18S rRNA Data Indicate That Aschelminthes Are Polyphyletic in Origin and
Consist of at Least Three Distinct Clades
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The Aschelminthes is a collection of at least eight animal phyla, historically grouped together because the absence
of a true body cavity was perceived as a pseudocoelom. Analyses of 18S rRNA sequences from six Aschelminth
phyla (including four previously unpublished sequences) support polyphyly for the Aschelminthes. At least three
distinct groups of Aschelminthes were detected: the Priapulida among the protostomes, the Rotifera-Acanthocephala
as a sister group to the protostomes, and the Nematoda as a basal group to the triploblastic Eumetazoa.

Introduction

High-level phylogenetic relationships among ani-
mals have been based upon several characters, including
the number of embryonic tissue layers, early embryonic
cleavage patterns, larval morphology, body symmetry,
and the type of body cavity present. Three body cavity
conditions are commonly recognized among the triplo-
blastic animals: the absence of a body cavity (acoelo-
mate), the presence of a false body cavity that appears
as a persistent blastocoel (pseudocoelom), and the true
body cavity that arises from within the mesoderm (eu-
coelom). The bilateral ancestor to the triploblastic
Metazoa is often presented as a “flatworm-like” acoe-
lomate from which the pseudocoelomate and eucoelo-
mate animals arose following the development of the
pseudocoelom and eucoloem. The body cavity presum-
ably allowed better internal organization that enabled
animals to become larger and more active (reviewed in
Brusca and Brusca 1990). The eucoelomates led to the
“mainstream” line of evolution that split into the pro-
tostomes and the deuterostomes. Most of the pseudo-
coelomate animals have been relegated to a diverse group
of at least eight phyla known as the Aschelminthes (re-
viewed in Hyman 1951; Marcus 1958; Clark 1979;
Brusca and Brusca 1990). '

Ultrastructural studies have suggested that the
boundaries between the three body cavity types are not
well defined. These studies suggest that the body cavity
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conditions perceived as pseudocoelomate and acoelo-
mate may be the result of a reduced or modified eucoe-
lom (Rieger 1985; Ruppert 19914, Rieger et al. 1991).
For example, the nemerteans are traditionally allied with
the acoelomate Platyhelminthes, but molecular, mor-
phological, and embryonic studies consistently suggest
that they are actually protostome coelomates (Turbeville
et al. 1992). Recently, the free-living marine nematode
Anoplostoma vivipara was described as lacking a pseu-
docoel (Ehlers 1994), and the author concluded that
the acoelomate condition is ancestral to the nematodes.
However, if acoelomates are the ancestors of modern
triploblastic Metazoa, one would expect that a novel
structure such as the pseudocoelom would most likely
evolve only once. If so, a putative pseudocoelomate
ancestor would have evolved into the modern aschel-
minth phyla, and the Aschelminthes would be a valid
monophyletic taxon. Conversely, if eucoelomates were
the ancestors of modern triploblastic Metazoa, one
would expect that the pseudocoelom could have evolved
any number of times by modification or partial loss of
the eucoelom. This could have occurred under evolu-
tionary pressures that favored small animals in which
the eucoelom was not an advantage (Ruppert 1991q),
in which case the aschelminth phyla would not neces-
sarily be related to one another, and the Aschelminthes
could not be considered a valid taxon.

The evolutionary relationships between animal
phyla have been examined many times by a number of
authors using a variety of morphological characters (for
recent examples, see Brusca and Brusca 1990; Schram
1991; Eernisse et al. 1992; Backeljau et al. 1993; Nielsen
1995) with varying results concerning the polyphyly of
the Aschelminthes. However, the most explicit cladistic



analysis that focused specifically on aschelminth evo-
lutionary relationships is that of Lorenzen (1985). He
considered the phyla Rotifera, Acanthocephala, Nema-
toda, Nematomorpha, Gastrotricha, Kinorhyncha, and
Priapulida and concluded that the pseudocoelomates are
polyphyletic, forming a number of distinct clades (Ro-
tifera-Acanthocephala, Nematoda-Nematomorpha-
Gastrotricha, and Priapulida-Kinorhyncha).

Molecular data can complement morphological
data and are useful when comparing distantly related
organisms that have few common characters. The small
ribosomal subunit RNA gene (18S rRNA) has proven
useful with distantly related organisms because it is rea-
sonably large (about 1,800 nucleotides in length), highly
conserved, and data are available from a large number
of organisms ( Hillis and Dixon 1991; Larsen et al. 1993;
Neefs et al. 1993). The 18S rRNA gene has been used
to investigate the origin of the animal kingdom (Field
et al. 1988; Wainright et al. 1993) and several other
problems in animal phylogeny (see, e.g., Nadler 1992;
Turbeville et al. 1992; Telford and Holland 1993; Hal-
anych et al. 1995).

We have chosen to test the hypothesis that the As-
chelminthes is made up of several clades and to deter-
mine the location of these clades among the Eumetazoa
by analysis of the 18S rRNA gene. This analysis includes
new unpublished sequences from one representative of
the phyla Gastrotricha, Nematomorpha, Priapulida, and
Rotifera (Monogononta) as well as previously published
sequences of representatives of the phyla Acanthocephala
and Nematoda (Ellis et al. 1986; Telford and Holland
1993; Fitch et al. 1995) that have historically been in-
cluded in the Aschelminthes.

Material and Methods

Rotifer (Brachionus plicatilis) cysts were obtained
commercially (Aquaculture Supply; Dade City, Fla.) and
cultured in sea water (Snell et al. 1987). Rotifers were
separated from feeder algae and concentrated by sieving
through plankton netting and starved for several hours
to clear algae from the gut. Gastrotrichs ( Lepidodermella
squammata) were purchased from a commercial sup-
plier (Carolina Biological Supply Company; Burlington,
N.C.), and several hundred individuals were isolated
from the culture with a mouth micropipette and starved
for several hours. DNA was prepared (Hempstead et al.
1990) and 0.1 pg used as template for polymerase chain
reaction (PCR) amplification. Four primers were used
that resulted in two overlapping fragments representing
a nearly complete fragment of the 18S rRNA gene cor-
responding to nucleotides 130-1,965 of the human se-
quence (GenBank accession M10098). PCR amplifi-
cation was carried out for 35 cycles with 30 s at 94°
denaturing, 90 s at 55° annealing, and 120 s at 72° ex-
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tension (Ausubel et al. 1995). The primers contained
restriction endonuclease site containing tails for cloning
purposes (Garey et al. 1992). The PCR products were
cloned into M13 mp18 nondirectionally using an ap-
propriate restriction enzyme. M 13 clones containing in-
serts in opposite orientation were identified by comple-
ment testing. DNA sequencing of single cloned
fragments was carried out completely in both directions
from the M3 templates with the chain termination
method using Sequenase (US Biochemical; Cleveland,
Ohio), commercial M 13 primers, and conserved internal
primers. Additional sequencing reactions were carried
out using inosine mixes as needed to resolve some se-
quencing artifacts. Nematomorphs ( Gordius aquaticus)
were collected in the Pyrenees (France). A priapulid
(Priapulus caudatus) was found in the coastal waters of
Kristineberg (Sweden). DNA was extracted (Winne-
penninckx et al. 1993) from a single nematomorph
specimen and from the skin tissue of the priapulid. The
18S rRNA genes were PCR amplified in two overlapping
fragments using two primers complementary to the 5’
and 3’ ends of the 18S rRNA gene and two primers
complementary to a conserved part of the 18S rRNA
gene and the 5’ end of the 28S rRNA gene. PCR am-
plification was carried out on 10 ng DNA template for
30 cycles of 60 s at 94°, 60 s at 55°, and 120 s at 72°.
PCR fragments were ligated into T-tailed PSK+ vector
(BioRad; Richmond, Calif.), and DNA from a pool of
10 clones was sequenced using a variety of primers
(Winnepenninckx et al. 1994). Recently, an unpub-
lished sequence of the 18S rRNA gene of Priapulus cau-
datus, appeared in GenBank (GenBank accession num-
ber Z38009) and differs from the sequence reported here
at 15 different nucleotide sites. It did not affect the to-
pology of our trees when substituted for the priapulid
sequence reported here.

Aschelminth sequences were aligned with those of
other animals and yeast (see below) according to a sec-
ondary structure model (Neefs et al. 1993). Sites con-
taining gaps were excluded from phylogenetic analyses
to reduce systematic errors. Alignments were analyzed
with the MEGA program (Kumar et al. 1994) to produce
neighbor-joining (NJ) trees using the Kimura two-pa-
rameter model in which substitution rates follow a
gamma distribution with shape parameter a = 0.72 to
correct for multiple substitutions at the same site (Jin
and Nei 1990). The gamma parameter of 0.72 was es-
timated from the distribution of the number of nucleo-
tide substitutions across different sites as obtained in a
parsimony analysis of 202 diverse eukaryotic 18S IRNA
sequences (S. Kumar and A. Rzhetsky, unpublished
data). Confidence in NJ trees was determined by ana-
lyzing 1,000 bootstrap replicates using the MEGA pro-
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F1G. 1.—The neighbor-joining tree. The aschelminth phyla names
are indicated with hollow letters. Note that the aschelminth “pseu-
docoelomates™ cannot be considered monophyletic because the Pria-
pulida form a clade with the arthropods, the acoelomate Platyhel-
minthes are buried within a number of aschelminth phyla, and the
Nematoda-Nematomorpha clade branches before any other eumeta-
zoans. Numbers to the left of each fork are percentages of 1,000 boot-
strap replicates that support the branch, and italicized numbers to the
right are the confidence probabilities (see text) except for the branch
leading to the triploblasts where the bootstrap number is above and
the confidence probability is below the fork. Values are shown only if
over 50%. All branch lengths are drawn to scale. See text for definitions
of the three-letter binomial abbreviations shown in parentheses.

gram and by conducting an interior branch-length test
(Sitnikova et al. 1995) to compute the confidence prob-
ability that the branch lengths are significantly different
from zero (confidence probability test; Rzhetsky and Nei
1992) using the PHYLTEST program (Kumar 1995).
Bootstrapped maximum-parsimony (MP) trees were
produced using DNAPARS and associated programs
from the PHYLIP package (Felsenstein 1993). Confi-
dence in the MP trees was determined by analyzing 1,000
bootstrap replicates. An additional parameter used to
determine tree reliability was the congruence of trees
produced using different tree-making algorithms (NJ
and MP).

Previously published sequences used for phyloge-
netic analyses were obtained from GenBank. They were
chosen to represent the major deuterostome and pro-
tostome taxa, other aschelminth groups, acoelomates,
and diploblasts. The following lists the phylum or sub-
phylum, common name if any, binomial name, three-
letter abbreviation used in figures 1 and 2, and the
GenBank accession number of species used: Chordata,

human, Homo sapiens, Hsa, M10098; Chordata, frog,
Xenopus laevis, Xla, X02995; Hemichordata, acorn
worm, Saccoglossus kowalevskii, Sko, L28054; Echi-
nodermata, sea urchin, Strongylocentrotus purpuratus,
Spu, L28056; Arthropoda, brine shrimp, Artemia salina,
Asa, X01723; Arthropoda, beetle, Tenebrio molitor,
Tmo, X07801; Arthropoda, spider, Eurypelma califor-
nica, Eca, X13457; Priapulida, Priapulis caudatus, Pca,
X87984; Mollusca, snail, Limicolaria kambeul, Lka,
X66374; Mollusca, chiton, Acanthopleura japonica, Aja,
X70210; Mollusca, scallop, Placopecten magellanicus,
Pma, X53899; Annelida, earthworm, Eisenia fetida, Efo,
X79872; Annelida, Polychaete, Lanice conchilega, 1Lco,
X79873; Acanthocephala, Moniliformis moniliformis,
Mmo, Z19562; Rotifera, Brachionus plicatilis, Bpl,
U29235; Gastrotricha, Lepidodermella squammata, 1sq,
U29198; Platyhelminthes, fluke, Opisthorchis viverrini,
Ovi, X55357; Nematomorpha, Gordius aquaticus, Gaq,
X87985; Nematoda, Pellioditis typica, Pty, U13933;
Nematoda, Caenorhabditis elegans, Cel, X03680;
Nematoda, Haemonchus placei, Hpl, 1.04154; Nema-
toda, Nematodirus battus, Nba, U01230; Cnidaria, sea
anemone, Anemonia sulcata, Asu, X53498; Cnidaria,
sea anemone, Anthopleura kurogane, Aku, Z21671;
Ctenophora, comb jelly, Mnemiopsis leidyi, Mle,
L10826; Porifera, sponge, Scypha ciliata, Sci, 1.10827;
Fungi, yeast, Saccharomyces cerevisiae, Sce, M27607.
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FIG. 2.—The maximum-parsimony tree. The topology is very
similar to the neighbor-joining tree in fig. 1 except for the location of
the Nematomorpha. Aschelminth phyla names are indicated with hol-
low letters, and numbers above each fork are percentages of 1,000
bootstrap replicates that support the branch and are shown only for
values over 50%. Branch lengths shown are arbitrary and unrelated to
evolutionary distance. See text for definitions of the three-letter binomial
abbreviations shown in parentheses.



Results and Discussion

The alignment produced NJ and MP trees that are
generally consistent with what is known of animal evo-
lution (figs. 1 and 2). For example, the deuterostome
phyla form a single clade, while the protostome groups
form an arthropod clade and an annelid-mollusk clade,
reminiscent of the Eutrochozoa taxon (Eernisse et al.
1992). However, the analyses do not lend support as to
the monophyly of protostomes because they appear as
a statistically unsupported paraphyletic group in the NJ
and MP trees as do the mollusks in the MP tree. As
expected, the four diploblastic taxa branch immediately
after yeast but before all triploblastic groups.

The aschelminth groups fall into several regions of
the trees. The Priapulida are clearly associated with the
arthropods. This relationship is supported by the con-
gruence of both MP and NJ trees and in moderate
bootstrap and strong confidence probability support in
the NJ tree. The Acanthocephala and Rotifera form a
clade in both trees, with weak bootstrap but moderate
confidence probability support in the NJ tree. Similarly,
the Gastrotricha and Platyhelminthes form a clade in
both trees, with weak bootstrap and confidence proba-
bility support in the NJ tree. The association of Gastro-
tricha + Platyhelminth with Acanthocephala + Rotifera
is seen in both trees but is not supported statistically.
The Rotifera, Acanthocephala, Gastrotricha, and Platy-
helminthes appear to be loosely associated with the pro-
tostomes in both trees, but with low bootstrap support
in the NJ tree and no bootstrap support in the MP tree.
The nematodes appear as a basal triploblastic lineage
strongly supported by bootstrap analyses and congruence
between the trees.

The branches leading to the nematode taxa are long,
and the Nematoda form a basal lineage to the triploblas-
tic Eumetazoa in the trees (figs. 1 and 2). Although we
cannot eliminate the possibility that the position of the
Nematoda is an artifact due to the long branch length,
we examined topologies where the Nematoda was not
placed as a basal lineage using four-cluster analysis
(Rzhetsky et al.1995). These analyses showed that the
placement of the Nematoda as a basal lineage of the
triploblastic Eumetazoa led to the smallest (minimum-
evolution ) tree and that the Nematoda are closer to Cni-
daria and yeast than to any bilateral metazoan with the
exception of the Nematomorpha. A recent analysis of
the cytochrome ¢ gene also places the Nematoda as a
basal triploblastic eumetazoan ( Vanfleteren et al. 1994).
However, the extremely long branches leading to the
nematode taxa makes their placement among the Meta-
zoa uncertain.

The NJ and MP trees (figs. 1 and 2) appear to sup-
port at least three separate aschelminth clades: the Pria-
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pulida with the arthropod protostomes, the Acantho-
cephala + Rotifera clade, and the Nematoda. The
placement of the Gastrotricha and Nematomorpha is
more uncertain. The Gastrotricha do not appear to be
associated with other aschelminth taxa but may be as-
sociated with the Platyhelminthes, and there is some
bootstrap and confidence probability support for the in-
clusion of the Nematomorpha with the Nematoda in
the NJ tree (fig. 1). It is of interest to note that the
Gastrotricha, although historically considered pseudo-
coelomate, have recently been described as being acoe-
lomate (reviewed in Brusca and Brusca 1990; Ruppert
199156). The Nematomorpha appear in a clade with the
nematodes in the NJ tree with some statistical support
but appear among the arthropods with no bootstrap
support in the MP tree. The position of the Nemato-
morpha is the only major disagreement between the MP
and NJ tree topologies, possibly due to the rapid evo-
lutionary rate of nematodes.

Our analyses strongly support the hypothesis that
the Aschelminthes are polyphyletic in origin and consist
of several distinct clades. Polyphyly is supported by the
location of “pseudocoelomate” aschelminths in three
distinct branches of animal phylogeny (figs. 1 and 2):
the Priapulida fall clearly among the protostomes; the
Gastrotricha, Rotifera, and Acanthocephala form a loose
“group” just outside the protostomes with the acoelo-
mate nonaschelminth Platyhelminthes buried within;
and the Nematoda and possibly Nematomorpha branch
before all other triploblastic Eumetazoa. Many of these
results are in agreement with independent morphological
analyses. Authors have most commonly included the
Priapulida either among the protostomes or among the
Aschelminthes in recent years (Van Der Land and Ner-
revang 1985; Conway Morris 1993). Lorenzen (1985)
concluded that the phyla Nematomorpha, Nematoda,
and Gastrotricha form a clade based on similarities in
early development patterns, pharynx structure, nervous
system, and body muscle innervation. Our data show
some support for a Nematoda-Nematomorpha clade and
are inconclusive with respect to the location of the Gas-
trotricha. Lorenzen also suggested that the Acantho-
cephala are closely related to Rotifera, based on simi-
larities of the epidermis and proboscis and the presence
of lemnisci in both groups. This relationship is also sup-
ported by ultrastructural studies of spermatozoa (Melone
and Ferraguti 1994) and other morphological characters
(Remane 1963). Our molecular data provide additional
support for this relationship. The close relationship be-
tween Acanthocephala and Rotifera is also supported
by a recent cladistic analysis (Neuhaus 1994 ) which also
proposes that the phyla Gastrotricha, Nematoda,
Nematomorpha, Priapulida, Loricifera, and Kinorhyn-
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cha form a monophyletic group (Nemathelminthes), in
disagreement with our molecular analysis. A more recent
morphological study (Rieger and Tyler 1995) has pro-
posed that the Acanthocephala-Rotifera clade be ex-
tended to include the phylum Gnathostomulida, while
Nielsen (1995) still views the Aschelminthes as a mono-
phyletic group.

The most fundamental evolutionary implication of
multiple origins of pseudocoelomates is that the body
cavity type is of less phylogenetic significance than pre-
viously considered (Remane 1963; Rieger 1985; Ruppert
1991a; Rieger et al. 1991 ) and implies that body cavities
that appear to be pseudocoeloms could easily be derived
by the modification of existing eucoeloms. This hypoth-
esis has been suggested numerous times and is supported
by our data. Further, our analysis rejects the Aschel-
minthes as a valid phylogenetic grouping.
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