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Abstract: We evaluated sequence diversity in the mitochondrial cytochrome-c oxidase I (COI; EC 1.9.3.1) gene as a
tool for resolving differences among species of Arctic springtails. The Collembola examined in this analysis were col-
lected from Igloolik, Cornwallis, and Somerset islands and included representatives from all major families found in
the Arctic. Members of 13 genera and 19 species were examined, including 4 species of the genus Folsomia and 3 spe-
cies of the genus Hypogastrura. In all cases, species were successfully discriminated. Sequence divergences within spe-
cies were generally less than 1%, whereas divergences between species were greater than 8% in all cases. Divergences
among individuals of one species of Folsomia were much higher (up to 13%), but this likely represents the presence of
an undescribed sibling species. We conclude that DNA barcoding is a powerful tool for identifying species of
Collembola and should regularly be useful as a complement to traditional, morphological taxonomy.

Résumé : Nous avons évalué l’utilisation de la diversité des séquences du gène mitochondrial de la cytochrome-c oxy-
dase I (COI; EC 1.9.3.1) comme outil pour déterminer les différences spécifiques chez des collemboles arctiques. Les
collemboles étudiés dans cette analyse proviennent des îles Igloolik, Cornwallis et Somerset et comprennent des repré-
sentants de toutes les familles importantes présentes dans l’arctique. Nous avons examiné des spécimens de 13 genres
et 19 espèces, y compris quatre espèces du genre Folsomia et trois espèces du genre Hypogastrura. Dans tous les cas,
il a été possible de reconnaître les espèces avec succès. Les divergences entre les séquences dans une même espèce
sont généralement de moins de 1 %, alors que les divergences entre les espèces sont supérieures à 8 % dans la plupart
des cas. Les divergences parmi les individus d’une des espèces de Folsomia est beaucoup plus élevée (jusqu’à 13 %),
mais il y a probablement présence d’une espèce soeur non décrite. En conclusion, le codage ADN est un outil puissant
pour l’identification des espèces de collemboles et il devrait normalement s’avérer utile comme méthode complémen-
taire à la taxinomie morphologique traditionnelle.
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Introduction

The ability to accurately identify species is fundamental
to ecological research, particularly studies of comparative
ecology and biological diversity. Unfortunately, for a grow-
ing number of groups, the chronic underfunding of tradi-
tional taxonomy (Daugherty et al. 1990; Savage 1995) has
led to a serious shortfall in the experts needed to carry out
identifications. The use of DNA-based technologies has been
suggested as the best option to “bridge” the gap between
available taxonomic expertise and the need for an identifica-
tion capability (Tautz et al. 2003). Although this approach is
not without controversy (e.g., Lipscomb et al. 2003), the tax-
onomic impediment is now serious enough that it is critical
to seek a novel solution. Hebert et al. (2003a) have proposed

that the analysis of sequence diversity in short stretches of
mitochondrial DNA — in particular, the cytochrome-c
oxidase I (COI) gene — can provide an effective tool for
species diagnosis in the animal kingdom. In fact, they ar-
gued that sequence diversity in this gene could be used to
create a “barcoding” system that would enable the identifi-
cation of all animal life. The potential success of this endea-
vour was supported by an analysis showing that deep
genetic divergences were the rule for 13 000 closely allied
species from a range of animal phyla (Hebert et al. 2003b).
However, no taxonomic group except the Lepidoptera
(Hebert et al. 2003a) has been examined in detail.

In this paper, we examine the utility of COI barcoding for
the discrimination of collembolan species. We targeted this
group for analysis because its members are among the most
diverse and numerically dominant of soil arthropods
(Petersen and Luxton 1982). Our work focuses on the analy-
sis of Collembola from the Canadian Arctic, a region that
supports a diverse fauna of these organisms (Danks 1981).
Despite this diversity, the distribution and taxonomy of Arc-
tic Collembola is poorly known (Fjellberg 1986; Babenko
1994). By contrast, their Antarctic counterparts have re-
ceived considerably more attention (see Hogg and Stevens
2002 for review). This imbalance of effort is unfortunate
given the much greater species diversity of Collembola in
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the Arctic. However, one major barrier impedes future work
on the Arctic fauna: species identifications are often chal-
lenging and require considerable taxonomic expertise. Ac-
cordingly, Arctic Collembola are a group for which a DNA
barcoding system would find immediate application.

Previous information on mtDNA diversity in Collembola
has been restricted to the Antarctic (e.g., Frati et al. 2000b;
Stevens and Hogg 2003) and European (Carapelli et al.
1995a, 1995b) faunas. Only limited data exist for the COI
gene (Frati et al. 2000a; Stevens and Hogg 2003). The pres-
ent analysis extends the available data substantially and ex-
amines whether COI sequence diversity successfully resolves
species-level differences among the dominant Collembola
from Arctic Canada.

Methods

Study sites and collection of animals
Samples were collected in August 2001 from two main ar-

eas, Igloolik (Igloolik Island) and Resolute Bay (Cornwallis
Island), Nunavut, Canada (Fig. 1). However, additional col-
lections were made on Somerset Island (Creswell Bay) and
on Devon Island, for a total of 56 sampling sites. Samples
were obtained from a variety of habitats including soil,
moss, vascular plants, stream drift, lake margins, and lake
strandline detritus. Animals were extracted using a modified
Berlese funnel and stored in 100% ethanol until used for ge-
netic and morphological analyses. Where possible, efforts
were made to include taxa that were found at more than one
location (based on personal observation and Fjellberg 1986),

as well as those that were numerically dominant. Individuals
were initially identified using available taxonomic keys
(e.g., Folsom 1937; Christiansen and Bellinger 1980) and
primary references (e.g., Babenko 1994). Their identity was
subsequently confirmed by an internationally recognised ex-
pert (A. Fjellberg) in collembolan taxonomy. A total of 19
species were recognized from 11 sites and selected for anal-
ysis (Table 1), providing taxonomic coverage of all major
Arctic families. Fjellberg (1986), in his review of Arctic
Collembola, reported approximately 50 species from the Ca-
nadian high Arctic. Accordingly, the 19 species identified
and analysed in our study represent a significant proportion
of the fauna and include most of the common taxa in this re-
gion.

Genomic DNA was extracted from whole-body homo-
genates using proteinase K methods. A 710-bp region of the
mitochondrial COI gene was amplified by polymerase chain
reaction (PCR) from the DNA of at least three individuals
from each putative species using the primers LCO1490 and
HCO2198 (Folmer et al. 1994). The 50-µl polymerase chain
reactions contained 1 µL of DNA template, 5.0 µL of 10×
PCR buffer (Boehringer-Mannheim), 0.2 µM of each primer,
2.2 mM MgCl2, 0.2 mM of dNTP, and 1 unit (1 U ≈
16.67 nkat) of Taq DNA polymerase (Roche). The PCR con-
ditions consisted of 1 min at 94 °C; five cycles of 1 min at
94 °C, 1 min at 45 °C, and 1 min at 72 °C; 35 cycles of
1 min at 94 °C, 1 min at 51 °C, and 1 min at 72 °C; and
5 min at 72 °C. PCR products were cleaned using gel purifi-
cation (QIAEX II gel extraction kit, QIAGEN Inc.) and se-
quenced in one direction using primer LCO1490 on an ABI
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Fig. 1. Map of study area showing sampling locations on Cornwallis, Somerset, and Igloolik islands.



377 automated DNA sequencer at the University of Guelph.
The accuracy of sequencing was verified by duplicate
sequencing of DNA from selected individuals. All sequences
were verified as being derived from Arthropoda using the
GenBank BLAST algorithm. The resulting sequences were
edited and aligned using the program Sequencher (version
4.1; Gene Codes Corp.). Nucleotide divergences within and
between species were calculated using uncorrected p
distances. A multidimensional scaling analysis was used to
provide a graphical summary of species similarities in two-
dimensional, Euclidean space (Lessa 1990). A neighbour
joining analysis (performed using PAUP* version 4.0b10,
Swofford 2002) was used to examine relationships among
the taxa. All sequences obtained in this study have been sub-
mitted to GenBank (accession Nos. AY665303–AY665356).

Results

A 634-bp fragment of the COI gene was sequenced from
a total of 54 individuals. Alignment begins at position 1548
when aligned with the published Drosophila yakuba se-
quence (Folmer et al. 1994), which was retrieved from
GenBank (accession No. X03240). No insertions or dele-
tions were detected in any of the sequences. Nucleotide
composition averaged over all taxa showed an A–T bias
(A = 26%, T = 34%, C = 21%, G = 19%). Base frequencies

were homogeneous among sequences (χ156
2 = 131.41, P =

0.92).
Each of the species that we examined possessed a unique

array of COI sequences with low divergences among
conspecific individuals (<1% in most cases) (Table 2). Ex-
ceptions were single specimens of Sminthurides malmgreni
and Folsomia quadrioculata that showed 5% and 13% diver-
gence, respectively, from other individuals at the same loca-
tion. Even in these two exceptional cases, the divergent
individuals still grouped with other members of their nomi-
nate species (Fig. 2). By contrast, divergences among spe-
cies exceeded 8% in all cases and were >15% among 18 of
the 19 species. The most divergent taxon was Podura
aquatica, which had a mean sequence divergence of >25%
(range 23%–28%) from the other taxa (Table 2). Multidi-
mensional scaling analysis showed that individuals of the
same species always grouped closely together. In fact, indi-
viduals of Archisotoma polaris, Entomobrya comparata,
Hypogastrura concolor, and P. aquatica had identical
sequences (Fig. 2). Four species were collected on both Corn-
wallis and Igloolik islands: Hypogastrura tullbergi, Hypo-
gastrura sensilis, P. aquatica, and S. malmgreni. These
islands are separated by >600 km, but all four species showed
low sequence divergence between the two regions (<1% in all
cases) and the P. aquatica sequences were identical.

The neighbour joining analysis showed that species in
families represented by more than one taxon (i.e., Isoto-
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Sample location

Species n Site Island Coordinates Habitat type Distribution*

Archisotoma polaris Fjellberg and
Poinsot, 1975

3 R9 Somerset 74°10N, 94°12W Intertidal zone E,S

Desoria tschernovi Martynova, 1974 1 R11 Somerset 72°44.260N, 94°26.147W Wet moss S
Entomobrya comparata Folsom, 1919 3 I16 Igloolik 69°20.598N, 81°39.454W Rock D,E,I
Folsomia bisetosa Gisin, 1953 3 R2 Cornwallis 74°40.465N, 94°55.328W Moss C,D,E
Folsomia quadrioculata (Tullberg, 1871) 3 R11 Somerset 72°44.260N, 94°26.147W Wet moss B,C,D,E,S
Folsomia regularis Hammer, 1953 3 R6 Cornwallis 75°23.147N, 94°43.894W Moss B,C,D,E,K,R
Folsomia sexoculata (Tullberg, 1871) 3 R2 Cornwallis 74°40.465N, 94°55.328W Moss C,D
Hypogastrura concolor (Carpenter, 1900) 3 R21 Cornwallis 74°42.634N, 95°02.276W Plant (angiosperm) C,D,E
Hypogastrura sensilis (Folsom, 1919) 3 I20 Igloolik 69°20.455N, 81°48.611W Rock C,D,E,I,K

2 R2 Cornwallis 74°40.465N, 94°55.328W Moss
Hypogastrura sp. 2 I14 Igloolik 69°21.117N, 81°51.810W Lake strandline C,I

1 R2 Cornwallis 74°40.465N, 94°55.328W Moss
Isotoma anglicana Lubbock, 1862 2 R2 Cornwallis 74°40.465N, 94°55.328W Rock C
Isotomurus sp. (near palustroides/stuxbergi) 2 I14 Igloolik 69°21.117N, 81°51.810W Lake strandline I
Morulina mackenziana Hammer, 1953 1 I10 Igloolik 69°22.051N, 81°48.065W Rock D,E,I
Onychiurus groenlandicus (Tullberg, 1876) 3 R2 Cornwallis 74°40.465N, 94°55.328W Moss B,C,D,E,K,R
Podura aquatica L., 1758 3 I14 Igloolik 69°21.117N, 81°51.810W Lake strandline B,C,D,E,I

1 R6 Cornwallis 75°23.147N, 94°43.894W Moss
Stachanorema tolerans Babenko, 1994 3 R11 Somerset 72°44.260N, 94°26.147W Wet moss D,S
Sminthurides aquaticus (Bourlet, 1843) 1 I9 Igloolik 69°22.151N, 81°48.141W Stream drift E,I
Sminthurides malmgreni (Tullberg, 1876) 2 I10.2 Igloolik 69°22.051N, 81°48.065W Stream drift C,D,E,I

1 R7 Cornwallis 75°22.682N, 94°00.452W Lake strandline
Vertagopus brevicaudus (Carpenter, 1900) 2 R7 Cornwallis 75°22.682N, 94°00.452W Wet moss C,K

3 R21 Cornwallis 74°42.634N, 95°02.276W Plant (angiosperm)

*Canadian Arctic distribution records are based on Fjellberg (1986), Babenko (1993), and I.D. Hogg and P.D.N. Hebert (unpublished data), and they in-
clude Bathurst (B), Cornwallis (C), Devon (D), Ellesmere (E), Igloolik (I), King Christian (K), Ellef Ringnes (R), and Somerset (S) islands.

Table 1. Study taxa, number of individuals included in the analysis (n), sample location, habitat type, and distribution in the Canadian
Arctic.



midae, Hypogastruridae, and Sminthuridae) usually formed
cohesive assemblages (Fig. 3). For the Isotomidae, which
had the greatest species diversity, some association with
other genera (e.g., Sminthurides) was observed, and A. po-
laris was located externally to other members of this family
(Fig. 3).

Discussion

In all cases we were able to successfully discriminate
known species of Arctic Collembola using COI sequences.
The A–T nucleotide bias commonly observed in hexapods
was also detected in this study. However, the level of 60%

observed in this study was lower than the level of 63%–64%
reported for Antarctic Collembola (Frati et al. 1997; Stevens
and Hogg 2003) and considerably less than the level of
70%–75% reported for some insect taxa (Nardi et al. 2003).
In most cases, levels of divergence within a species were
<1%, whereas divergences among species always exceeded
8%. Similar levels of divergence have been reported in other
studies of springtails (Carapelli et al. 1995a). However, Frati
et al. (2000a) reported divergences of up to 6% in Italian
species of Orchesella. This suggests that sequence divergences
greater than 8% are the rule among recognized species of
Collembola, even when those species belong to a single ge-
nus. High intraspecific divergences were detected in two of
the taxa examined in this study (5% for S. malmgeni and
13% for F. quadrioculata), but we expect that further study
will reveal that these are cases in which currently undes-
cribed sibling species were analyzed, particularly in the case
of Folsomia. Morphologically cryptic species are well
known among the Collembola (Carapelli et al. 1995b;
Stevens and Hogg 2003) and among other hexapods (e.g.,
Jackson and Resh 1992; Hogg et al. 2002).

Levels of divergence between congeneric species of isoto-
mid Collembola (mean = 19%; Table 2) were substantially
higher than those reported in lepidopterans (mean = 6%)
(Hebert et al. 2003a). In fact, collembolan divergences ap-
pear higher than those reported for animals at large: conge-
neric taxa showed an average of 11.2% sequence divergence
(Hebert et al. 2003b). Our data support previous work
(Carapelli et al. 1995a; Stevens and Hogg 2003) showing
that the sequencing of mitochondrial genes is useful for dis-
criminating closely related species of Collembola. For exam-
ple, Carapelli et al. (1995a) were able to discriminate between
closely related species of Isotomurus using the cytochrome-c
oxidase subunit II gene, whereas Stevens and Hogg (2003)
utilized the COI gene to discriminate between two sympatric
lineages of the Antarctic springtail Gomphiocephalus hodg-
soni. In the latter study, COI divergences were <2%, but
allozyme data suggested that these differences reflected re-
productively isolated species. These collective results dem-
onstrate the effectiveness of mtDNA and, in particular, COI
sequences for detecting species-level differences even in
cases of recent divergence.

We conclude that COI barcodes will provide a powerful
tool for species discrimination in the Collembola. Our work
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Individuals within species Species within genus Species between genera Species between families

Family n Divergence n Divergence n Divergence n Divergence

Neanuridae 1 23 (20–25)
Entomobryidae 1 0.00 1 21 (18–27)
Hypogastruridae 3 0.03 (0–0.05) 1 19 (8–25) 3 21 (16–25)
Isotomidae 9 0.97 (0–13.21) 1 17 (16–19) 7 19 (16–23) 10 22 (18–27)
Onychiuridae 1 0.00 1 22 (21–25)
Poduridae 1 0.00 1 25 (23–28)
Sminthuridae 1 3.68 (0.16–5.52) 1 21 2 23 (20–28)

Note: For individuals within species, n = number of species that had two or more individuals; for species within genus, n = number of genera with two
or more species; for species between genera, n = number of genera analysed within a family; and for species between families, n = total number of spe-
cies analysed.

Table 2. Mean percentage divergence values (range given in parentheses, where applicable) between collembolan taxa collected from
the Canadian Arctic.

Fig. 2. Multidimensional scaling of Euclidian distances for
cytochrome-c oxidase subunit I (COI) gene sequences from 19
species (54 individuals) of Collembola collected from the Cana-
dian Arctic. Circles identify individuals of each species included
in the profile. In each case, individuals of the same nominate
species grouped together.



has begun assembly of the COI database needed to create an
identification system for Arctic Collembola, and it has also
provided tentative evidence of the need for taxonomic revi-
sion, as indicated by our detection of putative new species in
two genera. Further work should aim to extend sample sizes,
taxonomic diversity, and geographic coverage. Such work
will enable the creation of a DNA-based identification sys-
tem for Collembola, enabling their identification to be exe-

cuted by anyone with access to a basic DNA sequencing lab-
oratory.
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