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Abstract. Complete sequences of seven protein cod-
ing genes fromPenaeus notialismitochondrial DNA
were compared in base composition and codon usage
with homologous genes fromArtemia franciscanaand
four insects. The crustacean genes are significantly less
A + T-rich than their counterpart in insects and the pat-
tern of codon usage (ratio of G + C-rich versus A +
T-rich codon) is less biased. A phylogenetic analysis
using amino acid sequences of the seven corresponding
polypeptides supports a sister-taxon status for mollusks–
annelid and arthropods. Furthermore, a distance matrix-
based tree and two most-parsimonious trees both suggest
that crustaceans are paraphyletic with respect to insects.
This is also supported by the inclusion ofPanulirus ar-
gus COII (complete) and COI and COIII (partial) se-
quence data. From analysis of single and combined genes
to infer phylogenies, it is observed that obtained from
single genes are not well supported in most topologies
cases and notably differ from that of the tree based on all
seven genes.

Key words: mtDNA — Protein genes —Panulirus
argus— Penaeus notialis— Protostomes — Crustacea
— Phylogeny

Introduction

Crustacea, Chelicerata, Insecta, and Myriapoda are the
major taxonomic components of the animal phylum Ar-
thropoda. The long evolutionary history and overwhelm-
ing morphological diversity of arthropods have prompted
a continuous debate about their phylogenetic relation-
ships for over a century (Snodgrass 1938; Weygoldt
1986; Barnes 1987; Willmer 1990). Historically, many
and varying evolutionary scenarios have been suggested
but none has been formally established (Briggs and
Fortey 1989; Hessler and Newman 1975; Manton 1977;
Snodgrass 1938). The question is now being reinvesti-
gated with molecular phylogenies. However, results
from various studies are not congruent (Wa¨gele and
Stanjek 1995; Turbeville et al. 1991), and in some cases
(Ballard et al. 1992; Friedrich and Tautz 1995; Regier
and Shultz 1997) there is conflict with morphological
considerations (Eernisse et al. 1992; Willmer 1990). This
lack of consistency between morphological and molecu-
lar data is probably due to the complexity of biological
diversity and/or some flaws of classical approaches. This
issue should be clarified. A search for appropriate mark-
ers was necessary to test all current hypotheses.

For approximately the last 15 years mitochondrial
DNA (mtDNA) has been used by population and evolu-
tionary biologists as a valuable source of data. At present
the mtDNA from almost 70 animal species is totally
sequenced; less than one-third of them correspond to
invertebrate taxa. Complete mtDNA sequences are
known for six species of insects—Drosophila yakuba
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(Clary and Wolstenholme 1985),Drosophila melanogas-
ter [composite sequence (Lewis et al. 1996)],Anopheles
gambiae(Beard et al. 1993),Anopheles quadrimaculatus
(Mitchell et al. 1993),Apis mellifera(Crozier and Cro-
zier 1993), andLocusta migratoria(Flook et al. 1995)—
and only one species of Crustacea,Artemia franciscana
(Valverde et al. 1994). Preliminary sequence results on a
restricted domain ofPenaeus notialismtDNA (partial
sequences of protein coding genes and the small subunit
of the ribosomal RNA) and comparisons with homolo-
gous regions in genomes of other animal taxa led us to
suspect a paraphyletic status of crustaceans with respect
to insects (Garcı´a-Machado et al. 1996).

New data fromPenaeus notialisandPanulirus argus
mtDNA provided an opportunity to reinvestigate the
evolutionary organization of arthropods. We focused on
three major questions: (a) Are arthropods (insects and
crustaceans in this study) monophyletic with respect to
other protostomes (mollusks and annelid) when several
mitochondrial protein coding genes are used for phylo-
genetic inference? (b) Are these markers able to identify
the Eutrochozoa assemblage (Annelida + Mollusca)? and
(c) Do more sequence information support paraphyly of
crustaceans?

Materials and Methods

Species and Sequences

The sequence of a segment of the mtDNA of the malocostracan crus-
taceanPenaeus notialis[partially analyzed in a previous work (Garcı´a-
Machado et al. 1996)] was achieved (4553 additional bp). The se-
quence thus available (9276 bp) represents more than the half of the
mitochondrial genome of this species. Nearly all of the mtDNA of the
spiny lobsterPanulirus arguswas cloned, and part of it sequenced
(3570 bp). Strategies followed for sequence determination are pre-
sented by Garcı´a-Machado et al. (1996) and Garcı´a-Machado (1997).
The sequences reported above are available at EMBL/GenBank under
accession numbers X84350 and AJ133049–54.

The phylogenetic analysis involved the sequences of seven genes
(COI, COII, COIII, ATP6, ATP8, ND2, and ND3) from the following
species (the accession numbers of the sequences retrieved from EMBL
or GenBank are given in parentheses): the insectsDrosophila yakuba
(X03240; Clary and Wolstenholme 1985),Anopheles gambiae
(L20934; Beard et al. 1993),Anopheles quadrimaculatus(L04272;
Mitchell et al. 1993), andLocusta migratoria(X80245; Flook et al.
1995); the crustacean (branchiopod)Artemia franciscana(X69067;
Valverde et al. 1994); the mollusk (polyplacophoran)Katharina tuni-
cata (U09810; Boore and Brown 1994); the gastropodsAlbinaria co-
erulea (X83390; Hatzoglou et al. 1995) andCepaea nemoralis
(U23045; Terrett et al. 1996); the oligochaete annelidLumbricus ter-
restris (U24570; Boore and Brown 1995); and three deuterostome taxa
as a composite outgroup—the echinodermStrongylocentrotus purpu-
ratus (X12631; Jacobs et al. 1988), the cyclostomePetromyzon mari-
nus(U11880; Lee and Kocher 1995), and the mammalMus musculus
(J01420; Bibb et al. 1982).

Alignment Strategy

The inferred amino acid sequences [Translate Program from the Wis-
consin Package, version 9.1; Genetics Computer Group (GCG), Madi-

son, WI] of the seven genes were aligned pairwise using the CLUSTAL
V multiple sequence aligner (Higgins et al. 1992). The resulting align-
ments were refined by eye using the Aligner Sequence Editor (Eernisse
1995). Considering the long divergence time of the groups analyzed
and the gene size variations for some of the taxa, we took special care
in maximizing similarities between sequences of the most closely re-
lated taxa (monophyletic assemblages), e.g.,Cepaea nemoralis–
Albinaria coerulea,gastropods–Katharina tunicata,and so on. The
alignments of sequences for the seven genes in their entirety were then
concatenated to generate a full data set. ATP6 and ATP8, of which a
few amino acids overlap, were treated as independent genes.

Data Analysis

Distances between taxa were estimated using gamma probabilities for
amino acid substitutions implemented in the MEGA package (Kumar et
al. 1993). A gamma parameter equal to 1 was used in all cases and
calculations were made with the pairwise deletion option in MEGA.
Phylogenies were inferred using the neighbor-joining method (Saitou
and Nei 1987) and maximum-parsimony analyses were carried out
using the PAUP package, version 3.1.1 (Swofford 1993). In all cases
the most-parsimonious trees were constructed with the heuristic search
option; the sequences were added at random and branch swapping was
carried out using a tree bisection–reconnection procedure. The charac-
ters were considered as equally weighted and the alignment gaps were
treated as missing data. When multiple (two or three) most-
parsimonious trees were obtained we constructed a strict consensus
tree. The confidence of nodes in the trees was evaluated by bootstrap
(Felsenstein 1985). To estimate differences between neighbor-joining
or maximum-parsimony trees inferred from single genes or various
gene combinations and those obtained from the full data set, topolog-
ical distances (dT) were calculated as by Russo et al. (1996).

Results and Discussion

Sequencing of a 8051-bpBglII cloned fragment (previ-
ously estimated as 7.9 kb by restriction analysis) of the
mitochondrial genome ofPenaeus notialiswas com-
pleted (see Garcı´a-Machado et al. 1996). mtDNA from
Panulirus arguswas almost totally cloned, and part of it
(3570 bp) sequenced. For subsequent phylogenetic
analysis the whole sequence of seven mitochondrial pro-
tein coding genes (COI, COII, COIII, ATP6, ATP8,
ND2, and ND3) fromPenaeus notialisand the sequences
of the COI and COIII genes (partial) and of the COII
gene (complete) fromPanulirus arguswere thus avail-
able.

Composition and Pattern of Codon Usage in
Crustaceans and Insects

The nucleotide composition was calculated for the seven
protein genes fromPenaeus notialismtDNA and the
homologous genes fromArtemia franciscanaand the
four insects,Drosophila yakuba, Anopheles gambiae,
Anopheles quadrimaculatus,and Locusta migratoria
(Table 1). The A + T percentages forPenaeus notialis
and Artemia franciscanaprotein genes are almost-
identical (64%) but far lower than in insects (73.5%).
Panulirus argusgenes (partial COI and COIII and com-
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plete COII) also appear to be less A + T-rich (58.1%)
than their Penaeus notialiscounterparts. It should be
noted that the values calculated from seven genes of
Penaeus notialisrepresent a good estimator of the com-
position of the whole set of protein genes of this species
(see also Garcı´a-Machado et al. 1996).

Several studies have demonstrated that the base com-
position of mtDNA is highly correlated with the use of
codons and the evolutionary rates of mitochondrial genes
(Crozier and Crozier 1993; Crozier et al. 1989; Jermiin
and Crozier, 1994). Insect mitochondrial protein genes
exhibit a preference for using A + T-rich codons (Table
1), in contrast toArtemia franciscana,where G + C-rich
codons are relatively more frequent (Flook et al. 1995;
Valverde et al. 1994). This situation was examined in the
Penaeus notialisand Panulirus argusprotein genes by
calculating the ratio of G + C-rich codons (Pro, Ala, Arg,
Gly) to A + T-rich ones (Phe, Ile, Met, Tyr, Lys, Asn) as
suggested by Crozier and Crozier (1993) (Table 1). The
values obtained for the three crustaceans range from 0.53
in Artemia franciscanato 0.77 inPanulirus argusand
they are remarkably higher than those obtained for in-
sects (from 0.38 inLocusta migratoriato 0.43 inDro-
sophila yakuba).

We also determined the relative synonymous codon
usage (RSCU) according to Sharp et al. (1986) to com-
pare the overall usage in the six arthropods (Panulirus
argusgenes not included). Considering an equal usage of
synonymous codons (a premise of this analysis), we de-
termined the ratio of the variances of the respective uses
between pairs of species and the values obtained were
compared to tabulateF values for significance under the
hypothesis of equal variances (Ho: S12 4 S22). Both
insects and crustaceans appear to be homogeneous
groups in this respect. However, as expected from simple
eye inspection, in all cases differences between insects
and crustaceans are highly significant (p < 0.001), which
is well correlated with the general use of some A +
T-rich codons in insect codon families.

Base composition differences are currently considered
to be an effect of mutational directional pressures

(Sueoka 1962) that obscure the phylogenetic inferences
and yield erratic branching orders when phylogenies are
estimated (Pesole et al. 1995). Considering the compo-
sitional differences of the nucleotide sequences among
the mtDNA of the taxa studied in the present work, as
well as their ancient relationships, we decided to use
inferred amino acid sequences for a phylogenetic study.
It was expected that amino acid sequences should be
more conservative due to functional constraints and pre-
served historical phylogenetic information.

Phylogenetic Analysis

Building Trees.Alignments of the amino acid se-
quences of the seven genes from 13 of the taxa studied
yielded a total of 1862 positions. The tree inferred from
this full data set, using the neighbor-joining method, is
presented in Fig. 1a. Maximum-parsimony analysis pro-
duces two most-parsimonious trees (length4 5851, CI
4 0.775, RI 4 0.521). Both tree-building procedures
generate almost-identical topologies which strongly sup-
port the three major nodes: one node (j) grouping in-
sects and crustaceans (mandibulate arthropods), a second
node (d) including annelid and mollusks, and a third
node (s) which relates the ingroup (protostomes) with
the deuterostomes. The bootstrap percentage values for
these three nodes differ in relation to the method used but
are significantly always high. The differences between
the results obtained by the two methods are restricted to
the branching order within the clade composed of the
annelid and mollusks.

The monophyly of Arthropoda (crustaceans and in-
sects) and that of the Annelida–Mollusca assemblage
(Eutrochozoa) are well supported (j andd, respectively
in Fig. 1a). These results are in full agreement with pre-
vious cladistic studies based on morphology (Brusca and
Brusca 1990; Eernisse et al. 1992; Weygoldt 1986) and
molecular or molecular/morphological data (Ballard et
al. 1992; Kim et al. 1996; Turbeville et al. 1991; Wa¨gele
and Stanjek 1995; Wheeler et al. 1993).

The monophyly of Mollusca could be questioned: the
neighbor-joining tree proposes aKatharina–Lumbricus
association whenKatharina is placed as basal in one
most-parsimonious tree and closely related to the gastro-
pods in the other. In all cases bootstrap values are not
significant and the strict consensus tree of the two most-
parsimonious trees results in an unresolved polytomy.
Characters weighted with the rescaled consistency index
produce a single most-parsimonious tree which supports
the monophyly of Mollusca.

The paraphyly of crustaceans with respect to insects is
well supported. Within crustaceans, the malacostracan
decapodPenaeus notialisis closely allied to the insects,
while the branchiopodArtemia franciscanaappears to be
an early-diverging taxon with respect to the assemblage
insects–crustaceans. In a preliminary survey we had in-
vestigated the phylogenetic relationships amongPenaeus

Table 1. Percentages of A + T in the studied mitochondrial protein
coding genes and ratios of G + C-rich to A + T-rich codons

Species
Composition,
A + T (%)

Ratio of
G + C-rich/A + T-rich
codonsa

Penaeus notialis 64.3 0.66
Panulirus argus 58.1 0.77
Artemia franciscana 64.1 0.53
Drosophila yakuba 74.7 0.43
Anopheles gambiae 74.1 0.42
Anopheles quadrimaculatus 73.8 0.42
Locusta migratoria 71.3 0.38

a G + C-rich codons—Pro, Ala, Arg, and Gly; A + T-rich codons—Phe,
Ile, Met, Tyr, Lys, and Asn (Crozier and Crozier 1993).
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notialis, a few other arthropods, and a mollusk by using
partial sequences of the COI, COII, and COIII genes and
the small subunit of the mitochondrial rRNA (Garcı´a-
Machado et al. 1993, 1996). The results suggested a
paraphyly of crustaceans with respect to insects, how-

ever, in any case, nodes were well supported by boot-
strap. The availability of more sequences (1737 amino
acids from seven genes all together) and the consider-
ation of a new species in the analysis clearly allow us to
confirm these observations.

Fig. 1. Phylogenetic trees inferred from the sequences analyzed.a
Neighbor-joining tree obtained with the seven mitochondrial protein
coding genes, using gamma distances with a gamma parameter equal to
1. A strict consensus tree obtained from two most-parsimonious trees is
almost-identical to the tree shown. The differences are restricted to the
branching pattern on the Annelida–Mollusca clade. Bootstrap support
of the different nodes is depictedaboveandbelow internal branches
for distance (10000 replicates) and parsimony (100 replicates), respec-

tively. b Neighbor-joining tree obtained includingPanulirus argusus-
ing the partial amino acid sequences of COI and COIII and the total
sequence of COII. Gamma distances were calculated with a gamma
parameter equal to 1. Bootstrap support of the different nodes is given
on internal branches(1000 replicates). (j) Node for insects and crus-
taceans; (d) node for annelids and mollusks; (s) branch joining deu-
terostomes and protostomes.
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Method Liability. The effect of the inclusion of an-
other malacostracan was tested using sequences ofPanu-
lirus argus mtDNA (partial COI and COIII and total
COII). A neighbor-joining examination produces a tree
with an arrangement identical to that of the tree derived
from the previous data set, in whichPanulirus and
Penaeusbranch together with 100% bootstrap confi-
dence (Fig. 1b). The tree (length4 2411, CI4 0.725,
and RI4 0.515) obtained by maximum parsimony also
reveals a dipteran–crustacean clade at the exclusion of
the orthopteran (data not shown). However, the bootstrap
analysis offers support only for the nodes of the dipterans
and malacostracans, respectively. It appears that the
number of sites or genes used in this analysis is not
appropriate to perform accurate phylogeny reconstruc-
tions by the two methods. In spite of this, the very major
arrangements are conserved, and the coincidence of the
distance tree with the full data set trees suggests that
close relationships between malacostracan crustaceans
and insects may not be an artifact.

Paraphyly of Crustacea with Respect to Insecta.One
of the major results of this work is the confirmation of
the paraphyly of Crustacea with respect to Insecta sug-
gested in previous analyses (Garcı´a-Machado et al.
1996). Indeed, the relative position of crustaceans and
insects has long been a matter of discussion (Hessler and
Newman 1975; Manton 1977; Weygoldt 1986). How-
ever, recent evidence based on a conserved arrangement
of major mitochondrial genes and the presence of unique
shared gene boundaries (Boore et al. 1995, 1998; Garcı´a-
Machado et al. 1996; Garcı´a-Machado, 1997), shared
patterns of axogenesis (Thomas et al. 1984; Whitington
et al. 1993), appendage development and similar expres-
sion of the genes involved in this process (Panganiban et
al. 1995), or ommatidia structure (Paulus 1979) all sug-
gests that these two taxa are more closely related to each
other than to other arthropod taxa. This may have been
overlooked previously, in most of the studies in which
the molecular phylogeny of arthropods was investigated,
because of the choice of crustacean representatives.
Moreover, insect origin is not clear at the present time,
and a potential Remipedia-like ancestor is still consid-
ered by some authors (see details given by Brusca and
Brusca 1990). A recent study of 17 arthropod species
using the amino acid sequences of the nuclear gene en-
coding the elongation factor 1-a provided support for a
clade Hexapoda/Branchiopoda as well as evidence for
polyphyly of Crustacea (Regier and Shultz 1997). These
results, together with those from the present work, are in
good agreement with the previous suggestion of para-
phyly of crustaceans with respect to Insecta by Friedrich
and Tautz (1995).

Relationships inside the crustacean groups are not
very well understood either, which may be not surprising
in a group that had probably arisen by the early Cam-
brian (Briggs and Fortey 1989; Hessler 1982; SchrampT
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1982, 1986). Molecular studies using sequences of the
18S rRNA and the mitochondrial l-rRNA (16S) gene
have provided clear information only on taxa which di-
verged recently, i.e., more recently than the subphylum
taken as a whole such as Decapoda suborders (Cunning-
ham et al. 1992; Kim and Abele 1989). The position and
status of Branchiopoda, for instance, are still a matter of
debate (Brusca and Brusca 1990). Fryer (1992) suggests
that this group, in particular, the Anostraca, of which
Artemia is a member, represents the most primitive
group of the extant crustaceans considering various mor-
phological and ontogenetic characteristics. In contrast,
malacostracans appear in most of studies as the most
derived group of crustaceans [see Bowman and Abele
(1982) for details on the members and classification of
Crustacea]. Sequence comparison of the COI and COII
genes including the maxillopodan cirripedLepas anatif-
era (unpublished sequence established by one of us) also
placedArtemiaas an early-diverging taxon and the cir-
ripede in an intermediate position with respect to mala-
costracans and branchiopods (data not shown).

Phylogenies from Single or Combined Gene Sequences

In a further analysis of individual genes and different
gene combinations, we considered the topology of the
neighbor-joining tree obtained with the full data set as a
reference pattern, without considering whether or not the
taxon relationships observed are correct. Table 2 presents
the results and the three main nodes: one grouping in-
sects and crustaceans (mandibulate arthropods), one
grouping annelid and mollusks, and a third joining Deu-
terostomes and Protostomes (j, d, ands, respectively,
in Fig. 1). They are supported in all cases except in the
combinations COI–II–III, COI–II–III–ATP8, COI–II–
III–ND2, and COI–II–III–ND3 as indicated by the topo-
logical distances and bootstrap values.

All differences between trees are related to the place-

ment of Katharina tunicataand to the eventual mono-
phyly or paraphyly of Mollusca as well as to the relative
arrangement ofArtemia, Penaeus,and insects. However,
support is weak in all topologies alternative to the clus-
tering evidenced above:Artemia,(Penaeus+ insects).

Otherwise, the paraphyletic condition of Crustacea is
again revealed with the strongest confidence in all com-
binations using the distance approach and in most cases
using maximum parsimony.

When genes are analyzed one by one (Table 3), only
ATP6 and COII generate a topology identical to that of
the full data set when using distance approach. Small
genes (ATP8 and ND3) are particularly prone to generate
different patterns (highdT values) and ND2 also per-
forms poorly, withdT 4 8 anddT 4 4 for distance and
maximum parsimony, respectively. The three cyto-
chrome oxidase subunit sequences (COI, COII, and
COIII) give similar trees, and curiously, the one obtained
with the COI sequence differs from the full data set tree
in proposing monophyly of Crustacea, however, this ar-
rangement is not strongly supported. As seen in other
studies these results indicate that some single-gene com-
parisons are not appropriated for phylogenetic inferences
when distant relationships are investigated (Cao et al.
1994; Liu and Beckenbach 1992; Russo et al. 1996).

Conclusions

Notwithstanding the evidence we have presented here,
the results must be considered cautiously. The number of
taxa analyzed in this study represents no more than a tiny
portion of the enormous diversity of the arthropods, an-
nelids, and mollusks: this may be a major factor of mis-
understanding in phylogenetic inferences. In the case of
the crustaceans studied we have paid some attention to
the effect of the base composition bias, which may ob-
scure phylogenetic information, and have shown that
PenaeusandArtemiado not differ in base composition

Table 3. Stability of some particular nodes on trees based on different genes and phylogeny approaches

Particular node

Genea

COI COII COIII ATP6 ATP8 ND2 ND3

(Diptera,Locusta)b 57/− 59/− 62/− 71/− −/− 99/+ 33/−
(Penaeus,insects)b −/− 97/− 48/− 99/− −/− 48/+ 80/−
(Artemia (Penaeus+ insects))b −/− 37/− 91/− 95/+ −/− −/+ 71/−
(Annelids, mollusks)b 94/+ 56/− −/− 100/+ −/− −/− −/−
(Katharina,gastropods)b −/− −/− −/− −/− −/− −/− −/−
(Protostomes, deuterostomes)b 76/+ 50/+ 39/− 92/+ −/− 99/+ −/−

Total number of amino acid positions 530 232 272 247 71 373 137
dT 2/4 2/4 2/8 0/3 10/12 8/4 8/9

a COI, COII, and COIII, ATP6 and ATP8, and ND2 and ND3 stand for
cytochrome oxidase subunits I, II, and III, ATPase subunits 6 and 8,
and NADH dehydrogenase subunits 2 and 3 genes, respectively.
b Numbers on the left-hand side of the shill correspond to bootstrap
values for the corresponding node on neighbor joining-based trees (as

percentages from 500 replicates. A − on the left-hand side of the shill
corresponds to the absence of the corresponding node on neighbor
joining-based trees. A − or + on theright-hand side of the shill stands,
respectively, for the presence or absence of the corresponding node on
maximum parsimony-based trees.

147



and/or in their relative use of codons. Again, this does
not exclude the possibility of differences in evolutionary
rates, which, in fact, are suggested by inspection of the
distance data matrix, when, for example,Lumbricusand
Katharinaappear to be much more similar to each other
than gastropods are among themselves.

Molecular phylogenies of metazoans have been ques-
tioned in the last few years because of frequent conflicts
with morphological considerations. Most of the work
presented to date is based on one kind of information,
mainly the 18S rRNA gene sequence, which has proved
to have limitations when some distant relationships are
investigated (Aboudheif et al. 1998). The revelation of
new sequences opens up new possibilities. The congru-
ence of the results obtained with various combinations of
mitochondrial genes suggests that some, but not all,
genes contain information useful for inferring phylog-
enies. It is expected that those genes will vary from study
to study, however, the use of amino acid-deduced se-
quences from genes such as COI, COII, COIII, ATP6,
and ND2 appears to be a good additional approach to
assess protostomian phylogeny from mitochondrial pro-
tein coding genes.
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