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Figure 8. Neighbour-joining tree of COI sequence divergences (K2P model) of studied Polyxenida,
Polydesmida and Glomerida. Solid circles: examples of excellent resolution of very close species of the ge-
nus Polydesmus. Numbers above and below branches show bootstrap values of NJ analysis, branch length
indicates sequence divergence in %.
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Figure 10. Neighbour-joining tree of COI sequence divergences (K2P model) of studied Chordeu-
matida. Asterisk: deep barcoding divergence in Chordeuma silvestre; solid squares: polyphyly of genus
Ochogona; arrows: low sequence divergences in the genera Craspedosoma, Listrocheiritium and Rhymogona.
Numbers above and below branches show bootstrap values of NJ analysis, branch length indicates se-

quence divergence in %.
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extraordinarily high intraspeci c variation (over 5% divergence) in several nominal

chilopod species. Unfortunately, the chilopod samples in our dataset include a com-

paratively high number of singletons and doubletons, which makes it di cult to

decide whether we face cryptic species or genuinely high intraspeci ¢ variation. For

example, the genus Strigamia, especially the S. crassipes group, was previously split

into many more species than today (Verhoe 1935), a solution that might be justi-
ed in the light of our barcoding results.

At the species and genus levels, we found examples of both well and weakly sup-
ported species. For example, Polydesmus testaceus and P. helveticus (both often regarded
as belonging to a separate genus Propolydesmus; see Engho and Golovatch 2003), and
P. angustus, P. illyricus and P. monticola (Polydesmus s. str.), respectively, both form close-
ly related species groups of highly similar morphology that show interspeci ¢ COI
di erences of more than 5%, and hence can be identi ed unequivocally using DNA
barcodes (Fig. 8). It is also interesting to see that two other ‘true’ Polydesmus species, P
denticulatus and P. edentulus, are quite distant from both species groups, which implies
that the genus Polydesmus could be split further.

Conversely, very low interspeci c variation is found, e.g., in the chordeumatidan
genera Craspedosoma, Listrocheiritium and Rhymogona (Fig. 10). In particular it was not
possible to resolve the very closely allied species/subspecies complex within the Craspe-
dosoma rawlinsii —group, a result that may re ect ongoing introgression and hybridiza-
tion. e members of this group even exhibit nearest neighbour distance values of zero,
indicating that the COI barcoding method is not suitable for separating its subtaxa.

Moreover, examples of high intraspeci c variation can be found in several Litho-
bius species (L. for catus, L. mutabilis, L. tricuspis) (Fig. 11), and in Chordeuma
sylvestre (Fig. 10).  ese deep barcoding divergences could represent more than just
high variation and might indicate that cryptic species, previously undetected using
the classical morphological approach, are present among our samples. However, the
revalidation of the species L. glacialis by Pilz et al. (2008) is clearly supported by
our barcoding results. s species is distinctly separate from the lowland clade of L.
mutabilis (a clade that might contain a cryptic species, as stated above), but shows
only low intraspeci ¢ variation, even though the investigated material originates
from very distant mountain areas (Wetterstein Mts Bavaria, and Dachstein Mts Aus-
tria). Surprisingly deep divergences are also found within the chordeumatidan genus
Ochogona, suggesting that this genus is paraphyletic (Fig. 10).

Discussion

Despite the success of COI barcoding in so many species of centipedes and millipedes
it has to be admitted that there are still technical problems with this method that make
the success of the barcoding process for any single sample unpredictable. For reasons
of cost e ciency the CCDB presently uses only one set of standard primers that are
probably not optimal for all groups of centipedes and millipedes. For example, we have
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Figure 11. Neighbour-joining tree of COI sequence divergences (K2P model) of studied Chilopoda. As-
terisks: Deep divergences within Lithobius tricuspis and L. mutabilis suggesting cryptic speciation. Numbers
above and below branches show bootstrap values of neighbour-joining analysis, branch length indicates

sequence divergence in %.
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failed so far to get any sequences in the genera Trachysphaera and Mycogona, and have
obtained only single chance results in the Glomeris undulata and the Leptoiulus simplex
species groups. e genera Ommatoiulus, Unciger and Tachypodoiulus also seemed to be
di cult, as we have obtained only a few barcodes for each of these taxa. To get optimal
results special primers would have to be designed. But it is not only the primer design
but also the protocol that in uences the results.  is might explain why some species
yielded a barcode in one analytical plate but not in another. Contamination by chemi-
cals (defense secretions in millipedes) might be another cause of unpredictable failures.

Although COI barcoding has provided an excellent tool for the identi cation of
all life stages in several species, there are some problems with this gene locus as it is of
mitochondrial origin.  is means that it only shows maternal inheritance; therefore
di erent maternal lines might mock cryptic species.  is mainly a ects the Chilopoda,
which show a much higher genetic variability than the Diplopoda. While the histo-
gram of intraspeci ¢ distances of the Diplopoda (Fig. 6) resembles that found in in-
sects (e.g., Lepidoptera — Geometridae: Hausmann et al. 2011a), the histogram of the
Chilopoda (Fig. 5) implies several undiscovered lineages, either of cryptic species or of
long separated haplotypes.

Recent speciations of glacial or postglacial origin with ongoing hybridization and
introgression are impossible to resolve using barcodes, as apparently shown by the gen-
era Craspedosoma, Rhymogona and Listrocheiritium. In such cases other genes, especially
of nuclear origin, should be used for evolutionary analysis in addition to COI.

Our results show that DNA barcoding can be a highly e ective tool for the iden-
ti cation of Chilopoda and Diplopoda, provided that the right primers are designed
and the right protocol is used. Before it can be better used, a reference barcode library
is needed, the genetic variation must be known, and a close partnership between re-
searchers with taxonomic expertise and those with a background in molecular analysis
should be established for the interpretation of the results.
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