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Although the phylogeny of centipedes has found ample agreement based on morphology, recent analyses
incorporating molecular data show major conflict at resolving the deepest nodes in the centipede tree.
While some genes support the classical (morphological) hypothesis, others suggest an alternative tree in
which the relictual order Craterostigmomorpha, restricted to Tasmania and New Zealand, is resolved as
the sister group to all other centipedes. We combined all available data including seven genes (totalling
more than 8 kb of genetic information) and 153 morphological characters for 24 centipedes, and
conducted a sensitivity analysis to evaluate where the conflict resides. Our data showed that the classical
hypothesis is obtained primarily when nuclear ribosomal genes exert dominance in the character data
matrix (at high gap costs), while the alternative tree is obtained when protein-encoding genes account for
most of the cladogram length (at low gap costs). In this particular case, the addition of genetic data does
not produce a more stable hypothesis for deep centipede relationships than when analysing certain genes
independently, but the overall conflict in the data can be clearly detected via a sensitivity analysis, and
support and stability of shallow nodes increase as data are added.
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1. INTRODUCTION

Among the higher arthropod groups, perhaps the best-
resolved phylogeny is that of Chilopoda: the centipedes.
With five orders—Scutigeromorpha, Lithobiomorpha,
Craterostigmomorpha, Scolopendromorpha, and Geo-
philomorpha—almost all published phylogenies based on
morphology, molecules, or combined morphological and
molecular evidence conclude that (i) Chilopoda is
monophyletic, (ii) each of the five centipede orders is
monophyletic, and (iii) the Scutigeromorpha (=Notos-
tigmophora: centipedes with dorsal spiracles) are the sister
group to all other centipedes (=Pleurostigmophora:
centipedes with pleural spiracles) (Borucki 1996;
Edgecombe et al. 1999; Giribet et al. 1999; Edgecombe
& Giribet 2002, 2004). Furthermore, relationships within
Pleurostigmophora are well established, with Lithobio-
morpha as sister group to the remaining orders (grouped
as the Phylactometria) and with the two orders with
epimorphic development (Scolopendromorpha and Geo-
philomorpha) forming a clade, as resolved in classical
morphological studies (Verhoeff 1902-1925; Fahlander
1938; Dohle 1985; see figure 1). Only one recent
morphological study has suggested an alternative hypoth-
esis, by re-rooting the centipede tree between Geophilo-
morpha and Scolopendromorpha (Ax 1999). That
hypothesis was defended using only a subset of the
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characters included in more completely sampled studies,
and is less parsimonious than the Notostigmophora—
Pleurostigmophora split (Kraus 2001; Edgecombe &
Giribet 2002). Molecular analyses using nuclear riboso-
mal genes yield results that are highly congruent with the
morphology-based hypothesis (Edgecombe er al. 1999;
Giribet et al. 1999; Edgecombe & Giribet 2002, 2004),
whereas some nuclear protein-coding genes have pro-
duced phylogenetic hypotheses that conflict with the
nuclear ribosomal genes as well as with morphology
(Shultz & Regier 1997; Regier & Shultz 20015; Regier
et al. 2005).

Elucidating the deep history of Chilopoda forces us to
confront ordinal divergences that date to the Palaeozoic.
Fossils date the crown group of Chilopoda to at least the
Upper Silurian (ca 418 million years ago). Scutigeromor-
pha is known from the Upper Silurian—-Middle Devonian
taxon Crussolum (Shear er al. 1998; Anderson & Trewin
2003). The Middle Devonian Devonobius Shear & Bonamo
1988, is universally identified as a member of Phylactome-
tria, the clade that unites Craterotigmomorpha, Scolopen-
dromorpha and Geophilomorpha (Shear & Bonamo 1988;
Borucki 1996; Edgecombe & Giribet 2004). In the context
of the widely endorsed cladogram, Devonobius dates the
split of Lithobiomorpha from Phylactometria to at least the
Middle Devonian. The epimorphic orders Scolopendro-
morpha and Geophilomorpha have their earliest records in
the Upper Carboniferous (Mundel 1979) and Upper
Jurassic (Schweigert & Dietl 1997), respectively.

Given the amount of morphological data bearing on
centipede phylogeny and the existence of several
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molecular analyses employing different genes, the time is
ripe for a synthesis of the available data. The aim of this
paper is to combine all the evidence published for the
phylogeny of centipedes to produce a robust phylogeny of
the group beyond the use of preferred gene fragments or
sets of characters, as well as to identify potential sources of
conflict between datasets. Therefore we combine a refined
version of our morphological dataset (Edgecombe &
Giribet 2004) with our own data on two nuclear ribosomal
genes and two mitochondrial genes, together with the data
on three nuclear protein-coding genes published by Regier
and collaborators (Regier ez al. 2005). This represents ca
8 kb of molecular data per taxon and 153 morphological
characters—a substantial increase in the character sample
compared to previous analyses. The data are analysed
independently and in combination using dynamic hom-
ology under the parsimony criterion implemented in POY.

2. MATERIAL AND METHODS

(a) Taxa

In order to maximize the amount of available sequence data
per taxon we selected 24 centipede taxa (2 Scutigeromorpha,
7 Lithobiomorpha, 1 Craterostigmomorpha, 6 Scolopendro-
morpha, and 8 Geophilomorpha) and 5 millipede taxa as
outgroups (table 1). Species were chosen as terminals except
in a few cases where two species of the same genus were
combined to maximize the amount of available genetic data
(Polyxenus, Thereuonema, Cryptops, Strigamia and Geophilus).
In these instances, the morphological codings have been
adjusted to the species represented in our morphological
datasets (figure 1), and generic designations are used for the
molecular and total evidence analyses (figure 2).

(b) Morphological data

The morphological matrix is based on our previously
published data matrix (Edgecombe & Giribet 2004) and
refined for the current implementation of taxa (see electronic
supplementary material). The new version has 153 morpho-
logical characters from which characters 28, 38 and 140 were
additive; all other characters were considered as non-additive
(see electronic supplementary material data matrix).

The morphological data were analysed under parsimony
with the computer program TNT (tree analysis using new
technology: Goloboff ez al. 2003) using a heuristic search with
1000 replicates of random addition sequence followed by
TBR (tree bisection and reconnection) branch swapping.
Nodal support was calculated with 1000 replicates of
parsimony jackknifing (Farris 1997).

(¢) Molecular data

The molecular data include the four genes reported in our
earlier study of centipede relationships (Edgecombe &
Giribet 2004) together with the three genes reported by
Regier et al. (2005). Table 1 gives the GenBank accession
numbers for the sequences used in this study. New sequences
were submitted to GenBank under accession numbers
DQ201417-DQ201432. Detailed protocols about ampli-
fying and sequencing these gene fragments are described in
published sources (Regier & Shultz 1997, 2001a; Edgecombe
et al. 2002). New cytochrome ¢ oxidase subunit I sequences
(COI hereafter) were obtained using primer pair LCO1490
(Folmer ez al. 1994) and HCOoutout (5'-GTA AAT ATA
TGR TGD GCT C-3'), which amplifies a 813 bp fragment.
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HCOoutout is superior to the widely used primer HC0O2198
(Folmer ez al. 1994).

Molecular data were analysed under direct optimization
(Wheeler 1996) using parsimony as an optimality criterion in
the computer program POY (Wheeler ez al. 2002). 18S rRNA
and 28S rRNA were analysed in combination because they
evolve as part of the same locus and the 28S rRNA gene was
represented by the small D3 expansion fragment. The
complete 18S rRNA was divided into 26 fragments according
to internal primers and secondary structure features (Giribet
2001, 2002b); one of these fragments was inactivated from
the analyses due to extreme length variation. The 28S rRNA
D3 expansion fragment was divided into four segments from
which two were inactivated. The 16S rRNA gene was
analysed as a single partition divided into nine fragments,
two of which were also inactivated. These three genes show
length variation and therefore were analysed under direct
optimization. The remaining genes (COI, elongation
factor-1a. [EF1a], elongation factor 2 [EF2], and RNA
polymerase subunit II [POLII]) showed no length variation
and were treated as prealigned (analysed under static
homology). The implied alignment (Wheeler 2003a) under
the optimal parameter set (see below) resulted in more than
8 kb as follows: 2431 bp of ribosomal nuclear genes, 404 bp
of 16S rRNA, 813 bp of COI, 1131 bp of EFla, 2184 bp of
EF2, and 1062 bp of POLII.

Phylogenetic analyses consisted of 100 replicates of
random addition followed by TBR branch swapping and
several rounds of tree fusing (Goloboff 1999). Each locus
analysis was repeated for a total of 15 analytical parameters
varying the ratio between gaps and transversions (for the
static fragments only five parameters could be analysed
because there are no gaps) as well as the ratio between
transversions and transitions (Wheeler 1995). Such analyses
were used to test nodal stability to parameter variation
(Giribet 2003) and are summarized as sensitivity plots
(‘Navajo rugs’). Furthermore, a combined analysis of all
molecular partitions (hereafter referred to as MOL) was
repeated for the 15 analytical parameters.

Nodal support was measured via 1000 replicates of
jackknifing as implemented in POY. All analyses were
conducted on a parallel cluster with 30 dual-processor
nodes at Harvard University (see darwin.oeb.harvard.edu).

(d) Combined analysis and congruence

The simultaneous analysis of all the data (referred to as TOT)
was conducted in POY as per the molecular-only analyses. A
modified version of the incongruence length difference (ILD)
measure (Mickevich & Farris 1981) was used to provide a
rough measure of congruence among data partitions in order
to choose our favoured parameter set (Wheeler 1995).
Although it has been explicitly stated that this modified
ILD is not an accurate measure of character congruence,
empirical analyses with multiple datasets show that different
measures of congruence may coincide around an area of
maximum congruence (Aagesen et al. 2005).

The combined analysis for the favoured parameter set
under direct optimization was reanalysed under the more
sophisticated iterative pass algorithm (Wheeler 20036), which
uses three terminals instead of two for optimizing nodes. This
results in topologies that are much shorter (more parsimo-
nious) than the direct optimization cladograms. Iterative pass
has larger memory requirements than direct optimization,
which prohibited us from conducting all initial analyses this
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Table 2. Weighted steps for each analysis at different parameter sets (ranging from 110 to 481; these three numbers indicate
indel: transversion: transition ratios) and ILD values. (RIB: 18S+28S rRNA; MOR: morphology; MOL: all molecular
partitions; TOT: MOR+ MOL. Parameter set 121, shown in boldface, maximizes overall congruence.)

RIB 16S COI EFla EF2 POL MOR MOL TOT ILD
110 1003 566 1002 1310 2826 1671 241 8582 8865 0.0277
111 2012 1100 2151 3430 7332 4283 241 20661 20981 0.0206
121 3059 1700 3213 4812 10336 6056 482 29659 30252 0.0196
141 5071 2852 5256 7457 16078 9462 964 46981 48120  0.0204
181 9081 5131 9313 12720 27463 16210 1928 81507 83779  0.0231
210 1432 644 1002 1310 2826 1671 482 9143 9693  0.0336
211 2507 1194 2151 3430 7332 4283 482 21315 21900  0.0238
221 3980 1866 3213 4812 10336 6056 964 30825 31961 0.0230
241 6848 3163 5256 7457 16078 9462 1928 49284 51524  0.0259
281 12580 5743 9313 12720 27463 16210 3856 86076 90511 0.0290
410 2176 754 1002 1310 2826 1671 964 10186 11257  0.0492
411 3341 1311 2151 3430 7332 4283 964 22376 23513  0.0298
421 5561 2090 3213 4812 10336 6056 1928 32945 35126  0.0322
441 9950 3602 5256 7457 16078 9462 3856 53491 57820  0.0373
481 18696 6614 9313 12720 27463 16210 7712 94417 103095 0.0424

way. However, iterative pass calculations are more precise
than those of direct optimization and therefore convergence
upon the same topology is frequent. For this reason we only
conducted 10 replicates of random addition followed by
TBR.

Nodal support for the optimal cladogram was measured
with parsimony jackknifing.

3. RESULTS

(a) Morphological analysis

The morphological data matrix resulted in two trees of
241 steps (consistency index=0.77; retention index=
0.91). These two trees differ only in the internal structure
of Geophilidae (here represented by Geophilus, Tuoba,
Tasmanophilus, Zelanion, Ribautia and Pachymerium). One
of them, with unambiguous changes mapped (see
electronic supplementary material for character descrip-
tions), is shown in figure 1. The analysis shows monophyly
of Chilopoda and of all the centipede orders represented
by more than one taxon, and all these clades have a
jackknife frequency (JF hereafter) of 100% except for
Lithobiomorpha (91% JF). The tree also finds support for
the monophyly of the higher-level groupings Pleurostig-
mophora (92% JF), Phylactometria (86% JF) and
Epimorpha (94% JF), each of those clades being
supported by at least five unambiguous apomorpies.
With the exception of the family Cryptopidae (Cryptops,
Scolopocryprops and Theatops), all other families rep-
resented by more than one species are monophyletic.

(b) Molecular and combined analyses

The congruence analysis identified parameter set 121 as
optimal for the combination of all data (table 2), but 111
and 141 have ILD values very similar to those of 121.
Both trees are similar to the 121 tree (figure 25) in that
Craterostigmus is resolved as sister group to all other
centipedes and in finding a clade composed of the two
epimorphic orders together with Scutigeromorpha.
However, in the 111 tree Scutigeromorpha is sister to
Geophilomorpha whereas it is sister to Scolopendro-
morpha under the two other parameter sets. When
evaluating jackknife support for the different partitions

Proc. R. Soc. B (2006)

under the optimal parameter set, the mitochondrial
genes 16S rRNA and COI basically find support only
for Scutigeromorpha and Geophilidae+ Linotaeniidae
(Strigamia), while all the other markers were able to
provide support for several additional nodes, such as
Chilopoda (61-71% JF in all the other partitions),
Scolopendromorpha (75% JF for ribosomal), Scolopen-
dridae (Cormocephalus, Scolopendra, and Rhysida;
68-100% JF) and Lithobiidae (Lithobius, Australobius,
and Bothropolys; 93—-100% JF; not supported for POLII).
Lithobiomorpha is recovered under the ribosomal and
EF-1a analyses, but with JF less than 50%. Only a few
morphologically anomalous nodes showed JF above
50%, and those only occurred in some of the protein
coding genes (EFla, EF2 and COI).

The combined analyses for all genes and for all data
(molecules +morphology) show that deep, inter-ordinal
relationships under parameter set 121 are weakly
supported (figure 2) and are grossly incongruent with
morphology (figure 1). In both cases, Craterostigmus is the
sister group to all other centipedes (figure 2a,b), a result
that is also found in the EF2 tree. A position of
Craterostigmus near the outgroup is also found for the
other two nuclear protein coding genes (trees not shown)
and appears under a diverse set of parameters for these
genes. In the simultaneous analysis of all data, Lithobio-
morpha is sister group to a clade containing Scutiger-
omorpha, Scolopendromorpha and Geophilomorpha,
although neither this node nor that uniting Scutigeromor-
pha and Scolopendromorpha have substantial jackknife
support (figure 25). Similar results are found in the tree for
all the combined molecular data, except that in this case
Lithobiomorpha and Scolopendromorpha are each para-
phyletic (figure 2a). For the molecular data, morphologi-
cally anomalous nodes that show JFs above 50% are
Scutigeromorpha + Scolopendridae (62% JF) and the
basal resolution of Craterostigmus (likewise 62% JF).

The scheme of ordinal relationships depicted in figure 2
is optimal only under a subset of the explored parameter
space, generally those with lower gap costs (see Navajo
rugs in figure 2b). It is overturned in favour of the
morphological cladogram at higher gap costs (figure 1).
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Figure 2. Cladograms for the combined analyses under parameter set 121 for (a) all molecular data analysed under direct
optimization (with 100 replicates of random addition sequence followed by TBR branch swapping and tree fusing) and (b) the
simultaneous analysis of all molecular and morphological data analysed under iterative pass optimization (with 10 replicates of
random addition sequence followed by TBR branch swapping). Numbers on nodes represent jackknife frequencies greater than
50%. Three nodes that conflict with the morphological tree represented in figure 1 show the corresponding Navajo rugs (see
legend for Navajo rug in the lower left corner of figure 1; black squares indicate monophyly, open squares represent non-
monophyly, and grey squares indicate monophyly under some of the most parsimonious trees).

4. DISCUSSION

The three nuclear protein coding genes comprise 55% of
the total data and contribute between 50 and 75% of the
overall molecular length, depending on the parameter set
analysed (table 2), and thus they exercise a major
contribution to the overall topology. Under equal weights,
each of the individual nuclear protein coding genes
contributes at least ca 70% more length than the
combined ribosomal nuclear genes, while these have a
similar contribution to the mitochondrial protein coding
gene. When ignoring transitions (right column in the
Navajo rugs), an analytical condition that approaches
previous treatments that discarded third position infor-
mation (e.g. Regier ez al. 2005), there is no support for the
deepest nodes from the topology shown in figure 25, but
instead the data converge on the morphological/traditional
view, with each of Pleurostigmophora, Phylactometria and
Epimorpha monophyletic (figure 1). This is not inter-
preted as a justification for excluding third positions but
just an observation probably derived from the decrease in
the overall contribution of the protein-coding genes to the
topology and therefore as an additional indicator that the
major conflict between the topologies shown in figures 1
and 2 is due to the signal in these markers, as stated by
Regier ez al. (2005).

Comparing the results at low gap costs (upper left
corner of the Navajo rugs) with those for higher gap costs
(lower right section of the Navajo rugs; except for the
rightmost column) indicates that the basal position of
Craterostigmus and the sister group relationship between
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Scutigeromorpha and Scolopendromorpha (figure 25) are
driven by the protein-coding genes, which conflict with the
signal from morphology or from the ribosomal genes.
When evaluating each gene independently (results not
shown; see discussion above) it is evident that no single
partition provides strong support (measured with jack-
knifing) or stability (measured by the strict consensus of all
the trees obtained under the 15 analytical parameter sets)
for the deepest divergences. This applies as well to the
nuclear ribosomal genes, which showed a high degree of
stability in previous analyses with a much denser taxon
sampling (Edgecombe ez al. 1999; Edgecombe & Giribet
2002, 2004), but not here. However, it is clear that the
number of nodes with JF >90% increases as more data are
added, with a maximum in the trees where all molecular
data are added (figure 2), although these concentrate in
the shallower nodes.

The contribution of the two mitochondrial genes is
mostly restricted to the shallower nodes, as expected by
their rate of evolution. Analysis of 16S rRNA under
parameter set 121 resolves monophyly of Chilopoda (66%
JF), Scutigeromorpha (99% JF), Cryptopidae, Scolopen-
dridae, Henicopidae and Geophilomorpha (67% JF), but
is otherwise unresolved. COI resolves more nodes,
although in this case some well supported nodes are not
supported by any other sets of data (Scolopendra-+
Polyxenus with 89% JF), though it also recognizes groups
such as Scutigeromorpha (94% JF) and Geophilomorpha.
These results are similar to those of the richer taxon
analyses of Edgecombe & Giribet (2004).
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Considering morphological evidence (figure 1), it is
improbable that the relictual Craterostigmomorpha,
currently restricted to Tasmania and both main islands
in New Zealand, are the sister group to all remaining
centipedes (Regier er al. 2005). This hypothesis forces
multiple origins of characters restricted to Phylactometria
(e.g. maternal brooding; loss of maxillary nephridia;
sclerotization of the maxillipede coxosternite and its
embedding above the second trunk segment; lateral
testicular vesicles linked by a central deferens duct;
internal valves formed by lips of ostiae), as well as forcing
convergences or reversals in the characters that support
the Pleurostigmophora (e.g. flattening of the head plate;
coxal and anal organs; male ‘spinneret’ for deposition of a
spermatophore web; tarsus and pretarsus fused as a
tarsungulum on the maxillipede).

(a) Concluding remarks

The current analysis is more exhaustive than any
previously published centipede phylogeny with respect to
the number of sampled characters, but does not match the
denser taxon sampling of some previous studies (e.g.
Edgecombe & Giribet 2004). Whether the number of
characters or the number of taxa is the most important
factor in phylogenetic analysis is still debated (e.g.
Graybeal 1998; Rokas & Carroll 2005). Adding data
may increase nodal support as well as nodal stability (e.g.
Edgecombe er al. 2002; Rokas er al. 2003), although this
may not necessarily be so for a limited number of loci. In
the case of the centipedes, the addition of the nuclear
protein-encoding data to our previous datasets positively
contributes to resolving the shallower nodes in the tree but
adds a strong conflicting signal at deeper nodes. This
conflicting signal could, however, be detected by sensi-
tivity analysis since it changes the relative contributions
from different partitions, in this particular case by
increasing the relative contribution of the ribosomal
genes when increasing the cost of indel events. The two
conflicting signals are clearly summarized in the Navajo
rugs shown in figures 1 and 2.

The results from our analyses are not methodology-
specific. Previous analyses of ribosomal genes using a two-
step phylogenetic approach (=alignment followed by
phylogenetic analysis) (Giribet et al. 1999) are mostly
congruent with our current results for these genes using
direct optimization. Likewise, our analyses of the nuclear
protein-coding genes are largely congruent with the two-
step likelihood-based analyses of Regier ez al. (2005).

Centipede relationships have been studied using a vast
pool of morphological data and a variety of genes. While
there is little doubt about centipede relationships from the
perspective of morphology (Shinohara 1970; Dohle 1985;
Shear & Bonamo 1988; Borucki 1996; Edgecombe ez al.
1999; Edgecombe & Giribet 2002, 2004; see figure 1),
some molecular analyses have suggested novel topologies
that are incongruent with morphology. Considering all of
the available data in total for the first time, the number of
competing hypotheses for the deepest splits in the
centipede tree is narrowed down to two (figures 1 and 2b).
Though we cannot fully reject either hypothesis, the
congruence of morphology with a subset of the molecular
data must be viewed as promising, as is the stability of the
morphological topology across a range of analytical
parameter sets. Contrary to what happens for the deepest
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splits, nodal support and clade stability to parameter
variation increase by the addition of data for shallower
nodes, demonstrating the value of all the data analysed.

In this study we aimed to re-assess centipede relation-
ships by combining all available published evidence to
evaluate the signal within each dataset as well as
conflicting signals in the published datasets. Given the
overall length and the amount of information contributed
by each partition, the strongest conflict in the resolution of
the centipede phylogeny (figure 1 versus figure 2b) seems
to originate in the nuclear protein-coding data. Future
work should attempt to increase the amount of infor-
mation from different loci, such as the nearly complete
28S rRNA (Giribet 2002a; Mallatt & Winchell 2002), as
has been done in recent arthropod studies (Mallatt ez al.
2004; Giribet ez al. 2005).

This research has been supported by internal funds from
Harvard University to G.G. We are indebted to the many
colleagues who have provided centipede samples, to Jessica
Baker and Akiko Okusu, who assisted with lab work, to
Barbara Duperron for artwork, and to three anonymous
reviewers and the associate editor, who provided insightful
comments that helped to improve an earlier version of this
article.
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