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Muséum National d’Histoire Naturelle, 45 rue Buffon, Paris, 75005, France

Accepted 27 October 2004

Abstract

An analysis of the relationships of the major arthropod groups was undertaken using mitochondrial genome data to examine the
hypotheses that Hexapoda is polyphyletic and that Collembola is more closely related to branchiopod crustaceans than insects. We
sought to examine the sensitivity of this relationship to outgroup choice, data treatment, gene choice and optimality criteria used in
the phylogenetic analysis of mitochondrial genome data. Additionally we sequenced the mitochondrial genome of an
archaeognathan, Nesomachilis australica, to improve taxon selection in the apterygote insects, a group poorly represented in
previous mitochondrial phylogenies. The sister group of the Collembola was rarely resolved in our analyses with a significant level of
support. The use of different outgroups (myriapods, nematodes, or annelids + mollusks) resulted in many different placements of
Collembola. The way in which the dataset was coded for analysis (DNA, DNA with the exclusion of third codon position and as
amino acids) also had marked affects on tree topology. We found that nodal support was spread evenly throughout the 13
mitochondrial genes and the exclusion of genes resulted in significantly less resolution in the inferred trees. Optimality criteria had a
much lesser effect on topology than the preceding factors; parsimony and Bayesian trees for a given data set and treatment were
quite similar. We therefore conclude that the relationships of the extant arthropod groups as inferred by mitochondrial genomes are
highly vulnerable to outgroup choice, data treatment and gene choice, and no consistent alternative hypothesis of Collembola’s
relationships is supported. Pending the resolution of these identified problems with the application of mitogenomic data to basal
arthropod relationships, it is difficult to justify the rejection of hexapod monophyly, which is well supported on morphological
grounds.
� The Willi Hennig Society 2004.

Mitochondrial (mt) genomes are seeing wider use as
phylogenetic markers in studies aiming to resolve the
relationships of distantly related groups (Saccone et al.,
1999). Many of these studies have, however, produced
results which are difficult to reconcile with trees
produced using other markers. For example, in mammal

phylogeny,mitochondrial analyses suggest (monotremes+
marsupials) + eutherians (Janke et al., 1996, 1997,
2002), whereas most nuclear and morphological ⁄phy-
siological studies support (marsupials + eutherians) +
monotremes (Lee et al., 1999; Lou et al., 2002). These
studies have highlighted the need for sophisticated
analysis of the different groups of signals found within
the mitochondrial genome (e.g., protein coding versus
ribosomal genes, first and second versus third codon
position and DNA versus amino acid sequence data)
and the effect these differing data sets ⁄ treatments may
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have on resulting phylogenetic hypotheses. A recent
example of an analysis using mitochondrial genomes for
phylogenetics that produced a result which was at odds
with previous morphological results is by Nardi et al.
(2003a). They found that collembolans, or springtails,
are not closely related to the insects, as has been
traditionally accepted, but are instead closely related to
one of the crustacean groups, the Branchiopoda. Whilst
this idea of two independent invasions of land by six-
legged arthropods is not new and has previously been
found using nuclear gene analyses (Giribet et al., 1996;
Spears and Abele, 1997; Giribet and Ribera, 1998, 2000;
Giribet and Wheeler, 1999; Giribet, 2002) and mitoch-
ondrial data (Nardi et al. 20011), it runs contrary to the
traditional classification of arthropods where collembo-
lans are part of a paraphyletic grade, the ‘‘Entognatha’’,
which is sister to the Insecta (Wheeler et al., 2001).
Several studies using nuclear ribosomal genes (mostly
ssu-rRNA genes) have reported sister group relation-
ships between Collembola and crustacean groups. These
studies vary significantly as to which crustacean group is
sister to Collembola: Cirripedia + Decapoda (Giribet
et al., 1996), Branchiopoda (Spears and Abele, 1997);
(Maxillopoda + Pentostomida) + Ectognatha (Giribet
and Ribera, 1998; Giribet and Wheeler, 1999) and a
variety of groups depending upon different parameter
sets used for nucleotide alignment including Myodocopa +
Pentostomida, Branchiura, Copepoda, Podocopa, Cir-
ripedia or the entirety of Pancrustacea (Giribet and
Ribera, 2000; Giribet, 2002). Mitochondrial data favors
the grouping of Collembola with Branchiopoda (Nardi
et al., 2001, 2003a,b). So whilst there are many studies
challenging the monophyly of the Hexapoda, there is
also a lack of consensus about which crustacean lineage
they should be grouped.

Conversely there is also molecular support for the
traditional placement of collembolans within Hexapoda.
Edgecombe et al. (2000) found in a combined analysis of
morphology and the genes Histone H3 and small
nuclear RNAase U2 that collembolans group with the
other entognathous classes Protura and Diplura in a
paraphyletic clade at the base of the insects. Morpho-
logical synapomorphies which group Collembola +
Protura to Insecta + Diplura included blastodermal
cuticle present, primary pigment cells of the ommati-
dium with pigment granules, eyes of the mandibulate
type (two corneagenous cells, four Semper cells, cone
with four parts, retinula with eight cells), the gene
Distal-less not expressed in the mandible in any onto-
logical stage, posterior tentoral apodemes with tentorial

arms, opening of the maxillulary salivary glands a
median opening at the base of the second maxillae,
maxillary plate present, Mx1 divided into cardo, stipes,
lacinia and galae, thorax with three limb bearing
segments, coxal vesicles present on numerous trunk
segments, patella ⁄ tibia joint fused and the embryonic
gonoduct arises in association with the splanchnic
mesoderm (Edgecombe et al., 2000).

Nardi et al.’s (2003a) finding was challenged by
Delsuc et al. (2003) on the methodological grounds that
if the data were transformed in a different way (conver-
sion of the primary nucleotide sequence to purine–
pyrimidine (R-Y) coding rather than conversion to
amino acid coding), a tree more in line with traditional
classifications is recovered. Specifically, collembolans
resolve as sister to the insects, and, thus, Hexapoda is
monophyletic, albeit with a fairly low Bayesian posterior
probability (0.57). The authors have previously used this
method to reconcile mammal phylogenies based on
mitochondrial genome sequences with those based on
nuclear sequences (Phillips and Penny, 2003). Nardi
et al. (2003b) responded to Delsuc et al. (2003) by
arguing against the validity of R-Y coding and modeling
the likelihoods of competing topologies. Nardi et al.
(2003b) prefered amino acids to R-Y coding because
amino acids have a greater number of potential states
(20 versus 2), are more conservative regardless of
mutation saturation, and are a readily accepted method
of phylogenetic reconstruction (for supporting refer-
ences see Nardi et al., 2003b). Likelihood analyses also
showed a consistent preference for their topology over
the alternative advanced by Delsuc et al. (2003), and
thus they felt confident in their initial hypothesis that
hexapods are polyphyletic.

However, Delsuc et al. (2003) only examined a few of
the problems associated with the analytical methodo-
logy used by Nardi et al. (2003a). Specifically we think
five areas of this study need to be examined to determine
their possible effects on the phylogenetic outcome.

1. Outgroup selection

Nardi et al. (2003a,b) used the majority of the
mitochondrial genomes available for arthropods at the
time and employed as outgroup taxa representatives of
the Mollusca and Annelida because of the hypothesis
that they collectively represent the sister-group to the
Arthropoda. A diversity of opinions about the sister
group of the arthropods exists, but few molecular
studies of arthropod phylogeny have seriously
addressed the issue of outgroup selection and its
possible effect on recovered phylogenies (Giribet and
Ribera, 1998). Early studies placed the arthropods in
the protostomes (Field et al., 1988; Lake, 1990) but
more recent work has included the arthropods in the
‘‘Ecdysozoa’’, which share the characteristic of shedding

1It should be noted that this study used almost identical taxon

sampling and phylogenetic methods as their 2003 study and so cannot

really be considered independent confirmation. Similarly the Giribet

papers have considerable taxic overlap and all use the same gene, the

small ribosomal subunit (18S).
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their outer body wall in a hormonally controlled
periodic event, ecdysis, and includes the nematodes,
tardigrades and onychophorans (Aguinaldo et al.,
1997). We sought to evaluate the effect of outgroup
choice on the analysis by also using nematodes, the only
member of the ecdysozoa for which the mt genome
sequence is currently available.

2. Ingroup taxon selection and alignment methodology

Inclusion of distant outgroups can lead to highly
ambiguous alignment, i.e., a preponderance of gaps: the
random outgroup effect noted by Wheeler (1990). This
effect was further compounded in the Nardi et al.
(2003a) study by the inclusion of highly divergent
ingroup taxa such as the louse Heterodoxus and the
bee Apis. This is entirely needless as none of these taxa
bears on the question of the apterygote sister group but
still introduced many gaps into the alignment. The next
step taken in Nardi et al.’s (2003a) alignment procedure
was to remove all sites where gaps occur prior to
phylogenetic analysis. Given that phylogenies were then
inferred using likelihood and Bayesian methods which
automatically exclude sites with gaps this step was
redundant, but the effect of excluding these sites on the
phylogeny is non-trivial. One can readily imagine
situations were the inclusion of a highly divergent taxon
would introduce gaps into an alignment which otherwise
would not have any. Furthermore, at least some of these
sites may be informative, regardless of your preferred
optimality criterion, for the remaining taxa. Thus the
inclusion of taxa, which should have no bearing on the
relationships of interest, can have a negative effect on
phylogenetic reconstruction by imposing gaps which
result in the loss of informative sites. The taxon selection
used by Nardi et al. (2003a) may therefore have an effect
on the phylogenetic reconstruction, even after those taxa
have been removed as was done in their second, reduced
taxa tree.2

3. Amino acid sequence analyses

Many mitochondrial genome phylogenies have trans-
lated sequence data into amino acid data and performed
phylogenetic analyses on these data rather than the
nucleotide sequence data as collected. The advantages of
this approach are simply that amino acids are much

easier to align in these datasets than the constituent
nucleotide sequence data. The disadvantage of amino
acids is that they are subject to homoplasy, which does
not occur when DNA sequence data are used directly,
due to the degeneracy of the genetic code, i.e., multiple
triplets coding for the same amino acid (Simmons and
Freudenstein, 2002; Simmons et al., 2002). Therefore,
the possibility of homoplasy in the amino-acid dataset
producing a different topology from one produced by
DNA sequence datasets needs exploration.

4. Choice of genes and their contribution to a total
evidence tree

Contrary to suggestions in their published paper,
Nardi et al. (2003a) did not use the entire mitochondrial
genome in their analyses. Instead they used just four
genes: cox1, cox2, cox3 and cytB, chosen on the basis of
‘‘low gaps, high invariant sites’’. As outlined above, the
proportion of gaps in their analysis was a direct result of
the inclusion of highly divergent taxa which, despite not
being of interest in the study, probably contributed to the
character ambiguities of some genes and therefore their
exclusion from the analysis. Furthermore, there is no
independent analysis of the individual genes (either those
included or excluded) to determine whether they produce
different topologies or what their contribution might be
to a total evidence tree, such as using partitioned Bremer
(Baker and DeSalle, 1997) or partitioned likelihood (Lee
and Hugall, 2003) supports. Even if one wishes to
exclude particular genes, at a minimum each gene within
the mitochondrial genome must be evaluated thoroughly
for its contribution to the phylogeny of the arthropods,
and areas of agreement and conflict determined before
data can be excluded as unreliable.

5. Analytical techniques

Nardi et al. (2003a,b) evaluated the phylogeny of the
arthropods using two very similar model-based approa-
ches to phylogenetic inference, likelihood (in ProtML)
and Bayesian analysis (in MrBayes). There has been no
investigation of the influence that the choice of opti-
mality criteria may have on the recovered topology, and
it seems odd that parsimony was entirely overlooked.
Whilst the debates about the relative merits of optimal-
ity criteria are almost endless, it has been clearly shown
that there are strengths and weaknesses to each
approach and comparison of results from different
methods is valuable in determining whether data are
sensitive to analytical method. Data that behave differ-
ently under different optimality criteria may not be the
most reliable data to use for the question at hand.

Given these concerns we undertook a reanalysis of
the phylogeny of arthropods using mitochondrial
genome sequences to see if the conclusion of

2The preceding argument applies just as thoroughly to the issue of

taxon selection in all studies using likelihood or Bayesian analysis or

parsimony analyses where the workers are in the habit of excluding gap

sites before final analyses. Highly divergent taxa, which introduce large

numbers of gaps into an alignment, should probably be either pre-

excluded if not pertinent to the question under study or at least the

effect of their presence ⁄absence on tree topology evaluated as part of

the study by taxon jackknifing.
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Nardi et al. (2003a,b)—that hexapods are not monophy-
letic—is robust to the composition of the taxa used and to
outgroup choice, alignmentmethodology, type of dataset
analyzed (amino acids versus DNA), the genes used in the
phylogenetic reconstruction and the types of analytical
and support statistics used in the analysis. Furthermore,
to improve the data we also sequenced the mitochondrial
genome of the archaeognathan, Nesomachilis australica,
to determine whether it is possible that the reported
relationship between the collembolans andbrachiopods is
simply a long branch effect that can be mediated by the
inclusion of more basal insect taxa than the zygentoman,
Tricholepidion, the sister group to pterygote insects
(Edgecombe et al., 2000).

Materials and methods

Mitochondrial genome sequencing

Specimens of the archaeognathan, Nesomachilis
australica, Tillyard, 1924 were collected from Palms
National Park (near Kingaroy), Queensland, Australia,
by Michael Rix (UQ), snap-frozen in liquid nitrogen
and stored at )80 �C in the insect tissue collection of
the Department of Integrative Biology, Brigham Young
University. Identification was by S.L.C., following the
method of Sturm (1980); a voucher specimen has been
deposited in the Bean Museum, Brigham Young
University reference collection, accession no. IGC-
AR04.

Whole genomic DNA was extracted from muscle
tissue with a DNeasy Tissue kit (Qiagen). Short regions
of the 12S and 16S genes were amplified using general
insect primers (Simon et al., 1994), and sequenced.
Short sequenced regions were used to design specific
primers which in combination with a general insect
primer allowed us to link those regions by long PCR:
12S fi cox1; cox1 fi cox3; cox3 fi cytB; cytB fi
16S; 16S fi 12S. Primer sequence and location for
each short and long PCR is listed in Table 1. Within
each long PCR product the full, double stranded
sequence was determined by primer walking (primers
available from S.L.C. upon request). Short PCRs were
performed using Elongase (Invitrogen) with the follow-
ing cycling conditions: 95 �C for 12 min, 40 cycles of
94 �C for 1 min, 40 �C for 1 min, 72 �C for 1 min, and a
final elongation of 72 �C for 7 min. Long PCRs were
performed using Elongase with the following cycling
conditions: 92 �C for 2 min, 40 cycles of 92 �C for 30 s,
50 �C for 30, 68 �C for 12 min, and a final run out step
of 68 �C for 20 min. Sequencing was performed using
ABI BigDye version 3 dye terminator sequencing
technology and run on ABI 3770 or ABI 3740 capillary
sequencer. Sequencing PCR conditions were 28 cycles of
94 �C ⁄10 s, 50 �C ⁄5 s, 60 �C ⁄4 min.

Raw sequence files were edited and assembled into
contigs in Sequencher versions 3 and 4 (Gene Codes
Corp., Ann Arbor, MI). Transfer RNA analysis was
conducted using tRNAscan-SE (Lowe and Eddy, 1997)
using mitochondrial predictors and a cove score cut-off
of 1. Reading frames between tRNAs were identified in

Table 1
Primers used in the amplification of the Nesomachilis australica mt genome, sequence and location. Sequences used in primer walking are available
from S.L.C. on request

Region
Primer pair
(F and R) Location* Sequence (5¢ fi 3¢)

Short PCRs
12S 12SA� 14110 TACTATGTTACGACTTAT

12SB� 14508 AAACTAGGATTAGATACCC
16S LR-J-12887� 12787 CCGGTCTGAACTCAGATCACGT

LR-N-13398� 13304 CGCCTGTTTAACAAAAACAT
Long PCRs
12S fi cox1 12SA3 14110 TACTATGTTACGACTTAT

mtd6R– 1682 GGAACTAATCAATTTCCAAATCCTCC
cox1 fi cox3 C1-J-1718� 1707 GGAGGATTTGGAAATTGATTAGTTCC

C3-N-5460� 5444 TCAACAAAGTGTCAGTATCA
cox3 fi cytB ARs8§ 5375 GGAACCACCTTCTTATTGG

ARs15§ 11005 TAGGTGAATTAGAATAGCTCTTGC
cytB fi 16S ARs3§ 11357 CCTCCTAACTTCACCTTTCTC

ARs4§ 12508 GCTTTTTTAACATTGCTTGAAAGG
16S fi 12S ARs13§ 13582 TATTCACAAATGGTTGGG

12SB� 14508 AAACTAGGATTAGATACCC

*Location of the 3¢ base of the primer.
�Primers taken from Simon et al. (1994).
�Primer taken from Skerratt et al. (2002).
§Primers specifically designed for sequencing this genome.
–Primer the reverse complement of Simon et al. (1994) primer C1-J-1718.
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Sequencher and identified using translated BLAST
searches (BlastX) (Altschul et al., 1997) as implemented
by the NCBI website (http://www.ncbi.nlm.nih.gov/).

Taxon selection

All the currently available arthropod mitochondrial
genomes on GenBank were used (see Table 2),3 with the
following exceptions, the two hymenopteran sequences
for Apis (Crozier and Crozier, 1993) and Melipona
(Arias and Silvestre, unpubl. data) and the paraneop-
teran sequences for Heterodoxus (Shao et al., 2001),
Thrips (Shao and Barker 2003) and Lepidopsocid sp.
(Shao et al., 2003). These three genomes were excluded,
as they have previously been shown to have highly
divergent sequences, are highly unstable within tree
topologies and never group within Insecta without the
removal of large quantities of data (Anna Murrell, UQ,
pers comm.; Shao et al., 2003). In addition, the para-
neopterans also all have moderate (Lepidopsocid sp.) to
extreme (Thrips and Heterodoxus) levels of gene rear-
rangements which, although having an unknown effect
on a phylogenetic analysis, contribute to their degree of
nucleotide divergence from other insect sequences (Sac-
cone et al., 1999). Given that they have no bearing on
the question of apterygote relationships they were
omitted to reduce ambiguities in our alignments. Four
datasets were generated using different out-
groups—nematodes, annelids and mollusks (ALL),
nematodes only (NEM), mollusks and annelids
(ANMOL), and arthropods only (ARTH) using myria-
pods as an outgroup. All mt genomes available on
GenBank for nematodes and annelids were used, all
mollusk genomes except those of bivalves were used due
to the aberrant mitochondrial inheritance in bivalves
which is believed to have unpredictable effects on
phylogenetic reconstruction (Serb and Lydeard, 2003).
Furthermore, bivalve sequences were not used by Nardi
et al. (2003a,b) so this exclusion does not preclude valid
comparisons between our study and theirs. Simply
removing taxa from an aligned dataset could result in
an alignment, and a phylogenetic hypothesis, that is
dependent on the removed taxon, so alignments were
made independently for each of the datasets rather than
generating datasets by removing taxa from the aligned
ALL dataset (as was done by Nardi et al., 2003a in their
second, reduced taxon tree). Each of the 13 protein
coding genes were used in the alignments of the datasets
ANMOL and ARTH, atp8 was omitted from the NEM

and ALL datasets due to the absence of this gene in all
available nematode mitochondrial genomes except
Trichinella.

Alignment and phylogenetic inference

DNA sequences for each of the 12 ⁄13 protein coding
genes were converted to their amino acid sequences
and these sequences were aligned using ClustalW
(Thompson et al., 1994) with the following parameters:
Pair-wise alignment gap opening penalty ¼ 10 and
extension penalty ¼ 0.1; Multiple alignment gap open-
ing penalty ¼ 10 and extension penalty ¼ 0.2; Protein
weight matrix ¼ Gonnet; Residue specific penalties: On;
Hydrophilic penalties: On; Gap separation distance ¼4;
End gap separation: Off; Negative matrix ¼ Off; Delay
divergent cutoff ¼ 30%. This is identical to the default
amino acid alignment parameters of ClustalX used by
Nardi et al. (2003a) to generate their amino acid
alignment. The amino acid alignment was used to
generate a DNA sequence alignment with the program
CodonAlign 1.0 (http://www.rochester.edu/College/
BIO/labs/HallLab/CodonAlign.html) which inserts gaps
into the nucleotide sequences in triplets to match those
inferred from the amino acid alignment. The alignments
of individual genes were then concatenated in MacClade
4.06 (Maddison and Maddison, 2003) and data parti-
tions delimited on the basis of each included gene and
for each codon position. Amino acid alignments were
concatenated in a similar fashion.

Phylogenetic analysis was performed with PAUP
4.0b10 (Swofford, 2002), for each of the four datasets
(ALL, NEM, ANMOL, ARTH). Heuristic and boot-
strap replicate trees were constructed for each of three
matrix types—DNAALL (all codons), DNA12 (first
and second codons) and PROT (amino acid sequences)
using parsimony. Bootstrap supports were calculated
with PAUP 4.0b10 from 1000 replicates. Tree statistics
were calculated in PAUP 4.0b10. The relative contribu-
tion of each dataset to the total evidence topology was
calculated with partitioned Bremer (Baker and DeSalle,
1997), using a batch file generated by TreeRot version 2
(Sorenson, 1999) and implemented in PAUP. To com-
pare parsimony and model based approaches, Bayesian
analyses were performed with MrBayes version 3.0b4
(Huelsenbeck and Ronquist, 2001). Partitions for
parameter calculation were made for each of the 12 ⁄13
genes, and four chains were run for 1 million genera-
tions with sampling every 1000 generations. Completed
analyses were examined for the asymptotic behavior of
each parameter and total tree likelihood; trees collected
prior to this asymptotic point were treated as burn-in
and discarded. Models were chosen using ModelTest
(Posada and Crandall, 1998). GTR + I + G was
always the favored model. Finally, gene ‘‘quality’’ was
assessed by replicating our analyses on a restricted

3This statement was true at the time the analyses were done in early

December 2003, subsequent to those analyses several additional ticks

(Shao et al., 2004), a spider (Masta and Boore, 2004) and crustaceans

(Lavrov et al., 2004) have been deposited. As none of these groups are

currently considered close to either Collembola or Branchipoda they

are not critical to the current investigation.
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dataset and by determining levels of homoplasious
difference between gene partitions. A restricted dataset
was generated for each dataset and treatment by the
exclusion of all genes except cox1, cox2, cox3 and cytB

to generate a dataset that most closely matched those
used by Nardi et al. (2003a,b). The distribution of
homoplasy amongst the genes was estimated by com-
paring the proportional size of each gene, the length of

Table 2
Taxon sampling and availability

Species Order Class Accession no. Availability

Nesomachilis australica Archaeognatha Insecta AY_793551 Present study
Tricholepidion gertischi Zygentoma Insecta AY_191994 Nardi et al., 2003a
Locusta migratoria Orthoptera Insecta NC_001712 Flook et al., 1995
Triatoma dimidiata Hemiptera Insecta NC_002609 Dotson and Beard, 2001
Tribolium castaneum Coleoptera Insecta NC_003081 Friedrich and Muqim, 2003
Crioceris duodecimpuctata Coleoptera Insecta NC_003372 Stewart and Beckenbach, 2003
Pyrocoelia rufa Coleoptera Insecta NC_003970 Bae et al., 2004
Antheraea pernyi Lepidoptera Insecta NC_004622 Liu et al., unpublished
Bombyx mori Lepidoptera Insecta NC_002355 Lee et al., unpublished
Bombyx mandarina Lepidoptera Insecta NC_003395 Yukuhiro et al., 2002
Ostrinia furnacalis Lepidoptera Insecta NC_003368 Coates et al., unpublished
Ostrinia nubialis Lepidoptera Insecta NC_003367 Coates et al., unpublished
Anopheles quadrimaculatus Diptera Insecta NC_000875 Mitchell et al., 1993
Anopheles gambiae Diptera Insecta NC_002084 Beard et al., 1993
Drosophila yakuba Diptera Insecta NC_001322 Clary and Woolstenholme, 1985
Drosophila melanogaster Diptera Insecta NC_001709 Lewis et al., 1995
Chrysomya putoria Diptera Insecta NC_002697 Junqueira et al., 2004
Cochliomyia hominovorax Diptera Insecta NC_002660 Lessinger et al., 2000
Ceratitis capitata Diptera Insecta NC_000857 Spanos et al., 2000
Gomphiocephalus hodgsoni Arthropleona Collembola AY_191994 Nardi et al., 2003a
Tetrodonotophora bielanensis Arthropleona Collembola NC_002735 Nardi et al., 2001
Daphnia pulex Branchiopoda Crustacea NC_000844 Crease, 1999
Artemia franciscana Branchiopoda Crustacea NC_001620 Perez et al., 1994
Triops cancriformis Branchiopoda Crustacea NC_004465 Umetsu et al., 2002
Tigriopus japonicus Copeopoda Crustacea NC_003979 Machida et al., 2002
Panulirus japonicus Decapoda Crustacea NC_004251 Yamauchi et al., 2002
Portunus trituberculatus Decapoda Crustacea NC_005037 Yamauchi et al., 2003
Pagurus longicarpus Decapoda Crustacea NC_003058 Hickerson and Cunningham, 2000
Penaeus monodon Decapoda Crustacea NC_002184 Wilson et al., 2000
Limulus polyphemus Xiphosura Chelicerata NC_003057 Lavrov et al., 2000a
Varroa destructor Acari Chelicerata NC_004454 Navajas et al., 2002
Ornithodoros moubata Ixodida Chelicerata NC_004357 Shao et al., 2004
Ixodes hexagonus Ixodida Chelicerata NC_002010 Black and Roehrdanz, 1998
Ixodes persulcatus Ixodida Chelicerata NC_004370 Shao et al., 2004
Rhipicephalus sanguineus Ixodida Chelicerata NC_002074 Black and Roehrdanz, 1998
Thyropygus sp. Diplopoda Myriapoda NC_003344 Lavrov et al., 2002
Narceus annularus Diplopoda Myriapoda NC_003343 Lavrov et al., 2002
Lithobius forficatus Chilopoda Myriapoda NC_002629 Lavrov et al., 2000
OUTGROUPS
Platyneris dumerilii Polychaeta Annelida NC_000931 Boore and Brown, 2000
Lumbricus terrestris Oligochaeta Annelida NC_001673 Boore and Brown, 1995
Katharina tunicata Polyplacophora Mollusca NC_001636 Boore and Brown, 1994
Loligo bleekeri Cephalopoda Mollusca NC_002507 Tomita et al., 2002
Albinaria coerulea Gastropoda Mollusca NC_001761 Hatzoglou et al., 1995
Pupa strigosa Gastropoda Mollusca NC_002176 Kurabayashi and Ueshima, 2000
Roboastra europaea Gastropoda Mollusca NC_004321 Grande et al., 2002
Cepaea nemoralis Gastropoda Mollusca NC_001816 Yamazaki et al., 1997
Onchocerca volvulus Spirurida Nematoda NC_001861 Keddie et al., 1998
Brugia malayi Spirurida Nematoda NC_004298 Daub et al., unpublished
Caenorhabditis elegans Rhabditida Nematoda NC_001328 Okimoto et al., 1992
Strongyloides stercoralis Rhabditida Nematoda NC_005143 Hu et al., 2003
Cooperia oncophora Rhabditida Nematoda NC_004806 van der Veer and de Vries, unpublished
Necator americanus Rhabditida Nematoda NC_003416 Hu et al., 2002
Ancylostoma duodenale Rhabditida Nematoda NC_003415 Hu et al., 2002
Ascaris suum Ascaridida Nematoda NC_001327 Okimoto et al., 1992
Trichinella spiralis Trichocephalida Nematoda NC_002681 Lavrov and Brown, 2001
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the aligned gene partition divided by the total alignment
length, with its proportional contribution to tree length,
tree length for that gene partition determined by
TreeRot divided by the total tree length for the
combined analysis: nlg ⁄nlt : tlg ⁄ tlt where nlg is the nuc-
leotide length of a particular gene, nlt is the nucleotide
length of the total alignment, tlg is the partitioned tree
length for that gene and tlt is the total tree length. If
homoplasy is distributed randomly within the dataset
then these proportions should be the same, if homoplasy
is clustered in particular genes these should contribute
extra tree length to the combined analysis dispropor-
tionate to the length of the gene. Extremely high levels
of homoplasy in a particular gene may be grounds for its
exclusion from an analysis and is a more rigorous
criterion for gene exclusion than the alignment based
methods proposed by Nardi et al. (2003a).

Results

The genome of the archaeognathan, Nesomachilis
australica Tillyard, 1924.

The entire mitochondrial genome of Nesomachilis
australica was sequenced on both strands by multiple
overlapping of long PCR fragments and primer walking.
The genome is 15 474 bp long and contains the usual
metazoan complement of 13 protein genes, 2 ribosomal
RNA genes and 21 of the 22 tRNA genes in the
proposed ancestral insect arrangement (Boore, 1999).
COVE analysis failed to find tRNA-Arg and tRNA-
Asn; tRNA-Arg was found by manual comparison to
published arthropod genomes, but tRNA-Asn could not
be found in this way. A 160 bp stretch of non-coding
sequence between tRNA-Arg and tRNA-Ser (GCT)
genes, which is the normal location of the tRNA-Asn
gene, contains several tRNA-like motifs but we could
not fold a completed tRNA. This stretch of the genome
most likely codes for tRNA-Asn but it is secondarily
modified by a form of RNA editing such as that
proposed by Lavrov et al. (2000b) to account for the
lack of tRNAs in the genome of the centipede Lithobius.

Parsimony analysis of arthropod mitochondrial genomes

The results of analyzing the ARTH and ALL datasets
are depicted in Figs 1–6. A comparison of all datasets
and treatments is presented in Table 3, indicating which
taxon groups were found to be monophyletic in each
analysis. Tree scores for each analysis are shown in
Table 4. A full complement of the tree data (alignments,
plus tree figures) is available from the Whiting lab
website (http://whitinglab.byu.edu/). It is difficult to
determine the significance of the differences between the
different datasets and, thus, of varying outgroup choice.

The NEM datasets yielded the shortest trees and had the
highest consistency and retention statistics (Table 4) of
any of the three nonarthropod outgrouping options
tried, which is to be expected given other lines of
evidence for the ‘‘ecdysozoa’’ hypothesis. However, each
of the three datasets which had nonarthropod out-
groups—ANMOL, NEM and ALL—tended to produce
an unresolved bush of arthropod ingroup relationships
with a greater or lesser tendency to resolve as mono-
phyletic groups such as the Ixodida or the Myriapoda
(see Table 3). This is due to two factors: insufficient
taxon sampling within the putative outgroups (e.g., the
nematodes are mostly represented by parasites and a
single free-living species Caenorhabditis which is closely
related to parasitic nematodes), and the distance of each
of these phyla from the ingroup. Mt genomes from
additional minor invertebrate phyla such as Tardigrada,
Nemertea and Onycophora are needed before the
question of properly rooting the arthropods can be
adequately addressed. For now, however, we consider it
sufficient to use a single, clearly monophyletic arthropod
lineage, such as the myriapods or the chelicerates, as an
outgroup for resolving relationships among the remain-
ing arthropod groups. The main trend in the data
treatments is of increased resolution using amino acids
instead of nucleotides. We expected the exclusion of the
third codon position to result in trees similar to the
amino acid trees, since most amino acids are redundant
at this position, however, we did not observe this effect.
Different results were found for each of the three data
treatments. However, it is clear that there is considerable
homoplasy in the third codon position, as the DNA12
trees are only half as long as the comparable DNAALL
tree. The DNA12 trees are usually better resolved and
lack the obviously artefactual relationships found in the
DNAALL trees (e.g., the pairing of the nematode
Trichinella with the copepod Tigriopus in the NEM-
DNAALL tree which is not supported in either the
NEM-DNA12 or NEM-PROT trees). The failure of the
DNA12 trees to replicate the PROT trees may be
putative evidence for multiple hits within the first and
second codon positions obscuring the phylogenetic
signal from DNA in general. Equally, it could be due
to convergent evolution within the amino acids, as
feared by authors such Simmons et al. (2002). Either
way, the data treatment is not trivial and needs to be
explored as a part of phylogenetic analyses.

The most notable result of our study is that Hexapoda
was not monophyletic in any of our analyses. Collem-
bola, whilst strongly supported as monophyletic in all
datasets and treatments, never groups with any of the
insect groups. Interestingly it never groups with the
brachiopod crustaceans Artemia, Daphnia or Triops as
was suggested by Nardi et al. (2003a,b) either. The
position of Collembola is highly variable between
datasets and within them, depending upon the treatment
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used: sister to Pancrustacea (ARTH-PROT; ARTH-
DNA12), sister to Pancrustacea + Myriapoda +
Limulus (ANMOL-DNAALL), one of 4 (ALL-DNA-
ALL), 9 (NEM-DNAALL), 10 (ALL-DNA12) or 11
(NEM-DNA12) groups in a clade including all arthro-
pods except the Acari, and one of 8 (NEM-PROT) 9
(ANMOL-PROT), 10 (ARTH-DNAALL; ALL-PROT)
or 15 (ANMOL-DNA12) lineages in the ingroup
polytomy of all arthropods. Clearly Collembola cannot
be unambiguously grouped with any other arthropod
lineage at this time on the basis of mitochondrial
genome data alone.

Many other relationships are consistent across data-
sets and treatments and strongly supported regardless of

how the matrix was constructed—monophyly of the
insect orders Diptera, Lepidoptera and Coleoptera, and
the crustacean group Decapoda were recovered in all
analyses, and the Acari, Ixodida and Myriapoda in most
analyses. Conversely several taxa are highly mobile
within the trees depending upon outgroup choice and
data treatment. The copepod Tigriopus was found
in many different locations, including as sister to
Artemia, which is responsible for most instances where
brachiopod monophyly breaks down (all ARTH sets,
ANMOL-DNAALL), as sister to all arthropods
(ANMOL-PROT; NEM-PROT; NEM-DNA12), as an
independent arthropod lineage (ANMOL-DNA12), as
sister group to Trichinella (NEM-DNAALL), and as an
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independent ingroup lineage (ALL-PROT; ALL-DNA-
ALL; ALL-DNA12). The mt genome of Tigriopus is
highly rearranged relative to other arthropods (Machida
et al., 2002), and this may be a complicating factor in its
use in phylogenetics, as similar effects have been noted
using the highly rearranged genome of the louse
Heterodoxus (Nardi et al., 2003a; Shao et al., 2003).
A second problematic taxon is the horseshoe crab
Limulus, which is currently considered to be the
most basal chelicerate (Giribet et al., 2001). The only
analyses that recovered a monophyletic Chelicerata were
ARTH-PROT, ARTH-DNAALL, ARTH-DNA12,
ANMOL-PROT, NEM-PROT and ALL-PROT, but
the relationship only had significant bootstrap support

in the ARTH-PROT set. Far more frequent is the
grouping of Limulus with the myriapods either as sister
to the entire Myriapoda or to the Diplopoda. This
preference to group with myriapods instead of the
remaining chelicerates may be due to the large phyletic
distances between Limulus and the remaining chelicer-
ates which are all members of the comparatively highly
derived Acari. It would be interesting to see if this
apparent long branch attraction would survive the
addition of earlier branching chelicerate groups.

Partitioned Bremer values were used to assess the
relative contributions of individual genes to tree sup-
port. In general, support is split amongst the 13
analyzed genes, and no single gene or set of genes
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appears to ‘‘drive’’ the analysis. The genes that support
a particular node vary. No genes consistently conflict
with the majority result either by providing negative
support values for all nodes, which would suggest a
radically different phylogenetic history for that gene, or
by strongly conflicting with a node across all datasets
and treatments. Interestingly the magnitude of Bremer
supports varies considerably among datasets and
between treatments within a given dataset, such that
one gene may strongly support a node when coded as
amino acids, weakly as DNA with all codon positions
and conflict as DNA first and second codon positions
only. This is to be expected considering the high levels of
homoplasy in these datasets as suggested by the very low
CI, RI and RC scores for all trees (Table 4). There are
noticeable differences between the comparable DNA-
ALL and DNA12 treatments for many nodes, probably

resulting from considerable homoplasy in the third
codon position. In nodes which group congeneric pairs
such as the two Drosophila species, the supports are
consistently weaker in the DNA12 treatment than in the
DNAALL treatment suggesting that the third codon
position has a phylogenetic signal. Contrary to the
suggestion by Nardi et al. (2003a) that only some of the
mitochondrial protein coding genes are useful in phy-
logenetic reconstruction of the arthropods, these results
suggest all genes are compatible with each other and the
resolving power produced by their inclusion greatly
outweighs the possible noise caused by their inclusion.

Bayesian analyses

Bayesian analyses of the four datasets by three data
treatments produced results which are not radically
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different from those obtained by parsimony analysis
(Table 5; Figs 1–6). In general, for any given dataset
and treatment, the topology with the highest posterior
probability is very similar to the topology of the lowest
cost heuristic parsimony tree. The posterior probabili-
ties for individual nodes are often higher than the
bootstrap supports recovered from the same node in
parsimony bootstrapping, suggesting that this is another
case where Bayesian posteriors are a less conservative
measure of branch support than bootstrapping. The
variation among data treatments is far less pronounced
than for the parsimony analyses—similar topologies
were recovered from each of the three treatments—how-
ever, posterior probabilities are consistently highest in
the PROT treatments, less in DNA12 and lowest in
DNAALL. As in the parsimony analyses, Hexapoda is

not found to be monophyletic in any dataset or
treatment. The placement of the collembolans varied
almost as much as in the parsimony analysis and was
unresolved in the majority of instances: sister group to
Pancrustacea (ARTH-PROT; ARTH-DNA12, ALL-
PROT), sister group to Myriapoda + Chelicerata
(ANMOL-DNA12), or one of 5 (ALL-DNA12), 7
(ANMOL-PROT), 8 (ALL-DNAALL), 9 (ARTH-
DNAALL, ANMOL-DNAALL) or 17 (NEM-PROT)
lineages in the ingroup polytomy of all arthropods.
Analytical methodology is not responsible for the
differences between our analyses and those of Nardi
et al. (2003a,b). However, the inflation of a node’s
posterior probability in the amino acid analyses may
have led to excessive confidence in the accuracy of their
topology.
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Reduced gene comparisons

To investigate the proposition that certain mitoch-
ondrial genes give better estimates of phylogeny than
others, analyses were undertaken with the four genes
used by Nardi et al. (2003a,b): cox1, cox2, cox3 and
cytB, for each of the datasets and treatments described
above. If their result is a function of the signal in these
four genes, which may be obscured by noise from the
other nine, we would expect reduced gene analyses to
recover a similar result, at least for the ANMOL-PROT
matrix as this most closely resembles the data used
previously. In parsimony analysis none of the 12
datasets, as assessed by bootstrap resampling, signifi-
cantly link Collembola to any other arthropod taxon. In
each case Collembola is one of several independent
arthropod lineages in a basal polytomy. Furthermore,

since no hexapod groups more inclusive than Diptera,
Lepidoptera, Acari or Decapoda are found to be
monophyletic in any of these analyses, it appears that
reducing the number of genes results in a significant loss
of phylogenetic signal throughout the tree. The most
reasonable conclusion is that there is insufficient signal in
these data alone to resolve the relationships of hexapod
groups. In general, the reduced datasets are inferior in
their resolving power to the comparable all gene data-
sets. This is also evident from the partitioned Bremer
values, which are spread evenly across the genome as
opposed to concentrated in any particular gene.

Assessing gene ‘‘quality’’

As a priori assessments of gene quality based on
alignment parameters such as percentage gaps or
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invariable sites is likely to be unduly influenced by taxon
selection and choice of alignment parameters, we chose
to assess gene quality a posteriori by examining the
evenness of homoplasy within the parsimony analyses. If
homoplasy was spread evenly amongst the 13 genes then
each gene should contribute to tree length in proportion
to its own length. Genes with higher or lower levels of
homoplasy should contribute a greater or lesser pro-
portion of tree length, respectively, than would be
expected from the length of the gene. The proportion of
total and variable sites of each gene in the alignment and
the proportion of total tree length inferred for that gene
are presented in Table 6. In most datasets and treat-
ments, atp6, cox1, cox2, cox3, cytB and nadh1 contrib-
ute less to combined tree length than would be expected
from gene length, and the effect for cox1 is especially
dramatic (7.6% less). In contrast, support from nadh2,
nadh4 and nadh5 is consistently greater than expected
from gene length (up to 4.39% greater) and the
remaining genes contribute slightly less or more depend-

ing on the analysis. The magnitude of differences is least
for the DNAALL treatment, more pronounced for
DNA12 and most extreme for PROT, whereas outgroup
choice appears to have a negligible effect. Comparable
results were found for each of the four datasets, again
suggesting that data treatment is a more significant
source of variation than outgroup choice. The extent of
this bias is also correlated with the proportion of
invariant sites in an individual gene. This is to be
expected, as invariant sites contribute nothing to tree
length whilst increasing the size of the gene. If the
invariant sites are excluded from the calculations of
proportionate gene length the magnitudes of the differ-
ences are greatly reduced in all cases. In at least one case
(cox1, ARTH-DNAALL) it is actually reversed such
that compared to total gene length the gene has lower
homoplasy but has higher homoplasy with invariants
excluded. In general, when the proportionate tree
lengths are compared to proportionate gene lengths
with invariant sites excluded, the magnitude of the
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Fig. 6. Cladogram of arthropod, annelid, mollusk and nematode relationships inferred from the PROT-ALL dataset. Support values for each node
are placed in a box on the branch subtending the node, the top number is the percentage bootstrap support from parsimony analysis, the second is the
Bayesian posterior probability, and the bottom number is the Bremer support from the combined parsimony analysis. Supraspecific taxa supported
by this analysis are indicated at the right by bars. ns: not supported.
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differences are quite small (not more than 5% for
PROT, 4% for DNA12 and 2% for DNAALL). Such
low variances suggest to us that homoplasy is not
sufficiently concentrated in any particular genes to
warrant exclusion of genes from phylogenetic analysis,
and, instead, the spread of support among all genes
argues for their inclusion to improve the resolving power
of the analysis.

Discussion

Historically it has often been the case that when
major new classes of data become available for

phylogenetic analysis they have initially produced
results that are at odds with previous notions of
phylogeny or classification. Sometimes these conflicting
results have exposed deficiencies in the previous data,
e.g., protozoan classifications based on light microsco-
py versus electron microscopy (Corliss, 1979), bacterial
classifications based on biochemical data versus DNA
hybridization or 16S sequencing (Boone and Casten-
holz, 2001), and metazoan classifications based on
adult morphology versus sequence data (Zrzavy et al.,
1998). At other times they have revealed the inapplic-
ability of the new data type to the phylogenetic
questions under investigation, e.g., using DNA-hybrid-
ization to resolve bird phylogeny (Sibley et al., 1988;
Sibley and Ahlquist, 1990). Nardi et al. (2003a,b)
proposed a novel grouping of springtails (Collembola)
with the branchiopod crustaceans which would suggest
an independent evolution of the six-legged, hexapod,
condition in arthropods and two independent invasions
of the terrestrial habitats by insects and ectognaths (or
some portion of the ectognaths). This result is at odds
with previously accepted scenarios of arthropod evolu-
tion. However, does it represent a novel type of data
illuminating a previously obscure topic or a case of
taking analyses beyond the capacity of the data to
answer the questions being asked? Or put more simply,
are mitochondrial genome sequences alone sufficient to
resolve the phylogeny of arthropods and, if so, using
what methods? To answer these questions we need to
consider two factors: first, does the novel result explain

Table 3
Comparisons of relationships recovered in the different datasets and treatments by parsimony analysis. A single tick denotes the relationship is
supported in the heuristic search alone, a double tick that it is also supported with greater than a 70% bootstrap support, a cross indicates that it is
not supported, a D indicates that monophyly is defined a priori by the taxon’s use as an outgroup, and NA means that the taxon was not included in
this analysis. Ar-P: Arthropod protein; Ar-A: Arthropod all codons; Ar12: Arthropod first and second codon positions; M-P: Mollusca + Annelida
protein; M-A: Mollusca + Annelida all codons; M12: Mollusca + Annelida first and second codon positions; N-P: Nematode protein; N-A:
Nematode all codons; N12: Nematode first and second codon positions; A-P: All outgroups protein; A-A: All outgroups all codons; A12: All
outgroups first and second codon positions

Groups supported as monophyletic Ar-P Ar-A Ar12 M-P M-A M12 N-P N-A N12 A-P A-A A12

Diptera
pp pp pp pp pp pp pp pp pp pp pp pp

Coleoptera
pp pp pp pp pp pp pp pp pp pp pp pp

Lepidoptera
pp pp pp pp pp pp pp pp pp pp pp pp

Holometabola
p

· ·
p

· ·
p

· ·
p

· ·
Eumetabola · · · · · · · · · · · ·
Apterygota ·

p pp
·

pp p
·

p pp
·

p pp

Insecta
pp p p p

·
pp pp

· ·
pp

·
p

Hexapoda · · · · · · · · · · · ·
Collembola

pp pp pp pp pp pp pp pp pp pp pp pp

Decapoda
pp pp pp pp pp pp pp pp pp pp pp pp

Branchiopoda · · · · ·
p

·
pp pp p pp pp

Crustacea ·
p p

·
p

· · · · · · ·
Chelicerata

pp p p p
· ·

p
· ·

p
· ·

Acari
pp pp pp pp pp pp pp

· ·
pp

·
p

Ixodida
pp p

·
pp p pp pp pp p pp pp pp

Myriapoda D D D
p p p pp p pp pp p p

Annelida NA NA NA D D D NA NA NA D D D
Mollusca NA NA NA D D D NA NA NA D D D
Nematoda NA NA NA NA NA NA D D D D D D

Table 4
Parsimony tree statistics. CI: consistency index; RI: retention index;
RC: rescaled consistency index

No. sites Tree length CI RI RC

ARTH-PROT 3919 32 151 0.48 0.44 0.21
ARTH-DNAALL 11 792 80 700 0.26 0.34 0.09
ARTH-DNA12 7862 39 681 0.30 0.40 0.12
ANMOL-PROT 4027 42 883 0.45 0.42 0.19
ANMOL -DNAALL 12 120 107 212 0.22 0.33 0.07
ANMOL -DNA12 8080 53 757 0.26 0.39 0.10
NEM-PROT 3956 40 117 0.47 0.51 0.24
NEM -DNAALL 11 904 98 712 0.24 0.41 0.10
NEM -DNA12 7936 49 005 0.29 0.49 0.14
ALL-PROT 4047 50 641 0.43 0.48 0.21
ALL-DNAALL 12 177 124 735 0.21 0.38 0.08
ALL-DNA12 8118 62 829 0.24 0.45 0.11
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other types of data which may not have received
sufficient attention previously, and second, how robust
is the new dataset to alternative methods of phylo-
genetic analysis? Nardi et al. (2003a) offer no alternat-
ive lines of evidence to support the exclusion of
collembolans from Hexapoda or their grouping with
Crustacea. In their reply paper Nardi et al. (2003b)
offered evidence of a recently discovered marine hexa-
pod fossil, which challenges the idea that the hexapod
condition is associated with the transition to a terrest-
rial existence. In contrast, however, the vast majority of
alternative evidence based on morphology and mole-
cules favors a grouping of collembolans with insects
(Pritchard et al., 1993; Edgecombe et al., 2000;
D’Haese, 2002, 2003; Bitsch et al., 2004). A rigorous
examination of the morphological, developmental and
ecological evidence bearing on collembolan relation-
ships is greatly needed but is currently beyond the
scope of this study. Instead we have chosen to focus on
the issue of conclusion robustness. Specifically, we
sought to examine the robustness of the proposed
relationship Collembola + Branchiopoda to outgroup
choice, data alignment and treatment, gene choice and
optimality criteria. We found that the recovered sister
group of Collembola was highly variable depending
upon these factors, so variable in fact that the best
conclusion is that phylogenetic resolution of basal
arthropod relationships with currently available mit-
ochondrial genomes alone is not possible.

Outgroup

Outgroup choice carries with it two burdens in
phylogenetic analysis. First, the outgroup must be
outside the group of interest if it is to have more than
arbitrary resolving power. Second, it must not be too
distantly related, or the accumulated differences
between the outgroup and ingroup will make analysis
more difficult (alignment issues) or obscure relation-
ships (‘‘random outgroup effect’’ Wheeler, 1990). Out-
group choice is often confounded by the lack of
sufficiently closely related taxa. In this study we sought
to examine variation in outgroups to measure the effect
on ingroup relationships. Nardi et al. (2003a,b)
employed as outgroup taxa representatives of the
Mollusca and Annelida because of the hypothesis that
they collectively represent the sister-group to the
Arthropoda. Interestingly, they do not consider using
a nematode outgroup in line with the predictions of the
Ecdysozoa hypothesis. Considerable evidence in favor
of the Ecdysozoa hypothesis has accumulated, and,
indeed, all the recent comprehensive phylogenies of the
Metazoa have supported this rather than the tradi-
tional placement of arthropods among the protostomes
(Giribet and Ribera, 1998; Zrzavy et al., 1998; Giribet
and Wheeler, 1999; Giribet, 2002). The consensus of
these studies has been to identify Tardigrada (water
bears) or Onycophora (velvet worms) as the sister
group to the Arthropoda. This has been reflected in the

Table 5
Comparisons of relationships recovered from the different datasets and treatments using Bayesian analysis. A single tick denotes the relationship is
supported in the tree with the highest posterior probability, a double tick that it is also supported with greater than 90% posterior probability, a cross
indicates that it is not supported, a D indicates that monophyly is defined by the groups use as an outgroup, and NA means that the group was not
included in this analysis. Ar-P: Arthropod protein; Ar-A: Arthropod all codons; Ar12: Arthropod first and second codon positions; M-P: Mollusca +
Annelida protein; M-A:Mollusca+Annelida all codons;M12:Mollusca+Annelida first and second codon positions; N-P: Nematode protein; N-A:
Nematode all codons; N12: Nematode first and second codon positions; A-P: All outgroups protein; A-A: All outgroups all codons; A12: All
outgroups first and second codon positions

Groups supported as monophyletic Ar-P Ar-A Ar12 M-P M-A M12 N-P N-A N12 A-P A-A A12

Diptera
pp pp pp pp pp pp pp pp pp pp pp pp

Coleoptera
pp pp pp pp pp pp p pp pp pp pp pp

Lepidoptera
pp pp pp pp pp pp pp pp pp pp pp pp

Holometabola
pp p

·
pp

· ·
p

· ·
pp

· ·
Eumetabola

pp
·

pp pp
·

pp p
·

pp pp
·

pp

Apterygota
pp

· · · ·
p pp

·
pp pp

· ·
Insecta

pp pp pp pp pp pp pp pp pp pp pp pp

Hexapoda · · · · · · · · · · · ·
Collembola

pp pp pp pp pp pp pp pp pp pp pp pp

Decapoda
pp pp pp pp pp pp pp pp pp pp pp pp

Branchiopoda · · · · ·
pp

· · ·
pp p pp

Crustacea · ·
pp

· · · ·
pp

· · · ·
Chelicerata

pp pp p p pp pp p p pp
· ·

pp

Acari
pp pp pp pp pp pp p p pp

· ·
pp

Ixodida
pp pp pp pp pp pp p p pp pp pp pp

Myriapoda D D D
pp

· ·
p

· ·
pp p

·
Annelida NA NA NA D D D NA NA NA D D D
Mollusca NA NA NA D D D NA NA NA D D D
Nematoda NA NA NA NA NA NA D D D D D D
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Table 6
Relative contributions made by each gene to the whole phylogeny. Differences in proportional length of each aligned gene versus tree steps and
variable sites only versus tree steps. Negative values indicate that a gene’s contribution to overall tree length is less than expected based on its aligned
length

Gene

ARTH-PROT ARTH-DNA ARTH-DNA12

Comp-total Comp-var Comp-total Comp-var Comp-total Comp-var

atp6 )0.53% )0.68% 0.05% )0.09% )0.07% )0.21%
atp8 0.74% 0.75% 0.10% 0.11% 0.55% 0.56%
cox1 )7.63% )2.93% )3.54% 1.15% )6.77% )2.07%
cox2 )1.61% )1.47% )0.76% )0.62% )1.34% )1.20%
cox3 )1.57% )1.30% )0.66% )0.39% )1.45% )1.18%
cytB )2.53% )1.78% )0.95% )0.19% )2.15% )1.40%
nadh1 )0.74% )1.11% )0.97% )1.34% )1.24% )1.61%
nadh2 4.39% 2.97% 2.48% 1.07% 4.06% 2.65%
nadh3 0.29% 0.18% 0.07% )0.04% 0.20% 0.09%
nadh4 2.44% 1.49% 1.11% 0.16% 2.11% 1.16%
nadh4L 0.61% 0.03% 0.17% )0.41% 0.56% )0.02%
nadh5 3.60% 2.46% 1.57% 0.43% 3.25% 2.12%
nadh6 2.55% 1.39% 1.32% 0.16% 2.28% 1.12%

Gene

ANMOL-PROT ANMOL-DNA ANMOL-DNA12

Comp-total Comp-var Comp-total Comp-var Comp-total Comp-var

atp6 )0.35% )0.69% 0.00% )0.35% 0.08% )0.27%
atp8 0.76% 0.61% 0.24% 0.09% 0.60% 0.45%
cox1 )7.34% )3.89% )3.40% 0.05% )6.58% )3.13%
cox2 )1.28% )1.25% )0.58% )0.55% )1.10% )1.08%
cox3 )1.86% )1.55% )0.81% )0.50% )1.63% )1.33%
cytB )2.33% )1.63% )0.91% )0.21% )2.14% )1.44%
nadh1 )0.66% )0.86% )0.79% )0.99% )0.98% )1.19%
nadh2 4.13% 3.06% 2.25% 1.18% 3.78% 2.70%
nadh3 0.05% )0.05% )0.12% )0.22% 0.05% )0.05%
nadh4 2.00% 1.70% 0.64% 0.34% 1.58% 1.29%
nadh4L 0.60% 0.24% 0.20% )0.16% 0.58% 0.22%
nadh5 3.93% 2.91% 2.14% 1.12% 3.71% 2.68%
nadh6 2.35% 1.42% 1.13% 0.21% 2.06% 1.13%

Gene

NEM-PROT NEM-DNA NEM-DNA12

Comp-total Comp-var Comp-total Comp-var Comp-total Comp-var

atp6 )1.10% )0.78% )0.78% )0.46% )0.72% )0.40%
cox1 )7.46% )4.53% )3.68% )0.75% )6.66% )3.73%
cox2 )1.38% )1.48% )0.57% )0.67% )1.10% )1.20%
cox3 )1.08% )1.31% )0.28% )0.52% )0.94% )1.17%
cytB )1.84% )1.67% )0.47% )0.30% )1.55% )1.38%
nadh1 )0.57% )0.72% )0.69% )0.84% )0.96% )1.10%
nadh2 4.00% 3.21% 2.05% 1.26% 3.57% 2.78%
nadh3 0.37% 0.39% 0.12% 0.14% 0.26% 0.28%
nadh4 2.55% 1.96% 1.30% 0.71% 2.17% 1.58%
nadh4L 0.57% 0.18% 0.16% )0.23% 0.49% 0.10%
nadh5 3.50% 3.00% 1.59% 1.10% 3.21% 2.72%
nadh6 2.45% 1.74% 1.24% 0.54% 2.22% 1.51%

Gene

ALL-PROT ALL-DNA ALL-DNA12

Comp-total Comp-var Comp-total Comp-var Comp-total Comp-var

atp6 )0.78% )0.58% )0.61% )0.41% )0.47% )0.28%
cox1 )7.32% )5.23% )3.56% )1.48% )6.56% )4.48%
cox2 )1.17% )1.25% )0.44% )0.53% )0.96% )1.04%
cox3 )1.61% )1.46% )0.71% )0.56% )1.44% )1.29%
cytB )1.79% )1.61% )0.50% )0.32% )1.60% )1.42%
nadh1 )0.49% )0.59% )0.57% )0.67% )0.77% )0.88%
nadh2 4.11% 3.21% 2.20% 1.30% 3.73% 2.83%
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outgroup choices used in recent studies of arthropod
phylogeny: Mollusca, Annelida, Lophophorata,
Nemertinea and Tardigrada (Giribet et al., 1996);
Nematoda, Onycophora and Tardigrada (Giribet and
Ribera, 2000); and Onycophora and Tardigrada
(Giribet et al., 2001). We used four outgroup
sets—Annelida, Mollusca and Nematoda (ALL),
Annelida and Mollusca (ANMOL), Nematoda alone
(NEM) and rooting within Arthropoda to Myriapoda
(ARTH). We found that by including more distantly
related outgroups the resolving power was worse.
Comparing between datasets for the same data treat-
ment, ALL performed the worst, had the longest trees,
the worst tree statistics (Table 4) and the greatest lack
of resolution (Tables 3 and 5). NEM was better than
ANMOL as was expected since a monophyletic
Ecdysozoa is well supported. The concern that high
rates of gene rearrangement in nematodes preclude the
use of their mitochondrial genomes in phylogenetic
analysis is unfounded. With their inclusion, alignments
and trees were shorter and the tree statistics better,
suggesting lower homoplasy than those found in the
ANMOL dataset. Of the nonarthropod outgroups
currently available, Nematoda produces the best result
but even this dataset only weakly resolves relationships
within the Arthropoda. Much better resolution of
collembolan relationships was found in the ARTH
data treatments. Rooting to well supported, monophy-
letic groups such as Chelicerata or Myriapoda (but see
Negrisolo et al., 2004) appears to be a much better
strategy for resolving pancrustacean relationships. This
is to be expected since other arthropod groups are
closer to Pancrustacea and thus more likely to retain
the phylogenetic signal. Resolution of monophyletic
arthropod lineages and their relative branching order is
necessary to define monophyletic lineages to be used as
outgroups to Hexapoda. Therefore, since mitochond-
rial genome data also seems to support the Ecdysozoa
hypothesis, the sequencing of representatives of Ony-
cophora, Tardigrada and Nemertina is urgently re-
quired, as these are more closely related to arthropods
than Nematoda. For the same reasons, ingroup samp-
ling need to be increased in order to fill the gap
between Collembola and the rest of Hexapoda, namely
mitochondrial genomes of representatives of Protura

and Diplura have to be sequenced to seriously assess
the position of Collembola.

Data transformations

A phylogenetic hypothesis is a product of both the
empirical observations and the auxiliary assumptions
used to analyze those observations (Grant and Kluge,
2003). Auxiliary assumptions include factors such as
the optimality criteria used in the alignment or the
analysis, partition strategies, and data treatment. In
this context the transformation of data, such as the
transformation of DNA sequence to amino acids, is an
assumption the validity of which must be examined.
None of the genes used in our, Nardi et al.’s (2003a,b)
or any other phylogenetic analysis of mitochondrial
genomes were sequenced as proteins. All were
sequenced as DNA using conventional PCR and
translated into putative amino acids as part of the
analytical process. Furthermore, none of these genes
evolved as amino acid sequences, mutations did not
change one amino acid into another directly but rather
nucleotide mutations changed the DNA sequence
which presumably changed the amino acid sequence
(the absence of mRNA editing is another assumption).
This, combined with degeneracy of the genetic code,
such that each amino acid is coded by 2–8 different
triplet codons, means that shared amino acid changes
cannot be simply assumed to be synapomorphic. The
probability of homoplasy in amino acid sequence data
is very high. These form the basis of the objections to
the use of amino acid sequence in phylogenetic analysis
(Simmons and Freudenstein, 2002; Simmons et al.,
2002). Additionally, there is an assumption of a
uniform genetic code across the taxa examined.
GenBank currently recognizes seven different mitoch-
ondrial genetic codes (vertebrate, yeast, protozoan ⁄
coelenterate, invertebrate, echinoderm, ascidian and
flatworm) and mitochondrial genomes submitted to
GenBank as DNA sequences are translated according
to one of these codes. However, it is known that minor
divergences from a taxon’s ‘‘normal’’ mitochondrial
genetic code are not infrequent (Yokobori et al., 2001).
Unless workers scrupulously test every taxon investi-
gated to determine the exact genetic code for that

Table 6
Continued

Gene

ALL-PROT ALL-DNA ALL-DNA12

Comp-total Comp-var Comp-total Comp-var Comp-total Comp-var

nadh3 0.20% 0.17% )0.02% )0.05% 0.17% 0.14%
nadh4 2.07% 1.93% 0.84% 0.70% 1.73% 1.59%
nadh4L 0.58% 0.31% 0.16% )0.11% 0.51% 0.24%
nadh5 3.78% 3.31% 2.00% 1.53% 3.54% 3.07%
nadh6 2.41% 1.79% 1.21% 0.59% 2.14% 1.52%
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species, they will be, by necessity, making assumptions
about the genetic code used. This is safest with smaller
analyses, which consider members of a single phylum,
but becomes increasingly hard to justify as more and
more phyla are added to the analysis. Indeed, genetic
code differences may be responsible for the apparently
high divergence rates of particular taxa such as bivalve
mollusks, lice or bees. Each of these assumptions, that
amino acids are not homoplasious and that the
translated sequences are accurate, add a significant
level of uncertainty to the phylogenetic analyses
performed upon them. This is reflected in the differ-
ences between PROT trees and DNA12 trees for each
dataset. If these assumptions are approximately
true these trees should be basically the same, but they
are not.

Alignment

Despite these criticisms, amino acid sequence-based
analyses have a definite attraction—they are convenient
and easier to perform than DNA sequence analysis due
to the ease of aligning amino acids. We were unable to
divorce our analysis from amino acids since we were
unable to generate reasonable alignments from the
DNA data alone. DNA alignments performed in
Clustal had indels inserted which broke up almost all
the reading frames, and trees inferred on these align-
ments conflicted strongly with previous analyses, even
failing to resolve congeneric species (trees not shown).
This is due to the highly noisy nature of mitochondrial
sequence data over the time frames being examined.
For the DNA trees the consistency index varied from
0.21 to 0.30, indicating how non-conserved these data
are. By contrast the amino acid sequence was much
more conservative, with CIs from 0.43 to 0.48. We
therefore used amino acid alignments as a guide to the
generation of DNA alignments, which ensured that all
indels occurred as triplets maintaining the reading
frame. The trees produced by this approach were
overall much more congruent with previous phylo-
genetic hypotheses. However, we are concerned that
this methodology, whilst an improvement on using the
amino acid sequence alone, is not completely indicative
of historical events. Are single base indels impossible?
Maintaining intact reading frames is no doubt import-
ant, but do all the compensatory indels have to all
occur at the same site? One could readily envision
portions of the protein which were less critical to
overall function in which frame shift mutations would
be unproblematic, as long as compensatory mutations
occurred upstream of more critical areas. Since such
situations are being found more frequently even in
length-invariant genes (Grant and D’Haese, 2004), how
much more plausible is it for length-variable protein
coding genes such as those found in mitochondrial

genomes? Currently amino acid and DNA based
alignment strategies represent the extremes against
which good arguments can be made. Amino acids are
susceptible to homoplasious mutations and do not
account for local frame shifts but produce better trees.
DNA is closer to evolutionary reality but is highly
noisy and almost certainly suffers from some degree of
substitution saturation, especially at third codon posi-
tions. New approaches, which are more sophisticated
than basic multiple alignment methods such as Clustal,
are therefore needed, and this critical issue needs to be
resolved as part of the process of determining how
deep into phylogenetic history mitochondrial genomes
can reach.

Gene choice

Nardi et al. (2003a,b) a priori exclude 9 of the 13
mitochondrial genes, arguing that these genes have a
lower phylogenetic utility due to the proportions of
gaps and invariable sites in the alignment. The genes
were ranked according to the proportion of sites
which were invariant (a good thing) and the propor-
tion which were gaps (a bad thing), which resulted in
the choice of cox1, cox2, cox3 and cytB as ‘‘suffi-
ciently reliable’’ (that is >25% invariant sites and
<15% gap sites, with these figures apparently chosen
arbitrarily) to analyze further. Statistics on individual
genes for each dataset and treatment used in this
study are shown in Table 7. Despite using the same
alignment parameters as Nardi et al. (2003a,b), the
only genes that met this standard in our analysis were
cox1, cox2, cox3 and cytB in the ARTH-PROT
analysis, only cox1 in the ANMOL-PROT and
NEM-PROT analysis and no genes in the ALL-PROT
analysis. In the DNA based datasets the only genes
which met the standard were cox1, cox2, cox3, CytB
and nadh1, and then only in the ARTH-DNA and
ARTH-DNA12 datasets. If one accepts this reasoning
for ranking gene quality, it is possible that one would
also apply less rigorous standards to DNA alignments
since they are less conservative than the amino acid
alignments and always have fewer invariant sites than
the comparable amino acid alignments (Table 6). Gap
proportion does not vary between the data treatments,
since we generated the alignments by aligning amino
acid translations. If, however, the standard proposed
by Nardi et al. (2003a) were to be applied universally
virtually no gene would ever be used to infer
phylogenies. Furthermore, both parameters, invariant
sites and gaps, are highly susceptible to taxon choice.
The inclusion of highly divergent taxa or a wider
taxonomic range will alter these statistics. As gaps can
be an artifact of taxon selection we do not feel that
they are really an independent variable, which can be
used for the a priori exclusion of data from an
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Table 7
Proportion of Gap and Constant sites for each of the datasets and treatments. Note due to the way the alignment was constructed the proportion of
gaps for each treatment is the same whereas the proportion of constant sites varies

ARTH Gaps Const-PROT Const-DNA12 Const-DNAALL

atp6 20.60% 18.88% 18.09% 26.07%
atp8 66.67% 21.215 22.89% 25.37%
cox1 2.30% 48.75% 38.31% 56.71%
cox2 7.95% 22.59% 23.06% 33.13%
cox3 6.34% 23.88% 22.80% 33.46%
cytB 8.25% 26.80% 24.42% 35.60%
nadh1 16.86% 17.43% 19.75% 27.78%
nadh2 29.64% 8.59% 9.21% 12.57%
nadh3 26.51% 18.18% 20.25% 25.76%
nadh4 25.16% 14.50% 15.46% 21.28%
nadh4L 30.19% 3.77% 9.03% 12.15%
nadh5 19.74% 14.93% 14.57% 20.86%
nadh6 51.37% 1.09% 5.80% 7.88%

ANMOL Gaps Const-PROT Const-DNA12 Const-DNAALL

atp6 36.03% 12.55% 13.98% 18.75%
atp8 73.44% 9.38% 11.79% 14.62%
cox1 5.92% 39.12% 32.44% 47.90%
cox2 11.72% 17.57% 17.92% 25.63%
cox3 11.11% 20.79% 21.07% 29.29%
cytB 10.66% 23.10% 21.60% 30.89%
nadh1 22.60% 15.25% 16.90% 23.52%
nadh2 42.86% 7.55% 8.43% 10.75%
nadh3 38.10% 14.97% 18.69% 21.62%
nadh4 29.11% 15.25% 15.68% 19.96%
nadh4L 40.54% 6.31% 9.52% 11.61%
nadh5 25.46% 11.48% 11.19% 16.03%
nadh6 46.07% 1.05% 5.03% 6.77%

NEM Gaps Const-PROT Const-DNA12 Const-DNAALL

atp6 44.04% 18.41% 20.62% 22.66%
cox1 7.79% 32.43% 29.29% 41.95%
cox2 11.07% 13.11% 16.05% 22.45%
cox3 9.33% 11.57% 13.75% 19.89%
cytB 10.31% 15.98% 16.54% 23.91%
nadh1 21.37% 13.11% 15.91% 21.88%
nadh2 39.62% 7.28% 8.69% 11.02%
nadh3 31.58% 15.04% 17.41% 21.27%
nadh4 26.65% 10.23% 10.99% 14.89%
nadh4L 33.33% 1.90% 8.18% 10.85%
nadh5 26.96% 11.76% 11.15% 15.09%
nadh6 48.39% 1.61% 4.99% 6.42%

ALL Gaps Const-PROT Const-DNA12 Const-DNAALL

atp6 50.00% 15.60% 17.79% 19.26%
cox1 11.03% 26.40% 25.57% 36.37%
cox2 15.98% 11.89% 13.47% 18.78%
cox3 16.03% 14.98% 17.01% 21.88%
cytB 12.44% 14.72% 16.03% 22.53%
nadh1 24.79% 12.11% 14.14% 19.24%
nadh2 46.09% 4.58% 5.9% 7.12%
nadh3 39.31% 12.41% 16.67% 18.84%
nadh4 36.06% 12.15% 12.52% 16.00%
nadh4L 44.14% 4.50% 8.04% 9.82%
nadh5 32.25% 10.42% 9.86% 13.25%
nadh6 51.85% 1.59% 4.39% 5.53%
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analysis. Questions of gene choice need to be justified
on the basis of metrics that show levels of incongru-
ence between datasets or the demonstration that
different genes are showing different evolutionary
histories. Simply stating that some genes are more
variable and thus ‘‘noisier’’ than others and conclu-
ding that they are therefore less reliable is not justified
on either theoretical or empirical grounds. Simulation
studies have shown that simple noise in phylogenetic
datasets is unlikely to overwhelm the signal even in
extreme circumstances (Wenzel and Siddall, 1999).
Total evidence studies have shown that additional
genes improve support for phylogenetic hypotheses,
even when the additional genes individually do not
support that combined hypothesis (Gatesy et al.,
1999). Furthermore neither of these conclusions is
restricted to one optimality criterion and forms the
basis for the current general acceptance of total
evidence approaches to phylogenetic study (Kluge,
1989).

In the present study we found that there is no reason
for the a priori exclusion any of the mitochondrial
genes from phylogenetic analysis. Given that both
simulation and empirical studies support total evidence
approaches, the only remaining justification for gene
exclusion would be financial, if resources were limited
and the signal in the mitochondrial genome were
concentrated in a few genes it might make sense to
concentrate sequencing efforts on those genes to the
exclusion of others. Our analysis of partitioned support
across all the data treatments showed that no gene
dominates support in the mitochondrial genome of
arthropods (Table 6). The distribution of branch sup-
port was more or less proportional to the size of the
gene, suggesting that the signal in this dataset is evenly
spread throughout the genome, and therefore the
addition of more genes adds more signal to the analy-
sis and improves resolution. Conversely, the notion
that some genes ‘‘mislead’’ the analysis with excessive
levels of noise was not supported. Whilst mt genomes
as a whole have high levels of noise, as is evident in the
low consistency index values in all analyses, this did
not translate into incompatibilities between the differ-
ent genes in a combined analysis. Thus, given that
additional genes improve the analysis and are not
incongruent with each other there is no reason to use
only four of the 13 mitochondrial genes in a phylo-
genetic analysis. Indeed, restricting the analysis to just
the four genes used by Nardi et al. (2003a,b) results in
the loss of many nodes which were resolved in analyses
of all 13 and fails to resolve any additional nodes
which were not recovered in analyses of all 13.
Excluding data without a justified reason (such as,
perhaps, demonstrated incongruence) is a worse
approach than total evidence for the analysis of mt
genomes.

Optimality criteria

The sensitivity of a dataset to the optimality criteria
used in tree reconstruction is one of the oldest sources of
debate in phylogenetics. Fortunately it does not seem to
be a factor in the current analysis. Parsimony and
Bayesian approaches yielded very similar results for
each of the dataset ⁄ treatment combinations and both
were equally poor at unambiguously determining the
sister group of the Collembolans. Bayesian posteriors
tended to be less conservative indicators of branch
support than bootstrapping. This finding has been made
previously, based on both simulations (Cummings et al.,
2003; Erixon et al., 2003) and empirical data (Leaché
and Reeder, 2002; Whittingham et al., 2002). Although
most of these studies compared support values within a
common optimality criterion (e.g., Bayesian posteriors
versus Likelihood bootstraps) rather than across criteria
(Bayesian versus Parsimony) as we have done here. The
radically different means of estimating support in the
two approaches is possibly responsible for the wide
divergences between posteriors and bootstraps that we
observed. For datasets with high levels of noise, such as
mitochondrial genomes, bootstrap resampling is less
likely to recover all nodes at each replicate since the
signal in the data set is stretched thinly. Thus bootstrap
values will be lower than comparable datasets (equival-
ent numbers of informative sites) with lower levels of
noise. In contrast, since Bayesian analyses utilize the
whole dataset at each generation a strongly favored
topology will receive high posterior probabilities,
regardless of noise. Bayesian analysis may therefore be
a solution to estimating branch support for datasets
with low signal to noise ratios.

More interesting in the current context is the decline
in posterior probabilities from the PROT to DNA12 to
DNAALL data treatments, an effect that has not been
previously demonstrated. Unlike in the parsimony
analyses of different treatments, where different topol-
ogies were found with significant bootstrap support, the
Bayesian analyses are more consistent topologically but
varied at the level of posterior probabilities. This can be
interpreted two ways: using amino acids corrects for the
saturation of nucleotide substitutions and therefore the
higher posteriors demonstrate the lower homoplasy of
this data type; or, inflated posteriors may lead workers
to place too much confidence in the results of amino
acid based analyses. If the first proposition were true
with our data, then the DNA12 results should match
those from PROT as the vast majority of substitutions
will occur at the third codon position and correspond-
ingly the chances of saturation at these sites is much
higher. This is not the case. The DNA12 results do not
perfectly match those for the PROT topologically for
corresponding datasets. Most critically, the placement
of Collembola varied between different data treatments
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just as much with Bayesian analysis as it did with
parsimony. Effects other than simple substitution sat-
uration differentiate the DNA based analyses from the
amino acid based analyses, suggesting that the problems
of homoplasious change to amino acids are real and are
not totally compensated for by the use of model-based
approaches such as Bayesian analysis. We caution
against the exclusive use of amino acid based analyses
within a Bayesian framework, as the posterior proba-
bilities so estimated will almost certainly be inflated.

Conclusions

In conclusion, we regard the basal relationships of the
arthropods and, in particular, the sister-group of
Collembola, to be unresolved at this time. Existing
mitochondrial genome data alone is insufficient to
resolve this issue and this dataset appears to be highly
vulnerable to taxon selection, outgroup choice, data
manipulations and gene exclusion but apparently not
phylogenetic reconstruction methodology. Given that
the topology is so variable, depending on such a wide
variety of factors, rejection of the null hypothesis of
hexapod monophyly (which is supported by morphol-
ogy) is not justified at this time. However as a
monophyletic Hexapoda was not recovered by these ana-
lyses it is clear that the relationships of the Collembola
require additional attention both from morphological
and molecular investigations, and the mitochondrial
genomes of additional key taxa (Protura and Diplura)
need to be sequenced before this issue can be resolved.
Mitochondrial genomes are not a ‘‘magic bullet’’, which
will solve any phylogenetic problem. Indeed the limits
and applicability of these data have not yet been
thoroughly explored. The most glaring limitation on
their use currently is the lack of taxa for which genomes
are available. Fewer than 60 arthropod mitochondrial
genomes are currently available and those are highly
concentrated in a few relatively derived groups such as
Diptera, Ixodida and Decapoda. Will mitochondrial
genomes be able to resolve deep level relationships
within the arthropods? The answer is as yet unknown
but the indications are that each additional taxon
improves our understanding of this data type and its
use in phylogenetics. Targeted sequencing of key taxa
pertinent to the phylogenetic questions being posed is
the surest way forward, coupled with rigorous testing of
how these data behave in phylogenetic analyses.
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