THE NAUTILUS, Supplement 2:98-110, 1994 Page 98

Small Ribosomal Subunit RNA and the Phylogeny ot Mollusca

Rupert De Wachter'

Departement Biochemie
Universiteit Antwerpen (U.LLA.)

Birgitta Winnepenninckx Thierry Backeljau
Atdeling Malacologie

Koninklijk Belgisch Instituut voor

Departement Biochemie
Universiteit Antwerpen (U.L.A.)

Universiteitsplein 1,

B-2610 Antwerpen, Belgium Vautierstraat 29

Natuurwetenschappen

Universiteitsplein 1,
B-2610 Antwerpen, Belgium

B-1040 Brussel, Belgium

ABSTRACT

We determined the complete sequence of the small ribosomal
subunit RNA of the pulmonate snail Onchidella celtica. This
sequence and the one recently determined for the chiton Acan-
thopleura japonica were added to an alignment of 25 18S rRNA
sequences of Metazoa, including three other Mollusca. The data
set was used to assess certain aspects of molluscan phylogeny
by distance matrix and character state methods. The trees ob-
tained were tested for effects of random and systematic errors.
The results of our analyses support: (a) molluscan monophyly;
(b) gastropod monophyly; (c¢) bivalve monophyly; (d) a sister
group relationship of Gastropoda and Polyplacophora. The po-
sition of the phylum among other Metazoa remains uncertain
due to a lack of representatives of many invertebrate phyla in
our data set. Most of our results are congruent with existing
hypotheses.

Key Words: 18S rRNA, phylogeny, Metazoa, Gastropoda, Bi-
valvia, Polyplacophora, Onchidella celtica.

INTRODUCTION

Historical Background

Many aspects of molluscan phylogeny are still uncertain.
The huge phenotypic diversity within the phylum ob-
scures the evolutionary relationships between the larger
molluscan taxa (e.g. von Ihering, 1876; Milburn, 1960;
von Salvini-Plawen, 1969, 1972, 1985, 1990a,b: Stasek,
1972; Gotting, 1980; Wingstrand, 1985; Scheltema, 1988;
Brusca & Brusca, 1990). Nevertheless, it is generally ac-
cepted that the “shell- bearing molluses™ (Conchifera,
i.e. Cephalopoda, Scaphopoda, Bivalvia, Gastropoda and
Monoplacophora) are monophyletic with Polyplacoph-
ora as sister group (e.g. von Salvini-Plawen, 1969, 1985,
1990a; Stasek, 1972; Gotting, 1980; Wingstrand, 1985;
Scheltema, 1988; Brusca & Brusca, 1990). Indeed, the
loss of spicules and the presence of three mantle margin
tolds, an univalve shell consisting basically of three lay-
ers, jaws, a head with cerebrally innervated appendages,

! Author for correspondence.

a nervous system differentiated in axons and ganglia, a
crystalline style and statocysts are considered to be syn-
apomorphies uniting the five conchiferan classes (e.g.
Gotting, 1980; von Salvini-Plawen, 1985; Wingstrand,
1985; Brusca & Brusca, 1990). However, different inter-
pretations exist about the phylogenetic relationships
within this subphylum. Milburn (1960) suggested three
conchiferan clades: Monoplacophora, Cephalopoda and
a Bivalvia-Gastropoda-Scaphopoda clade. The branching
pattern of these three groups and the topology of the
Bivalvia-Gastropoda-Scaphopoda clade, remains unre-
solved. Gotting (1980) proposed a Bivalvia-Scaphopoda
sister relationship and relied on the shell structure and
form of the larval shell to conclude that Gastropoda and
Monoplacophora are sister groups. Cephalopoda is then
a sister group to the other four conchiferan classes. How-

ever, Wingstrand (1985), Brusca and Brusca (1990) and
von Salvini-Plawen (1985, 1990a) considered “Monopla-
cophora” (i.e. class Tergomya sensu Peel, 1991 or Try-
blidiida sensu Wingstrand, 1985; see Peel, 1991 for a
discussion) as a sister group to the four other conchiferan
classes, which in turn consist of a Bivalvia-Scaphopoda
clade and a Gastropoda-Cephalopoda clade. The former
is characterized by the presence of a mantle surrounding
the entire body, reduction of the head and a laterally
compressed form. The latter is determined by the pres-
ence of a well developed head, dorsoventral elongation,
dorsal concentration of the viscera and shell coiling (Brus-
ca & Brusca, 1990). Except for the position of the “Mon-
oplacophora”, this view agrees well with the division of
the Conchifera into the clades Diasoma (classes Bivalvia,
Scaphopoda and the fossil Rostroconchia) and Cyrtosoma
(classes “"Monoplacophora”, Gastropoda and Cephalo-
poda), which is widely accepted among paleontologists
(Runnegar & Pojeta, 1974, 1985; Pojeta, 1980; Steiner,
1992). Yet, Peel (1991) recently suggested that Cyrto-
soma and Diasoma are both polyphyletic.

The oldest fossil molluscs date from 570 MYA (e.g.
Runnegar & Pojeta, 1974, 1985; Valentine, 1980), near
the Precambrian-Cambrian boundary. This period was
marked by an explosive radiation of animals resulting in
the appearance of most extant invertebrate phyla (e.g.
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Table 1. List of 17 oligonucleotides complementary to con-
served regions in eukaryotic 18S rRNA genes. These were used
to determine the sequence of both strands of the 185 rRNA
gene of Onchidella celtica.

Corresponding position
in the 185 rRNA gene

Sequence! Strand® of Onchildella celtica
CTGGTTGATYCTGCCAGT R 4-21
GAAACTGCGAATGGCTCATT R 82101
AATGAGCCATTCGCAGTTTC C 101-82
AGGGYTCGAYYCCGGAGA R 393-410
TCTCCGGRRTCGARCCCT C 410-393
TCTCAGGCTCCYTCTCCGG C 422-404
ATTACCGCGGCTGCTGGC C 605-588
CGCGGTAATTCCAGCTCCA R 097-615
TTGGYRAATGCTTTCGC C 990-974
TTRATCAAGAACGAAAGT R 1002-1019
CCGTCAATTYYTTTRAGTTT C 1188-1169
AATTTGACTCAACACGGG R 1221-1238
GGGCATCACAGACCTGTTAT C 1479-1460
ATAACAGGTCTGTGATGCCC R 1460-1479
TTTGYACACACCGCCCGTCG R 1666—-1685
GACGGGCGGTGTGTRC C 1684-1669
CYGCAGGTTCACCTACRG C 1833-1816

I Sequence positions where both purines (A and G) are present
are indicated by “R”, those where both pyrimidines (C and T)
are present by "Y'

2 Oligonucleotides with a sequence corresponding to that of the
RNA-like strand are indicated by a “R”, those whose sequence
is complementary to it, by a "C".

Bergstrom, 1991; Erwin, 1991; Valentine, 1991). Several
aspects of the metazoan branching pattern still remain
confused due to the doubtful homology of the relatively
few morphological, anatomical and embryological char-
acters shared by different phyla (e.g. Nielsen, 1977; An-
derson, 1981; Inglis, 1985; Bergstrom, 1986; Ax, 1989;
Schram, 1991; Backeljau et al., 1993). Nevertheless, Mol-
lusca appear to be a monophyletic group belonging to
the Spiralia (i.e. Platyhelminthes, Nemertini, Mollusca,
Sipuncula, Echiura and Annelida, and probably Gna-
thostomulida and Entoprocta) (e.g. Wingstrand, 1985;
Brusca & Brusca, 1990; Willmer, 1990), but no syna-
pomorphies are known linking the Mollusca unambig-
uously to any other spiralian phylum (e.g. Wingstrand,
1985; Erwin, 1991). Some authors (e.g. von Salvini-Plaw-
en, 1990a) suggest a sister group relationship to Turbel-
laria (Platyhelminthes) considering the flat, often cili-
ated, ventral creeping foot as a synapomorphy relating
both phyla. Many others however, include the Mollusca
in the protostome clade (e.g. Wingstrand, 1985; Brusca
& Brusca, 1990; Willmer, 1990; Schram, 1991).
Biochemical and molecular characters have been in-
troduced as an independent source of phylogenetic in-
formation. A serological study of molluscs, echinoderms,
annelids and arthropods suggested that Mollusca are most
closely related to Annelida (Wilhelmi, 1944). Lyddiatt
et al. (1978) used cytochrome ¢ amino acid sequence
data to deduce a sister group relationship between mol-

luses and echinoderms. In studies using 5S ribosomal
RNA (rRNA) sequences (Ohama et al., 1984; Hendriks
et al., 1986; Hori & Osawa, 1987), the Mollusca (rep-
resented by Bivalvia, Gastropoda and Cephalopoda) ap-
peared as a polyphyletic group. From the analysis of
Lenaers and Bhaud (1992) on the basis of partial se-
quences of 285 rRNA, Mollusca (represented by Mytilus
edulis) appeared to be a sister group to Annelida. Holland
et al. (1991) used partial small subunit (SSU) rRNA (18S
rRNA) sequences and suggested that Mollusca (repre-
sented by Mytilus edulis) and Arthropoda are sister taxa.
On the basis of mitochondrial SSU rRNA sequences the
Mollusca, represented by a prosobranch and a chiton,
appeared as sister group to the Annelida or as a para-
phyletic group including the latter phylum (Ballard et
al., 1992) . In all these studies, however, the data sets
were too limited to allow reliable conclusions. Field et
al. (1988) determined partial sequences of SSU rRNA
from representatives of ten different metazoan phyla
including four Mollusca, viz. an opisthobranch gastropod,
two bivalves and a chiton. Yet, different phylogeny in-
ference methods yielded contradictory results. Field et
al. (1988; see also Raff et al.. 1989) used a distance
method to conclude that Mollusca form a clade with
Annelida, Sipuncula, Brachiopoda and Pogonophora.
However, the relationships between the five groups were
not resolved. Ghiselin (1988, 1989) reanalyzed this data
set with a “'signature” approach and concluded that mol-
luscs are a sister group to the Annelida sensu lato (i.e.
Annelida sensu strictu, Brachiopoda, Pogonophora and
Sipuncula). A maximum parsimony analysis of the same
data produced a similar clade containing Sipuncula, Po-
gonophora, Brachiopoda, Annelida and Mollusca (Pat-
terson, 1989) but with the latter two phyla not being
monophyletic. Lake (1989), who applied evolutionary
parsimony, also concluded that Mollusca are paraphy-
letic.

In a preliminary attempt, we use complete SSU rRNA
sequences to assess molluscan phylogeny. We consider
sequences to be complete if (1) the sequence of the entire
18S rRNA molecule is known or (2) if only a total number
on the order of 50 nucleotides at the 5" and 3’ terminal
parts are missing because they are used as PCR primer
annealing sites (e.g. Rice, 1990; Littlewood, 1991). Hith-
erto, complete 18S rRNA sequences of only three mol-
luscan species viz., the bivalves Placopecten magellan-
icus and Crassostrea virginica and the gastropod
Limicolaria kambeul, have been published respectively
by Rice (1990), Littlewood (1991) and Winnepenninckx

et al. (1992) . In this paper we present the complete 185
rRNA sequence of the gymnomorphan snail Onchidella
celtica (Cuvier, 1817). A fitth molluscan sequence (Win-

nepenninckx et al. , 1993), that of the chiton Acantho-
pleura japonica (Lischke, 1873) is also included.

Small ribosomal subunit RNA sequences

SSU rRNA sequences combine several features that make
them appropriate for phylogenetic studies (Raff et al.,

M
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Figure 1. Secondary structure model for the 185 rRNA of Onchidella celtica. Helix numbering from helix 19 onward has chaf:jged
with respect to the numbering used by De Rijk et al. (1992), due to the discovery of a tertiary structure interaction in helix 19

(Woese & Gutell, 1989).
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0001
0031
0101
0151
0201
0251
0301
0351
0401
0451
0501
0551
0601
0651
0701
0751
0801
0851
0901
0951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
15591
1601
1651
1701
1751
1801

GUCGUAACAAGGUUUCCGUAGGUGAACCUGCGGAAGGAUCAUUA

Table 2. The 18S rRNA sequence of the gastropod Onchidella celtica.

UAUCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUCAAAGAUUAAGCC

AUGCAUGUCUAAGUUCACACUGUCUCACGGUGAAACCGCGAAUGGCUCAU
UAAAUCAGUCGAGGUUCCUUAGAUGACACGAUCCUACUUGGAUAACUGUG
GCAAUUCUAGAGCUAAUACAUGCUAUUCAAGCUCCGACCCUCUGGGGAAG
AGCGCUUUUAUUAGUUCAAAACCAAUCGCCGUGUGCUCUUCCCGGGGCCG
GGCGUCCCCCUUGGUGACUCUGGAUAACUUUGUGCUGAUCGCAUGGCCUU
UUGCGCCGGCGACGCAUCUUUCAAAUGUCUGCCCUAUUAAAUGCGAUGGU
ACGUGAUAUGCCUACCAUGUUUGUAACGGGUAACGGGGAAUCAGGGUUCG
AUUCCGGAGAGGGAGCAUGAGAAACGGCUACCACAUCCAAGGAAGGCAGC
AGGCGCGCAACUUACCCACUCCCGGCACGGGGAGGUAGUGACGAAAAAUA
ACAAUACGGGACUCUUUCGAGGCCCAGUAAUUGGAAUGAGUACACUUUAA
ACCCUUUAACGAGGAUCUAUUGGAGGGCAAGUCUGGUGCCAGCAGCCGCG
GUAAUUCCAGCUCCAAUAGCGUAUAUUAAAGUUGUUGCAGUUAAAAAGCU
CGUAGUUGGAUCUCAGGCGCAGGCGGGCGGUCCGGCUCGCGCCGCUCACU
GCCCGUUGUCUCCUGCCCUACCUGUUGCCGGCUCUCUCCCGUGGGUGCUC
UUCGCUGAGCGUCCGGGUGGCCGGCGCGUUUACUUUGAAAAAAUUAGAGU
GUUCAAAGCAGGCCUCGCCUGCCUGAAUAAUUGCGCAUGGAAUAAUGGAA
UAGGACCUCGGUUCUAUUUUGUUGGUUUUCGGAACUGGAGGUAAUGAUUA
ACAGGGACAAACGGGGGGAUUCGUAUUGCGGCGUUAGAGGUGAAAUUCUU
GGAUCGCCGCAAGACGAGCUACUGCGAAAGCAUUUGUCAAGAAUGUUUUC
AUUAAUCAAGAACGAAAGUCAGAGGCGAGAAGACGAUCAGAUACCGUCGU
AGUUCUGACCAUAAACGAUGCCGACCAGCGAUCCGCAGGAGUUGCUUCGA
UGACUCUGCGGGCAGCUUCCGGGAAACCAAAGUGUUUGGGUUCCGGGGGA
AGUAUGGUUGCAAAGCUGAAACUUAAAGGAAUUGACGGAAGGGCACCACC
AGGAGUGGAGCCUGCUGCUUAAUUUGACUCAACACGGGAAAACUCACCCG
GUCCGGACACUGUAAGGAUUGACAGAUUGAUAGCUCUUUCUUGAUUCGGU
GGGUGGUGGUGCAUGGCCGUUCUUAGUUGGUGGAGCGAUUUGUCUGGUUA
AUUCCGAUAACGAACGAGACUCUAGCCUAUUAAAUAGUUCGCCGGUCCCU
CGAUGCGCCGGCGCAACUUCUUAGAGGGACGAGUGGCGUUUAGCCAACGA
GAUUGAGCAAUAACAGGUCUGUGAUGCCCUUAGAUGUCCGGGGCCGCACG
CGCGCUACACUGAAGGAAUCAGCGUGGAUGCCUCCCUGGCCCGAAAGGCU
GGGAAACCCGUUGAAUCUCCUUCGUGCUAGGGAUUGGGGCUUGUAAUUCU
UCCCCAUGAACGAGGAAUUCCCAGUAAGCGCGAGUCAUAAGCUCGCGUUG
AUUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUACUAUCGAUUGAG
CGGUUCAGUGAGGGCAUCGGAUUGGUCUCGGUCUGGUGUUCGCGCACCGG
CACCGCUGGCCGAGAAGACGCUCGAACUCGAUCGCUUGGAGAAAGUAAAA

1989; Hillis & Dixon, 1991; Solignac et al., 1991; Woese,
1991): (1) universality; (2) constancy of function; (3) al-
ternation of conserved regions with variable ones, allow-
ing phylogenetic studies at a broad range of taxonomical
levels; (4) presence of conservative regions that allow the
design of “universal” primers; (5) a conservative second-
ary structure facilitating the identification of homologous
positions in regions with little sequence similarity; (6)
apparent absence of lateral gene transfer; (7) a large
information content (1800-1900 bp) (8) intraspecific se-
quence homogeneity among different gene copies (Ger-

bi, 1985; Dover, 1986).

Gene cloning

Much sequence information on rRNAs has been obtained
by direct RNA sequencing using reverse transcriptase
(Lane et al., 1985; Solignac et al., 1991) or by direct
sequencing of the rRNA genes after PCR amplification
(Saiki et al., 1988). Both techniques are very rapid. Yet
we prefer to clone and sequence the 185 rRNA genes,

for direct RNA sequencing has some disadvantages: (1)
RNA is less stable than DNA; (2) subsequent checking
of sequences is not possible; (3) sequencing ot regions
with strong secondary structure is ditficult; (4) reverse
transcriptase has a rather high error frequency; (5) only
one strand is available and thus two-strand verification
is not possible. All this results in an overall error rate of
about 1% (Lane et al., 1985). Although PCR amplifica-
tion eliminates a great deal of these problems, it also has
some drawbacks (Hillis & Dixon, 1991): (1) Taqg poly-
merase has a high error rate, viz. =2X10* to <1X107
according to Eckert and Kunkel (1991) and 2.75 10
according to Bej et al. (1991); (2) the 8’ and 5' parts of
the gene itself have to be used as primer annealing sites,
if the sequence of the adjacent regions is unknown; (3)
direct sequencing of PCR amplified fragments is difficult
(e.g. Gyllenstein, 1989); (4) the product is afterwards not
available to others for verification. By cloning the PCR
product prior to sequencing, the latter two problems can
be overcome, but the sequencing of numerous clones is
necessary to avoid an enhancement of the error rate
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Figure 2. Neighbor-joining tree based on the 185 rRNA sequences from 27 Metazoa. All sequences were complete except for the
tfollowing (number of sequenced nucleotides between brackets): Turdus migratorius (1753), Alligator mississippiensis (1691),
Heterodon platyrhinos (1717) and Latimeria chalumnae (1777). Paramecium tetraurelia was chosen as an outgroup. Bootstrap
values are indicated at the root of each clade, but only if they exceed 50%.

(Bevan et al., 1992). This of course reduces the time

advantage of PCR amplification. Table 3. Organisms that were used as outgroup in our analyses.

Species Position

MATERIALS AND METHODS

Animals: Specimens of Onchidella celtica collected at iiiﬁggjm SFOSST zfiﬁféis
Vi]ﬂ Franca dD Campﬂ (Sﬁﬂ Miguel, AEDI’ES) WETIE fI'DZEIl Sagﬂhar{}ﬂ;yﬂgg cerevisiae ascomycetes
alive and preserved at —80°C. Voucher material was de- Rhodosporidium toruloides basidiomycetes
posited in the collections of the “Koninklijk Belgisch Gracilaria lemaneiformis red algae
Instituut voor Natuurwetenschappen ™, Brussels (general Porphyra umbilicalis red algae

inventory number, 1.G. No. 28053).

DNA extraction: Digestive glands of ten specimens were
pooled and homogenized under liquid nitrogen in a pre-
chilled mortar and transferred to 15 ml of preheated
(60°C) 2% CTAB buffer (2% (w/v) CTAB; 0.2% (v/v)
2-mercaptoethanol; 1.4 M NaCl; 20 mM EDTA; 100 mM
Tris-HCI pH=8; 100 ug/ml proteinase K). After incu-
bation at 60°C for 30 min., further extraction was done

Chlorella ellipsoidea
Volvox carteri
Prorocentrum micans
Giardia duodenalis
Trypanosoma brucei
Paramecium tetraurelia
Ozxytricha nova
Plasmodium berghei
Dictyostelium discoideum

green algae

green algae
dinoflagellates
diplomonads
kinetoplastids

ciliates

ciliates

apicomplexa (Sporozoa)
slime molds
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Figure 3. Neighbor-joining tree based on the same set of metazoan 18S rRNA sequences as in Fig. 2, but with Zea mays as an

outgroup. Bootstrap values are indicated as in Fig. 2.

as described by Winnepenninckx et al. (1993a). The DNA
yield amounted to 60 ug.

Gene cloning and sequencing: Restriction enzymes suit-
able for isolation of a DNA fragment containing the 18S
rRNA gene were identified as described by Winnepen-
ninckx et al. (1992). After digestion of 1.2 ug DNA with
BamHI and separation on a 0.8% (w/v) agarose gel,
restriction tragments of 4 kb containing the 18S rRNA
gene were eluted (Heery et al., 1990). Competent DH5«
E. coli cells (Gibco BRL Life Technologies; Gaithersburg,
USA) were transformed with these DNA restriction frag-
ments ligated into pBluescriptSK+ (Stratagene; La Jolla,
Calitornia, USA). Colony screening was performed using
a PCR tragment of the gastropod Limicolaria kambeul
(Winnepenninckx et al., 1992), labeled with 2P via nick
translation (Rigby et al., 1977). Plasmids were isolated
(Birnboim & Doly, 1979) from a single clone and se-
quencing was performed by the dideoxynucleotide
method (Sanger et al., 1977) using Sequenase 2.0 (USB;

Cleveland, Ohio, USA). The 185 rRNA primers used are
given in Table 1.

Sequence alignment and construction of phylogenetic
trees: The Onchidella celtica 185 rRNA sequence was
aligned with other SSU rRNA sequences present in our
database (De Rijk et al., 1992). Alignment was done
manually taking into account the secondary structure
features of the molecule, as described by De Rijk et al.
(1992). For tree construction, pairwise distances were
calculated using the formula of Jukes and Cantor (1969)
modified to take into account gaps (Van de Peer et al.,
1990). They served to derive neighbor-joining trees (Sai-
tou & Nei, 1987), whose reliability was tested by boot-
strapping (Felsenstein, 1985) over 100 replicates. Ac-
cording to the guidelines of Hillis and Bull (1993), only
branching points with bootstrap values higher than 70%
were considered to be reliable. Estimated internal
branches with bootstrap values above 70% should rep-
resent true clades over 95% of the time (Hillis & Bull,
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Figure 4. Neighbor-joining tree based on the same set of metazoan 18S rRNA sequences as in Fig. 2, but with Giardia duodenalis
(often called Giardia lamblia or Giardia intestinalis) as an outgroup. Bootstrap values are indicated as in Fig. 2.

1993). All calculations were carried out with the TREE-
CON package of Van de Peer and De Wachter (1993).
Character state analyses using maximum parsimony were
pertormed using the package HENNIG86 (version 1.5;
Farris, 1989) with the heuristic algorithms MHENNIG*
and BB* combined. The results were summarized in a
strict consensus tree, i.e. a tree that contains only those
clusters that are common to all competing trees (“nelsen”
command of HENNIGS86). Nucleotides were treated as
non-additive characters and no differential weighting
was done.

RESULTS

Sequence Alignment

The 18S rRNA of Onchidella celtica (EMBL accession
number X70211), of which the nucleotide sequence is
shown in Table 2, is 1844 nucleotides long. The 3’ and
5' termini of the gene were located on the basis of sim-

ilarity with those of other 18S rRNA sequences. Figure
1 shows a secondary structure model of the molecule in
accordance with the one published for Limicolaria kam-
beul (Winnepenninckx et al., 1992). Both models show
high similarity to each other and are in accordance with
the general model proposed for eukaryotic SSU rRNA
(De Rijk et al. 1992). Based on our latest insights into
the secondary structure of 185 RNA, modifications were
made in helices 19, 20, 21 and 38. The new gastropod
sequence as well as the one of Acanthopleura japonica
(Winnepenninckx et al., 1993b) were added to an align-
ment of other SSU rRNA sequences (De Rijk et al., 1992).
This alignment can be obtained on request. Trees were
constructed on the basis of a set of 27 metazoan sequences
which are either complete or nearly complete.

Distance Matrix Analyses

Figure 2 shows the neighbor joining (N]) tree obtained
with the ciliate Paramecium tetraurelia as outgroup. It
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Oedignatus inermis. Paramecium tetraurelia was used as an outgr

suggests that (bootstrap values in parentheses): (1) Mol-
lusca are a monophyletic group (100/100) within a rel-
atively poorly supported protostome clade (62/100); (2)
Gastropoda (100/100) and Bivalvia (99/100) are mono-
phyletic as well; (3) Polyplacophora appears as a sister
group to the Gastropoda (100/100). The tree also indi-
cates that : (1) Cnidaria are a sister group to Eubilateria
(100/100); (2) Acoelomata, represented by two Trema-
toda, are a sister group to the Eucoelomata (76,/100); (3)
Arthropoda are a monophyletic group (88/100); (4) nei-
ther Insecta nor Crustacea are monophyletic; (5) Chor-
data (99/100) and Vertebrata (100/100) are both mono-
phyletic. |

We attempted to assess the stability of our tree by
testing its sensitivity to the presence of specific taxa. First
we studied the influence of the outgroup by successively
replacing Paramecium tetraurelia by each of the 14
other organisms listed in Table 3. We observed only two
topological changes. In nine out of the 15 cases, the
topology shown in Figure 3 was obtained, i.e. the Pla-
tyhelminthes appeared as a sister group to the Arthro-
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brata '
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Trematoda Platyhel-
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aining all the 18S rRNA metazoan sequences of Fig. 2 except
oup. Bootstrap values are indicated as in Fig. 2.

poda-Mollusca clade. In one case, the topology shown in
Figure 4 was obtained, viz. when the diplomonad Giar-
dia duodenalis, was chosen as outgroup. This organism
forms a very long branch in previously published trees
comprising organisms trom different eukaryotic king-
doms (e.g. Van de Peer et al., 1993). In this case, the
aphid Acyrthosiphon pisum, which is also marked by an
exceptionally long branch, became a sister group to all
other Metazoa. The latter observation is probably due to
the fact that errors in distance estimation increase with
the amount of divergence. Long branches will provoke
an underestimation of the evolutionary distance and will
systematically attract each other, causing biased topol-
ogies (Felsenstein, 1978; Olsen, 1987; Swoftord & Olsen,
1990; Lake, 1991). The changes in the position of the
Platyhelminthes, which do not have exceptionally long
branches, is probably not due to such a systematic error.
The low bootstrapping values on their branching point,
suggests uncertainty as to their position. Inclusion of rep-
resentatives of more invertebrate phyla might be helpful
in this case.
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Figure 6. Strict consensus tree constructed from three maximum parsimony trees (length=3114 steps; c.i.= 0.51) obtained by
applying the MHENNIG*+BB* option of Hennig86 on the 706 informative positions of the same alignment as in Fig. 2 and with

Paramecium tetraurelia chosen as outgroup.

Subsequently, we constructed 27 trees with Parame-
cium tetraurelia as outgroup, but each time omitting one
species. Only one topological change was observed: when
excluding Oedignathus inermis, Acyrtosiphon pisum
branched oft first within the arthropod clade (Figure 5).
The tact that this change involves the species with the
longest branch, again points to the above mentioned “long
branch effect” (Felsenstein, 1978; Swofford & Olsen,
1990). Since the placement of the two Platyhelminthes
was ambiguous (cfr. Figures 2 and 3) and since we sus-
pected Acyrthosiphon pisum to be a source of systematic
errors, we removed all three species from our data set
to assess their impact. However, the topology of the tree
we obtained did not differ from the one in Figure 2.

Character State Analyses

The 28 species analysed, with Paramecium tetraurelia
as outgroup, yielded 706 informative sites. A position is
informative if it contains at least two difterent nucleo-
tides, each of them present in at least two species (Nei,
1987). Ambiguous nucleotides were not used to ascertain
the informative character of a position. Three maximum
parsimony (MP) trees ot 3114 steps and with a consis-

tency index (c.i.) (Kluge & Farris, 1969) of 0.51 were
found. The strict consensus tree shown in Figure 6 sug-
gests that (1) Mollusca, Bivalvia and Gastropoda are
monophyletic groups; (2) Polyplacophora appear as a
sister group to Gastropoda; (3) Arthropoda are a mono-
phyletic clade in which Chelicerata branch off first; (4)
Insecta are monophyletic but Crustacea are paraphyletic;
(5) Vertebrata are monophyletic. Ten different data in-
put orders did not change this topology. Again we tested
the stability of our results. If the placement of a taxon
is biased, its removal should cause an increase of the
consistency index (Swofford & Olsen, 1990). We checked
this by successively removing those species, the position
of which appeared unstable in our distance matrix anal-
yses, viz. Acyrthosiphon pisum, Schistosoma mansoni,
Opisthorchis viverrini, and a fourth species, Mus mus-
culus, which occupied a stable position. Each time we
identified the informative positions anew and applied
HENNIGS86 with Paramecium tetraurelia as outgroup.
Omitting Acyrthosiphon pisum increased the c.i. to 0.53,
while removing any of the other species did not change
the c.i. This again suggests that the placement of Acyr-
thosiphon pisum is liable to a systematic error. As for
the ambiguous position of the Platyhelminthes, this may
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Figure 7. Strict consensus tree constructed from two maximum parsimony trees (length=2741 steps; ¢.i.=0.53) obtained with the
MHENNIG*+BB* option on the 658 informative sites of the same alignment of Fig. 2 from which the insect Acyrthosiphon pisum

was removed.

be due to the lack of other invertebrate phyla and classes.
Figure 7 shows the strict consensus tree of the two MP
trees (length=2741; c.i.=0.53) obtained when Acyrtho-
siphon pisum was excluded. All our conclusions based
on the tree in Figure 6 remain valid, but in addition the
bilaterian pentachotomy of Figure 6 is now resolved.
Mollusca appear as a sister group to a clade containing
Arthropoda and Chordata. It is also suggested that (1)
Bilateria are monophyletic; (2) Acoelomata are a sister
group to Eucoelomata; (3) Chordata are monophyletic.

DISCUSSION

The monophyletic character of the Mollusca, the Bivalvia
and the Gastropoda, which is supported by all our trees,
is generally accepted (e.g. Brusca & Brusca, 1990; Will-
mer, 1990; von Salvini-Plawen, 1985, 1990a; Gotting,
1980). Using globin amino acid sequences, Goodman et
al. (1988) agreed with these views. The 5S rRNA based
analyses of Ohama et al. (1984), Hendriks et al. (1986)
and Hori and Osawa (1987) also confirmed gastropod
monophyly. Ghiselin (1988, 1989) supported molluscan
monophyly. But Patterson (1989) and Lake (1989) did
not corroborate these well established views, while the

question was not resolved by Field et al. (1988; see also
Raff et al., 1989).

In both the distance and MP trees, we find the chiton
included within the conchiferan clade as a sister group
to the Gastropoda. This result is in contrast with the
results of anatomical (e.g. Milburn, 1960; Stasek, 1972;
Gotting, 1980; Scheltema, 1988; Brusca & Brusca, 1990;
von Salvini-Plawen, 1990a) and paleontological (e.g.
Runnegar & Pojeta, 1974; Pojeta, 1980; Peel, 1991) stud-
ies. Neither Field et al. (1988; see also Raff et al., 1989),
nor Ghiselin (1988, 1989) or Lake (1989) were able to
resolve the position of the Polyplacophora, while Pat-
terson (1989) suggested that Polyplacophora and Brach-
iopoda are sister taxa. Using mitochondrial SSU rRNA
sequences (Ballard et al., 1992), the class either appeared
as a sister group to the Gastropoda-Annelida clade or
formed together with the Gastropoda a sister group to
the Annelida. Addition of more molluscan representa-
tives to our data set is necessary to investigate the con-
flicting position of the Polyplacophora.

Our current data set is also not sufficiently represen-
tative to draw conclusions on the position of the Mollusca
among other Metazoa. From our NJ analyses, the phylum
appears as a sister group to the Arthropoda (see also

S —
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Holland et al., 1991) but this topology is insufficiently
supported by bootsirap values. According to the char-
acter state analysis it branches off before the Chordata-
Arthropoda clade. Data from additional invertebrate
phyla should be included.

All our current analyses strongly support the view that:
(1) Arthropoda is a monophyletic group and (2) Verte-
brata, Chordata and Bilateria are monophyletic. These
observations are in agreement with the results of some
classical (e.g. Ax, 1989; Brusca & Brusca, 1990; Schram,
1991) and molecular studies (Ghiselin, 1988, 1989; Pat-
terson, 1989; Raff et al., 1989; Winnepenninckx et al.,
1992). Contradictory views on these aspects of metazoan
phylogeny were given by e.g. Lake (1989), Willmer (1990)
and Fryer (1992). However our analyses do not allow
conclusions on the status of the Acoelomata and the mono-
or paraphyletic character of the Insecta and Crustacea.
It is beyond the scope of this paper to expand on meta-
zoan evolution, however the congruence of most of our
results with independently derived hypotheses suggests
that complete 18S rRNA sequences are a reliable tool to
assess the phylogeny of the Mollusca and other metazoan
groups.
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