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Ribosomal gene sequence data are used to explore phylo-
genetic relationships among higher arthropod groups.
Sequences of 139 taxa (23 outgroup and 116 ingroup
taxa) representing all extant arthropod “classes” except
Remipedia and Cephalocarida are analyzed using direct
character optimization exploring six parameter sets.
Parameter choice appears to be crucial to phylogenetic
inference. The high level of sequence heterogeneity in
the 18S rRNA gene (sequence length from 1350 to 2700
bp) makes placement of certain taxa with “unusual”
sequences difficult and underscores the necessity of com-
bining ribosomal gene data with other sources of infor-
mation. Monophyly of Pycnogonida, Chelicerata,
Chilopoda, Chilognatha, Malacostraca, Branchiopoda
(excluding Daphnia), and Ectognatha are among the
higher groups that are supported in most of the analyses.
The positions of the Pauropoda, Symphyla, Protura, Col-

lembola, Diplura, Onychophora, Tardigrada, and Daph-
nia are unstable throughout the parameter space
examined. q 2000 The Willi Hennig Society
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INTRODUCTION

Arthropods may well constitute the most speciose
animal group ever to have existed. According to Niel-
sen (1995:158), “the insects alone are now believed to
comprise more than a million living species, while the
other arthropods number more than 100,000.” They
were also numerous in the fossil record, constituting
probably the most diverse group of animals as early
as the Cambrian (Fortey et al., 1996, 1997).

Arthropods are especially well known morphologi-
cally. Their understanding at the molecular level is ever
more important, given the prominence of Drosophila.
The internal relationships among the four main arthro-
pod groups, however, are still being furiously debated
(e.g., paleontologists vs neontologists vs molecular bi-
ologists; see Edgecombe, 1998a; Fortey and Thomas,
1998; Melic et al., 1999).
Classical morphological studies have considered ar-
thropods monophyletic (Lankester, 1904; Snodgrass,
1938), diphyletic (Tiegs and Manton, 1958), or polyphy-
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letic2 (Anderson, 1973; Manton, 1973). The protesta-
tions of Fryer (1996, 1998) aside, the monophyly of
arthropods is well established. The monophyly of Man-
dibulata, all the arthropods with mandibles (crusta-
ceans, myriapods, and hexapods), is supported by neo-
ntological and molecular data (i.e., Snodgrass, 1938,
1950, 1951; Weygoldt, 1979; Boudreaux, 1987; Kuka-
lová-Peck, 1992; Wägele, 1993; Wheeler et al., 1993;
Wheeler, 1995, 1998a,b; Giribet and Ribera, 1998). On
the other hand, many paleontologists consider the
Crustacea to be the sister group of the Chelicerata (and
certain fossil groups such as Trilobita) in the
Schizoramia (i.e., Cisne, 1974; Briggs and Fortey, 1989;
Schram and Emerson, 1991; Briggs et al., 1992; Budd,
1993, 1996; Wills et al., 1994, 1995, 1998; Waggoner,
1996; Emerson and Schram, 1998). Both hypotheses are
summarized in Fig. 1. One feature common to almost
all morphological hypotheses of arthropod relation-
ships is the monophyly of “Atelocerata” or “Tra-
cheata,” a taxon comprising myriapods and hexapods
(Snodgrass, 1938, 1950, 1951; Briggs and Fortey, 1989;
Schram and Emerson, 1991; Bergström, 1992; Briggs et
al., 1992; Wägele, 1993; Wheeler et al., 1993; Kraus and
Kraus, 1994, 1996; Wills et al., 1994, 1995, 1998; Fortey
et al., 1997; Emerson and Schram, 1998; Kraus, 1998;
Wheeler, 1998a, b; but see the total evidence analysis
of Zrzavý et al., 1998). The molecular studies based
on ribosomal gene sequence data, however, disagree,
proposing a sister-group relationship between crusta-
ceans and hexapods (Turbeville et al., 1991; Friedrich
and Tautz, 1995; Giribet et al., 1996; Giribet and
Ribera, 1998).

Several studies have attempted to solve the internal
phylogenetic pattern of the arthropod groups using
different molecular markers including 18S rRNA (Tur-
beville et al., 1991; Wheeler et al., 1993; Friedrich and
Tautz, 1995; Giribet et al., 1996; Giribet and Ribera,
1998; Spears and Abele, 1998; Wheeler, 1998a,b; Zrzavý
et al., 1998a), 28S rRNA (Friedrich and Tautz, 1995;
Wheeler, 1998a,b; Zrzavý et al., 1998a), 5.8S rRNA

(Zrzavý et al., 1998a), 12S rRNA (Ballard et al., 1992;
Wägele and Stanjek, 1995; Zrzavý et al., 1998a), 16S
rRNA (Zrzavý et al., 1998a), ubiquitin (Wheeler et al.,

2Here we use the term “polyphyletic” as found in the arthropod
literature, but the relationships proposed by these authors did not
consider any sister-group relationships for the arthropod groups to
other non-arthropod phyla (except the Onychophora).
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1993; Wheeler, 1998b; Zrzavý et al., 1998a), histone H3
(Colgan et al., 1998), U2 snRNA (Colgan et al., 1998),
elongation factor 1-a (Regier and Shultz, 1997, 1998),
the largest subunit of RNA polymerase II (Regier and
Shultz, 1997), and mitochondrial gene order (Boore et
al., 1995, 1998). Some of the approaches are especially
interesting in that they combine several sources of mo-
lecular data plus morphological characters (i.e.,
Wheeler et al., 1993; Wheeler, 1998a,b; Zrzavý et al.,
1998a), but in general these studies depicted a poor
taxon sampling, with the exception of the study of
Wheeler (1998a).

This analysis attempts to approach the study of the
internal arthropod relationships by using complete 18S
rRNA and partial 28S rRNA (D3 region) sequences of
139 terminal taxa, including a wide sampling within
all major arthropod groups. Compared to previous mo-
lecular analyses of arthropods based on nuclear ribo-
somal sequence data, the present analysis incorporates
a much broader taxon sampling. Of previous studies,
only Wheeler (1998a) is comparable in terms of molecu-
lar taxon sampling, but the present study also provides
the first complete 18S rRNA sequences from important
arthropod groups such as symphylans, pauropods,
proturans, and diplurans. For the first time all major
groups of myriapods are well represented. This analy-
205

FIG. 1. Main hypotheses of internal relationships for the Arthro-
poda. (A) Mandibulata and Atelocerata (Snodgrass, 1938; Weygoldt,
1979; Wägele, 1993; Wheeler et al., 1993; Wheeler, 1995, 1998a,b); (B)
Mandibulata and Pancrustacea (Zrzavý et al., 1998a; Giribet et al.,
sis also incorporates molecular data from the re-
maining groups of Ecdysozoa, which had not been
used previously as outgroups in phylogenetic studies
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of internal arthropod relationships, but are important
to test arthropod monophyly (see Giribet, 1999). In
addition to the improved taxon sampling, this study

attempts to evaluate the impact of data exploration on
the choice of a particular parameter set, as previously

(BIO 101, Inc.) and directly sequenced using an auto-
emphasized by Wheeler (1995, 1998b).

MATERIALS AND METHODS

Taxon Sampling

Outgroups. The choice of outgroup taxa for the
study of internal arthropod relationships is a conten-
tious issue. Two competing hypotheses, “Articulata”
and “Ecdysozoa,” have been proposed (see a review
in Giribet, 1999). The first hypothesis places arthropods
with mollusks and annelids due to their segmented
body plan (i.e., Nielsen et al., 1996). The second hypoth-
esis places arthropods within a clade of animals that
molt their cuticles (Aguinaldo et al., 1997). Due to the
current evidence, arthropod trees were rooted with
other molting taxa such as Nematoda, Nematomorpha,
Kinorhyncha, Priapulida, Onychophora, and Tardi-
grada (see also Giribet and Ribera, 1998; Zrzavý et al.,
1998b; Giribet and Wheeler, 1999b; Giribet et al., 2000).
Outgroup taxa are thus represented by sequences of
23 taxa belonging to six animal phyla.

Ingroup. Arthropod sequences have been carefully
chosen to represent almost every arthropod order for
which there were (1) complete 18S rRNA sequence
data or (2) in few cases, partial 18S rRNA sequences
(with more than 1000 bp) of taxa for which the D3
region of the 28S rRNA gene fragment was available.
In total, 66 extant arthropod orders were represented,
as follows:

• Chelicerata: Twenty-one complete 18S rRNA se-
quences and 19 sequences of the D3 region from the
28S rRNA gene fragment. These sequences include 4
pycnogonids, 2 xiphosurans, and 15 arachnids repre-
senting all the arachnid orders except palpigrades.

• Myriapoda: Sixteen 18S rRNA sequences and 14
sequences from the D3 region of the 28S rRNA gene.
The sequences include 8 centipedes, 5 millipedes, 2
symphylans, and 1 pauropod.
• Crustacea: Twenty-eight complete 18S rRNA se-
quences and 3 sequences from the D3 region of the 28S
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rRNA gene. These sequences include representatives of
the Branchiopoda, Maxillopoda, and Malacostraca.

• Hexapoda: Forty-one 18S rRNA sequences and 25
sequences from the D3 region of the 28S rRNA gene.
We have focused on generating sequences of the entog-
nathous hexapods (Protura, Diplura, and Collembola)
and basal ectognaths (Zygentoma and Archaeogna-
tha). All extant basal hexapod orders are represented,
and many orders of Ectognatha are also included in
the analysis.

Sequences

Forty-four complete 18S rRNA sequences (2 onycho-
phorans, 1 tardigrade, 19 chelicerates, 15 myriapods,
and 7 hexapods) and 36 sequences of the D3 region of
the 28S rRNA loci were generated by the authors. All
the new sequences were deposited in GenBank (see
accession codes in Table 1).

Genomic DNA samples were obtained from fresh,
frozen, or ethanol-preserved tissues, homogenized in
a solution of guanidinium isothiocyanate following a
modified protocol for RNA extraction from Chirgwin
et al. (1979). The 18S rRNA gene was PCR-amplified
in two or three overlapping fragments of about 950,
900, and 850 bp each, using primer pairs 1F–5R, 3F–
18Sbi, and 5F–9R, respectively. Primers used in ampli-
fication and sequencing were described in Giribet et
al. (1996, 1999c). The 28S rRNA fragment, of about 400
bp, was amplified using primer pair 28Sa and 28Sb
(Whiting et al., 1997). Amplification was carried out
in a 50- to 100-ml volume reaction, with 0.6 units of
DynaZyme polymerase, 100 mM dNTPs and 0.5 mM
each primer. The PCR program consisted of a first de-
naturing step of 5 min at 958C and 35 amplification
cycles (948C for 45 s, 498C for 45 s, 728C for 1 min) in
a Perkin–Elmer 480 thermal cycler.

Some samples were purified and ligated into pUC
18 Sma-I/BAP dephosphorylated vector using the
SureClone Ligation Kit (Pharmacia P-L Biochemicals)
as described in Giribet et al. (1996, 1999c). Sequencing
was performed by the dideoxy termination method
(Sanger et al., 1977) using T7 DNA polymerase
(T7Sequencing Kit from Pharmacia Biotech).

Other samples were purified with Geneclean II kit
mated ABI Prism 373 or 377 DNA sequencer. Cycle-
sequencing with AmpliTaq DNA polymerase FS using
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TABLE 1

Terminal Taxa and Loci Used

18S 28S

Phylum Kinorhyncha (1 sp.) Pycnophyes kielensis X
Phylum Priapulida (1 sp.) Priapulus caudatus X
Phylum Nematomorpha (3 sp.) Gordius aquaticus X

Gordius albopunctatus X
Chordotes morgani X

Phylum Nematoda (12 sp.)
Class Adenophorea

Order Araeolaimida Plectus sp. X X
Order Desmodorida Desmodora ovigera X
Order Chromadorida Metachromadora sp. X
Order Enoplida Enoplus brevis X
Order Dorylaimida Longidurus elongatus X
Order Mermithida Mermis nigrescens X
Order Trichocephalida Trichinella spiralis X

Class Secernentea
Order Tylenchida Globodera pallida X
Order Aphelenchida Bursaphelenchus sp. X
Order Strongylida Haemonchus placei X
Order Ascaridida Anisakis sp. X
Order Spirurida Brugia malayi X

Phylum Onychophora (3 sp.)
F. Peripatopsidae Peripatopsis capensis AF119087 X

Euperipatoides leukartii X
F. Peripatidae Epiperipatus biolleyi X

Phylum Tardigrada (3 sp.)
Class Eutardigrada

Order Parochela Hypsibius sp. X
Macrobiotus hufelandi X81442

Order Apochela Milnesium tardigradum X
Phylum Arthropoda

Chelicerata
Class Pycnogonida

F. Ammotheidae Achelia echinata AF005438 AF005459
F. Pallenidae Callipallene sp. AF005439 AF005460
F. Endeidae Endeis laevis AF005441 AF005462
F. Colossendeidae Colossendeis sp. AF005440 AF005461

Class Merostomata
Order Xiphosura Limulus polyphemus U91490 U91492

Carcinoscorpius rotundicaudatus U91491 U91493
Class Arachnida

Order Scorpiones Belisarius xambeui AF005442 AF124954
Order Ricinulei Pseudocellus pearsei U91489 AF124956
Order Solifugae Gluvia dorsalis AF007103 AF124957

Eusimonia wunderlichi U29492 AF124958
Order Schizomida Stenochrus portoricensis AF005444
Order Uropygi Mastigoproctus giganteus AF005446 AF062990
Order Amblypygi Paraphrynus sp. AF005445 AF124959
Order Araneae Liphistius bicoloripes AF007104 AF124960

Nesticus celullanus AF005447 AF124961
Order Pseudoscorpiones Roncus cfr. pugnax AF005443 AF124962
Order Acari Boophilus annulatus X

Ixodes ricinus X

Order Opiliones Parasiro coiffaiti U36999 U91495

Centetostoma dubium U37002 U91499
Equitius doriae U37003 U91503
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TABLE 1—Continued

18S 28S

Myriapoda
Class Chilopoda

Order Scutigeromorpha Scutigera coleoptrata AF000772 AF000779
Thereuopoda clunifera AF173239 AF173270

Order Lithobiomorpha Lithobius variegatus AF000773 AF000780
Order Craterostigmomorpha Craterostigmus tasmanianus AF000774 AF000781
Order Scolopendromorpha Scolopendra cingulata U29493 AF000782

Cryptops trisulcatus AF000775 AF000783
Order Geophilomorpha Pseudohimantarium mediterraneum AF000778 AF000786

Clinopodes poseidonis AF000777 AF000785
Class Diplopoda

Order Polyxenida Polyxenus lagurus X X
Order Callipodida Abacion magnum X
Order Julida Cylindroiulus punctatus AF005448 AF005463
Order Polydesmida Polydesmus coriaceus AF005449 AF007105
Order Spirostreptida Thyropisthus sp. X*

Class Symphyla
F. Scutigerellidae Scutigerella sp1. AF007106 AF005464

Scutigerella sp2. AF005450 AF005465
Class Pauropoda

F. Pauropodidae Pauropodidae sp. AF005451 AF005466
Crustacea

Class Branchiopoda
Order Anostraca Branchinecta packardi X

Artemia salina X X
Order Notostraca Lepidurus packardi X
Order Cladocera Daphnia galeata X
Order Conchostraca Limnadia lenticularis X

Class Maxillopoda
SubClass Ostracoda

Superorder Myodocopa Euphilomedes cacharodonta X
Rutiderma sp. X

Superorder Podocopa Heterocypris sp. X
Bairdia sp. X

SubClass Copepoda
Order Calanoida Calanus pacificus X
Order Harpacticoida Cancrincola plumipes X
Order Cyclopoida Encyclops serrulatus X

SubClass Branchiura Argulus nobilis X
Pentastomida Porocephalus crotali X
SubClass Cirripedia

Order Thoracica Balanus eburneus X
Balanus sp.a X
Lepas anatifera X

Order Ascothoracica Ulophysema oeresundense X
Order Acrothoracica Berndtia purpurea X

Trypetesa lampas X
Order Rhizocephala Loxothylacus texanus X

Class Malacostraca
Order Leptostraca Nebalia bipes X
Order Stomatopoda Squilla empusa X

Gonodactylus sp. X
Order Anaspidacea Anaspides tasmaniae X

Order Decapoda Panulirus argus X

Procambarus leonensis X
Procambarus clarkiib X

Copyright q 2000 by The Willi Hennig Society
All rights of reproduction in any form reserved



Ribosomal DNA and Arthropod Phylogeny 209

TABLE 1—Continued

18S 28S

Hexapoda
Order Collembola Lepidocyrtus paradoxus X

Podura aquatica AF005452 AF005468
Order Protura Acerentulus traegardhi AF005453 AF005469
Order Diplura Campodeidae sp1. AF005454 AF005470

Campodeidae sp2. AF005455 AF005471
Catajapyx sp. AF005456
Metajapyx sp.c AF005472

Order Archaeognatha Dilta littoralis AF005457 AF005473
Petrobius brevistylis X* X
Trigoniopthalmus alternatus X* X

Order Zygentoma Lepisma sp. AF005458 AF005474
Order Ephemeroptera Ephemera sp. X

Ephemerella sp. X* X
Order Odonata Libellula pulchella X* X

Aeschna cyanea X
Order Plecoptera Cultus decisus X* X

Mesoperlina pecircai X*
Order Blattodea Blaberus sp. X*
Order Mantodea Mantis religiosa X* X
Order Dermaptera Forficula sp. X

Labidura riparia X*
Order Orthoptera Melanoplus sp. X* X

Acheta domesticus X
Order Hemiptera Saldula pallipes X* X

Raphigaster nebuloa X
Order Homoptera Okanagana utahensis X

Philaenus spumaris X
Spissistilus festins X

Order Diptera Tipula sp. X X
Drosophila melanogaster X X

Order Siphonaptera Archaeopsylla erinacei X
Ctenocephalides canis X* X

Order Mecoptera Boreus sp. X
Boreus coloradensisd X

Order Megaloptera Sialis sp. X
Order Neuroptera Myrmeleon immaculatus X* X
Order Coleoptera Tenebrio molitor X X

Meloe proscarabaeus X
Order Trichoptera Hydropsyche sp. X

Hydropsyche sparnae X
Order Lepidoptera Galleria mellonella X* X

Papilio troilus X* X
Order Hymenoptera Dasymutilla gloriosa X* X

Leptothorax acervorum X
Polistes dominulus X
Polistes fuscatusf X

Note. Sequences from the authors with GenBank accession codes are given. Otherwise, an X indicates the partition available at GenBank.
Asterisks refer to incomplete sequences. 28S refers to the D3 region.

a The 28S sequence of Balanus sp. has been combined with the 18S sequence of B. eburneus.
b The 28S sequence of Procambarus clarkii has been combined with the 18S sequence of P. leonensis.
c The 28S sequence of Metajapyx sp. has been combined with the 18S sequence of Catajapyx sp.
d
 The 28S sequence of Boreus coloradensis has been combined with the 18S sequence of Boreus sp.
e The 28S sequence of Hydropsyche sparna has been combined with the 18S sequence of Hydropsyche sp.
f The 28S sequence of Polistes fuscatus has been combined with the 18S sequence of P. dominulus.
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dye-labeled terminators (ABI Prism Ready Reaction
DyeDeoxy Terminator Cycle Sequencing Kit) is also
based on the Sanger method and was performed in a
Perkin–Elmer GeneAmp PCR system 9600 or 2400.
Amplification was carried out in a 20-ml volume reac-
tion: 8 ml of Terminator Ready Reaction Mix, 10–30
ng/ml PCR product, 5 pmol of primer, and dH2O to
20 ml. The cycle-sequencing program consisted of a
previous step of 948C for 3 min, 25 sequencing cycles
(948C for 10 s, 508C for 5 s, 608C for 4 min), and a rapid
thermal ramp to 48C and hold. The Dye-labeled PCR
products were ethanol-precipitated with 0.1 volumes
of 3 M NaOAc, pH 5.2, and 2 vol of 95% ethanol, 10
min on ice, and 20 min centrifuging at 12,500 rpm. The
pellet was cleaned with 50 ml of 70% ethanol and dried
in a speed-vac at 608C for 5 min.

Sequences were divided into the smallest (unambig-
uously recognizable) homologous regions possible to
save computation time as well as to avoid trying to
“align” non-homologous DNA regions. The split was
done first by using primer regions and then by identi-
fying secondary structure features. Nomenclature of
the secondary structure regions of the 18S rRNA gene
followed Hendriks et al. (1988). When the split was not
trivial for all the taxa, we decided not to divide the
sequences (i.e., regions E21-1 and E21-2 were treated
as one single fragment). In total, the 18S rRNA mole-
cule was divided into 44 regions (excluding the exter-
nal primers 1F and 9R). Six of the 44 regions (10, E10-
2, E21-1–2, 41, 43–44, and 47b) were excluded from
the analyses because of large variation in sequence
length among the sampled taxa. For example, region
41 ranges between 25 and 385 nucleotides in length.
The D3 fragment of the 28S rRNA gene was divided
into 7 regions, from which 4 variable ones were not
used due to problems in establishing primary homol-
ogy. In total, 38 regions of the 18S rRNA gene and 3
regions of the 28S rRNA gene fragment were included
in the analyses.

Data Analysis

“Direct optimization.” Sequence data were ana-

lyzed using the “direct optimization” method de-
scribed by Wheeler (1996; see also Wheeler and Hay-
ashi, 1998) and implemented in the computer program
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POY (Gladstein and Wheeler, 1997). This method di-
rectly assesses the number of DNA sequence transfor-
mations (evolutionary events) required by a phyloge-
netic topology without the use of multiple sequence
alignment. This is accomplished through a generaliza-
tion of existing character optimization procedures to
include insertion and deletion events (indels) in addi-
tion to base substitutions. The crux of the method is
the treatment of indels as processes as opposed to the
patterns implied by multiple sequence alignment. The
results of this procedure are directly compatible with
parsimony-based tree lengths and appear to generate
more efficient (simpler) explanations of sequence vari-
ation than multiple sequence alignment (Wheeler,
1996). The method, although computationally intense,
is much less demanding than parsimony-based multi-
ple sequence alignment algorithms such as the one
implemented in MALIGN (Wheeler and Gladstein,
1994, 1995). The method has also been demonstrated
to yield more congruent results than multiple sequence
alignments when using character congruence among
partitions as a criterion (Wheeler and Hayashi, 1998),
although exceptions may exist (Giribet, unpublished
data).

Sensitivity analysis. Character transformations
were weighted differentially to study how they affect
phylogenetic conclusions (sensitivity analysis sensu
Wheeler, 1995). A parameter space of two analytical
variables was examined: insertion–deletion cost ratio
and transversion–transition ratio (as in Wheeler, 1995).
When the transversion–transition ratio was set at a
value other than unity, the insertion–deletion cost was
set according to the cost of transversions. In total, six
combinations of parameters were employed in the
analysis (with insertion–deletion ratios of 1, 2, 4; trans-
version–transition ratios of 1, 2, 4). The six parameters
employed are named 111, 211, 411, 121, 141, and 221,
with a maximum gap value of 4 (in the following cases:
411, 141, 221). For example, parameter set 221 (gap:tv:ts
ratio) means that the gap cost is set as twice the highest
change cost (in this case the tv, which is set as twice
the ts cost). So, the ratio 221 implies costs for gap, tv,
and ts of 4, 2, and 1, respectively. The stepmatrices
were specified using the command -molecularmatrix

with an argument for the given stepmatrix. For exam-
ple, -molecularmatrix 221 has the following format:
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0 2 1 2 4
2 0 2 1 4
1 2 0 2 4
2 1 2 0 4
4 4 4 4 0

Since parameter choice is arbitrary (although ex-
plicit), the necessity of parameter exploration is
stressed. A sensitivity analysis is considered a way to
explore the data and to discern between robust rela-
tionships (those supported throughout a wide range
of parameters) and unstable relationships (those that
appear only under particular parameter sets). For ar-
thropods, the best parameter sets have been experi-
mentally found to be for gap:transversion:transition
5 211, 411, 221 (Wheeler, 1995, 1998a,b, Wheeler and
Hayashi, 1998), but in certain cases, especially for low-
level relationships, higher gap costs have been found to
be the most congruent ones (e.g., Giribet and Wheeler,
1999a). We consider that such a data exploration is
required when analyzing molecular data and in partic-
ular when analyzing large data sets of groups as di-
verse as arthropods. As Wheeler (1998b:26) stated: “Ar-
thropods are too large and diverse a group to be allied
based on a single shot in the dark, whether that be due
to taxonomic, empirical, or epistemological myopia.”

The analyses were run in a parallel cluster of 21
processors (the command -parallel executes in parallel
using PVM). In order to speed up the analyses, the
jackboot option of POY (it does parsimony jackknifing
in the sense of Farris, 1995; Farris et al., 1996) was used
and the 50% majority rule consensus of all the trees was
used as a constraint for further searches. The following
commands were used for the jackboot search:

-norandomizeoutgroup: does not allow the random-
ization of the outgroup in “random” and “multibuild.”
This should be specified for jackboot and con-
strained runs.

-noleading: does not count leading and trailing gaps.
-seed -1: sets seed for pseudorandom number gener-

ation. An argument of -1 will cause the system time,
in seconds, to be used.

-nospr: “spr” branch swapping suppressed.
-notbr: “tbr” branch swapping suppressed.

-maxtrees 2: set maximum number of trees held in

buffers to “2”.
-jackboot: performs Farris’ parsimony jackknifing
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procedure with “random n” replicates or “multibuild
n” replicates. All topologies are output.

-random 25: causes “25” random addition sequence
searches (build through swapping) to be performed.
Since the option “norandomizeoutgroup” is also speci-
fied, the outgroup will be unaffected.

The accessory program jack2hen, available together
with POY, was used to generate the 50% majority rule
consensus trees: jack2hen 50 , infile . outfile. Then,
the constrained tree (-constrain file) was used as a
starting point for an unconstrained search (for the same
molecularmatrix for which the constrained file was
generated) using spr and tbr branch swapping (-spr
-tbr). Other commands specified were -noleading
-maxtrees 20 -multibuild 10 -seed 1 -slop 1.

-slop 1: check all cladogram lengths which are within
“1” tenths of a percent of the current minimum value.
A slop value of 10 would check all cladograms found
within 1% of the minimum tree length. This option
slows down the search, but is less affected by the heu-
ristics of the tree-length calculation shortcuts.

-multibuild 10: causes “10” random addition se-
quence builds (no swapping) to be performed. The best
addition(s) is submitted to branch swapping. Since
-parallel is specified, the builds are performed re-
motely.

The complete command line for a given stepmatrix
is presented in Appendix 1.

Some clarifications. The terms “Chelicerata” and
“chelicerates” refer to Pycnogonida and Euchelicerata;
“Myriapoda” and “myriapods” refer to Chilopoda,
Diplopoda, Symphyla, and Pauropoda; “Crustacea”
and “crustaceans” refer to Branchiopoda, Maxillopoda,
and Malacostraca (Remipedia and Cephalocarida not
analyzed); “Hexapoda” and “hexapods” refer to En-
tognatha and Ectognatha.

With respect to the parameter sets used, we refer to
each analysis by a number based on the parameter set
employed. For example, the analysis with an insertion–
deletion ratio of 2 and a transversion–transition ratio
of 2 will be named 221.

Partitioned analyses published within total evidence
analyses are also cited when comparing the informa-
tion between the different data partitions. Thus, the

same paper can be cited for a morphological, a molecu-
lar, and a combined analysis as yielding alternative
hypotheses. For example, the study of Wheeler (1998a)
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suggests paraphyly of myriapods in both morphologi-
cal and total evidence analyses, while it suggests mono-
phyly of myriapods (Chilopoda and Diplopoda) based
on the molecular analysis alone. However, when we
cite each of the partitioned analyses, it does not neces-
sarily mean that the authors defended such a hypothe-

sis. We understand that for the authors using a total
evidence approach, the combined analysis is the most

defensible hypothesis since it is the most corroborated.

RESULTS AND DISCUSSION

Direct Optimization

The direct character optimization method has been
chosen because it allows one to analyze large data sets
in an objective and repeatable way. Certainly, parsi-
mony-based multiple sequence alignments (such as
MALIGN; Wheeler and Gladstein, 1994, 1995) are ex-
tremely demanding computationally, since two levels
of heuristics are involved to generate the alignments
and to generate the guide trees in which the alignments
are diagnosed. Other multiple sequence alignment pro-
grams such as CLUSTAL (Higgins and Sharp, 1988;
Thompson et al., 1994, 1997) use a single guide tree,
yielding suboptimal alignments. For these reasons,
multiple sequence alignments for large data sets are
often impractical with current technology.

Phylogenetic Trees

The results of the analyses for the combined 18S
and 28S data sets are shown in Figs. 2 to 7. The first
impression is that very few groups are found in com-
mon among the different parameters used. The trees
were rooted on the branch that separates the nema-
todes from the remaining taxa.

Outgroup Relationships

Nematodes, tardigrades, and nematomorphs were
monophyletic throughout the parameter space. Ony-

chophoran monophyly, however, was not found under
set 411. Onychophorans had a tendency to branch
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within the bulk of arthropods, related to a clade con-
taining the myriapods (but not the symphylans),
diplurans, and branchiopods (411); chelicerates (121);
and diplurans as a basal pancrustacean clade (141)
or again a clade of myriapods (excluding Polyxenus),
diplurans, and Daphnia (221). Parameters 111 and 211
placed onychophorans outside the arthropods. Tardi-
grades have been placed within arthropods in certain
trees based on molecular data (Giribet et al., 1996; Agui-
naldo et al., 1997), although here, they appear only
within the bulk of arthropods under parameter set 111,
within a clade that contains the chelicerates, symphy-
lans, and chilognath millipedes. Nematomorphs ap-
peared as sister group to chelicerates under a single
parameter set (141). The placement of any of these
outgroups within the arthropods is not supported by
morphological evidence and could be interpreted as
an artifact due to random convergence of extremely
divergent sequences, since the proposed relationships
are unstable to parameter choice.

With respect to the relationships among the outgroup
phyla, Kynorhyncha and Priapulida appeared as sister
taxa under four of the six parameters studied (111, 121,
221, and 411).

Arthropod Relationships

None of the parameter sets used yielded strict mono-
phyly of the Arthropoda. As mentioned above, in sev-
eral cases some of the outgroups (tardigrades, onycho-
phorans, or nematomorphs) appeared nested within
the Arthropoda. In other cases, some arthropod taxa
appeared outside of the Arthropoda, intermingled
with the outgroup taxa.

Regarding internal arthropod relationships, tree 111
(Fig. 2) shows Daphnia as the sister group to the Ony-
chophora, outside the bulk of arthropods. Within the
arthropods, a first clade is composed of Pycnogonida,
Chelicerata, and a clade that includes the chilognathan
millipedes, symphylans, and tardigrades. The next
clade, composed of Polyxenus and Chilopoda, is sister
group of a “pancrustacean” clade that also contains
the pauropod (nested within the crustaceans and the
entognathous hexapods) and a monophyletic Ectogna-
tha. Tree 211 (Fig. 3) does not place any of the outgroup

taxa within the bulk of arthropods, but the pauropod
and Daphnia clade is sister group to the Onychophora.
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3, Epiperipatus biolleyi), and Tardigrada 1–3 (1, Hypsibius sp.; 2, Mac
follows: -P for Pycnogonida, -C for Chelicerata, -M for Myriapoda, -
in italics and hexapod taxa in bold.

Arthropods are divided into two main clades, one con-
taining chelicerates and myriapods (Chelicerata (Pyc-

nogonida (Polyxenus (Diplopoda 1 Chilopoda)))) and
a “pancrustacean” clade that also includes the symphy-
lans as sister group to Diplura.
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r Crustacea, and -H for Hexapoda. Furthermore, myriapod taxa are

These two trees, the ones with the lowest transforma-
tion costs, summarize many of the trends shown by
the data, including those of the other parameter sets,
which are: (a) a basal position of chelicerates and myr-
Ribosomal DNA and Arthropod Phylogeny 213

FIG. 2. Phylogenetic tree of the Arthropoda based on a combined analysis of 18S and the D3 region of the 28S rRNA loci for parameter set
111 (gap:transversion:transition ratio). Outgroup taxa are represented in capitals: Kinorhyncha (Pycnophyes kielensis), Priapulida (Priapulus
caudatus), Nematomorpha 1–3 (1, Gordius aquaticus; 2, G. albopunctatus; 3, Chordotes morgani), Nematoda 1–12 (1, Plectus sp.; 2, Desmodora
ovigera; 3, Metachromadora sp.; 4, Enoplus brevis; 5, Longidorus elongatus; 6, Mermis nigrescens; 7, Trichinella spiralis; 8, Globodera pallida; 9,
Bursaphelenchus sp.; 10, Haemonchus placei; 11, Anisakis sp.; 12, Brugia malayi); Onychophora 1–3 (1, Peripatopsis capensis; 2, Euperipatoides leukartii;
iapods (with symphylans and pauropods moving
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FIG. 3. Phylogenetic tree of the Arthropoda based on a combined a
211 (gap:transversion:transition ratio). Codes as in Fig. 2.

around), (b) a “pancrustacean,” and (c) monophyletic
Ectognatha. However, as the transformation costs in-
crease, these general trends become less evident.

The most problematic sequences with this respect
are symphylans, pauropods, and particularly the cla-
doceran Daphnia. These three taxa appeared in multiple
positions in the trees obtained from our analyses and
clearly disrupted certain well-established morphologi-

cal groups. These sequences present major differences
in both primary sequence and length with respect to
other arthropod 18S rRNA sequences. This is also
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found in some of the outgroup taxa, especially the
Onychophora. In fact, these are some of the most abnor-
mal sequences in our analyses, which present large
and/or numerous insertion–deletion events. The 18S
rRNA loci of symphylans are about 1350 bp, while it
is ca. 2200 bp long in pauropods, with several small
insertions, and it can be even longer in some Onycho-
phora (see further discussion below).
214 Giribet and Ribera
Clades found throughout the parameter space are
Pycnogonida, Branchiopoda (excluding Daphnia), and
Copepoda. Other groups obtained in most of the analy-
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FIG. 4. Phylogenetic tree of the Arthropoda based on a combined a
411 (gap:transversion:transition ratio). Codes as in Fig. 2.

ses are Ectognatha (although in tree 411 the Diptera
are placed out of the arthropods), Euchelicerata (al-
though in tree 121 they include the Onychophora),
Chilognatha (Diplopoda excluding Polyxenus; al-

though they are not monophyletic in tree 221),
Chilopoda (although in trees 411 and 221 they are not),
and Malacostraca.
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Despite the observation that the placement of the
most divergent taxa might not be possible using the
18S rRNA gene alone, we stress the necessity of data
exploration using different parameters, because it is
Ribosomal DNA and Arthropod Phylogeny 215
the only way to realize that some of the relationships
inferred for these taxa are indeed unstable.
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FIG. 5. Phylogenetic tree of the Arthropoda based on a combined a
121 (gap:transversion:transition ratio). Codes as in Fig. 2.

Chelicerata

The Euchelicerata probably constitute the most homo-
geneous of all the major groups of arthropods. Clearly
monophyletic, the internal relationships of the Euchel-
icerata are challenging, with different hypotheses re-
cently proposed based on cladistic analyses (Weygoldt
and Paulus, 1979a,b; Shultz, 1990; Wheeler and Hay-
ashi, 1998). The monophyly of Euchelicerata has been
challenged by only few authors based on morphologi-

cal grounds (e.g., van der Hammen, 1977, 1985, 1986),
but molecular data are consistent with the monophyly
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of the group (Turbeville et al., 1991; Wheeler et al.,
1993; Giribet et al., 1996; Regier and Shultz, 1997, 1998;
Giribet and Ribera, 1998; Wheeler, 1998a,b; Wheeler
and Hayashi, 1998), with the exception of the “experi-
mental” genes of Colgan et al. (1998), histone H3 and
small nRNA U2.

In the present study the chelicerates were repre-
sented by 21 terminal taxa, distributed as Pycnogonida
(4), Xiphosura (2), Scorpiones (1), Acari (2), Pseudo-
216 Giribet and Ribera
scorpiones (1), Opiliones (3), Amblypygi (1), Ricinulei
(1), Solifugae (2), Schizomida (1), Uropygi (1), and
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FIG. 6. Phylogenetic tree of the Arthropoda based on a combined a
141 (gap:transversion:transition ratio). Codes as in Fig. 2.

Araneae (2), constituting all extant orders except Palpi-
gradi. The four pycnogonids formed a monophyletic
group throughout the parameters examined, while the
euchelicerates were monophyletic for all parameter
sets except for 121, because onychophorans appeared
nested within the chelicerates. Other relationships
found throughout the analyses are the monophyly of
the Xiphosura, Acari, and Solifugae.

Euchelicerates present very conserved ribosomal se-

quences, which caused them to be supported as mono-
phyletic throughout most of the parameter space.
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However, this sequence conservation may affect the
inference of chelicerate internal relationships based
solely on molecular ribosomal characters.

The relationship between pycnogonids and the
euchelicerates was unstable. Parameter set 141 yielded
monophyly of (Pycnogonida 1 Euchelicerata), par-
ameter set 221 was unresolved, parameter set 121
yielded a sister-group relationship between pycnogon-
ids and euchelicerates, but included onychophorans
Ribosomal DNA and Arthropod Phylogeny 217
(!). The rest of parameters did not yield chelicerate
monophyly. Regier and Shultz (1998) did not find a



FIG. 7. Phylogenetic tree of the Arthropoda based on a combined analysis of 18S and the D3 region of the 28S rRNA loci for parameter set

221 (gap:transversion:transition ratio). Codes as in Fig. 2.

sister-group relationship for pycnogonids and euchel-
icerates based on EF1-a data. H3 data did not support a
relationship between pycnogonids and euchelicerates
either, but the U2 data suggested a relationship of pyc-

nogonids to some other chelicerates (Colgan et al.,
1998).
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Myriapoda

Myriapods play a pivotal position in the arthropod
phylogenetic tree, although they constitute one of the
most problematic groups in morphological analyses
218 Giribet and Ribera
and the worst represented group in molecular analyses
published so far, as mentioned above. Based on mor-
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phological data, almost all modern authors agree in
the monophyly of the Atelocerata (5 Hexapoda 1 Myr-
iapoda), although myriapods have been widely consid-
ered a paraphyletic group that includes the Hexapoda.

Pocock (1893) first proposed that myriapods were
paraphyletic and presented a classification for the Atel-
ocerata with two main groups, Progoneata (5 Sym-
phyla, Pauropoda, and Diplopoda) and Opisthogoneata
(5 Chilopoda and Hexapoda). Snodgrass (1938) pro-
posed the name Labiata to group the Diplopoda, Pauro-
poda, Symphyla, and Hexapoda, leaving the
Chilopoda as the sister group of Labiata. Kaestner
(1963) kept the class Myriapoda divided into three
groups: Chilopoda, Dignatha (5 Diplopoda and Pauro-
poda), and Trignatha (5 Symphyla), although he as-
sumed a relationship between Symphyla and Hexa-
poda, according to the Labiata hypothesis of Snodgrass
(1938). Thus, he directly questioned myriapod mono-
phyly. Other authors have considered the paraphyly
of myriapods based on different morphological charac-
ters: ((Diplopoda 1 Pauropoda) (Chilopoda (Sym-
phyla 1 Hexapoda))) (Sharov, 1966) and (Chilopoda
((Symphyla (Diplopoda 1 Pauropoda)) Hexapoda))
(Dohle, 1980; Kraus and Kraus, 1994, 1996; Borucki,
1996; Kraus, 1998; Wheeler, 1998b).

The monophyly of Myriapoda, with different inter-
nal relationships, has been proposed by several authors
(Manton, 1972, 1977; Anderson, 1973; Bacceti, 1979;
Jamieson, 1987; Wills et al., 1995, 1998; Zrzavý et al.,
1998a). Boudreaux (1979b, 1987) also considered myria-
pods a clade, divided into Collifera (5 Dignatha) and
Atelopoda (Symphyla and Chilopoda), proposed a sis-
ter-group relationship between myriapods and hexa-
pods, and provided several putative synapomorphies
for the Myriapoda. Brusca and Brusca (1990) also pro-
vided a number of synapomorphies for the Myriapoda,
although several of these characters were criticized by
Shear (1998). According to Kristensen (1991), the only
clear synapomorphy for myriapods is the architecture
of the cephalic endoskeleton. Baccetti (1979) and
Jamieson (1987) considered myriapods monophyletic
based on the monolayered acrosomic complex, which
lacks a perforatorium in the myriapods. Further discus-
sion of these and other characters in favor and against
the monophyly of myriapods can be found in Giribet

et al. (1999b).

In the present study, myriapods are represented by
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16 terminal taxa: Chilopoda [Scutigeromorpha (2), Li-
thobiomorpha (1), Craterostigmomorpha (1), Scolo-
pendromorpha (2), and Geophilomorpha (2)], Diplo-
poda [Polyxenida (1), Callipodida (1), Julida (1),
Spirostreptida (1), and Polydesmida (1)], Symphyla (2),
and Pauropoda (1). Myriapod sequences are among
the most unusual metazoan sequences. For example,
within the Chilopoda, the members of the order Geo-
philomorpha (except the family Mecistocephalidae)
have insertions of about 300 bp in a given loop of the
18S rRNA locus (Giribet et al., 1999a; Edgecombe et al.,
1999). Within the Diplopoda, members of the family
Polyzonidae have 18S rRNA sequences longer than
2700 bp (Ribera, unpublished data). The only 18S rRNA
sequence available for the Pauropoda has ca. 2200 bp,
with several insertions (this study). But the most abnor-
mal sequences are found within symphylans. Amplifi-
cation of symphylan 18S rRNA loci of two species of
the genus Scutigerella yielded a product band size of
about 1350 nt. Sequencing of this PCR fragment dem-
onstrates a deletion of about 500 bp in the central region
of the molecule (this study). This result might seem
unique; however, the presence of the deletion in a third
species of symphylan of the genus Hanseniella (Giribet
and Wheeler, unpublished results) clearly demon-
strates that such event has occurred in a common an-
cestor of these three symphylan species. Obviously,
such abnormalities in primary sequence data on many
myriapod species affected their phylogenetic position.
Symphylans and pauropods appeared in different un-
related positions in most of the analyses (see Fig. 2–7).
In the few cases that they grouped with other myria-
pods, they always appeared to group with other diver-
gent sequences. The two symphylans grouped with
the tardigrades and the chilognathan millipedes (111),
with diplurans (211), with the Diptera (411), with Daph-
nia (121), with tardigrades and the pauropod (141), or
with Daphnia and the diplurans (221). The pauropod
grouped with proturans and diplurans (111), with
Daphnia (211), within an unresolved clade containing
the centipedes, millipedes, diplurans, branchiopods,
and onychophorans (411), with some cirripedes (121),
with symphylans and tardigrades (141), or with centi-
pedes (as sister taxon to the geophilomorphan Clino-
podes) and onychophorans (221). Obviously, the rela-
tionships proposed for symphylans and pauropods are

extremely fragile and in general involve taxa that differ
considerably from the typical arthropod sequences.
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Certainly the position of these enigmatic taxa is far
from resolved using ribosomal genes, and other molec-
ular markers are needed. Elongation factor-1a data
(Regier and Shultz, 1997, 1998) suggested monophyly
of (Diplopoda 1 Chilopoda 1 Symphyla). Molecular
data for the histone H3 and small nRNA U2 are avail-
able for symphylans and pauropods (Colgan et al.,
1998), although the results obtained for these genes are
not easily interpreted in the context of arthropod
evolution.

The Chilopoda appeared as a monophyletic group
under most of the parameters explored (111, 211, 121,
and 141). In the other two cases, the clade containing
the centipedes was unresolved (411) or included the
onychophorans as sister group to Scutigeromorpha
(221). In the cases that centipedes were monophyletic,
the Scutigeromorpha were sister group to the re-
maining centipedes (5 Pleurostigmophora), as found
in previous morphological (i.e., Dohle, 1985; Shear and
Bonamo, 1988; Borucki, 1996; Prunescu, 1996), molecu-
lar (Giribet et al., 1999a), and combined (Edgecombe
et al., 1999) analyses. The Diplopoda appeared non-
monophyletic in all parameter sets, since Polyxenus
(Pselaphognatha) never grouped with the Chilognatha
(remaining millipedes). Chilognatha were mono-
phyletic in all but one parameter set (221), in which
Abacion (Callipodida) did not group with the re-
maining Chilognatha.

The relationship between centipedes and millipedes
was parameter-dependent, contrary to the study of
Wheeler (1995) in which the only group found through-
out all the parameter space there explored was (Scuti-
gera 1 Spirobolus). The monophyly of (Chilopoda 1

Diplopoda) was also obtained in other molecular anal-
yses (e.g., Wheeler et al., 1993; Friedrich and Tautz,
1995; Giribet and Ribera, 1998; Wheeler, 1998a, 1998b;
Giribet and Wheeler, 1999b). This result contrasts with
the paraphyletic status proposed in many morphologi-
cal analyses. In our analyses, we found different
hypotheses of relationships between Chilopoda and
Diplopoda. (Chilopoda 1 Diplopoda) were monophy-
letic under two parameter sets (211, 121) but non-
monophyletic under four parameter sets (111, 141, 411,
and 221).

Considering the instability about the monophyly of

Diplopoda, (Chilopoda 1 Diplopoda), and the uncer-
tain positions of symphylans and pauropods, the status
of myriapods appears to be one of the most difficult
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issues to resolve based solely on ribosomal sequence
data. Furthermore, taxonomic sampling within the
Diplopoda, Symphyla, and Pauropoda needs to be im-
proved. Consequently, taxon sampling deficiencies and
the large degree of divergence in primary sequence
allow us to conclude very little about the relationships
of this interesting group based on ribosomal DNA data.
From our analyses, it cannot be concluded that myria-
pods are monophyletic or that they are paraphyletic
with respect to the Hexapoda, as proposed by several
authors (e.g., Dohle, 1980; Kraus and Kraus, 1994, 1996;
Borucki, 1996; Kraus, 1998; Wheeler, 1998b).

Crustacea

Crustaceans constitute the extant arthropod group
with the highest diversity of body plans. Five classes
are widely recognized (Remipedia, Malacostraca, Max-
illopoda, Cephalocarida, and Branchiopoda), although
certain authors grouped Phyllocarida, Cephalocarida,
and Branchiopoda into the class Phyllopoda (Schram,
1986). Relationships among the crustacean classes have
remained complicated. Morphological data (e.g.,
Schram, 1986; Wilson, 1992; Briggs and Fortey, 1989;
Briggs et al., 1993; Schram and Hof, 1998; Wills, 1998;
Wills et al., 1998) and molecular data (Spears and Abele,
1998) are extremely discordant. Little consensus has
been achieved for their internal relationships, as well
as for their monophyletic status (see Schram, 1986;
Wägele, 1993; Schram and Hof, 1998). A paraphyletic
origin of Crustacea with respect to Atelocerata (Lauter-
bach, 1983), or to Chelicerata 1 Trilobitomorpha
(Briggs and Fortey, 1989), has been previously sug-
gested, although current morphological data seem to
agree with crustacean monophyly (Wheeler et al., 1993;
Schram and Hof, 1998; Wheeler, 1998a,b).

Non-monophyly of crustaceans has been recently ob-
tained in molecular data analyses (Garey et al., 1996;
Giribet et al., 1996; Giribet and Ribera, 1998; Giribet
and Wheeler, 1999b; see also the molecular partitions
of Wheeler et al., 1993; Wheeler, 1998a,b), although
these studies included few crustacean samples. An-
other study including most higher crustacean lineages
using 18S rRNA sequence data also resulted in crusta-
cean polyphyly (Spears and Abele, 1998). EF-1a data

(Regier and Shultz, 1997, 1998) seem to indicate a poly-
phyletic origin of crustaceans, with four groups: (1)
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Maxillopoda 1 Malacostraca, (2) Remipedia, (3) Ostra-
coda 1 Branchiopoda, and (4) Cephalocarida. H3 and
U2 data (Colgan et al., 1998) did not obtain monophyly
of crustaceans, either. However, the combined analyses
of morphological and molecular data resolved crusta-
ceans as a clade (Wheeler et al., 1993; Wheeler, 1998a,b;
Zrzavý et al., 1998a).

The scarce molecular data available on certain crusta-
cean lineages has made it difficult to draw conclusions
on their monophyletic status. Molecular data on Remi-
pedia and Cephalocarida have been published recently.
For the Remipedia, there are 18S rRNA (Spears and
Abele, 1998) and EF-1a (Regier and Shultz, 1997, 1998)
data for the species Speleonectes tulumensis and H3 and
U2 data for Lasionectes exleyi (Colgan et al., 1998). Data
for the cephalocarid species Hutchinsoniella macracantha
are also available for 18S rRNA (Spears and Abele,
1998), EF-1a (Regier and Shultz, 1997, 1998), and H3
and U2 (Colgan et al., 1998). In our analyses, we have
included 18S rRNA data for representatives of the
Branchiopoda, Maxillopoda, and Malacostraca. We
have avoided the use of some particular crustacean
sequences available in the literature because they are
questionable in origin. The cladoceran branchiopod
Bosmina longirostris and the cumacean malacostracan
Diastylis sp. seemed to be contaminations, probably
from Plathelminthes. Unfortunately, the published 18S
rRNA sequence of the singular Speleonectes tulumensis
is also extremely divergent from other crustacean or
arthropod sequences. We used several fragments of
this sequence to do BLAST searches in GenBank
(Altschul et al., 1997), and many of the fragments scored
with fungi. Since the original authors described some
problems sequencing Speleonectes due to the existence
of multiple gene copies, we avoided the use of this
sequence. The sequence of Hutchinsoniella macracantha
was not included in the present analysis since it was
not available in GenBank when the present analyses
were completed. Within the three represented crusta-
cean classes, taxonomic sampling is poor for the Malac-
ostraca, but it is broad for the Branchiopoda and Maxil-
lopoda. Furthermore, the 28S rRNA data set for the
crustaceans includes only three taxa. Poor taxonomic
sampling and missing data in the 28S partition do not
constitute the best scenario for addressing questions

such as crustacean monophyly, but may still be useful
for a broad study on higher arthropod relationships.

The monophyly of the represented malacostracans
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was supported throughout the parameter space exam-
ined, as was also found by Spears and Abele (1998).
The Branchiopoda were also monophyletic, to the ex-
clusion of Daphnia. The Maxillopoda were not mono-
phyletic under any parameter set, as was again also
found by Spears and Abele (1998). Malacostraca and
Branchiopoda are thus well-supported groups of crus-
taceans, while the status of Maxillopoda will require
further study.

The phylogenetic position of the parasitic Pentastom-
ida has been claimed to be one of the successes of
molecular phylogenetics, positioning them as ex-
tremely modified branchiurans (which are also para-
sitic) (Abele et al., 1989; Spears and Abele, 1998). Data
on sperm morphology have also added corroboration
to the phylogenetic position of this enigmatic group
(Wingstrand, 1972; Riley et al., 1978; Jamieson and
Storch, 1992). However, the discovery of fossil pentas-
tomids from the Lower Paleozoic (Walossek and
Müller, 1994; Walossek et al., 1994) has been interpreted
as a falsification of such a hypothesis, although pentas-
tomids are still considered to be more closely related
to arthropods than to other “Pararthropoda” (Walossek
et al., 1994). In our analyses, the pentastomid (Poroceph-
alus) appeared to be related to other maxillopod crusta-
ceans, generally to the myodocopoid ostracods, al-
though it was related to the branchiuran Argulus under
parameter set 141. The conclusion that Pentastomids
are derived maxillopods, not necessarily derived
branchiurans, seems to be more reasonable in accord
with our ribosomal data.

Hexapoda

Hexapods constitute the largest animal group in
terms of described species. Most modern morphologi-
cal analyses seem to agree with the monophyly of the
Hexapoda (i.e., Hennig, 1969; Boudreaux, 1979b; Kris-
tensen, 1981, 1991, 1998; Kukalová-Peck, 1991; Štys et
al., 1993; Wheeler et al., 1993; Kraus and Kraus, 1994,
1996; Bitsch and Bitsch, 1998; Kraus, 1998; Wheeler,
1998a,b; Willmann, 1998). Monophyly of Ellipura (or
Parainsecta) (5 Protura and Collembola), as well as of
Ectognatha (5 Archaeognatha, Zygentoma and Ptery-
gota), is also well accepted. However, certain aspects

such as the monophyly of the Entognatha (5 Ellipura
and Diplura) and the monophyly of the Diplura have
been questioned (see a review of hypotheses in Štys



gether to the exclusion of myriapods in many analyses
222

and Zrzavý, 1994; Bitsch and Bitsch, 1998; Kris-
tensen, 1998).

Molecular analyses by themselves have contributed
very little to this issue, because until the publication
of Wheeler’s (1998a) analysis, no data were available
for Protura nor for both groups of Diplura (Campode-
idae and Japygidae), and these were partial sequences.
Most arthropod molecular analyses concluded that the
ectognathous hexapods are monophyletic (Carmean et
al., 1992; Chalwatzis et al., 1996; Giribet et al., 1996;
Whiting et al., 1997; Giribet and Ribera, 1998). However,
the monophyly of Hexapoda (“Entognatha” 1 Ectog-
natha) depended on which groups of crustaceans were
included in the analyses [see monophyly of Collembola
1 Entognatha in Friedrich and Tautz, 1995, versus non-
monophyly in Giribet et al., 1996; Giribet and Ribera,
1998; Spears and Abele, 1998]). The molecular partition
of Wheeler (1998a) was not congruent with the mono-
phyly of Hexapoda or Ectognatha, and the three groups
of entognathous hexapods (Collembola, Protura, and
Diplura) appeared “related” to certain crustacean
groups.

Our data set included 42 hexapod terminal taxa, rep-
resented by Protura (1), Collembola (2), Diplura [Cam-
podeidae (2) and Japygidae (1)], Archaeognatha (3),
Zygentoma (1), and 32 sequences of Pterygota, repre-
senting a total of 23 orders of insects. The Ectognatha
(5 Archaeognatha 1 Zygentoma 1 Pterygota) were
monophyletic in all the analyses except for parameter
set 411, in which Drosophila 1 Tipula grouped with
other taxa with divergent sequences. The monophyly
of Dicondylia (5 Zygentoma 1 Pterygota) and of Pter-
ygota was parameter-dependent, both groups being
monophyletic under parameter sets 211 and 411. In
other cases only Pterygota were monophyletic (141).

Monophyly of Hexapoda, Entognatha, or Ellipura
was not supported by the data. The entognathous hexa-
pods appeared to be spread among the crustacean taxa
or related to some myriapod sequences in different
positions in every analysis. The Diplura (Campodeidae
1 Japygidae) were monophyletic through all parame-
ter sets as proposed by several authors (e.g., Kris-
tensen, 1998), not supporting the hypotheses of
dipluran paraphyly (Štys and Bilinski, 1990; Štys et al.,
1993; Štys and Zrzavý, 1994; Bitsch and Bitsch, 1998).
However, the sister-group relationships of the Diplura

are ambiguous. Under certain parameters, Diplura
were sister group to Protura (111, 121) or to Symphyla
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(211, 221). But the positions of both Protura and Colle-
mbola were equally unstable. Protura and Collembola
did not constitute a clade under any of the parameter
sets here explored, which contrasts with the traditional
hypothesis of ellipuran monophyly (e.g., Hennig, 1969;
Kukalová-Peck, 1987; Štys and Bilinski, 1990; Štys et
al., 1993; Kraus and Kraus, 1994; Štys and Zrzavý, 1994;
Bitsch and Bitsch, 1998; Kraus, 1998; Kristensen, 1998;
Wheeler, 1998a). Certainly, the ectognathous hexapods
have unusual sequences that make their positioning
by means of ribosomal data a hard task.

The polyphyletic status of hexapods is certainly un-
acceptable from a morphological point of view, al-
though it has been repeatedly obtained in molecular
analyses of ribosomal sequence data (Giribet et al. 1996;
Giribet and Ribera, 1998; Spears and Abele, 1998;
Wheeler, 1998a,b), while they are always monophyletic
in morphological (e.g., Hennig, 1969; Bitsch and Bitsch,
1998; Kristensen, 1998; Wheeler, 1998a,b; Zrzavý et al.,
1998) and combined analyses (Wheeler, 1998a,b;
Zrzavý et al., 1998). Hexapods were also monophyletic
in the molecular analyses of EF1-a and RNA polymer-
ase II sequence data (Regier and Shultz, 1997, 1998),
although only four hexapod taxa were used in the most
inclusive analysis: one Collembola, one Archaeogna-
tha, one Zygentoma, and one Blattodea. Hexapods
were non-monophyletic in the analyses of Colgan et
al. (1998).

Atelocerata or Pancrustacea?

Two alternative hypotheses concerning hexapod sis-
ter-group relationships are being debated in the most
modern literature of arthropod phylogeny: the classical
hypothesis of Atelocerata being a natural group (hexa-
pods and myriapods constituting a clade), and the
most modern, and molecular-based hypothesis of Pan-
crustacea (hexapods and crustaceans forming a clade).
The term Pancrustacea was introduced by Zrzavý and
Štys (1997) indicating a putative crustacean origin of
hexapods (crustaceans paraphyletic with respect to
hexapods) or a sister-group relationship between both
groups (if crustaceans and hexapods were each mono-
phyletic). This term was coined in the molecular litera-
ture, in which crustaceans and hexapods grouped to-
of ribosomal sequence data (Field et al., 1988; Turbeville
et al., 1991; Ballard et al., 1992; Friedrich and Tautz,
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1995; Giribet et al., 1996; Giribet and Ribera, 1998). The
clade Pancrustacea is also supported by a combined
analysis of molecular and morphological data (Zrzavý
et al., 1998a) and data derived from mitochondrial gene
order (Boore et al., 1995, 1998). Ribosomal and mito-
chondrial gene order data seemed thus to support the
Pancrustacea hypothesis, but other molecular studies
based on EF-1a sequence data seem to propose that
crustaceans are polyphyletic (Regier and Shultz, 1998),
with only the cephalocarid Hutchinsoniella branching
between Myriapoda and Hexapoda, a result com-
pletely incongruent with the ribosomal sequence data.

The alternative hypothesis, monophyly of Atelocer-
ata, is supported by most morphological analyses
(Snodgrass, 1938, 1950, 1951; Briggs and Fortey, 1989;
Schram and Emerson, 1991; Bergström, 1992; Briggs et
al., 1992; Wägele, 1993; Wheeler et al., 1993; Kraus and
Kraus, 1994, 1996; Wills et al., 1994, 1995, 1998; Emerson
and Schram, 1998; Kraus, 1998; Wheeler, 1998a,b).
Some of the putative synapomorphies for Atelocerata
are the absence of second antennae, presence of Mal-
pighian tubules, presence of postantennal organs, and
presence of tracheae (summarized in Dohle, 1998).

In addition to the molecular evidence, the arguments
used in favor of Pancrustacea are mainly based on the
idea that the characters supporting the group Atelocer-
ata are prone to convergence due to a terrestrial mode
of life (see Averof and Akam, 1995; Friedrich and Tautz,
1995; Dohle, 1998). We could agree a priori that both
Malpighian tubules and the presence of tracheal respi-
ration could be convergences due to the terrestrial habi-
tat of myriapods and insects [also supported by the
presence of both non-homologous (?) structures in ter-
restrial chelicerates]. The absence of the second antenna
in myriapods and hexapods is more difficult to explain
due to convergence, although Dohle (1998) considered
it to be a weak argument due to the differences between
the intercalary segments in insects and in myriapods.
Furthermore, terrestrial isopods have lost the first an-
tenna (or antennula), which may indicate that two an-
tennae are unnecessary in terrestrial habitats. Postan-
tennal organs (Tömosvary organs) are present in
anamorphic centipedes, in symphylans, in several mil-
lipede orders, and in collembolans (Haupt, 1979;
Dohle, 1998), but their differences in fine structure
made Altner et al. (1971) conclude that they might have

had an independent origin in collembolans.

Recently, certain synapomorphies for Pancrustacea
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have been proposed, although they all seem to be
shared only by insects and the malacostracan crusta-
ceans. These putative synapomorphies (according to
Dohle, 1998) are brain structure, axonogenesis in early
differentiating neurons, presence of neuroblasts, struc-
ture of the ommatidia, and expression of certain seg-
mentation genes. Studies on the genetic control of seg-
mentation and nervous system formation in different
groups of arthropods seem to suggest a relationship
between insects and malacostracan crustaceans (Dohle
and Scholtz, 1988; Whitington et al., 1991, 1993; Patel,
1994; Whitington, 1996; Dohle, 1998). The processes of
segmentation, neurogenesis, and axon formation in the
centipede Ethmostigmus rubripes differ from the pattern
shared by insects and malacostracan crustaceans
(Whitington et al., 1993, 1996). The similarities observed
in the cellular pattern of the eyes and the nervous
system of insects and crustaceans have not been ob-
served in chelicerates or myriapods (Paulus, 1979; Oso-
rio and Bacon, 1994; Averof and Akam, 1995; Osorio
et al., 1995; Nilsson and Osorio, 1998). Malacostracan
crustaceans and insects present also some similarities
in the brain structure (Osorio et al., 1995; Nilsson and
Osorio, 1998). Studies on developmental genetics also
suggested the existence of a common ancestor for in-
sects and crustaceans with a primitive tagmosis in three
body regions with head, trunk, and a caudal region
(Osorio et al., 1995).

The hypothesis about the homology of the mandibles
of insects and myriapods, and that they are not homol-
ogous to the mandibles of crustaceans (e.g., Manton,
1973), has been recently refuted by studies of the ex-
pression pattern of the homeotic gene Distal-less (Dll)
in the mandibles of insects and crustaceans (Pangani-
ban et al., 1995; Popadic et al., 1996, 1998; Scholtz et al.,
1998). The expression pattern of Dll in the mandibles
of different arthropod groups has been also used as
an argument favoring the Pancrustacea hypothesis
(Panganiban et al., 1995; Popadic et al., 1996), although
these conclusions were subsequently refuted after add-
ing data for more taxa (Popadic et al., 1998; Scholtz
et al., 1998).

Which hypotheses, Atelocerata or Pancrustacea, is
favored by our data? In general, our trees agree with
the Pancrustacea theory, despite the unstable position
under certain parameters branch within the “Pancrus-
tacea”) and the hexapods Diplura and Diptera (which
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branch outside the “Pancrustacea” under certain pa-
rameters). This result is not surprising, since the Pan-
crustacea hypothesis was primarily based on ribo-
somal data analyses. However, this hypothesis had not
been previously tested using a large taxon sampling
of crustaceans and hexapods (with the exception of
Wheeler, 1998a). The present more rigorous test shows
instability of the data and especially of certain taxa.
Major incongruence with morphological and EF-1a
data does not allow us to conclude that Pancrustacea
is a robust group. On the contrary, the Atelocerata
hypothesis is stable to analysis of neontological mor-
phological data (Wheeler et al., 1993; Wheeler, 1998a,b;
Zrzavý et al., 1998) and fossil data (Briggs and Fortey,
1989; Schram and Emerson, 1991; Briggs et al., 1992;
Wills et al., 1994, 1995, 1998; Emerson and Schram,
1998), as well as to the combined analyses of morpho-
logical and ribosomal data (Wheeler et al., 1993;
Wheeler, 1998a,b), but not to the combined morpholog-
ical and ribosomal data analysis of Zrzavý et al. (1998).

One of the strongest arguments that has been used
for defending the ancestral status of the Crustacea with
respect to Myriapoda and Hexapoda, or what is tanta-
mount to the Atelocerata hypothesis, is the fossil rec-
ord. First, unequivocal myriapod fossils (Chilopoda
and Diplopoda) come from the Late Silurian and Early
Devonian (Almond, 1985; Jeram et al., 1990; Shear et
al., 1996, 1998; Shear, 1998) or from the Early Silurian
(Mikulic et al., 1985a,b). In contrast, crustaceans are
known from the Cambrian (Müller and Walossek, 1988;
Walossek, 1995; Walossek and Müller, 1998). Other
groups related to Atelocerata have been described from
Late Silurian, Arthropleurida (Shear and Selden, 1995)
and Kampecarida (Almond, unpublished, in Shear,
1998), and other possible myriapod taxa have been
described for the Early Devonian (Tesakov and Alek-
seev, 1992, 1998; Edgecombe, 1998b,c). Euthycarci-
noidea dating from the Ordovician or Early Silurian
are problematic, but they could be a basal lineage of
Atelocerata (Edgecombe and Morgan, 1999). No fossils
of possible myriapods are known from the Ordovician,
but Johnson et al. (1993) reported trace fossils of loco-
motion, attributed to a myriapod, although it seems

very speculative. Finally, the earliest fossil attributed
to a myriapod-like animal from marine deposits in
the Middle Cambrian (Robison, 1990) may represent
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evidence for the early origin of the myriapods, al-
though it has been said that the interpretation of such
fossil is highly speculative (Wägele, 1993; Shear, 1998).

One hypothetical scenario for Pancrustaceas is that
the Cambrian ancestors of the actual mandibulates
were a poorly diversified group, which remained like
that until one of its descent lineages diversified in the
sea, originating the crustaceans. But the stem group
would have been too rare to be preserved in the fossil
record until it conquered land, later in the Silurian. In
a recent paper, Fortey et al. (1997) have pointed out
that “it may not be generally appreciated by biologists
that first occurrence in the fossil record is not necessar-
ily the same as time of origination” and concluded
that “the fossil record cannot be taken literally as a
chronology of phylogenesis.” They also provided an
example of copepod crustaceans, an extremely im-
portant component in oceanic biomass, yet they are
very rarely preserved in marine sediments. Their entire
pre-Tertiary fossil record is confined to a parasitic form
preserved inside a fossilized Cretaceous fish from
Brazil (Cressey and Boxshall, 1989). Obviously, this
example could be applicable to the “marine myria-
pods,” if they ever existed.

Mandibulata or Schizoramia?

An older, but still active debate, is whether the ar-
thropods with mandibles (Mandibulata) constitute a
monophyletic clade or if, in contrast, arthropods with
primitively polyrameous appendages (Schizoramia)
are monophyletic and sister group to Atelocerata (with
uniramous appendages). The concept of Schizoramia
assumes the monophyly of Pycnogonida, Euchelicer-
ata, Crustacea, and several groups called collectively
“Trilobitomorpha.” Basically, paleontologists and car-
cinologists support the monophyly of Schizoramia (i.e.,
Cisne, 1974; Hessler and Newman, 1975; Briggs and
Fortey, 1989; Schram and Emerson, 1991; Bergström,
1992; Briggs et al., 1992; Budd, 1993; Wills et al., 1994,
1995, 1998; Fortey et al., 1996, 1997; Emerson and
Schram, 1998; Walossek and Müller, 1998; Zrzavý et
al., 1998). Neontologists, either morphologists (i.e.,
Snodgrass, 1938, 1950, 1951; Boudreaux, 1987; Kuka-

lová-Peck, 1992, 1998; Wägele, 1993; Wheeler et al.,
1993; Wheeler, 1998a,b; Zrzavý et al., 1998) or molecular
biologists (i.e., Wheeler et al., 1993; Giribet and Ribera,
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1998; Wheeler 1998a,b), suggest monophyly of Mandi-
bulata. The morphological partition of Zrzavý et al.
(1998a) is the only neontological data matrix sug-
gesting Schizoramia, although this hypothesis was not
obtained when the morphological data were analyzed
in combination with the ribosomal sequence data.

According to the most recent morphological and total
evidence analyses the concept of Mandibulata (in the
sense of Snodgrass) is the best corroborated hypothe-
sis, although the inclusion of extinct arthropod taxa
could be crucial in understanding arthropod evolution.
Zrzavý et al. (1998), however, obtained a total evidence
tree with Mandibulata being monophyletic, but with
the myriapods as sister group to Pancrustacea. Some
molecular analyses including a broad taxonomic sam-
pling of arthropod lineages agreed with this result (Gir-
ibet and Ribera, 1998; Giribet and Wheeler, 1999b),
although some kind of sensitivity analysis should be
done to scrutinize such a result. Previous molecular
analyses based on ribosomal sequence data were not
able to discern between the monophyly of the Mandi-
bulata versus the monophyly of (Chelicerata 1 Myria-
poda) (Turbeville et al., 1991; Wheeler et al., 1993; Giri-
bet et al., 1996) or concluded that chelicerates and
myriapods are sister taxa (Friedrich and Tautz, 1995).
This is not the case, however, for EF1-a sequence data,
which did not support either the Mandibulata or the
Schizoramia hypothesis (Regier and Shultz, 1997,
1998). A very restricted data set (RNA polymerase II)
supported Mandibulata (and Atelocerata) (Regier and
Shultz, 1997), but again neither of the two hypotheses
was supported by the histone H3 and U2 snRNA (Col-
gan et al., 1998).

Our data exploration suggests that the lack of con-
sensus in previous ribosomal sequence data analyses
is not an artifact and that neither the monophyly of
mandibulate arthropods nor the monophyly of chelic-

erates 1 myriapods is an easily discernible issue based
solely on ribosomal sequence data.

CONCLUSIONS

From the results obtained here, we realize that ribo-

somal DNA sequence data by itself may not contain
enough information to give a satisfactory explanation
for the large and complicated evolutionary history of
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arthropods. This might be based on three main reasons:
(1) for the same reason that explanatory power favors
combined analyses of several partitions over the analy-
sis of the individual partitions (see Remsen and De-
Salle, 1998); (2) for the large rate of extinction accounted
in arthropods and arthropod-like creatures (see Gould,
1989), which cannot be explored using molecular data;
and (3) for the large rates of ribosomal sequence diver-
gence that occur within arthropods. Clearly, combina-
tion of our data with information from other genes as
well as the morphology of extant and extinct arthropod
groups in the near future should contribute to drawing
a firmer picture of arthropod relationships.

Combined analyses of different gene regions and
morphology of several arthropod taxa have already
been published (Wheeler et al., 1993; Wheeler, 1998a,b;
Zrzavý et al., 1998a), although in these studies the mo-
lecular data had some important gaps, particularly
within the myriapods, basal hexapods, and crusta-
ceans. These groups have been extensively represented
in the present study, and many of the results here ob-
tained could not be obtained without examining such a
large taxon sampling as the one included in the present
study. Also taxon stability could not be tested without
performing a sensitivity analysis. Thus many of the
results of former strictly molecular analyses are here
refuted by the inclusion of new data on many im-
portant arthropod groups. Others are refuted by show-
ing their instability to parameter variation in data anal-
ysis. This instability indeed stresses the necessity of
such explorations.

Despite the molecular analysis neatness, and the
methodology used to analyze large data sets, especially
of nonconserved molecular data, the phylogenetic con-
clusions of our study are not very encouraging per se.
Those taxa that are difficult to position based on their
morphology, for their unusual body plans, present the
most unusual sequences as well. Onychophorans, pyc-
nogonids, symphylans, pauropods, proturans, collem-
bolans, diplurans, and many crustaceans are clear ex-
amples. However, we cannot exclude these taxa from
our analyses in order to gain “resolution” or “reliabil-
ity” or simply to “present a nice tree,” because these
will probably be the key taxa to explain arthropod
relationships. Perhaps newer methods of sequence

data analyses able to accommodate a large sequence
length variation as in that presented by arthropods
will be the way to proceed in the future.
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APPENDIX 1

Complete command line used for one stepmatrix (111). The files “345” to “c” represent the input files for the
18S rRNA gene, and “s1”, “s2”, and “s7” represent the input files for the D3 fragment of the 28S rRNA gene.

poy -parallel -norandomizeoutgroup -noleading -molecularmatrix 111 -maxtrees
2 -jackboot -random 20 -seed 21 -nospr -notbr 345 6 7 8 9 11 12 13 14 15 16
17 18 19 20-21 E21-4 E21-5 E21-6 22 23 24 25 27 28 29 31 33 35 36 38 40 42
36b 34-32 45 46 a c s1 s2 s7 . art111.out

jack2hen 50 , art111.out . art111.con

poy -parallel -noleading -molecularmatrix 111 -maxtrees 20 -multibuild 10

-seed 21 -slop 1 345 6 7 8 9 11 12 13 14 15 16 17 18 19 20-21 E21-4 E21-5
E21-6 22 23 24 25 27 28 29 31 33 35 36 38 40 42 36b 34-32 45 46 a c s1 s2 s7

-constrain art111.con . art111.tre
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