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Abstract. Complete sequences of seven protein cod4ntroduction

ing genes fromPenaeus notialismitochondrial DNA , .

were compared in base composition and codon usaggru_stacea, Ch(_ellcerata, Insecta, and Myrlapoda are the
with homologous genes fromrtemia franciscanaand ~ Major taxonomic components of the animal phylum Ar-
four insects. The crustacean genes are significantly led§foPoda. The long evolutionary history and overwhelm-
A + T-rich than their counterpart in insects and the pat-""9 Morphological diversity of arthropods have prompted
tern of codon usage (ratio of G + C-rich versus A +a _contlnuous debate about their phylogenetic relation-
T-rich codon) is less biased. A phylogenetic analysisShiPS for over a century (Snodgrass 1938; Weygoldt
using amino acid sequences of the seven correspondint?86; Barnes 1987; Wilimer 1990). Historically, many
polypeptides supports a sister-taxon status for mollusks@nd varying evolutionary scenarios have been suggeste
annelid and arthropods. Furthermore, a distance matrix2Ut none has been formally established (Briggs and
based tree and two most-parsimonious trees both suggesPrtey 1989; Hessler and Newman 1975; Manton 1977;
that crustaceans are paraphyletic with respect to insects0dgrass 1938). The question is now being reinvesti-
This is also supported by the inclusion Banulirus ar- ~ 9at€d with molecular phylogenies. However, results
gus COIl (complete) and COI and COIll (partial) se- from_varlous studles_ are not congruent_@ém and
quence data. From analysis of single and combined geneg@niek 1995; Turbeville et al. 1991), and in some cases
to infer phylogenies, it is observed that obtained from(Ballard et al. 1992; Friedrich and Tautz 1995; Regier
single genes are not well supported in most topologie@nd Shultz 1997) there is conflict with morphological

cases and notably differ from that of the tree based on affonsiderations (Eernisse et al. 1992; Willmer 1990). This
seven genes. lack of consistency between morphological and molecu-

lar data is probably due to the complexity of biological
Key words: mtDNA — Protein genes —Panulirus diversity and/or some flaws of classical approaches. This

argus— Penaeus notialis— Protostomes — Crustacea issue should be clarified. A search for appropriate mark-
— Phylogeny 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

. . N the mtDNA from almost 70 animal species is totally
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(Clary and Wolstenholme 1983)rosophila melanogas- son, WI] of the seven genes were aligned pairwise using the CLUSTAL
ter [Composite sequence (Lewis et al. 1996§mopheles V multiple sequence aligner (Higgins et al. 1992). The resulting align-

- . ments were refined by eye using the Aligner Sequence Editor (Eernisse
gamblae(Beard etal. 1993)9\nopheles quad”maCUIatus 1995). Considering the long divergence time of the groups analyzed

(MitChe” et al. 1993),Api$ me“ifera(CVOZier and Cro-  apd the gene size variations for some of the taxa, we took special care
zier 1993), and.ocusta migratorigFlook et al. 1995)—  in maximizing similarities between sequences of the most closely re-
and only one species of Crustacéatemia franciscana lated taxa (monophyletic assemblages), e@epaea nemoralis
(Valverde etal. 1994). Preliminary sequence results on élbinaria coerulea,gastropodskatharina tunicata,and so on. The

: - T . alignments of sequences for the seven genes in their entirety were ther
restricted domain obPenaeus notialisntDNA (partial concatenated to generate a full data set. ATP6 and ATP8, of which a

sequences of protein coding genes ‘:ind the .Sma” SUbUNty, amino acids overlap, were treated as independent genes.
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 respeld@t@ Analysis

to insects (Gara-Machado et al. 1996).

New data fromPenaeus notialignd Panulirus argus D|s_tance§ betwe_en _taxa_were estlmat_ed using gamma probabilities fol
amino acid substitutions implemented in the MEGA package (Kumar et

mtDNA provided ‘T’m ppportunlty to reinvestigate the al. 1993). A gamma parameter equal to 1 was used in all cases anc
evolutionary organization of arthropods. We focused orcaiculations were made with the pairwise deletion option in MEGA.

three major questions: (a) Are arthropods (insects an@hylogenies were inferred using the neighbor-joining method (Saitou

crustaceans in this study) monophyletic with respect tc@nd Nei 1987) and maximum-parsimony analyses were carried out

other protostomes (mollusks and annelid) when SeveréLSing the PAUP package, version 3.1.1 (Swofford 1993). In all cases
the most-parsimonious trees were constructed with the heuristic searct

mitochondrial protein COdII’lg genes are used for phylo'option; the sequences were added at random and branch swapping we

genetic inference? (b) Are these markers able to identifyarried out using a tree bisection—reconnection procedure. The charac
the Eutrochozoa assemblage (Annelida + Mollusca)? antkrs were considered as equally weighted and the alignment gaps wert
(C) Do more sequence information Support paraphy|y Oﬁrea?ed ?S missing data. When multiple (two or th'ree) most-
crustaceans? parsimonious trees were obtained we constructed a strict consensu
tree. The confidence of nodes in the trees was evaluated by bootstraj
(Felsenstein 1985). To estimate differences between neighbor-joining
Materials and Methods or maximum-parsimony trees inferred from single genes or various
gene combinations and those obtained from the full data set, topolog-
ical distancesd;) were calculated as by Russo et al. (1996).
Species and Sequences

The sequence of a segment of the mtDNA of the malocostracan crusResylts and Discussion

tacearPenaeus notialifpartially analyzed in a previous work (Gaael

Machado et al. 1996)] was achieved (4553 additional bp). The se- . .
quence thus available (9276 bp) represents more than the half of thgequencmg of a 8051-bipglll cloned fragment (previ-
mitochondrial genome of this species. Nearly all of the mtDNA of the OUSly estimated as 7.9 kb by restriction analysis) of the
spiny lobsterPanulirus arguswas cloned, and part of it sequenced mitochondrial genome oPenaeus notialisvas com-
(3570 bp). Strategies followed for sequence determination are prep|eted (See GaratMachado et al. 1996). mtDNA from

sented by GaferMachado et al. (1996) and Gaédviachado (1997). . .
The sequences reported above are available at EMBL/GenBank undePranu“rus arguswas almost totally cloned, and part of it

accession numbers X84350 and AJ133049-54. (3570 bp) sequenced. For subsequent phylogenetic
The phylogenetic analysis involved the sequences of seven genednalysis the whole sequence of seven mitochondrial pro-

(COl, COll, COlll, ATP6, ATP8, ND2, and ND3) from the following  tein coding genes (COIl, COIl, COIlll, ATP6, ATPS,

species (the accession numbers of the sequences retrieved from EMBY D2, and ND3) fromPenaeus notialiand the sequences

or GenBank are given in parentheses): the insBetsophila yakuba .
(X03240; Clary and Wolstenholme 1985Anopheles gambiae of the COI and COlll genes (partlal) and of the COIl

(L20934; Beard et al. 1993)Anopheles quadrimaculatug.04272;  9€ne (complete) fronPanulirus arguswere thus avail-
Mitchell et al. 1993), and_ocusta migratoria(X80245; Flook et al.  able.

1995); the crustacean (branchiopo@ijtemia franciscana(X69067;

Valverde et al. 1994); the mollusk (polyplacophor&@tharina tuni-

cata (U09810; Boore and Brown 1994); the gastropadisinaria co- ~ Composition and Pattern of Codon Usage in

erulea (X83390; Hatzoglou et al. 1995) an@epaea nemoralis Crustaceans and Insects

(U23045; Terrett et al. 1996); the oligochaete annklisnbricus ter-

restris (U24570; Boore and Brown 1995); and three deuterostome taxal he nucleotide composition was calculated for the seven
as a composite outgroup—the echinode®tnongylocentrotus purpu- protein genes fronPenaeus notialisntDNA and the

ratus (X12631; Jacobs et al. 1988), the cyclostoRetromyzon mari- homologous aenes fromrtemia franciscanaand the
nus(U11880; Lee and Kocher 1995), and the mamivias musculus g 9

(J01420; Bibb et al. 1982). four insects,Drosophila yakuba, Anopheles gambiae,
Anopheles quadrimaculatugnd Locusta migratoria
Alignment Strategy (Table 1). Tk A + T percentages foPenaeus notialis

and Artemia franciscanaprotein genes are almost-
The inferred amino acid sequences [Translate Program from the wisidentical (64%) but far lower than in insects (73.5%).
consin Package, version 9.1; Genetics Computer Group (GCG), MadiPanulirus argusgenes (partial COIl and COIll and com-
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Table 1. PercentagesfdA + T in the studied mitochondrial protein (Sueoka 1962) that obscure the phylogenetic inferences
coding genes and ratiog G + Crich to A + T-rich codons and yield erratic branching orders when phylogenies are
Ratio of estimated (Pesole et al. 1995). Considering the compo-

Composition, G + C-rich/A + T-rich  Sitional differences of the nucleotide sequences amonc

Species A+T (%) codong the mtDNA of the taxa studied in the present work, as
well as their ancient relationships, we decided to use

Ezzﬁﬁiggi!s gg:i 8:?3 inferred amino acid sequences for a phylogenetic study.
Artemia franciscana 64.1 0.53 It was expected that amino acid sequences should be
Drosophila yakuba 74.7 0.43 more conservative due to functional constraints and pre-
Anopheles gambiae 74.1 0.42 served historical phylogenetic information.

Anopheles quadrimaculatus 73.8 0.42

Locusta migratoria 71.3 0.38

Phylogenetic Analysis

aG + C-rich codons—Pro, Ala, Arg, and Gl + T-rich codons—Phe, o ] ) )
lle, Met, Tyr, Lys, and Asn (Crozier and Crozier 1993). Building Trees.Alignments of the amino acid se-

quences of the seven genes from 13 of the taxa studie

yielded a total of 1862 positions. The tree inferred from
plete COIll) also appear to be &\ + T-rich (58.1%) this full data set, using the neighbor-joining method, is
than their Penaeus notialiscounterparts. It should be presented in Fig. 1a. Maximum-parsimony analysis pro-
noted that the values calculated from seven genes aduces two most-parsimonious trees (length5851, ClI
Penaeus notialisepresent a good estimator of the com- = 0.775, Rl = 0.521). Both tree-building procedures
position of the whole set of protein genes of this speciegienerate almost-identical topologies which strongly sup-
(see also GafarMachado et al. 1996). port the three major nodes: one nod®) (Qrouping in-

Several studies have demonstrated that the base cormsects and crustaceans (mandibulate arthropods), a secor
position of MtDNA is highly correlated with the use of node @) including annelid and mollusks, and a third
codons and the evolutionary rates of mitochondrial genesode (O) which relates the ingroup (protostomes) with
(Crozier and Crozier 1993; Crozier et al. 1989; Jermiinthe deuterostomes. The bootstrap percentage values fc
and Crozier, 1994). Insect mitochondrial protein geneghese three nodes differ in relation to the method used bu
exhibit a preference for using A + T-rich codons (Table are significantly always high. The differences between
1), in contrast tAArtemia franciscanawhere G + C-rich  the results obtained by the two methods are restricted tc
codons are relatively more frequent (Flook et al. 1995;the branching order within the clade composed of the
Valverde et al. 1994). This situation was examined in theannelid and mollusks.

Penaeus notiali@nd Panulirus argusprotein genes by The monophyly of Arthropoda (crustaceans and in-
calculating the ratio of G + C-rich codons (Pro, Ala, Arg, sects) and that of the Annelida—Mollusca assemblage
Gly) to A + T-rich ones (Phe, lle, Met, Tyr, Lys, Asn) as (Eutrochozoa) are well supportelll @nd®, respectively
suggested by Crozier and Crozier (1993) (Table 1). Then Fig. 1a). These results are in full agreement with pre-
values obtained for the three crustaceans range from 0.580ous cladistic studies based on morphology (Brusca and
in Artemia franciscanao 0.77 inPanulirus argusand  Brusca 1990; Eernisse et al. 1992; Weygoldt 1986) and
they are remarkably higher than those obtained for in-molecular or molecular/morphological data (Ballard et
sects (from 0.38 irLocusta migratoriato 0.43 inDro-  al. 1992; Kim et al. 1996; Turbeville et al. 1991; j&le
sophila yakuba and Stanjek 1995; Wheeler et al. 1993).

We also determined the relative synonymous codon The monophyly of Mollusca could be questioned: the
usage (RSCU) according to Sharp et al. (1986) to comneighbor-joining tree proposes Katharina—Lumbricus
pare the overall usage in the six arthropoBarfulirus  association wherKatharina is placed as basal in one
argusgenes not included). Considering an equal usage afmost-parsimonious tree and closely related to the gastro
synonymous codons (a premise of this analysis), we depods in the other. In all cases bootstrap values are no
termined the ratio of the variances of the respective usesignificant and the strict consensus tree of the two most-
between pairs of species and the values obtained wengarsimonious trees results in an unresolved polytomy.
compared to tabulate values for significance under the Characters weighted with the rescaled consistency inde»
hypothesis of equal variances fHS1?> = S2%). Both  produce a single most-parsimonious tree which supports
insects and crustaceans appear to be homogeneotl® monophyly of Mollusca.
groups in this respect. However, as expected from simple The paraphyly of crustaceans with respect to insects is
eye inspection, in all cases differences between insectsell supported. Within crustaceans, the malacostracar
and crustaceans are highly significapt(0.001), which  decapodPenaeus notialiss closely allied to the insects,
is well correlated with the general use of some A +while the branchiopodrtemia franciscanappears to be
T-rich codons in insect codon families. an early-diverging taxon with respect to the assemblage

Base composition differences are currently considerednsects—crustaceans. In a preliminary survey we had in-
to be an effect of mutational directional pressuresvestigated the phylogenetic relationships amBegaeus
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Fig. 1. Phylogenetic trees inferred from the sequences analyzed. tively. b Neighbor-joining tree obtained includirganulirus argusus-
Neighbor-joining tree obtained with the seven mitochondrial proteining the partial amino acid sequences of COI and COIll and the total
coding genes, using gamma distances with a gamma parameter equaldequence of COIl. Gamma distances were calculated with a gamme
1. A strict consensus tree obtained from two most-parsimonious trees iparameter equal to 1. Bootstrap support of the different nodes is given
almost-identical to the tree shown. The differences are restricted to then internal branche§1000 replicates).l) Node for insects and crus-
branching pattern on the Annelida—Mollusca clade. Bootstrap supportaceans; ®) node for annelids and mollusksD} branch joining deu-

of the different nodes is depicteaboveandbelow internal branches terostomes and protostomes.

for distance (10000 replicates) and parsimony (100 replicates), respec-

notialis, a few other arthropods, and a mollusk by usingever, in any case, nodes were well supported by boot-
partial sequences of the COI, COIl, and COIll genes andtrap. The availability of more sequences (1737 amino
the small subunit of the mitochondrial rRNA (Gael acids from seven genes all together) and the consider:
Machado et al. 1993, 1996). The results suggested ation of a new species in the analysis clearly allow us to
paraphyly of crustaceans with respect to insects, howeonfirm these observations.
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Table 3. Stability of some particular nodes on trees based on different genes and phylogeny approaches

Gené

Particular node COl Coll coll ATP6 ATP8 ND2 ND3
(Diptera, Locustag® 57/- 59/- 62/- 71/- =I- 99/+ 33/-
(Penaeusinsectsy -/- 97/ 48/- 99/- -/- 48/+ 80/
(Artemia(Penaeust insects)) ~/- 37/- 91/~ 95/+ ~/- —/+ 71/~
(Annelids, mollusks) 94/+ 56/- —/- 100/+ -I- -I- —I-
(Katharina, gastropod$) ~/- ~/- ~/- -I- -I- -I- -I-
(Protostomes, deuterostontes) 76/+ 50/+ 39/- 92/+ =I- 99/+ =/-

Total number of amino acid positions 530 232 272 247 71 373 137

dr 2/4 2/4 2/8 0/3 10/12 8/4 8/9

aCOl, COll, and COlll, ATP6 and ATP8, and ND2 and ND3 stand for percentages from 500 replicates. A — on the left-hand side of the shill
cytochrome oxidase subunits 1, I, and Ill, ATPase subunits 6 and 8,corresponds to the absence of the corresponding node on neighbo
and NADH dehydrogenase subunits 2 and 3 genes, respectively.  joining-based treedA — or + on theright-hand side of the shill stands,

> Numbers on the left-hand side of the shill correspond to bootstraprespectively, for the presence or absence of the corresponding node o
values for the corresponding node on neighbor joining-based trees (amaximum parsimony-based trees.

1982, 1986). Molecular studies using sequences of thenent of Katharina tunicataand to the eventual mono-
18S rRNA and the mitochondrial I-rRNA (16S) gene phyly or paraphyly of Mollusca as well as to the relative
have provided clear information only on taxa which di- arrangement ofrtemia, Penaeusind insects. However,
verged recently, i.e., more recently than the subphylunsupport is weak in all topologies alternative to the clus-
taken as a whole such as Decapoda suborders (Cunningering evidenced abovértemia, (Penaeust insects).
ham et al. 1992; Kim and Abele 1989). The position and Otherwise, the paraphyletic condition of Crustacea is
status of Branchiopoda, for instance, are still a matter ofgain revealed with the strongest confidence in all com-
debate (Brusca and Brusca 1990). Fryer (1992) suggestsnations using the distance approach and in most case
that this group, in particular, the Anostraca, of which using maximum parsimony.
Artemia is a member, represents the most primitive When genes are analyzed one by one (Table 3), only
group of the extant crustaceans considering various morATP6 and COIl generate a topology identical to that of
phological and ontogenetic characteristics. In contrastthe full data set when using distance approach. Small
malacostracans appear in most of studies as the mogenes (ATP8 and ND3) are particularly prone to generate
derived group of crustaceans [see Bowman and Abelédifferent patterns (highd; values) and ND2 also per-
(1982) for details on the members and classification offorms poorly, withd; = 8 andd; = 4 for distance and
Crustacea]. Sequence comparison of the COI and COlinaximum parsimony, respectively. The three cyto-
genes including the maxillopodan cirripéépas anatif- chrome oxidase subunit sequences (COI, COIl, and
era(unpublished sequence established by one of us) alsGOlll) give similar trees, and curiously, the one obtained
placedArtemiaas an early-diverging taxon and the cir- with the COI sequence differs from the full data set tree
ripede in an intermediate position with respect to mala4n proposing monophyly of Crustacea, however, this ar-
costracans and branchiopods (data not shown). rangement is not strongly supported. As seen in other
studies these results indicate that some single-gene com
arisons are not appropriated for phylogenetic inferences
hen distant relationships are investigated (Cao et al.
In a further analysis of individual genes and different 1994: Liu and Beckenbach 1992; Russo et al. 1996).

gene combinations, we considered the topology of the

neighbor-joining tree obtained with the full data set as acgnclusions

reference pattern, without considering whether or not the

taxon relationships observed are correct. Table 2 presenidotwithstanding the evidence we have presented here
the results and the three main nodes: one grouping inthe results must be considered cautiously. The number o
sects and crustaceans (mandibulate arthropods), oritaxa analyzed in this study represents no more than a tiny
grouping annelid and mollusks, and a third joining Deu-portion of the enormous diversity of the arthropods, an-

terostomes and Protostomdl, @, andO, respectively, nelids, and mollusks: this may be a major factor of mis-

in Fig. 1). They are supported in all cases except in thainderstanding in phylogenetic inferences. In the case of

Phylogenies from Single or Combined Gene Sequence

combinations COI-II-Ill, COI-II-IlII-ATP8, COI-ll- the crustaceans studied we have paid some attention t
I1I-ND2, and COI-lI-11I-ND3 as indicated by the topo- the effect of the base composition bias, which may ob-
logical distances and bootstrap values. scure phylogenetic information, and have shown that

All differences between trees are related to the placePenaeusand Artemiado not differ in base composition
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and/or in their relative use of codons. Again, this doesBriggs DEG, Fortey RA (1989) The early radiation and relationships of
not exclude the possibility of differences in evolutionary _ the major arthropods group. Science 246:1670-1673

. . . ] rusca RC, Brusca GL (1990) Invertebrates. Sinauer, Sunderland, MA
rates, which, in fact, are suggested by inspection of th%alo V. Adachi J, Janke A,"Bbo, Hasegawa M (1994) Phylogenetic

diStanqe data matrix, when, for examﬂl@,mbricusand relationships among Eutherian orders estimated from inferred se-
Katharinaappear to be much more similar to each other quences of mitochondrial proteins: Instability of tree based on a
than gastropods are among themselves. single gene. J Mol Evol 39:519-527

Molecular phylogenies of metazoans have been que§lary DO, Wolstenholme DR (1985) The mitochondrial DNA mol-

. . - ecule ofDrosophila yakubaiNucleotide sequence, gene organiza-
tioned in the last few years because of frequent conflicts fion and genetic code. J Mol Evol 22:252-271

with morphological considerations. Most of the Work crozier RH, Crozier YC (1993) The mitochondrial genome of the
presented to date is based on one kind of information, honeybeeApis mellifera: Complete sequence and genome organi-
mainly the 18S rRNA gene sequence, which has proved zation. Genetics 133:97-117

to have limitations when some distant relationships are-rozier RH, Crozier YC, MacKinlay AG (1989) The COI and COIl

. . . h region of honeybee mitochondrial DNA: Evidence for variation in
mvestlgated (AbOUdhelf etal 1998)‘ The revelation of insect mitochondrial evolutionary rates. Mol Biol Evol 6(4):399—

new sequences opens up new possibilities. The congru- 411

ence of the results obtained with various combinations otunningham Cw, Blackstone NW, Buss LW (1992) Evolution of king
mitochondrial genes suggests that some, but not all, crabs from hermit crab ancestors. Nature 355:539-542

genes contain information useful for inferring phylog— Eernisse DJ (1995) DNA translator and aligner: HyperCard utilities and

. . - phylogenetic analysis of molecules. CABIOS 8:177-184
enies. It is expected that those genes will vary from StUdBfEemisse DJ, Albert JS, Anderson FE (1992) Annelida and arthropoda

to study, however, the use of amino acid-deduced se- 4re not sister taxa: A phylogenetic analysis of spiralian metazoan
quences from genes such as COI, COIll, COIlll, ATP6, morphology. Syst Biol 41(3):305-330
and ND2 appears to be a good additional approach téelsenstein J (1985) Confidence limits on phylogenies: An approach

assess protostomian phylogeny from mitochondrial pro-_ Using bootstrap. Evolution 39:783-791 _
tein coding genes Flook PK, Rowell CHF, Gellinssen G (1995) The sequence organiza-

tion and evolution of thd_ocusta migratoriamitochondrial ge-
nome. J Mol Evol 41:928-941
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