition in the use of cytochrome c oxidase subunit I (cox1) for
rapid identification of unknown specimens by DNA barcoding
efforts (e.g. Meyer and Paulay 2005; Wiemers and Fiedler
2007; Collins and Cruickshank 2013; Candek and Kuntner
2015). Hebert et al. (2003) demonstrated the broad utility of
DNA barcoding across several different animal groups and
suggested that, for insects, an upper limit threshold of 3%
intraspecific distance indicated conspecificity, whereas values
above 3% indicated multiple species. The authors also suggested a 2% threshold for several other animal groups.
However, subsequent results in other groups of invertebrates
do not confirm the suitability of these thresholds, instead
indicating that a distinct separation of intraspecific and interspecific distances may not be present (e.g. Funk and Omland
2003; DeSalle et al. 2005; Cognato 2006; DeSalle 2006; Vogler
and Monaghan 2006; Kvist 2016; Sundberg et al. 2016).
The lack of a barcoding gap, and, therefore, a limit in identification capacity using a DNA barcoding approach for different taxa, has been attributed to three main factors: (i) rapid
and/or recent radiation events, (ii) the presence of cryptic
species, and (iii) errors in the identification of deposited
specimens. The first two factors will confound the morphological identification of unknown specimens due to the
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resulting paucity of diagnostic characters (see CarrerasCarbonell et al. 2005; Monaghan et al. 2006; Sun et al. 2012;
Liu et al. 2016). Moreover, all three of the factors will confuse
molecular identifications because of the lack of clear genetic
boundaries and/or dissatisfactory databases (see Bickford
€rger and Schro
€dl 2013; Ko et al. 2013). These
et al. 2007; Jo
three factors are linked to each other in more ways than one
but perhaps the most concerning aspect is that they will all
lead to misidentifications in local and global databases, which
will have a negative effect on downstream analyses.
For dragonflies (Odonata: Anisoptera) and damselflies
(Odonata: Zygoptera), the utility of cox1 for specimen identifications has been positively inferred for taxa from several geographically distinct regions (such as Africa, Asia, and Europe;
see Damm et al. 2010; Bergmann et al. 2013), with studies
suggesting accuracies as high as 95%. Thus, DNA barcoding
seems to be an effective tool to assist biological studies of
odonate taxa, at least at non-global scales. By contrast, however, Casas et al. (2017) evaluated identification problems
possibly related to the aforementioned three factors and
found a lack of distinct and sufficiently sized barcoding gap
in odonates from the Philippines.
Much like in other groups, there is a remarkable paucity of
data for Odonata concerning the presence or absence of a barcoding gap at global scales and at higher taxonomic ranks
(across all sequenced taxa, geographic regions and ecological
niches). To shed light on the utility and suitability of this tool
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for specimen identification within odonate infraorders, the
present study aims to comprehensively sample cox1 sequences across Anisoptera and Zygoptera, scrutinize these for
potential contaminations and other anomalies, and assess the
presence or absence of a global barcoding gap among the
taxa. Such an analysis would gain importance considering that
members of the group are widely used as bioindicators of
nior et al. 2015; Valenteenvironmental changes (Monteiro Ju
Neto et al. 2016) and considering the increasing use of
molecular techniques in studies of species boundaries and
species delimitation (Damm et al. 2010; Bergmann et al. 2013;
Casas et al. 2017).

Anisoptera and KM383852 Hetaerina vulnerata for Zygoptera).
This was controlled for via the direction plots visualized in
MAFFT ver. 7 (Katoh and Standley 2013). Also, in order to
increase robustness in the homology statement and elevate
matrix occupancy, long sequences were truncated to cover
only the ‘Folmer’ region of the cox1 gene. This is the most
commonly used region for DNA barcoding and covers 658 nt
of the 50 -end of the gene. For odonates, the region can be
amplified using the ‘Folmer’ primer pair (HCO2198 and
LCO1490; Folmer et al. 1994) and the truncation was carried
out following the positioning of these primers using
Mesquite ver. 3.11 (Maddison and Maddison 2016).

Materials and methods

Genetic distances

The general workflow used in this article follows that of Kvist
(2016). Representatives of the odonate infraorders Zygoptera
and Anisoptera were analyzed separately because of the putative differences in rates of genetic evolution in some families
(Pritchard 1982; Ware et al. 2012). Cytochrome c oxidase subunit I sequences were downloaded on 05 March 2017 from
GenBank by sending the results (in FASTA format) of the following search queries to separate files: ‘txid6962
[Organism:exp] cox1 [Gene]’, ‘txid6962 [Organism:exp] co1
[Gene]’, ‘txid6962 [Organism:exp] coi [Gene]’, ‘txid50488
[Organism:exp] cox1 [Gene]’, ‘txid50488 [Organism:exp] co1
[Gene]’, and ‘txid50488 [Organism:exp] coi [Gene]’. This
resulted in 3,917 individual sequences for Anisoptera and
3,745 sequences for Zygoptera.
The datasets were further manipulated using Geneious
v.8.1.7 (Kearse et al. 2012) in combination with Microsoft Excel
(Microsoft Corporation, Redmond, WA). Aiming 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.’). Sequences with taxonomic labels including ‘cf.’ or ‘nr.’
were assumed to be correctly annotated. Note that these
instances only composed a small fraction of the full dataset
(n ¼ 5, 0.2% of the Anisoptera dataset and n ¼ 5, 0.2% of the
Zygoptera dataset). 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 nucleotides (nt) were also removed.
Potential contaminants were then controlled for by a
BLASTn search of the cox1 gene sequences against the nonredundant sequence database on GenBank. Ten sequences
were removed because these found significant matches
against bacteria, lepidopterans and dipterans during the
BLASTn searches. Subsequent to these steps of curation, the
dataset for Anisoptera included 2,961 individual sequences
and that of Zygoptera included 2,477 sequences.

MAFFT was used to align sequences within each of the datasets (‘Anisoptera’ and ‘Zygoptera’) separately by employing
the FFT-NS-1 strategy with a gap opening penalty of 3.0, the
200PAM/K ¼2 scoring matrix, and an offset value of 0.0.
Uncorrected p-distance between each sequence pair were
calculated in PAUP ver. 4.0 (Swofford 2002), ignoring gaps
for affected sites and with equal rates for variable sites.
Microsoft Excel was used to split the information into bins for
intraspecific and interspecific comparisons. The resulting files
were managed in Microsoft Excel where genetic distances
were rounded to the nearest 0.5 decimal (e.g. 0.6% was
rounded to 0.5% and 0.75% was rounded to 1.0%) and
graphs were created to visualize the results.
Finally, as a complement to the manual calculations, we
used the Automatic Barcode Gap Discovery (ABGD; Puillandre
et al. 2012) software to check the distribution and size of a
potential barcoding gap. ABGD was run for both datasets
with the following settings: Pmin¼ 0.001, pmax ¼ 0.9, simple
distances, number of bins ¼100.
As mentioned in Kvist (2016), this strategy does not take
into account taxonomic synonyms, misidentifications or subsequent errata to the taxonomic labels, nor does it pretend
to equalize global and local DNA barcoding gaps. That is, a
local DNA barcoding gap may still be present even though a
global gap shows insufficient size.

Target region and directionality
First, the 50 –30 direction of the sequences was confirmed by
comparison to sequences that were previously determined to
be in the correct direction (AB708566 Aeshna crenata for

Results
The final Anisoptera dataset included 2,961 individual cox1
sequences from 536 unique taxonomic labels (i.e. putative
species; see Supplementary Table S1) and the alignment
occupied 658 sites. The Zygoptera dataset included 2,477
sequences from 497 unique taxonomic labels (see
Supplementary Table S1) and occupied 660 aligned sites.

Anisoptera
The genetic distance analysis of the full Anisoptera dataset
relied on a total of 4,382,280 comparisons: 4,340,259 were
interspecific comparisons and 42,021 were intraspecific comparisons (Table 1).
The average uncorrected p-distance ± standard deviation
within the entire dataset was 17.01% ± 3.05; the average
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Table 1. Results from the sequence curation steps performed for each of the two datasets.

Dataset
Anisoptera
Zygoptera

Sequences

Sequences after curation

Interspecific comparisons

Intraspecific comparisons

Average no. of
intraspecific comparisons
per unique taxonomic
label

3,917
3,745

2,961
2,477

4,340,259
2,974,753

42,021
91,773

78.39
184.65

Table 2. Results from the genetic variation analyses for each of the two datasets, including standard deviations. In all cases, uncorrected p-distance for the cox1 locus were used.

Dataset
Anisoptera
Zygoptera

Average variation
(total)

Average
interspecific
distance

Average
intraspecific
distance

Range interspecific
distances (%)

Range intraspecific
distances (%)

17.01% ± 3.05
17.39% ± 3.99

17.16% ± 2.65
17.90% ± 2.73

1.60% ± 2.61
0.66% ± 1.28

0–30.09
0–35.27

0–23.30
0–22.02

interspecific distance was 17.16% ± 2.65, whereas the average
intraspecific distance was 1.60% ± 2.61 (Table 2). The interspecific distance values ranged from 0% to 30.09%, and the
equivalent range for intraspecific distance values was
0–23.30% (Table 2). Finally, the median value for interspecific
distances was 17.34% and, for intraspecific distances, the
same value was 0.46%.

Zygoptera
For the zygopteran dataset, 3,066,526 comparisons were used
as the basis for the genetic variation analysis; 2,974,753 were
interspecific comparisons and 91,773 were intraspecific comparisons (Table 1).
The average uncorrected p-distance ± standard deviation
within the entire dataset was 17.39% ± 3.99; the average
interspecific distance was 17.90% ± 2.73, whereas the average
intraspecific distance was 0.66% ± 1.28 (Table 2).
The interspecific distance values ranged from 0% to
35.27%, the intraspecific distance values ranged from 0% to
22.03% (Table 2), and the median value for interspecific and
intraspecific distances was 18.08% and 0.42%, respectively.

Barcoding gap
The resulting graphs appear to indicate the presence of a
barcoding gap between genetic distances of 2% and 7%
(Figures 1(A) and 2(A)). However, when considering a closer
view of this region, there is, in fact, no explicit barcoding
gap, only a tendency towards a narrow gap (Figures 1(B)
and 2(B)).
For the Anisoptera dataset, fully 8,790 intraspecific comparisons (20.91% of all interspecific comparisons) from 94
species (17.53% of all Anisoptera species employed, Table S4)
show distance values above 2%, and 7,362 interspecific comparisons (0.16% of all interspecific comparisons) from 181
species (33.76% of all Anisoptera species employed) show values below 2%. Analysis of the Zygoptera dataset resulted in
4,910 intraspecific comparisons (5.35%) from 66 species (13.
14%) showing equal to, or above, 2% divergence and 6,487
interspecific comparisons (0.28%) from 81 species (16.13%)
showed less than 2% divergence.
When instead considering a 3% threshold for species
delimitation, 7,608 intraspecific comparisons (18.10%) from 64

species (11.94%; Table S5) show distance values above 3% in
the Anisoptera dataset, and 11,581 interspecific comparisons
(0.26%) from 219 (40.85%) species show values below 3%.
Analysis of the Zygoptera dataset resulted in 2,623 intraspecific comparisons (2.85%) from 49 species (9.76%) showing
3% divergence or above and 7,592 interspecific comparisons
(0.25%) from 99 species (19.72%) showed less 3% divergence.
It is worth mentioning that, for Anisoptera, 19 species presented interspecific distance values below the 2% threshold
when compared to species of another genus, whereas for
Zygoptera, four species (Table S4) showed the same levels of
similarity for non-congeners. A total of 31 species of
Anisoptera presented interspecific comparisons values below
3% when compared with species of another genus, and six
species within Zygoptera showed the same (Table S5).
The distance distribution resulting from the ABGD analysis
of the Anisoptera dataset (Figure 3(A)) also suggests a tendency towards a gap between divergence estimations of
4–5%. However, ABGD agrees with the above calculations in
that no distinct gap exists among the distances; again, the
number of comparisons that show distances between 4% and
5% is greatly reduced but never reach zero. The ABGD analysis of the Zygoptera dataset suggests the presence of a gap
between approximately 3–7% (Figure 3(B)). However, much
like with Anisoptera, a closer view of the region indicates
that the number of comparisons never reaches zero (i.e. no
distinct and sufficiently sized barcoding gap exists).

Discussion
Through a series of genetic comparisons from a global dataset of cox1 sequences for odonate taxa, we show that there
is a tendency towards a DNA barcoding gap at 4–5% divergence in Anisoptera and 3–7% in Zygoptera. However,
nowhere is there a distinct and sufficiently sized gap that
separates intraspecific and interspecific divergence values.
Instead, the ‘barcoding gap’ is both too narrow to allow for
robust separation of interspecific and intraspecific comparisons and, in all cases, the gap is flanked on both sides by
interspecific and intraspecific comparisons. In an ideal setting,
intraspecific divergence estimates would exclusively lie to the
left of the barcoding gap in Figures 1 and 2, whereas the
right side of the gap would be exclusively occupied by
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Figure 1. Plot of intraspecific (black) and interspecific (grey) cox1 genetic distances within the 2,961-sequence Anisoptera 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 5,000 comparisons.

Figure 2. Plot of intraspecific (black) and interspecific (grey) cox1 genetic distances within the 2,477-sequence Zygoptera 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 3,000 comparisons.

interspecific divergence values. In addition, the size of the
gap would be large enough to clearly separate intraspecific
divergence values from interspecific values and, as such,
allow for inferences of potential conspecificity for any potential unidentified sample. The situation for odonates is not
unique among animals; several other studies have shown
similar results in tendencies towards, but not distinct, separation of intraspecific and interspecific divergence values (e.g.
€rger et al. 2012; Nicolas et al. 2012; Kvist 2016;
Ward 2009; Jo
Sundberg et al. 2016). With recent advances in the scope of
DNA barcoding projects, with datasets largely moving from
local scales to global scales, a pattern seems to be emerging
wherein DNA barcoding is shown to be useful for most, but
not all, taxonomic groups (e.g. Meyer and Paulay, 2005;

Sundberg et al. 2016; Kvist 2016). Indeed, this is most
troublesome in groups containing taxa that are difficult to
identify on morphological grounds and that, as a result, are
often misidentified in data repositories. This problem also
extends to cryptic species that will show high levels of intraspecific divergence, yet will likely share taxonomic labels with
other species in sequence repositories (see Sanchez Herrera
et al. 2010; Sanchez-Guill
en et al. 2011; Yong et al. 2014).
This emerging pattern can be attributed to a number of
different obstacles. First, we cannot dismiss the potential of
heterotachy across the taxonomic landscape, such that some
species may be more prone to divergent changes in cox1
than other taxa. Indeed, assuming no errors in identifications
and sequencing, current results seem to suggest greatly
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Figure 3. Results from the Automated Barcode Gap Discovery software (ABGD). (A) Anisoptera dataset and (B) Zygoptera dataset.

Figure 4. Plot of intraspecific (black) and interspecific (grey) cox1 genetic distances within three genera: (A) Aeshna (Odonata: Anisoptera); (B) Lestes (Odonata:
Zygoptera) and (C) Lestinogomphus (Odonata: Anisoptera). Note the absences of a disjunction between intraspecific and interspecific distances (the lack of a barcoding gap) for Aeshna and Lestes. By contrast, the presence of a barcoding gap is shown for Lestinogomphus. These results were extracted from the global dataset.

varying rates of change in cox1 for different groups. Of
course, the differences in accumulated changes can also be a
product of the timing of cladogenetic events – younger
clades have had less time to accumulate changes. Second,
and perhaps less contingent on ad hoc solutions, the flanking
on both sides of the barcoding gap by both interspecific and
intraspecific divergence estimates, which can be seen for several animal groups, may merely be a result of erroneous identifications of the organisms (see Wiemers and Fiedler 2007;
Gaikwad et al. 2017). For example, in the present study,
assuming that identifications of taxa that show interspecific
divergence values of below 3% when compared with nonconspecifics were erroneous would greatly increase the tendency towards a gap. The same, of course, would have to be
assumed for taxa that share a taxonomic label but that show
over 7% difference in their cox1 sequences. However, even if
all comparisons that show divergence below 2% were
assumed to be intraspecific values and all comparisons above
2% were assumed to be interspecific divergence values, there
is no clear and distinct gap present in our charts (Figures 1
and 2), suggesting that the lack of a barcoding gap is a function of several factors, one of them being incorrect
identifications.

In reality, the lack of a barcoding gap may have negative
effects on efforts to identify odonates based on DNA barcoding, as any unidentified individual may match conspecifics at
the same level of cox1 similarity as non-conspecifics. However,
this seems to be troublesome only for a handful of taxa that
show divergence values within the range of where a barcoding gap is normally found, or that show abnormally low interspecific distances and abnormally high intraspecific distances.
The vast majority of the sequences employed by the present
study behaved in a manner that is consistent with the assumptions of cox1 variation in DNA barcoding theory – they show
high divergence values when compared with other species
and low values when compared with conspecifics. It is also
noteworthy that barcoding gaps can be present when targeting taxa at a more local scale (e.g. Nolan et al. 2007), as
opposed to the global scale employed by the present study.
Most of the genera in the present study that were represented
by more than three species do not show distinct and sufficiently sized barcoding gaps (Tables S4 and S5). For example,
the genera Lestes and Aeshna (see Figure 4(A) and (B), respectively) would fall into this category. However, for some taxa,
such as the Afrotropical genus Lestinogomphus (Figure 4(C)),
our results verify the presence of a disjunction between
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intraspecific and interspecific distances. In other words, more
geographically or taxonomically confined studies may still produce clear and sufficiently sized barcoding gaps for odonate
taxa.
As an alternative to analyses of genetic distances between
cox1 sequences, the use of the character-based DNA barcoding methods have shown to be effective and seem to be a
promising complement to evaluations of distance thresholds
(Rach et al. 2008; Damm et al. 2010). As advocated by
Bergmann et al. (2013), this method, which translates
sequence information into diagnostic characters, can be
applied to identify and discriminate species especially in the
absence of a barcoding gap. Recent studies have also suggested that mitochondrial regions other than the cox1 Folmer
region may be more suitable for barcoding efforts of odonates as they show higher degrees of variation between species but are still consistently low for within-species
comparisons. As an example, Damm et al. (2010) suggested
the use of NADH dehydrogenase subunit I (ND1) in dragonfly
barcoding because this locus shows a greater degree of
divergence between species of dragonflies and its complementary use should be evaluated as a way to aid molecular
identification. Also, Rach et al. (2017) suggested a similar situation for a largely unexplored region of the cox1 locus, which
also has potential of aiding in specimen identification
because of its higher discriminatory power. These alternative
approaches may provide a baseline for safer identifications
and more robust databases that will induce fewer type I or
type II errors. It seems clear, at least, that for some groups of
odonates, a “2%-rule” (an upper limit of 2% genetic divergence for intraspecific comparisons), as suggested for several
other animal groups, will generate inaccurate identifications
of these important faunal components and biomonitoring
tools.
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