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THE origins of arthropods and the phylogenetic relationships
among their three major living groups (atelocerates, crustaceans
and chelicerates) are vigorously contended. To help resolve this,
we determined mitochondrial gene arrangements for a chelicerate,
a myriapod, two crustaceans, an onychophoran, a mollusc and an
annelid, and compared them with published gene orders of other
species. The result strongly supports the monophyly of Arthropoda
and of Mandibulata (atelocerates plus crustaceans) and refutes the
Uniramia (atelocerates plus onychophorans). Gene arrangement
comparisons are emerging as a powerful new tool for resolving
ancient phylogenetic relationships.

Three groups of living arthropods can be recognized with con-
fidence: Atelocerata (insects, myriapods), Crustacea (shrimp,
lobsters, barnacles, crabs) and Chelicerata (horseshoe crabs,
arachnids). Debates rage, sometimes acrimoniously, on whether
these taxa constitute a monophyletic group and on how they
are related. Cladistic analyses of morphological characters have
generally supported arthropod monophyly', but some studies of
functional morphology conclude that ‘arthropodization’ occur-
red independently in various lineages as each evolved a protec-
tive chitinous exoskeleton®>. Some functional morphologists
place onychophorans with atelocerates to form the Uniramia?,
although evidence from fossil insects suggests that this is not a
monophyletic group®. The most closely related arthropod
subgroups may be the atelocerates and crustaceans (the Mandib-
ulata); both have mandibles on the fourth head segment and
share features of the eye, brain and appendages'*. However,
studies of other aspects of morphology™® or of fossil evidence
and functional considerations”® unite crustaceans and chelicer-
ates. Comparisons of arthropod ribosomal RNA sequences have
yielded conflicting results: some claim arthropod polyphyly’;
some recognize a monophyletic Arthropoda and Mandibulata,
but exclude myriapods from a clade containing the other
arthropods'®'"; and one unites chelicerates with atelocerates'?.
Reasons for conflict include alignment ambiguities, artefactual
associations of rapidly evolving taxa, confounding influences of
base compositional or substitutional biases, and multiple substi-
tutions at many nucleotide positions'*™'®.

We are examining a set of molecular characters, the arrange-
ment of genes in mitochondrial DNA, that promises to be
especially useful for resolving ancient relationships. Metazoan
mtDNAs typically encode 36 or 37 genes: 2 for rRNAs, 22 for
transfer RNAs, and 12 or 13 for electron transport proteins'”.
In some mtDNAs, all genes are transcribed from the same
strand; in others, both strands encode genes. The large number
of possible gene arrangements makes it improbable that the same
order would arise independently. Thus shared-derived arrange-
ments are likely to indicate common ancestry'>?* %%,

Complete mitochondrial gene arrangements have been pub-
lished for 14 invertebrates (3 echinoderms, 4 insects, 1 crusta-
cean, 3 nematodes, 2 molluscs and 1 cnidarian)'*'9?*?*2° The
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multiplicity of arrangements found among these groups suggests
that particular arrangements are probably not selectively con-
strained, but rather that rearrangements that do not lethally
disrupt mitochondrial genome functioning are rare.

We have determined the relative arrangements of numerous
mitochondrial genes for a chelicerate (Limulus), two crustaceans
(Homarus and Daphnia), a myriapod (Thyrophygus), an onycho-
phoran (Euperipatoides), a mollusc (Plicopurpura) and an
annelid (Lumbricus). We compared these and other published
mitochondrial gene arrangements cladistically, joining taxa only
on the basis of shared-derived characters. As can be seen in Fig.
1, the mtDNAs of Lumbricus, the mollusc Katharina and the
nematodes Ascaris and Caenorhabditis have in common the
direct abutment of two gene pairs; tRNAS/tRNAY and
tRNASU™M /ND2 (ND genes code for NADH dehydrogenase
subunits). Katharina mtDNA also shares the arrangement
tRNAY /tRNA” with another nematode, Meloidogyne. In con-
trast, several arthropods, representing Chelicerata, Crustacea
and Atelocerata, share alternative arrangements of these genes:
tRNAC is between tRNA" and tRNAY, tRNAY is inverted rela-
tive to tRNAY, tRNA™ is between tRNA? and ND2, and
tRNAS“S™ s between tRNA™ and tRNA® (Fig. 1).

If the arthropod clade shown in Fig. 1 included Katharina
and/or Lumbricus, either the Katharina and Lumbricus arrange-
ments reverted to those of nematodes, or identical rearrange-
ments occurred independently in two or more arthropod
lineages. Neither is likely. The most parsimonious explanation
is that the arrangement shared among Katharina, Lumbricus and
nematodes is unchanged from an ancestral state, and the alterna-
tive arrangement was derived from it early in the common
arthropod lineage. These shared-derived gene arrangements sup-
port arthropod monophyly. Artemia has apparently acquired the
translocation of tRNA'/tRN A€ independently; this arrangement
is not shared by any organism yet studied.

Similarly, a tRNA gene rearrangement reveals arthropod
subgroup relationships. Metazoan mtDNAs contain two tRNA
genes specifying leucine, designated (RNA““Y™ and
tRNA"YYP according to the codons these tRNAs recognize.
In the mtDNAs of Limulus and Euperipatoides these genes abut
directly in  the  arrangement [-rRNA/tRNA“€"/
tRNA"YY® /NDI. This is identical to their arrangement in
Katharina and Plicopurpura, and similar to that in Mytilus (in
which /l-rRN A is at a different position) and Lumbricus (in which
there have been independent translocations of tRNA“ and
tRNA®Y“™) 1In contrast, the mtDNAs of the crustaceans Arte-
mia, Daphnia and Homarus share with Drosophila the arrange-
ments COI/tRNA*YY®/COIl (COI and COII code for
cytochrome oxidase subunits I and II) and /-rRNA/t-
RNA*“YM/NDI, and also share the latter arrangement with
Thyrophygus (Fig. 1).

It is unlikely that tRNA™YY® has translocated to a position
between COI and COII independently in the lineages leading to
Atelocerata and Crustacea. The more parsimonious explanation
is that Euperipatoides and Limulus retain the ancestral arthropod
arrangement, and that the translocation of tRNA“YY® to the
position between COI and COII occurred in the lineage common
to Atelocerata and Crustacea after its separation from that lead-
ing to chelicerates and/or onychophorans. If Thyrophygus is
correctly inferred as an atelocerate, tRNA™ YY" must have trans-
located from the COI/COII junction to another position in the
mtDNA after myriapods diverged from insects. However, our
data do not eliminate the possibility that Atelocerata is not
monophyletic, with myriapods diverging earlier than shown in
Fig. 1, and tRNA“YY® having translocated from the K-
rRNA/NDI region convergently with the other mandibulates.

Available data do not allow us to place Euperipatoides unam-
biguously on this phylogenetic tree, but are clearly inconsistent
with the Uniramia hypothesis>. To place Euperipatoides in a
clade with the atelocerates would require either independent,
identical rearrangements in atelocerates and crustaceans or a
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FIG. 1 Mitochondrial gene arrange-
ments informative for arthropod phyl-
ogeny. No gene boundaries are shared
in a pattern supporting any alternative
tree. Shared-derived gene arrange-
ments for Arthropoda and for Mandib-
ulata are shown at the lower right. A
matrix was constructed, scoring 74
characters as ‘upstream of’ and
‘downstream  of’ (according to
transcriptional orientation) each of the
37 genes. For each character, there
are 74 possible states, each being the
5 or 3" end of an adjacent gene.
Shared gene boundaries become
identical character states; rearrange-
ments generate differing states. Based
on analyses of morphological
characters®, nematodes were desig-
nated the outgroup taxon, that is, they
were chosen as being excluded from
a clade that contains the remaining
taxa. This matrix was analysed by eye,
using features of the computer pro-
gram MacClade®®, for all patterns that
indicate shared-derived character
states on which to unite taxa. The
relationship among Mollusca, Annel-
ida and Arthropoda is considered here
as an unresolved polytomy, as is that
among the mandibulates. With avail-
able data, the onychophoran cannot
be placed any more exactly than its
exclusion from the Mandibulata. Com-
plete mitochondrial genome arrange-
ments for Ascaris suum,
Caenorhabditis elegans, Meloidogyne
javonica, Mytilus edulis, Katharina
tunicata, Artemia franciscana and
Drosophila  yakuba have been
published*®*92%25  MtDNA prepara-
tion, cloning into bacteriophage, sub-
cloning into pBluescript plasmids and
DNA sequence determination and
analysis for Plicopurpura columellaris,
Lumbricus terrestris, Limulus poly-
phemus, Homarus americana and
Daphnia pulex were essentially as
described?®. Portions of the mtDNAs
of Euperipatoides leuckarti and Thyr-
ophygus sp. were amplified by PCR
using oligonucleotides matching well-
conserved regions of flanking genes.
Horizontal bars indicate unique, phyl-
ogenetically  uninformative  gene
arrangements; question marks indi-
cate unknown arrangements. Gene
designations: COI/COIll, cytochrome
oxidase subunits I/1l; I-rRNA, large
subunit rRNA; ND1/ND2, NADH dehy-
drogenase subunits 1 and 2; tRNA
genes are indicated by the corre-
sponding one-letter amino-acid code.
The two leucine and two serine tRNA
genes are differentiated by the codon
recognized (UUR or CUN for leucine,
AGN or UCN for serine). Transcription
is from left to right except for
underlined genes. ‘424’ refers to a
non-coding region of 424
nucleotides®°.
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reversion of the onychophoran mtDNA to the more primitive
arrangement of [-rRNA/tRNA* Y™ /tRNA*YY®/NDI. Our
inference of Onychophora as either the sister group to Chelicer-
ata or to Arthropoda is consistent with the results of comparing
mitochondrial rRNA sequences'' and morphological features'.

The positions of the leucine tRNA genes in other insect
mtDNAs are similar or identical to those in Drosophila. They
are identical in another dipteran, the mosquito Anopheles™, and
in a hymenopteran, the honeybee Apis”. In an orthopteran,
the grasshopper Locusta, tRNA*YY® is upstream of COII and
tRNA™ YN is upstream of NDI?¢, although the other flanking
genes are currently unknown. A lepidopteran, the moth
Spodoptera®, and another dipteran, the fly Simulium®®, have the
arrangement [-rRNA/tRNA*“Y™/NDI, but the position of
tRNA"YYR is unknown. Finally, polymerase chain reaction
amplification of COII from representatives of 10 different insect
orders has been achieved using a primer that anneals to
tRNAYYR (ref. 29). Thus tRNAYY® must be immediately
upstream of COII in each of these insects.

Obviously, not all divergences will coincide with mtDNA re-
arrangements, and independent changes in one or more lineages
may subsequently erase traces of relatedness. However, when
shared rearrangements are preserved, relationships can be reli-
ably inferred. The great number of arrangements theoretically
possible makes it very unlikely that taxa will acquire the same
arrangement by chance, so even if some relationships cannot be
resolved by such data, those that can are likely to be correct.
This is affirmed in this study, where all gene order characters
considered are either autapomorphic or support the phylogeny
presented here. Although relatively few characters are available
for comparison, they are not subject to many of the shortcom-
ings attributed to morphological studies (for example, conver-
gence resulting from common selective pressures, or ambiguity
in determining homologous structures), functional arguments
(for example, lack of falsifiability), or primary sequence com-
parisons (for example, problems of alignment, base composi-
tional effects, or excessive homoplasy). The relationships of taxa
thought to share a close evolutionary history with arthropods,
such as tardigrades and pentastomids, can be addressed with
similar data. We anticipate that, as mitochondrial gene arrange-
ments are determined for more taxa, additional evolutionary
relationships will be clarified. O
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THE evolutionary relationships among arthropods are of particular
interest because the best-studied model system for ontogenetic pat-
tern formation, the insect Drosophila, is a member of this phylum.
Evolutionary inferences about the developmental mechanisms that
have led to the various designs of the arthropod body plan depend
on a knowledge of the phylogenetic framework of arthropod evolu-
tion. Based on morphological evidence' 3, but also on palaeonto-
logical considerations®, the sister group of the insects is believed
to be found among the myriapods. Using nuclear ribosomal gene
sequences for constructing a molecular phylogeny, we provide
strong evidence that the crustaceans and not the myriapods should
be considered to be the sister group of the insects. Moreover, the
degree of sequence divergence suggests that the diversification of
the myriapods occurred during the Cambrian. Our findings have
general implications for the course of land colonization by the
different arthropod groups, as well as for the interpretation of
primitive and derived features of arthropod morphology.

To study the phylogenetic relationships of arthropods, we
have obtained extensive sequence information from the nuclear
ribosomal genes of taxa that cover most of the evolutionary
divergence of each of the four major extant arthropod subgroups
(Fig. 1). The data were analysed with respect to parameters that
are known to be crucial for the accuracy of molecular phylo-
genetic methods such as homogeneity of nucleotide composition
and similarity of evolutionary rates (Fig. 1). To estimate phylo-
genetic trees, we applied neighbour-joining with distances cor-
rected for multiple hits and gamma-distributed rates across
sites’, weighted maximum parsimony® and maximum
likelihood’. The bootstrap method was used to quantify the sup-
port for the tree topology®.

We find that all three procedures agree with very high support
on three major nodes (nodes a, b and ¢ in Fig. 1). Node a
supports the monophyletic origin of the arthropod taxa
included, node b concerns the monophyly of the Chelicerata and
node ¢ unites the Crustacea and the Hexapoda into a monophy-
letic group. These results have also been partly suggested previ-
ously on the basis of less extensive comparisons of both nuclear
and mitochondrial ribosomal genes of some relevant taxa
(reviewed in refs 3, 9).

The major groups reconstructed in our tree correspond in
principle to the concept of the four extant arthropod classes:
Myriapoda, Chelicerata, Crustacea and Hexapoda. The support
for the monophyly of the Myriapoda is also notable, given the
numerous suggestions for their being paraphyletic with respect
to the Hexapoda™'®. But the support for the monophyletic status
of the Crustacea is weak. Our data suggest that these might also
be paraphyletic with respect to the Insecta. Whereas the shortest
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